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1
POLARIZATION DEMULTIPLEXING USING
INDEPENDENT COMPONENT ANALYSIS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation having Ser. No. 61/317,131 filed Mar. 24, 2010, which
is hereby incorporated by reference herein in its entirety.

FIELD OF THE DISCLOSURE

The present disclosure relates to optical communication,
and more specifically to optical communication using polar-
ization multiplexing.

BACKGROUND

The transmission capacity of optical communication sys-
tems is limited by the spectral range of the optical fiber. One
way to increase spectral efficiency is to multiplex data
streams data using different polarizations of light. However,
due to random birefringence in the optical fiber, signals car-
ried in different polarizations experience polarization mixing
or even polarization mode dispersion (PMD). This requires
polarization demultiplexing or PMD compensation in the
receiver in order to correctly recover the transmitted signals.

BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of the disclosure can be better understood
with reference to the following drawings. The components in
the drawings are not necessarily to scale, emphasis instead
being placed upon clearly illustrating the principles of the
present disclosure.

FIG. 1 is a system model diagram of an optical communi-
cation system including an embodiment of polarization
demultiplexing logic.

FIG. 2 is a block diagram of a polarization division multi-
plexing communication system utilizing the polarization
demultiplexing logic of FIG. 1, according to some embodi-
ments.

FIG. 3 illustrates a multi-core optical fiber.

FIG. 41is ablock diagram of areceiver from FIG. 2, accord-
ing to some embodiments.

DETAILED DESCRIPTION

FIG. 1 is a system model diagram of an optical communi-
cation system including an embodiment of polarization
demultiplexing logic. Transmitted data is carried by an elec-
trical signal 110, which is provided to an optical modulator
and polarization multiplexer 120. Modulator/multiplexer 120
produces a (modulated) optical signal 130 which includes x
and y polarization components, i.e., a polarization-division
multiplexed signal. In some embodiments, x and y are
orthogonal. Various forms of modulation can be used, such as
quadrature-phase shift keying (QPSK) and quadrature ampli-
fication (QAM), among others. Furthermore, although the
system diagram of FIG. 1 does not depict multiple frequen-
cies, it should be appreciated that the principles described
herein can be extended to and/or combined with other forms
of multiplexing such as wavelength-division multiplexing.

Polarization-multiplexed optical signal 130 travels
through an optical channel 140, which includes optical fiber
150. Various types of optical fibers can be used, as should be
appreciated, including single mode fiber and multimode fiber.
Optical fiber 150 introduces various types of distortion,
resulting in a distorted optical signal 160. Distorted optical
signal 160 is provided to an optical detector 170, which con-
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2

verts the distorted optical signal to a signal in the electrical
domain. Distorted electrical signal 180 is processed in the
electrical (digital) domain by polarization demultiplexing
logic 190. The output of polarization demultiplexing logic
190 is a demultiplexed electrical signal 195. Carried within
demultiplexed electrical signal 195 is data which is a replica
(or near replica) of the originally transmitted data.

The transmitted signal 130 is a mixed signal of multiple
polarization components. Optical detector 170, acting as part
of'acoherent optical receiver, converts this mixed signal to the
electrical domain. In doing so, the optical detector 170
records optical fields in multiple polarizations, as well as
phase and quadrature components of the electrical field. By
using a polarization diversity receiver, the polarization
demultiplexing described herein can be independent of the
modulation format. In contrast, many conventional methods
of polarization demultiplexing are dependent on a particular
modulation format.

These components of the mixed signal, produced by the
coherent optical receiver, are then operated on in the electrical
domain by polarization demultiplexing logic 190. As
described in further detail herein, polarization demultiplex-
ing logic 190 uses independent component analysis (ICA) to
separate or demultiplex the independent polarization compo-
nent signals carried within the mixed polarization signal. The
originally transmitted data stream then can be recovered from
the separated signals.

In some embodiments, the polarization demultiplexing
logic 190 also performs polarization dispersion compensa-
tion (PMD). As applied by the embodiments described
herein, polarization demultiplexing can be considered a spe-
cial case of PMD compensation.

