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1. 

OPTIMIZATION OF OPTICAL 
TRANSMISSION CAPACITY 

TECHNICAL FIELD 

The present disclosure relates to coherent optical data 
reception and decoding. 

BACKGROUND 
10 

The evolution of optical networks has moved toward 
maximum time-flexibility, such that transceivers are able to 
maximize spectral efficiency (SE) by adapting to the actual 
conditions of the network and data rate for the current traffic 
demand. To simplify transceiver implementation, the chan- 15 
nel spectral allocation Afand symbol rate R may be kept as 
constants. The use of a standard modulation format with 
fixed bit-per-symbol (BpS) results in fixed increments of SE, 
since SE=BpSAf/R. 
The reach of a coherent optical transmission system may 

be further limited by nonlinearity in the optical fiber path 
generated by both the optical channel itself, and by other 
channels at different optical wavelengths. In a polarization 
multiplexed transmission, the nonlinearities may also be due 
to intensity fluctuations in the orthogonal polarization. 25 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of an example embodiment of 
a system configured according to the techniques presented 
herein. 

FIG. 2 is a block diagram of an example embodiment of 
an electrical front end of a transmitter with an interleaver for 
polarization interleaving according to the techniques pre 
sented herein. 

FIG. 3 is a block diagram of an example embodiment of 
a coherent receiver with a de-interleaver for recovering the 
polarization interleaved signal according to the techniques 
presented herein. 

FIG. 4 is a diagram illustrating an example embodiment 40 
of interleaving two different modulation formats across two 
polarization modes. 

FIG. 5A is a graph showing the increased performance of 
a transmission using pre-distortion according to an example 
embodiment presented herein. 

FIG. 5B is a graph showing the increased performance 
with polarization interleaving according to an example 
embodiment presented herein. 

FIG. 6 is a graph showing the effect of different amounts 
of pre-distortion on the maximum reach of the transmission 50 
system according to an example. 

FIG. 7 is a flowchart of an example method for generating 
a pre-distorted signal according to the techniques presented 
herein. 
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DESCRIPTION OF EXAMPLE EMBODIMENTS 

Overview 
A method for transmitting a coherent optical data signal 

comprises receiving a data signal from an interface, and 60 
encoding the data signal with a forward error correcting 
(FEC) encoder according to a plurality of modulation for 
mats. The FEC encoder generates an FEC encoded signal 
which is used to generate a plurality of symbols according 
to the plurality of modulation formats. The plurality of 65 
symbols are spectrally shaped to generate a shaped signal. 
The shaped signal is pre-distorted by adding a predeter 

2 
mined amount of chromatic dispersion to generate a 
Smoothed signal, and the Smoothed signal is transmitted 
according to the plurality of modulation formats. 

Example Embodiments 

Referring to FIG. 1, a coherent optical transmission 
system 100 is shown that enables client 110 to send data to 
client 115. Client 110 sends a data stream to a coherent 
transmitter 120 through client interface 121. Coherent trans 
mitter 120 also includes a Forward Error Correction (FEC) 
encoder 122, symbol generator 123, pulse shaping filter 125, 
pre-distortion filter 126, processor 127, and memory 128. 
After processing the data stream and encoding it, transmitter 
120 sends the data via optical path 130 (e.g., a fiber optic 
cable) to receiver 140. Receiver 140 includes a chromatic 
dispersion filter 141, a frequency offset recovery module 
142, an adaptive polarization filter 143, a carrier phase 
estimator 145, a data slicer/FEC module 146, a processor 
147, and memory 148. Only two client devices are shown for 
simplicity, but any number of client devices may connect to 
transmitter 120 and/or receiver 140. Additionally, transmit 
ter 120 and receiver 140 may each comprise a transceiver 
with components from both transmitter 120 and receiver 140 
to enable two-way communication over the same or a 
different optical path. 

