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Abstract

This PhD thesis addresses the design and performance evaluation of ad-
vanced Digital Signal Processing (DSP) algorithms for coherent optical
fiber transmission systems. The research results presented in this thesis
report on transmission of highly spectrally efficient optical communication
systems employing multiplexing techniques with polarization multiplexing
and multi-level modulations format. Advanced digital signal processing
techniques offer robustness and flexibility for next generation high capacity
optical fibre networks and are therefore considered as key building blocks
in next generation digital coherent receivers.

The research results presented in this thesis are pioneering in two areas:
first the use of feedback equalization structures and second the use of digital
signal processing for receiver structure supporting Orthogonal Frequency
Division Multiplexing (OFDM) and reconfigurable format detection.

Feedback equalization structure have been investigated in high order
modulation formats transmission, when combined with coding techniques,
and for closed spaced multiplexing scenario. Highlight results presented in
this PhD thesis include evaluation and implementation of a novel approach
based on joint encoding and equalization technique, known as Turbo Equal-
ization (TE). This scheme is demonstrated to be powerful in transmission
impairments mitigation for high order modulations formats, such as 16
Quadrature Amplitude Modulation (QAM), considered a key technology
for high speed high capacity optical links thanks to their increased spectral
efficiency. The proposed TE algorithm is successfully applied in dispersion
managed link transmission. Then, an extension of the TE algorithm is
applied to uncompensated link transmission scenario. Moreover the new
proposed approach uses a lower complexity convolutional code compared
to state of the art reports.

Furthermore, in order to fulfill the strict constrains of spectral efficiency,
this thesis shows the application of digital adaptive equalizer for recon-
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ii Abstract

figurable and Ultra Dense Wavelength Division Multiplexing (U-DWDM)
transmission. A feedback structure based on Decision Feedback Equal-
izer (DFE) algorithm is proposed to improve the overall bandwidth utiliza-
tion reducing the undesired spectral guard bands.

Last, digital signal processing (DSP) algorithms are studied to equalize
OFDM signal. The experimental demonstrations support Radio-over-Fiber
(RoF) transmission system for a stand alone case and mixed modulation
mixed bit rates transmission scheme.

In conclusion, this PhD thesis demonstrates the flexibility, upgrade-
ability and robustness offered by rising advanced digital signal processing
techniques, for future high-speed, high-capacity optical networking. Fur-
thermore, it opens the prospects for next generation feedback equalization
techniques supported by coding such as Turbo Equalization.
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Resumé

Denne afhandling omhandler design og evaluering af digitale signalbehan-
dlingsalgoritmer for kohærent optisk kommunikation. Forskningsresultaterne
præsenteret rapporterer om transmissionsegenskaber for modulationsfor-
mater med høj spektral effektivitet som benytter højere ordens modula-
tionsformater og polarisationsmultipleksing. Avanceret signalbehandling i
modtageren åbner mulighed for robuste og fleksible højkapacitets optiske
netværk og er derfor et grundelement i næste generations kohærente mod-
tagere

Der er to hovedbidrag i denne afhandling: Det første er brugen af udlign-
ing med tilbagekobling og det andet er signalbehandlingsalgoritmer for en
optisk kohærent modtager som benytter OFDM og automatisk genkendelse
af modulationsformater. Udligning med tilbagekobling kombineret med
kodning er blevet undersøgt for transmissionssystemer som benytter højere
ordens modulationsformater og for transmissionssystemer med tætpakkede
optiske kanaler.

Forskningshøjdepunkter i denne afhandling er evaluering og implementer-
ing af en ny metode for fælles kodning og udligning, s̊akaldt Turbo Equal-
ization (TE) . Denne metode er vist at være meget nyttig til at modvirke
signalforvrængning for højere ordens modulationsformater som 16 QAM.
Den foresl̊aede TE algoritme er ogs̊a blevet demonstreret for dispersion-
skompenserede links. Endvidere er den udvidede version af TE algoritmen
blevet demonstreret for optiske links som ikke benytter dispersionskom-
penserende fiber. Den nye TE algoritme benytter en mindre kompleks
foldningskode i forhold til tidligere publicerede algoritmer.

For at opretholde de strenge krav om spektral effektivitet undersøges
ogs̊a anvendelse af en digital adaptiv udligner til rekonfigurerbare og ultra-
tætte WDM systemer. En algoritme baseret p̊a beslutningstilbagekoblet
udligning er anvendt for at forbedre b̊andbreddeudnyttelsen uden brug af
optiske adskillelsesb̊and. Digitale signalbehandlingsalgoritmer for udligning

iii
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iv Resumé

af OFDM signaler er ogs̊a undersøgt sidst i afhandlingen og er blevet verifi-
ceret eksperimentelt for radio-over-fibre systemer og systemer der benytter
forskellige modulationsformater.

For at konkludere, denne afhandling demonstrerer den fleksibilitet og ro-
busthed der kan opn̊as med avancerede digitale signalbehandlingsteknikker
for fremtidens højhastigheds optiske netværk med høj kapacitet. Endvidere
viser den nogle muligheder for lovende udligningsteknikker der anvender
tilbagekobling understøttet af kodning s̊asom TE.
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cos, T. Jiménez, I. de Miguel, V. Arlunno, R. J. Durán, D. Zibar,
J. B. Jensen, R. M. Lorenzo, E. J. Abril, I. Tafur Monroy, ”Ex-
perimental Demonstration of a Cognitive Quality of Transmission
Estimator for Optical Communication Systems”, in Proc. 38th Euro-
pean Conference on Optical Communication, ECOC’12, Amsterdam,
Netherlands, paper We.2.D.3

[PAPER 19] D. Zibar, O. Winther, N. Franceschi, R. Borkowski, A. Ca-
ballero, V. Arlunno, M. Nørgaard Schmidt, N. Guerrero Gonzales,
B. Mao, K. J. Larsen, I. Tafur Monroy, ”Nonlinear Impairment Com-
pensation Using Expectation Maximization for PDM 16-QAM Sys-
tems”, in Proc. 38th European Conference on Optical Communica-
tion, ECOC’12, Amsterdam, Netherlands, paper Th.1.D.2



i
i

“main˙VAAR˙31Jan” — 2014/1/31 — 13:38 — page xi — #13 i
i

i
i

i
i

xi

[PAPER 20] R. Borkowski, F. Karinou, M. Angelou, V. Arlunno, D. Zibar,
D. Klonidis, N. Guerrero Gonzalez, A. Caballero, I. Tomkos, I. Tafur
Monroy, ”Experimental Study on OSNR Requirements for Spectrum-
Flexible Optical Networks”, Journal of Optical Communications and
Networking, vol 4, issue 11, pages B85-B93, 2012

[PAPER 21] A. Caballero, J. C. Aguado, R. Borkowski, S. Saldaña Cer-
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Chapter 1

Introduction

1.1 Capacity crunch

The annual global IP traffic will surpass the zettabyte threshold by the end
of 2017 [1]. Statistic studies report that the global IP traffic has increased
more than 4 times in the past five years and will continue to increase by
an expected factor of 3 in the next five years. Moreover, analysis of the
IP traffic data for the year 2012 shows that the volume of the internet
traffic during busy hours is larger and growing faster than the average
one. Furthermore, the increasingly significant role of networks delivering
content to the user, such as internet video and online gaming, will fuel
the surpassing of the metro traffic over long-haul traffic by 2014. By 2017
metro traffic is expected to count for ∼60% of the total IP traffic.

Research in the optical communication industry is therefore focused on
transmission architectures able to cope with the evergrowing bandwidth
demand from the user side.

There are three major options considered to improve the capacity-
distance product [2]. First, by incrementing the spectral efficiency. Spec-
tral efficiency may be increased by using larger signal constellations that
transmit more bits per symbol [3]. Dual-polarization m-ary quadrature-
amplitude modulation (DP-mQAM) has become the modulation format of
choice for long-haul networks, thanks to the very efficient use of the op-
tical spectrum and the capabilities of coherent receivers to enable simpler
field equalization. By using all the degrees of freedom available for encod-
ing information, DP-mQAM achieves the best spectral and power efficiency
amongst all easy-to-generate modulation formats. However, the use of high
order modulations will also affect the transmission system, which will be

1
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less tolerant to noise, and the optical signal power level that can be launched
into the fiber without generating excessive nonlinear signal distortions [4],
thus limiting the maximum reach and requiring more advanced equaliza-
tion techniques to counteract those effects. Nevertheless as the modulation
level increases, difficulties in system implementation also arise, particularly
in terms of complexity of the transmitter structure and digital signal pro-
cessing hardware.

The second option is to increase the total available bandwidth and to
improve network bandwidth utilization. Current Wavelength Division Mul-
tiplexing (WDM) systems operate on a fixed ITU grid with guard bands
between neighbor channels. Solutions [5, 6] have been proposed to move
towards a gridless network scenario, where optical transmission based on
superchannels can enable a wider bandwidth signal to continuously occupy
an allocated bandwidth, thereby removing the undesired spectral guard
bands. Ultra dense WDM systems with reduced spacing between carriers
and limited guard bands are therefore considered as a promising major
technology towards high capacity transmission link. However, the closed
spectral spacing requirements, as well as the reduced guard bands, demand
counteracting action to mitigate the detrimental effects of interchannel in-
terference. Another multiplexing solution is Orthogonal Frequency Divi-
sion Multiplexing (OFDM) which has first been studied in the context of
mobile communications mostly as a technique for combating multipath fad-
ing. Recently [7], OFDM has received interest in optical fiber transmission
for its capability in spectral shaping, reduction of the spectral guard band
requirement between neighboring channels. Therefore this increases the
bandwidth utilization and spectral efficiency.

The third option to be considered is the reduction of the amount of
signal distortion accumulated along the transmission link. To achieve this
objective, links will use shorter fiber spans, lower noise amplifiers, dis-
tributed Raman amplification, and advanced fibers with ultralow loss and
large effective area. Moreover, digital signal processing techniques including
nonlinear compensation and advanced forward error-correction coding are
nowadays employed to reduce distortion or improve signal sensitivity [8].

Therefore the achievement of high capacity requires also the use of
Forward Error Correction (FEC) techniques with high coding gains and
high BER thresholds, which are considered as one of the critical enabling
technologies for next-generation optical communication systems.

Ultimately, the achievable spectral efficiency, capacity and reachable
distance is constrained by optical fiber Kerr nonlinearity. In the absence
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of Amplified Spontaneous Emission (ASE) noise, a single-channel signal is
mostly limited by self-phase modulation (SPM), whereas WDM systems
are dominated by crossphase modulation (XPM) and four-wave mixing
(FWM) [9]. In the presence of optical fiber nonlinearity, the existence
of an optimal launch power, at which the reachable capacity is maximized,
makes power efficiency especially important. Using a modulation format
with low SNR requirement increases the achievable capacity. However, the
data rate cannot be increased indefinitely due to the limitations set by the
Shannon’s limit [10].

Next-generation higher capacity systems will use transceivers powered
by a key role DSP, where advanced algorithms will be used for compensat-
ing fiber impairments and other signal processing that are impractical to
perform in analog hardware [3]. DSP can also be used at the transmitter to
improve system performance. A software-defined optical system with DSP
at both transmitter and receiver enables agile modification and reconfig-
uration. It allows channel impairments to be compensated by DSP algo-
rithms, as well as new signal (de)multiplexing paradigms. Channel data
rate, modulation format, and coding scheme can all be programmed by
network management in response to estimated channel conditions. Digital
transmitters can also enable advanced spectral shaping, thereby reducing
the need for wasteful and undesired guard bands between neighboring chan-
nels. This increases bandwidth utilization and spectral efficiency. With
precise DSP control, signal constellations generated by digital transmitters
will have higher fidelity, enabling higher order modulation to be employed
and thereby extending the system reach of high spectral efficiency modu-
lation formats. However, increasing the modulation order or reducing the
spacing in a multiplexed system will require the employment of advanced
DSP algorithms which can be viewed as a major drawback for practical
implementations.

1.2 Transmission systems

1.2.1 High order modulation formats

Research in high-speed fiber-optic systems moved from On-Off Keying
(OOK) towards binary and quaternary phase shift keying (BPSK, QPSK)
in the late 90s, using direct detection with differential demodulation (DPSK,
DQPSK). Moving towards 100 Gb/s capacity target, it became clear that
additional techniques were needed. Polarization Division Multiplexed (PDM)
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QPSK schemes allowed for a reduction of symbol rates by a factor of 4
compared to the information bit rate, which brought 40 and 100 Gb/s op-
tical signals at around 10 and 25 GBaud which became realizable with fast
analog-to-digital converters (ADCs). Furthermore the employment of this
modulation format enabled the use of digital coherent detection using ro-
bust digital signal processing (DSP) to perform all-electronic chromatic-
and polarization-mode dispersion compensation, frequency and phase lock-
ing, and polarization demultiplexing. Commercial coherent systems for
fiber-optic networks based on PDM-QPSK with custom-designed CMOS
ASICs to handle the DSP functionality were introduced at 40 and 100
Gb/s in 2006 [11]. The adoption of advanced coherent communication con-
cepts allowed spectral efficiencies to continue their scaling at ∼1 dB/year
using essentially unchanged optical line systems [3, 12]. Therefore higher-
order coherent optical modulation formats are considered one of the key
technology that has supported the capacity growth over the past ∼5 years.
Moreover the use of high-spectral-efficiency, such as Quadrature Amplitude
Modulation (QAM), allows increments both in per-channel interface rates
and aggregate WDM capacities.

Widely commercially deployed WDM optical networks traditionally op-
erate at a channel bit rate of 10 Gb/s with nonreturn to zero (NRZ) on-off
keying (OOK) modulation schemes. The traffic load is currently approach-
ing the maximum capacity of these networks, so solutions aiming to increase
the total capacity of their network infrastructure propose the insertion of
spectrally efficient solution at 40 or 100 Gb/s. Digital signal processing
algorithms enable polarization division multiplexing PDM to be fully ex-
ploited without the need of additional complexity at the receiver end. How-
ever most telecommunications do not intend to build a specific network for
40 or 100 Gb/s. One possible trend for 10 Gb/s infrastructure is to design
an hybrid scenario, where several channels at 40 or 100 Gb/s are progres-
sively inserted in wavelength slots with 50 GHz spacing, without changes
in the grid structure or in the resources needed. The process represents an
upgrade of the existing network which is able to cope with the increasing
demand for bandwidth and capacity from the customer side without the
deployment of more infrastructures.

1.2.2 Ultra Dense Wavelength Division Multiplexing

In WDM optical communication systems, increasing the spectral efficiency
(SE) is essential to reach higher capacity targets. Higher SE can be achieved
by using either high order modulation formats and/or reduction in the chan-
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Figure 1.1: Fix grid versus flexible grid. Large guard bands are still employed.

nel spacing. Coherent detection of WDM transmission schemes with digital
signal processing (DSP) is attractive for high capacity applications because
of its powerful equalization, which is achievable in the electronic domain,
of linear distortion, such as Chromatic Dispersion (CD) and Polarization
Mode Dispersion (PMD), and its improved tolerance to amplifier noise.

Rigid and coarse granularity of WDM systems leads also to inefficient
capacity utilization, which partly results from the lost spectrum due to
the difference between the real spectral occupancy of the signal and the
bandwidth allocation based on the conventional ITU-T grid. A promising
way to overcome this effect would be to introduce the concept of a fre-
quency slot instead of the current fix frequency grid, thus moving towards
flexible grid and grid-less solutions. In flexible optical WDM (FWDM),
an adjustable amount of spectral resources are dynamically allocated; in
addition, channel spacing and center wavelength are not conformed to the
ITU-T conventional fix grid, thereby resulting in higher spectral efficiency.
Although higher efficiency could be obtained evolving to an allocation ad-
justable scenario, the bandwidth is still non optimally exploited as large
guard bands are employed, as shown in Fig. 1.1. Ultra-dense (UD) WDM
with a channel spacing of less than 25 GHz, may provide an evolutionary
path from conventional infrastructures towards more scalable and spec-
trally efficient networks. This trend, supported by the increased demand
for more capacity, flexibility and upgradeability of transmission technique
while keeping some legacy ones, will also require a re-examination of such
network designs.

Increasing the number of wavelengths within a fixed optical bandwidth
(e.g., C band), by decreasing the spacing between neighboring channels,
allows an increase in the system capacity without requiring of high-speed
electronics (e.g., >40 Gb/s), while keeping compatibility with the 10 Gb/s
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SONET/SDH equipment. UDWDM systems with no aliasing condition
(that is with channel spacing higher than the double the baud rate) have
been studied, with particular attention to limitations introduced by fiber
nonlinear effects such as Four-Wave Mixing (FWM), Cross-Phase Modu-
lation (XPM), fiber chromatic dispersion-induced symbol intersymbol in-
terference (ISI). However, to cope with the required bandwidth efficiency,
future UDWDM schemes will need to use extremely spectral close channel
spacing. This implies that more focus has to be put into finding solutions
able to mitigate the resultant detrimental effects from crosstalk and neigh-
boring channels interferences.

1.2.3 Orthogonal Frequency Division Multiplexing

OFDM has been proposed in high-speed optical communication link as
a possible alternative to standard single carrier modulations [7]. OFDM
consists in modulating and demodulating blocks of symbols, previously
mapped into a given constellation, for example QPSK or m-QAM, through
discrete Fourier transform (DFT), usually employing inverse and direct fast
Fourier transform (IFFT/FFT) algorithms. Therefore, symbols in each
block are modulated onto subcarriers, whose orthogonality ensures that no
intercarrier interference occurs. The transmitted signal, neglecting phase
noise and frequency offset, at the receiver can be remapped to the original
constellation.

The investigation on OFDM for optical fiber transmission is mostly
motivated because of its large immunity to CD and PMD effects, its high
spectral efficiency and the implicit parallelization of the processing due
to the IFFT/FFT operations. Coherent detection optical OFDM (CO-
OFDM) has been therefore proposed as a possible alternative to single car-
rier schemes. The primary advantage of OFDM over single carrier schemes
is its ability to cope with severe channel conditions without complex equal-
ization filters. Furthermore OFDM allows to easily accommodate for trans-
mit filters with a smooth transition band. On the other side, the generation
of the analog waveform at the transmitter requires the use of high-speed
digital-to-analog converters (DACs). In addition, one of the major draw-
backs of this multicarrier transmission, is the high Peak-to-Average Power
Ratio (PAPR) of the transmit signal which induces large sensitivity to
nonlinearities. Moreover a large PAPR increases the complexity of the
analog to digital and digital to analog converter, reduces the efficiency of
the radio frequency (RF) power amplifier and the range of the multicarrier
transmission. Several techniques have been proposed in literature to re-
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duce the PAPR value [13]. In many low-cost applications, the drawback of
high PAPR may overshadow all the potential benefits of this multicarrier
transmission systems. A solution is presented by coherent detection optical
OFDM (CO-OFDM), where maximization of the spectral/power efficiency
is reached by exploiting the advantages of software reconfiguration and
digital signal processing (DSP) to mitigate for linear and nonlinear fiber
impairments in the digital domain.

Radio-over-fiber (RoF) is considered as a possible last-mile solution for
the distribution of high capacity and high-frequency RF signals, as it cen-
tralizes the radio signal generation and modulation at the central office
while keeping the antenna base stations simple with only O/E conversion,
RF signal emitting and receiving functionalities. While single-carrier modu-
lated RoF systems have been extensively studied, the multiple-carrier char-
acteristic of OFDM signal requires system linearity and the ability to han-
dle large peak-to-average power (PAPR). Optical phase modulation (PM)
has the potential to improve robustness to fiber nonlinearities by encod-
ing the information in the optical phase and thus maintaining a constant
optical power. Furthermore, optically phase-modulated links, in transmis-
sion of microwave radio frequency (RF) signals over optical fiber links case,
can also enable high-capacity, higher spectral efficiency and large dynamic
ranges, which can mitigate the drawbacks of high PAPR in OFDM signal.

Phase-modulated RoF coherent optical OFDM systems are therefore
a promising solution for applications in converged wireless/wireline service
delivery in optical networking scenarios with reconfigurable digital coherent
receivers.

1.3 Feedback equalization

Equalization is an essential component of digital signal processing based
optical receiver. Intersymbol interference that afflicts serial data trans-
mission is traditionally mitigated by equalization through linear filtering,
usually employing transversal structure, and thus the process is called lin-
ear equalizer. Due to the tradeoff between equalization of the channel
impulse response to remove intersymbol interference (both precursors and
postcursors) and noise enhancement at the decision point, a linear equal-
izer does not always represent the best possible solution. Other types of
equalizers have therefore been proposed, based on feedback schemes, which
is therefore a nonlinear structure with respect to the received signal [14].
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1.3.1 Turbo Equalization

Turbo Equalization (TE) is a joint processing of equalization and decoding
steps. A number of iterative receiver algorithms repeat the equalization
and decoding tasks on the same set of received data, where feedback in-
formation from the decoder is incorporated into the equalization process.
First proposed to combat the detrimental effects of intersymbol interfer-
ence effects in digital communication systems protected by a Convolutional
Code [15], TE has been introduced in coherent optical single carrier and
OFDM systems.

In this feedback equalization scheme, the data bits must be encoded,
interleaved and mapped into symbols before transmission. At the receiver,
the feedback part of the turbo equalization includes deinterleaving, decod-
ing and soft re-encoding. The equalized samples are first demapped by
a soft demapper that provides the log likelihood ratio for each coded bit
followed by deinterleaving and soft output decoding. The latter provides
the refined log likelihood ratio by exploiting the properties of the error
correcting code. Interleaving follows together with soft mapping that pro-
vides a new version of the original received signal. When implemented in
the frequency domain, TE can also be viewed as an iterative block deci-
sion feedback equalizer integrated with coding/decoding [14]. A feedback
equalization based on TE, has been implemented in the DSP receiver for
single carrier baseband system presented in PAPER 1, PAPER 2 and
PAPER 3. Refer to Chapter 2 for the details of the proposed architecture
and the state of the art.

1.3.2 Decision Feedback Equalizer

When in a WDM system the channel spacing is reduced, to obtain higher
spectral efficiency and capacity, the end-to-end transmission link suffers
from Inter-Channel Interference (ICI), thereby resulting in detrimental ef-
fects from crosstalk and neighboring channels interferences. In polariza-
tion division multiplexed (PDM) optical coherent receivers, Inter-Symbol
Interference (ISI) and ICI are partly equalized by the polarization demul-
tiplexing digital signal processing (DSP) block, consisting of feedforward
(FF) finite impulse response (FIR) filters updated by a Constant Modulus
Algorithm (CMA) [16]. The performance of CMA-FF equalizer structure
is comparable to linear equalizers, which are poorly efficient given strong
channel selectivity. Therefore the ISI mitigation offered by the traditional
polarization demultiplexing DSP block in ultra dense (UD) WDM systems
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Figure 1.2: Schematic description of Decision Feedback Equalizer (DFE).

is not sufficient. A Decision Feedback Equalizer (DFE) offers a superior ISI
mitigation compared to linear equalizer and has been already proven effi-
cient for chromatic dispersion compensation, carrier phase estimation and
enhancement of the tolerance of digital signal processing to phase noise.

The interest towards nonlinear receiver, such as decision feedback equal-
izer, is also driven by the research into suboptimum solutions which are
able to provide bit-by-bit detection with significant performance advan-
tages over the linear equalizer, without the high complexity of the optimum
solutions [17].

A DFE is a feedback nonlinear adaptive equalizer structure that uses
both the received sequence and the previously detected symbols to eliminate
the ISI on pulses currently demodulated. The basic idea is that if the values
of the symbols previously detected are known, then ISI contributed by these
symbols can be canceled out exactly at the output of the forward filter by
subtracting past symbol values with appropriate weighting. The nonlinear
feature is due to the decision device, which attempts to determine which
symbol of a set of discrete levels was actually transmitted. Once the current
symbol has been decided, the filter structure calculates the ISI effect it
would tend to have on subsequent received symbols and compensate the
input to the decision device for the next samples. This postcursor ISI
removal is accomplished by the use of a feedback filter structure. The DFE
equalizer will not amplify the noise because, according to its structure, the
equalization process is done through the feedback, noiseless, data applying
symbol-by-symbol detection with successive cancelation of the interference
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10 Introduction

caused by the detected symbols. A nonlinear DFE, shown in Fig. 1.2,
consisting of a feed-forward filter (FFE) and a feed-back filter (FBE) is
used in the DSP receiver presented in PAPER 4 and PAPER 5, after the
carrier phase recovery block, to improve the system performances [18]. The
tap weights of both feed-forward and feed-back equalizer converge through
a least mean square (LMS) stochastic algorithm.

1.4 Digital signal processing for receiver
structure supporting OFDM and
reconfigurable modulation format detection

Next generation metro-access networks will need to support a highly het-
erogeneous scenario and therefore these systems will need to cope with dif-
ferent broadband services including converged wireless and wireline optical
access over a unified fiber platform. Bandwidth requirements, power bud-
get and chromatic dispersion constrains will need to be addressed. Future
metro-access networks will also require agile re-configurability to seamlessly
accommodate new services and increased bandwidth requirements, allowing
co-existence of modulation formats and bitrates. Wavelength-division mul-
tiplexed (WDM) combined with coherent detection is considered a promis-
ing approach to increase the capacity of passive optical networks (PON).
The use of coherent detection allows for closely spaced channels with in-
creased receiver sensitivity to cope with the required large number of users
and to extend the reach of metro-access networks. Furthermore, cohe-
rent receivers does not require an arrayed waveguide grating (AWG) at the
receiver to filter the undesired wavelengths, making this technology com-
patible with the passive optical splitting of legacy PONs. Digital coherent
detection also allows for the detection of wireless signals able to provide
the high linearity and high capacity required by next generation wireless
networks.

A single receiver could be employed after detection, if advance DSP able
to cope with different modulation formats and bit rates is employed. Dig-
ital signal processing is therefore a key component towards heterogeneous
scenario with co-transmission of baseband single carrier signals, wireless
RoF networks and multiband transmission schemes, such as orthogonal
frequency division multiplexing OFDM.

Digital signal processing algorithms play a key role in OFDM transmis-
sion systems. Synchronization techniques, reduction of PAPR, phase noise
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mitigation and carrier frequency offset evaluation are realized in the digital
domain because of the use of coherent detection techniques. Similarly, lin-
ear and nonlinear fiber impairments compensation can also be accomplished
in the digital domain.

The combination of OFDM and coherent all-optical frequency division
multiplexed techniques can also support high capacity wireless communi-
cations. Conversion of a high-speed optical OFDM baseband signal into
the W-band can be accomplished by using a photonic up-conversion tech-
nique. This scheme is fully transparent to modulation format and bit-rate,
as well as fully scalable to the RF carrier frequency. In such transmission
condition the digital signal processing structure, apart from handling the
OFDM signal, should also tackle the laser phase noise (from the transmit-
ting laser) and the nonlinearity effects induced from the RF components
response, such as photodiodes, amplifiers and electrical mixers.

1.5 State-of-the-art

In this section, the state-of-the-art analysis related to the topic investi-
gated in this thesis is presented. First, high order modulation formats,
closed spaced WDM presented in 1.2.2 and decision feedback equalizer so-
lutions reported in Section 1.3.2 will be addressed. Furthermore, comments
on state of the art publications related to coherent optical OFDM, as well
as in RoF transmission links presented in Section 1.2.3 will be reported.
Particular focus is put on literature regarding synchronization techniques
in OFDM systems. To conclude, the latest literature on DSP for reconfig-
urable format detection is reported.

Aiming to increase the capacity, attention has been lately put into iden-
tifying schemes capable of achieving high spectral efficiencies (SEs). One
of the most prominent approaches, as presented in Section 1.1, is the use
of advanced modulation formats and coherent detection combined with
multiplexing techniques, such as wavelength division multiplexing (WDM)
or orthogonal frequency division multiplexing (OFDM). Solutions based
on dual polarization Dual Polarization (DP) 16-QAM have been demon-
strated to achieve remarkable SEs [19–21]. In [19] the author reports on
the generation and long-haul transmission of WDM coherent detected 112-
Gb/s polarization-division-multiplexed (PDM) 16-QAM at 14 Gbaud with
spectral efficiencies beyond 4 b/s/Hz. Spectral efficiency of 4.2 b/s/Hz is
obtain in [20] where the author present an 11 channels with 224-Gb/s 16-
QAM system in a 50 GHz spacing grid. In [21] a spectral efficiency of 5.2
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b/s/Hz is obtained in a 160x100G PDM 16-QAM system over transoceanic
distance. Scheme based on 16-QAM coherent detection system has been
pointed out as a promising compromise between limiting effects and reach-
able high-speed, high-capacity long-haul optical networking [3]. Intrachan-
nel nonlinear compensation for 112 Gb/s PDM 16-QAM systems has been
addressed in [22]. Ongoing research has compared DP 16-QAM to duobi-
nary shaped DP QPSK [23]. Comparisons between transmission of 200
G PDM carrier-suppressed return-to-zero (CSRZ) QPSK and 200 G PDM
16-QAM have been evaluated in [24]. Experimental demonstration based
on higher order modulation formats such as 36-QAM [25] and 64-QAM [26]
has already been presented. The current capacity record of 101 Tbit/s with
a spectral efficiency of 11 b/s/Hz is based on a 128-QAM [27].