FIG. 2 is a block diagram of an optical communication
system utilizing an embodiment of polarization demultiplex-
ing logic 190. Polarization demultiplexing is performed in the
digital domain after coherent detection. Transmitter 205
includes a laser 210, with the optical signal output from laser
210 being supplied to a polarization beam splitter 215. After
the laser output is split by polarization beam splitter 215,
optical signals having individual polarization components are
provided to aplurality of optical modulators 220, one for each
polarization component.

An interleaver 225 separates a data stream and supplies a
tributary stream to each modulator 220. Each modulator 220
modulates the polarized optical signal produced by polariza-
tion beam splitter 215 according to a subset of the (electrical)
data signals from interleaver 225. The signals output from a
particular modulator 220 are thus associated with a particular
polarization component.

In this example, modulator 220X modulates bits d1, to
dN,, where N is dependent on the interleaver. The signals d,
that are output from modulator 220X are thus associated with
a particular polarization component, here X. Another modu-
lator 220Y modulates according to another subset of data
signals d1, to dN, and are thus associated with a different
polarization component, hereY. A polarization controller 230
combines the polarization channels. In some embodiments,
the polarization controller 230 also adjusts the state of polar-
ization of each channel as appropriate.

In this example, the modulators 220 share the same carrier
frequency. In other embodiments, the modulators use difter-
ent frequencies, and the wavelengths are combined by a mul-
tiplexer which performs wavelength-division multiplexing.
In this manner, polarization multiplexing is combined with
wavelength-division multiplexing.

The polarization-division multiplexed signal is transmitted
over one or more optical fiber spans 235. It should be appre-
ciated that various technologies and mechanisms can be used
for amplification and modulation. After transmission over
spans 235, the polarization-division multiplexed signal is
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received at a receiver 240. Impairments in the optical fibers
cause effects such as random bifringence and random polar-
ization rotation. The resulting distortion of the optical signal
causes polarization components to be mixed at the receiver
240.

At receiver 240, another polarization bream splitter 245
separates the received distorted signal into polarization-spe-
cific tributaries. Receiver 240 uses 90° optical hybrids 250 to
mix each polarization-specific tributaries with a local oscil-
lator 255. Each hybrid 250 is supplied with an oscillator
signal having the same polarization, produced by another
polarization splitter at the local oscillator output.

Each hybrid 250 outputs to a pair of balanced photo-detec-
tors 260. Each pair of photo-detectors 269 obtains in-phase
and quadrature components for a polarization tributary of the
polarization-division multiplexed signal. All I and Q compo-
nents of the polarization-multiplexed signal are provided to
polarization demultiplexing logic 265.

Polarization demultiplexing logic 265 separates the mixed
polarization signal using independent component analysis
(ICA) as described herein. Finally, the originally transmitted
data is estimated by phase estimator 270 and de-interleaving
is performed if appropriate. Data recovery of the originally
transmitted stream is then complete. In this manner, the
mixed polarization signal is unmixed, the signal constella-
tions are recovered, and the symbols are recovered to produce
the originally transmitted data bit stream.

In a polarization multiplexed system, the output signals are
linear mixtures of the input signals, so that the output and
input signals are related by a matrix. Polarization demulti-
plexing logic 265 obtains the input signals from the output
signals by finding the inverse transformation matrix can be
found.

Independent component analysis relies on the assumption
of'statistical independence of the input signals to evaluate the
transformation matrix only from the output signals. With
polarization demultiplexing having two inputs and two out-
puts, the ICA criterion can be expressed as follows:

PolEnE) D EDNE,) M

where p,,, is the joint probability distribution function (pdf) of
two orthogonal polarizations while p,(E,) and p (E,) are mar-
ginal pdfs of and polarization, respectively. In some embodi-
ments, high order cumulants are used to determine statistical
independence rather than pdfs. According to the central limit
theorem, the statistics of a mixed signal tends to be more
Gaussian compared with its independent components. Since
high order cumulants of a Gaussian signal are all zero, they
can be used to evaluate the Gaussianity of a signal and to be
used in ICA.

