wo 2013/039968 A1 |1 J1F T 0RO O R

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

21 March 2013 (21.03.2013)

(10) International Publication Number

WO 2013/039968 A1l

WIPOIPCT

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
(73)

International Patent Classification:
H04B 10/155 (2006.01) H04B 10/158 (2006.01)

International Application Number:

PCT/US2012/054755 (81)

International Filing Date:
12 September 2012 (12.09.2012)

Filing Language: English
Publication Language: English
Priority Data:

61/535,548 16 September 2011 (16.09.2011) US
13/245,160 26 September 2011 (26.09.2011) US

Applicant (for all designated States except US): ALCA-
TEL LUCENT [FR/FR]; 3, avenue Octave Gréard, F-
75007 Paris (FR).

Inventors; and

Inventors/Applicants (for US only): LIU, Xiang [US/US];
6 Manor Drive, Marlboro, NJ 07746 (US). WINZER,
Peter, J. [AT/US]; 209 Cashel Drive, Aberdeen, NJ 07747
(US). CHRAPLYVY, Andrew [US/US]; 32 Somerset
Place, Matawan, NJ 07747 (US).

(84)

(74) Agent: LA BRUNO, David, M.; Alcatel-Lucent USA Inc.,

Attention: Docket Administrator - Room 3B-212F, 600-
700 Mountain Avenue, Murray Hill, NJ 07974-0636 (US).

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
™™, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
IM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

[Continued on next page]

(54) Title: PERFORMANCE ENHANCEMENT THROUGH OPTICAL VARIANTS

0 |

TRANSHITTER DSP

<
=
=<
=
=
=
S
=
=
=
a.

______

—
=
~

w

58 . 166,

168, =2 162,
T ADC 2

PDOH

PAYLOAD DATA
RECEIVER DSP
é

(57) Abstract: An optical transport system configured to
transmit a set of two or more optical variants per bit-word,
with the optical variants in the set being different from one
another in one or more of the time of transmission, spatial
localization, polarization of light, carrier wavelength, and
subcarrier frequency. Differences between the optical variants
may also be due to different respective constellation map-
ping. The optical variants of each set are detected and pro-
cessed at the receiver in a manner that enables coherent sum-
mation of the corresponding electrical signals prior to con-
stellation de- mapping. The coherent summation tends to av-
erage out the deleterious effects of linear and nonlinear
noise/distortions imparted on the individual optical variants
in the optical transport link because said noise/distortions are
incoherent in nature. In various embodiments, a BER reduc-
tion enabled by the use of optical variants can be implemen -
ted in addition to or instead of that provided by FEC coding.



WO 2013/039968 A1 |IIIWAIL 00TV VAT 0K A0 AR

TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, Published:

ML, MR, NE, SN, TD, TG). —  with international search report (Art. 21(3))



10

15

20

WO 2013/039968

PERFORMANCE ENHANCEMENT THROUGH OPTICAL VARIANTS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority from U.S. Provisional Patent Application No.
61/535,548, filed on September 16, 2011, and entitled “PERFORMANCE
ENHANCEMENT THROUGH OPTICAL VARIANTS,” which is incorporated

herem by reference 1 #ts entirety.

Field
The invention(s) relate to optical communication equipment and, more
specitically but not exclusively, to equipment for managing data transport through a

noisy optical channel.

Description of the Related Art

This section introduces aspects that may help facilitate a better understanding
of the invention(s). Accordingly, the statements of this section are to be read in this
light and are not to be understood as admisstons about what is in the prior art or what
1s not in the prior art.

Forward error correction (FEC) uses systematically generated redundant data
to reduce the bit-error rate (BER) at the receiver. The cost of this reduction is a
concomitant increase in the required forward-channel bandwidth, with the latter being
dependent on the data rate of the FEC code. In general, an FEC code with a lower
payload data rate is used for a noisier channel. When the channel conditions fluctuate
over time, the data rate and/or the FEC code can be adaptively changed to mamtain an
acceptable BER. However, one problem with FEC coding, as applied to optical
transport systems, 1s that the coding-gain differences among various implementable
FEC codes usually do not exceed a certain maximum value, as given by Shannon’s
information theory. Therefore, for certain optical channels, additional and/or
alternative performance-enhancement techniques may be needed to overcome these

and other pertinent limitations of FEC coding.
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SUMMARY

Problems in the prior art are addressed by various embodiments of an optical
transport system configured to transmit a set of two or more optical variants per bit-
word, with the optical variants in the set being different from one another in one or
more of the time of transmission, spatial localization, polarization of light, carrier
wavelength, and subcarrier frequency in orthogonal frequency-division multiplexed
(OFDM) systems. The optical variants of each set are detected and processed at the
recetver m a manner that enables coherent (or constructive) summation of the
corresponding electrical signals prior to constellation de-mapping. The coherent
summation tends to average out the deleterious effects of both linear and nonlinear
noise/distortions imparted on the individual optical variants in the optical transport
link because said noise/distortions are incoherent in nature. In various embodiments,
a BER reduction enabled by the use of optical variants can be implemented 1n
addition to or instead of that provided by FEC coding.

