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Abstract—Low-density parity-check (LDPC) coded orthogonal
frequency division multiplexing (OFDM) is proposed as an efficient
coded modulation technique suitable for optical communication
systems. We show that in long-haul fiber optics communications,
LDPC-coded OFDM increases spectral efficiency, and reduces the
influence of residual chromatic dispersion and the influence of
fiber nonlinearities. LDPC-coded OFDM is as also a promising
polarization-mode dispersion (PMD) compensation technique. In
free space optical communications, LDPC-coded OFDM improves
the immunity to the atmospheric turbulence; while in multimode
fiber links, it reduces the influence of intermodal dispersion. In
plastic optical fiber links it reduces the influence of dispersion
and helps to overcome the bandwidth limitations. Several power
efficient OFDM schemes and LDPC codes suitable for use in LDPC-
coded OFDM optical communication systems are introduced.

Index Terms—TFiber optics communications, free space opti-
cal communications, graded-index plastic optical fiber links, low-
density parity-check (LDPC) codes, optical communications, or-
thogonal frequency division multiplexing (OFDM).

I. INTRODUCTION

RTHOGONAL frequency division multiplexing (OFDM)

[1]-[8] is a special case of multicarrier transmission in
which a single information-bearing stream is transmitted over
many lower rate subchannels. OFDM has already been used in
a variety of applications such as digital audio broadcasting [1],
high-definition television (HDTV) broadcasting [2], high bit-
rate digital subscriber line (DSL), asymmetric DSL and very
high-data rate DSL, IEEE 802.11, and multimedia mobile ac-
cess communications wireless LANs [1]. It has recently been
proposed for use in radio-over-fiber-based links [3], in free-
space optical communications [4], in long-haul optical commu-
nications systems [5], [6], in multimode fiber links [7], and as
a multiplexing method to enable 100-Gb/s Ethernet [§]. Due to
the orthogonality among subcarriers in OFDM, partial overlap
of neighboring frequency slots is allowed, thereby improving
spectral efficiency as compared with a conventional multicar-
rier system. Also, by using a sufficiently large number of sub-
carriers and cyclic extension, the intersymbol interference (ISI)
due to dispersion can be significantly reduced. Moreover, a sim-
ple equalization technique for chromatic dispersion compensa-
tion proposed in [5] and [7] can be easily adopted for use in
bandwidth limited channels such as plastic optical fiber (POF)
links.
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In this paper, we show that low-density parity-check (LDPC)
coded OFDM is an efficient coded modulation technique suit-
able for use in different optical communication systems: 1)
graded-index POF (GI-POF) links to deal with dispersion and
to overcome bandwidth limitations; 2) free-space optical (FSO)
communications to improve immunity to atmospheric turbu-
lence; 3) long-haul fiber-optics communications to increase the
spectral efficiency, for chromatic dispersion and polarization-
mode dispersion (PMD) compensation, and to reduce the influ-
ence of fiber nonlinearities by operating at lower symbol rate;
4) 100-Gb/s Ethernet; and 5) multimode fiber links to overcome
intermodal dispersion.

The first type of the systems considered in this paper is the op-
tical communication system over GI-POF link. GI-POF is a ro-
bust, low-cost, and easy to install transmission medium [9]-[11].
Possible applications of GI-POF include gigabit-Ethernet and
uncompressed HDTV [11]. However, due to limited bandwidth-
length product of GI-POF (about 3.45 GHz x 100 m, see [9]),
these fibers impose serious bandwidth limitations for applica-
tions at 2.5 Gb/s and above. To counter the bandwidth problem
an adaptive multiple subcarrier operating at 1Gb/s with spec-
tral efficiency of 6.3 b/s/Hz, and employing either 256-QAM
or 64-QAM was proposed in [11]. Unfortunately, as shown
in [1], the multiple subcarrier scheme is not spectrally effi-
cient because it requires guard bands between the neighboring
subbands. The multiple subcarrier systems are also not partic-
ularly good at dealing with ISI introduced by limited GI-POF
bandwidth. Moreover, the multiple subcarrier scheme proposed
in [11] is power-inefficient because it requires the use of a large
DC bias to obtain a nonnegative signal [i.e., for transmission
over an intensity modulation/direct detection (IM/DD) link]. As
we will show the OFDM can improve spectral efficiency and ISI
tolerance to chromatic dispersion of a multiple subcarrier (mul-
ticarrier) scheme [11]. In addition, to improve poor power effi-
ciency of multiple subcarrier systems a single-sideband (SSB)
transmission and clipped- or unclipped-OFDM is used. Due
to severe dispersion experienced by signals at 10-Gb/s (and
higher) transmitted over GI-POF link a powerful forward er-
ror correction (FEC) is required. Several such FEC schemes
based on girth-8 low-density parity-check (LDPC) codes will
be discussed herein.