In one example, the functions of at least Some of the 
modules in the transmitter 120 (e.g., the client interface 121, 
FEC encoder 122, symbol generator 123, pulse shaping filter 
125, or pre-distortion filter 126) may be performed by 
processor 127 executing computer readable instructions 
stored in memory 128. Memory 128 may comprise read only 
memory (ROM), random access memory (RAM), magnetic 
disk storage media devices, optical storage media devices, 
flash memory devices, electrical, optical, or other physical/ 
tangible (e.g., non-transitory) memory storage devices. The 
processor 127 may be, for example, a microprocessor or 
microcontroller that executes instructions for implementing 
the processes described herein. Thus, in general, the memory 
128 may comprise one or more tangible (non-transitory) 
computer readable storage media (e.g., a memory device) 
encoded with Software comprising computer executable 
instructions and when the software is executed (by the 
processor 127) it is operable to perform the operations 
described herein. Alternatively, at least some of the modules 
may be embodied in application-specific integrated circuits 
(ASICs) designed to perform the function of at least one 
module described herein. In one example, a single ASIC 
may perform the functions of more than one module, e.g., 
the pulse shaping filter 125 and the pre-distortion filter 126 
may comprise a single ASIC. 

In one example, the functions of at least Some of the 
modules in the receiver 140 (e.g., the CD filter 141, fre 
quency offset recovery module 142, adaptive polarization 
filter 143, carrier phase estimator 145, and/or slicer FEC 
decoder 146) may be performed by processor 147 executing 
computer readable instructions stored in memory 148. 
Memory 147 may comprise read only memory (ROM), 
random access memory (RAM), magnetic disk storage 
media devices, optical storage media devices, flash memory 
devices, electrical, optical, or other physical/tangible (e.g., 
non-transitory) memory storage devices. The processor 147 
may be, for example, a microprocessor or microcontroller 
that executes instructions for implementing the processes 
described herein. Thus, in general, the memory 148 may 
comprise one or more tangible (non-transitory) computer 
readable storage media (e.g., a memory device) encoded 
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with Software comprising computer executable instructions 
and when the software is executed (by the processor 147) it 
is operable to perform the operations described herein. 

Each of the modules in the transmitter 120 may comprise 
a plurality of modules that perform the function of the 
module on separate data streams. In one example, the data 
stream from the client 110 is separated into a first data 
stream and a second data stream, which are processed in 
parallel by FEC encoder 122, symbol generator 123, pulse 
shaping filter 125, and pre-distortion filter 126. The first data 
stream and second data stream may then be multiplexed 
across two orthogonal polarization modes before transmis 
sion across optical path 130. Similarly, the modules of the 
receiver 140 may comprise a plurality of modules that 
perform the function of the module on separate data streams 
(e.g., a stream received with X-polarization and a stream 
received with y-polarization), as described further hereinaf 
ter. 

Referring now to FIG. 2, a simplified block diagram of 
transmitter 120 is shown. In this example, the client inter 
face 121 separates the data stream from the client into two 
separate data paths. FEC encoder 122 comprises an encoder 
222A for encoding one of the data streams with FEC 
according to modulation format A, and encoder 222B for 
encoding the second data stream with FEC according to 
modulation format B. Symbol generator 123 comprises a 
symbol generator 223A for generating symbols according to 
format A, and symbol generator 223B for generating sym 
bols according to format B. Symbol interleaver 224 receives 
the symbols in both formats and interleaves the symbols, 
such that each output data streams comprises some symbols 
in format A and some symbols in format B. In this example, 
signal shaping filter 125 comprises an X-polarization filter 
225X for generating a signal with X-polarization, and y-po 
larization filter 225Y for generating a signal with y-polar 
ization. The modules of pulse shaping filter 125 may also 
filter the signal to more closely match a Nyquist spectral 
shape. The pre-distortion filter 126 may add a predetermined 
amount of chromatic distortion to pre-distort one or both 
polarization signals through modules 226X and 226Y. This 
pre-distortion results in a reduction in the non-linear distor 
tion in the optical fiber. These two signals with X-polariza 
tion and y-polarization, respectively, are transmitted through 
optical path 130 to receiver 140. Each of these signals 
X-polarization and y-polarization may be transmitted as a 
combination of in-phase and quadrature signals. 