Aceording to one embodiment, provided is an optical recetver comprising a
front-end circuit configured to convert an optical input signal into a corresponding
plurality of digital electrical signals; and a processor configured to process the
plurality of digital electrical signals to generate a first set of values corresponding to a
first bit-word; to sum the values of the first set to generate a summed value; and to
map the summed value onto a constellation to determine the first bit-word. In
response to the optical mnput signal having at least a tirst optical vanant and a second
optical variant, each carrying the first bit-word, the processor is configured to include
into the first set at least one value that corresponds to the first optical varant and at
least one value that corresponds to the second optical variant.

According to another embodiment, provided is an optical transmitter
configured to generate an optical output signal in response to an mput data stream in a
manner that causes the optical output signal to have at least a first optical variant and
a second optical variant, both corresponding to a first bit-word, wheremn the first and
second optical variants differ from one another in at least one of carrier wavelength,
spatial localization, and constellation mapping.

If the first and second optical variants differ from one another in spatial

localization, then the optical transmitter may have an optical coupler configured to

PCT/US2012/054755



10

15

20

WO 2013/039968

(78]

apply the first optical variant to a tirst core of a multi-core fiber; and to apply the
second optical variant to a second core of the multi-core fiber.

If the first and second optical variants differ from one another in constellation
mapping, then the optical transmitter may have a processor configured to subject an
imput data stream to FEC coding to generate an FEC-coded data stream; and to
convert the FEC-coded data stream into two or more parallel sequences of
constellation symbols. For each bit-word of the FEC-coded data stream, said two or
more parallel sequences of constellation symbols have at least two different
constellation symbols, each corresponding to a ditferent respective constellation-
mapping procedure. The optical transmitter is further configured to generate different
optical variants corresponding to a bit-word based on the respective at least two
different constellation symbols produced by different respective constellation-
mapping procedures.

According to yet another embodiment, provided is an optical receiver
comprising a front-end circuit configured to receive an optical input signal from a
multi-core fiber or a multimode fiber; to combine at least two different spatial
components corresponding to a first bit-word carried by the optical mput signal to
generate a combined optical signal, said two different spatial components representing
respective optical signals received from respective different cores of the multi-core
fiber or respective different modes of the multimode fiber; and to generate a plurality
of digital electrical signals based on the combined optical signal. The optical recerver
further comprises a processor configured to apply an inverse transfer function
corresponding to said multi-core fiber or said multimode fiber to the plurahity of
digital electrical signals to generate a complex value corresponding to the at least two
different spatial components; and to map the complex value onto a constellation to
determine the first bit-word. In one implementation, the processor includes a finite
mmpulse response (FIR) filter circuit configured to apply said inverse transfer function

to said plurality of digital electrical signals.
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BRIEF DESCRIPTION OF THE DRAWINGS

Other aspects, features, and benefits of various embodiments of the invention
will become more fully apparent, by way of example, from the following detailed
description and the accompanying drawings, in which:

FIG. 1 shows a block diagram of an optical transport system according to one
embodiment of the invention;

FIG. 2 shows a flowchart of a signal-processing method that can be
implemented in the transmitter of the optical transport system shown in FIG. |
according to one embodiment of the invention;

FIG. 3 shows a flowchart of a signal-processing method that can be
implemented in the receiver of the optical transport system shown m FIG. 1 according
to one embodument of the mvention;

FIG. 4 shows a block diagram of an optical transport system according to
another embodiment of the invention;

FIG. 5 shows a block diagram of an optical transport system according to yet
another embodiment of the mvention; and

FIG. 6 shows a block diagram of an optical receiver that can be used in the

optical transport system of FIG. 5 according to one embodunent of the invention.

DETAILED DESCRIPTION

An optical transport link is typically contigured to support multiple degrees of
freedom, such as time, space, carrier frequency (wavelength), and polarization. Each
of these degrees of freedom can be used for optical-signal multiplexing. Multiplexing
techniques corresponding to these four different individoal degrees of freedom are
referred to in the hterature as ume-division multiplexing, space-division nultiplexing,
wavelength-division multiplexing, orthogonal frequency-division multiplexing, and
polarization-division multiplexing.

In addition to or instead of using the various degrees of freedom supported by
an optical transport link for multiplexed transmission of independent optical signals,
various embodiments of the invention employ these degrees of freedom for the
transmission of correlated optical signals, referred to as optical variants. Ina

representative embodiment, two optical variants are two optical signals that carry the
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same piece of data, bit-word, or bit sequence, but differ from each other in at least one
of their degrees of freedom, e.g., in one or more of the time of transmission, spatial
localization, polarization of light, carrier wavelength, and subcarrier frequency.

For example, a first transmission of an optical symbel at time t1 and a second
transmission of that same optical symbol at time 12>t1 represent two different optical
variants of the bit-word that the optical symbol encodes. As another example, a first
transmission of an optical symbol using carrier wavelength A; and a second {e.g..
concurrent) transmission of that optical symbeol using cartier wavelength . siumilarly
represent two different optical variants of the bit-word that the optical symbol
encodes. As yet another example, a first transmisston of an optical symbol via a first
propagation path of a multipath fiber or fiber-optic cable (e.g., via a first core of a
multi-core fiber or a first guided mode of a multimode fiber) and a second
transmission of that optical symbol via a second propagation path of that multipath
fiber or fiber-optic cable {e.g., via a second core of the multi-core fiber or a second
guided mode of the multimode fiber) represent two different optical variants of the
bit-word that the optical symbol encodes. As yet another example, a first
transmission of an optical symbol using a first (e.g., X) polarization and a second
transmission of that optical symbol using a second (e.g., Y) polarization represent two
different optical variants of the bit-word that the optical symbol encodes.