The second system that can benefit from OFDM considered in
this paper is a free-space optical communication system. Due to
the high complexity associated with coherent detection, current
FSO systems [13], [14] employ IM/DD. Such systems use point-
to-point communication between the two optical transceivers
along a line of sight. The IM/DD technique is also used in
state-of-the-art fiber-optic communications, and the availability
of optical components used in fiber-based systems makes FSO
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communication a cost-effective solution for high-rate image,
voice, and data transmission [13]. However, an optical wave
propagating through the air experiences fluctuations in ampli-
tude and phase due to atmospheric turbulence [15]. The atmo-
spheric turbulence is caused by variations in the refractive index
of the transmission medium due to inhomogenities in temper-
ature and pressure caused by solar heating and wind. In this
paper, we will show that OFDM combined with error control
coding and interleaving performs very well in FSO IM/DD sys-
tems. The key idea is to lower the symbol rate by using OFDM,
and in combination with interleaving and LDPC codes obtain
high tolerance to the deep fades that characterize transmission
through a turbulent channel.

The third type of systems considered in this paper is long-haul
fiber optics communication systems. Dominant limiting factors
affecting the performance of high bit-rate return-to-zero on-off
keying (RZ-OOK) systems operating at 40 Gb/s and above are
intrachannel four-wave mixing (IFWM) and intrachannel cross-
phase modulation (IXPM) [21]. In this case, OFDM is used to
split a high-data rate data-stream into a number of low-rate data-
streams that are transmitted simultaneously over a number of
subcarriers. In this way, the 40 Gb/s aggregate date rate can be
divided among many subcarriers, and since per channel OFDM
symbol rate is much lower, the intrachannel nonlinearities can
be completely avoided. Moreover, OFDM can also be used to
improve the spectral efficiency [6] of RZ-OOK, and simple
equalization technique proposed in [5] can be used for chromatic
dispersion compensation. We have recently shown [26] that the
LDPC-coded OFDM provides very good PMD compensation,
capable of differential-group delay (DGD) compensation in the
order of 1500 ps and above! Notice that LDPC-coded turbo PMD
equalizer proposed in [27] is suitable for DGD compensation
up to 300 ps if the complexity of turbo equalizer is to be kept
reasonably low.

Another possible application of LDPC-coded OFDM in-
cludes 100 Gb/s-Ethernet. Ethernet was initially introduced as
a communication standard for short-distance connection among
hosts in a local area networks (LAN) [16], [17]. However, due to
its low-cost, high-speed, and simplicity compared to other proto-
cols, it has been rapidly evolved, and Network Interface Cards
(NICs) for 1 and 10 Gb/s Ethernet are already commercially
available [17]. Because Ethernet data rates have traditionally
grown in 10X increments, data rates of 100 Gb/s are being en-
visioned for the next generation [16]-[18]. Despite the recent
progress in high-speed electronics, electrical time division mul-
tiplexing modulators, and photodetectors operating at 100 Gb/s
are still not widely available, so that alternative approaches to
achieving a 100 Gb/s transmission using commercially avail-
able components are of great current interest. Such an ap-
proach based on OFDM was recently proposed by our research
team [8], and will be described here for the completeness of
presentation.

