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Beyond 100 Gb/s Optical Transmission
Based on Polarization Multiplexed

Coded-OFDM With Coherent Detection
Ivan B. Djordjevic, Lei Xu, and Ting Wang
d
c
r
m
a
p
q
c
n
c

s
s
p
c
d
o
1
s
t
s
s
m
i
s
t
r
a
P
n

s
m
l
[
m
b
i

p

Abstract—We propose a coded-modulation scheme
suitable for beyond 100 Gb/s transmission and
100 Gb/s Ethernet. It is based on polarization multi-
plexed coded-orthogonal frequency division multi-
plexing (OFDM). By using 32-QAM-based polarization
multiplexed coded-OFDM, we are able to achieve the
aggregate rate of 100 Gb/s, while the OFDM signal
bandwidth is only 10 GHz, resulting in a spectral effi-
ciency of 10 bits/s /Hz. The spectral efficiency of the
proposed scheme is twice higher than that of the po-
larization diversity OFDM scheme. We show that the
proposed multicarrier scheme is insensitive to polar-
ization mode dispersion (PMD), while the PMD repre-
sents a major source of performance degradation in
single carrier systems, in addition to fiber nonlineari-
ties. We also describe how to determine the symbols’
log-likelihood ratios in the presence of laser phase
noise.

Index Terms—Optical communications; Polariza-
tion mode dispersion (PMD); Low-density parity-
check (LDPC) codes; Polarization diversity; Polariza-
tion multiplexing; Orthogonal frequency division
multiplexing (OFDM); 100 GbÕs Ethernet.

I. INTRODUCTION

O ptical communication systems are developing
rapidly due to the increased demands on trans-

mission capacity. Network operators already consider
100 Gb/s per dense wavelength division multiplexing
(DWDM) channel transmission. However, the perfor-
mance of fiber-optic communication systems operating
at those data rates is degraded significantly due to
several transmission impairments including intra-
and inter-channel nonlinearities, polarization mode
dispersion (PMD), and chromatic dispersion [1–14]. To
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eal with chromatic dispersion and PMD a number of
hannel equalization techniques have been proposed
ecently, including a digital filtering approach [11,12],
aximum likelihood sequence detection (MLSD) [4,9],

nd turbo equalization [2,8]. To simultaneously sup-
ress chromatic dispersion and PMD, orthogonal fre-
uency division multiplexing (OFDM) has been advo-
ated [5–7,10]. To deal with intra-channel
onlinearities someone may use either constrained
oding [3] or turbo equalization [8].

In this paper we propose a coded-modulation
cheme suitable for beyond 100 Gb/s optical transmis-
ion based on coded-OFDM and polarization multi-
lexing. By using 32-QAM polarization multiplexed
oded-OFDM we are able to achieve the aggregate
ata rate of 100 Gb/s for OFDM signal bandwidth of
nly 10 GHz, resulting in a spectral efficiency of
0 bits/s /Hz. The tolerance to PMD of the proposed
cheme is comparable to the corresponding polariza-
ion diversity scheme, but offers two times higher
pectral efficiency. (Notice that we use the term diver-
ity in the same fashion that is used in wireless com-
unications [15,16], which is different from the polar-

zation multiplexing [11], and denotes that the same
ymbol is transmitted using both polarizations.) While
he PMD in single carrier systems at high speeds rep-
esents a major performance degradation factor (in
ddition to Kerr nonlinearities), the penalty due to
MD in the proposed coded-modulation scheme is
egligible.
The arbitrary forward error correction (FEC)

cheme can be used with the proposed polarization
ultiplexed coded-OFDM scheme. However, the use of

arge-girth low-density parity-check (LDPC) codes
14] leads to the channel capacity achieving perfor-
ance. We also describe how to determine the sym-

ols’ reliabilities (i.e., the symbol log-likelihood ratios)
n the presence of laser phase noise.

II. DESCRIPTION OF THE PROPOSED POLARIZATION
MULTIPLEXED CODED-OFDM SCHEME

It has been shown by Shieh et al. in [5–7] that the
olarization diversity OFDM is able to compensate
2009 Optical Society of America
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all-order PMD with small penalties. Moreover, the
PMD improves the system margin for PDL-induced
penalty [7]. Therefore, for evaluation of different
OFDM schemes it is sufficient to observe the first-
order PMD. For the first-order PMD study the Jones
matrix, neglecting the polarization-dependent loss
and depolarization effects due to nonlinearity, can be
represented in a fashion similar to [13] by