Note that, m each of these examples, the two corresponding optical variants
are described as differing from one another in the parameters of just one degree of
freedom. However, optical variants may differ from one another in the parameters of
two or more degrees of freedom, such as: (1) time and space; (11) ime and
wavelength; (111} time and polarization; (iv) space and wavelength; (v) space and
polarization; (vi) wavelength and polarization; (vii) time, space, and wavelength;
{viii) time, space, and polarization; (ix) time, wavelength. and polarization; (x) space,
wavelength, and polatization; or (xi) time, space, wavelength, and polarization.

The concept of optical variants also applies to (1) optical symbol sequences
that carry multiple bit-words and (i1) optical signals that carry the same bit-word
using different optical symbols. Other pertinent features of “optical variants” will
become more fully apparent, by way of example, from the following more detailed

description that is given below in reference to FIGs. 1-6.
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Various embodiments rely on an inventive concept, according to which the
receiver adds, in a phase-coherent manner, the electrical signals corresponding to
multiple (e.g., M>1) copies or variants of the same symbol stream prior to de-
modulation and de-coding. Each of these M variants, possibly mchuding scrambled
and/or deterministically transformed copies of the symbols, 1s conveyed from the
transmitter to the receiver on orthogonal transmission paths or dimensions, where
each variant is altered by different realizations of signal impatrments, such as noise
and/or signal distortions, from linear and/or nonlinear effects.

FIG. 1 shows a block diagram of an optical transport system 180 according to
one embodmment of the invention. System 100 has an optical transmitter 110 that 1s
configured to transmit optical variants that ditfer from each other 1n time or
polarization, or both. System 100 also has an optical receiver 198 that is configured
to process the received optical variants to recover the corresponding original data ma
manner that reduces the BER compared to the BER attainable without the use of
optical variants. Transmitter 110 and receiver 190 are connected to one another via
an optical transport link 140.

Transmitter 110 receives an mput stream 102 of payload data and applies it to
a digital signal processor (DSP) 112. Processor 112 processes input stream 102, e g,
as further described below in reference to FIG. 2, to generate digital signals 114;-
1144, In each signaling mterval {time slot), signals 114, and 114, carry digital values
that represent the m-phase (I} component and quadrature-phase (Q) component,
respectively, of a corresponding constellation symbol intended for transmission using
X-polarized light. Signals 1145 and 1145 similarly carry digital values that represent
the T and Q components, respectively, of the corresponding constellation symbol
intended for fransmission using Y-polarized light.

An electrical-to-optical (E/Q) converter (also sometimes referred to as a front
end) 116 of transmitter 110 transforms digital signals 114,-114, into a modulated
optical output signal 130. More specitically, digital-to-analog converters (DACs)
118, and 118, transform digital signals 114, and 114, into an analog form to generate
drive signals Ix and Qx, respectively. Drive signals Ix and Qx are then used, in a

conventional manner, to drive an I-Q modulator 124x. Based on drive signals Ix and
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Qx. I-Q modulator 124x modulates an X-polarized beam 122x of light supplied by a
laser source 120k, thereby generating a modulated optical signal 126x.

DACs 118; and 118, similarly transform digital signals 1143 and 114, into an
analog form to generate drive signals Iy and Qy, respectively. Based on drive signals
Iy and Qy, an I-Q modulator 124y modulates a Y-polarized beam 122y of hight
supplied by a laser source 120y, thereby generating a modulated optical signal 126y.
A polanzation beam combiner 128 combines modulated optical signals 126x and
126y to generate optical output signal 130.

In a representative configuration, processor 112 generates digital signals 114,-
114, so that, for each bit-word to be transmitted to receiver 190, optical output signal
130 contains a set of M optical variants carrying that bit-word, where M is a an
integer greater than one. Conceptually, this set can be viewed as comprising one or
more overlapping and/or non-overlapping subsets. For example. there might be a
subset consisting of two or more optical varnants, in which the optical variants have
the same polarization, but different temporal positions m signal 130. Alternatively or
in addition, there might be another subset consisting of two optical variants, in which
the optical variants have the same temporal position (the same time slot) 1n signal
130, but different polarizations. Furthermore, there might be yet another subset
consisting of two optical variants, in which the optical variants have different
temporal positions in signal 130 and different polarizations.

FIG. 2 shows a flowchart of a signal-processing method 200 that can be
employed by processor 112 (FIG. 1) to transform input data stream 102 into digital
signals 1144-114, according to one embodiment of the invention.

At step 202 of method 200, input data stream 102 is subjected to FEC coding,
as known m the at, using an appropriate FEC code and data rate. As a result, input
data stream 102 is transformed into a corresponding FEC-coded data stream.