It has been recently demonstrated experimentally (although
offline) [28], [29] that both coherent and direct detection optical
OFDM variants can be used for chromatic dispersion compen-
sation, and that they are capable of compensating the residual
chromatic dispersion above 77,000 ps/nm [28].
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Due to the fact that all state-of-the art fiber-optic communica-
tion systems essentially use the intensity modulation/direct de-
tection (IM/DD), we consider the LDPC-coded optical OFDM
communications with direct detection only. The coherent opti-
cal OFDM systems [30], [31] require the use of an additional
local laser, which increases the receiver complexity. At the same
time those systems are sensitive to the laser phase noise because
the OFDM symbol rate becomes comparable to the DFB laser
linewidth (see [26] for more details).

The paper is organized as follows. The concept of LDPC-
coded OFDM transmission is introduced in Section II. In
Section III we describe several classes of LDPC codes suit-
able for OFDM. In Section IV LDPC-coded OFDM is dis-
cussed for possible use in POF links, while in Section V
LDPC-coded OFMD is described for use in FSO links. In Sec-
tion VI LDPC-coded OFDM is presented for use in fiber-optics
communications.

II. LDPC-CoDED OFDM TRANSMISSION

The transmitter and receiver configurations, and format of
the transmitted OFDM symbol are shown in Fig. 1(a), (b), and
(c), respectively. On the transmitter side an information-bearing
stream at 10 Gb/s is demultiplexed into four 2.5-Gb/s streams,
which are further encoded using identical LDPC codes. The
data rate employed in this step is determined by currently exist-
ing LDPC chips [19]. The outputs of these LDPC encoders are
further demultiplexed and parsed into groups of B bits corre-
sponding to one OFDM frame. The B bits in each OFDM frame
are subdivided into K subchannels with the ¢th subcarrier car-
rying b; bits, B = >_ b;. The b; bits from the ith subchannel are
mapped into a complex-valued signal from a 2 -point signal
constellation such as QAM, which is the example constella-
tion considered in this paper. For example, b; = 2 for QPSK
and b; = 4 for 16-QAM. The complex-valued signal points
from subchannels are considered to be the values of the dis-
crete Fourier transform (DFT) of a multicarrier OFDM signal.
By selecting the number of subchannels K, sufficiently large,
OFDM symbol interval can be made significantly larger than
the dispersed pulsewidth of an equivalent singlecarrier system.
This spreading of the symbol interval results in significant ISI
reduction. The OFDM symbol, shown in Fig. 1(c), is generated
as follows: Noam(=K) input QAM symbols are zero-padded
to obtain Nyppr input samples for IFFT, Ng nonzero samples
are inserted (as explained below) to create the guard interval,
and the OFDM symbol is multiplied by the window function.
The purpose of cyclic extension is to preserve the orthogonality
among subcarriers even when the neighboring OFDM symbols
partially overlap due to dispersion, and the role of windowing
is to reduce the out-of band spectrum.

The cyclic extension, illustrated in Fig. 1(c), is accomplished
by repeating the last N /2 samples of the effective OFDM
symbol part (Nppr samples) as a prefix, and repeating the first
Ng /2 samples as a suffix. After D/A conversion and RF up-
coversion, the RF signal is mapped to the optical domain using
one of the two possible options: 1) the OFDM signal directly
modulates a DFB laser; or 2) the OFDM signal is used as the
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(a) Transmitter configuration. (b) Receiver configuration. (c) OFDM symbol after cyclic extension. LDPCE—LDPC encoder, LDPCD—LDPC decoder,

S/P—serial-to-parallel converter, MZM—Mach-Zehnder modulator, POF—plastic optical fiber, SMF—single-mode optical fiber, FSO—free-space optical link,

and PD—photodetector.