In one example, modulation formats A and B may be 
phase shift keying (e.g. binary phase shift keying (BPSK). 
quadrature phase shift keying (QPSK)) or quadrature ampli 
tude modulation (QAM) formats (e.g., 8-QAM, 16-QAM, 
etc.). Each of these formats has a given BpS and combining 
different formats allows the transmitter 120 to achieve a BpS 
anywhere in between the given BpS of each format. For 
example, by mixing one symbol of QPSK (BpS of 2 bits per 
symbol) modulated data with one symbol of 16-QAM (BpS 
of 4 bits per symbol), the transmitter can achieve a Bps of 
3 bits per symbol for the hybrid modulation format. The 
transmitter 120 may include an unequal ratio of symbols 
from each format to achieve a fractional Bp.S. Additionally, 
the transmitter 120 may interleave multiple consecutive 
symbols of each format for simpler operations in other 
modules. For example, some portion of the data processing 
may proceed more efficiently with sixteen consecutive sym 
bol blocks, and the transmitter 120 may interleave sixteen 
consecutive symbols of QPSK with sixteen consecutive 
symbols of 16-QAM. 
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4 
Referring now to FIG. 3, a simplified block diagram of 

receiver 140 is shown. In this example, CD filter 141 
processes the X-polarization signal with CD filter 341X and 
processes the y-polarization signal with CD filter 341Y. 
After the frequency offset module 142 has recovered the 
carrier frequency of the signals, adaptive polarization filter 
143 demultiplexes the two polarization modes, compensates 
for polarization mode dispersion (PMD) from the signals, 
adapts to changes in the polarization multiplexing and PMD, 
and compensates for residual inter-symbol interference 
caused by filtering and/or channel pulse shaping. Adaptive 
polarization filter 143 comprises modules 343A, 343B, 
343C, and 343D in a butterfly configuration. After adaptive 
polarization filter 143 has processed the signals, symbol 
de-interleaver 344 sorts the symbols of modulation format A 
and modulation format B, and restores the data signals so 
that one data signal is entirely modulation format A, and the 
other data signal is entirely modulation format B. 
The carrier phase estimator 145 estimates the carrier 

phase for the data signal in modulation format A with 
module 345A, and estimates the carrier phase for the data 
signal in modulation format B with module 345B. Slicer/ 
FEC decoder 146 comprises module 346A and module 346B 
and decodes the symbols of the data signals into a bit stream 
that is directed to the client device 115 (not shown in FIG. 
3). Module 346A may be specialized to only decode modu 
lation format A signals, and module 346B may be special 
ized to only decode modulation format B signals. Alterna 
tively, modules 345A, 346A, 345B, and 346B may be 
configurable to decode any modulation format. 

Referring now to FIG. 4, an example of polarization 
interleaving (PI) is shown. The graph shows the power 
levels of modulation format A segments 410A, 420A, 430A, 
and 440A and the power levels of format B segments 410B, 
420B, 430B, and 440B. The power levels are represented as 
the height of the box representing each respective segment. 
Each segment may contain a specified number of symbols in 
the specified modulation format, and depending on the 
desired BpS of the hybrid format, the number of symbols in 
each segment may be different for each modulation format. 
For example, segments 410A, 420A, 430A, and 440A may 
contain sixteen symbols of QPSK modulated data, while 
segments 410B, 420B, 430B, and 440B may contain eight 
symbols of 16-QAM modulated data. In an example in 
which the number of symbols varies between the different 
formats, the lengths of the boxes representing segments 
410A, 420A, 430A, and 440A may by shorter or longer than 
the lengths of the boxes representing segments 410B, 420B. 
430B, and 440B. Since QPSK modulated data requires less 
power than 16-QAM modulated data, the height of the boxes 
representing segments 410A, 420A, 430A, and 440A is 
Smaller than the height of the boxes representing segments 
410B, 420B, 430B, and 440B. 

In addition to being interleaved along the time dimension, 
which allows the BpS to be customized, the segments are 
also interleaved across the X-polarization and y-polarization 
dimensions. In this example, while segment 410A is being 
transmitted in modulation format A with y-polarization, 
segment 410B is being transmitted in modulation format B 
with X-polarization. After segments 410A and 410B are 
transmitted, segment 420A is transmitted in format A with 
X-polarization, and segment 420B is transmitted in modu 
lation format B with y-polarization. Interleaving the data 
signals across time and polarization maintains the power 
level at a more constant level, while still maintaining the 
ability to optimize the BpS and SE of the transmission. 