At step 204, the FEC-coded data stream generated at step 202 is converted 1nto
two paraliel sequences of constellation symbols. This conversion can be
accomplished, e.g., by performing the following sub-steps: (a) selecting a portion of
the FEC-coded data stream; (b) partitioning the selected portion into bit-words; (c)
converting each bit-word into a corresponding set P having M constellation symbols;

{d) interspersing the constellation symbols of the different sets P in a prescribed
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manner to generate two parallel constellation-symbol sequences Sx and Sy; and (e)
repeating steps (a)-(d) for a next portion of the FEC-coded data stream.

Regarding sub-steps (a) and (b), the length of the selected portion depends on
a desired size of an optical frame and is usually an integer muluple of the bit-word
length. The bit-word length depends on the constellation used by transmitter 110.
For example, if a QPSK {quadrature phase-shift keying) constellation is used, then
each bit-word has a length of two bits. If an 8-QAM (quadrature amplitude
modulation) constellation is used, then each bit-word has a length of three bits, etc.

Regarding sub-step (¢}, m one embodiment, all M constellation symbols of set
P are the same and generated by direct mapping of the bit-word onto the operative
constellation. In another embodiment. the M constellation symbols of set P may
contain two or more different constellation symbols obtained through different
variants of constellation mapping. These different variants of constellation mapping
can be determined using a known transform. One representative example of such a
transform is phase rotation.

As an example of the latter embodiment, let us consider a QPSK constellation,
which has four constellation symbols (often represented by points on a complex
plane), each encoding a two-bit bit-word. Then, the requisite M constellation
symbols that are not all identical can be generated as follows.

First, a sequence By having 2M bits 1s formed by concatenating M copies of
the bit-word.

Second, a specified transformation is applied to sequence B, to generate
another sequence Ba, which also has 2M bits. In a representative embodiment, the
transformation can be performed according to Eq. (1)

B.=B; XOR C (1)
where C is a predetermined bit sequence having 2M bits. In a representative
mmplementation, sequence C is a pseudo-random bit sequence. In other embodiments,
other suitable logic functions and/or bit sequences can similarly be used.

Third, sequence B:; 1s partitioned into M bit-words, each having two bits.

Finally, each of these M bit-words 1s converted into a corresponding

constellation symbol by direct mapping of the bit-word onto the QPSK constellation.
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These M constellation symbols are then used to form set P corresponding to the
original bit-word.

Note that, in the QPSK constellation, all constellation symbols have the same
amplitude, but different phases. In view of this property, the above-described
exemplary processing can conceptually be viewed as a phase-scrambling operation,
wherein sequence C (see Eq. (1)) serves as a phase-scrambling key. Provided that
sequence C is known to receiver 190, the phase of the received signal in each time
slot can be unscrambled in a relatively straightforward manner to approximate the
signal that would have been received in the time slot without the phase-scrambhug.

As another example, let us consider a generic 2°-QAM constellation, which
has 2% constellation symbols (points), each encoding a K-bit bit-word, where K is an
mteger greater than one. Then, the requisite set P having M constellation symbols
that are not all identical can be generated using the following two steps.

First, the bit-word is converted into a “kernel” constellation symbol Ay, e.g.,
by direct mapping of the bit-word onto the operative constellation.

Second, constellation symbol Ay is transformed into set P of M constellation
symbols according to Eq. (2):

P=(T:Aq, T:A0, ... TvAu) 2)
where each T; (j=1, 2, ... M) is a transform selected in a prescribed manner from a
group, G, of linear topological transforms T. More specifically, as an algebraic
structure, group G has the following property: when any element T of group G
operates on a symbol of the operative constellation, the resulf 1s a symbol of that same
constellation. This resulting symbel can be (1) the same as the initial symbol, t.e., the
corresponding transform T is a unity transform, or (i1) different from the initial
symbol, i.e., the corresponding transform T is a non-unity transform. A useful
representation of group G for a complex-plane representation of the operative
constellation is a set of discrete complex values, with the transform operation being
mplemented as a multiplication of the complex value representing the constellation
point and the discrete complex value representing transform T. Some of the discrete
complex values may have an absolute value of one and, as such, represent a pure
rotation of the constellation points in the complex plane. Some other of the discrete

complex values may be real and, as such, represent an amphtude-scaling operation,
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not accompanied by a rotation. Yet some other of the discrete complex values may
have a non-zero imaginary part and an absolute value that is different from one and,
as such, represent a combination of an amplitude compression or expansion
accompanied by a rotation m the complex plane. One skilled in the art will
understand that the content of group G depends on the topology of the operative
constellation.

Regarding sub-step (d), in one embodiment, constellation-symbol sequences
Sx and Sy can be generated according to Egs. (3a)-(3b):

Sx = (Pn-, P3ts - Peent Piz. P3z. - Povzs - Pings Pan. - p(N—l)M) (”»a)
Sy = (P21, Pat, ---» PNI, P22, Pazs -+, PN2, -+ P2, PaMs - o> Prxav) (3b)

where N is the number of bit-words in the portion selected at sub-step (a); and Pi=(p;:,
Piz. - --. Pipnp) 18 the set P corresponding to the j-th bit-word, where j=1, 2, ..., N. Note
that, for illustration purposes and without limitation, Egs. (3a)-(3b) assume an even N.