In the last decades research efforts has also been put into the develop-
ment of sub-baudrate-spaced channels moving towards ultra dense WDM.
The bandwidth of the pulse shaping filter is decreased below the symbol rate
as to avoid linear crosstalk and the ISI has been tackled with equalization
techniques [28–30]. Another scenario in which WDM system performance is
degraded by the ISI effects, is the case of multiple cascaded Reconfigurable
Optical Add-Drop Multiplexers (ROADM). To combat the effect of the ISI,
methods based on direct implementation of Maximum a Posteriori (MAP)
have been proposed in [28,31].

Decision feedback equalization schemes have until now been presented
to mitigate the detrimental effects of link transmission [32–37]. Polarization-
mode dispersion (PMD) mitigation by various types of electronic equaliz-
ers, including DFE is discussed in [32]. The state-model-based DFE and
its combination with FFE has been proved to considerably reduce OSNR
penalty for large dispersions. In [33] a carrier-phase estimation for dig-
ital coherent optical receivers, based on the decision-feedback loop and
adaptive-equalization algorithm, is investigated; experimental validation
has been realized for demodulation of 10-Gsymbols/s QPSK and 16-QAM
signals. Chromatic dispersion compensation by DFE routine is discussed
in [34]. Performance and implementation complexity are compared to
MLSE and FFE for systems combined with phase modulated transmis-
sion formats. In [35, 36] DFE is applied for the demodulation in 75- to
110-GHz band of all optical OFDM fiber-wireless system. The proposed
DFE structure is combined with a novel digital carrier phase and frequency
recovery structure, which is a hybrid between Viterbi-Viterbi algorithm and
digital phase-locked loop. The authors of [37] proposes a DFE scheme to
enhance the tolerance of the employed DSP scheme to phase noise. More
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recently, DFE based DSP solutions have been also considered for Nyquist
Wavelength division multiplexing (N-WDM), a promising scheme where the
channel bandwidth and spacing are selected to maximize the spectral effi-
ciency while maintaining acceptable levels of inter-carrier and inter symbol
interference [38]. Furthermore the FFE+DFE equalization structure has
been demonstrated effective in Gb/s Polymer Optical Fiber (POF) trans-
mission systems [39].

Optical intensity modulation for CO-OFDM has been dominantly em-
ployed due to its simplicity; however, it suffers from higher sensitivity to
fiber nonlinearities due to the relative large PAPR. Therefore different ap-
proaches and experimental demonstrations to overcome technological issues
in optical OFDM schemes have been reported. The resilience of the cohe-
rent optical OFDM signal to PMD in the transmission fiber is confirmed
in [40], where nonlinear phase noise mitigation based on receiver digital sig-
nal processing is experimentally demonstrated for coherent optical OFDM
transmission. In optical fiber communications, phase noise due to trans-
mitter and receiver lasers [41], as well as the presence of a residual un-
compensated carrier frequency offset (CFO) [42], are expected to degrade
the performance of OFDM, due to the fact that ICI arises in this scenario.
RF-pilot based phase noise compensation has been introduced in [43] and
a novel pilot subcarrier based structure has been proposed in [44]. An
extension of pilot-based phase noise mitigation scheme to compensate for
sampling frequency offset (SFO) is proposed in [45]. The impact of fiber
nonlinear impairments, such as self-phase modulation (SPM), cross-phase
modulation (XPM), and fourwave mixing (FWM), has also been addressed
in the literature, as it is known that, in dispersion-compensated links, the
high PAR characterizing OFDM signals has a more detrimental effect on
system performance than in SC transmission [46].

The increased interest in OFDM systems also raises attention towards
synchronization in these systems. In such transmission schemes synchro-
nization errors can destroy the orthogonality among the subcarriers and
result in performance degradation. Several approaches take advantage of a
special structure of training symbols to achieve faster timing and frequency
synchronization. A preamble-aided method for timing and frequency offset
estimation has been presented in [47]. The structure of the original pream-
ble has been modified in [48] and a symmetrical correlation scheme has
been then introduced in [49]. Multistage method for timing and frequency
synchronization, based on the cross correlation characteristics presented
in [50], is reported in [51]. A multistage scheme that works in time domain
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14 Introduction

and is independent of the preamble structure is proposed in [52]. The aim
of [46] is to carry out an extensive investigation of the practical potential
of OFDM for use over optical communication links at 100 Gb/s, through
both analytical characterization and computer simulations. Specifically,
comparison in terms of BER performance, complexity, and overall state-of-
the-art feasibility is carried out between an OFDM communication system
with a single-carrier communication scheme. High speed transmission sys-
tems enabling flexible modulation formats, flexible bandwidth and adaptive
FEC have been reported in [53]. The author stressed that adaptable DSP
algorithms are crucial in order to optimize resources and achieve good per-
formances. Channel estimation and equalization, carrier phase recovery
and nonlinearity mitigation for flexible transceivers have been investigated.
Investigation of digitally generated OFDM performance and the required
DSP algorithms has been presented in [54]. Furthermore the work presents
comparison to another high spectral efficiency multiplexing technique such
as Nyquist pulse generation. This system aim to obtain a trade-off be-
tween spectral confinement, pulse shaping, filter impulse response length,
PAPR, appropriately oversampled DAC resolution, and ultra-dense WDM
or optical superchannel system performance [55,56].

Recently, some reported publications have been carried in the demon-
stration of wideband OFDM transmission using RoF techniques for the 60
GHz band [57–60] and ultra wide band over fiber systems [61]. The trans-
mission performance of 16-QAM OFDM signal over 25-km fiber and 5-m air
distance using 60 GHz RoF technology is firstly investigated in [57]. The
feasibility of a simple multi-gigabit-per-second (Gb/s) RoF system using
multilevel OFDM signalat 60 GHz and a single-electrode Mach–Zehnder
modulator (MZM) is reported in [58]. Wireless data transmission of 31.4
Gb/s within 7 GHz license-free band at 60 GHz fiber transmission dis-
tances beyond 5 km is experimentally demonstrated in [59] using adaptive
bit-loading OFDM modulation. In [60] the author adopts a companding
transform coding technique to reduce the PAPR of the OFDM radio-over-
fiber system. However, these results are achieved using expensive high-
bandwidth optical modulators and photo-detectors. Due to the linearity
requirement, the modulation depth is very low and the optical received
power is relatively high, which leads to power wastage. A report on a
scalable system by combining OOFDM and coherent all-optical frequency
division multiplexed techniques to achieve high capacity wireless commu-
nications in the 75–110 GHz band is presented in PAPER 14 with trans-
mission over 22.8 km SMF and up to 2 m air distance. A radio over fiber
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link design for distributed antenna applications with wide radio channel
bandwidth, complex modulation, a high number of OFDM subcarriers and
several MIMO channels is presented in [62]. Subcarrier multiplexing is
adopted in order to minimize cost.

Digital signal processing is also of crucial importance in receiver struc-
ture supporting reconfigurable format detection. The use of multiplexing
techniques will put more stress on DSP techniques due to the coexistence
and transmission of different modulation formats and bit rates. Particular
interest has been latey put into elastic optical networks and in scenario
with mixed modulation formats and bit rates. In [63] the author presents
a WDM system with mixed modulation formats such as ASK and QPSK.
An extensive experimental study on adaptive allocation of superchannels in
spectrum-flexible heterogeneous optical network is reported in PAPER 20,
where PDM QPSK and 16-QAM are the modulation formats considered.
The first testbed demonstration of a flexible bandwidth network with a
real-time adaptive control plane has been reported in [64,65] and an evalu-
ation of elastic optical networking for next optical transmission systems is
presented in [66]. Product solution has also been presented, like the scheme
presented by Ciena [67], which has been demonstrated able to scale from
100 G to 400 G and switch between BPSK, QPSK and 16-QAM.

Furthermore digital signal processing algorithms able to blindly evalu-
ate and estimate the modulation format transmitted are also under con-
sideration. Particular focus has lately been put into Stokes space solution
presented in [68] and PAPER 23.

1.6 Beyond state-of-the-art

The work presented in this thesis has extended the state-of-the-art in the
area digital signal processing for different coherent optical transmission
systems.

PAPER 1, PAPER 2 and PAPER 3 extend the state of the art
introducing TE based solutions for high order modulation formats trans-
mission links. Complete evaluation of the state-of-the-art and the results
achieved is presented in Chapter 2.

In the area of ultra dense WDM systems, this PhD work focuses on
implementing decision feedback equalizer to mitigate the interchannel in-
terference induced by the extremely closed spacing. This work uses a similar
scheme to the one presented in [35,36] where it is employed for the demod-
ulation in 75- to 110-GHz band of all optical OFDM. This work extends the
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state-of-the-art by introducing it for an UD-WDM system based on PM-
QPSK modulation format and commercial DFB laser spaced at 12.5 GHz.
The use of the proposed non-linear equalization is proven to reduce inter-
channel interference and improve overall system performance in terms of
OSNR. These achievements are presented in PAPER 4. In PAPER 5
an experimental implementation of a long reach ultradense WDM system
is reported. The DFE algorithm has been applied to mitigate the effects
of inter-channel interference (ICI) and to guarantee system bit error rate
(BER) back to back performance below the 7% overhead FEC threshold
for all 30 sub-channels with DP QPSK modulation generated from a single
DFB laser.

This work have also extended the state-of-the-art of PM RoF links as-
sisted with coherent detection, employing multiplexing techniques such as
OFDM. The digital signal processing algorithms have been accomplished
based on state-of-the-art experiment and using a time synchronization
scheme adapted from [47, 48]. The electrically generated OFDM link has
been evaluated for its application in different scenarios for next generation
broadband access networks. First, in PAPER 6, it is reported on the use
of OFDM for phase modulated RoF link at an RF frequency of 5 Ghz.
Successful demodulation of 4-QAM and 16-QAM OFDM signals after fiber
transmission has been experimentally demonstrated by using a single re-
configurable digital receiver. The easy reconfigurability of the implemented
digital receiver is proven also for PM CO-64QAM-OFDM and CO adap-
tive n-QAM OFDM where no hardware changes has been introduced in the
experimental setup.

Elaborating further on the application of OFDM for RoF links, PAPER
7 reports on the photonic generation of electrical OFDM modulated wire-
less signals in the 75-110 GHz band with in-phase/quadrature electrooptical
modulation and optical heterodyn upconversion. Wireless transmission of
16-QAM OFDM signals is also experimentally demonstrated.

PAPER 8 reports on a converged wireless and optical fiber trans-
port with experimental validation of different modulation formats, includ-
ing Vertical-Cavity Surface-Emitting laser (VCSEL) based OOK, baseband
QPSK, RoF OFDM, based on the scheme presented in PAPER 6, and
wireless Impulse Radio (IR)-Ultra-Wide Band (UWB) over a 78 km de-
ployed fiber link. A single, reconfigurable, digital coherent receiver is pro-
posed and experimentally demonstrated for the demodulation of mixed
modulation formats and bit-rates.

The overall scientific results and technical achievements presented in
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this Ph.D. thesis have therefore significantly contributed to current state-
of-the-art.

1.7 Main contribution and outline of the thesis

The main contributions of this thesis are in the area of digital signal pro-
cessing for high capacity coherent optical transmission. First, this thesis
proposes, studies and experimentally demonstrated feedback equalization
techniques for high order modulation formats and ultra dense WDM sys-
tems. Secondly, it contributes on the evaluation and realization of digital
signal processing for receiver structure supporting OFDM and the first ever
demonstration of single reconfigurable receiver supporting mixed bit rates
and modulation formats.

This thesis is structured as follows. Chapter 1 introduces the context
of the main research papers included. It provides a short overview on the
topic of capacity crunch in optical fiber transmission and digital signal
processing algorithms. Feedback equalization and digital signal processing
for coherent receiver are explained. The impact of the proposed scheme
on mitigating impairments due to optical transmission are also evaluated.
Chapter 2 describes the Turbo Equalization architecture and its benefit in
optical fiber coherent transmission. Chapter 3 presents the novelty of the
main contributions of the thesis. To conclude, chapter 4 summarizes the
main achievements of this thesis and provides an outlook of further work
on the prospects of the digital signal processing algorithms evaluated.
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Chapter 2

Turbo Equalization

The employment of Quadrature Amplitude Modulation (QAM) modula-
tion formats to increase both per-channel rate as well as WDM capacities
is considered the next evolutionary step towards higher spectral efficiency
and therefore higher data rates. A reliable compromise between various lim-
iting factor is represented by 16-QAM, which still enables high-speed and
high-capacity long-haul optical networking [3]. Furthermore Polarization
Division Multiplexing (PDM) 16-QAM is considered as a promising candi-
date for doubling the bit rate per channel with respect to PDM Quadrature
Phase-Shift Keying (QPSK). The major concerns associated with high data
rates over transmission distances are the signal quality degradation due to
linear and non-linear impairments. Linear fiber channel impairments, such
as Chromatic Dispersion (CD), group velocity dispersion and polarization
mode dispersion [69], can be effectively mitigated by using digital linear
signal processing techniques as it has been demonstrated both for QPSK
and higher order QAM signaling [8, 69]. Focus has been put on CD com-
pensation and several methods to counteract its detrimental effects have
been proposed, such as optical performance monitoring [70], CMA and
autocorrelation based schemes and Maximum-Likelihood Sequence Esti-
mation (MLSE) based criterion [71]. However transmitter and receivers
imperfections, not entirely mitigated by linear techniques, still need to be
addressed.

Nonlinear effects are also a major limiting factor for high data rates
transmission in metro and long haul optical fiber links. Linear processing
algorithms are shown to be less effective for compensation of such perfor-
mance impairments stemming from optical fiber nonlinearities, such as self
phase modulation, four-wave mixing and cross-phase modulation, and laser

19
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20 Turbo Equalization

phase noise [72,73]. Several techniques have been reported in literature to
mitigate for nonlinear optical fiber impairments. Digital backpropagation
(DBP) has been presented as a universal method for jointly compensating
dispersion and nonlinear impairments in optical fibers [74]. It is applicable
to signals of any modulation format and has been reported for single chan-
nel and OFDM [74], WDM systems [75] and PDM 16-QAM [76]. In [77]
the author directly compare (DBP) with spectral inversion (SI) and demon-
strate that predispersed SI outperforms traditional SI, and approaches the
performance of computationally exhaustive ideal DBP. The DBP method
requires high-complexity processing based on split-step Fourier methods
(SSFM) and solution to reduce its computational complexity in dispersion
managed links have been proposed in [78]. Maximum likelihood sequence
estimation (MLSE) has been proposed for the implementation of maxi-
mum likelihood (ML) detection in the presence of linear phase noise and
Nonlinear Phase Noise (NLPN) [79]. It has also been proposed as nonlin-
ear mitigator in long-haul 112 Gb/s PDM-QPSK transmission after linear
impairment compensation block [80]. Pre- and post- compensation, such
as multiplier-free predistortion [81], have been used for intrachannel non-
linearity compensation. Expectation maximization has been exploited in
PAPER 19 and PAPER 22 for compensation of fibre nonlinearities, I/Q
modulator imperfections and laser linewidth. However, most of these meth-
ods suffer from complexity and depend on particular optical fiber transmis-
sion scenarios. Therefore there is a need for efficient equalization techniques
to enhance the benefit of the aforementioned non-linear techniques and to
allow to search for new lower-complexity solution.

Additionally, in mixed modulation format transmission links, nonlin-
ear impairments induced by co-existing 10 Gb/s Amplitude Shift-Keying
(ASK) channels introduce a serious degradation to the overall system per-
formance [82, 83]. Moreover, when long transmission reach is targeted,
higher power levels launched into the fiber might be required to guarantee
extended reach; however such high optical power level fiber transmission
conditions enhance the generation of nonlinear optical fiber impairments.
As the level of the M-ary modulation increases, higher optical signal-to-
noise ration (OSNR) is required due to the reduced Euclidean distance
between each signal point which gives rise to difficulties associated with
distinguish between the states [84]. Forward error correction can com-
pensate for the low OSNR, but the employment of a powerful FEC is not
enough for transmitted signals affected by linear and nonlinear effects. The
interplay between equalization and FEC becomes then a key technology for
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future high speed transmission solutions [85].

2.1 State-of-the-art

Inspired by Turbo Codes, TE was firstly introduced to combat the detri-
mental effects of intersymbol interference effects in digital communication
systems protected by a Convolutional Code (CC) [15]. A TE system con-
sists of an iterative joint equalization and decoding technique in the receiver
structure. Fig. 2.1 presents the two possible receiver structures.

Interleaver

CC Encoder

Mapper

Deinterleaver

Decoder/Encoder

Demapping

Interleaver

Mapping

EqualizerChannel

system

Uncoded data Uncoded data

Coded data Coded data

Deinterleaver

Decoder

Demapping

Equalizer

Uncoded data

Coded data

system

Turbo Equalization
Separate equalization

and decoding

Figure 2.1: Turbo Equalization.

The standard approach is to split the detection problem into two sepa-
rate parts, equalization and decoding. The latter could be based on hard or
soft decoding. TE is instead an approach to jointly address the equalization
and decoding tasks. A number of iterative receiver algorithms repeat the
equalization and decoding tasks on the same set of received data, where
feedback extrinsic information from the decoder is incorporated into the
equalization process. The key point if this scheme is the iterative exchange
of information between the two Soft-Input Soft-Output (SISO) modules,
the equalizer and decoder which form the receiver.

In [15], Turbo Equalization (TE) has been realized through a R = 1
2 CC

with Soft Output Viterbi Algorithm (SOVA). Afterwards several methods
for minimizing the bit error rate (BER) have been exploited, mostly based
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on maximum likelihood (ML) estimation, which turns into a maximum a
posteriori (MAP) probability estimation in the presence of a priori informa-
tion of the transmitted data. Efficient algorithms exist for the MAP/ML se-
quence estimation, such as the Viterbi algorithm and for MAP/ML symbol
estimation such as BCJR [86] algorithm. Both MAP/ML-based solutions
often suffer from high computational load. A major research issue is thus to-
wards the complexity reduction of such iterative algorithms [87,88]. In [87]
a simplification of the Log-Map algorithm has been addressed through nu-
merical investigations. A novel technique to reduced the complexity of the
BCJR algorithm in TE schemes is presented in [88]. Numerical results are
reported for BPSK transmission over different transmission channels. Spe-
cific studies on the channel estimator have also been reported in literature.
Analysis of soft input Kalman channel estimator and soft input weighted
Recursive Least Squares (RLS) are presented in [89]. The aim of [90] is to
show that many of the linear SISO equalizer can be interpreted as specific
instances of the generic variational free energy minimization (VFEM) algo-
rithm. It should be noted that in [90] the TE problem is addressed from a
statistical physics perspective. Several approaches presented in other fields,
such as magnetic recording channels and acoustic underwater, address the
complexity and thus suggest to replace the MAP with a linear or a decision
feedback equalizer [91,92].

In optical communication field, TE routines have been first proposed
and numerically evaluated for direct detection optical communication sys-
tems in order to mitigate the effects of Polarization Mode Dispersion (PMD)
[93–96]. In [93] iterative TE is investigated to mitigate the effects of PMD
in non return-to-zero (NRZ) intensity modulated optical fiber transmis-
sion systems. The performance of Symbol-by-symbol Maximum a Pos-
teriori (sbs-MAP) SISO decoders is studied and compared to Soft Out-
put Viterbi Equalizer (SOVE). Monte Carlo simulations of TE are pro-
posed in [94]. Turbo equalization routines based on MAP solutions are
proven to outperform the performances of separate decoding/equalization
techniques based on MLSE and FEC. Investigation of Low-Density Parity-
Check (LDPC) codes, as to replace the CC, is presented in [95]. Compari-
son of MLSE and TE based on LDPC codes of direct detected Differential
Group Delay (DGD) channels and NRZ signaling is proposed in [96].

In coherent detection optical fiber communications the employment of
systems based on Low-density parity-check (LDPC) coded TE have been
numerically [97–99] and experimentally [98, 100, 101] presented. The tech-
nique presented by these groups of publications is a TE scheme based on
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LDPC codes and BCJR equalizer. In [97] simulation results are reported
for different DGD values and different LDPC codes for a return-to-zero
ON-OFF keying (RZ-OOK). A MAP TE based on sliding-window multi-
level BCJR algorithm and large-girth LDPC codes [102] is proposed in [98].
The scheme is proven suitable for simultaneous linear and nonlinear im-
pairment mitigation in multilevel coded-modulation. PMD compensation
by the proposed scheme is experimentally validated in a QPSK transmis-
sion. LDPC coded TE scheme in [99] is presented as a universal scheme
for simultaneous mitigation of fiber nonlinearities, PMD, PDL, CD and
I/Q imbalance effects in multilevel coded modulation schemes. The effi-
ciency of LDPC-coded TE in suppression of fiber nonlinearities, chromatic
dispersion compensation and PMD compensation is demonstrated and re-
ported in [100]. To verify the efficiency of the proposed scheme, PMD
compensation is experimentally demonstrated for a NRZ system operating
at 10 Gb/s. Experimental validation of polarization multiplexed BPSK at
10 Gb/s is reported in [101]. A multilevel maximum a posteriori probability
TE (MTE) is proposed and employed. More recently LDPC-coded TE has
also been evaluated in electrical generated PDM Orthogonal Frequency Di-
vision Multiplexing (OFDM) 16-QAM for transoceanic transmission with
large-core/ultralow loss fiber [103]. The experiment results suggest that
16-QAM OFDM modulation format could be employed in transoceanic op-
tical transmission with the development of strong FEC coding capabilities
and sophisticated DSP algorithms, such as TE.

Even though LDPC codes can be very powerful, as the works reported
suggest, their implementation remains a challenge due to the complex struc-
ture of the decoder and alternative works are looking for simplified low
complexity solutions [104].

2.2 Beyond the State-of-the-art

The work presented in this thesis has extended the state-of-the-art intro-
ducing a structure based on convolutional codes and normalized least mean
square equalizer for high speed optical fiber transmission. Fig. 2.2 shows the
receiver structure for TE employed in PAPER 1, PAPER 2 and PAPER
3. At the transmitter side random generated data are created with offline
processing and encoded by a convolutional code (CC) described by a states
trellis. Rate R = 1

2 for paper PAPER 1, PAPER 2 and R = 1
2 ,R = 2

3
and R = 3

4 for PAPER 3 have been considered. The coded bits are then
interleaved to suppress burst errors, and sent to the optical modulator at
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Figure 2.2: Schematic description of Turbo Equalization.

the transmitter in the physical layer.

Convolutional codes have up to now only been incompletely explored
for optical communications. The drawback of such codes in optical trans-
mission is their high coding overhead compared to high-rate block codes,
such as Reed-Solomon (RS) codes and Low-Density Parity Check (LDPC)
codes. On the other hand CC codes present attractive features such as sim-
ple and straightforward encoding and hard and soft decision decoding algo-
rithms. The large overhead can be alleviated by using CC codes together
with bandwidth-efficient modulation. Similar performance to RS codes has
been obtained, with the benefit of simpler encoding electronics [105].

On the receiver side, the received signal after optical transmission and
detection is then processed offline. After a 16-QAM DSP receiver, the
received data is fed into the SISO TE structure presented in Fig. 2.2. A
Normalized Least Mean Squared (NLMS) adaptive equalizer is applied due
to the unknown nature of the transmission channel. The number of taps
and the step is optimized to obtain the best performance in terms of bit
error rate (BER). Soft information on all the coded bits in the form of
log-likelihood-ratios (LLRs) is provided by the demapper. Two different
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demapper blocks have been realized according to the mapping, Gray or
Non-Gray resulting from the typical setup configuration on optical systems
based on independent binary electronics. In the second mapping, not all the
neighbor symbols differ by only one bit and therefore this requires a specific
LLR calculation on which Section 2.2.1 focuses. After the mapping stage a
deinterleaver process, symmetrical to the one employed at the transmitter
side, is applied. An error counter will provide the system performance of
the coded data in terms of BER.

Detailed description of the proposed TE scheme is reported in PAPER
1, Section II, PAPER 2, Section II and in PAPER 3, Section II.

In PAPER 1, PAPER 2 and PAPER 3 the BER performance with-
out TE, is calculated at this point and is also called ”iteration 0” and ”w/o
TE”, to highlight that no complete iteration has been accomplished and
the exiting of the loop. The values obtain at this moment represent the
reference on which we calculate the gain in terms of BER. Moving forward
with the TE iteration, decoding is performed using a soft output Viterbi
algorithm (SOVA) binary decoder with a 64 states depth, for the R = 1

2
case, to obtain soft estimation of both information and parity bits. The
obtained decoded version of our signal is then re-encoded to create a re-
constructed signal. After passing through an interleaving and mapping
stage, to reproduce the original constellation, new soft estimates of the
original transmitted symbols are obtained. An NLMS equalization process
is then realized using the information of the original and reconstructed sig-
nal. Demapping, deinterleaving and decoding can be performed as for the
first iteration. In every iteration the BER is evaluated at the error counter
stage. The performance of one complete loop are named ”TE 1st iter”.
The use of a Non-Gray mapping influences also the reconstruction part of
the loop and due to this difficulties can arise difficulties to accomplish more
iteration.

TE systems make use of knowledge of the channel together with the
available redundancy introduced to protect the data, in the form of for-
ward error correction (FEC). Therefore the benefit introduce by this tech-
nique rely on exchanging reliability information between the SISO equal-
izer and the SISO decoder, the so-called extrinsic information expressed in
log-likelihood ratio (LLR) form. The encoder stage will give in return in-
formation in LLR form which will be used to create a reconstructed signal
to be fed into the equalizer with the original received signal. The knowl-
edge and reliability of the LLRs is therefore one of the key point of TE
techniques. The proposed scheme based on TE has been experimentally
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and numerically proven effective in mitigating accumulated noise induced
by link amplification and the effects induced by fiber non-linearities. This
TE approach features low complexity stemming from the use of a convolu-
tional code, and its ability to accomplish for each new decoding iteration a
more accurate channel estimation.

PAPER 1 is the first report of the proposed structure in optical fiber
transmission. Compensated transmission, with and without interfering
OOK neighboring channels, is experimentally verified, while uncompen-
sated transmission is numerically investigated. In PAPER 2 we present
experimental demonstration of uncompensated link transmission up to 497
km in a WDM scenario. Gains and effectiveness of additional iterations
are also reported. PAPER 3 reports on the TE scheme proposed in its
totality. Compensated and uncompensated transmissions are experimen-
tally demonstrated, and numerical investigations are also reported. Three
different convolutional codes have also been considered.

Table 2.1 gathers the experimental results achieved during this work on
TE techniques and it shows the comparison with the latest state-of-the-art.
It shows the chosen modulation format, Forward Error Correction (FEC)
(LDPC or CC), equalization/turbo scheme (BCJR or NMLS VA), whether
it is an experimental or numerical investigation, and the aim that each of
the reported results wants to tackle. The research performed during this
work has led to the demonstration of TE schemes for high order modulation
formats, such as 16-QAM, which comprises of the current state-of-the-art.

2.2.1 Mapping and LLRs calculation

In Fig. 2.3 two different mapping for 16-QAM are shown. On the left
side the Gray mapping and on the right side the Non-Gray mapping. In
PAPER 1 we report on TE scheme with Non-Gray mapping resulting
from the typical setup configuration of optical systems based on binary
electronics. The experimental results obtained in PAPER 2 are instead
based on the Gray mapped 16-QAM TE scheme. In Fig. 2.3 the value of the
first two bits according to the region they belong to is also shown, for both
mappings. As we can see in the Gray mapping design, if one moves from
left to right, only one bit of the two is changed every time one passes from
one region to another. On the other side, in the Non-Gray mapping, this
feature is not present. It has been observed that moving from region 2 to
region 3 requires changing both bits at the same time. This fact influences
also the LLR calculation. The LLR calculation is realized for all the four
bits that constitutes the 16-QAM signal and is based on the formulation
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Table 2.1: State-of-the-art and main contribution reported in this thesis.