RF input of a Mach—Zehnder modulator (MZM). A DC bias
component is added to the OFDM signal in order to enable
recovery of the QAM symbols incoherently. In what follows,
three different OFDM schemes are introduced. The first scheme
is based on direct modulation, and shall be referred to as the
“biased-OFDM” (B-OFDM) scheme. Because bipolar signals
cannot be transmitted over an IM/DD link, it is assumed that the
bias component is sufficiently large so that when added to the
OFDM signal the resulting sum is nonnegative. The main dis-
advantage of the B-OFDM scheme is its poor power efficiency.
To improve OFDM power efficiency we propose two alterna-
tive schemes. The first scheme, which we shall refer to as the
“clipped-OFDM” (C-OFDM) scheme, is based on single-side
band (SSB) transmission, and clipping of the OFDM signal after
bias addition. The bias is varied in order to find the optimum
one for fixed optical launched power. It was found that the op-
timum bias is one in which ~50% of the total electrical signal
energy before clipping is allocated for transmission of a car-
rier. The second power-efficient scheme, which we shall refer
to as the “unclipped-OFDM” (U-OFDM) scheme, is based on
SSB transmission using a LiNbO3 MZM. To avoid distortion
due to clipping at the transmitter, the information is mapped
into the optical domain by modulating the electrical field of the
optical carrier (instead of intensity modulation employed in the
B-OFDM and C-OFDM schemes). In this way, both positive and
negative portions of the electrical OFDM signal are transmitted
to the photodetector. Distortion introduced by the photodetector,
caused by squaring, is successfully eliminated by proper filter-
ing, and recovered signal does not exhibit significant distortion.
It is important to note, however, that the U-OFDM scheme is
slightly less power efficient that the C-OFDM scheme.

High-speed optical receivers commonly employ the tran-
simpedance design, which is a good compromise between noise
and bandwidth. A preamplified PIN photodiode or an avalanche
photodiode is typically used as an optical detector. The PIN
photodiode output current can be written as

i(t) = Rl(sorpm(t) +b) * h(t)[* = R|sorpm(t) * h(t)|”
+[bx h(t)* + 2R {(sorpm(t) * h(1)) (b * h(t))}]
(1)

where sorpm(t) denotes the transmitted OFDM signal in RF
domain, upon D /A conversion and RF up-conversion, defined
by

00 (Nyrr/2)-1
SOFDM (t) = Re Z w(t - kT) Z
k=—00 i=—(Nrrr/2)

j2m

xX; e Tﬁﬁ'(t’“T)ejQ“fRFt}
K

kT—TG/Q_Twmgté kT+TFFT+TG/2+Tw1n (2)

where b is the DC bias component, and R denotes the photo-
diode responsivity. In (2) X; ;. denotes the ith subcarrier QAM
symbol of the kth OFDM symbol, 7" denotes the OFDM symbol
duration, Trpr is the FFT part duration, T is the guard interval
(cyclic extension) duration, 7, denotes the windowing interval
duration, w(t) is the window function, and frr denotes the RF
carrier frequency. The impulse response of the optical channel
is represented by h(t). We treat several different transmission
media in this paper: 1) GI-POF: it was found in [9], [10] that
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GI-POF can be modeled as a Gaussian filter; 2) multimode fiber:
the transfer function of a multimode fiber links is presented
in [22]; 3) FSO links: the details of our FSO link model are de-
scribed in Section V; and 4) long-haul fiber links: we modeled
this channel by solving the nonlinear Schrodinger equation nu-
merically using split-step Fourier method as described in [23].
The signal after RF down-conversion and appropriate filtering,
can be written as

r(t) = [i(t)krr cos(wppt )] * he (7) + n(t) 3)

where h, (t) is the impulse response of the low-pass filter (having
the transfer function H,(jw)), n(t) is electronic noise in the
receiver, and krpr denotes the RF down-conversion coefficient.
Finally, after the A/ D conversion and cyclic extension removal,
the signal is demodulated by using the FFT algorithm. The soft
outputs of the FFT demodulator are used to estimate the bit
reliabilities that are fed to identical LDPC iterative decoders
implemented based on the sum-product algorithm [12].