H��� = �hxx��� hxy���

hyx��� hyy���� = R−1P���R,

P��� = �e−j��/2 0

0 ej��/2� , �1�

where � denotes DGD, R=R�� ,�� is the rotational ma-
trix defined by

R = � cos��/2�ej�/2 sin��/2�e−j�/2

− sin��/2�ej�/2 cos��/2�e−j�/2� , �2�

� denotes the polar angle, � denotes the azimuth
angle, and � is the angular frequency. For coherent
detection OFDM, the received symbol vector ri,k
= �rx,i,kry,i,k�T at the ith OFDM symbol and kth subcar-
rier can be represented by

ri,k = H�k�si,kej�PN + ni,k, �3�

where si,k= �sx,i,ksy,i,k�T denotes the transmitted sym-
bol vector, ni,k= �nx,i,kny,i,k�T denotes the noise vector
due to the amplified spontaneous emission (ASE), and
the Jones matrix H was introduced in Eq. (1). Here we
use index k to denote the kth subcarrier frequency �k.
�PN denotes the phase noise process �PN=�T−�LO due
to the laser phase noise processes of transmitting la-
ser �T and local laser �LO that are commonly modeled
as the Wiener–Lévy processes [17], which are zero-
mean Gaussian processes with corresponding vari-
ances being 2���T�t� and 2���LO�t�, where ��T and
��LO are the laser linewidths of the transmitting and
receiving laser, respectively. The transmitted/received
symbols per subcarrier are complex-valued, with the
real part corresponding to the in-phase coordinate and
the imaginary part corresponding to the quadrature
coordinate of a corresponding signal constellation
point. Figure 1 shows the magnitude responses of the
hxx and hxy coefficients of the Jones matrix against the
normalized frequency f� (the frequency here is nor-
malized with DGD � so that the conclusions are inde-
pendent on the bit rate) for two different cases: (a) �
=� /2 and �=0, and (b) �=� /3 and �=0. In the first
case channel coefficient hxx tends to zero for certain
frequencies, while in the second case it never becomes
zero, suggesting that the first case represents the
worst case scenario, and as such is considered in Sec-
tion III.
The proposed coded-OFDM scheme, with an LDPC
ode as the channel code, is shown in Fig. 2. The bit
treams originating from m different information
ources are encoded using different �n ,ki� LDPC codes
f code rate ri=ki /n. ki denotes the number of infor-
ation bits of the ith �i=1,2, . . . ,m� component LDPC

ode, and n denotes the codeword length, which is the
ame for all LDPC codes. The use of different LDPC
odes allows us to optimally allocate the code rates. If
ll component LDPC codes are identical, the corre-
ponding scheme is commonly referred to as the bit-
nterleaved coded modulation (BICM). The outputs of

LDPC encoders are written row-wise into a block-
nterleaver block. The mapper accepts m bits at time
nstance i from the �m	n� interleaver column-wise
nd determines the corresponding M-ary �M=2m� sig-
al constellation point ��I,i ,�Q,i� in a two-dimensional

2D) constellation diagram such as M-ary PSK or
-ary QAM. (The coordinates correspond to in-phase

nd quadrature components of M-ary 2D constella-
ion.) The OFDM symbol is generated as described be-
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ig. 1. (Color online) Magnitude response of hxx and hxy Jones ma-
rix coefficients against the normalized frequency for (a) �=� /2 and
=0, and (b) �=� /3 and �=0.



a
1
i
s
w
b
c
e
t
b
a
m
t
p
t
s
t
B
n
t

52 J. OPT. COMMUN. NETW./VOL. 1, NO. 1 /JUNE 2009 Djordjevic et al.
low. NQAM input QAM symbols are zero-padded to ob-
tain NFFT input samples for inverse FFT (IFFT) (the
zeros are inserted in the middle rather than at the
edges), and NG non-zero samples are inserted to cre-
ate the guard interval. For efficient chromatic disper-
sion and PMD compensation, the length of the cycli-
cally extended guard interval should be longer than
the total spread due to chromatic dispersion and the
maximum value of DGD. The cyclic extension is ob-
tained by repeating the last NG /2 samples of the ef-
fective OFDM symbol part (NFFT samples) as a prefix
and repeating the first NG /2 samples as a suffix. After
D/A conversion (DAC), the OFDM signal is converted
into the optical domain using the dual-drive Mach–
Zehnder modulator (MZM). Two MZMs are needed,
one for each polarization. The outputs of MZMs are
combined using the polarization beam combiner
(PBC). The same DFB laser is used as a CW source,
with x- and y-polarization being separated by a polar-
ization beam splitter (PBS). Given the fact that the
complexity of the MLC scheme is high for high speed
implementation, the BICM is adopted in the rest of
the paper.
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Fig. 2. (Color online) The architecture of the polarization-multiplex
transmitter architecture (x- or y-polarization), (c) receiver architectu
feedback laser; PBS(C), polarization beam splitter (combiner); MZM
LLRs, log-likelihood ratios.
The 100 Gb/s aggregate data rate can be achieved
s follows. By setting the OFDM signal bandwidth to
0 GHz and by employing the polarization multiplex-
ng and 32-QAM we can achieve 100 Gb/s, with a
pectral efficiency of 10 bits/s /Hz. Another option
ould be to use 16-QAM, but setting the OFDM signal
andwidth to 12.5 GHz. However, the spectral effi-
iency would be smaller �8 bits/s /Hz�. Both options
mploy mature 10 Gb/s technology while achieving
he aggregate rate of 100 Gb/s. The operations of all
locks, except the symbol detector shown in Fig. 2(c),
re similar to those we reported in [1,10], and for
ore details on OFDM with coherent detection an in-