Format Scheme Type Aim

[97] OOK LDPC BCJR Sim PMD

[100] OOK LDPC BCJR Sim/Exp nonlinearities,
CD, PMD

[101] BPSK LDPC BCJR Sim/Exp PMD

[98] QPSK LDPC BCJR Sim/Exp PMD

[99] QPSK LDPC BCJR Sim/Exp nonlinearities,
PMD, PDL,
CD, I/Q imb

[103] OFDM
16-QAM

LDPC BCJR Exp record
transmission

PAPER 1 PDM
16-QAM

CC NMLS VA Sim/Exp TX/RX imb
ASE&NL noise

PAPER 2 PDM
16-QAM

CC NMLS VA Exp TX/RX imb
ASE&NL noise

PAPER 3 PDM
16-QAM

CC NMLS VA Sim/Exp TX/RX imb
ASE&NL noise

reported in [106]. We indicate the four bits as bRe,k bRe,k bIm,k bIm,k and
k = 0, 1. The first two bits are derived from the real part of the signal,
while the last two are derived from the imaginary part of the signal. The
idea is demapping the received signal into soft bits which have the same
sign as provided by a hard detector and whose absolute value represents
the reliability of the decision. The optimum hard decision on bit bRe,k is
given by the rule:

bRe,k = β if P [bRe,k = β|r] > P [bRe,k = (1− β)|r] β = 0, 1 (2.1)

where r represents the received signal

r = Gch · a+ w (2.2)
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Figure 2.3: Schematic description of mapping.

where Gch is the channel frequency response and w is the complex
AWGN noise. If we set β = 1 we can rewrite 2.1 as

b̂Re,k = 1, if log
P (r|bRe,k=1)
P (r|bRe,k=0) > 0 (2.3)

As example, we consider k = 0, the first bit of the real part. As shown
in Fig. 2.3 for both case this bit is mapped with the same rule for both
studied cases. Therefore we obtain

P (r|bRe,0 = 1)

P (r|bRe,0 = 0)
=

e
−(yRe−1)2

2σ2 + e
−(yRe−3)2

2σ2

e
−(yRe+1)2

2σ2 + e
−(yRe+3)2

2σ2

(2.4)

The formulation in 2.4 has been obtained considering that when bRe,0 =
0 the real part of the 16QAM can only assume negative values, that is −3
or −1, and when bRe,0 = 1 the real part of the 16-QAM can only assume
positive values, that is +1 or +3. Therefore the LLR formulation for bRe,0

is the same reported in [106].
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When a particular region is considered, one can assume that some of
the relative contribution in the numerator or denominator can be ignored.

Table 2.2: LLRs formulas for bRe,0 and bRe,1. Upper part Gray mapping, lower part
non-Gray mapping

Region LLR(bRe,0) LLR(bRe,1)

1 y < −2 4
σ2 (yRe + 1) 2

σ2 (yRe + 2)

2 −2 ≤ y < 0 2
σ2 yRe

2
σ2 (yRe + 2)

3 0 ≤ y < +2 2
σ2 yRe

2
σ2 (−yRe + 2)

4 y ≥ +2 4
σ2 (yRe − 1) 2

σ2 (−yRe + 2)

1 y < −2 4
σ2 (yRe + 1) 2

σ2 (yRe + 2)

2 −2 ≤ y < 0 2
σ2 yRe

2
σ2 (−yRe)

3 0 ≤ y < +2 2
σ2 yRe

2
σ2 (−yRe)

4 y ≥ +2 4
σ2 (yRe − 1) 2

σ2 (yRe − 2)

According to the 4 possible regions one can therefore obtain the follow-
ing possibilities:

LLRRe,0 =


4
σ2 (yRe[i] + 1), yRe[i] < −2, region1

2
σ2 (yRe[i]), yRe[i] ≤ 2, region2&3

4
σ2 (yRe[i]− 1), yRe[i] > +2, region4

(2.5)

Similarly to what obtained for bRe,0 one can obtain the formulations
for bRe,1. In this case, the calculation is mapping dependent. For a Gray
mapping one obtains

P (r|bRe,0 = 1)

P (r|bRe,0 = 0)
=

e
−(yRe+1)2

2σ2 + e
−(yRe−1)2

2σ2

e
−(yRe+3)2

2σ2 + e
−(yRe−3)2

2σ2

(2.6)

For a non-Gray mapping instead one obtains
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P (r|bRe,0 = 1)

P (r|bRe,0 = 0)
=

e
−(yRe−3)2

2σ2 + e
−(yRe+1)2

2σ2

e
−(yRe−1)2

2σ2 + e
−(yRe+3)2

2σ2

(2.7)

Using the presented reductions and expressing the LLRs in logarithmic
form one obtains Table 2.2 for bRe,0 and bRe,1 for the two mapping

The LLR formulas calculation for bIm,0 and bIm,1 follows the same rules
as for bRe,0 and bRe,1. Similar equations are therefore obtained on the
imaginary part of the signal. In PAPER 1, PAPER 2 and PAPER 3 it
is assumed that all the clusters have the same variance and therefore the
factor 2σ2 is removed from all the LLR formulas. A study on the different
variances of the 16 clusters can lead to a more precise calculation of the
LLR and therefore to a better performance.

The mapping block realizes the inverse operation of the demapping
block. The encoder creates a new encoded signal based on the obtained
decoded version of the original received data. After passing through an
interleaving stage, the mapping block uses the new soft estimates of the
original transmitted symbols to create a reconstructed signal based on the
inverse formulas reported in Table 2.2.

Detailed description of mapping and LLRs calculation is reported in
PAPER 1, Appendix, and in PAPER 3, Section III.

2.3 Conclusions

Turbo Equalization (TE) techniques based on Convolutional Codes (CC)
and Normalized Least Mean Squared (NLMS) equalizer have been demon-
strated as promising techniques to compensate for accumulated noise in-
duced by link amplification, the effects induced by fiber nonlinearities and
transmitter/receiver imperfections. Experimental investigations show that
gain exceeding one order of magnitude in terms of BER can be obtain for
compensated and uncompensated link transmission of up to 700 km. In ad-
dition numerical investigations has been conducted to confirm the results
experimentally obtained. Furthermore it has been reported on the LLR
calculation based on 16QAM Gray and Non-Gray mapping. In conclusion
it has been demonstrated that lower complexity TE is still effective in high
speed long haul fiber transmission.
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Chapter 3

Description of papers

This thesis is based on a set of articles already published or submitted for
publication in peer-reviewed journals and conference proceedings. These ar-
ticles present the results obtained during the course of my doctoral studies
on feedback equalization techniques for impairments mitigation and flexi-
ble modulation schemes and on digital signal processing (DSP) for receiver
structure. The papers are grouped in two categories. Feedback equalization
techniques for high modulation formats and WDM techniques are studied
and demonstrated experimentally in PAPER 1 to PAPER 5. PAPER 6
to PAPER 8 present the experimental results for DSP for receiver struc-
ture supporting OFDM and reconfigurable format detection.

3.1 Feedback equalization

PAPER 1 presents experimental results for Turbo Equalization (TE) ap-
plied to high modulation formats uncompensated coherent system. The
main novelty of this paper is the use of a simple TE technique based on
Convolutional Code (CC) and Normalized Least Mean Squared (NLMS)
equalizer. PAPER 1 includes theoretical and experimental investigation
of dispersion managed link transmission also in the presence of interfering
co-propagating OOK channels. A 80 Gb/s 16-QAM signal, previously en-
coded, has been transmitted through 640 km long coherent transmission
link consisting of spans of standard single mode fiber (SSMF) and dis-
persion compensated fiber (DCF). At the receiver side a Soft-Input Soft-
Output (SISO) TE routine has been proven to guarantee a 2 dB increment
in link input power tolerance and a gain of about half order of magnitude
at the best operational point in terms of BER.

31
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PAPER 2 reports on the experimental verification of TE applied to high
modulation formats in dispersion uncompensated coherent links. The sys-
tem consists of a 100 GHz grid WDM transmission with a central PDM
16-QAM signal and surrounding QPSK channels. The proposed TE struc-
ture, based on rate R = 1

2 CC and NLMS equalizer, is able to counteract
PDM 16-QAM transmission impairments in dispersion uncompensated co-
herent transmission links. Gains exceeding one order of magnitude in terms
of BER are obtained through experimental validation up to 497 km SSMF
link transmission. Furthermore, the use of more iterations, due to the Gray
mapping, is proven to enhance the performance in terms of BER.

PAPER 3 presents a complete work reporting on the theoretical model,
computer simulation and experimental results for a 16-QAM link with TE.
A turbo loop with CC and NLMS equalizer is considered. Computer sim-
ulation and experimental results are reported for dispersion compensated
coherent links. Experimental demonstrations have been conducted based
on CC with different rate ( R = 1

2 , R = 2
3 and R = 3

4 ). The considered
TE technique can provide gains exceeding one order of magnitude in terms
of BER for uncompensated transmission up to 750 km of SSMF for all
the considered codes. Furthermore dispersion managed link transmission
is also experimentally investigated. Gains of about half order of magnitude
are obtained also with co-propagating OOK channels.

PAPER 4 presents the use of Decision Feedback Equalizer (DFE) in an Ul-
tra Dense WDM transmission scheme. In order to allocate extremely closed
carriers, it is suggested to use of the proposed digital non-linear equaliza-
tion to mitigate inter-channel interference and improve overall system per-
formance in terms of OSNR. The scheme is experimentally demonstrated in
a 80 km optical fiber uncompensated transmission system. The solution re-
ported allows also the use of independent tunable DFB lasers spaced at 12.5
GHz for ultradense WDM PM-QPSK flexible capacity channels for metro
core networking. Furthermore the efficiency of the algorithm proposed is
experimentally verified in a system with 3 coherent carriers.

PAPER 5 reports on an experimental implementation of a long reach
ultradense WDM system based on a single distributed feedback (DFB)
laser to generate 30 sub-channels with DP QPSK modulation. A WDM
30x40 Gb/s DP QPSK achieving 1.2 Tb/s on a bandwidth of 300 GHz is
demonstrated. A DFE algorithm has also been implemented in the DSP to
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mitigate the effects of Inter-Channel Interference (ICI) for this ultradense
WDM system. The employment of non-linear DFE equalizer guarantees
system bit error rate (BER) back to back performance below the 7% FEC
overhead threshold for all 30 sub-channels.
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3.2 Digital Signal processing for receivers
structure

PAPER 6 reports on the use of phase modulated coherent detected or-
thogonal frequency-division multiplexing (OFDM) supported by a recon-
figurable DSP receiver that allows for adaptation of the modulation order
of the transmitted signal. Successful digital coherent demodulation of op-
tical phase-modulated adaptive order QAM (4, 16, and 64) OFDM signals
is achieved by a single reconfigurable digital receiver after 78 km of optical
deployed fiber transmission. Also reported is the ease of reconfiguring the
implemented digital receiver capable of achieving BER values conform to
the 7% FEC overhead for back-to back PM CO-64QAM-OFDM and CO
adaptive n-QAM OFDM, without hardware changes in the experimental
setup.

PAPER 7 presents the wireless transmission of 16-QAM electrical orthog-
onal frequency-division multiplexing (OFDM) modulated signals in the 75-
110 GHz band employing in-phase/quadrature electrooptical modulation
and optical heterodyn upconversion. Signals of 19.1 Gb/s in 6.3 GHz band-
width are transmitted over up to 1.3 m wireless distance. Optical comb gen-
eration is further implemented to support different channels and therefore
different users. Transmission is also demonstrated in the multiband sys-
tem. Electrical OFDM modulation with a high number of subcarriers has
been chosen and implemented in this work to benefit from its high spectral
efficiency, flexibility, and robustness against fiber dispersion impairments
and wireless multipath fading. Detection is furthermore compensated by
baseband Digital Signal Processing (DSP).

PAPER 8 reports on the application of a reconfigurable digital coherent
receiver for unified heterogeneous metro-access network. 4 signals from dif-
ferent optical access technologies are WDM multiplexed onto the same op-
tical fiber, transported through 78 km of installed optical fiber and detected
using a single reconfigurable digital coherent receiver. The heterogeneous
metro access network is composed of the following subsystems: 1) 5 Gb/s
directly modulated Vertical-Cavity Surface-Emitting laser (VCSEL). 2)
Baseband 20 Gb/s non return-to-zero (NRZ)-Quadrature Phase Shift Key-
ing (QPSK). 3) Optically phase-modulated 2 Gb/s Impulse Radio (IR)
Ultra-Wide Band (UWB) and 4) PM-Coh link with 500 Mb/s OFDM at
5 GHz RF frequency. The robustness of the OFDM transmission is here
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therefore verificated in a mixed modulation and bit rated scenario. The
original work presented in PAPER 10 has been awarded the Honorable
Mentions of the Corning Outstanding Student Paper Competition at the
Optical Fiber Communication Conference (OFC) in 2011.
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Chapter 4

Conclusion

4.1 Conclusions

This thesis addresses the design and performance evaluation of advance
Digital Signal Processing (DSP) in coherent optical transmission systems.
The focus of the thesis is on the use of digital signal processing as a tech-
nique for compensation of transmission impairments and interchannel in-
terference, as well as on the design of digital signal processing for receiver
structure supporting Orthogonal Frequency Division Multiplexing (OFDM)
and reconfigurable format detection. The research results presented in this
thesis are pioneering in two main areas. First, in the evaluation of feed-
back equalizer structure based on Turbo Equalization (TE) techniques and
Decision Feedback Equalizer (DFE) schemes. Experimental verification of
the approach has been realized through 16-QAM coherent optical transmis-
sion, for TE schemes, and ultra dense WDM, for DFE. Second, the design of
digital signal processing for receiver structure supporting OFDM and recon-
figurable format detection has been experimentally demonstrated. These
achievements fulfill the requirements on digital signal processing evolution
towards high capacity next generation coherent optical fibre networks.

4.1.1 Feedback equalization

Feedback equalization schemes are shown in this thesis to be an effective
solution for high order modulation formats. The results in PAPER 1,
PAPER 2 and PAPER 3 provide experimental demonstration of the
capabilities of TE routines to counteract the detrimental effects of fibre
transmission in a PDM 16-QAM transmission system. The presented DSP

37
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algorithm can be used as an alternative or complementary technique to
high gain forward error correction structure. This conclusion is based on
the results shown in PAPER 1, reporting experimental validation for com-
pensated link transmission, in PAPER 2, for uncompensated link trans-
mission case, and in PAPER 3, where different codes are presented. The
employment of the TE routine guarantees gain of half order of magnitude
in PAPER 1 and gain exceeding one order of magnitude in PAPER 2
and 3 in terms of BER.

The integration of DFE structure into the DSP algorithm scheme, is
reported in PAPER 4 and PAPER 5. The presented digital non-linear
equalization, able to mitigate inter-channel interference and improve overall
system performance in terms of OSNR, is presented in PAPER 4. Experi-
mental implementation of a long reach ultradense WDM system employing
DFE equalization is also presented in PAPER 5.

4.1.2 Digital signal processing for receiver structure
supporting OFDM and reconfigurable format
detection

Digital signal processing is proven to be a key component towards heteroge-
neous scenario with co-transmission of baseband single carrier signals, wire-
less Radio-over-Fiber (RoF) networks and multiband transmission schemes,
such as OFDM. The investigation on OFDM for optical fiber transmission
is mostly motivated by its large immunity to Chromatic Dispersion (CD)
and Polarization Mode Dispersion (PMD) effects, by its high spectral ef-
ficiency and by the implicit parallelization of the processing due to the
IFFT/FFT operations. The multiple-carrier characteristic of OFDM signal
requires system linearity and the ability to handle its large peak-to-average
power (PAPR) that can be guarantee by the proposed phase modulated
RoF system presented in PAPER 6. Extension of this system is proposed
in PAPER 7 where the wireless transmission of 16-QAM electrical OFDM
modulated signals in the 75-110 GHz band employing in-phase/quadrature
electrooptical modulation and optical heterodyn upconversion is presented.

The integration of the proposed Phase Modulated RoF link assisted
with Coherent Detection (PM-Coh) OFDM RoF with baseband access net-
works was also demonstrated in PAPER 8, where four different signals,
with different modulation formats and bit rates, were transmitted and de-
tected with a single reconfigurable digital receiver.
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4.2 Future work

In this section a view of the future work that could be pursued for fur-
ther development and benefit assessment of the digital signal processing
techniques reported in this thesis is provided.

4.2.1 Digital signal processing for high order modulation
format

Further work is suggested on the use of DSP algorithm to enable the em-
ployment of larger constellation sizes and thus extending the system reach
of such modulation formats [2]. The use of advanced forward error cor-
rection based on Low-Density Parity-Check (LDPC) codes and reduced-
complexity decoding algorithms will enable next-generation systems to have
higher coding gains and higher bit-error rate thresholds, resulting in system
performance closer to channel capacity.

Turbo loops of combined equalizer/detector/FEC decoder will enhance
the receiver performance in future multi level optical transmission systems
and thus TE routines are believed to be a key technology for the deploy-
ment of 100 G and to enable 400 G transmissions [84, 85]. However, the
interplay of the TE scheme with high gain FEC structure still need to be
addressed. Evaluation of complexity and implementation possibility in
Field Programmable Gate Array (FPGA) and coherent ASIC also need
to be considered. Collaboration within TE and nonlinear mitigator struc-
tures should also be evaluated. Challenges for digital coherent receivers are
mostly related to A/D convertors speed, limited bandwidth and effective
number of bits, and the real time implementation of DSP algorithms at the
receiver.

When the capacity of single-core single-mode fibers becomes exhausted,
space-division multiplexing will be required to satisfy the user’s bandwidth
demand. Multicore and multimode fibers, which nowadays present nu-
merous challenge to be solved, are therefore an open topic research for
new advance multiple-input multiple-output digital signal processing tech-
niques [12]. New paradigm and challenges will then need to be addressed
to avoid drastic increase in the DSP complexity when the number of spatial
modes is increased [107,108].
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4.2.2 Multiplexing systems: WDM and OFDM

Future optical networks will no longer be constrained to a fixed wavelength
grid, thus they will require the ability to dynamically allocate network
resources to different users in response to their traffic demands. Future
optical systems will require higher capacity, flexibility and indispensable
ease of control and management. One arising solution is the use of su-
perchannels [109, 110]. However advance DSP techniques able to create
orthogonal optical subcarriers to be modulated and detected via parallel
transmitters and receivers also need to be developed. Furthermore, the
data rate per-channel will not be anymore constrained by the bandwidth
limitations of the electronic components, introducing new challenges to be
tackled by DSP solutions.

The user bandwidth demand will claim an additional reduction of the
spectral guard bands between neighboring channels. Advanced spectral
shaping techniques, able to increase the spectral utilization and spectral
efficiency, are therefore required.

The challenges for digital signal processing are many. Digital coherent
receivers will need to handle not only mixed bit rates and modulation for-
mats, but will also be needed to reduce their latency as to allocate the
network resources required in the shortest possible time. Utra dense WDM
and OFDM with even narrower guard bands will require more algorithms
to reduce the induced impairments. Challenges in terms of DSP complexity
will arise in order to maintain solution commerciable and upgreadable.

Finally future optical systems need to be self-adjustable as to support
the continuing demand of new and diverse services. Cognitive optical net-
works based on models of human-brain abilities and with reduced man in-
tervention for their control and management, are expected to be integrated
into the network to implement future optical communication networks.
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Darko Zibar, Knud J. Larsen, and Idelfonso Tafur Monroy

Abstract—In this paper, we show numerically and exper-
imentally that turbo equalization (TE) is an efficient tech-
nique to mitigate performance degradations stemming
from optical fiber propagation effects in both optical fiber
dispersion managed and unmanaged coherent detection
links. The effectiveness of the proposed solution can be ap-
preciated in both linear and nonlinear regimes for either
scenario. We report on a system employing a polarization
division multiplexing (PDM) 16-quadrature amplitude
modulation (QAM) format for which we accomplish an in-
crement in tolerance to link input power of up to 3 dB that
represents a substantial improvement margin. The best bit
error rate (BER) performances will therefore be guaran-
teed in a larger window, 6 dB, of link input power thanks
to the implemented TE scheme.Moreover, our proposed ap-
proach is also proven to effectively mitigate interchannel
impairments from surrounding amplitude shift-keying in-
terfering channels in a dispersion managed link achieving
also in this case an increment in power tolerance of 3 dB.
Furthermore, in terms of BER performances, our proposed
TE approach guarantees a gain of about a half order ofmag-
nitude at the best operational point. As TE can be included
in the current coherent detection transceiver technologies
and complement other equalization techniques, it has pros-
pects for application in next-generation high-capacity and
long-reach optical transmission links.

Index Terms—Coherent detection; Convolutional codes;
Equalizers; Optical transmission; Signal processing algo-
rithms; Turbo equalization.

I. INTRODUCTION

H igher-order modulation formats constitute an attrac-
tive solution toward capacity upgrade of the existing

optical fiber infrastructure by exploiting their important
feature of high spectral efficiency [1–5]. For example,
polarization division multiplexing (PDM) 16-quadrature
amplitude modulation (QAM) is considered as a promising
candidate for doubling the bit rate per channel with respect
to PDM quadrature phase-shift keying (QPSK). In these
transmission systems, linear fiber channel impairments,
such as chromatic dispersion, group velocity dispersion,

and polarization mode dispersion (PMD), can be effectively
mitigated using digital linear signal processing techniques,
as has been demonstrated for both QPSK and higher-order
QAM signaling [6]. However, transmitter and receiver im-
perfections, not entirely mitigated by linear techniques,
still need to be addressed. Linear processing algorithms
are shown to be less effective for compensation of perfor-
mance impairments stemming from optical fiber nonlinear-
ities, such as self-phase modulation, four-wave mixing,
cross-phase modulation, and laser phase noise. Addition-
ally, in mixed modulation format transmission links, non-
linear impairments induced by coexisting 10 Gb∕s
amplitude shift-keying (ASK) channels introduce a serious
degradation to the overall system performance [7]. More-
over, when long transmission reach is targeted, higher
power levels launched into the fiber might be required to
guarantee extended reach; however, such high optical
power level fiber transmission conditions enhance the gen-
eration of nonlinear optical fiber impairments.

Several techniques have been reported in the literature
to mitigate for nonlinear optical fiber impairments, such as
digital backpropagation, maximum likelihood sequence
estimation (MLSE), use of radio frequency pilot, pre- and
post-compensation, or expectation maximization [8–14].
However, these methods suffer from complexity and de-
pend on particular optical fiber transmission scenarios.
Therefore there is a need for efficient equalization tech-
niques to enhance the benefit of the aforementioned non-
linear techniques or to allow us to search for a new
lower-complexity solution.

In this paper, we present a scheme based on turbo
equalization (TE) equally effective in mitigating accumu-
lated noise induced by link amplification and the effects
induced by fiber nonlinearities. We realize a digital signal
processing (DSP) structure based on convolutional code
(CC), normalized least mean square (NLMS) equalization,
and a soft-input soft-output (SISO) routine. TE routines
have been proposed for direct detection optical communica-
tion systems in order to mitigate the effects of PMD [15,16].
In coherent detection optical fiber communications, until
now, experimental demonstration of low-density parity-
check (LDPC) coded TE [17–19] has been presented for
polarization multiplexed binary phase-shift keying (BPSK)
and QPSK. More recently LDPC-coded TE has also beenhttp://dx.doi.org/10.1364/JOCN.6.000204
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evaluated in electrical generated PDM orthogonal
frequency divisionmultiplexing (OFDM) 16-QAM for trans-
oceanic transmission with large-core/ultra-low-loss fiber
[20]. Even though LDPC codes can be very powerful, their
implementation remains a challenge due to the complex
structure of the decoder, and alternative works are looking
for simplified low-complexity solutions [21].

We expand the state of the art by introducing TE for
coherent optical links using an advanced modulation for-
mat, 16-QAM, including the transmission scenario with
unmanaged and managed optical links with standard sin-
gle-mode fiber (SSMF) and also in the presence of legacy
channels in a 100 GHz spectral grid. We perform experi-
mental and numerical validation of the performance of
our proposed TE for different fiber transmission lengths.
We evaluate the performance both in the linear regime,
where the performance is mostly degraded by chromatic
dispersion and amplified spontaneous emission (ASE)
noise introduced by the amplifier of the transmission link,
and in the nonlinear regime, where nonlinearities are the
dominant effects of performance degradation. Nevertheless
further investigations should be realized to better evaluate
the proposed scheme when specific nonlinear effects are
targeted. Our TE approach features low complexity stem-
ming from the use of a CC, and its ability to accomplish for
eachnewdecodingiterationamoreaccuratechannelestima-
tion. Concatenated Reed–Solomon (RS), Bose–Chaudhuri–
Hocquenghem(BCH),andLDPCcodesareemployedaserror
correcting schemes in current optical communication prod-
ucts.Inourcasetheemploymentofasimpleandweakercode,
i.e., CC, has been chosen to show the advantages of the TE
routine and to avoid complexity challenges that solutions
based on the other codes would present.

All the presented results in this paper have been ob-
tained employing a PMD 16-QAM coherent detection
system. We first implement a TE scheme in a simulation
tool, and then we perform experimental validation. For
completeness of results we study the effectiveness of our
approach in a dispersion uncompensated link, through
numerical investigations, and in a dispersion compensated
link, through experimental investigations. Both experi-
ment and simulation show that an increment in power tol-
erance up to 3 dB and a bit error rate (BER) gain of a half
order of magnitude can be accomplished, confirming the
efficiency of our approach for both scenarios. Additionally
we perform experimental validation for PDM 16-QAM
transmission surrounded by neighbor 10 Gb∕s ASK chan-
nels in a 100 GHz spectral grid, a situation in which the
transmission reach is severely distorted by cross nonlinear
impairments due to the interactions with the copropagat-
ing ASK channels. A total increment in power tolerance of
up to 3 dB is also accomplished in this case. Both CC
and the equalizer contribute in the TE routine to achieve
the obtained improvements.

II. TURBO EQUALIZATION

Inspiredby turbo codes,TEwas first introduced to combat
intersymbol interference effects in digital communication
systems [22]. A TE system consists of an iterative joint

equalization and decoding technique that can achieve
impressive performance gains in terms of signal-to-noise
ratio (SNR) for communication systems.

Figure 1 shows the pre-encoder and receiver structure
for TE employed in this work. Random generated data
1000 bits long are created with offline processing and en-
coded by a CC with rate R � ½ and 16 states trellis. The
2000 coded bits are then interleaved to suppress burst
errors and sent to the optical modulator at the transmitter
in the physical layer. CCs have up to now only been incom-
pletely explored for optical communications. The drawback
of such codes in optical transmission is their high coding
overhead compared to high-rate block codes, such as RS
codes and LDPC codes. On the other hand, CC codes
present attractive features such as simple and straightfor-
ward encoding and hard and soft decision decoding algo-
rithms. The large overhead can be alleviated by using
CC codes together with bandwidth-efficient modulation.
Similar performance to RS codes has been obtained, with
the benefit of simpler encoding electronics [23]. In this
work we present a simple CC not only for the features pre-
sented, but also for convenience purposes in demonstrating
its benefits and the advantages of TE. However, a more
complex code can be designed and evaluated in the future.