III. SELECTION OF LDPC CODES

Now we turn our attention to the selection of LDPC codes.
Three classes of FEC based on girth-8 LDPC codes are intro-
duced in this section (girth refers to the shortest cycle length in
corresponding bipartite graph of an LDPC code [12]). The first
code-class is the class of girth-8 regular LDPC codes designed
based on the concept of mutually-orthogonal Latin rectangles
(MOLS) [20]. The LDPC codes designed using the concept of
MOLS naturally arise as girth-6 codes, and to increase the girth
up to 8 we employed an iterative algorithm we originally de-
scribed in [24]. The second code-class is the class of irregular
girth-8 LDPC codes obtained from the previous class by selec-
tive inverting certain ones in the parity-check matrix into zeros
(i.e., those with column weights 3, 4, and 5). The third-class of
codes is class of an array code of girth-8, which can be described
as follows:

Pi Pz Pis Pla
H=| £ Pl @
Pla-r+2  Plg-r+3  Plg-r+a Pla-r+1

with P being the permutation matrix P = (pij)nxmpiﬁi-rl =
Pn,1 = 1 (zero otherwise). The exponents i1, s .. .7, in (4) are
carefully chosen to avoid the cycles of length six in correspond-
ing bipartite graph of a parity-check matrix. In [25] we have
shown that when exponents in are selected as elements from the
following set

L={i:0<i<p*—1, ' +0cGF(p)}

where p is a prime and @ is the primitive element of the finite
field GF( p?); the resulting LDPC code is of girth-6. To increase
the girth, we carefully converted some of the permutation blocks
in (4) into all-zeros blocks.

Given this general description of LDPC-coded OFDM and
our selection of LDPC codes we turn our attention now to the
four applications of interests.
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Fig. 2 BER performance of LDPC-coded OFDM for transmission over GI-
POF links. (a) Comparison for different normalized bandwidths. (b) Comparison
of different LDPC codes and different OFDM schemes.

IV. LDPC-CopeED OFDM OVER GI-POF LINKS

The first application of interest described here is LDPC-coded
OFDM over the GI-POF channel. For normalized bandwidths
B > 1 [the bandwidth is normalized with respect to the ag-
gregate bit rate (10-Gb/s)], the OFDM system parameters are
selected as follows. The total OFDM signal bandwidth is set to
0.25 B, the number of subchannels is set to Noam = 64, the
required FFT/IFFT are calculated using NppT = 128 points,
the RF carrier frequency is set to 0.75 B, the bandwidth of the
optical filter for SSB transmission is set to 2 B, and the total av-
erage optical launched power is set to 0 dBm. The guard interval
is obtained by cyclic extension using Ng = 2 x 16 samples as
explained earlier. For normalized bandwidth B < 1 all parame-
ters remain the same except for the RF carrier frequency that is
set to 0.3 B. The results of simulations are shown in Fig. 2 for
different values of GI-POF normalized bandwidth B.

Three classes of LDPC codes, as explained in the previ-
ous section, are considered in simulations. The first class is
the girth-8 regular LDPC code (8547,6922) of rate 0.81. The
second class is irregular girth-8 LDPC code (6419,4794) of
rate 0.75. The third class is girth-8 regular block-circulant
LDPC code (4320,3242) of rate 0.75 designed as explained in
Section III [see eq. (4)]. In the simulations shown in Fig. 2(a) the
LDPC code of rate 0.81 is employed, and bit-error rate (BER)
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results for different GI-POF normalized bandwidths are reported
for the U-OFDM scheme. For normalized bandwidth B = 0.5
and QPSK U-OFDM, the LDPC code of rate 0.81 provides
a coding gain of approximately 9 dB at BER of 1075. Much
larger coding gain is expected at smaller values of BER. The
uncoded 16-QAM U-OFDM scheme exhibits a BER floor, while
the LDPC-coded OFDM scheme is able to operate error-free.
Notice that alternative FEC schemes based on RS codes [such
as RS(255,239)] or a concatenation of two RS-codes (such as
RS(255,239)+RS(255,223)) are unable to operate for 16-QAM-
OFDM because the error floor of the uncoded signal is too
high for their error correction capabilities. In Fig. 2(b) different
classes of LDPC codes are compared for QPSK U-OFDM, and
it is found that the irregular LDPC code of rate 0.75 outper-
forms the other two classes of LDPC codes. In the same Figure,
the LDPC-coded B-OFDM, U-OFDM, and C-OFDM schemes
are compared in terms of BER. It is found that B-OFDM and
U-OFDM schemes perform comparable, while the C-OFDM is
about 0.5 dB worse. Notice, however, that C-OFDM is the most
power-efficient, whereas B-OFDM is the worst in that sense.