Inspection of Egs. (3a)-(3b) reveals that constellation-symbol sequences Sx
and Sy defmed by these equations are generated by (1) taking the first constellation
symbol of each set P; j=1, 2, ..., N) and placing these constellation symbols, one by
one, in an alternating manner, mto sequences Sy and Sy; (2) taking the second
constellation symbal of each set P; and placing these constellation symbols, one by
one, 1 an analogous alternating manner, nto sequences Sy and Sy; and so on until all
M constellation symbols of each set P, are placed into sequences Sx and Sy. In
alternative embodiments, other suitable symbol-interspersing schemes may similarly
be used. It has been determined that symbol-interspersing schemes in which two
constellation symbols correspondimg to the same bit-word are separated from one
another by one or more constellation symbols correspondmg to one or more other bit-
words may have certain advantages.

In one embodiment, the applied transforms can vary from bit-word to bit-
word. As an example, Tj may be time-dependent and selected in a prescribed manner

as indicated m the following table:

t=t1 =t2 =t3 t=t4
lei T1:1 Ti—l T;ZI
T_7: Tg: ! ng-i T;;:- i
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T3:} T;z-l T;ZI ng-l

Note that, in the table, 7 denotes the imaginary unit.

At step 206, pilot symbols and/or pilot-symbol sequences may be added to
each of sequences Sx and Sy. One purpose of the added pilot symbols and/or pilot-
symbol sequences is to form an optical frame having a well-defined structure. This
structure can be used at receiver 190 to distinguish the optical symbols corresponding
to the payload data from the pilot symbols/sequences. The pilot symbols/sequences
can then be used to perform one or more of (1) time synchronization, (it) frequency
estimation and compensation, and (iit) channel estimation and compensation. An
enabling description of possible frame structures and suitable pilot symbols/sequences
can be found, e.g., m commonly owned U.S. Patent Application Serial No.
12/964,929 (filed on 12-10-2010), which is mcorporated herein by reference in its
entirety.

At step 208, the two constellation-symbol sequences of the optical frame
generated at step 206 are used to generate digital signals 1144-1144 (FIG. 1). More
specitically, the constellation-symbol sequence having sequence Sy and the pilot
symbols added to it at step 206 1s used to generate digital signals 114;,-114,. The
constellation-symbol sequence having sequence Sy and the pilot symbeols added to it
at step 206 is similarly used to generate digital signals 114:-1144. Appropriate
oversampling and/or pulse-shaping techniques may be employed during step 208, as
known in the art.

Referring back to FIG. 1, system 100 has an optical add-drop nultiplexer
(OADM) contigured to add signal 1360, as known 1n the art, to other optical signals
that are being transported via optical transport link 140. Link 140 is illustratively
shown as being an amplified link having a plurality of optical amplifiers 144
configured to amplify the optical signals that are being transported through the link,
¢.g.. to counteract signal attenuation. Note that an optical Ik that does not have
optical amplifiers can alternatively be used as well. After propagating the intended
length of link 140, signal 130 is dropped from the link via another optical add-drop
multiplexer, OADM 146, and directed to receiver 190 for processing. Note that the
optical signal applied to receiver 196 by OADM 146 is labeled 130, which signifies

PCT/US2012/054755
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the fact that, while in transit between transmitter 116 and receiver 198, signal 130
may accumulate noise and other signal distortions due to various linear effects and
nonlinear effects in the optical fiber. One type of a fiber nonlinear effect is intra-
channel four-wave mixing (IFWM), which is a function of the phases and amplitudes
of the corresponding optical symbols.

Receiver 196 has a front-end circuit 172 comprising an optical-to-electrical
(O/E) converter 160, four analog-to-digital converters (ADCs) 1664-1664, and an
optical local oscillator (OLO) 156. O/E converter 160 has (1) two input ports labeled
S and R and (11) four output ports labeled 1 through 4. Input port S receives optical
signal 130, Input port R receives an optical reference signal 158 generated by optical
local oscillator 156. Reference signal 138 has substantially the same optical-carrier
frequency (wavelength) as signal 130/, Reference signal 158 can be generated, e.g.,
using a tunable laser controlled by a wavelength-control loop (not explicitly shown in
FIG. 1) that forces an output wavelength of the tunable laser to closely track the
carrier wavelength of signal 130'.

O/FE converter 160 operates to mix input signal 130’ and reference signal 158
to generate eight mixed optical signals (not explicitly shown imn FIG. 1). O/E
converter 160 then converts the eight mixed optical signals mto four electrical signals
162,-162, that are wmdicative of complex values corresponding to the two orthogonal-
polarization compounents of signal 138, For example, electrical signals 162, and 162,
may be an analog in-phase signal and an analog quadrature-phase signal, respectively,
corresponding to the X-polarization component of signal 130", Electrical signals 162;
and 162, may similarly be an analog in-phase signal and an analog quadrature-phase
signal, respectively, corresponding to the Y-polarization component of signal 130'.

In one embodiment, O/E converter 160 is a polarization-diverse 90-degree
optical hybrid (PDOH) with four balanced photo-detectors coupled to its eight output
ports. Various suitable PDOHs are commercially available, e.g., from Optoplex
Corporation of Fremont, California, and CeLight, Inc., of Silver Spring, Maryland.
Additional information on vartous O/E converters that can be used to implement O/E
converter 160 in various embodiments of system 100 are disclosed, e.g., in U.S.