In polarization demultiplexing, the matrix linking the out-
put signals to the input signals is a unitary matrix. A unitary
matrix in general has four free parameters. Two of them can
be corrected during digital phase estimation, leaving only two
parameters to be determined by polarization demultiplexing
logic 265. Hence, the unitary matrix required for polarization
demultiplexing can be expressed as

cos(a) sin(ae’’)

—sin(ae ™) cos(a)
where o and e are two free parameters to be obtained.
Various algorithms can be used to implement ICA, as
should be appreciated. Some embodiments use the tensor-
based algorithm. The tensor-based algorithm uses marginal
kurtosis, the fourth-order marginal cumulant, as the indicator
to find independent components. The contrast function is
defined as

$=K111+K5220 3
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where K,,,, and K,,,, are marginal kurtoses of the two
orthogonal polarizations. Kurtosis itself is a tensor under
unitary rotation. Its dependence on unitary rotation (and) can
be calculated analytically. In optical communication, signal
pdfs are sub-Gaussian and their marginal kurtoses are nega-
tive. The further the marginal kurtoses are from zero, the less
Gaussian and more independent the signals are. Therefore,
polarization demultiplexing logic 265 determines the correct
unitary transformation matrix by minimizing the contrast
function. The advantage of the tensor-based algorithm com-
pared with stochastic gradient descent is it does not need any
initial values and step size to start with and does not have
convergence problems

Some embodiments of polarization demultiplexing logic
265 use constant modulus as an ICA criterion. In the case of
polarization demultiplexing, expressed as

(}’1 ] _ (hlz hiz ](Xl ]
y2 hr hn Nx

the cost function can be expressed as

F=(ly, ‘p_Rpl)2+(‘y2 ‘p_sz)Z

where Rpl and Rp2 are the expected constant moduli for
two polarizations. For communication signals, Rp1 and Rp2
are set to be

where a is transmitted symbols. The update process for
matrix H, following a stochastic gradient descent algorithm
(SGD), is calculated as

hy—hy=20p(VF-R,)yPyx*

v

Some embodiments simplify the algorithm by using p=2 and

hy—hy=4a(ly;P=Ryy)y;x*

v

For PMD compensation using constant modulus as an ICA
criterion, the relationship betweenY and X is convolution by
butterfly filters as

(yl] (hu hlz] (Xl]
= *

Y2 hy hn) \x
SO

tap

k)= Z [AryDxy (ke +1 =D+ hip(Dxatk + 1 = D]
T

tap

y2(k) = Z [h21(Dx1 (k + 1 =D+ hp(Dxa(k + 1 = 1)
T

Now the updating process for filter elements is

by —=hy(D-4allyB)P=Ry)y (R (k+1-D)*

£

Polarization demultiplexer logic 265 uses independent
component analysis (ICA) to separate independent signals
from their mixtures. The waveforms of the mixed signal are
related to the independent signals by a linear relationship,
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which can be mathematically represented by a matrix as
follows,

@y ] [411
ay gnN1

where A=(a.;, . .., o) T and S=(s,, . . ., s,,)T are waveforms
at N receivers and M transmitters, respectively. The matrix
relating S and A is the transformation matrix Q. The reverse of
the relationship would be

- qim

1

- gNM

Sm qM1 - gMN Uy

Polarization demultiplexer logic 265 solves the problem by
discovering a matrix H so that

-1

,
S1 hy iy @)

. huy ay

and S' is as close as to the original signal S except for only
scaling factors and order. Polarization demultiplexer logic
265 uses ICA to compute the matrix H from the knowledge of
A and the property of statistical independence of elements of
S. The principle of the ICA is to seek a transformation matrix
H that would make the components of S' as statistically inde-
pendent as possible such that

'

plsi’sa’ ..., Sar)=P(s100(52) - .. plsar)

where p denotes the probability density function (PDF) of
respective signal or signals. In some embodiments, this is
accomplished by finding a cost function for optimization.
According to central limit theorem, a mixture of independent
signals tends to be distributed as Gaussian. In other words,
independent signals are less Gaussian than their mixtures.
Therefore, some embodiments of polarization demultiplexer
logic 265 use Gaussianity as a criterion for ICA. Some
embodiments quantitatively qualify Gaussianity using high
order cumulants. A fourth-order cumulant called kurtosis can
be used.