erested reader is referred to an excellent tutorial pa-
er due to Shieh et al. [7]. Here we describe the opera-
ion of the symbol detector block, the calculation of
ymbol log-likelihood ratios (LLRs), and the calcula-
ion of bit LLRs, in the presence of laser phase noise.
y re-writing Eq. (3) in scalar form we obtain, by ig-
oring the laser phase noise at the moment to keep
he explanation simpler,

r = h �k�s + h �k�s + n , �4�
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ry,i,k = hyx�k�sx,i,k + hyy�k�sy,i,k + ny,i,k, �5�

where index k denotes the kth subcarrier, index i de-
notes the ith OFDM symbol, hij�k��i , j� �x ,y	� are the
channel coefficients due to PMD introduced by Eq. (1),
sx,i,k and sy,i,k denote the transmitted symbols in x-
and y-polarization, respectively, and corresponding re-
ceived symbols are denoted by rx,i,k and ry,i,k. In Eqs.
(4) and (5) nx,i,k and ny,i,k denote the ASE noise pro-
cesses in x- and y-polarization. The equivalent chan-
nel model is shown in Fig. 3, and it is consistent with
previous literature [6,7]. In the absence of ASE noise,
Eqs. (4) and (5) represent the system of linear equa-
tions with two unknowns sx,i,k and sy,i,k. By multiply-
ing Eq. (4) with hxx�k� / �hxx�k��2 and Eq. (5) with
hyy�k� / �hyy�k��2, the unknown transmitted symbols can
be estimated by

sx,i,k� =

hxx
* �k�

�hxx�k��2�rx,i,k −
hxy�k�hyy

* �k�

�hyy�k��2
ry,i,k�

1 −
hxx

* �k�hxy�k�

�hxx�k��2
hyx�k�hyy

* �k�

�hyy�k��2

, �6�

sy,i,k� =
hyy

* �k�

�hyy�k��2
ry,i,k −

hyx�k�hyy
* �k�

�hyy�k��2
sx,i,k� , �7�

where sx,i,k� and sy,i,k� denote the detector estimates of
symbols sx,i,k and sy,i,k transmitted on the kth subcar-
rier of the ith OFDM symbol. Notice that the OFDM
scheme with polarization diversity [7], assuming that
both polarizations are used on a transmitter side and
equal-gain combining on a receiver side, is the special
case of the symbol detector described by Eqs. (6) and
(7). By setting sx,i,k=sy,i,k=si,k and using the symmetry
of channel coefficients, the transmitted symbol can be
estimated by

si,k� = �hxx
* �k�rx,i,k + hxy

* �k�ry,i,k�/��hxx�k��2 + �hxy�k��2�.

.

.

.
,i ks

,i k
n� � � �CD PNj kk e � ��� �� �H

,i kr

1,i ks �

1,i k�
n� � � �CD PNj kk e � ��� �� �H

1,i k�r

.

.

.

.

.

.
,i ks

,i k
n� � � �CD PNj kk e � ��� �� �H

,i kr

1,i ks �

1,i k�
n� � � �CD PNj kk e � ��� �� �H

1,i k�r

.

.

.