V. LDPC-CopED OFDM OVER FSO LINKS

The second application of interest is LDPC-coded OFDM
over FSO channel. The point-to-point FSO system considered
here, shown in Fig. 3, consists of an FSO-OFDM transmitter,
a turbulent propagation medium and an FSO-OFDM receiver.
The modulated beam is projected toward the receiver using an
expanding telescope. At the receiver, an optical system collects
the light, and focuses it onto a detector, which delivers an elec-
trical signal proportional to the incoming optical power. Notice
that no aperture averaging is applied. Once again we employ a
transimpedance receiver.

For the sake of illustration, the signal waveforms and power-
spectral densities (PSDs) at different points in the OFDM sys-
tem in a back-to-back configuration (without any propagation
model) are given in Fig. 4 for SSB transmission. The band-
width of the OFDM signal is set to 2.5 GHz, and the RF carrier
to 7.5 GHz. The number of OFDM subchannels is set to 64.
The OFDM sequence is zero-padded and the FFT is calculated
once again using 128 points. The guard interval is obtained by
a cyclic extension of 2 x 16 samples as explained above. The
windowing (2 x 16 samples) is based on the Blackman—Harris
windowing function. The average transmitted optical power is
set to 0 dBm. To avoid distortions due to RF driver amplifier
saturation and MZM nonlinear transfer function, the OFDM
system is designed in such a way that both the RF driver ampli-
fier and MZM operate in their linear regime [see Figs. 4(a)—(c)]
The PSD for SSB OFDM MZM output signal is shown in Fig.
4(d), and the photodetector output signal (for SSB OFDM trans-
mission) is shown in Fig. 4(e).

A common turbulence model assumes that the variations in
medium temperature and pressure due to solar heating and wind
can be understood as individual cells of air or eddies of differ-
ent diameters and refractive indices [15]. These eddies may be
considered as lenses randomly refracting the optical wave front,
and producing a distorted intensity profile at the receiver side of
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64 subcarriers at different points during transmission of an OFDM signal in a
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is shown in Fig. 2 (h) (U-OFDM).

an FSO communication link. The most widely accepted theory
of turbulence is due to [15], and it assumes that kinetic energy
from large turbulent eddies, characterized by the outer scale L,
is transferred without loss to eddies of decreasing size down to
sizes of a few millimeters characterized by the inner scale [j.
The inner scale represents the cell size at which energy is dissi-
pated by viscosity. The refractive index varies randomly across
the different turbulent eddies, and causes phase and amplitude
variations to a propagating optical wave front. Turbulence can
also cause random drifts of optical beams—a phenomenon usu-
ally referred to as wandering—and can induce beam focusing.
To quantify the strength of the turbulence we use the unitless
Rytov variance, given by [15]

0% =1.23C? E7/611/6 5)

where k& = 27\ is the optical wave number, A is the wave-
length, L is propagation distance, and C? is the refractive in-
dex structure parameter, which we assume to be constant for
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SSB FSO-OFDM systems with electrical SNR per bit of 18 dB under the weak
turbulence (o = 0.6) for (a),(d) U-OFDM scheme. (b) C-OFDM scheme. (c)
B-OFDM scheme.

horizontal paths. Although the Rytov variance represents the
scintillation index of an unbounded plane wave in the weak tur-
bulence regime, it can also be used as an intuitive metric that
brings together all the physical parameters.