A Gaussian signal only has non-zero cumulants up to the
second order and all high-order cumulants beyond are zero.
Therefore, a kurtosis further from zero means less Gaussian-
ity for the signal. The cross-kurtosis of complex signals z,, z,,
7,, 7, is defined as follows,

7 Fuy Fy oo Wy Fey o Fry K

e T 2
Con L O 2 T T L L T2 2

For kurtosis of a single signal, it can be simplified to

— 1 22 2. k2
Ciri=zi = 2(17°) 2z

The recorded waveforms A are known. Some embodiments
of polarization demultiplexer logic 265 then calculate the
transformation matrix H to make the kurtosis of si' furthest
from zero. For polarization demultiplexing, matrix H is a 2x2
matrix. If the received signals in two polarizations are (x1,
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x2)T and the demultiplexed signals are (y1, y2)T, then the
following relationship exists.

(yl]_(hll hlz]xl
Y2 My hn)xp

Since communications signals are sub-Gaussian, whose
kurtosis is less than zero, some embodiments of polarization
demultiplexer logic 265 minimize the kurtoses of y1 and y2.
By using kurtosis as the cost function, the matrix elements of
H are updated according to stochastic gradient descent algo-
rithm as follows.

@ dciii
VT3 on;

by > h =ty = oflyiyixs = 2yl yix; — y7 - i w)

After each update process, H is renormalized as follows

i

[y | + 12
A useful result here for derivative calculation is

Olyil _ xixj
Ak vl

The discussion above described using ICA and a transfor-
mation matrix to perform polarization demultiplexing. The
transformation matrix can also be used by polarization
demultiplexer logic 265 to calculate filter coefficients to per-
form PMD compensation. For PMD compensation, the rela-
tionship betweenY and X is convolution by butterfly filters as

(yl] (hu hlz] (Xl]
= *

Y2 hy hn) \x
So

tap

k)= Z [AryDxy (ke +1 =D+ hip(Dxatk + 1 = D]
7

tap

yalk) = Z [A1 Dy (k +1 =D + Ay (Dxa(k + 1 = D]
T

The updating process for the filter elements is

hy(D)—hy D=y, (R) Py (ow Ut 1 =D* =21y, (R) Py
(), (et 1=0* =y (R * (ke 1=D) )

The example embodiments described above use indepen-
dent component analysis (ICA) to perform polarization
demultiplexing with or without PMD compensation. How-
ever, these techniques are not limited to two streams of inde-
pendent data carried on two degrees of freedom. The tech-
niques are also applicable to provide additional degrees of
freedom, which can expand transmission capacity. For
example, another embodiment of polarization demultiplex-
ing using ICA is employed in an optical communication
system in which independent data streams are carried on
different spatial modes of a multimode fiber.
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The concept of principal state of polarization (PSP) of a
single mode fiber can be extended to principal modes in a
multimode fiber. Another embodiment of polarization demul-
tiplexing using ICA is employed in an optical communication
system in which data streams carried in multiple (two or
more) modes in multimode fiber are coupled to each other in
a manner analogous to carrying data stream on two polariza-
tions of the single mode of the single-mode fiber. In this
manner, independent component analysis is applied to the
separation or demultiplexing of mode-division multiplexed
optical transmission.