Fig. 3. (Color online) Equivalent OFDM channel model. �CD�k� de-
notes the phase distortion of the kth subcarrier due to chromatic
dispersion.
In the presence of laser phase noise the symbol de-
ector estimates are a function of the laser phase noise
rocess:

sx,i,k� =

hxx
* �k�e−j�PN

�hxx�k��2 �rx,i,k −
hxy�k�hyy

* �k�

�hyy�k��2
ry,i,k�

1 −
hxx

* �k�hxy�k�

�hxx�k��2
hyx�k�hyy

* �k�

�hyy�k��2

, �8�

sy,i,k� =
hyy

* �k�e−j�PN

�hyy�k��2
ry,i,k −

hyx�k�hyy
* �k�

�hyy�k��2
sx,i,k� . �9�

The detector soft estimates of symbols carried by
he kth subcarrier in the ith OFDM symbol, sx�y�,i,k� ,
re forwarded to the a posteriori probability (APP)
emapper, which determines the symbol LLRs 
x�y��s�
f x- (y-) polarization by


x�y��s��PN� = −
�R�sx��y�,i,k�� ��PN�� − R�QAM�map�s����2

2�2

−
�I�sx��y�,i,k�� ��PN�� − I�QAM�map�s����2

2�2 ;

s = 0,1, . . . ,2nb − 1 �10�

here R�� and I�� denote the real and imaginary parts
f a complex number, QAM denotes the QAM-
onstellation diagram, �2 denotes the variance of an
quivalent Gaussian noise process originating from
SE noise, and map�s� denotes a corresponding map-
ing rule (Gray mapping rule is applied here). (nb de-
otes the number of bits carried by the symbol.) No-
ice that symbol LLRs in Eq. (10) are conditioned on
he laser phase noise sample �PN=�T−�LO, which is a
ero-mean Gaussian process (the Wiener–Lévy pro-
ess [17]) with a variance of �PN

2 =2����T+��LO��t�
��T and ��LO are the corresponding laser linewidths
ntroduced earlier). This comes from the fact that es-
imated symbols sx�y�,i,k� are functions of �PN. To re-
ove the dependence on �PN we have to average the

ikelihood function (not its logarithm), over all pos-
ible values of �PN:


x�y��s� = log 

−�

�

e
x�y��s��PN�
1

�PN�2�
e−�PN

2 /2�PN
2

d�PN.

�11�

he calculation of LLRs in Eq. (11) can be performed
y numerical integration. For the laser linewidths
onsidered in this paper it is sufficient to use the trap-
zoidal rule, with samples of �PN obtained by pilot-
ided channel estimation as explained in [6].
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Let us denote by bj,x�y� the jth bit in an observed
symbol s binary representation b= �b1 ,b2 , . . . ,bnb

� for
x- (y-) polarization. The bit LLRs required for LDPC
decoding are calculated from symbol LLRs by

L�bj,x�y�� � = log


s:bj=0

exp�
x�y��s�	


s:bj=1

exp�
x�y��s�	
. �12�

The jth bit LLR in Eq. (12) is calculated as the loga-
rithm of the ratio of a probability that bj=0 and prob-
ability that bj=1. In the numerator, the summation is
done over all symbols s having 0 at the position j.
Similarly, in the denominator summation is per-
formed over all symbols s having 1 at the position j.

The bit LLRs calculated by Eq. (12) are forwarded
to the corresponding LDPC decoders, as shown in Fig.
2(c). The LDPC decoders from Fig. 2(c) employ the
sum-product-with-correction term algorithm. The
LDPC code used in this paper belongs to the class of
quasi-cyclic (array) codes of large girth �g�10� [14], so
that the corresponding decoder complexity is low com-
pared to random LDPC codes, and does not exhibit the
error floor phenomenon in the region of interest in
fiber-optics communications ��10−15�.

III. EVALUATION OF THE PROPOSED CODED-MODULATION
SCHEME IN THE PRESENCE OF PMD

We are turning our attention to the evaluation of
the proposed scheme. To illustrate the efficiency of
this scheme, in Fig. 4 we show the constellation dia-
grams for an aggregate rate of 100 Gb/s, correspond-
ing to the M=32 QAM and the OFDM signal band-
width of 10 GHz, before [see Fig. 4(a)] and after [see
Fig. 4(b)] PMD compensation, assuming the worst-
case scenario ��=� /2 ,�=0�. The symbol detection
scheme described above is able to completely compen-
sate the first-order PMD with DGD of even 1200 ps.
In Fig. 5 we show both the uncoded and LDPC-coded
BER performance of the proposed scheme against the
polarization diversity OFDM scheme with coherent
detection, for different constellations sizes. The com-
ponent LDPC code is based on the girth-10
LDPC(16935,13550) code. For M=4 QAM (QPSK), the
OFDM system parameters were chosen as follows: the
number of QAM symbols NQAM=512, the oversam-
pling is two times, OFDM signal bandwidth is set to
10 GHz, and the number of samples used in cyclic ex-
tension is NG=16. For other constellation sizes �M
=16,32,64�, the OFDM system parameters were cho-
sen as follows: the number of QAM symbols NQAM
=2048, the oversampling is two times, OFDM signal
bandwidth is set to 10 GHz, and the number of
samples used in cyclic extension is NG=64. In simula-
tions, for the polarization diversity OFDM scheme,
he same OFDM signal was transmitted over both po-
arizations. For the fair comparison of different M-ary
chemes the OSNR on the x-axis is given per informa-
ion bit, which is also consistent with the digital com-
unication literature [15,16]. The code rate influence