Patent Application Publication Nos. 2010/0158521 and 2011/0038631, and
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International Patent Application No. PCT/US09/37746 (filed on 03-20-2009), all of
which are incorporated herein by reference in their entirety.

Each of electrical signals 1624-1624 generated by O/E converter 160 1s
converted mto digital form in a corresponding one of ADCs 1664-1664. Optionally,
each of electrical signals 162;-162; may be amplified in a corresponding amplifier
(not explicitly shown) prior to the resulting signal being converted into digital form.
Digital signals 168;-168, produced by ADCs 166;-166, are processed by a digital
signal processor (DSP) 170, e.g., as further described below in reference to FIG. 3, to
recover the data of the original input stream 102 applied to transmitter 110.

FIG. 3 shows a flowchart of a signal-processing method 300 that can be
employed by processor 170 (FIG. 1) to recover data stream 102 from digital signals
168,-168, according to one embodiment of the invention.

At step 302 of method 300, digital signals 168,-168, are processed to perform
one or more of (1) time synchronization, (it) frequency estimation and compensation,
and (111) channel estimation and compensation, e.g., as described m the above-cited
ULS. Patent Application Serial No. 12/964,929.

In a representative implementation, the time-synchronization procedure of step
302 relies on certain properties of pilot-symbol sequences to determine the start of
each optical frame. The known structure of the optical frame can then be used to
identify time slots that have digital samples and/or digital-signal portions
corresponding to the optical symbols carrying the payload data.

The frequency-estimation/compensation procedure of step 302 performs
electronic estimation and compensation of a mismatch between the cartier-frequency
of input signal 130" and the frequency of reference signal 138 (see FIG. 1). After the
frequency offset is determined, frequency-mismatch can be compensated, e.g., by
applying to each digital sample a phase shift equal to the frequency offset multiphed
by 2n and the time elapsed between the start of the frame and the temporal position of
the digital sample.

The channel-estimation/compensation procedure of step 302 performs
electronic estimation and compensation of the phase and amplitude distortions
mposed by optical transport link 140. The channel estimation relies on digital

samples corresponding to pilot symbols to determine the channel-response function,
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H, of optical transport link 140. The inverse channel-response function /' is then
applied to the digital samples corresponding to payload data to perform channel
compensation.

At step 304, the corrected signal samples corresponding to the payload data
are sorted into sets Z, with each set Z having corrected signal samples corresponding
to the optical variants carrying the same bit-word. For example, let us assume, for
illustration purposes and without limitation, that the digitization speed of ADCs 166
1s such that each of digital signals 1684-168, has a single signal sample per time slot.
Then, each set Z of corrected signal samples consists of M complex values 7, (where
m=1, 2, ..., M), as expressed by Eq. (4):

7=(z2y, 73, ..., Zng) (4
Depending on the polarization of the corresponding optical variant, the real and
mmaginary parts of each complex value z,, may correspond to (1) the signal samples
provided by digital signals 168, and 168,, respectively, or (ii) the signal samples
provided by digital signals 168; and 168,, respectively.

At step 306, each set Z of corrected signal samples generated at step 304 1s
conditioned for coherent summation. In one embodiment, the processor is configured
to perform a phase-estimation and phase compensation operation for each element of
set 7 1o the conditioning process. Known pilot symbols or pilots can be used to assist
the phase-estimation and phase-compensation operations. In another embodiment,
processor 170 is configured to obtain the phase difference between different elements
of set Z. The absolute phases of the received samples may not be needed if
differential encoding/de-coding is employed in the system.

Step 306 includes additional operations if set P of the original constellation
symbols corresponding to set Z has different constellation symbols. For example, if
Eq. (2) was used to generate set P at transmitter 110, then the conditioning processing
of step 306 may be performed based on Eq. (5):

Z’:(Tl—izia Tz, TM_IZM) (5)
where 7’ is the conditioned set; and T, ! is the inverse of transform T, {also see Eq.
(2)). For the complex-value representation of transform T, inverse transform Tyl is

a complex value that satisties the condition of Ty Te=1.
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Inspection of Eq. (5) reveals that each element 7,,'= T 7 of conditioned set
7! is obtained by applying an mverse of transtorm Ty, with the latter being the
transform that was used at transmitter 110 for the generation of the corresponding
optical variant. Note that, similar to set Z (see Eq. (4)), conditioned set Z' has M
complex values (i.e., values z,)’, where m=1, 2, ..., M). In the absence of noise and
distortions imposed by link 140, all values z,,’ would have been the same, with their
common value being the complex value representing constellation point A, (see Eq.
{2)). However, the notse and distortions imposed by hnk 148 cause values z,)" to
differ from one another. When plotted on a complex plane as points, values z,,'
typically form a scatter pattern around the complex value representing constellation
point Ao, with the magnitude of the scatter being dependent on the fevel of noise and
the severity of distortions imposed by hink 140.

At step 308, for each conditioned set 7', the constituent values z,," are summed
up to generate a summed value, o. The summation serves to (i) ccherently add the
components of values z,,' that represent the original constellation pomt, e.g.,
constellation point Ag (Eq. (2)), and (i1} reduce the relative magnitude of
noise/distortions in o compared to that in individual values z,,’. The reducuon occurs
because the noise/distortions are incoherent and, as such, tend to average out upon
summation.