An optical communication system using such an embodi-
ment includes a mode-division multiplexed transmitter, a
mode-division demultiplexed receiver, and a multimode opti-
cal fiber 300 coupling the mode-division multiplexed trans-
mitter and the mode-division demultiplexed receiver. The
mode-division demultiplexing receiver includes an optical
detector configured to convert the received signal to a corre-
sponding electrical signal. Polarization demultiplexer logic
265 then performs mode-division demultiplexing on the
mode-division multiplexed electrical signal by using ICA to
find an inverse transformation matrix that is statistically inde-
pendent, then applying the inverse transformation matrix to
the mode-division multiplexed electrical signal to produce a
mode-division demultiplexed electrical signal. Phase estima-
tion is then performed on the polarization-demultiplexed
electrical signal to recover the data stream.

In yet another embodiment, independent data streams are
carried on different cores in a multi-core fiber using space-
division multiplexing. FIG. 3 illustrates a multi-core fiber
300, which includes individual fiber cores 310, 320, 330, 340.
Because the evanescent tails of the guided wave in each fiber
core 300, 320, 330, 340 extend into the other fiber core,
independent data streams carried in all the fiber cores are
coupled or mixed. Polarization demultiplexing using inde-
pendent component analysis is applied to the separation or
demultiplexing of space-division multiplexed optical trans-
mission.

An optical communication system using such an embodi-
ment includes a space-division multiplexed transmitter, a
space-division demultiplexed receiver, and a multicore opti-
cal fiber 300 coupling the space-division multiplexed trans-
mitter and the space-division demultiplexed receiver. The
space-division demultiplexing receiver includes an optical
detector configured to convert the received signal to a corre-
sponding electrical signal. Polarization demultiplexer logic
265 then performs space-division demultiplexing on the
space-division multiplexed electrical signal by using ICA to
find an inverse transformation matrix that is statistically inde-
pendent, then applying the inverse transformation matrix to
the space-division multiplexed electrical signal to produce a
space-division demultiplexed electrical signal. Phase estima-
tion is then performed on the polarization-demultiplexed
electrical signal to recover the data stream.

FIG. 4is ablock diagram of receiver 240 according to some
embodiments disclosed herein. Receiver 240 contains a num-
ber of components that are well known in the computer arts,
including a processor 410 (e.g., microprocessor, digital signal
processor, microcontroller, digital signal controller), an opti-
cal transceiver 420, and memory 430. These components are
coupled via a bus 440. Some embodiments also include a
storage device 450, such as non-volatile memory or a disk
drive. Omitted from FIG. 4 are a number of conventional
components that are unnecessary to explain the operation of
receiver 430.

Polarization demultiplexer logic 265 can be implemented
in software (i.e., instructions executing on a processor), in
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hardware (i.e., specialized logic), or combinations thereof. In
the embodiment of FIG. 4, polarization demultiplexer logic
265 is represented as software. That is, these components
reside in memory 430 as instructions which, when executed
by processor 410, implement the systems and methods of
fiber impairment compensation disclosed herein. In other
embodiments (not shown), polarization demultiplexer logic
265 is implemented in digital logic, including, but not limited
to, a programmable logic device (PLD), a programmable gate
array (PGA), a field programmable gate array (FPGA), an
application-specific integrated circuit (ASIC), a system on
chip (SoC), and a system in package (SiP). Such digital logic
implementations are not limited to pure digital but may also
include analog sections or components.

Polarization demultiplexer logic 265 can be embodied in
any computer-readable medium for use by or in connection
with a processor. In the context of this disclosure, a “com-
puter-readable medium” can be any means that can contain or
store the instructions for use by the processor. The computer
readable medium can be, for example but not limited to, a
system or that is based on electronic, magnetic, optical, elec-
tromagnetic, or semiconductor technology. Specific
examples of a computer-readable medium using electronic
technology would include (but are not limited to) the follow-
ing: random access memory (RAM); read-only memory
(ROM); and erasable programmable read-only memory
(EPROM or Flash memory). A specific example using mag-
netic technology includes (but is not limited to) a portable
computer diskette. Specific examples using optical technol-
ogy include (but are not limited to) compact disk (CD) and
digital video disk (DVD).