s included in Fig. 5 so that the corresponding coding
ains are net effective coding gains. The average
aunch power per OFDM symbol is set to −3 dBm (and
imilarly as in wireless communications [15,16] repre-
ents the power per information symbol), and the
ray mapping rule is employed.
For DGD of 1200 ps, the proposed scheme performs

omparable to the polarization-diversity OFDM in
erms of BER (the corresponding curves overlap each
ther), but has two times higher spectral efficiency.
or example, the aggregate data rate for M=32 QAM
nd polarization multiplexed coded-OFDM is

(a)

(b)

ig. 4. The constellation diagrams for M=32 QAM (the aggregate
ata rate is 100 Gb/s) after 1200 ps of DGD observing the worst-
ase scenario (�=� /2, �=0) (a) before PMD compensation and (b) af-
er PMD compensation.
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100 Gb/s, while the aggregate rate of polarization di-
versity coded-OFDM scheme is 50 Gb/s.

The aggregate data rate of 100 Gb/s can also be
achieved for single carrier systems based on 32-QAM
and polarization diversity. However, to deal with PMD
someone has to use maximum-likelihood sequence de-
tection (MLSD) [4,9], turbo equalization [2,8], or the
digital filtering approach [11]. The detector complexity
of the corresponding turbo equalization or MLSD
schemes grows exponentially as DGD increases
[mostly due to the complexity of the Bahl–Cocke–
Jelinek–Raviv (BCJR) and Viterbi algorithms [2,8],
and for DGD of 1200 ps it would require the trellis de-
scription (see [2,8]) with too many states to be of prac-
tical importance. The proposed scheme also outper-
forms the scheme implemented by Nortel Networks
researchers [11], capable of compensating the rapidly
varying first order PMD with peak DGD of 150 ps
[11]. The receiver complexity of polarization multi-
plexed coded-OFDM is comparable to that of the
coded-OFDM with polarization diversity. The net ef-
fective coding gain increases as the constellation size
grows. For M=4 QAM based polarization multiplexed
coded-OFDM the net effective coding gain is 8.36 dB
at BER of 10−7, while for M=32 QAM based LPDC-
coded OFDM (of aggregate data rate 100 Gb/s) the
coding gain is 9.53 dB at the same BER. The larger
net effective coding gains are expected at lower BERs.
The laser linewidths of the transmitting and local la-
ser were set to 10 kHz, so that the PMD and ASE
noise are predominant effects. For the influence of the
laser phase noise on coherent OFDM systems an in-
terested reader is referred to [18].

IV. CONCLUSION

We proposed a particular polarization multiplexed
coded-OFDM scheme suitable for use in beyond
100 Gb/s optical transmission and 100 Gb/s Ether-
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Fig. 5. (Color online) BER performance of the proposed polariza-
tion multiplexed coded-OFDM scheme, for DGD of 1200 ps and the
worst-case scenario (�=� /2, �=0). RD denotes the aggregate data
rate.
et. By selecting the OFDM signal bandwidth to be
0 GHz, and by using 32-QAM and polarization mul-
iplexing, the aggregate data rate of 100 Gb/s is
chieved. The spectral efficiency of the proposed
cheme is 10 bits/s /Hz. For the same system param-
ters, the corresponding polarization diversity coded-
FDM would have the aggregate rate of 50 Gb/s,
hich is insufficient for 100 Gb/s Ethernet. Therefore,

he proposed coded-modulation scheme achieves the
ggregate rate of 100 Gb/s, while employing the ma-
ure 10 Gb/s technology. The proposed coded-
odulation scheme is insensitive to PMD, while in

orresponding single carrier systems the PMD intro-
uces severe performance degradation. The results of
imulations indicate that even 1200 ps of DGD, in po-
arization multiplexed coded-OFDM systems with ag-
regate data rate of 100 Gb/s, can completely be com-
ensated with negligible penalty. In contrast to the
MD turbo equalization scheme whose complexity
rows exponentially as DGD increases (due to the ex-
onential increase in complexity of the BCJR algo-
ithm [2,8]), the complexity of the proposed scheme is
ssentially independent on the level of DGD as long as
he guard interval is longer than the maximum DGD.
e also describe how to determine the symbols’ log-

ikelihood ratios in the presence of laser phase noise.
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