On the receiver side, the received signal after optical
transmission and detection is then processed offline. After
a 16-QAM DSP receiver [12], the received data are fed into
a SISO TE structure. A NLMS adaptive equalizer is ap-
plied due to the unknown nature of the transmission chan-
nel. We optimize the number of taps and the step to obtain
the best performance. Soft information on all the coded bits
in the form of log-likelihood ratios (LLRs) is provided by
the demapper. A nongray 16-QAM mapping results due to
the typical setup configuration on optical systems based
on independent binary electronics, requiring a specific

Fig. 1. Pre-encoding and receiver structure of the SISO turbo
equalizer algorithm. CC, convolutional code; LO, local oscillator;
PD, photodiode; A/D, analog-to-digital converter; DSP, digital
signal processing; NLMS, normalized least mean square; LLR,
log-likelihood ratio; SOVA, soft-output Viterbi algorithm; SO, soft
output; SISO, soft-input soft-output; TE, turbo equalization.
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demapper implementation. In this mapping, not all the
neighbor symbols differ in only one bit, thus requiring a
specific LLR calculation. For more details regarding map-
ping and LLR calculation, please refer to Appendix A.
Thereafter we apply a deinterleaver process, symmetrical
to the one employed at the transmitter side. An error
counter will then give us the performance of the system
in terms of BER. The performance without TE, later pre-
sented in this work, is calculated at this point and is also
called “iteration 0” and “w/o TE,” to highlight that no com-
plete iteration has been accomplished and we are exiting
the loop. Moving forward with the TE iteration, we perform
decoding using a soft-output Viterbi algorithm (SOVA)
binary decoder with 64 states to obtain soft estimation
of both information and parity bits. We then re-encode
the obtained decoded version of our signal to create a recon-
structed signal. After passing through an interleaving and
mapping stage, to reproduce the original constellation, new
soft estimates of the original transmitted symbols are
obtained. We then realize an NLMS equalization process
using the information of the original and reconstructed
signal. Demapping, deinterleaving and decoding can be
performed as for the first iteration. In every iteration we
evaluate the BER at the error counter stage. In this work
the results presented as “with TE” represent just the first
complete iteration of the TE routine. The use of a nongray
mapping also influences the reconstruction part of the loop
and therefore could originate difficulties in the realization
of more iteration, as explained in Appendix A.

III. SIMULATION AND EXPERIMENTAL SETUP

A. Simulation Setup

The setup used for the numerical simulations is pre-
sented in Fig. 2. The numerical setup is composed of three
main blocks: 4-pulse amplitude modulation (PAM) genera-
tion and transmitter, link transmission, coherent receiver,
and DSP modules. At the transmitter side the output of a
100 kHz linewidth laser is passed through an optical I/Q
modulator driven by two four-level PAM electrical signals

to generate the optical 16-QAM single polarization (SP)
signal. The 4-PAM module consists of an encoding process,
signal mapping, upsampling, pulse shaping, digital-to-
analog conversion, attenuators, and electrical amplifiers.
The baud rate is kept at 28 Gbaud. The orthogonal polari-
zation, Y , is created with the same procedure. The two sig-
nals are then combined with a polarization beam combiner
(PBC) to create a PDM 16-QAM signal. In the link trans-
mission block the PDM 16-QAM signal is amplified and
launched into the fiber span link. The transmission link
consists of spans of SSMF of 100 km length. Three link
lengths of 1000, 1500, and 2000 km, corresponding to a
number of spans equal to 10, 15, and 20, respectively,
are evaluated. For the SSMF we have the following fiber
parameters: αsmf � 0.2 dB∕km, Dsmf � 17 ps∕nm∕km, and
the nonlinear coefficient is γsmf � 1.3 W−1 km−1. Erbium-
doped fiber amplifier (EDFA) amplification is employed
after each span, compensating fully the fiber losses. At
the receiver side we apply coherent detection and DSP
modules. The received PDM 16-QAM signal is coherently
detected in a 90 deg optical hybrid, photodetected, and
sampled at twice the baud rate by the analog-to-digital con-
verter. We consider a 100 kHz linewidth laser as the local
oscillator (LO). The DSP module includes a digital filter,
CD compensation, radius directed equalization (RDE),
polarization demultiplexing, and frequency and carrier
phase recovery [12]. After demodulation the signal is fed
into the SISO TE structure presented earlier.

B. Experimental Setup

The setup used for the experimental evaluations for the
PDM 16-QAM coherent optical system is presented in
Fig. 3. It is composed of three main blocks: 16-QAM gener-
ation and transmitter, link transmission, and coherent
receiver and DSP modules. A 2000 bit data frame encoded
by a CC is applied to the system. The data are pre-encoded
offline and loaded into the memory of a programmable
pulse pattern generator (PPG). The data outputs at 10
Gbaud are delayed to guarantee decorrelation, sub-
sequently combined to create a four-level electrical signal,

Fig. 2. Simulation setup. D/A, digital-to-analog converter; SP, single polarization; PBC, polarization beam combiner; PD, photodetector;
A/D, analog-to-digital converter.
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amplified, and split into two branches to be fed to an I/Q
optical modulator. An external cavity laser (ECL) with a
linewidth of 100 kHz is employed at the transmitter. The
optical 16-QAM signal is then sent to a polarization multi-
plexing stage to generate the PDM 16-QAM signals. The
experimental evaluations are reported for a baud rate of
10 Gbaud and a bit rate of 80 Gb∕s. Four 10 G transponders
are then multiplexed with the 16-QAM signal to emulate
the interfering channels, which have been placed symmet-
rically around the central signal with a spacing of 100 GHz.
The spectrum of the signal with the neighboring four legacy
ASK channels is presented as an inset of Fig. 3. In the
center is placed the PDM 16-QAM encoded signal, sur-
rounded by two ASK channels on both sides in a 100 GHz
spacing grid. An EDFA is used to adjust the launch power
to the link, including a precompensation of the dispersion
equivalent to 40 km of SSMF. The transmission link block
consists of spans of SSMF of 80 km length and dispersion
compensated fiber (DCF) of 17 km length. EDFA amplifi-
cation is used for span loss compensation. Three link
lengths 240, 400, and 640 km, corresponding to a number
of spans equal to 3, 5, and 8, respectively, are evaluated.
The input power to the link, measured at point A, is varied
between −4 and 4 dBm with a granularity of 1 dB. At the
receiver side, we apply coherent detection and DSP mod-
ules. We employ an ECL with 100 kHz linewidth as the
LO and a variable optical attenuator at the signal input
to maintain a constant ratio between the signal received
and the LO. A 40 GSa∕s sampling rate digital signal
oscilloscope (DSO) with 13 GHz bandwidth is employed
to sample the received signals, and then offline signal
processing is performed. The PDM 16-QAM DSP-based
receiver earlier presented for the numerical validation
case, with exception of the CD compensation module not
present for the compensated link, is then applied followed
by the SISO TE structure presented above.

C. Metodology

The measured curve for the BER as a function of the link
input power, presented in Figs. 3, 5, 6, and 7, and the
measured curve for the BER as a function of the lasers’

linewidth, presented in Fig. 4, show results without (w/o)
TE and with TE. The first case, when no TE is employed,
corresponds to “iteration 0.” After demodulating the signal,
we apply the hard decision to obtain the stream of bits that
forms the received signal. This stream is then directly com-
pared to the one used at the transmitter side in the BER
counter block. When TE is applied, we employ the SISO TE
structure, using therefore the LLR information of the re-
ceived signals andmaking a full iteration. We will then exit
the loop at the BER counter stage, as shown in Fig. 1, be-
fore starting a new iteration. In both cases, iteration 0 and
iteration 1, the error counter is placed before the soft
decoder; therefore the results reflect the performance of
the original bits, w/o TE, and of the reconstructed bits, with
TE, and not the performance of the CC. This also means
that the results reported all have the same line rate,
and baud rate, chosen at the transmission side, while
the decoded results, not reported in this work, would show
better performances but with a net rate equal to half the
line rate, due to the rate chosen for the CC.

Fig. 3. Experiment setup. PPG, pulse pattern generator; CC, convolutional code; ECL, external cavity laser; EDFA, erbium-doped fiber
amplifier; A, launch power measurement point; OBPF, optical bandpass filter; VOA, variable optical attenuator.
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For the numerical evaluation of the PDM 16-QAM signal
we have created three different realizations, while for the
experimental results we have evaluated three different
traces of the transmitted signal. That holds for all the re-
sults presented and for all the transmission distances con-
sidered. In all of them, for both polarizations and for all
four bits that constitute the 16-QAM signal, 52 frames of
the encoded original data were retrieved. This gives an
amount of processed data equal to ∼2.5 × 106 bits, which
guarantees sufficient bits for error count of the BER values
reported for both numerical and experimental results.

IV. PERFORMANCES OVER UNCOMPENSATED LINK

We first evaluate the performance for the dispersion
uncompensated link scenario, through numerical investi-
gations. We study the effectiveness of our approach for

different transmission lengths. We then demonstrate that
similar performance obtained can be expected with a more
commercial laser with higher laser linewidth through
numerical investigations of back-to-back and 1000 km total
link length scenario.

We consider a transmission link consisting of spans of
SSMF of 100 km length. The 16-QAM DSP modules block
includes CD compensation, polarization demultiplexing,
frequency, and carrier recovery. For the case in which TE
is not used, the so-called iteration 0, hard decision BER
evaluation is applied. For the case when TE is used, the
SISO TE structure explained above is employed after
demodulation. We employ a NLMS adaptive equalizer;
the number of taps and step size is kept constant through-
out all the numerical investigations. A SOVA, based on the
soft information provided by the LLR and with 64 states, is
used as the decoder. The results of the BER performances
as a function of link input power for three different distan-
ces are shown in Fig. 4. A total link reach of 1000, 1500, and
2000 km, corresponding to a number of spans of 10, 15, and
20, respectively, has been investigated. We can evaluate
the results both on link input power accomplished toler-
ance and on BER performance gain. It is observed from
Fig. 4 that by employing the TE, we accomplish an incre-
ment in tolerance to link input power of up to 2 dB. If we
consider as an example the case of 1000 km transmission,
the best operational point is obtained for a link input power
equal to 0 dBm. The same BER performance can be ob-
tained for a link input power to 2 dBmwhen the TE routine
is applied, resulting in the mentioned total increment in
tolerance of 2 dB. The same BER performance can be ob-
tained for −2 dBm, and therefore the best operational point
BER performance can now be obtained over a window of
link input power of 4 dB, from −2 to 2 dBm. In terms of
BER performance, our proposed TE approach guarantees
a gain of about a half order of magnitude at the best opera-
tional point. It should also be noted that this algorithm can
extend the maximum total length by 500 km, which
corresponds to five spans. We can notice that the results
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obtained employing the TE scheme in a 2000 km link out-
perform the results of a 1500 km length link when no TE is
applied.

We then demonstrate that the performances obtained
are not related to the laser linewidth value. First we evalu-
ate a back-to-back case, no transmission, and we vary the
value of the linewidth parameter of both the transmitter
and the LO laser from 100 to 700 kHz with a granularity
of 100 kHz. In Fig. 5, we numerically evaluate the BER per-
formances as a function of the value for laser linewidth for
a fixed optical signal-to-noise ratio (OSNR) of 25 dB. The
results obtained show that our TE routine has similar
behavior for all the laser linewidth values considered
and can therefore be implemented with commercial distrib-
uted feedback lasers. It should also be noted that the TE
routine is more effective in the low-performance region,
from 400 to 700 kHz, where an improvement of almost
one order of magnitude can be seen.

Next we demonstrate the independence from the laser
linewidth also in the transmission scenario. We consider
uncompensated link transmission with 1000 km of
total distance length, and we vary the value of the line-
width parameter of both the transmitter and LO lasers
from 100 to 200 kHz. The results are shown in Fig. 6. In
this case it is observed that by employing the TE, we
accomplish an increment in tolerance to link input power
of up to 2 dB, and the best operational point BER
performance can now be obtained over a window of
link input power of 4 dB. Figure 6 also shows that by
employing the TE routine, the results obtained with a
linewidth value of 200 kHz outperform the ones with
100 kHz when no TE has been applied. This means that
the use of our proposed solution can relax the requirements
in terms of laser linewidth value for the transmitter and
receiver.

V. EXPERIMENTAL RESULT FOR COMPENSATED OPTICAL

FIBER TRANSMISSION LINK

We evaluate the dispersion compensated link scenario
through experimental investigations. We study the effec-
tiveness of our approach for different transmission lengths;
we then evaluate its effects in the presence of copropagat-
ing interfering ASK channels.

We consider a dispersion managed transmission link
consisting of spans of SSMF of 80 km length. The
dispersion effect is compensated optically by 17 km of
DCF. The 16-QAM DSP modules block includes polariza-
tion multiplexing, frequency, and carrier recovery. For
the case in which TE is not used, the so-called iteration
0, hard decision BER evaluation is applied. For the case
in which TE is used, the SISO TE structure explained
above is employed after demodulation. We employ a NLMS
adaptive equalizer; we optimize the number of taps and the
step for all the realizations. A SOVA, based on the soft in-
formation provided by the LLR and with 64 states, is used
as the decoder.

A. Performances of Single Channel Transmission

First, we evaluate the BER performances obtained
through experimental investigations for a single channel
transmission scenario. In Fig. 7 the BER performance is
plotted as a function of the link input power. We evaluate
three link transmission lengths: 240, 400, and 640 km, cor-
responding to 3, 5, and 8 spans, respectively. We vary the
value of the link input power from −4 to �4 dBm with a
granularity of 1 dBm. We then evaluate the results both
on link input power accomplished tolerance and on BER
performance gain. It is observed that by employing the
TE, we accomplish an increment in tolerance to link input
power of up to 3 dB, and the best operational point BER
performance can now be obtained over a window of link in-
put power of 6 dB. The use of the CC can provide a maxi-
mum improvement of ∼5 dB in the loop, which is seen in
the following way. A performance of 10−3 after the soft
encoder corresponds to ∼6 dB of SNR. Before the soft
encoder we have a BER of �1∕7� × 10−3 (since the generator
has 7 ones) corresponding to an Eb/N0 of ∼4 dB. To obtain
the aforementioned BER, ∼1 dB in entrance to the SOVA
block is required. Thus a maximum gain of ∼5 dB is pro-
vided by the presence of the CC in the loop. The 6 dB incre-
ment in the launch power window is therefore provided by
the use of the complete TE scheme. In terms of BER per-
formances our proposed TE approach also guarantees a
gain of about a half order of magnitude at the best opera-
tional point. It should also be noted that the results ob-
tained using the TE routine for 400 and 640 km have
similar performances to the results obtained with 240
and 400 km, respectively, when no TE has been applied.
For all the transmission lengths, we observe that larger im-
provement in terms of BER is achieved when the original
performances are worse, in this case between 2 and 4 dBm
of link input power, where the performance degradation is
also dominated by nonlinear effects.

B. Performances With Interfering Channels

In Fig. 8, the BER performance as a function of the link
input power is plotted for a multichannel transmission sce-
nario employing PDM 16-QAM and 10 Gb∕s ASK sur-
rounding channels in a 100 GHz grid. The 16-QAM
signal is placed in the center, while the four interfering
channels are placed two on each side. The spectrum is re-
ported as an inset of the experimental setup in Fig. 3. As for
the single channel transmission scenario we evaluate three
link transmission lengths, 240, 400, and 640 km, and we
vary the value of the link input power from −4 to
�4 dBm with a granularity of 1 dBm. It is observed that
also in this case by employing the TE, we accomplish an
increment in tolerance to link input power of up to 3 dB,
and the best operational point BER performance can
now be obtained over a window of link input power of
6 dB. In terms of BER performances, our proposed TE ap-
proach guarantees a gain of about a half order of magni-
tude at the best operational point. It should also be
noted that the results obtained using the TE routine for
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400 and 640 km show performance similar to the results
obtained with 240 and 400 km, respectively, when no TE
has been applied. For all the transmission lengths, we ob-
serve that larger improvement in terms of BER is achieved
for higher link input power, between 2 and 4 dBm, which is
the region where the performance degradation is strongly
dominated by nonlinear effects. If we consider, for example,
400 km transmission at �1 dBm link input power, we
achieve an improvement of almost one order of magnitude
in terms of BER performance.

Comparing this result with the single channel reported
above, we notice that the total performance is affected by
the presence of the ASK interfering channels, which cause
a penalty of 3 dB in terms of input power. As an example, it
can be pointed out that similar performance for 240 km and
3 dB of input power obtained with a single channel is now
reported for the same distance with 0 dB of input power in
the presence of ASK interfering channels.

VI. COMPARISON

The BER performance has been evaluated for three
different situations: uncompensated link transmission,

through numerical simulations, and compensated link
transmission, through experimental investigations, for
both single and multichannel scenarios. The performances
reported in Figs. 4, 7, and 8 have been obtained for the
same sets of link input powers, from −4 to �4 dBm with
a granularity of 1 dBm. Therefore we can compare the
above-mentioned results in terms of gain system tolerance,
which are reported in Table I. Power tolerance, in Table I,
represents the accomplished tolerance to link input power
obtained through the TE routine. From Table I, we observe
that a 2 dB power increment in tolerance is guaranteed for
all the numerical evaluations with an unmanaged trans-
mission link. A maximum increment of 3 dB is obtained
for the 1500 km transmission case. In the case of the
dispersion managed link, investigated through experimen-
tal validation, we have evaluated single channel andmulti-
channel transmission with interfering ASK channels,
reported as 100 GHz in Table I. For both of these cases
and for all the transmission link lengths considered, TE re-
sults in a reported increment in power tolerance of 3 dB.
Similar to what we obtain for numerical validations, link
transmission distances longer than the ones considered
in this experimental validation should result in smaller in-
crements. The column labeled “window” represents the sets
of link input power for which the best operational point
BER performance can be obtained. From Figs. 7 and 8
we can analyze only the right half of the tolerance, 3 dB
in all cases, but the results should present the same proper-
ties as the numerical investigations, in which case the tol-
erance on the left side was equal to that on the right side. Δ
BER represents the gain in terms of BER obtained by ap-
plying TE for the best operational values. We notice that an
improvement of about a half order of magnitude has been
obtained for numerical investigation. If we consider
1500 km, at the best operational point the system presents
a BER performance of 3.1 × 10−3 without TE and of 6.8 ×
10−4 after the TE routine, for a total Δ BER of 6.9 dB. This
value represents the numerical evaluation of the BER im-
provement in terms of order of magnitude. Since one order
of magnitude would correspond to 10 dB, the results ob-
tained confirm an improvement greater than a half order
of magnitude. For the experimental validation we also ob-
tain an improvement of almost a half order of magnitude
for all the cases considered. The performance improvement
is also reported in terms of the Q factor.

TABLE I
SUMMARY OF TRANSMISSION RESULTS

Distance [km] Increment Tolerance [dB] Window [dB] Δ BER [dB] Q [dB]

Numerical single channel 1000 2.5 5 5.1 0.75
1500 3 6 6.8 1.36
2000 2 4 5.2 1.30

Experiment single channel 240 3 6 4.6 0.75
400 3 6 4.5 0.81
640 3 6 5.2 1.01

Experiment 100 GHz 240 3 6 5.4 0.97
400 3 6 4.7 0.97
640 3 6 4.6 1.17
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Fig. 8. Performance with interfering OOK channels. BER as a
function of link input power to the transmission span with and
without TE for 240, 400, and 640 km compensated link.
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VII. CONCLUSION

We have reported the impact of the TE structure for mit-
igation of transmission impairments in a coherently de-
tected PDM 16-QAM system. A CC has been employed
at the transmitter side, while at the receiver the investi-
gated TE is based on a NLMS as equalizer and on a SOVA
as a decoder. We observe from our studies that TE is effec-
tive in mitigating fiber transmission impairments in a sin-
gle channel PDM 16-QAM. We have accomplished up to
3 dB of increment in power tolerance and about a half order
of magnitude BER gain for both unmanaged and managed
transmission links. The first scenario has been evaluated
by numerical investigations, the latter by experimental
validation. The use of a TE routine can therefore also im-
prove the maximum total and span length; 500 km longer
transmission has been obtained in the numerical valida-
tion case. On the other hand, the benefit of this method
can be addressed to relax the optical component, such as
the laser linewidth; evaluation of the effect of the transmit-
ter and receiver lasers’ linewidth has been realized for a
1000 km unmanaged SSMF transmission realized by
numerical validation. Additionally our proposed solution
is proven to be effective in the transmission scenario where
performance and reach are severely distorted by cross non-
linear impairments due to the interactions with the copro-
pagating ASK channels in a 100 GHz spectral grid. An
increment in system tolerance of 3 dB is also reported in
this case. Both the CC and equalizer in the TE loop contrib-
ute to the achieved improvements.

The results show the potential of the proposed TE rou-
tine for promising high-speed, high-capacity optical net-
working, such as PDM 16-QAM, over unmanaged and
managed systems based on SSMF. Further improvement
and some future research directions of the results could
be (i) the use of gray mapping, (ii) the use of more powerful
codes, and (iii) concatenation of the CC, and therefore of the
TE scheme, with high-rate block codes.

APPENDIX A

In this appendix we show that the nongray mapping re-
sults in a specific calculation of the LLR values. In Fig. 9
two different mappings are shown: on the left side the gray
mapping, and on the right side the nongray 16-QAM map-
ping resulting from the typical setup configuration of opti-
cal systems based on binary electronics. In Fig. 9 the value
of the first two bits according to the region they belong to is
also shown, for both mappings. As we can see, in the gray
mapping design, if wemove from left to right, only one bit of
the two is changed every time we pass from one region to
another. On the other side, in the nongray mapping, this
feature is not present. We can notice that moving from re-
gion 2 to region 3 requires changing both bits at the same
time. This fact also influences the LLR calculation.

The LLR calculation is realized for all four bits that con-
stitute the 16-QAM signal and is based on the formulation
reported in [24]. We indicate the four bits as
bRe;kbRe;kbIm;kbIm;k and k � 0, 1. The first two bits are

derived from the real part of the signal, while the last
two are from the imaginary part of the signal. The idea
is demapping the received signal into soft bits that have
the same sign as provided by a hard detector and whose
absolute value represents the reliability of the decision.
The optimum hard decision on bit bRe;k is given by the rule

b̂Re;k � β if P�bRe;k � βjr�
> P�bRe;k � �1 − β�jr�; β � 0; 1; (A1)

where r represents the received signal

r � Gch · a�w; (A2)

where Gch is the channel frequency response and w is the
complex additive white Gaussian noise (AWGN). If we set
β � 1, we can rewrite Eq. (A1) as

b̂Re;k � 1; if log
P�rjbRe;k � 1�
P�rjbRe;k � 0� > 0: (A3)

When we consider k � 0 we obtain

P�rjbRe;0 � 1�
P�rjbRe;0 � 0� �

e
−�yRe−1�2

2σ2 � e
−�yRe−3�2

2σ2

e
−�yRe�1�2

2σ2 � e
−�yRe�3�2

2σ2

: (A4)

The formulation in Eq. (A4) has been obtained consider-
ing that when bRe;0 � 0 the real part of the 16-QAM can
only assume negative values, −3 or −1, and when bRe;0 � 1
the real part of the 16-QAM can only assume positive val-
ues, �1 or �3. Therefore the LLR formulation for bRe;0 is
the same as reported in [24]

Fig. 9. Gray, left side, and nongray, right side, mapping employed
in the system.
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LLRRe;0 �

8>><
>>:

4
σ2
� yRe�i� � 1�; yRe�i� < −2; region1

2
σ2
yRe�i�; jyRe�i�j ≤ 2; regions 2 & 3

4
σ2
� yRe�i� − 1�; yRe�i� > �2; region4

:

(A5)

Similarly to what is obtained for bRe;0, we can obtain the
formulations for bRe;1:

P�rjbRe;1 � 1�
P�rjbRe;1 � 0� �

e
−�yRe−3�2

2σ2 � e
−�yRe�1�2

2σ2

e
−�yRe−1�2

2σ2 � e
−�yRe�3�2

2σ2

: (A6)

The LLR formulation in Eq. (A6) has been obtained con-
sidering that when bRe;1 � 0 the real part of the 16-QAM
can only assume values −3 or �1, and when bRe;1 � 1
the real part of the 16-QAM can only assume values −1
or �3.

We now consider bRe;1. In region 2, when −2 ≤ yre < 0, we
can assume that the relative contribution by constellation
point�3 in the numerator [Eq. (A8)] can be ignored. There-
fore the likelihood ratio reduces to

P�rjbRe;1 � 1�
P�rjbRe;1 � 0� ≈

e
−�yRe�1�2

2σ2

e
−�yRe�3�2

2σ2 � e
−�yRe−1�2

2σ2

: (A7)

Expressing Eq. (A7) in logarithm form and considering
negligible the added term e��−8�∕2σ

2�, we obtain the LLR for-
mula for bRe;1 in region 2 as

LLR�bRe;1�reg 2 � 2

σ2
�−yRe�: (A8)

Considering all four regions for bRe;0 and bRe;1 we obtain
the LLR formulas summarized in Table II.

The LLR formulas calculation for bIm;0 and bIm;1 follows
the same rules as for bRe;0 and bRe;1. The results obtained
are therefore the same, but on the imaginary part of the
signal. We assume that all the clusters have the same vari-
ance and we therefore remove the factor 2∕σ2 from all the
LLR formulas. A study on the different variances of the 16
clusters can lead to a more precise calculation of the LLR
and therefore to better performance.

The remapping block, placed after the SOVA decoder in
the TE routine, works with the inverse formula reported in
Table II. The four LLR values are then used to reconstruct
the real and imaginary signals. It should be noted that only

one of the LLR values between bRe;0 and bRe;1 is necessary
to reconstruct the real part, and only one between bIm;0 and
bIm;1 to reconstruct the imaginary part. Due to this fact and
to the mapping scheme, the reconstruction process may
present jumps beyond the nearest cluster of the constella-
tion. For example, let us consider the complex signal
�1.3� 1.3j. It will be demapped into 1010, and the LLRs
are calculated with the formulas presented. Let us now as-
sume that we have a decoder/re-encoder error, and the new
bits are 0010. In this case we can notice that the corrections
of the error forced us to move from region 3 to region 1 for
the real part of the signal, and therefore not to the nearest
clusters.
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Counteracting 16-QAM Optical Fiber Transmission
Impairments With Iterative Turbo Equalization

Valeria Arlunno, Antonio Caballero, Robert Borkowski, Darko Zibar,
Knud J. Larsen, and Idelfonso Tafur Monroy

Abstract— A turbo equalization (TE) scheme based on convolu-
tional code and normalized least mean square equalizer for coher-
ent optical communication links is proposed and experimentally
demonstrated. The proposed iterative TE technique is proved
effective for counteracting polarization-division-multiplexing
16 quadrature amplitude modulation impairments in dispersion
uncompensated coherent transmission links. Gains exceeding one
order of magnitude in terms of bit error rate are obtained in
experimental validation up to 497 km-standard single mode fiber
link transmission.

Index Terms— Digital signal processing, forward error
correction, optical fiber communication.

I. INTRODUCTION

MULTI-LEVEL modulation formats, such as 16 Quadra-
ture Amplitude Modulation (QAM) with polarization-

division-multiplexing (PDM), in combination with coherent
detection, are considered to be the next evolutionary step
towards fiber transmission links with capacities beyond
100 Gb/s [1]. However as the baud rate increases, the per-
formance of multilevel modulation formats faces challenges
stemming from optical fiber transmission impairments. While
chromatic dispersion (CD) and polarization mode dispersion
(PMD) can be easily mitigated by linear equalizers, fiber
nonlinearities are still very challenging and their compensa-
tion capability is marginal [2]. Furthermore, imperfections
of transmitters and receivers not entirely compensated by
linear techniques still need to be addressed. Even though
several techniques have been demonstrated successful against
nonlinear impairments, performance and implementation com-
plexity remain a challenge. Therefore efficient equalization
solutions able to enhance the results of linear techniques and
to reduce the complexity of non-linear equalizers are still an
open research topic to be explored. As the order of modu-
lation increases, higher optical signal-to-noise ratio (OSNR)
is required due to the reduced Euclidean distance between
each signal point. Although forward error correction can
compensate for low OSNR, the employment of a powerful
Forward Error Correction (FEC) is not enough for transmitted
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signal affected from linear and nonlinear effects. The interplay
between equalization and FEC becomes then a relevant topic
of investigation for future high speed transmission solution [3].

In this letter we present a scheme based on Turbo Equal-
ization (TE) equally effective in counteracting accumulated
noise induced by link amplification and for transmission in the
regime where fibre non-linearities start to impair the overall
system performance. The low complexity of the solution
proposed, thanks to the presence of a simple convolutional
code, and its ability to accomplish for each new iteration a
more accurate estimation of the unknown channel, make it a
promising solution for high speed, high capacity optical net-
working. We demonstrate that in a PDM 16 QAM transmission
over 251 and 497 km of standard single mode fibre (SSMF)
link the use of a Turbo Equalization algorithm improves the
bit error rate (BER) performance by more than one order
of magnitude, which overcomes previous results reported for
compensated link transmission [4]. Moreover we demonstrate
that further improvement can be obtained employing additional
iterations of the Gray mapping based soft-input soft-output
(SISO) TE structure presented.