The influence of both the atmospheric turbulence and elec-
tronic noise on QPSK and 16-QAM SSB FSO-OFDM systems
is illustrated in Fig. 5. A SSB OFDM system with 64 subcarriers
is used. The average launched power is once again set to 0 dBm,
the electrical signal-to-noise ratio is set to 18 dB, and all received
signal constellation diagrams are obtained assuming weak at-
mospheric turbulence (oz = 0.6). The atmospheric turbulence
changes the symmetry of clusters from circular for AWGN chan-
nel to elliptic (see Fig. 5). Both C-OFDM and U-OFDM schemes
are more immune to the atmospheric turbulence than B-OFDM
scheme. The U-OFDM system is only slightly more immune to
the atmospheric turbulence than C-OFDM scheme. It appears
that the better power efficiency of C-OFDM compensates the
distortion introduced by clipping. Namely, the average launched
power is fixed for all three OFDM schemes implying that more
energy per bit is allocated in the C-OFDM scheme (because the
power in DC bias is lower), and as a consequence the scheme is
more immune to electrical noise. On the other hand, U-OFDM
requires appropriate rejection filters to deal with photodetector
nonlinearity. Higher immunity to electrical noise and imperfec-
tions in U-OFDM rejection filter may result in slightly better
BER performance of C-OFDM scheme when compared to U-
OFDM scheme (see Fig. 6).

Simulation results of an LDPC coded SSB U-OFDM system
for two different turbulence strengths are given in Fig. 6. For
BPSK and QPSK, the coding gain improvement of an LDPC
encoded FSO-OFDM system over an LDPC encoded OOK FSO
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Fig. 6 BER performance of LDPC-coded SSB U-OFDM system with 64-
subcarriers under (a) Weak turbulence (o0 = 0.6). (b) Strong turbulence
(or = 3.0).

system increases as the turbulence strength increases. However,
the 16-QAM FSO-OFDM system is not able to operate in the
regime of strong turbulence. For weak turbulence (op = 0.6)
[see Fig. 6(a)] the coding gain improvement of LDPC coded
FSO-OFDM system with 64 subcarriers over the LDPC encoded
FSO OOK system is 8.47 dB for QPSK and 9.66 dB for BPSK,
at the BER of 1072,

For strong turbulence (ocr = 3.0) [see Fig. 6(b)] the coding
gain improvement of the LDPC coded FSO-OFDM system over
the LDPC coded FSO OOK system is 20.24 dB for QPSK and
23.38 dB for BPSK. In both cases block-circulant LDPC code
(4320,3242) of rate 0.75 is employed.

The comparison of different LDPC coded SSB OFDM
schemes in weak turbulence (o = 0.6), is given in Fig. 7.
C-OFDM scheme slightly outperforms the U-OFDM scheme.
Both C-OFDM and U-OFDM schemes outperform the B-
OFDM scheme by approximately 1.5 dB at BER of 1075.

We are turning our attention now to the LDPC-coded OFDM
applications in fiber-optics communications.

VI. LDPC-CoDED OFDM FIBER-OPTICS COMMUNICATIONS

The main reasons for suitability of the OFDM for long-haul
transmission are [6]: 1) improvement of spectral efficiency; 2)
simplification of the chromatic dispersion compensation engi-
neering; 3) the possibility of avoiding the intrachannel nonlin-
earities because the OFDM symbol rate is much lower than
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Fig. 7 Comparison of different LDPC coded SSB FSO-OFDM systems with
64-subcarriers under the weak turbulence (o = 0.6).

aggregate data rate; and 4) PMD compensation [26]. The BER
performance of the LDPC-coded U-OFDM scheme (with ag-
gregate data rate 40 Gb/s) against conventional LDPC-coded
RZ-OOK scheme (operating at 40 Gb/s) is given in Fig. 8 for
the linear channel model. The LDPC-coded QPSK U-OFDM
provides more than 2 dB coding gain improvement over LDPC
coded RZ-OOK at BER of 10~%. We have shown in [6] that
LDPC-coded OFDM provides much higher spectral efficiency
than LDPC-coded RZ-OOK.