US 9,584,260 B2 
5 

In another example, the energy of the transmission may be 
Smoothed out by introducing an extra component of chro 
matic dispersion into the signals to create a pre-distorted 
signal. Since the chromatic dispersion from the optical path 
130 is well removed with CD filter 141 in the receiver, no 
changes are necessary for the receiver to acceptably remove 
the pre-distortion. The pre-distortion has the effect of smear 
ing the symbols of modulation format A and modulation 
format B across each other to maintain a more uniform 
power level across the entire transmission. In one example, 
the pre-distortion is added by a Fast Fourier Transform 
(FFT) based finite impulse generator. The FFT based finite 
impulse generator may function by taking the FFT of a 
number (N) of samples of the time domain input signal, 
multiplying the FFT by the complex vector rotation: 

Dzi (1) 
H(co) = est- o 

and taking the inverse FFT to recover a time domain signal. 
In one example, Subsequent sets of samples may overlap 
previous sets of samples to overcome cyclic properties. If a 
Subsequent set overlaps a previous set by n-1 samples, then 
those n-1 samples are discarded after the inverse FFT. In 
one example the finite impulse response is limited to a 
bandwidth surrounding the frequency of the optical trans 
mission. 

Referring now to FIG.5A, graph 500 shows optical length 
(as a number of spans) as a function of transmitted power, 
illustrating the improvement with added chromatic disper 
sion that can be imposed by the pre-distortion filter 126 of 
the transmitter 120 shown in FIGS. 1 and 2. Graph. 500 
shows the performance of two different simulated hybrid 
transmissions, each simulated with and without pre-distor 
tion, as well as a non-linear model of the theoretical limit 
510 which causes the maximum reach of the transmission 
(i.e., the maximum of the curve) to be limited by nonlinear 
distortion. In the non-linear theoretical model, for uncom 
pensated links, the non-linear distortion may be approxi 
mated as an additive Gaussian noise. The extra noise from 
the non-linearity, when added with the optical noise added 
by optical amplifiers, limits the maximum reach across the 
optical link, as shown by the maximum in plot 510. Plot 520 
shows the performance of a hybrid transmission with one 
symbol of QPSK modulated data interleaved with one 
symbol of 16-QAM modulated data. Plot 525 shows the 
performance of a pre-distorted hybrid transmission with one 
symbol of QPSK data interleaved with one symbol of 
16-QAM, with the pre-distortion comprising an added chro 
matic dispersion of 50,000 ps/nm. Plot 530 shows the 
performance of a hybrid transmission with 256 symbols of 
QPSK data interleaved with 256 symbols of 16-QAM data. 
Plot 535 shows the performance of a pre-distorted hybrid 
transmission with 256 symbols of QPSK data interleaved 
with 256 symbols of 16-QAM data, with the pre-distortion 
comprising an added chromatic dispersion of 50,000 ps/nm. 
In the example shown in FIG. 5A, there is no polarization 
interleaving in any of the transmissions. As seen by com 
paring the maximum of the plots/curves 520 and 525, the 
maximum reach improves almost to the theoretical limit 
when pre-distortion is added to a basic hybrid format 
interleaving one symbol of QPSK data with one symbol of 
16-QAM data. As seen by comparing the maximum of the 
curves 530 and 535, the improvement is even more dramatic 
as the number of interleaved symbols increases. 
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6 
Referring now to FIG. 5B, graph 550 shows optical length 

as a function of transmitted power, illustrating the improve 
ment with polarization interleaving. Graph 550 shows the 
performance of simulated hybrid transmissions through two 
different optical fibers both with and without polarization 
interleaving (PI), as well as the theoretical limit for refer 
ence. Plot 560 shows the performance of the theoretical limit 
of the hybrid transmission through a Standard Single Mode 
Fiber (SSMF). Plots 562 and 564 show the performance of 
a simulated hybrid transmission, through the SSMF, of two 
symbols of QPSK modulated data interleaved with two 
symbols of 16QAM modulated data. Plot 564 shows the 
baseline performance with no PI, and plot 562 shows the 
improved performance with PI. Plot 570 shows the perfor 
mance of the theoretical limit of the hybrid transmission 
through a Non-Zero Dispersion-Shifted Fiber (NZDSF). 
Plots 572 and 574 show the performance of a simulated 
hybrid transmission, through the NZDSF, of two symbols of 
QPSK modulated data interleaved with two symbols of 
16-QAM modulated data. Plot 574 shows the baseline 
performance with no PI, and plot 572 shows the improved 
performance with PI. 