II. TURBO EQUALIZATION

Inspired by Turbo Codes, TE was firstly introduced [5] to
improve the performance of digital communication systems in
presence of intersymbol interference (ISI). A TE system con-
sists of an iterative joint equalization and decoding technique.
While TE techniques have been widely exploited for PMD
compensation in direct detection schemes, their employment
in coherent detection optical fiber transmission schemes is
still limited. Until now experimental demonstrations are only
reported for low density parity check (LDPC) coded TE polar-
ization multiplexed Binary phase-shift keying (BPSK) [6] and
Quadrature phase-shift keying (QPSK), and PDM orthogonal
frequency division multiplexing (OFDM) 16 QAM [7]. Even
though LDPC based TE scheme can be very powerful, alter-
native works are looking for simplified solution to overcome
their high complexity [8], [9]. Convolutional Code (CC) codes
have been proven to obtain similar performances to block
codes [10]. The performance can be comparable to that of
RS codes, but with the benefit of simpler encoding electronics
and the potential of using soft decision decoding.

In this letter we consider communication of frames CC
encoded in 4 Pulse amplitude modulation (PAM) format
quadrature modulated to 16 QAM and polarization-division-
multiplexed (PDM). On the receiver side, after a PDM

1041-1135 © 2013 IEEE
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Fig. 1. Receiver structure of the SISO Turbo Equalizer algorithm.

16 QAM digital signal processing (DSP) receiver, the signal
is fed into a soft input soft output (SISO) TE structure
presented in Fig. 1. The received data is passed through a
normalized least mean square (NLMS) adaptive equalizer,
due to the unknown nature of the transmission channel. The
equalizer has a similar structure to the one presented in [11].
Number of taps and step size are optimized as to guarantee
the best performances in terms of BER. The equalizer output
is demapped in order to provide soft information on all
the coded bits in the form of log-likelihood-ratios (LLRs).
After a deinterleaver process, symmetrical to the one at the
transmitter side, a standard error counter provides the system
performance in terms of BER. Decoding is then performed
using a soft output 64 states Viterbi algorithm (SOVA) binary
decoder to obtain soft estimation of both information and
parity bits. A traditional DSP scheme would now provide the
BER performance. The novelty and benefit of the TE scheme
is to use the information in a soft encoding block. The aim is
to obtain a new version of the original received signal to drive
accordingly the equalizer. After the soft output (SO) encoder,
to create the reconstructed signal, an interleaving and mapping
stage are required to reproduce the original signal. After the
NLMS equalizer, based on the original and reconstructed
signal information, deinterleaving, demapping and decoding
can be performed as for the first iteration.

III. EXPERIMENTAL SETUP

The general outline of the experimental setup for the
polarization-division-multiplexing (PDM) 16 QAM coherent
optical (CO) system is shown in Fig. 2. The data pattern
employed for the experiment is generated offline. Random
generated data of 5000 bits length is created in Matlab. The
data is then encoded with a rate R = 1/2 convolutional code.
The chosen code has a constrain length of 5 and is based on a
16 states trellis. The resulting coded data, with 10000 bits
length, is interleaved to avoid block errors, and employed
to generate two independent Gray mapped 4-PAM signals
with a 24 Gbit/s Arbitrary Waveform Generator. The central
optical channel under test is then a 12 Gbaud PDM 16 QAM,

generated by driving a MZM with the two decorrelated 4-PAM
electrical data signals. Polarization-division multiplexing was
emulated by multiplexing the signal with its delayed copy
in the orthogonal polarization to obtain a total bit rate of
96 Gbit/s. Six 24 Gbaud PDM QPSK channels, with the same
total bit rate per channel of 96 Gbit/s, are then combined with
the PDM 16 QAM channel resulting in a 7 channel system
on 100 GHz grid. The optical spectrum of the transmitted
WDM signal is reported as an inset of Fig. 1. High spectral
efficiency could have been achieved with 25 GHz WDM.
However the aim of this experiment was not to achieve high
SE but to demonstrate the improvement achievable of TE
in a WDM scenario. Fiber transmission was realized over
a maximum of 6 standard single mode fiber (SSMF) spans,
each approximately 80 km, for a total length of 497 km,
without dispersion compensation and amplified using double-
stage Erbium Doped Fibre Amplifiers (EDFAs). The noise
figure of the amplifiers is 6 dB. Three and six amplification
stages are employed respectively for the 251 km and 497 km
links. At the receiver side, the coherent front end consists of a
polarization diverse 90-degree hybrid with integrated balanced
photodiodes. An External-cavity laser (ECL) is employed as
local oscillator (LO). A Digital sampling oscilloscope (DSO)
with 40 GS/s of sampling rate and 13 GHz bandwidth is used
to sample the received signals. The acquired data are processed
offline with a digital signal processing-based receiver that
included: digital filter, CD compensation, timing recovery,
multi-modulus algorithm for polarization demultiplexing and
residual fiber impairment compensation and carrier phase
recovery. The SISO TE structure earlier presented is then
applied. The BER results are calculated by the error counter
at each iteration. The performance without TE is also referred
to as “iteration 0” as to indicate that no complete iteration
has been accomplished. For all the results reported, three
different traces have been evaluated to obtain a total number
of processed data equal to ∼2.5·106 bits. With this amount
of bits a confidence level over 99% is guaranteed for all the
resulting BER values presented, including the maximum value
of 1.25·10−5 (B2B case TE 2nd iter, OSNR = 28 dB).

IV. RESULT AND DISCUSSION

First, we evaluate the effect of the TE scheme for back-
to-back (B2B) measurements, reported in Fig. 3. BER per-
formances are presented as a function of the OSNR values
in dB. The black squared curve represents the results for
“iteration 0”, when no TE is applied, the case where after
the demodulation a hard decision BER counter provides the
results as reported in Fig. 1. The red circled curve represents
the first iteration of the TE routine and the triangle blue curve
represents the second iteration. It is observed that the proposed
TE routine guarantees a gain higher than one order of mag-
nitude for all the OSNR values considered. The performance
obtained without TE is due to pre-equalization imperfection
at the transmitter side. Furthermore the TE routine is able to
tackle transmitter and receiver imperfections not completely
mitigated by a traditional DSP. Additional gain can be obtained
incrementing the iterations number of the studied scheme, as
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Fig. 2. Description of the experimental setup.

Fig. 3. BER as a function of OSNR for B2B measurements.

the results obtained in the second iteration confirm. It can
also be observed that the use of the suggested TE routine
drastically reduces the gap between the experimental results
and the theoretical curve for 12 Gbaud PDM 16-QAM. As an
inset of Fig. 3 is also shown the constellation diagram obtained
at 21 dB of OSNR without TE and after the first iteration. It is
observed that already after one iteration, the spread of the
signal in each cluster is visibly reduced. For the B2B case,
the number of taps is kept constant to 3 for all the OSNR
considered, while the step size is chosen separately for each
OSNR value between a minimum of 0.01 and a maximum
of 0.55. The chosen number of taps is kept constant also for the
additional iteration, while the step size is chosen in a window
of 0.1 around a central value which is the step value employed
in the previous iteration.

We then evaluate the performance for dispersion uncompen-
sated link transmission. Two different transmission distances
are measured, 251 and 497 km, which correspond to 3 and 6
spans respectively. The BER performance as a function of the
link launch power for the two considered distances is reported
in Fig. 4. The effectiveness of the TE routine can be observed
on BER performances and as well on extending the values of
link input power that can guarantee a given BER performance.
For both the presented distances and for all the link input
power values considered, the use of the TE algorithm ensures

Fig. 4. BER as a function of link input power for 251 and 497 km
uncompensated link transmission.

an improvement of more than one order of magnitude in terms
of BER. It is noticed that the solution proposed is slightly less
effective for launch power exceeding 3 dBm, when the signal
is highly affected by non linearities. However, we can still
accomplish an improvement of almost one order of magnitude
in terms of BER. It is also observed that after using the TE
algorithm proposed we obtain the same BER performance
for a higher launch power in dB. If we consider as example
the 251 km transmission case, we obtain the best operational
point at 1 dBm/channel when no TE is employed. After the
first iteration we obtained the same BER performance for
−3 dBm/channel and for +5 dBm/channel. For the transmis-
sion cases, the number of taps has a value of 3 for 251 km and
5 for 497 km and it’s kept constant for all the launch powers
considered. The step size is chosen separately for each launch
power as to guarantee the best performance in terms of BER.
The values of the step size are chosen between a minimum
of 0.01 and a maximum of 0.55. The chosen number of taps
is kept constant also for the additional iteration, while the
step size is chosen in a window of 0.1 around a central value
which is the step value employed in the previous iteration.
At a chosen launch power of 0 dBm, the received OSNR is
24.5 dB for 251 km transmission and 21.4 dB for 491 km
transmission.
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Fig. 5. BER as a function of iteration number for three different launch
power values for 497 km.

Last we evaluate the gain in terms of BER of multiple TE
iterations. Fig. 5 shows BER as a function of the iteration
number for three different values of launch power, −3.0 dBm,
−0.1 dBm and +3.8 dBm for uncompensated transmission
of 497 km. It is also observed that the first and second
iterations have the highest gains and that the BER keeps
decreasing with the iteration number. For the cases −3.0 dBm
and −0.1 dBm the employment of additional iteration pro-
vides similar improvement, from 6·10−3 to 10−3 and from
3·10−4 to 6·10−4 respectively. The situation is different for
the case of +3.8 dBm, when the signal is affected by non-
linearities. Iteration 1, 2 and 3 give substantial gain, while the
consecutive iterations give moderate gains, because the signal
quality improves. In this case the total improvement is higher
compared to other two values reported, from 10−2 of iteration
2 to 5·10−3 of iteration 5.

V. CONCLUSION

In this letter, the performance of an iterative Turbo Equal-
ization (TE) technique for different transmission distances of
96 Gb/s PDM 16 QAM in a WDM scenario is experimentally

investigated. The results show that a significant improvement
in terms of BER can be achieved with the use of the proposed
TE algorithm. Gains exceeding one order of magnitude in
terms of BER were obtained for both 251 and 497 km
uncompensated link transmission distances. Furthermore, the
employment of more iterations is proven to enhance the
performance in terms of BER.
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Turbo Equalization for Digital Coherent Receivers
Valeria Arlunno, Antonio Caballero, Robert Borkowski, Darko Zibar, Knud J. Larsen, and Idelfonso Tafur Monroy

Abstract—High order modulation formats allow to reach higher
spectral efficiency and data rate. However, their practical imple-
mentation is limited by their reduced tolerance to noise and to the
optical signal power that can be launched into the fiber without
generating excessive nonlinear signal distortions. In this paper, it
is demonstrated that Turbo Equalization routines can be used to
mitigate performance degradations stemming from optical fiber
propagation effects both in optical fiber dispersion managed and
unmanaged coherent detection links. The effectiveness of this solu-
tion is analyzed both numerically and experimentally for different
transmission systems.

Index Terms—16-quadrature amplitude modulation (16-QAM),
coherent detection, spectral efficiency (SE), turbo equalization
(TE).

I. INTRODUCTION

THE employment of high order modulation formats and
advanced digital signal processing (DSP) techniques is

considered the next evolutionary deployed step towards higher
spectral efficiency and higher data rates. A good compromise be-
tween various limiting factor is represented by 16-QAM, which
can still enable high-speed, high-capacity long-haul optical net-
working [1]. The major concern for such high data rates over
transmission distance is the signal quality degradation due to
linear and non-linear impairments. Linear fiber channel impair-
ments, such as chromatic dispersion (CD), group velocity dis-
persion and polarization mode dispersion [2], can be effectively
mitigated by using digital linear signal processing techniques as
it has been demonstrated both for QPSK and higher order QAM
signaling [2], [3].

When long transmission reach is targeted, higher power lev-
els launched into the fiber might be required to guarantee ex-
tended reach; however such high optical power levels enhance
the generation of nonlinear fiber impairments, which are a major
limiting factor for high-rate data transmission in metro and long
haul optical fiber links. As the level of the M-ary modulation in-
creases, a higher optical signal-to-noise ratio (OSNR) is required
due to the reduced Euclidean distance between each signal point
which arises difficulties in distinguishing between the states [4].
Linear processing algorithms are shown to be less effective for
compensation of impairments stemming from optical fiber non-
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linearities, such as self phase modulation, four-wave mixing,
cross-phase modulation and laser phase noise [5], [6]. Sev-
eral techniques have been reported in the literature to mitigate
nonlinear optical fiber impairments, such as digital backpropa-
gation [7], maximum likelihood sequence estimation [8], [9],
multiplier-free predistortion [10] and expectation maximiza-
tion [11]. However, most of these methods suffer from complex-
ity. Forward error correction can compensate for low OSNR, but
the employment of a powerful FEC is not enough for signals af-
fected from linear and nonlinear effects. The interplay between
equalization and FEC becomes then a key technology for future
high speed transmission solutions [12].

Turbo Equalization (TE) is a joint approach to address the
equalization and decoding task. A number of iterative receiver
algorithms repeat the equalization and decoding tasks on the
same set of received data, where feedback of extrinsic infor-
mation from the decoder is incorporated into the equalization
process. Inspired by Turbo Codes, TE was firstly introduced
to combat the detrimental effects of intersymbol interference
effects in digital communication systems protected by a con-
volutional code (CC) [13]. In the optical communication field,
TE routines have first been proposed and numerically evaluated
for direct detection optical communication systems in order to
mitigate the effects of PMD [14]–[17].

TE schemes based on low-density parity-check (LDPC)
coded TE have been numerically [18]–[20] investigated. Ex-
perimental validation have been reported in [19]–[22], but the
performance in single carrier high order modulation coherent
systems has not yet been evaluated. More recently LDPC-coded
TE has also been evaluated in electrical generated polarization-
division-multiplexed (PDM) Orthogonal Frequency Division
Multiplexing 16-QAM for transoceanic transmission with large-
core/ultralow loss fiber [23]. Even though LDPC codes can be
very powerful, as the work reported suggested, their implemen-
tation remains a challenge due to the complex structure of the
decoder and alternative works are looking for simplified low
complexity solutions [24].

In this paper, we propose to use a TE scheme based on CCs
and least mean square equalizer to combat the signal quality
degradation due to fiber transmission and transmitter-receiver
imperfections. Preliminary experimental results have been pre-
sented in [25], [26]. In this paper we give a complete study
of the TE adopted in different transmission schemes. The out-
line of the paper is as follows. In Section II, we detail the TE
structure employed to conduct the investigation. In Section III,
we formulate analytically the demapper steps to obtain the log-
likelihood-ratios (LLR) of the received bits. The effect of TE
in an uncompensated scenario is studied by simulation in Sec-
tion IV. The obtained results are then experimentally verified in a
WDM scenario in Section V. In this section we moreover report
on the independence from the CC rate. Finally in Section VI,

0733-8724 © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 1. Pre-encoding and receiver structure of the SISO Turbo Equalizer al-
gorithm. CC: Convolutional Code, LO: local oscillator, PD: Photodiode, A/D:
Analog to Digital converter, DSP: Digital Signal Processing, SISO: Soft Input
Soft Output, TE: Turbo Equalization.

we extend the experiment validation to a dispersion managed
transmission case with co-propagating legacy channels.

II. TURBO EQUALIZATION

In this paper, we base our investigations on TE structure
based on CCs and normalized least mean square equalizer for
high speed optical fiber transmission. The encoder and receiver
structure of the transmission system is illustrated in Fig. 1. At
the transmitter side, random generated data are created with
offline processing and encoded by a CC described by a state
trellis. After encoding the coded bits are interleaved to suppress
burst errors, and sent to the optical modulator at the transmitter.

CCs have up to now only been incompletely explored for
optical communications. The drawback of such codes in op-
tical transmission is their high coding overhead compared to
high-rate block codes, such as Reed–Solomon (RS) codes and
LDPC codes. On the other hand, CC codes present attractive fea-
tures such as simple and straightforward encoding together with
hard and soft decision decoding algorithms. The large overhead
can be alleviated by using CC codes together with bandwidth-
efficient modulation. Similar performance to RS codes has been
obtained, with the benefit of simpler encoding electronics [27].
In this paper most of the results are presented for a rate R = 1

2
CC code with a 16 state trellis. Furthermore, R = 2

3 rate CC and
R = 3

4 rate CC are considered in the uncompensated transmis-
sion case to prove the independence of the TE from the chosen
rate.

On the receiver side, the received signal after optical trans-
mission and detection is processed offline. After a 16 QAM
DSP receiver, the received data is fed into the soft-input soft-
output (SISO) TE structure illustrated in Fig. 2. A normalized
least mean square (NLMS) adaptive equalizer is applied due to
the unknown nature of the transmission channel. The NLMS is
given by

c(n + 1) = c(n) +
μe∗(n)x(n)
xH (n)x(n)

(1)

Fig. 2. Schematic description of TE. SISO: Soft input soft output, TE: turbo
equalization, NLMS: Normalized least mean square, LLR: Log likelihood ratio,
SOVA: Soft output viterbi algorithm, SO: Soft output.

e(n) = d(n) − cH (n)x(n) (2)

where x(n) is the signal and d(n) the desired one. We opti-
mize the number of taps and the step size to obtain the best
performance in terms of bit error rate (BER). The choice of the
step size parameter reflects a tradeoff between fast convergence
and good tracking ability. As the step size parameter is chosen
based on the current input values, the NLMS algorithm shows
good stability with unknown signals. This combined with fast
convergence speed and relative computational simplicity [28]
makes NLMS the algorithm our choice.

Soft information on all the coded bits in the form of LLRs
is provided by the demapper, as explained in details in Sec-
tion III. In this paper two different mapping schemes have been
experimentally investigated and therefore two different demap-
per blocks have been realized according to the mapping. Gray or
non-gray mapping have been investigated. Non-gray mapping
results from the typical setup configuration on optical systems
based on independent binary electronics without precoding. Af-
ter the demapping stage a deinterleaver process is employed,
symmetrical to the one at the transmitter side, followed by a
first error counter to provide the system performance in terms
of BER.

The performance without TE, is calculated at this point. This
value is reported as “iteration 0” in Fig. 2 and “w/o TE” in the
simulations and experimental validations. The name is chosen
to highlight that no complete iteration has been realized. The
values obtained after the first error counter represent therefore
the reference on which we calculate the gain in terms of BER.

Moving forward with the TE iteration, we perform decoding
using a soft output Viterbi algorithm (SOVA) binary decoder,
with 64 states depth for the R = 1

2 case, to obtain soft estimation
of both information and parity bits. This algorithm is a modi-
fication of the general Viterbi scheme that takes into account
soft information and provides not only a decision, but also its
reliability. It is based on branch and path metric calculation.
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Fig. 3. Schematic description of mapping.

When the Viterbi detection is completed, the survivor path can
be traced back at the starting time or time of interest. A sec-
ond error counter provides the decoded system performance in
terms of BER. A soft output (SO) encoder will then create a
new encoded signal based on the obtained decoded version of
the original received data. After passing through an interleav-
ing stage, the mapping block uses the new soft estimates of the
original transmitted symbols to create a reconstructed signal.
We then realize an NLMS equalization process using the in-
formation of the original and reconstructed signal. Demapping,
deinterleaving and decoding can be performed as for the first
iteration. In every iteration we evaluate the BER at the first er-
ror counter stage. The performance of one complete loop are
named “TE 1st iter”. The use of a Non-Gray mapping influence
also the reconstruction part of the loop and therefore could arise
difficulties to accomplish more iterations.

III. LLR CALCULATION

In Fig. 3, two different mapping for 16QAM are shown: on
the left side the Gray mapping, on the right side the Non-Gray
mapping. The results included in this study are obtained in both
cases. The experimental results obtained for uncompensated link
transmission are based on Gray mapped 16QAM TE scheme.
The four bits in each constellation point can be considered as 2
bits each on independent 4 pulse amplitude modulation (PAM)
on I-axis and Q-axis, respectively. The LLR calculation is then
realized for all the four bits that constitute the 16QAM signal
and is based on the formulation reported in [29]. We indicate the
four bits as bRe,0bRe,1bIm,0bIm,1 . The first two bits are derived
from the real part of the signal, while the last two are from
the imaginary part of the signal. In Fig. 3 the value of the first
two bits according to the region they belong to are shown, for
both mappings. The values that the first two bits, bRe,0bRe,1 ,
assume according to the region they belong to are also reported
in Table I. As we can see, in the Gray mapping design, if we
move from left to right, from top to bottom in Table I, only one

TABLE I
HARD DETECTION REAL PART

bit of the two is changed every time we pass from one region
to another. On the other side, in the non-Gray mapping, this
feature is not present. We can notice that moving from region
2 to region 3 requires changing both bits at the same time.
This fact influences also the LLR calculation. The Non-Gray
mapping case is evaluated in dispersion managed link where the
reported mapping results from the typical setup configuration
of optical systems based on binary electronics.

The received signal is demapped into soft bits which have the
same sign as provided by a hard detector and whose absolute
value represents the reliability of the decision. The optimum
hard decision on bit bRe,k is given by the rule

bRe,k = β if P [bRe,k = β|r] > P [bRe,k = (1 − β)|r]
β = {0, 1} (3)

where r represents the received signal

r = Gch · a + w (4)

where Gch is the channel frequency response and w is the com-
plex AWGN noise. If we set β = 1 and we assume equally likely
β we can rewrite 3 as

b̂Re,k = 1, if log
P (r|bRe,k = 1)
P (r|bRe,k = 0)

> 0. (5)

As example, we consider k = 0, the first bit of the real part.
As shown in Fig. 3 (top) for both case this bit is mapped with
the same rule. Therefore we obtain

P (r|bRe,0 = 1)
P (r|bRe,0 = 0)

=
e

−( y R e −1 ) 2

2 σ 2 + e
−( y R e −3 ) 2

2 σ 2

e
−( y R e + 1 ) 2

2 σ 2 + e
−( y R e + 3 ) 2

2 σ 2

. (6)

The formulation in (6) has been obtained considering that
when bRe,0 = 0 the real part of the 16QAM can only assume
negative values, −3 or −1, and when bRe,0 = 1 the real part
of the 16QAM can only assume positive values, +1 or +3.
Therefore the LLR formulation for bRe,0 is the same as reported
in [29].
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TABLE II
LLRS FORMULAS FOR bRe,0 AND bRe,1

According to the 4 possible regions we therefore have the
following possibilities

LLRRe,0 =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

4
σ2 (yRe [i] + 1), yRe [i] < −2, region1

2
σ2 (yRe [i]), yRe [i] ≤ 2, region2&3

4
σ2 (yRe [i] − 1), yRe [i] > +2, region4

.

(7)
Similarly to what obtained for bRe,0 we can obtain the for-

mulations for bRe,1 . In this case, the calculation is mapping
dependent. For a Gray mapping we obtain

P (r|bRe,0 = 1)
P (r|bRe,0 = 0)

=
e

−( y R e + 1 ) 2

2 σ 2 + e
−( y R e −1 ) 2

2 σ 2

e
−( y R e + 3 ) 2

2 σ 2 + e
−( y R e −3 ) 2

2 σ 2

. (8)

For a non-Gray mapping we obtain instead

P (r|bRe,0 = 1)
P (r|bRe,0 = 0)

=
e

−( y R e −3 ) 2

2 σ 2 + e
−( y R e + 1 ) 2

2 σ 2

e
−( y R e −1 ) 2

2 σ 2 + e
−( y R e + 3 ) 2

2 σ 2

. (9)

When we consider a particular region, we can assume that
some of the relative contribution in the numerator or denom-
inator can be ignored. Therefore using these reductions and
expressing the LLRs in logarithmic form we obtain Table II for
bRe,0 and bRe,1 for the two mappings.

The LLR calculation for bIm,0 and bIm,1 follows the same
rules as for bRe,0 and bRe,1 . Similar equation are therefore ob-
tained on the imaginary part of the signal. We assume that all
the clusters have the same variance and we therefore remove the
factor 2σ2 from all the LLR formulas.

The remapping block, placed after the SO encoder and inter-
leaver in the TE routine, works with the inverse formula reported
in Table II. The four LLR values are then used to reconstruct
the real and imaginary signal. It should be noted that only one
of the LLR values between bRe,0 and bRe,1 is necessary to re-
construct the real part, and only one between bIm,0 and bIm,1
to reconstruct the imaginary part.

As already mentioned, the use of a non-gray mapping could
arise difficulties in the reconstruction part of the loop. Due to the
fact that only one of the bits is needed for remapping purpose
and to the mapping scheme, the reconstruction process may

present jumps beyond the nearest cluster of the constellation.
For example, let us consider the complex signal +1.3+1.3j.
It will be demapped into 1010 and the LLRs are calculated
with the formulas presented. Let us now assume that we have
a decoder/re-encoder error, and the new bits are 0010. In this
case we can notice that the corrections of the error forced us to
move from region 3 to region 1 for the real part of the signal,
and therefore not to the nearest clusters.

IV. NUMERICAL RESULTS

A. Setup

The numerical simulations setup is reported in Fig. 4. Three
are the main blocks: 4-PAM generation and transmitter, link
transmission, coherent receiver and DSP modules. At the trans-
mitter side the output of a 100 kHz linewidth laser is passed
through an optical I/Q modulator driven by two four level Pulse
Amplitude Modulation (PAM) electrical signals to generate the
optical 16-QAM single polarization (SP) signal. The 4-PAM
module consists of encoding process, signal mapping, upsam-
pling, pulse shaping, digital to analog conversion, attenuators
and electrical amplifiers. A R = 1

2 CC with a 16 states trellis is
employed to encode a 1000 bits data frame. The data frame is
tested to guarantee a rather equal symbol distribution. The same
data frame is later employed in the experimental validation. The
baud rate is kept at 28 Gbaud. The same procedure is employed
to realize the orthogonal polarization Y. The two signals are
combined with a polarization beam combiner (PBC) to create a
PDM 16-QAM signal. In the link transmission block the PDM
16-QAM signal is amplified and launched into the fiber span.
The transmission link consists of spans of standard single mode
fiber (SSMF) of 100 km length each. Three link lengths of 1000,
1500, and 2000 km, corresponding to a number of spans equal
to 10, 15 and 20 respectively, are evaluated. The simulation pa-
rameters of the fiber link are listed in Table III. Erbium-doped
fiber amplifier (EDFA) amplification is employed after each
span compensating fully the fiber losses. At the receiver side
we apply coherent detection and DSP modules. The received
PDM 16-QAM signal is coherently detected in a 90◦ optical
hybrid, photodetected and sampled at twice the baud rate by the
analog-to-digital converter. We consider a 100 kHz linewidth
laser as local oscillator (LO). The DSP module includes digi-
tal filter, CD compensation, radius directed equalization (RDE),
polarization demultiplexing, frequency and carrier phase recov-
ery [11].CD compensation is performed in frequency domain.
Blind equalization is then performed based on RDE based on the
equalizer output and the nearest constellation radius. An equal-
izer driven first by the constant modulus algorithm and then by
the multi modulus algorithm (MMA) is used for polarization
demultiplexing. A decision directed phase locked loop for fre-
quency and offset estimation then follows. After demodulation
the signal is fed into the SISOTE, structure presented.

B. Results

In the following results we assess the performance of TE
in terms of BER. In this section only the performance of
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Fig. 4. Simulation setup. D/A: Digital to Analog converter, SP: Single PolarizationPBC: Polarization Beam Combiner, PD: Photodetector, A/D: Analog to Digital
converter.

TABLE III
SIMULATION PARAMETERS

Fig. 5. BER as a function of link input power to the transmission span with and
without TE for 1000, 1500 and 2000 km uncompensated SSMF transmission.

simulation is assessed, and the experimental verification will
be reported in Section V. In Fig. 5, we present the performance
of the TE for a single channel transmission case. The results are
shown in terms of BER as a function of the link input power.
Both performance obtained without TE and with one iteration
are presented. The performance without TE is obtained with
hard decision BER accomplished by the first error counter in
Fig. 2. When TE is employed, the SISO TE presented follows the
16-QAM DSP algorithms. The digital signals are equalized by
an adaptive NLMS. The optimum number of taps and step size
is evaluated for 0 dBm link input power and is thereafter kept
constant throughout all the numerical investigations. The SOVA
decoder is based on the soft information provided by the LLR
and on a depth of 64 states.