The foregoing description has been presented for purposes
of'illustration and description. It is not intended to be exhaus-
tive or to limit the disclosure to the precise forms disclosed.
Obvious modifications or variations are possible in light of
the above teachings. The implementations discussed, how-
ever, were chosen and described to illustrate the principles of
the disclosure and its practical application to thereby enable
one of ordinary skill in the art to utilize the disclosure in
various implementations and with various modifications as
are suited to the particular use contemplated. All such modi-
fications and variation are within the scope of the disclosure
as determined by the appended claims when interpreted in
accordance with the breadth to which they are fairly and
legally entitled.

What is claimed is:

1. A method of compensating for transmission impairment,
the method comprising:

receiving a transmitted polarization-multiplexed optical

signal having a plurality of polarizations, each polariza-
tion division of the transmitted polarization-multiplexed
optical signal representing an independent data stream;

converting the polarization-multiplexed optical signal to a

corresponding polarization-multiplexed electrical sig-
nal;

determining an inverse transformation matrix that meets an

independent component analysis (ICA) criterion; and
applying the inverse transformation matrix to the polariza-

tion-multiplexed electrical signal to produce a polariza-

tion-demultiplexed electrical signal; and

phase estimating the polarization-demultiplexed electrical

signal to recover the data stream;

wherein the ICA criterion comprises Gaussianity and a

high-order cumulant of the polarization-multiplexed
electrical signal is used to evaluate the Gaussianity.

2. The method of claim 1, wherein the independent data
stream is a digital data stream.
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3. The method of claim 1, wherein the independent data
stream is an analog data stream.

4. The method of claim 1, wherein a fourth-order cumulant
of the polarization-multiplexed electrical signal is used to
evaluate the Gaussianity.

5. The method of claim 4, wherein a kurtosis cumulant of
the polarization-multiplexed electrical signal is used to evalu-
ate the Gaussianity.

6. The method of claim 1, wherein the determining uses a
tensor-based algorithm.

7. The method of claim 1, wherein the determining com-
prises:

minimizing a contrast function defined as ¢=K, |, ;+K55,,,

where K|, ,; and K,,,, are marginal kurtoses of the two
orthogonal polarizations.

8. The method of claim 1, wherein the ICA criterion is
PodBoE)=p(E)p,(E,), wherein p,, is a joint probability
distribution function (PDF) of the two orthogonal polariza-
tions, and p,(E,) is a marginal PDF of a first of the two
orthogonal polarizations, and P (E,) is a marginal PDF of a
second of the two orthogonal polarizations.

9. The method of claim 1, further comprising:

performing compensation for polarization mode disper-

sion (PMD) by using a plurality of filters to filter the
polarization-demultiplexed electrical signal, wherein
the determined inverse transformation matrix supplies a
plurality of coefficients for each of the filters.

10. The method of claim 1, wherein each of a plurality of
elements making up the inverse transformation matrix is a
complex number.

11. The method of claim 1, wherein each of a plurality of
elements making up the inverse transformation matrix is a
transversal filter or a tapped delayed line filter.

12. A receiver comprising:

memory containing instructions stored thereon;

a processor configured by the instructions; and

an optical detector configured to receive a transmitted

polarization-multiplexed optical signal and further con-
figured to provide a corresponding polarization-multi-
plexed electrical signal to the processor, each polariza-
tion division of the transmitted polarization-multiplexed
optical signal representing an independent data stream;
wherein the processor is configured by the instructions to
perform polarization demultiplexing on the polariza-
tion-multiplexed electrical signal by:
determining an inverse transformation matrix that meets
an independent component analysis (ICA) criterion;
and
applying the inverse transformation matrix to the polar-
ization-multiplexed electrical signal to produce a
polarization-demultiplexed electrical signal; and
phase estimating the polarization-demultiplexed electri-
cal signal to recover the data stream;
wherein the ICA criterion comprises Gaussianity and a
high-order cumulant of the polarization-multiplexed
electrical signal is used to evaluate the Gaussianity.