Referring now to FIG. 6, graph 600 shows how the 
maximum reach of a transmission varies as a function of the 
amount of pre-distortion added to the transmission through 
two different types of fiber. Plot 610 shows the theoretical 
limit of the maximum reach for a transmission through a 
SSMF. Plot 615 shows the performance of a simulated 
hybrid transmission, through a SSMF, with two symbols of 
QPSK modulated data interleaved with two symbols of 
16-QAM modulated data as the amount of pre-distortion is 
raised. Plot 620 shows the theoretical limit of the maximum 
reach for a transmission through an NZDSF. Plot 625 shows 
the performance of a simulated hybrid transmission, through 
an NZDSF, with two symbols of QPSK modulated data 
interleaved with two symbols of 16-QAM modulated data as 
the amount of pre-distortion is raised. 

Referring now to FIG. 7, a flowchart of an example 
process 700 for adding pre-distortion to an optical transmis 
sion is shown. In step 710, transmitter 120 receives a data 
signal. The transmitter 120 encodes the data signal with 
forward error correction (FEC) according to a plurality of 
modulation formats in step 720. In step 730, the transmitter 
120 modulates the data by generating symbols according to 
a plurality of modulation formats. Transmitter 120 spectrally 
shapes the modulated data in step 740 to generate a shaped 
signal. Before transmitting the shaped signal, the transmitter 
120 adds a predetermined amount of chromatic dispersion to 
the modulated data at step 750. The additional chromatic 
dispersion spreads the pulses such that the energy of each bit 
is spread over several bit slots, and acts to spread out the 
power of a hybrid transmission over time more uniformly. In 
one example, the additional chromatic dispersion is added 
by a finite impulse response (FIR) filter. In step 760, the 
transmitter 120 transmits the pre-distorted signal with a 
smoother power distribution. 

In one example, the techniques presented herein provide 
for a method comprising receiving a data signal from an 
interface, and encoding the data signal with a forward error 
correcting (FEC) encoder according to a plurality of modu 
lation formats to generate an FEC encoded signal. A plural 
ity of symbols are generated from the FEC encoded signal 
according to the plurality of modulation formats, and the 
plurality of symbols are spectrally shaped to generate a 
shaped signal. The shaped signal is pre-distorted by adding 
a predetermined amount of chromatic dispersion to generate 



US 9,584,260 B2 
7 

a smoothed signal. The Smoothed signal is transmitted 
according to the plurality of modulation formats. 

In another example, the techniques presented herein pro 
vide for an apparatus with an interface configured to receive 
a data signal. The apparatus also includes at least one FEC 
encoder configured to encode the data signal according to a 
plurality of modulation formats and to generate at least one 
FEC encoded signal. A symbol generator is configured to 
generate a plurality of symbols from the at least one FEC 
encoded signal according to the plurality of modulation 
formats, and a pulse shaping filter is provided that is 
configured to spectrally shape the plurality of symbols into 
a shaped signal. A pre-distortion filter is configured to add a 
predetermined amount of chromatic dispersion to the shaped 
signal and generate a Smoothed signal. The apparatus also 
includes an optical transmitter configured to transmit the 
Smoothed signal according to the plurality of modulation 
formats. 

In a further example, the techniques presented herein 
provide for a receiver comprising a chromatic dispersion 
filter configured to compensate for any chromatic dispersion 
in an optical signal received from a transmitter across an 
optical path. The total chromatic dispersion as seen by the 
receiver may include a predetermined amount of chromatic 
dispersion added by the transmitter and a non-predetermined 
amount of chromatic dispersion from the optical path. The 
receiver further comprises a frequency offset recovery mod 
ule configured to recover a carrier frequency of the optical 
signal and an adaptive polarization filter configured to 
demultiplex the optical signal, compensate for any polariza 
tion mode dispersion (PMD) in the optical signal, and 
generate an equalized signal. The receiver includes at least 
one carrier phase estimator configured to estimate the carrier 
phase of the equalized signal according to a plurality of 
modulation formats. The receiver also includes at least one 
FEC decoder configured to decode the equalized signal at 
the estimated carrier frequency according to the plurality of 
modulation formats. 