Fig. 5 shows that the system after one TE performs better
than when no TE is applied for the same link input power. In
terms of BER performance the TE approach guarantee a gain of
about half order of magnitude at the best operational point and
similar values for all the considered link input power values. The

Fig. 6. BER as a function of transmitter and local oscillator laser linewidth
for back-to-back with fix OSNR value of 25 dB.

validity of the proposed scheme are assessed through validation
of its performance for three different lengths. A total link reach
of 1000, 1500, and 2000 km, corresponding to a number of spans
of 10, 15 and 20 respectively, has therefore been investigated.
It should also be noted that the employment of this algorithm
allows an extension of the maximum link reach by 500 km,
which corresponds to 5 spans.

In Fig. 6 we assess the influence of the laser linewidth on
the TE performance. A back-to-back case with a fixed OSNR
of 25 dB is considered. Both transmitter and local oscillator are
simulated with the same linewidth value. Fig. 6 shows that the
system with TE performs better than the one without and that
the performance difference increases with the linewidth value.

We can conclude that TE is effective for single channel un-
compensated transmission regardless of the length of the con-
sidered link and the linewidth of both transmitter and local
oscillator lasers.

V. EXPERIMENT UNCOMPENSATED TRANSMISSION

A. Setup

The setup for the PDM 16 QAM coherent optical (CO) un-
compensated transmission system is illustrated in Fig. 7. At
the transmitter side four sets of random generated data, cor-
responding to the 4 bits per symbol, are created in MATLAB
and encoded with a CC. Three different rates are considered
R = 1

2 , 2
3 , 3

4 . A 16, 32 and 64 states trellis is employed at the
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Fig. 7. Experiment setup for uncompensated link transmission in a WDM scenario. AWG: arbitrary waveform generator.

transmitter side respectively for CC with R = 1
2 , 2

3 , 3
4 . The re-

sulting coded bits are interleaved to avoid block errors, and em-
ployed to generate two independent Gray mapped 4-PAM signal
with a 24 Gbit/s Arbitrary Waveform Generator. The central op-
tical channel, on which the BER performance will be assessed,
is therefore a 12 Gbaud PDM 16-QAM, generated by driving a
MZM with the two decorrelated 4-PAM electrical data signals.
Polarization-division multiplexing is emulated by multiplexing
the signal with its delayed copy in the orthogonal polarization
to obtain a total bit rate of 96 Gbit/s.

Six 24 Gbaud PDM QPSK channels, three on each side, are
combined with the PDM 16 QAM channel resulting in a 7 chan-
nel system on 100 GHz grid. Each of the QPSK signal has a bit
rate of 96 Gbit/s, as the central 16-QAM carrier. Fiber transmis-
sion is realized over 3 and 6 SSMF spans, each approximately
80 km, for a total length of 251 and 497 km, without dispersion
compensation and amplified using a double-stage EDFAs. At
the receiver side an ECL with 100 kHz linewidth is employed as
local oscillator (LO). The received signal is sampled by a DSO
with 40 GS/s sampling rate and 13 GHz bandwidth. The offline
DSP based receiver includes digital filter, CD compensation,
MMA, polarization demultiplexing, carrier and phase recovery.
The SISO TE structure is then applied. A SOVA binary decoder,
with 64, 128, and 256 states depth is applied respectively for
CC with R = 1

2 , 2
3 , 3

4 .

B. Results

Here, we study the impact of the rate of the employed CC and
of multiple iterations on the performance of the 16-QAM using
TE. First, we assess the performance of TE for back-to-back
(B2B) case when a R = 1

2 CC with a 16 states trellis is employed
at the transmitter side. In Fig. 8 (a), we study the performance of
the TE for the central 16-QAM signal of the considered WDM
scheme. The results are shown in terms of BER as a function of
the measured OSNR in dB. Performance obtained without TE,
with one iteration and with two iterations is presented. Moreover
the theoretical curve for 12 GBaud PDM 16-QAM is reported.
Fig. 8 (a) shows that the system after one TE performs better
than when no TE is applied for all the considered OSNR values.
A gain higher than one order of magnitude in terms of BER is
accomplished. Additional gain can be obtained incrementing the
iterations number of the studied scheme, as the results obtained
with a second iteration confirm. Thanks to the TE routine the
gap between experimental results and the theoretical curve is
also reduced.

(a)

(b)

Fig. 8. (a) BER as a function of OSNR for back-to-back measurements for
R = 1

2 CC. (b) Comparison of BER as a function of OSNR for R = 1
2 , 2

3 , and
3
4 .

(a) (b)

Fig. 9. Constellation of the demodulated 96 Gbit/s PDM 16-QAM signal
(a) without TE and (b) after 1 iteration.
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(a) (b) (c)

Fig. 10. BER as a function of link input power for 251 and 497 km uncompensated link transmission for (a) R = 1
2 CC (b) R = 2

3 CC (c) R = 3
4 CC.

The dependence from the rate of the chosen code is assessed
through validation of the TE effect for three different CCs.
The performance of TE for three CC with rate R = 1

2 , 2
3 and

3
4 is illustrated in Fig. 8(b). PostFEC values obtained with soft
decision BER accomplished by the second error counter in Fig. 2
are also reported. It is to be noted that TE performance and gain
slightly degrade when the rate value of the CC increases. This
results are in cohesion with the PostFEC values reported.

The constellation diagrams of demodulated 16-QAM signal
without and after one TE iteration are illustrated in Fig. 9. It is
observed a visible reduction of the clusters’ spread already after
one iteration. The considered OSNR is 21 dB for the R = 1

2 CC
case and the accomplished BER are 1.2 × 10−2 without TE and
6.76 × 10−4 after one TE iteration.

In Fig. 10, we evaluate the performance of uncompensated
link transmission for the above mentioned three CC with differ-
ent rates. Two transmission distances are considered, 251 and
497 km, corresponding to 3 and 6 spans respectively. The results
are shown in terms of BER as a function of the link input power.
The system after one TE performs better than when no TE is
applied for the same link input power. In terms of BER perfor-
mance the TE approach guarantee a gain of about one order of
magnitude at the best operational point and similar values for
all the considered link input power values. A maximum of 5 dB
gain is provided by the presence of our chosen CC in the loop.
The total benefit is therefore obtained due to the employment of
the complete TE iteration. The validity of the proposed scheme
are assessed through validation of its performance for the three
different CC. In cohesion with what observed for the PosFEC
values and the B2B case, the performance slightly degrade when
the rate of the CC is increasing. Nevertheless, gains of one order
of magnitude in terms of BER are obtained for all the considered
rates. Furthermore additional gain is accomplished by the use
of an additional iteration. The second iteration provides similar
performance for all the considered cases.

In Fig. 11, we extend our study to multiple TE iterations. The
results are shown in terms of BER as a function of the iteration
number. When the iteration number is 0, the performance corre-
sponds to the results obtained without TE. A transmission link of
497 km with a R = 1

2 CC is considered. Performance obtained
for three different values of launch power, 3.0 dBm, 0.1 dBm

Fig. 11. BER as a function of iteration number for three different launch power
values for 497 km and R = 1

2 CC.

and +3.8 dBm are presented. According to the results accom-
plished, similar performance is expected also for rate R = 2

3
and 3

4 . It should also be noted that the first and second iterations
have the highest gains, the BER keeps decreasing with the iter-
ation number, for the 3.0 dBm and 0.1 dBm link input power
case. In the case of +3.8 dBm, when the signal is affected by
non-linearities, the first 3 iteration give substantial gain, while
the consecutive iterations give moderate gains, because of the
improve quality signal. The employment of additional iterations
guarantees an improvement in performance. If we consider as
an example the link input power +3.8 dBm, the black squared
curve. The first iteration provides an improvement of 1

2 order of
magnitude in terms of BER. If we now compare the performance
obtain for iteration 5 with the performance obtained for iteration
0 (when no TE scheme is applied), we have an improvement of
1 order of magnitude in terms of BER.

We can conclude that TE is effective for a WDM uncompen-
sated transmission scheme regardless of the OSNR value in a
back-to-back case and length of the considered link. Multiple
iterations are proven to allow additional gain. Furthermore the
performance and gain of TE are dependent from the rate of the
CC considered. Both overhead and achievable TE gain need to
be taken into account when designing the FEC to be used in the
routine.
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Fig. 12. Experiment setup for dispersion managed link transmission with legacy channels. PPG: pulse pattern generator, CC: convolutional code, ECL: external
cavity laser, EDFA: erbium-doped fiber amplifier, OBPF: optical bandpass filter, VOA: variable optical attenuator.

VI. DISPERSION MANAGED SYSTEM WITH LEGACY CHANNELS

A. Setup

The setup for the PDM 16 QAM coherent optical (CO) disper-
sion managed transmission system is illustrated in Fig. 12. It is
composed of three main blocks: 16-QAM generation and trans-
mitter, link transmission, coherent receiver and DSP modules.
A 1000 bits data frame is encoded offline by a CC and loaded
into the memory of a programmable pulse pattern generator
(PPG). The data outputs at 10 Gbaud are delayed to guarantee
decorrelation, subsequently combined to create a 4 level elec-
trical signal, amplified, and split into two branches to be fed to
an I/Q optical modulator. An external cavity laser (ECL) with a
linewidth of 100 kHz is employed at the transmitter. The optical
16-QAM signal is then sent to a polarization multiplexing stage
to generate the PDM 16-QAM signals.

Four 10 G transponders are then multiplexed with the 16-
QAM signal to emulate the interfering channels which have been
placed symmetrically around the central signal. The spacing is
varied between 200, 100 and 50 GHz.

An EDFA is applied to adjust the launch power to the link,
including a pre-compensation of the dispersion equivalent to
40 km of SSMF. The transmission link block consists of spans
of SSMF of 80 km length and dispersion compensated fiber of
17 km length. EDFA amplification is used for span loss compen-
sation. Three link lengths 240, 400 and 640 km, corresponding
to a number of spans equal to 3, 5 and 8 respectively, are evalu-
ated. The input power to the link, measured at point A, is varied
between −4 dBm and 4 dBm with a granularity of 1 dB. At the
receiver side, we apply coherent detection and DSP modules.
We employ an ECL with 100 kHz linewidth as local oscillator
(LO) and a variable optical attenuator at the signal input to main-
tain a constant ratio between the signal received and the local
oscillator. A 40 GSa/s sampling rate Digital Signal Oscilloscope
(DSO) with 13 GHz bandwidth is employed to sample the re-
ceived signals and then off-line signal processing is performed.
The DSP module includes digital filter, RDE, polarization de-
multiplexing, frequency and carrier phase recovery followed by
the SISO TE structure.

B. Results

Here we study the impact of TE in a dispersion managed
transmission system with and without legacy channels. A dis-
persion managed transmission link consisting of spans of SSMF
of 80 km length is considered. A R = 1

2 CC is employed at the

(a) (b)

(c) (d)

Fig. 13. Performance of single channel. BER as a function of link input
power to the transmission span with and without TE for 240, 400 and 640 km
compensated link for (a) single channel (b) with legacy channels spaced 200 GHz
(c) with legacy channels spaced 100 GHz (d) with legacy channels spaced
50 GHz.

transmitter side. According to the results presented in Section V,
similar performance is expected also for rate R = 2

3 and 3
4 .

1) Performance of Single Channel: In Fig. 13 (a), we eval-
uate the performance of a single channel transmission. Three
transmission distances are considered, 240, 400, and 640 km,
corresponding to 3, 5 and 8 spans respectively. The results are
shown in terms of BER as a function of the link input power.
The system after one TE performs better than when no TE is
applied for the same link input power. In terms of BER perfor-
mance the TE approach guarantees a gain of about half order of
magnitude at the best operational point and similar values for
all the considered link input power values. It is to be noted that
when the link input power is increasing, and therefore the per-
formance degradation becomes also dominated by non-linear
effects, moderate higher gain are achievable after only one TE
iteration.

2) Performance With Interfering Channels: In Fig. 13 (b)–
(d), we extend our study and we asses the validity of TE in
dispersion managed transmission with legacy channels. A 200,
100, and 50 GHz spacing is illustrated in Fig. 13 (b),(c), and (d)
respectively. The results are also in this case shown in terms of
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BER as a function of the link input power. We note that also in
this cases the system after one TE performs better than when
no TE is applied for the same link input power. In terms of
BER performance the TE approach guarantees a gain of about
one order of magnitude at the best operational point and similar
values for all the considered link input power values. Even
though the total performance is affected by the presence of the
ASK interfering channels, which cause a penalty of 3 dB in terms
of input power, similar gain and performance are accomplished
also in the presence of closed spaced legacy channels.

VII. CONCLUSION

In this paper, we assessed the effect of the use of TE in high
order modulation coherent optical transmission. The concept
has been proved by simulation and experimental validation.
We first studied the impact of TE on system performance by
simulations and showed that high gain in terms of BER can be
obtained. We further showed that the use of TE enhances the
performance regardless of the length of the considered link and
of the lasers’ linewidth. We then assessed the impact of TE in
an experimental validation of uncompensated link transmission
in a WDM scenario. TE is proven effective regardless of the
OSNR value in a back-to-back case and length of the link.
We further show that multiple iterations allow additional gain
regardless of the considered link input power. Furthermore the
performance and gain of TE are also shown to be dependent from
the rate of the CC considered. Investigations based on simulated
data and experimental verification are also in good agreement.
Finally, we reported on the impact of TE in a dispersion managed
transmission system with and without legacy channels. We show
that similar performance is accomplished for all the reported
cases, without and with co-propagating legacy channels. Effort
in this topic should be devoted to further improve the benefit of
the TE routine by means of more complex code employment and
adoption of high gain FEC outer code. Moreover the reachable
benefit in higher order modulation, such as 64-QAM, are of
interest.
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Abstract: An experimental demonstration of Ultradense WDM with 

advanced digital signal processing is presented. The scheme proposed 

allows the use of independent tunable DFB lasers spaced at 12.5 GHz for 

ultradense WDM PM-QPSK flexible capacity channels for metro core 

networking. To allocate extremely closed carriers, we demonstrate that a 

digital non-linear equalization allow to mitigate inter-channel interference 

and improve overall system performance in terms of OSNR. Evaluation of 

the algorithm and comparison with an ultradense WDM system with 

coherent carriers generated from a single laser are also reported.
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1. Introduction

Rigid and coarse granularity of wavelength-division-multiplexing (WDM) systems leads to 

inefficient capacity utilization, which partly results from the lost spectrum due to the 

difference between the real spectral occupancy of the signal and the ITU-T grid. A promising 

way would be to introduce the concept of a frequency slot instead of the current frequency 

grid [1], moving toward flexible grid and grid-less solutions [2–4]. In flexible optical WDM 

(FWDM), spectral resources are allocated in a flexible and dynamic way; channel spacing and 

center wavelength are not fixed on the ITU-T grid, resulting in higher spectral efficiency 

[5,6]. Standardization towards more flexible scenario specifying frequency slots of variable 

width rather than a fixed frequency grid is currently ongoing in ITU-T SG.15, Q.6. Even in 

this higher-efficient bandwidth allocation scenario, the bandwidth is non optimally utilized as 

large guard bands are still employed, as shown in Fig. 1 [7]. Ultra-dense (UD) WDM with a 

channel spacing of less than 25 GHz, may provide an evolutionary path from conventional 

infrastructures towards more scalable and spectrally efficient networks. This trend, supported 

by the increased demand for more capacity, flexibility and upgradeability of transmission 

technique while keeping some legacy ones will require a comprehensive reexamination of the 

way metro-core networks are designed and built [8].

Increasing the number of wavelengths within a fixed optical bandwidth (e.g., C band), by 

decreasing the spacing between neighboring channels, allows an increase in the system 

capacity without requiring of high-speed electronics (e.g., >40 Gb/s), while keeping 

compatibility with the 10 Gb/s SONET/SDH equipment. UDWDM systems with no aliasing 

condition (i.e. with channel spacing higher than the double the baud rate) have been studied, 

with particular attention to limitations introduced by fiber nonlinearity effects such as Four-

Wave Mixing (FWM), Cross-Phase Modulation (XPM), fiber chromatic dispersion-induced 

symbol intersymbol interference (ISI) [9]. However, to cope with the required bandwidth 

efficiency, future UDWDM schemes will need to use extremely close channel spacing; this 

implies taking measures to mitigate the resultant detrimental effects from crosstalk and 

neighboring channels interferences.

In this paper we experimentally demonstrate that an upgraded digital signal processing 

(DSP) allows for closer channel spacing, up to 12.5 GHz, using conventional independent 

DFB light sources for a 40 Gb/s ultradense 3 channel WDM PM-QPSK system with coherent 

detection. The employment of a digital nonlinear equalizer, such as a Decision Feedback 

Equalizer (DFE), can mitigate inter-channel interference and improve overall system 

performance in terms of OSNR. Our proof of principle experiment demonstrates that in a 

50GHz bandwidth (in accordance to the ITU-T grid) up to 4 channels can be transmitted, 

improving the total bit rate from 40 Gb/s to 160 Gb/s per slot, with a minor upgrade in the 

electronic equipment.

Fig. 1. Moving from fix to flex grid scenario. Large guard bands are still employed in both 
schemes.
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2. System setup

The general outline of the experimental setup for the UDWDM polarization multiplexing 

(PM) QPSK coherent optical (CO) system is shown in Fig. 2. At the transmitter side three 

carriers are generated employing three independent tunable distributed feedback lasers (DFB) 

with 10 MHz linewidth; c) of 1550.511 nm. 

r l) DFB 

lasers as to have the desired spectral separation. A 40 GHz bandwidth photodiode and an 

Electrical Spectrum Analyzer are used to verify correct spacing between the three channels. A 

polarization beam splitter divides the signal into two orthogonal polarization which are then 

fed into two optical I/Q modulator (nested Mach-Zehnder modulator). A 10 Gb/s pattern 

generator (PPG) generates the pseudo random binary sequence (PRBS), with 2
15

-1 bit length, 

that drives the two QPSK modulators. Two uncorrelated branches of polarization orthogonal 

QPSK signals are then combined with a polarization beam combiner (PBC) to generate the 

PM QPSK signals, at 10 Gbaud. An 80 km span of standard single mode fiber (SMF) is used 

as optical transmission link. At the receiver side an optical tunable band-pass filter (0.33 nm 

or 37.5 GHz full width at half maximum, FWHM, at 1550 nm) is employed before the optical 

pre-amplifier; a second band-pass filter (0.5 nm or 62.5 GHz FWHM at 1550 nm) rejects the 

out of band ASE noise. An external cavity laser (ECL) with 100 kHz linewidth is used as 

local oscillator (LO). The PM coherent receiver consists of two 90° hybrids and balanced 

photodetectors. The photodetected inphase and quadrature outputs are sampled at 40 GS/s for 

offline demodulation. Digital signal processing (DSP) algorithms implement digital filtering, 

PM QPSK constant modulus algorithm (CMA) equalization, QPSK carrier phase recovery 

and bit error decision. As the channel distortion or the ISI of a transmission system is too 

severe for a linear equalizer to mitigate the channel impairments, non-linear equalizer has 

been used. A DFE is a non-linear structure that uses previous detector decision to eliminate 

the ISI on pulses currently demodulated. The basic idea is that if the values of the symbols 

previously detected are known, then ISI contributed by these symbols can be canceled out 

exactly at the output of the forward filter by subtracting past symbol values with appropriate 

weighting. The DFE equalizer will not amplify the noise, cause according to its structure, the 

equalization process is done through the feedback, noiseless, data applying symbol-by-symbol 

detection
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Fig. 2. Experiment setup of UDWDM PM QPSK system; DFB: Distributed feedback laser; 

PD: 40G photodiode; ESA: Electrical Spectrum Analyzer; PC: polarization controller; PBS: 
polarization beam splitter; PBC: polarization beam combiner; EDFA: erbium-doped fiber 

amplifier; VOA: variable optical attenuator; OBPF: optical band-pass filter; ECL: external 

cavity laser.
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Fig. 3. Non-linear Decision Feedback Equalizer (DFE) structure.

with successive cancellation of the interference caused by the detected symbols [10]. A 

nonlinear DFE, shown in Fig. 3, consisting of a feed-forward filter (FFE) and a feed-back 

filter (FBE) is used in our DSP receiver, after the carrier phase recovery block, to improve the 

system performances [11]. The taps of the two equalizers are adjusted using a least mean 

square (LMS) stochastic algorithm.

3. Results

After optimize the PM CMA algorithm structure, we have investigated the impact of a 

nonlinear decision feedback equalizer on the system performances (this structure is indicated 

as DFE in the graphs); the best configuration is composed of a 1 tap feedforward filter (FFE) 

and a 7 or 9 taps feedback filter (FBE). The digital filter is then re-optimized to improve 

further the BER curves. The measured BER performances of the UDWDM PM QPSK for 

back-to-back (B2B) system are shown in Fig. 4. Figure 4(a) shows the BER experimental 

performances as a function of the measured OSNR for a spacing of 14 GHz without nonlinear 

equalization, with the nonlinear equalization structure DFE and with further optimization of 

the digital filter. It can be observed that the non-linear equalization and the optimization of the 

digital filter afterward, can improve the system performances up to 4.5 dB in terms of OSNR. 

The BER versus carrier spacing for two fixed value of OSNR is shown in Fig. 4(b); the results 

show that the DSP implementation can improve the experimental BER results for all the 

different spacing. For a fix spacing the algorithm can improve the BER result, while for a fix 

BER value the use of DSP, it allows closer channel. Of particular importance is 12.5 GHz of 

spacing which, thanks to the nonlinear equalization, shows performances better then the 

UFEC limit for both the chosen OSNR.

Fig. 4. (a) BER as a function of OSNR for a spacing of 14GHz without nonlinear equalization, 
with DFE and with optimization of the digital filter. (b) BER as a function of the spacing for 

two fixed values of OSNR with and without nonlinear equalization.
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Fig. 5. (a) OSNR as a function of the spacing for two fixed values of BER with and without 

nonlinear equalization for Back-to-Back. (b) OSNR as a function of the spacing for two fixed 

values of BER with and without nonlinear equalization for 80Km of SMF.

Figure 5 shows OSNR performance as a function of the spacing with and without 

nonlinear equalization for Back-to-Back and 80 km of SMF optical transmission are 

presented. The BER is fixed 10
4

and 10
3
, both below the UFEC level. The improvement 

enabled by the DSP implementation on both BER and spacing values is substantial. As shown 

in Fig. 5(a) the proposed algorithm can improve up to 3 dB of OSNR with the same spacing 

value between the carriers; on the other hand for a fix OSNR the carriers can be generated 6 

GHz closer, moving from 20 GHz of spacing, case where we have no aliasing, to 14 GHz of 

spacing. The same behavior is observed for 80 km of optical transmission. It can be observed

in Fig. 5(b) that with the same spacing value between the carriers, the improvement in terms 

of OSNR is 3 dB for BER 10
3

and 5dB for BER 10
4
; for the same OSNR then the carriers 

can be 6 GHz closer, moving to 19 GHz to 13 GHz. It should be noticed that the length of the 

FBE is 7 or 9 taps compared to 1 tap for the FFE, indicating that the signal is affected by non-

linearities.

To prove the efficiency of the algorithm used, we have evaluated its performances in a 

system with 3 coherent carriers. Figure 6 shows the transmitter side of the two configuration 

under study, the UDWDM with different lasers previously presented, called from now on 

DFB, and the new scheme. A single tunable DFB with 10MHz linewidth is employed to drive 

a Mach-Zehnder modulator (MZM), to generate three coherent carriers. The different channel 

realized by operating the synthesizer, the input source to the MZM, as to have the desired 

spectral separation. From now on we will refer to the scheme as MZM.

After optimize the PM CMA algorithm structure, we have investigated the impact of the 

same nonlinear decision feedback equalizer of the UDWDM DFB case on the system 

performances; also in this case the digital filter is then re-optimized to improve further the 

BER curves. The BER versus carrier spacing for a fixed OSNR value is shown if Fig. 7(a);

the
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Fig. 7. (a) BER as a function of the spacing for a fixed value of OSNR with and without 
nonlinear equalization for UDWDM MZM case. (b) BER as a function of the spacing for a 

fixed value of OSNR for UDWDM DFB and MZM case.

results show that the DSP implementation can improve the experimental BER results for all

the different spacing. In this case, the results show higher improvement for smaller frequency 

spacing between the 3 carriers. The employment of our suggested non-linear equalization 12.5 

GHz of spacing shows performances better then the UFEC limit also for the UDWDM MZM 

case. No results are displayed for a frequency separation equals to 10 GHz, because in this 

case with this configuration, we will not have an UDWDM scheme, but an OFDM. Figure 

7(b) shows the BER versus carrier spacing for the same fixed OSNR value for both cases 

under study. In both cases is appreciable the benefit introduced by non-linear equalization. 

For frequency separation between the 3 carriers higher than 14 GHz, the BER performances 

are better in the MZM case, but in the DFB case the DFE algorithm provides higher 

improvement. For frequency separation smaller than 14 GHz, in particular for the 12.5 GHz 

case, the BER performances of the schemes are comparable.

The results obtained suggest more efficient and flexible utilization of the available 

bandwidth. In case of ITU-T grid with 50 GHz spacing, one single 40 Gb/s signal can be 

transmitted per slot. Using the proposed UDWDM DFB with DSP non linear equalization, up 

to 4 channels (12.5 GHz of spacing) per slot can be transmitted with a total bit-rate of 160 

Gb/s, with a minor upgrade in the electronic equipment and higher flexibility. Better results 

per slot could also be obtained with a single carrier higher data rate signal (100 Gb/s), but this 

would imply higher speed electronics and no compatibility anymore with the existing 10 Gb/s 

SONET/SDH equipment.
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4. Conclusion

We have experimentally demonstrated a flexible ultradense WDM QPSK system with 

upgrading DSP algorithms. The DFE nonlinear equalizer structure proposed allows for 

extremely closed spacing (up to 12.5 GHz), where bit error rate performances below the 

UFEC limit are obtained. In a 50 GHz ITU-T grid, the structure presented in this paper allows 

to quadruple the number of users in a flexible way, moving from a total bit rate of 40 Gb/s per 

slot to 160 Gb/s. We believe that the upgradable and flexible structure proposed well suit in 

the trend towards next generation flex-grid and grid-less scenarios.

Acknowledgments

The research leading to these results has received funding from the European Community's 

Seventh Framework Programme [FP7/2007-2013] under grant agreement n° 258644, CHRON 

project. The authors thank Teraxion for the technical expertise provided.

(C) 2011 OSA 12 December 2011 / Vol. 19, No. 26 / OPTICS EXPRESS B276



i
i

“main˙VAAR˙19Jan” — 2014/1/19 — 19:40 — page 83 — #99 i
i

i
i

i
i

Paper 5: 1.2 Tb/s Ultredense
WDM Long Reach and Spectral
Efficiency Access Link with Digital
Detection

X. Zhang, V. Arlunno, J. Bevensee Jensen, I. Tafur Monroy, D. Zibar,
R. Younce “1.2 Tb/s Ultredense WDM Long Reach and Spectral Efficiency
Access Link with Digital Detection,” in Photonics Conference (PHO), 2011
IEEE, Arlington, USA, 2011, paper ThBB5.

83



1.2 Tb/s Ultredense WDM Long Reach and Spectral 

Efficiency Access Link with Digital Detection 

Xu Zhang(1), Valeria Arlunno(1), J. Bevensee Jensen(1), I. Tafur Monroy(1), Darko Zibar(1), Richard Younce(2)

(1) Department of Photonic Engineering, Technical University of Denmark, Ørsteds Plads DK2800, Kgs, Lyngby, Denmark 

(2) Tellabs, 1415 West Diehl Road, Naperville, IL 60563 USA. 

xuzhn@fotonik.dtu.dk

Abstract— We experimentally demonstrate an ultradense WDM 

system with sub-channel spacing at the baud rate, achieving 4.0 

b/s/Hz spectral efficiency and aggregate capacity of 1.2 Tb/s data 

transmission over 80-km SMF, for long reach access networking. 