13. The receiver of claim 12, wherein the processor com-
prises a digital signal processor.

14. The receiver of claim 12, wherein a fourth-order cumu-
lant ofthe polarization-multiplexed electrical signal is used to
evaluate the Gaussianity.

15. The receiver of claim 14, wherein a kurtosis cumulant
of the polarization-multiplexed electrical signal is used to
evaluate the Gaussianity.

16. A receiver comprising:

an optical detector configured to receive a transmitted

polarization-multiplexed optical signal representing a
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data stream, which has been distorted in the physical
domain by an optical transmission channel and further
configured to provide a corresponding polarization-
multiplexed electrical signal to a processor,

logic configured to perform polarization demultiplexing on
the polarization-multiplexed electrical signal by:
determining an inverse transformation matrix that meets

an independent component analysis (ICA) criterion;
and

applying the inverse transformation matrix to the polariza-
tion-multiplexed electrical signal to produce a polariza-
tion-demultiplexed electrical signal; and

phase estimating the polarization-demultiplexed electrical
signal to recover the data stream;

wherein the ICA criterion comprises Gaussianity and a
high-order cumulant of the polarization-multiplexed
electrical signal is used to evaluate the Gaussianity.

17. A system comprising:

a polarization-multiplexed transmitter configured to trans-
mit a plurality of independent data streams on a polar-
ization-multiplexed optical signal;

a polarization diversity receiver;

a multimode optical fiber coupling the transmitter and the
polarization diversity receiver;

the polarization diversity receiver comprising:
an optical detector configured to receive the transmitted

polarization-multiplexed optical signal and to provide

a corresponding polarization-multiplexed electrical

signal to a processor,

logic configured to perform polarization demultiplexing

on the polarization-multiplexed electrical signal by:

determining an inverse transformation matrix that
meets an independent analysis (ICA) criterion; and

applying the inverse transformation matrix to the
polarization-multiplexed electrical signal to pro-
duce a polarization-demultiplexed electrical sig-
nal; and

phase estimating the polarization-demultiplexed
electrical signal to recover the data stream;

wherein the ICA criterion comprises Gaussianity and
a high-order cumulant of the polarization-multi-
plexed electrical signal is used to evaluate the
Gaussianity.

18. A system comprising:

a mode-division multiplexed transmitter configured to
transmit a plurality of independent data streams on a
mode-division multiplexed optical signal;

a mode-division demultiplexing receiver;

a multimode optical fiber coupling the mode-division mul-
tiplexed transmitter and the mode-division demultiplex-
ing receiver;

the mode-division demultiplexing receiver comprising:
an optical detector configured to receive the transmitted

mode-division multiplexed optical signal and to pro-
vide a corresponding mode-division multiplexed
electrical signal to a processor,
logic configured to perform mode demultiplexing on the
mode-division multiplexed electrical signal by:
determining an inverse transformation matrix that
meets a statistical independence criterion; and
applying the inverse transformation matrix to the
mode-division multiplexed electrical signal to pro-
duce a mode-demultiplexed electrical signal; and
phase estimating the polarization-demultiplexed
electrical signal to recover the data stream.
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19. A system comprising:

a space-division multiplexed transmitter configured to
transmit a plurality of independent data streams on a
space-division multiplexed optical signal;

a space-division demultiplexed receiver;

a multicore optical fiber coupling the space-division mul-
tiplexed transmitter and the space-division demulti-
plexed receiver;

the space-division demultiplexing receiver comprising:
an optical detector configured to receive the transmitted

space-division multiplexed optical signal and to pro-

vide a corresponding space-division multiplexed

electrical signal to a processor,

logic configured to perform space-division demultiplex-

ing on the space-division multiplexed electrical signal

by:

determining an inverse transformation matrix that
meets a statistical independence criterion; and

applying the inverse transformation matrix to the
space-division multiplexed electrical signal to pro-
duce a space-division demultiplexed electrical sig-
nal; and

phase estimating the polarization-demultiplexed
electrical signal to recover the data stream.
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