In yet another example, the techniques provided herein 
provide for an apparatus that includes an interface config 
ured to receive a first data signal and a second data signal. 
The apparatus also includes a first FEC encoder configured 
to encode the first data signal according to a first modulation 
format and to generate a first FEC encoded signal, and a 
second FEC encoder configured to encode the second data 
signal according to a second modulation format and to 
generate a second FEC encoded signal. The apparatus fur 
ther comprises a first symbol generator configured to gen 
erate a first plurality of symbols from the first FEC encoded 
signal according to the first modulation format, and a second 
symbol generator configured to generate a second plurality 
of symbols from the second FEC encoded signal according 
to the second modulation format. The apparatus includes a 
symbol interleaver configured to alternate at least one of the 
first plurality of symbols with at least one of the second 
plurality of symbols and generate a first interleaved signal 
and second interleaved signal. That apparatus further 
includes an optical transmitter configured to transmit the 
first interleaved signal with a first polarization and the 
second interleaved signal with a second polarization. 

In still another example, the techniques provided herein 
provide for an apparatus that includes a chromatic dispersion 
filter configured to compensate for any chromatic dispersion 
in an optical signal from an optical path. The optical signal 
comprises a first signal at a first polarization and a second 
signal at a second polarization. The apparatus also includes 
a frequency offset recovery module configured to recover a 
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8 
carrier frequency of the optical signal. The apparatus further 
comprises an adaptive polarization filter configured to 
demultiplex the optical signal, compensate for any polariza 
tion mode dispersion (PMD) in the first signal and the 
second signal, and generate a first equalized signal and a 
second equalized signal. The first equalized signal and the 
second equalized signal each include a plurality of symbols 
in a first modulation format interleaved with a plurality of 
symbols in a second modulation format. The apparatus 
includes a symbol de-interleaver configured to separate the 
first plurality of symbols from the second plurality of 
symbols out of the first equalized signal and the second 
equalized signal. The symbol de-interleaver is configured to 
generate a third equalized signal comprising the first plu 
rality of symbols and a fourth equalized signal comprising 
the second plurality of symbols. The apparatus also com 
prises a first carrier phase estimator configured to estimate 
the carrier phase of the third equalized signal according to 
the first modulation format, and a second carrier phase 
estimator configured to estimate the carrier phase of the 
fourth equalized signal according to the second modulation 
format. The apparatus further comprises a first FEC decoder 
configured to decode the third equalized signal at the esti 
mated carrier frequency according to the first modulation 
format, and a second FEC decoder configured to decode the 
fourth equalized signal at the estimated frequency according 
to the second modulation format. 

In Summary, the techniques provided herein provide for 
interleaving symbols from different modulation formats in 
both time and polarization to decrease non-linear distortion 
that limits the maximum reach of coherent optical transmis 
sions. The transmitter and receiver described herein with an 
interleaver/de-interleaver module provides a simple archi 
tecture, since the remaining modules are not required to 
recognize and handle different modulation formats and may 
be designed to process a single modulation format. Addi 
tionally, pre-distortion of a hybrid format signal may be used 
to improve non-linear tolerance. 
The above description is intended by way of example 

only. Various modifications and structural changes may be 
made therein without departing from the scope of the 
concepts described herein and within the scope and range of 
equivalents of the claims. 
What is claimed is: 
1. A method comprising: 
receiving a data signal from an interface; 
encoding and modulating the data signal with a Forward 

Error Correcting (FEC) encoder and according to a first 
modulation format and a second modulation format to 
generate an FEC encoded signal; 

generating, from the FEC encoded signal, a first plurality 
of symbols according to the first modulation format and 
a second plurality of symbols according the second 
modulation format; 

interleaving the first plurality of symbols with the second 
plurality of symbols across time and optical polariza 
tion, such that, during a first time period, at least one of 
the first plurality of symbols is transmitted with a first 
polarization and at least one of the second plurality of 
symbols is transmitted with a second polarization, and, 
during a second time period, at least one of the first 
plurality of symbols is transmitted with the second 
polarization and at least one of the second plurality of 
symbols is transmitted with the first polarization; 

spectrally shaping the first and second plurality of sym 
bols to generate, respectively, a first shaped signal and 
a second shaped signal; 
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pre-distorting the first and second shaped signals by 
adding a predetermined amount of chromatic disper 
sion to generate, respectively, a first Smoothed signal 
and a second Smoothed signal; and 

optically transmitting the first and second Smoothed sig 
nals. 