I. INTRODUCTION

With the rapid growth of capacity requirements of optical 

transmission networks, there is a strong need to realize high 

bit rate and highly spectral efficient (SE) optical transmission 

technologies. Next-generation optical access networks will 

therefore consider supporting aggregate capacities beyond 40 

Gb/s and in the longer term capacities approaching 1 Tb/s. The 

challenges for Tb/s access networks are related to efficient 

spectral usage, to benefit from well-established and mature 

components and technologies at the C and L bands; and to 

reduce complexity, particularly at the end-user side; and where 

possible in the whole system. Therefore, since digital coherent 

transmission technology is becoming preferable for next 

generation optical transport links, it is interesting to evaluate 

its performance and feasibility and derive requirements for its 

application in long reach metro-access links. Recent research 

experiments have demonstrated dense wavelength division 

multiplexing (DWDM) systems with advanced modulation 

formats, such as quadrature phase shift keying (QPSK) and 

orthogonal frequency division multiplexing (OFDM), 

achieving capacity of 1 Tb/s mainly for long haul application 

[1-3]. A dual polarization (DP) QPSK DWDM system with 10 

sub-channels, employing 10 continuous-wave (CW) lasers 

achieving 3.0 b/s/Hz of SE has been demonstrated [1]. An 

optical OFDM WDM experiment based on single sideband 

modulation achieved 3.3 b/s/Hz of SE [2]. To best of our 

knowledge, the closest sub-channel spacing for conventional 

(non-OFDM) DWDM system achieved 1.1 times of baud rate 

with 3.6 b/s/Hz of SE [3].  

In this paper, we report on an experimental implementation 
of a long reach ultradense WDM system based on a single 
distributed feed back (DFB) laser to generate 30 sub-channels 
with DP QPSK modulation. The sub-channel spacing is equal 
to the baud-rate, achieving 4.0 b/s/Hz of SE and 1.2 Tb/s of 
aggregate capacity over 80 km SMF for metro-access 
networking. To avoid the employment of arrayed waveguide 
grating, a coherent receiver with local oscillator (LO) laser is 
used to select the sub-channel. We have developed digital 
signal processing (DSP) algorithms to compensate for optical 
transmission impairments including chromatic dispersion (CD). 

A decision feed back equalizer (DFE) algorithm has also been 
implemented in the DSP to mitigate the effects of inter-channel 
interference (ICI) in the ultradense WDM system. The 
employment of non-linear DFE equalizer guarantees system bit 
error rate (BER) back to back performance below the FEC 
threshold for all 30 sub-channels. 

II. EXPERIMENT SETUP

The ultradense WDM structure is realized using 
recirculated single side band modulation (SSB) [3]. Figure 1 
shows the schematic of our experimental setup. A single DFB 
laser operating at 1549.53 nm (193.47 THz) with 10 MHz line-
width is used source to generate the sub-channels. A nested 
Mach-Zehneder modulator operates as single side band 
modulator. An external synthesizer drives the single side band 
modulator to control the sub-channel generation loop, which is 
also called the comb generator [3]. Comb generator shifts the 
first input channel by a frequency spacing determined by the 
external synthesizer clock output. In the experiment, frequency 
spacing is set equal to 10 GHz. As a result, each round 
generates one more sub-channel. A tunable optical band-pass 
filter with full width at half maximum (FWHM) of 5 nm (625 
GHz) is used to control the bandwidth of the comb generator. 
After the comb generator, the sub-channels are separated into 
two orthogonal polarizations by a polarization beam splitter 
(PBS). The polarized sub-channels are then fed into two 
identical QPSK modulators. A non-return-zero (NRZ) pseudo 
random binary sequence (PRBS) with 215-1 bit length provides 
the electrical data source. After the QPSK modulator, two 
uncorrelated branches of orthogonally polarized QPSK signals 
are combined by a polarization beam combiner (PBC) to 
generate the DP QPSK signals. Differently from [2] and [3], 
we first generate sub-channels and then QPSK modulate each 
polarization branch individually. This schematic provides the 
possibility of using a different modulation format for each 
polarization branch. Meanwhile, a polarization controller (PC) 
inside the comb generator is used to control polarization 
rotation during one round. If polarization maintaining fiber is 
used throughout the comb generator, the PC can be omitted. A 
pre-amplified receiver structure is then implemented. A tunable 
optical band-pass filter (0.5 nm/62.5 GHz FWHM) is used after 
the pre-amplifier in order to remove ASE noise from the 
EDFA. The local oscillator (LO) is a wavelength tunable 
external cavity laser (ECL) with 100 kHz line-width. In the 
coherent receiver structure, tuning LO wavelength enables 
channel selection due to optical heterodyning at the 
photodiode. The coherent receiver consists of two 90° hybrids 
and balanced detectors. 40 Gb/s digital sampling oscilloscope 
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at the coherent receiver is used to sample the inphase and 
quadrature components. In our experiment, we employed DSP 
algorithms to compensate for chromatic dispersion (CD), 
instead of using dispersion compensation fiber (DCF) after 80 
km single mode fiber (SMF) transmission. A constant modulus 
algorithm (CMA) enables polarization rotation compensation; 
DSP algorithms implement frequency and phase off set 
removal, QPSK demodulation and bit error detection. Since the 
sub-channels are spaced at a frequency corresponding to the 
baud rate, crosstalk and overlap from sub-channels severely 
affects the BER performance. Therefore we develop a DFE 
algorithm in DSP to reduce the detrimental effect of ICI. 

Figure 1. Experiment setup: OBPF, optical band-pass filter; PC, polarization 

controller; ECL, external cavity laser; PBS, polarization beam splitter; PBC, 

polarization beam combiner; OSNR, optical SNR monitor. 

III. RESULTS AND DISCUSSION

Figure 2 shows the sub-channels signal spectra, Figure 2 (a) 
shows the signal spectrum after sub-channel generation and 
Figure 2 (b) shows the signal spectrum after modulation and 
transmission. To avoid performance degradation, we select 
sub-channels with tone to noise ratio (TNR) more than 25 dB. 
The TNR differences between different sub-channels are 
induced by the loop accumulated ASE noise from EDFA [2]. 
From Figure 2, we can verify the generation of more than 30 
sub-channels in 5 nm (625 GHz) bandwidth from 1545.10 nm 
to 1550.10 nm; we can generate even more sub-channels with a 
low noise EDFA to further improve system transmission bit 
rate. For 25 dB TNR and above, we successfully detect the sub-
channels with bit error rate (BER) below the 7% overhead FEC 
threshold as shown in the Figure 3. 

               (a)        (b) 

Figure 2. Ultradense WDM signal spectrum for 30 sub-channels.  

(a) after Comb generator (b) after transmission. 

Figure 3 shows the BER performance of the ultradense WDM 
system with back to back and 80 km SMF transmission using 
DSP dispersion compensation algorithms. Figure 3 (a) shows 
the BER performance for back to back of 30 sub-channels. 

Figure 3 (a) shows the BER performance for all of 30 sub-
channels is below the 7% overhead FEC threshold. Variations 
observed in BER performance across sub-channels are due to 
differences in the TNR of the different sub-channels. Figure 3 
(b) shows the BER performance for 10th sub-channel back to 
back and 80 km SMF transmission with DSP compensation 
algorithms. We select one sub-channel (10th sub-channel) from 
the ultradense WDM signal and measure the ICI penalty. For 
reference, we show the single channel 40 Gb/s DP QPSK back 
to back and 80 km SMF transmission BER performance. 
Figure 3 (b) indicates that after 80 km SMF transmission, DSP 
compensation algorithms are able to compensate for CD. The 
BER performance of back to back and 80 km transmission 
measurement penalty is lower than 0.5 dB. Figure 3 (b) shows 
the 10th sub-channel BER performance comparison between 
scenarios with and without DFE after 80km SMF transmission. 
Since the ultradense WDM sub-channels are spaced exactly at 
the baud rate, we implement the DFE algorithm to reduce ICI. 
As a result, from Figure 3 (b), DFE algorithm improves the 
BER performance by about 2.7 dB. 

            (a)    (b) 

Figure 3. Ultradense WDM signal BER performance for 30 sub-channels. (a) 
back to back BER performances for 30 sub-channels. (b) ultradense WDM 10th 
sub-channels BER performance with back to back and 80 km SMF 
transmission compared with the BER performance of single channel 40 Gb/s 
DP QPSK system, and ultradense WDM 10th sub-channels transmission BER 
performance with DFE.

IV. CONCLUSION

We experimentally demonstrate a WDM 30×40 Gb/s DP 
QPSK achieving 1.2 Tb/s transmission over 80 km SMF for 
long reach metro-access networking on a bandwidth of 300 
GHz. The ultradense WDM sub-channel spacing at exactly the 
baud rate achieves 4.0 b/s/Hz of SE; DSP algorithms 
compensate for CD and ICI effects. Our results show that 
ultradense WDM systems can be realized with higher SE and 
higher capacity than conventional WDM and are suitable for 
potential applications in metro-access networking. 
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ABSTRACT: Successful digital coherent demodulation of asynchronous

optical phase-modulated adaptive order QAM (4, 16, and 64)

orthogonal frequency division multiplexing signals is achieved by a

single reconfigurable digital receiver after 78 km of optical deployed

fiber transmission. VC 2011 Wiley Periodicals, Inc. Microwave Opt

Technol Lett 53:2245–2247, 2011; View this article online at

wileyonlinelibrary.com. DOI 10.1002/mop.26274
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1. INTRODUCTION

Orthogonal frequency division multiplexing (OFDM) is a prom-

ising modulation format for optical communications, as it pro-

vides large immunity to chromatic dispersion (CD) and polariza-

tion mode dispersion effects and also provides high spectral

efficiency [1–3]. This is because OFDM implements a large

number of orthogonal radio frequency (RF) subcarriers, each of

them having lower symbol rate than the bit rate of the message

source [1, 2]. Recently, coherent detection optical OFDM (CO-

OFDM) using digital signal processing (DSP) has been proposed

as a promising alternative to maximize the spectral/power effi-

ciency by exploiting the advantages of DSP such as linear and

nonlinear fiber impairments compensation in the digital domain

and software reconfigurability [2, 3].

So far, optical intensity modulation for CO-OFDM has been

dominantly used due to its simplicity; however, it suffers from

higher sensitivity to fiber nonlinearities due to the relative large

peak-to-average power ratio [1]. Optical phase modulation (PM)

has the potential to improve robustness to fiber nonlinearities by

encoding the information in the optical phase and thus maintain-

ing a constant optical power. Furthermore, optically phase-

modulated links can also potentially enable large dynamic range,

high capacity, and higher spectral efficiency for transmission of

microwave RF signals over optical fiber links [3–6].

In this article, we report on the use of optical PM for CO-

OFDM transmission links supported by a reconfigurable DSP re-

ceiver that allows for adaptation of the modulation order of the

transmitted signal. We demonstrate performance using QAM con-

stellations having 4, 16, and 64 points. We report on experiments

using 78 km of single mode fiber (SMF) deployed fiber and 40 km

of SMF. For all reported experiments, a bit error rate (BER) value

better than 10�3 was achieved for all used OFDM subcarriers,

complying with the forward error correction limit. Our results

demonstrate the transmission robustness of phase-modulated

OFDM links and their potential for use in scenarios with need for

flexible modulation format assignment to subcarriers.

2. EXPERIMENTAL SETUP

The general outline of the experimental setup for the adaptive

order 4-QAM, 16-QAM, and 64-QAM phase-modulated (PM)

coherent optical (CO)-OFDM link is shown in Figure 1. The

PM CO-4QAM-OFDM signal was transmitted over 78 km of

field-deployed fiber, whereas a standard SMF was used for opti-

cal transmission of the PM CO-16QAM-OFDM signal.

The baseband adaptive order n-QAM OFDM signal was

obtained from a pseudorandom binary sequence of length 215�1

bits. In all cases, 256 subcarriers without oversampling were

used with 26 samples (10%) cyclic prefix per OFDM symbol.

OFDM frame is composed of two Schmidl training symbols [7],

followed by eight data symbols. The use of these two training

symbols makes receiver independent of transmitter synchroniza-

tion and allows us to avoid a clock reference for synchronizing

Figure 1 Experiment layout; ArbWave: arbitrary waveform; VSG: vector signal generator; OSA: optical Spectrum Analyzer; PwrMn: power measure-

ment point; DSO: digital sampling oscilloscope. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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the arbitrary waveform generator (AWG) and digital storage os-

cilloscope in our experimental setup.

The software-generated OFDM baseband signal was upsampled

by a factor of 5 and fed to a 1.25 GSa/s AWG. Resultant electrical

OFDM signal with a bit rate of 0.5 Gb/s for 4-QAM and 1 Gb/s

for 16-QAM was upconverted to a carrier frequency of 5 and a 6

GHz, respectively, by using a free-running vector signal generator

(VSG). The output power of the VSG was fixed at �25 dBm.

Output of the VSG was then amplified to 2 dBm and used to drive

an optical phase modulator (PM) supplied with a continuous laser

(CW) laser at 1553.78 nm. At the receiver, a 90� optical hybrid

was used to mix the received optical data signal with the tunable

external cavity local oscillator laser. Samples taken from the sam-

pling scope with a sample rate of 40 GSa/s were processed offline.

First, carrier-recovery digital PLL and linear demodulation was

performed without any dispersion compensation algorithm. The

signal was downconverted to baseband and timing offset estimated

using a smoothed Schmidl timing metric followed by a carrier fre-

quency offset estimation algorithm [7]. In contrast to [3], the sys-

tem presented here is fully asynchronous PM CO-OFDM transmis-

sion link, whose receiver and transmitter are not triggered by a

common clock signal. The phase offset and amplitude for every

channel is corrected by using the training sequence as an equaliza-

tion reference. A structure typical for an OFDM receiver is then

used.

In the case of CO adaptive n-QAM OFDM, the generating

software has been modified as to support four different modula-

tion formats. Namely, 4-QAM modulation is used on the first

subcarrier of every OFDM symbol, 16-QAM on the second,

QPSK on the third, and 8-QAM on the fourth; this arrangement

is then repeated as to fill all 256 subcarriers in use.

3. EXPERIMENTAL RESULTS

The measured BER performances of the 4-QAM and 16-QAM

OFDM signal for the back-to-back (B2B) system and optical

Figure 2 OFDM BER as a function of the Received Optical Power

(dBm) for Back to Back and optical transmission; DF: deployed fiber

Figure 3 Contour plot RF optical power versus Received Optical Power for 16-QAM OFDM

Figure 4 Received OFDM constellation diagrams for all 64-QAM

subcarriers superimposed. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]
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link transmission are shown in Figure 2; in the first case, the

signal has been transmitted over 78 km of deployed SMF while

in the second over 40 km of SMF. As insets, the received con-

stellation diagram of the 250 Mbaud 4-QAM and 16-QAM PM

CO-OFDM signal at 10�4 BER in B2B configuration are shown;

the constellation points look clear and well separated.

Figure 3 is a contour plot showing the relation between the

RF output power measured at the output of the VSG and the op-

tical received power at the input of the coherent receiver to

obtain specific BER values for B2B CO-16QAM-OFDM. For

instance, a BER value at 10�4 is measured by setting VSG out-

put power anywhere in the range between 1 and 2 dBm and the

optical received power (via a variable optical attenuator)

between -16 and -14 dBm. For 16QAM-OFDM [Fig. 2(a)], the

RF power was fixed at 2 dBm, corresponding to a modulation

index value of 0.36 rad.

Figure 4 shows the constellation diagram for the initial CO-

64QAM-OFDM trial with a BER value of 10�3, whereas Figure

5 shows constellation diagrams used for the initial m-QAM CO-

OFDM trial with a BER value of 10�3. In the second case, the

reported results are obtained for an RF power equal to 2 dBm.

4. CONCLUSIONS

Successful signal demodulation of phase-modulated (PM) coherent

optical (CO) 4-QAM and 16-QAM OFDM signals after fiber

transmission (78 km of field deployed fiber for 4-QAM and 40

km of SMF for 16-QAM) have been experimentally demonstrated

by using a single reconfigurable digital receiver. We also have

demonstrated the easy reconfigurability of the implemented digital

receiver capable of achieving BER values at 10�3 for back-to-

back PM CO-64QAM-OFDM and CO adaptive n-QAM OFDM

without hardware changes in the experimental setup. Phase-modu-

lated coherent optical OFDM systems are a promising solution for

applications in converged wireless/wireline service delivery in op-

tical networking scenarios with reconfigurable digital coherent

receivers.
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Abstract: The photonic generation of electrical orthogonal frequency-division multiplexing
(OFDM) modulated wireless signals in the 75j110 GHz band is experimentally demon-
strated employing in-phase/quadrature electrooptical modulation and optical heterodyn
upconversion. The wireless transmission of 16-quadrature-amplitude-modulation OFDM
signals is demonstrated with a bit error rate performance within the forward error correction
limits. Signals of 19.1 Gb/s in 6.3-GHz bandwidth are transmitted over up to 1.3-m wireless
distance. Optical comb generation is further employed to support different channels, allow-
ing the cost and energy efficiency of the system to be increased and supporting different
users in the system. Four channels at 9.6 Gb/s/ch in 14.4-GHz bandwidth are generated and
transmitted over up to 1.3-m wireless distance. The transmission of a 9.6-Gb/s single-
channel signal occupying 3.2-GHz bandwidth over 22.8 km of standard single-mode fiber
and 0.6 m of wireless distance is also demonstrated in the multiband system.

Index Terms: Microwave photonics signal processing, frequency combs, heterodyning,
fiber optics systems, orthogonal frequency division multiplexing.

1. Introduction

Wireless communication links supporting very high capacity are required to provide access network

services such as 10-gigabit Ethernet (10 Gb/s), Super Hi-Vision (SHV)/Ultra High Definition (UHD)
TV data (9 24 Gb/s), OC-768/STM-256 data (43 Gb/s), and 100-gigabit Ethernet (100 Gb/s), and

also for close-proximity bulk data transfer [1]. Millimeter-wave wireless systems at around 60 GHz

and higher frequencies can provide bandwidth enough to easily support multi-Gb/s communi-

cations, being a potential solution for future seamless integrated optical/wireless access, as well as

for mobile backhauling [2]. The 60-GHz band has been widely studied as a wide bandwidth has

been regulated in many countries for unlicensed use with a high equivalent isotropic radiated power
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(EIRP) of higher than 40 dBm allowed [3]. A number of standards in the 60-GHz band have recently

been proposed, including WirelessHD, ECMA-387, IEEE 802.15.3c, and WiGig. These technologies

target to provide up to 7-Gb/s data rates at short-range indoor wireless distances of up to 10 m.

Standard devices of 60 GHz are also available for wireless display connectivity, for HD audio/video

streaming from the consumer electronics, personal computing, and portable devices to HDTVs. In

addition, other higher frequency millimeter-wave bands can potentially offer larger bandwidths to

support higher capacities, as well as lower atmospheric loss to extend wireless transmission

distances as compared to the 60-GHz band [4]. Of particular interest, the 71j76/81j86 GHz

paired band has been allocated for commercial use in the United States, Europe, and other

countries, and permits point-to-point communications over distances of several kilometers. Com-

mercial equipment is easily available in the 71j76/81j86 GHz band supporting 1.25-Gb/s Gigabit

Ethernet connectivity. Electronic-based millimeter-wave wireless links at frequencies higher than

100 GHz have also been demonstrated providing up to 20 Gb/s with polarization multiplexing

(PolMux) over the kilometer distance [5].

Radio-over-fiber technology combined with millimeter-wave wireless systems is seen as a fast

deployable and cost-effective solution for providing seamless integrated optical/wireless access at

9 10 Gb/s [2]. Radio-over-fiber systems operating within 7-GHz bandwidth in the 60-GHz band have

been reported to provide capacities higher than 10 Gb/s when spectrally efficient electrical ortho-

gonal frequency-division multiplexing (OFDM) modulation based on quadrature amplitude mod-

ulation (QAM) and electrooptical modulation for upconversion are employed, such as 27 Gb/s for

2.5-m wireless distance employing 16-QAM-OFDM [6], 21 Gb/s for 500-m standard single-mode

fiber (SSMF) transmission and 10-m (or 2.5 m in bidirectional system) wireless transmission

employing 8-QAM-OFDM [7], 26.5 Gb/s for 100-km SSMF and 3-m wireless distance employing

adaptive-level QAM-OFDM in amplified long-reach networks [8], and 50 Gb/s for 4-m wireless

distance employing 16-QAM-OFDM and multiple-input multiple-output (MIMO) spatial multiplexing

[9]. In addition, radio-over-fiber systems in the 75j110 GHz band (W-band) are recently attracting

increasing interest to deliver 40 Gb/s and beyond. A number of photonic wireless transmission

systems in the 75j110 GHz band have been demonstrated, as summarized in Table 1. A system

providing error-free 20Gb/s with on–off keying (OOK)modulation and simple RF power detection has

TABLE 1

Photonic Wireless Systems in the 75j110 GHz Band (MLL: Mode-locked laser, NBUTC-PD: Near-
ballistic uni-travelling-carrier photodiode, IQ: In-phase/quadrature electrooptical modulator, DP-QPSK:
Dual-polarization QPSK modulator, MZM: Mach–Zehnder modulator)

IEEE Photonics Journal Single- and Multiband OFDM Wireless Links

Vol. 4, No. 5, October 2012 Page 2028



been demonstrated including 25 km of fiber transmission [10]. Spectral efficient modulation formats

have also been employed, at 20 Gb/s and 40 Gb/s based on quadrature phase-shift keying (QPSK)

and 16-QAM formats, respectively [11], and up to 100 Gb/s based on 16-QAM with PolMux [12]. A

system based on optical OFDM with optical detection has also been demonstrated [13]. For fixed

wireless access over the kilometer distance, photonic wireless links in the 75j110 GHz band have

been reported at G 10 Gb/s employing differential phase-shift keying modulation [14]. Finally,

millimeter-wave systems operating at frequencies higher than 110GHzbased on photonic generation
have been demonstrated to provide error-free 9 20 Gb/s at 300 GHz with OOK modulation [5].

Photonic millimeter-wave wireless links have been reported using the wide RF bandwidth in a

single channel. A different approach is to allocate multiple channels of lower data rate signals to

serve different users in the system. The multiband approach also enables flexible bandwidth

allocation by aggregating channels, thus relaxing the power and bandwidth requirements of elec-

trooptical equipment such as digital-to-analog/analog-to-digital converters (DAC/ADC) for energy-

efficient and cost-effective systems. Combined optical access and wireless transmission of

multiband OFDM-based signals in the 60-GHz band has been demonstrated based on subcarrier
multiplexing (SCM) [3]. Wavelength division multiplexing (WDM) architectures can also be em-

ployed, where multiple wavelengths produced by an optical frequency comb or by a continuous-

wave laser array support the different channels [15].

A number of approaches have been demonstrated for optical comb generation. Mode-locked

lasers provide stable and sharp spectral components over a wide bandwidth with low noise

qualities. In addition, optical frequency combs based on electrooptic modulators driven by large-

amplitude sinusoidal signals permit arbitrary wavelength spacing by adjusting the frequency of the

sinusoidal signals [16]–[18]. Although this technique can provide a relatively flat optical comb, it can
be limited by the insertion loss of the modulator together with the modulation efficiency. Finally, gain-

switched pulsed lasers can be employed for simple and cost-efficient multicarrier generation [19].

Additionally, the number of combwavelengths can be increasedwithout influencing optical bandwidth

by applying an adequate time-domain periodic multiphase modulation on the laser pulse train [20].

In this paper, we experimentally demonstrate the optical generation, wireless transmission, and

electrical heterodyn detection of multiband OFDM-based wireless signals in the 75j110 GHz band.

The proposed system has the following advantages: 1) Electrical OFDM modulation with a high

number of subcarriers has been widely used in optical and wireless communications systems to
benefit from its high spectral efficiency, flexibility, and robustness against fiber dispersion impair-

ments and wireless multipath fading [3], [21]. 2) Seamless allocation of multiple channels in the

wide RF bandwidth is demonstrated enabled by optical comb generation [22]. 3) Optical heterodyn

mixing enables seamless optical frequency upconversion, highly scalable in RF frequency [13]. The

phase and frequency drift originated from the wireless signal generation, and detection is com-

pensated by baseband digital signal processing (DSP) at the receiver, thus avoiding the need for

phase-locking techniques. Based on this approach, we have demonstrated the combined SSMF

and wireless transmission of a three-channel QPSK-OFDM signal at 8.3 Gb/s/ch with a bandwidth
of 5 GHz/ch (15-GHz total RF bandwidth) [22], as summarized in Table 1. The wireless transmis-

sion of three-channel signals has also been demonstrated employing 16-QAM-OFDM [23], as

summarized in Table 1. In this paper, the wireless transmission of four-channel 16-QAM-OFDM

signals [24] is compared with that of the signal generated in a single-band system, with a bit error

rate (BER) performance within the standard forward error correction (FEC) limit of 2 � 10�3, as

summarized in Table 1. After removing the 7% overhead for FEC, the effective data rates are

17.8 Gb/s and 8.9 Gb/s/ch with a spectral efficiency of 2.8 b/s/Hz and 2.8 b/s/Hz/ch, respectively.

2. Theoretical Description

Considering the line-of-sight (LOS) case in the wireless link, the signal-to-noise ratio (SNR) at the
receiver side can be calculated in dB using the link power budget equation [25]

SNR ¼ PT þGT þGR � LFS � LI � No þ 10logðBÞ þ NFð Þ (1)
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where PT is the transmitter power, GT and GR are the transmitter and receiver antenna gain,

respectively, IL is the implementation loss of the link, N0 is the thermal noise in 1 Hz of bandwidth,

B is the system bandwidth, and NF is the noise figure of the receiver. LFS represents the free

space loss as given by LFS ¼ 20logð4�fd=cÞ, where c is the light speed, f is the signal frequency,

and d is the wireless distance in the far field.

For link budget analysis, the most important aspect of a given modulation technique is the SNR
necessary for a receiver to achieve a specified level of reliability in terms of BER. BER is a function

of the energy per bit relative to the noise power Eb=No. In the additive white Gaussian noise

(AWGN) channel, single carrier and OFDM have approximately the same performance in terms of

Eb=No, and the theoretical BER of 16-QAM-OFDM is shown in Fig. 1 [25]. The corresponding curve

simulated for the 16-QAM-OFDM signal employed in the experimental work exhibits slight differ-

ences with the theoretical curve, as shown in Fig. 1. Note that Eb=No is independent of the system

data rate Rb. SNR and Eb=No can be related by

SNR ¼ ðEb=NoÞ � ðRb=BÞ: (2)

In addition, considering the resistance load and the responsivity of the photodetector employed in
the experimental work, PT can be related to the received optical power Popt by

PT (dBm) ¼ 2Popt(dBm)� 22: (3)

3. Experimental Setup

Fig. 2 shows the schematic of the experimental setup. At the optical OFDM transmitter, a baseband

OFDM signal is generated employing a two-channel arbitrary waveform generator (Tektronix

AWG7122C) and in-phase/quadrature (IQ) electrooptical modulation. The OFDM signal comprises

a data stream consisting of a pseudorandom bit sequence (PRBS) of length 215 � 1 mapped onto
72 16-QAM subcarriers, which, together with eight pilot subcarriers, one zero power dc subcarrier,

and 47 zero-power edge subcarriers, are converted to the time domain via an inverse fast Fourier

transform (IFFT) of size 128. A cyclic prefix of length 13 samples is employed, resulting in an OFDM

symbol size of 141. To facilitate OFDM frame synchronization and channel estimation, ten training

symbols are inserted at the beginning of each OFDM frame that contains 150 data symbols. The

real and imaginary parts of the complex OFDM signal are clipped and converted to analog signals

at the outputs of the AWG. The two filtered signals are amplified and applied to an IQ modulator

connected to an external-cavity laser (ECL) at �1 ¼ 1549:9 nm with 100-kHz linewidth. The IQ
modulator reduces to half the bandwidth requirement of the DAC, although it introduces high

transmission loss as it is biased at the minimum transmission point. In this way, an optical OFDM

signal is generated, which is amplified by an erbium-doped fiber amplifier (EDFA). An optical

bandpass filter with 0.8-nm bandwidth is employed to filter noise.

The optical OFDM signal is expanded by optical comb generation based on an electrooptic phase

modulator (PM) [16] to form five OFDM channels. The output from the comb is further filtered by a

Fig. 1. Bit error probability curve for 16-QAM-OFDM in AWGN.
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fiber Bragg grating (FBG) with 25-GHz bandwidth operating in reflection to reduce crosstalk penalty

from the edge comb lines, as shown in Fig. 3(a). The comb wavelength spacing is set to 3.75 GHz to

minimize crosstalk penalty while maximizing spectral efficiency. It should be noted that the optical

comb repeats the same OFDM signal. The effect of crosstalk when independent data bit streams are

coded for each OFDM channel should be further investigated for the application in reality. This could

be done by using different optical carriers and modulate each of them in a different I/Q modulator by

each OFDM data signal. The modulated optical carriers would then be optically combined to

generate an optical multiband OFDM signal, as shown in [15]. Decorrelation of adjacent channels at

least has usually been considered for emulation of a real system, e.g., by employing frequency

shifting and optical delay [21] or two modulators for odd and even channels [15].