At step 318, each summed value o 1s mapped ontfo the operative constellation,
in a conventional manner, and decoded to determine the corresponding bit-word.
Step 310 may optionally include a sub-step of phase estimation and compensation that
corrects or compensates for slowly changing phase shifts between input signal 13¢”
and reference signal 158 (FIG. 1) and is performed prior to the constellation de-
mapping and decoding. Various methods that can be used for this purpose are
disclosed, e.g., in U.S. Patent Application Publication Nos. 2008/0152361 and
2008/0075472 and U.S. Patent No. 7,688,918, all of which are incorporated herein by
reference in their entirety.

At step 312, the bit-words generated at step 310 are arranged in the
appropriate order to form the corresponding data stream. The order 1n which the

various bit-words are placed in the data stream corresponds to the order that was used
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at steps 204(a)-204(b) to partition the original FEC-coded stream into bit-words (see
the description of step 204, FIG. 2).

At step 314, the data stream generated at step 312 is processed to perform
error correction using data redundancies that were infroduced at step 202 (FIG. 2).
The resulting error-corrected data stream has the payload data of data stream 102.
Many FEC methods suitable for implementing step 314 are known 1n the art. Several
representative examples of such methods are disclosed, e.g., in U.S. Patent Nos.
7,734,191, 7,574,146, 7424,651, 7,212,741, and 6,683,855, all of which are
incorporated herein by reference in their entirety.

FIG. 4 shows a block diagram of an optical transport system 400 according to
another embodiment of the mvention. System 400 has an optical transmitter 410 that
1s configured to transmit optical variants that differ from each other in one or more of
time, space, polarization, carrier wavelength, and subcarrier frequency in orthogonal
frequency-division multiplexed (OFDM) systems. System 408 also has an optical
receiver 490 that is configured to process the received optical variants to recover the
corresponding original data in a manner that reduces the BER compared to the BER
attainable without the use of optical variants. Transmitter 410 and receiver 490 are
connected to one another via an optical transport link 440.

Transmitter 410 has a front-end circuit 416 having I electrical-to-optical
{E/Q) converters 116;-116y, (also see FIG. 1), each configured to use a different
respective carrier wavelength selected from a specified set of wavelengths A -Ar.

Transmitter 410 further has a wavelength multiplexer (MUX) 420 configured to

combine optical output signals 418,-418; Egt;m;m&;d by E/O converters 1164-116;, . -

respectively, and apply a resulting WDM signal 430 to an OADM 436 for adding 1t to
the signals that are being transported through link 446.

Each of E/O converters 116,-116y. generates its respective optical output
signal 418 based on a corresponding set 414 of digital signals supplied by a DSP 412.
Each signal set 414 has four digital signals that are analogous to digital signals 114,;-
114, (FI1G. 1). Signal sets 4144-414 are generated by DSP 412 based on an input
data stream 402. In one embodiment, the corresponding processing implemented in
DSP 412 1s generally analogous to method 208 (FIG. 2). However, one modification

to that method 1s that the number of parallel sequences of constellation symbols is

PCT/US2012/054755
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now 2L.. Accordmgly, sub-step 204(d) 1s carried out to distribute the various
constellation symbols corresponding to the same bit-word over more than two
sequences, €.g., over up to L sequences Sx and up to L sequences Sy corresponding to
different E/O converters 116 (also see Eq. (3)). Steps 206 and 208 are also
appropriately modified to accommodate this change.

After propagating through link 440, signal 430 is dropped from the hok (as
signal 430") via another optical add-drop multiplexer, OADM 446, and directed to
receiver 490 for processing. Receiver 499 has a front-end circuit 472 comprising a
wavelength de-multiplexer (DEMUX) 450 and L. front-end circuits 172;-172;, (also
see FIG. 1). Wavelength de-muluplexer (DEMUX) 450 1s configured to de-multiplex
signal 430 into its constituent WDM components 4524-452;, each having a
corresponding one of carrier wavelengths A;-Ap. Each of front-end circuits 1724-172,
then processes the corresponding one of signals 4524-432;, as described above
reference to FIG. 1, to generate a corresponding one of sets 468;-468;. of digital
signals, with each set consisting of four digital signals analogous to digital signals
168,-168,. respectively (see FIG. 1).

Signal sets 468,-468;, generated by front-end circuit 472 are processed by a
DSP 470 to recover the data of original mput stream 402 apphied to transmitter 410.
In one embodiment, the processing implemented in DSP 470 is generally analogous to
method 300 (FIG. 2). However, one modification to that method is that the corrected
signal samples for forming each set Z (see step 304 in FIG. 3) are now collected from
a larger number of digital signals provided by sets 468,-468;. Steps 306 and 312 are
also appropriately modified to accommodate this change and reflect the above-
described change to method 200 mmplemented at transmitter 410.