2. The method of claim 1, wherein the first and second 
modulation formats comprise Quadrature Amplitude Modu 
lation (QAM) or Phase Shift Keying (PSK). 

3. The method of claim 1, wherein the first and second 
time periods are consecutive and repeat for a duration of 
transmission. 

4. The method of claim 1, wherein the first plurality of 
symbols and second plurality of symbols are interleaved 
with an unequal ratio. 

5. An apparatus comprising: 
an interface configured to receive a data signal; 
at least one Forward Error Correcting (FEC) encoder 

configured to FEC encode and modulate the data signal 
according to a first modulation format and a second 
modulation format and generate first and second FEC 
encoded signals; 

at least one symbol generator configured to generate from 
the first and second FEC encoded signals a first plu 
rality of symbols according to the first modulation 
format and the second plurality of symbols encoded 
according the second modulation format; 

an interleaver configured to interleave the first plurality of 
symbols with the second plurality of symbols across 
time and optical polarization, Such that, during a first 
time period, at least one of the first plurality of symbols 
is transmitted with a first polarization and at least one 
of the second plurality of symbols is transmitted with a 
second polarization, and, during a second time period, 
at least one of the first plurality of symbols is trans 
mitted with the second polarization and at least one of 
the second plurality of symbols is transmitted with the 
first polarization; 

a pulse shaping filter configured to spectrally shape the 
interleaved first and second plurality of symbols and 
generate, respectively, a first shaped signal and a sec 
ond shaped signal; 

a pre-distortion filter configured to add a predetermined 
amount of chromatic dispersion to the first and second 
shaped signals and generate, respectively, a first 
Smoothed signal and a second Smoothed signal; and 

an optical transmitter configured to transmit the first and 
second Smoothed signals. 

6. The apparatus of claim 5, wherein the at least one FEC 
encoder comprises a quadrature amplitude modulation 
(QAM) encoder configured to encode the data signal with 
forward error correction compatible with QAM, and a phase 
shift keying (PSK) encoder configured to encode the data 
signal with forward error correction compatible with PSK, 
the QAM encoder generating a QAM FEC encoded signal 
and the PSK encoder generating a PSK FEC encoded signal. 

7. The apparatus of claim 6, wherein the at least one 
symbol generator comprises a QAM symbol generator and 
a PSK symbol generator, the QAM symbol generator con 
figured to generate a plurality of QAM symbols from the 
QAM FEC encoded signal, and the PSK symbol generator 
configured to generate a plurality of PSK symbols from the 
PSK encoded signal. 

8. The apparatus of claim 5, wherein the pulse shaping 
filter is configured to generate a first polarized signal with at 
least one of the first or second pluralities of symbols, and 
generate a second polarized signal with at least another one 
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10 
of the plurality of symbols, and wherein the optical trans 
mitter is configured to transmit the first polarized signal with 
the first polarization, and transmit the second polarized 
signal with the second polarization. 

9. The apparatus of claim 5, wherein the interleaver is 
configured to interleave the first plurality of symbols and the 
second plurality of symbols with an unequal ratio. 

10. An apparatus comprising: 
an interface configured to receive a first data signal and a 

second data signal; 
a first Forward Error Correcting (FEC) encoder config 

ured to FEC encode and modulate the first data signal 
according to a first modulation format and generate a 
first FEC encoded signal; 

a second FEC encoder configured to FEC encode and 
modulate the second data signal according to a second 
modulation format and generate a second FEC encoded 
signal; 

a first symbol generator configured to generate a first 
plurality of symbols from the first FEC encoded signal 
according to the first modulation format; 

a second symbol generator configured to generate a 
second plurality of symbols from the second FEC 
encoded signal according to the second modulation 
format; 

a symbol interleaver configured to interleave the first 
plurality of symbols with the second plurality of sym 
bols across time and optical polarization, Such that, 
during a first time period, at least one of the first 
plurality of symbols is transmitted with a first polar 
ization and at least one of the second plurality of 
symbols is transmitted with a second polarization, and, 
during a second time period, at least one of the first 
plurality of symbols is transmitted with the second 
polarization and at least one of the second plurality of 
symbols is transmitted with the first polarization; 

an optical transmitter configured to transmit the inter 
leaved first plurality of symbols and second plurality of 
symbols. 

