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Abstract—We propose a three-dimensional (3-D) low-density
parity check (LDPC)-coded modulation scheme that enables
optical transmission beyond 320 Gb/s in aggregate rate using
currently available commercial components operating at
40 giga-symbols/s. The proposed scheme introduces signifi-
cant performance improvement of up to 4.1 dB at a bit-error ratio
of �� � over the corresponding two-dimensional scheme. In ad-
dition, by using LDPC-coded 1024-3D-constellation it is possible,
at least in theory, to achieve beyond a total of 1-Tb/s transmission
using transmission equipment operating at 100 giga-symbols/s,
once it reaches the maturity of 40-Gb/s systems.

Index Terms—Coherent detection, high-speed optical transmis-
sion, low-density parity-check (LDPC) codes, 100G Ethernet, op-
tical communications, three-dimensional (3-D) coded modulation
(CM).

I. INTRODUCTION

OPTICAL communication systems are evolving quickly to
adapt to the ever-increasing demands of telecommunica-

tion needs, most noticeably witnessed by the explosive growth
in transmission capacity demands. The all-electrical time-divi-
sion-multiplexed (ETDM) transmitters and receivers operating
at 100 Gb/s are gradually becoming commercially available.
The major concern about such high data rates is the degradation
in the signal quality due to linear and nonlinear impairments, in
particular polarization-mode dispersion and intrachannel non-
linearities. Moreover, the 100-Gb/s transceivers are expensive
so that the alternative approaches of achieving beyond 100-Gb/s
transmission using commercially available components oper-
ating at lower speed are becoming increasingly important.

In this letter, we propose a three-dimensional (3-D)
low-density parity-check (LDPC)-coded modulation (3D-
LDPC-CM) scheme enabling even beyond an aggregate rate of
320-Gb/s transmission using commercially available compo-
nents operating at 40 giga-symbols/s. In order to achieve that
rate, we employ the following three concepts: 1) an additional
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(third) basis function for the signal constellation is introduced;
2) to facilitate the implementation process, a structured LDPC
code [1] is employed; and 3) to improve performance an it-
erative exchange of the extrinsic soft bit-reliabilities between
an a posteriory probability (APP) demapper and an LDPC
decoder is conducted. The additional basis function increases
the Euclidean distance between the signal constellation points
for the same average power per constellation point compared
to an equivalent -ary two-dimensional (2-D) constellation,
leading to the improved bit-error-ratio (BER) performance.
The 3D-LDPC-CM offers an improvement of up to 4.1 dB
over the corresponding 2-D modulation scheme, and provides
up to 14-dB overall net effective gain at BER . The
LDPC(8547,6922) code of rate 0.8098, employed in this letter,
belongs to the class of balanced-incomplete block-design
(BIBD)-based LDPC codes of girth-8 [2].

This scheme can be used either in high-speed optical
transmission systems to achieve -Gb/s aggregate
rate or in the next generation of Ethernet.
Traditionally the Ethernet has grown in ten-fold increments
so that 100-Gb/s transmission is envisioned as transmission
technology for 100G Ethernet [3]–[5]. Moreover, the proposed
coded-modulation scheme employing 1024-3D-constellation
can also achieve a 1-Tb/s rate using transmission equipment
operating at 100 giga-symbols/s, once it reaches the maturity
of current 40-Gb/s systems.

II. 3D-LDPC-CM

The transmitter and receiver configurations are shown
in Fig. 1. The bit streams coming from different infor-
mation sources (carrying, for example, 40-Gb/s traffic) are
encoded using identical LDPC codes (of code rate

, —the number of information bits, —the code-
word length), and written to the block-interleaver
row-wise. The mapper accepts bits at time instance from
the interleaver column-wise and determines the
corresponding -ary signal constellation point

, as shown in Fig. 1(a).
With , , and , we denoted the orthonormal basis func-
tions given by

(1)
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Fig. 1. Three-dimensional bit-interleaved LDPC-CM scheme: (a) transmitter
architecture, and (b) coherent detection receiver architecture.

Fig. 2. Constellation diagrams under study: (a) 8 point—2D constellation, (b)
8 point—3D, (c) 64 point—2D, and (d) 64 point—3D.

for , and zero otherwise, where is a symbol dura-
tion.

To facilitate implementation at high speed, the 3-D -ary
constellation is formed using parallel identical 2-D signal-con-
stellation points layers spaced apart at distance . The amplitude
coordinate corresponds to the layer index, and it is deter-
mined by the left-most bits of the symbol .
The coordinates and correspond to the location of the con-
stellation point within the layer, and are determined by
right-most bits. The amplitude coordinate cannot be set to
zero as the phase coordinates and will be cancelled. As
an illustration of the bit arrangements, let us observe the 64-ary
3D-constellation, in which each symbol carries 6 bits. Possible
arrangements of the bits include: 1) 64 constellation points are
split into two 32 2-D layers ; 2) 64 constellation points
are split into four 16-point layers ; etc.

Two easy to implement 3-D signal constellations for 8-ary
and 64-ary transmission, and the corresponding 2-D quadrature
amplitude modulation (QAM) signal constellations are given in
Fig. 2. In those cases, by using a 40-giga-symbols/s symbol rate,
we can achieve a rate of 120 Gb/s using 8-QAM constellation,
while by using 64-3D constellation we can achieve 240-Gb/s
aggregate rate, and by using 1024-3D constellation and the same
symbol rate we can achieve 400-Gb/s aggregate rate.