Another possible application in fiber-optics communications
is 100 Gb/s-Ethernet [8]. For example, for QPSK OFDM trans-
mission two 1 Gb/s-streams create a QPSK signal constellation
point; with 50 subcarriers carrying 2 Gb/s traffic, the aggre-
gate rate of 100 Gb/s can be achieved. The BER curves for the
uncoded 100 Gb/s OFDM SSB transmission using QPSK are
shown in Fig. 9 for dispersion map described in [8]. As already
mentioned in Section II we modeled the long-haul fiber-optics
channel by solving the nonlinear Schrédinger equation numer-
ically using split-step Fourier method [23]. It is evident that
100 Gb/s transmission over 3840 km is possible using OFDM
and LDPC codes with threshold BER of 102 (for launched
power of —3dBm). For more details an interesting reader is
referred to our recent article [8].

In the presence of PMD, the PIN photodiode output current
can be written as follows:

i(t) = R{|VE(sorpm(t) + b)*hy (£)|?

+ |V1 = k(sorpm(t)+b) by (t)[*} (6)

where k denotes the power-splitting ratio between two prin-
cipal states of polarizations (PSPs). For the first order PMD,
the optical channel responses hyt) and hvy(t) of horizontal
and vertical PSPs are given as [26] hy(t) = §(t + A7/2) and
hvy (t) = 6(t-AT/2), respectively, where A7 is the DGD of two
PSPs. From [26], it follows that in the presence of the first order
PMD, the photodiode output signal, after appropriate filtering
to remove the squared and DC terms, is proportional to

Z(t) ~ 2Rb[/€ . SOFDM(t - AT/Q)

+ (1 — k) . SOFDM(t + AT/Q)} (7)
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Equation (7) is reminiscent to a two-ray multipath wireless
model [1], and therefore the channel estimation techniques sim-
ilar to those employed in wireless communications are straight-
forwardly applicable here. For example, simple channel esti-
mation technique [26] based on short training sequence can be
used to compensate for DGD in excess of 1500 ps. The sig-
nal constellation diagrams, after the demapper from Fig. 1, and
before and after applying the channel estimation are shown in
Fig. 10(a) and (b). They correspond to the worst case scenario
(k = 1/2) and 10 Gb/s aggregate data rate. Therefore, the chan-
nel estimation based OFMD is able to compensate for DGD
of 1600 ps. The similar channel estimation technique can be
used to compensate for SPM [6], [8]. For example, the signal
constellation diagrams before and after SPM phase correction
are shown in Fig. 11(a) and (b) for transmission distance of
1200 km, for dispersion map described in [8] and aggregate
data rate of 100 Gb/s. The four pilot tones were sufficient to
cancel the phase rotation due to SPM. The same equalization
scheme can be used for intermodal dispersion compensation [7]
and chromatic dispersion compensation [7], [28].

VII. SUMMARY

We discussed LDPC-coded OFDM as a universal coded mod-
ulation technique suitable for use in variety of optical channels:
1) plastic optical fiber; 2) atmospheric turbulent channel; and 3)
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fiber-optics channel. Moreover, LDPC-coded OFDM was con-
sidered in context of 100 Gb/s-Ethernet. Due to severe disper-
sion distortion of signals at 10 Gb/s and above transmitted over
GI-POFs or severe distortion due to atmospheric turbulence, a
powerful forward FEC schemes much more powerful than those
already proposed for use in long-haul transmission are required.
Several such FEC schemes based on girth-8 LDPC codes are
described. We have shown that LDPC-coded OFDM is able to
operate even in the regime when standard FEC schemes such
as RS and concatenated RS codes, are overwhelmed with er-
rors, and cannot provide error free transmission at all. We have
shown in Section V that LDPC-coded OFDM can enable the
transmission under strong atmospheric turbulence. The OFDM
also provides good PMD compensation capable of compensat-
ing DGD of 1600 ps. The pilot based channel estimation can be
used to deal with fiber nonlinearities.
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