11. The apparatus of claim 10, wherein the first encoder 
is configured to encode only according to the first modula 
tion format, the second encoder is configured to encode only 
according to the second modulation format, the first symbol 
generator is configured to generate symbols only according 
to the first modulation format, and the second symbol 
generator is configured to generate symbols only according 
to the second modulation format. 

12. A method comprising: 
receiving a first data signal and a second data signal; 
encoding and modulating the first data signal with a first 

Forward Error Correcting (FEC) encoder according to 
a first modulation format to generate a first FEC 
encoded signal; 

encoding and modulating the second data signal with a 
second FEC encoder according to a second modulation 
format to generate a second FEC encoded signal; 

generating a first plurality of symbols from the first FEC 
encoded signal according to the first modulation for 
mat, 

generating a second plurality of symbols from the second 
FEC encoded signal according to the second modula 
tion format; 

interleaving the first plurality of symbols with the second 
plurality of symbols across time and optical polariza 
tion, such that, during a first time period, at least one of 
the first plurality of symbols is transmitted with a first 
optical polarization and at least one of the second 
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plurality of symbols is transmitted with a second opti 
cal polarization, and, during a second time period, at 
least one of the first plurality of symbols is transmitted 
with the second polarization and at least one of the 
second plurality of symbols is transmitted with the first 
polarization; and 

transmitting the interleaved first plurality of symbols and 
second plurality of symbols. 

13. The method of claim 12, wherein the first FEC 
encoder is configured to encode only according to the first 
modulation format, and wherein the second FEC encoder is 
configured to encode only according to the second modu 
lation formation. 

14. One or more non-transitory computer readable storage 
media encoded with software comprising computer execut 
able instructions and when the software is executed operable 
to cause a processor to: 

receive a data signal from an interface; 
forward error correction (FEC) encode and modulate the 

data signal according to a first modulation format and 
a second modulation format to generate an FEC 
encoded signal; 

generate from the FEC encoded signal a first plurality of 
symbols encoded according to the first modulation 
format and a second plurality of symbols encoded 
according the a second modulation format; 

interleave the first plurality of symbols with the second 
plurality of symbols across time and optical polariza 
tion, such that, during a first time period, at least one of 
the first plurality of symbols is transmitted with a first 
polarization and at least one of the second plurality of 
symbols is transmitted with a second polarization, and, 
during a second time period, at least one of the first 
plurality of symbols is transmitted with the first polar 
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ization and at least one of the second plurality of 
symbols is transmitted with the first polarization; 

spectrally shape the first and second plurality of symbols 
to generate, respectively, a first shaped signal and a 
second shaped signal; 

pre-distort the first and second shaped signals by adding 
a predetermined amount of chromatic dispersion to the 
first and the second shaped signals to generate, respec 
tively, a first Smoothed signal and a second Smoothed 
signal; and 

cause the first Smoothed signal and the second Smoothed 
to be optically transmitted. 

15. The computer readable storage media of claim 14, 
wherein the first and second modulation formats comprise 
Quadrature Amplitude Modulation (QAM) or Phase Shift 
Keying (PSK). 

16. The computer readable storage media of claim 14, 
wherein the first plurality of symbols and the second plu 
rality of symbols are interleaved with an unequal ratio. 

17. The apparatus of claim 5, wherein the first and second 
time periods are consecutive and repeat for a duration of 
transmission. 

18. The apparatus of claim 10, wherein the first and 
second time periods repeat for a duration of transmission. 

19. The apparatus of claim 10, wherein the first and 
second time periods are consecutive. 

20. The method of claim 12, wherein the first and second 
time periods are consecutive and repeat for a duration of 
transmission. 

21. The computer readable storage media of claim 14, 
wherein the first and second time periods repeat for a 
duration of transmission. 

22. The computer readable storage media of claim 14, 
wherein the first and second time periods are consecutive. 

k k k k k 