The receiver shown in Fig. 1(b) is a hybrid receiver; we use
direct detection for the amplitude , while we prefer the use
of coherent detection for and in order to avoid differ-
ential detection penalty. The received electrical field at the th
transmission interval is denoted by ,

, where the data phasor

(2)

and denotes the laser phase noise process of transmitting
laser. The local laser electrical field is denoted by ,
where is the laser phase noise process of the local laser. The
amplitude detection branch has an output that is proportional to

. On the other hand, the outputs of upper- and lower-bal-
anced branches are proportional to and ,
as given by

and

(3)

The outputs of the three branches are sampled at symbol rate
and corresponding samples are forwarded to the APP demapper,
which provides the bit log-likelihood ratios (LLRs) required for
iterative LDPC decoding. The symbol LLRs are calculated in
the APP demapper by

(4)

where is determined by Bayes’ rule as

(5)

In (4) and (5), denotes the transmitted
signal constellation point, denotes the re-
ceived constellation point (the samples at APP demapper input),
and denotes conditional probability estimated from
histograms. (In (4), denotes the referent constellation point.)
The bit LLRs required for LDPC decoding are calculated in a
bit LLRs calculation block [see Fig. 1(b)], as explained in [6].

The extrinsic LLRs of the LDPC decoder (defined as the dif-
ference between decoder input and output LLRs) are then for-
warded to the APP demapper (this step is denoted as an outer
iteration), and the extrinsic information is iterated forward and
back until the convergence or until a predefined number of iter-
ations has been reached. Extrinsic information transfer (EXIT)
chart analysis [6], [7] has been used to select suitable LDPC
codes for use in the proposed coded-modulation scheme.

As mentioned in Section I, the LDPC(8547,6922) code em-
ployed in simulations is a girth-8 LDPC code designed using
the concept of BIBDs [2]. The LDPC decoder is based on a
min-sum-with-correction-term algorithm due to Xiao-Yu et al.
[3].

III. SIMULATION RESULTS

The simulations are performed on a linear channel model,
with a signal bandwidth of 49.5 GHz (symbol rate/code rate), for
30 iterations of sum-product algorithm for the LDPC decoder,
and either 1 or 5 outer iterations between the LDPC decoder and
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Fig. 3. BER performance of the 3D-LDPC-CM schemes after five outer itera-
tions and the uncoded ones.

Fig. 4. BER performance of 2D- and 3D-LDPC-CM schemes.

the natural demapper. The outer iterations help further improve
the BER performance, without compromising the complexity
of the system. In our recent work [8], it has been shown that the
multilevel coded modulation schemes can operate in the pres-
ence of fiber nonlinearities. The main purpose of this letter is to
show how to improve the spectral efficiency and coding gain of
the corresponding 2-D scheme.

The following signal constellation formats are observed:
8-QAM, 8-3D-constellation, 64-QAM, 64-3D-constellation,
256-QAM, 256-3D-constellation, and 1024-3D-constellation.
The 3D-constellations dimensions are selected to be power
of 2, and we choose the number of layers to be a multiple of
2, and points per layer to be a perfect square. For instance,
in case of 64-ary, the constellation has four layers of 16 points
each, providing the maximum separation distance among the
points. For the other two cases, are 4 64 and 16
64 for the 256-ary, and the 1024-ary signal constellations,
respectively. The number of amplitude layers was chosen to
be small in order to preserve the circuit linearity.

Fig. 3 shows the BER performance versus the op-
tical-signal-to-noise ratio (OSNR) at a symbol rate of
40 giga-symbols/s for the four 3-D cases after five outer
iterations in addition to the uncoded cases.

Fig. 4 shows the BER performance versus OSNR at a symbol
rate of 40 giga-symbols/s for the 2D, 3-D cases after 5 outer
iterations, and two of the 3-D cases after 1 outer iteration.

Notice that, as the constellation size grows, the
3D-constellation BER performance improvement over cor-
responding 2D-constellation increases, reaching even 4.1-dB

gain in the case of the 256-3D-constellation at BER of .
These results motivated us to test the 1024-3D-constellation,
which is not practical at all in the 2-D case, and interestingly,
the results indicate that if compared to the 64-3D-constellation,
a 16 times increase in data rate causes only a penalty of 8 dB.

Notice that lowering the number of outer iterations reduces
the latency, but that would be at the cost of reducing the coding
gain. For instance, reducing the number of outer iterations from
5 to 1 in the case of 256-ary lowers the coding gain by 0.6 dB at
BER , while it lowers the gain by 1.5 dB for the 1024-ary.

The net effective coding gains (defined at BER of ) for
64-QAM and 256-QAM 2D-constellations are 9.5 and 10 dB,
respectively. The corresponding coding gains for 3D-constella-
tions are 10.5 and 14 dB, respectively. It is important to notice
that the results achieved for both the coded and the uncoded
modulation are in accordance with the channel capacity figure
[9, Fig. 5.2-17], taking into consideration the difference between
the electrical signal-to-noise ratio and the OSNR. Even though
the current coding gains are approaching the capacity curves
from the figure, there is some space for improvement remaining.

IV. CONCLUSION

A novel LDPC-coded 3-D modulation scheme is proposed.
It is based on multilevel square QAM constellations to increase
the efficiency and improve the BER performance of any -ary
2D-modulation. The receiver is based on the APP demapper,
and LDPC decoder.

The proposed scheme is suitable for 100G Ethernet in ad-
dition to high-speed optical transmission beyond 320-Gb/s
aggregate rate. Once 100-Gb/s technology becomes mature
enough, by using LDPC-coded 1024-3D-constellation, it is
even possible to achieve beyond 1-Tb/s aggregate rate of optical
transmission using 100-giga-symbols/s equipment. This option
might be attractive for future 1-Tb/s Ethernet.
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