To perform optical frequency upconversion, the optical OFDM signal at point (1) in Fig. 2 is

amplified and combined with an unmodulated continuous-wave optical carrier from an ECL with

100-kHz linewidth at �2 located at the desired RF carrier apart. Fig. 3(b) shows the spectrum of the

combined signal at point (2) in Fig. 2. The combined signal is transmitted over fiber to a remote

antenna site where the optical ODFM signal and the unmodulated carrier are heterodyn mixed in a

100-GHz photodetector (u2t Photonics, XPDV4120R). The photodetected signal is an OFDM signal

Fig. 3. (a) Optical spectra measured at various points in Fig. 2. (b) Optical spectra measured at point (2)
in Fig. 2. (Resolution bandwidth: 0.01 nm).

Fig. 2. Experimental setup of an OFDM photonic wireless system in the 75j110 GHz band.
Configuration (A): single-band system. Configuration (B): multiband system employing optical comb
generation. PC: Polarization controller, VOA: Variable optical attenuator.
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at the desired RF carrier in the 75j110 GHz band, which is fed to a rectangular horn antenna in the

75j110 GHz band with 24-dBi gain.

After wireless transmission, the RF OFDM signal is received by a similar antenna with 25-dBi

gain and amplified by a low-noise amplifier (LNA; Radiometer Physics, 75j105 GHz) with 25-dB

gain. An electrical mixer (75j110 GHz RF and 1j36 GHz IF) driven by a local oscillator (LO) signal

at 74 GHz is employed for frequency downconversion. The LO signal is generated by frequency

doubling a 37-GHz signal from a signal generator (Rohde&Schwarz, SMF100A). The down-
converted signal is digitized by a digital signal analyzer at 80 GS/s with 32-GHz real-time bandwidth

(Agilent, DSAX93204A) and demodulated by offline DSP.

In the receiver DSP, each OFDM channel is demodulated individually after frequency downcon-

version and low-pass filtering (LPF). For each baseband OFDM channel, time synchronization,

frequency and channel estimation, pilot-assisted phase estimation, data recovery by symbol map-

ping and serialization, and BER test are performed. To mitigate the dispersion and nonlinearity

effects induced by fiber and wireless transmission, one-tap equalizer and an effective algorithm

combining intrasymbol frequency-domain averaging [26] and digital phase-locked loop are em-
ployed for channel estimation. The effect of the algorithm can be observed in the constellation

diagrams in [23]. The pilot-assisted phase estimation consists of estimating the common phase

error due to the laser phase noise, as described in [27]. BER is evaluated by counting the number of

errors considering 42 912 bits. Note that the frequency/phase estimation algorithm (frequency and

channel estimation and pilot-assisted phase estimation) can track the frequency jitter of the ECL

lasers provided that a maximum frequency offset is not exceeded; otherwise, advanced algorithms

may be employed [13].

4. Transmission Performance

The feasibility of the photonic generation and wireless transmission of 16-QAM-OFDM signals in

the 75–110 GHz band has been evaluated. The performance of single-band signals generated by

IQ modulation and optical heterodyn upconversion, configuration (A) in Fig. 2 is first evaluated.

Wireless transmission performance is further evaluated when the RF bandwidth is used in multiple
channels employing optical comb generation, configuration (B) in Fig. 2. The performance of the

single-channel signal in the multiband system when the RF signal driving the PM in Fig. 2 is off is

also evaluated.

4.1. Single-Band System

In the single-band system, configuration (A) in Fig. 2, the AWG operates at 10 GS/s, resulting in

an optical OFDM signal at 19.14 Gb/s ð10 GS/s � log2ð16Þ � 72=141 � 150=160Þ with a bandwidth of

6.328 GHz ð10 GS/s � 81=128Þ. Two antialiasing LPF with 3.4-GHz bandwidth are employed at the

AWG outputs. The RF carrier frequency is set at 80.6 GHz by tuning �2 in Fig. 2.
Fig. 4(a) shows the BER performance of the 19.14-Gb/s single-band 16-QAM-OFDM signal as a

function of the received optical power at point (3) in Fig. 2 for different wireless transmission

distances compared with the theoretical slope for 16-QAM-OFDM in AWGN. The receiver sen-

sitivities at the FEC limit of 2 � 10�3 are �2.1 dBm, �0.7 dBm, and 1.7 dBm for 0.5 m, 0.75 m, and

1.3 m of wireless distance, respectively. Fig. 4(b) shows received constellations confirming the

BER performance shown in Fig. 4(a). The electrical spectrum of the 19.14-Gb/s signal after

digitization at the receiver is shown in Fig. 4(c).

The difference in the receiver sensitivity at 0.5 m and 0.75 m or at 0.75 m and 1.3 m is near the
theoretical values of 1.75 dB or 2.4 dB, respectively. From (1) and (3), the difference in the received

optical power Popt required for a given BER at different wireless distance due to the increased free

space loss LFS is given by �Popt ¼ �LFS=2. In addition, the signal does not exhibit an apparent

BER floor, and it is not expected to be significantly limited by the residual phase error after pilot-

assisted phase estimation considering an estimated phase error variance of 0.0179 rad2 for a

combined laser linewidth of 200 kHz and a symbol rate of 70.2 MSymbol/s [28].
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4.2. Multiband System

In the multiband system, configuration (B) in Fig. 2, the AWG operates at 5 GS/s, resulting in

an optical OFDM signal at 9.57 Gb/s ð5 GS/s � log2ð16Þ � 72=141 � 150=160Þ with a bandwidth of

3.164 GHz ð5 GS/s � 81=128Þ. Two antialiasing LPF with 2.5-GHz bandwidth are employed at the

AWG outputs. The RF carrier frequency is set at 88 GHz by tuning �2 in Fig. 2.

Up to four RF OFDM bands out of the five optical OFDM bands can be demodulated within the

FEC limits due to the frequency response of the photodetector. BER performance of the four OFDM

channels at 9.57 Gb/s/ch has been evaluated and compared with the performance of the 9.57-Gb/s

single-band OFDM signal. The performance of the single-band OFDM signal is evaluated when the

RF signal driving the PM in Fig. 2 is off. Fig. 5 shows the electrical spectra of the single- and four-

band OFDM signals after digitization at the receiver. Received constellations are also shown in

Fig. 5, confirming the BER performance shown in Fig. 6. Fig. 6 shows the measured BER as a

function of the received optical power at point (3) in Fig. 2. Fig. 6(a) shows BER performance of the

9.57-Gb/s single-band 16-QAM-OFDM signal for combined optical and wireless transmission

compared with the theoretical slope for 16-QAM-OFDM in AWGN. The receiver sensitivity at the

FEC limit of 2 � 10�3 is �4.2 dBm and �0.6 dBm for optical back-to-back (B2B) and 0.6 m and 1.3 m

Fig. 5. Electrical spectra after digitization at the receiver at 4.5 dBm received optical power for optical
B2B and 0.6 m wireless distance, and constellation diagrams, for configuration (B) in Fig. 2. (a) 9.57 Gb/s
single-band OFDM signal. (b) 9.57 Gb/s/ch four-band OFDM signal.

Fig. 4. (a) BER performance of the 19.14 Gb/s single-band system, configuration (A) in Fig. 2, as a
function of the received optical power and wireless distance. (b) Constellation diagrams. (c) Electrical
spectrum after digitization at the receiver at 2 dBm received optical power and 0.75 m wireless distance.
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of wireless distance, respectively. As compared with the 9.57-Gb/s single-band OFDM signal in

Fig. 6(a), the 19.14-Gb/s single-band OFDM signal in Fig. 4(a) exhibits 2.7-dB and 2.3-dB penalty in

receiver sensitivity, respectively. Theoretically, it is expected that the single-band OFDM signal

in Fig. 4(a) at twice the data rate and bandwidth have a near 1.5-dB receiver sensitivity penalty

compared with the single-band OFDM signal in Fig. 6(a), as given by 10logð2Þ=2 from (1), (2), and

(3). The difference between theory and experiment may be mainly ascribed to the higher optical

SNR penalty due to residual laser phase noise, which is expected for the lower symbol rate signal
in Fig. 6(a) with an estimated phase error variance of 0.0358 rad2 [28]. The BER curves in

Figs. 4(a) and 6(a) have similar slopes. In addition, optical transmission over 22.8 km of SSMF

induces 0.4-dB receiver sensitivity penalty for 0.6-m wireless distance. BER is degraded for

received optical power higher than 0.3 dBm due to fiber nonlinearity, corresponding to an optical

power of 5.8 dBm at the input of the fiber. The fiber nonlinearity is the reason that the BER is not

below the FEC limit for combined 22.8-km SSMF and 1.3-m wireless distance.

Fig. 6(b) shows the wireless transmission performance of the four OFDM bands for optical B2B

compared with the theoretical slope for 16-QAM-OFDM in AWGN. There is negligible power penalty
among the different OFDM bands when one OFDM subcarrier in the second band is removed

during BER evaluation. The receiver sensitivity at the FEC limit of 2 � 10�3 is 1.5 dBm and 4.3 dBm

for 0.6 m and 1.3 m of wireless distance, respectively. The optical comb reduces the optical SNR;

the maximum power spectral density decreases by 6.6j7.6 dB, as shown in Fig. 3(b), thus inducing

a receiver sensitivity penalty of 5.7 dB and 4.9 dB for 0.6 m and 1.3 m of wireless distance,

respectively. The four-band BER in Fig. 6(b) slope more gradually with received optical power than

the single-band BER in Fig. 6(a) due to the increased optical noise. Although the SNR is dominated

by electrical noise, decreasing the received optical power increases the BER, the optical noise
affects performance. Reducing the channel spacing would increase the optical noise, thus reducing

the slope, as shown in [23]. Furthermore, BER is degraded for received optical power higher than

5 dBm and 6 dBm due to receiver saturation. In addition, although it is expected that BER is

degraded due to fiber nonlinearity from a higher received optical power for the multiband OFDM

signal compared with the single-band OFDM signal [23], the BER is not below the FEC limit for

combined 22.8-km SSMF and 0.6- or 1.3-m wireless distance.

Fig. 6 also indicates that the required received optical power to achieve BER G 2 � 10�3 is up to

5 dBm, corresponding to amaximum transmitter power of�12 dBm and amaximumEIRP of 12 dBm.
The received RF power is approximately �36 dBm and �36.5 dBm for 2-dBm and 5-dBm received

optical power at 0.6 m and 1.3 m of wireless distance, respectively. The wireless distance could be

extended by employing aW-band high-power amplifier at the transmitter and a higher gain LNA at the

receiver side.

As expected, the difference in the receiver sensitivity at 0.6 m and 1.3 m in Fig. 6(a) and in Fig. 6(b)

is near 3.4 dB, as given by �Popt ¼ �LFS=2.

Fig. 6. BER performance of the multiband system, configuration (B) in Fig. 2, as a function of received
optical power. (a) 9.57 Gb/s single-band OFDM signal as a function of optical and wireless transmission
distance. (b) 9.57 Gb/s/ch four-band OFDM signal as a function of wireless distance for optical B2B.
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The herein demonstrated system supports four channels in 14.4-GHz total bandwidth with

4.3-dBm receiver optical sensitivity for 1.3-m wireless distance as compared with three channels in

11.2-GHz or 9.4-GHz total bandwidth with 2.8 dBm or 3.2 dBm, respectively [23].

The demonstrated single-band transmission could be suitable for delivering 10-Gigabit Ethernet

signals [see Fig. 6(a)] or UHDTV signals [see Fig. 4(a)] to a single user. Although with higher

complexity and lower performance, the multiband system [see Fig. 6(b)] could be suitable for

providing multiuser or higher capacity access, e.g., up to four 10-Gigabit Ethernet users and up to
two UHDTV users or one OC-768/STM-256 user by aggregating channels.

5. Conclusion

The photonic generation and wireless transmission of electrical 16-QAM-OFDM signals in the

75j110 GHz band has been experimentally demonstrated using a single RF band and when the

RF bandwidth is used in multiple channels. A single-band system at 17.8-Gb/s effective data rate in

6.3-GHz bandwidth has been demonstrated up to 1.3 m of wireless distance. This signal exhibits up

to 2.7-dB penalty in receiver optical sensitivity as compared with a single band at 8.9 Gb/s effective

data rate in 3.2-GHz bandwidth in a system supporting multiband generation. The transmission of

the 8.9-Gb/s signal over combined 22.8-km SSMF and 0.6-m wireless distance has also been

demonstrated. The transmission of up to four channels at an effective data rate of 8.9 Gb/s/ch in
14.4-GHz bandwidth has been demonstrated up to 1.3 m of wireless distance employing an

optical comb. The proposed multiband radio-over-fiber approach can provide a cost- and power-

efficient solution for high-capacity hybrid wireless/optical links supporting multiple users with

flexible bandwidth allocation.
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a b s t r a c t

A single, reconfigurable, digital coherent receiver is proposed and experimentally demonstrated for con-
verged wireless and optical fiber transport. The capacity of reconstructing the full transmitted optical
field allows for the demodulation of mixed modulation formats and bit-rates. We performed experimen-
tal validation of different modulation formats, including VCSEL based OOK, baseband QPSK, RoF OFDM
and wireless IR-UWB over a 78 km deployed fiber link.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

Next generation metro-access networks will need to support di-
verse broadband services including converged wireless and wire-
line optical access over a unified fiber platform, satisfying
bandwidth requirements [1] as well as fulfilling stringent power
budget and chromatic dispersion constrains [2]. Future metro-ac-
cess networks will also require agile re-configurability to seam-
lessly accommodate for emerging new services and increased
bandwidth requirements [1]. The introduction of different modula-
tion formats and bitrates into the metro-access networking sce-
nario is creating a highly heterogeneous environment that
represents a new challenge to tackle in the near future. Approaches
looking for solutions to one or more of the above issues are radio-
over-fiber systems for integrating baseband and wireless service
delivery over optical fiber access networks [3]. The combination
of high bitrate baseband has been proposed for the transport of
wireless signal in the digital domain [4]. Most of these approaches
focus on methods for generating the wireless signals carrying
orthogonal frequency division multiplexing (OFDM) [5]; however,
the detection is usually performed with independent receivers,
increasing the complexity of these architectures.

A promising approach recently proposed to increase the capac-
ity of passive optical networks (PON) is wavelength-division

multiplexing (WDM) combined with coherent detection. Com-
pared to direct-detection (DD), coherent detection allows for clo-
sely spaced channels with increased receiver sensitivity to cope
with the required large number of users and to extend the reach
of metro-access networks [6,7]; also, coherent receivers does not
require an arrayed waveguide grating (AWG) at the receiver to fil-
ter the undesired wavelengths [7], making this technology compat-
ible with the passive optical splitting of legacy PONs. Digital
coherent detection also allows for the detection of wireless signals
[8] providing the required high linearity and high capacity of next
generation wireless networks.

Although experimental demonstrations of converged service
delivery have been reported in the literature [2,3] they use a ded-
icated receiver for each modulation or bit-rate. The approach of
separate receivers is shown in Fig. 1, where different receivers
are used to detect baseband signals, intensity-modulated (IM) or
phase-modulated (PM), and analog signals, from a typical radio-
over-fiber (RoF) such as WIFI or WIMAX to an ultra-wide band
(UWB). The use of coherent detection allows reconfiguring the dig-
ital signal processing (DSP) software in the demodulator for each
modulation format, thus there is only one receiver needed. Fur-
thermore, it allows longer reach and avoids the use of an AWG to
separate the different channels.

In this paper we present and experimentally demonstrate a sin-
gle, reconfigurable, digital receiver supporting mixed modulation
formats, baseband and wireless-over-fiber, with reconfiguration
in the digital signal processing domain. We provide a detail descrip-
tion of the architecture and building blocks of the architecture.
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Furthermore we detail the experimental demonstration first pre-
sented in [9] for 20 Gb/s non-return-to-zero quadrature phase-shift
keying (NRZ-QPSK), optically phase-modulated 5 GHz OFDM RoF
and 2 Gb/s impulse radio UWB (IR-UWB), and 5 Gb/s directly mod-
ulated vertical cavity surface emitting laser (VCSEL) after 78 km of
deployed fiber link.

2. Single reconfigurable receiver

Recent advances in high-speed DSP and analog-to-digital (A/D)
conversion (ADC) have enabled the integration of digital receiver
into optical communication systems [8,10]. The main advantages
digital receivers can offer over traditional signal demodulation
schemes include the following:

� Cost effectiveness and compactness.
� Possibilities to adaptively compensate for channel impairments

in the electronic domain (such as chromatic dispersion, polari-
zation mode dispersion, etc.) using signal processing
techniques.
� Design versatility and robust operation by enabling reception of

different formats using the same receiver hardware based on
the channel condition.
� Enhance performance, arising from the full recovery of the opti-

cal field information: digital coherent receivers enhanced OSNR
tolerance, better compatibility with advanced modulation for-
mats, and enhanced electronic equalization of linear and non-
linear effects in the transmission link [11].

The first experimental demonstration of converge wired and
wireless over deployed fiber [2] employed dedicated receivers for
each signal. The baseband DQPSK signal was demodulated using
a delay interferometer (DI); the RoF was detected using a photodi-
ode (PD) and RF low-noise amplifier and for the UWB, also a PD
was used. For the RoF using phase-modulation, a digital coherent
receiver was used.

A single reconfigurable receiver in the uplink transmission, as
proposed in this paper, has the benefit of demodulating different
types of optical signals, with variable modulation formats and bi-
trates. The use of coherent detection also benefits from improved
sensitivity.

A schematic diagram of the employed single digital receiver is
shown in Fig. 2. The single digital receiver first compensates for
the chromatic dispersion of the link, which is a common impair-
ment for all the modulation formats. For the analog detection
(IR-UWB and PM-OFDM), the DSP first performs a recovery of the
optical phase using a combination of optical carrier-recovery

digital phase-locked loop (PLL), to compensate for the lasers fre-
quency offset, followed by linear signal demodulation [8], which
extracts the phase of the optical field. Then, the IR-UWB is demod-
ulated by match filter with the transmitted pulse-shape [11],
whereas the PM-OFDM is demodulated using standard OFDM
demodulation based on Schmidl training symbols [12]. For the
baseband QPSK (BB-QPSK) a standard receiver is used, based on
clock-recovery, constant-modulus algorithm (CMA) and carrier
recovery [8,13]. The intensity modulated (IM) VCSEL is demodu-
lated using match filter. An adaptive threshold is used afterwards
to compensate for the absence of VCSEL temperature control and
decision gating [14]. The reconfiguration for each modulation for-
mat was performed by digitally switching between the four signal
demodulation DSP blocks. In our developed software, we first per-
form a switch from the 4 possible signals, loading their individual
bitrates and modulation formats, the DSP modules needed for
demodulation and their initialization parameters. As the possible
modulation formats are finite, these initialization values can be
stored in a modulation format database. In future, the identifica-
tion of the modulation format could be automatized.

3. Experimental demonstration

Fig. 3 shows a block diagram of the heterogeneous optical net-
work and setup used in the experiment. The field-deployed fiber
connects the Kgs. Lyngby campus of the Technical University of
Denmark (DTU) and the Taastrup suburb of Copenhagen. The fiber
is a G.652 standard single-mode fiber (SMF) type (16.5 ps/nm/km
chromatic dispersion, 0.20 dB/km attenuation). The total length of
the fiber was 78 km, exceeding current standards but suitable for
future longer reach PON. The total link loss was 27 dB. ITU standard
operating wavelengths were used for all channels at 200 GHz sepa-
ration due to equipment availability. The total launch power into
the deployed fiber was kept to +4 dBm, with an equal launch power
per carrier of �2 dBm. Due to the bitrates of this experiment and
previous work in RoF [11] and baseband coherent [16], we would
expect low penalty from closer WDM spacing, such as 50 GHz.

The optical spectrum each of the four different signals is shown
in Fig. 4. At the receiver side, emulating the central office, an er-
bium doped fiber amplifier (EDFA) was used as preamplifier fol-
lowed by an optical bandpass filter to reduced ASE noise. The
optical power level to the coherent receiver was set to �11 dBm.
A tunable external cavity laser (ECL), with a linewidth of
100 kHz, was used as local oscillator (LO) for all the received signal
types. The in-phase and quadrature signals after the 90� optical hy-
brid were detected with two pairs of balanced photodiodes, having
full-width at half-maximum bandwidth of 7.5 GHz. The detected
photocurrents were digitized using a sampling oscilloscope at
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Fig. 2. Schematic diagram of the reconfigurable digital receiver.
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40 GSa/s for offline processing, with the receiver structure de-
scribed in Fig. 2.

3.1. 5 Gb/s intensity-modulated and coherently detected VCSEL

A pulse pattern generator (PPG) at 5 Gb/s directly modulated a
1548.5 nm single-mode VCSEL. Single drive configuration was used
for the VCSEL with a driving peak-peak voltage of 1 V. A pseudo
random binary sequence (PRBS) with a length of 215-1 was used
for this experiment. The bias current of the VCSEL was used to tune
the wavelength to the assigned AWG channel. Bias current was set
to 14 mA. The output power of the VCSEL was measured to be
0.5 dBm.

3.2. 20 Gb/s NRZ-QPSK

The transmitter of the baseband QPSK subsystem consisted on a
nested Mach–Zehnder modulator (MZM) driven by two indepen-
dent electrical signals at 10 Gb/s with PRBS 215-1. The laser source
was a DFB centered at 1550.5 nm and with a value of the linewidth
of 2 MHz.

3.3. 2 Gb/s phase-modulated IR-UWB

An Arbitrary Waveform Generator (AWG) with 24 GSa/s sam-
pling rate was utilized to program a 5th order derivative Gaussian
pulse, with good compliance with FCC mask [11]. A bipolar
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Fig. 3. Experiment layout of the heterogeneous optical network investigated in the experiment. Route of installed optical fiber is also shown. Reconfigurable receiver
construction allows local oscillator (LO) tuning for channel selection. PPG: pulse pattern generator; Arb Wave: arbitrary waveform.

Fig. 4. Optical spectrums of the four different optical signals at the input of the fiber.
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modulation at a bit rate of 2 Gb/s was applied to the generated
pulses with a PRBS 211-1. The UWB signal was transmitted using
an omni-directional antenna with 0 dBi gain and received after
1 m wireless transmission by a directive antenna with up to
12 dBi gain within the UWB frequency range. The received wireless
signal was amplified by an electrical low noise amplifier, filtered
and then amplified again to drive the optical phase modulator.
The DFB laser source of this channel was set at 1552.3 nm.

3.4. 5 GHz OFDM RoF

The OFDM baseband signal was generated in software using a
215-1 PRBS as input data stream. 256 4-QAM subcarriers were used
with 26 samples cyclic prefix per OFDM symbol. The OFDM frame
was composed of two Schmidl training symbols [13,15] followed
by eight data symbols. The in-phase and quadrature signals were
fed to an AWG with a 1.25 GSa/s rate, for a total bit rate of
500 Mb/s. The signal was then upconverted to a frequency of
5 GHz using a Vector Signal Generator (VSG), driving an optical
phase modulator supplied with a DFB laser at 1553.78 nm.

4. Results

To demonstrate the performance of our reconfigurable digital
coherent receiver, we measured bit error rate (BER) curves for
back-to-back (B2B) and after 78 km of deployed fiber transmission
(considering both single and all simultaneous channel perfor-
mance) as a function of the received optical power. The results
for each channel are shown in Fig. 5. For all four subsystems, a
BER value below 10�3 (FEC threshold) is achieved for all considered
scenarios. The worst receiver sensitivity achieved was �23 dBm,
resulting in 21 dB link budget for +4 dBm total launch power.

4.1. 5 Gb/s coherently detected, intensity-modulated VCSEL

As we can see in Fig. 5a, the VCSEL coherently detected subsys-
tem achieves a sensitivity of �24 dBm at 10�3 for both B2B and
78 km deployed fiber. As the chromatic dispersion and chirp were
completely compensated by DSP no penalty was appreciated com-
pared with the B2B case.

4.2. 20 Gb/s QPSK baseband

Fig. 5b shows that fiber transmission incurred in 1 dB power
penalty difference at 10�3 BER. In the simultaneous presence of
the other three channels, there was an observable minor 0.5 dB
penalty both for back to back and after transmission. We attribute
this penalty to the presence of the IM-VCSEL neighbour channel
inducing cross-phase modulation. The receiver sensitivity was
�28 dBm for the WDM transmission.

4.3. 2 Gb/s phase-modulated IR-UWB

As shown in Fig. 5c the measured BER performances of the UWB
subsystem were consistent for all cases. The BER performance is
below the FEC limit when the received optical power was higher
than �23 dBm, including 1 m of wireless transmission.

4.4. 5 GHz OFDM RoF

Fig. 5d shows that for the case of four simultaneously integrated
channels, OFDM suffered 0.5 dB of power penalty, for both B2B and
78 km fiber transmission compared to single OFDM channel trans-
mission. This yielded receiver sensitivity at a BER of 10�3of
�29.5 dBm for the B2B system, and �28.5 dBm for the 78 km opti-
cal transmission link, respectively.
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Fig. 5. Measured BER performances for (a) 5 Gb/s intensity-modulated VCSEL, (b) 20 Gb/s QPSK baseband, (c) 2 Gb/s phase-modulated IR-UWB, and (d) 5 GHz OFDM RoF.
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5. Conclusion

A single reconfigurable DSP enabled coherent receiver is pro-
posed for long reach converged PON for uplink transmission. We
experimentally demonstrated its performance for mixed modula-
tion formats and bit rates over a deployed fiber link. In our re-
ported experiment, four different types of wireline and wireless
services including 20 Gb/s QPSK baseband, 5 Gb/s OOK, 5 GHz
OFDM RoF and 2 Gb/s IR-UWB are successfully demodulated after
transmission over 78 km deployed fiber link. The demonstrated
links exceeds current access lengths and due to the low launch
power and high sensitivity, we expect that minor penalty will be
induced for closer WDM spacing. The receiver used the same opti-
cal front-end, is able to switch among baseband and wireless types
of signals by DSP reconfiguring to baseband only. This demon-
strated digital reconfigurable coherent receiver has potential to en-
able unified support for signal detection on highly heterogeneous
next generation metro-access networks.
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List of Acronyms

ASE amplified spontaneous emission

FEC forward error correction

ISI inter-symbol interference

NRZ non return-to-zero

OOK On-Off Keying

QPSK Quadrature Phase Shift Keying

WDM Wavelength Division Multiplexing

RoF Radio-over-Fiber

WDM Wavelength Division Multiplexing

FEC Forward Error Correction

DSP Digital Signal Processing

QPSK Quadrature Phase Shift Keying

QAM Quadrature Amplitude Modulation

OFDM Orthogonal Frequency-Division Multiplexing

CMA Constant Modulus Algorithm

DFE Decision Feedback Equalizer

PM-Coh Phase Modulated RoF link assisted with Coherent Detection

VCSEL Vertical-Cavity Surface-Emitting laser
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UWB Ultra-Wide Band

IR Impulse Radio

DSP Digital Signal Processing

U-DWDM Ultra Dense Wavelength Division Multiplexing

TE Turbo Equalization

FEC Forward Error Correction

QAM Quadrature Amplitude Modulation

DFE Decision Feedback Equalizer

SISO Soft-Input Soft-Output

SOVA Soft Output Viterbi Algorithm

sbs-MAP Symbol-by-symbol Maximum a Posteriori

SOVE Soft Output Viterbi Equalizer

MLSE Maximum-Likelihood Sequence Estimation

CC Convolutional Code

LDPC Low-Density Parity-Check

DGD Differential Group Delay

PMD Polarization Mode Dispersion

CD Chromatic Dispersion

CMA Constant Modulus Algorithm

ICI Inter-Channel Interference

ISI Inter-Symbol Interference

PAPR Peak-to-Average Power Ratio

WDM Wavelength Division Multiplexing

OFDM Orthogonal Frequency Division Multiplexing
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ROADM Reconfigurable Optical Add-Drop Multiplexers

MAP Maximum a Posteriori

DP Dual Polarization

WDM Wavelength Division Multiplexing

PDM Polarization Division Multiplexed

POF Polymer Optical Fiber

ASE Amplified Spontaneous Emission

RLS Recursive Least Squares

NLMS Normalized Least Mean Squared

NLPN Nonlinear Phase Noise

FPGA Field Programmable Gate Array
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