FIG. 5 shows a block diagram of an optical transpost system 500 according to
vet another embodiment of the wvention. System 500 has an optical transmitter 5160
that can be configured to transmit optical variants that differ from each other in one or
more of time, polarization, and space (as represented by a plurality of different
propagation paths). System 500 also has an optical receiver 598 that is configured to
process the received optical variants to recover the corresponding original data in a
manner that reduces the BER compared to the BER attainable without the use of

optical variants. Transmitter 510 and receiver 590 are connected to one another via

PCT/US2012/054755
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an optical transport link comprismg a multi-core fiber 340, different cores of which
provide the plurality of propagation paths.

Transmitter 519 has an electrical-to-optical (E/O) converter 516 that 1s
analogous to E/O converter 116 (FIG. 1). Transmitter 510 further has an optical
sphitter 528 and an optical coupler 526. Optical splitter 520 1s configured to split an
optical output signal §18 generated by E/O converter 516 mnto J (attenuated) signal
copies 522,-322;, where [ is the number of cores in multi-core fiber 548. Optical
coupler 526 is configured to couple each of signals §22,-522; into a corresponding
core of multi-core fiber 540.

E/O converter 516 1s configured to generate optical output signal 518 based on
a set 514 of four digital signals supplied by a DSP 312. The four signals of set 514
may be analogous to digital signals 114,-114,, respectively (see FIG. 1). Signal set
514 1s generated by DSP 512 based on an nput data stream 502.

In one configuration, the processing implemented in DSP 512 is generally
analogous to method 200 (FIG. 2). Note, however, that optical splitter 520 and
optical coupler 526 operate to increase the number of optical variants per bit-word by
a factor of J. Thus, 1f signal 518 has n; optical variants per bit-word, then an output
signal 330 generated in this contfiguration by transmitter 316 contains n, (= Jxn;)
optical variants per bit-word.

In an alternative configuration, method 200 is not wvoked, and DSP 512
configures E/O converter 516 to operate in a conventional manner, e.g., by generating
a single “optical variant” per bit-word. However, after optical splitter 520 and optical
coupler 526 process said single “optical variant,” output signal 830 generated by
transmitter 510 in this alternative configuration still contains more than one optical
variant {e.g., J optical variants) per bit-word.

After propagating throuvgh multi-core fiber 348, signal 538 is applied (as signal
538') to receiver S99 for processimng. Receiver §90 has an optical coupler 546 and a
front-end circuit §72 comprising J front-end cireuits 172,-1725 (also see FIG. 1).
Optical coupler 5§46 1s configured to direct light from each core of muiti-core fiber
540 to a corresponding one of front-end circuits 172,-172;. Each of front-end circuits
1724-172; then processes the signal received from optical coupler 546, as described

above m reference to FIG. 1, to generate a corresponding one of sets 5681-368;, cach
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having four digital signals analogous to digital signals 168,-168,, respectively (see
FIG. 1). In one embodiment, front-end circuits 1724-1725 in recetver 590 share a
single common OLO 156 (see FIG. 1).

Signal sets 568,-568; generated by front-end circuit 572 are processed by a
DSP 570 to recover the data of original input stream 502 applied to transmitter $19.
In one embodiment, the processing implemented in DSP 570 is generally analogous to
method 360 (FIG. 3). However, one modification to method 360 to adapt it to
receiver 590 1s that (1) a separate instance of step 302 is performed for each digital-
signal set 568 and (11) at step 304, the corrected signal samples for each set 7 are
collected from the results of two or more of these separate instances of step 302.

FIG. 6 shows a block diagram of an optical receiver 600 that can be used as
optical recetver 590 (FIG. 5) according to one embodiment of the invention. Receiver
600 is shown as recerving optical signal 830/ {(also see FI1G. 5). As already indicated
above, signal 53¢ carries optical vanants corresponding to different cores of mult-
core fiber §40. These optical variants are applied to an optical combiner 646
contigured to combine them in the optical domain wto a combined optical signal 648.

Combined optical signal 648 is then applied to front-end circuit 172 for detection. In
this feature, receiver 608 ditfers from receiver 590 (FIG. 5), wherein each optical
variant 1s detected separately using a corresponding one of front-end circuits 1724~
172;. Front-end circuit 172 of receiver 600 converts combined optical signal 648 into
a corresponding set 668 of four digital signals, as already indicated above.  Signal
set 668 is then processed by a DSP 670 to recover the data of original input stream
502, based on which optical signal 530 was generated in transmitter 510 (FIG. 5).

In one embodiment, the processing implemented in DSP 670 is generally
analogous to method 300 (FIG. 3). However, one modification to method 300 to
adapt it to recetver 600 1s that step 302 now includes signal-equalization processing.
More specitically, if X(7) is the spectrum of optical signal 518 generated by
transmitter S10 (see FIG. 5), then the spectrum Y{f) of optical signal 648 can be
approximated by Eq. (6):

Y0 = X(H (D . ()] = X()<H() ()
where Hy() is the individual transmitter-to-receiver transfer function corresponding to

the j-th core of multi-core fiber 540, where =1, 2, ..., J. Typically, the overall
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transmutter-to-receiver transfer function H(f} will vary randomly over time. The
signal-equalization processing implemented in DSP 670 serves to adaptively
determine and track H(f}, without having to determine and track the individual
transter functions Hi(/). DSP 670 can then calculate the inverse transfer function H'
() and apply it to the digital-signal samples at step 302 of method 300 to perform
channel compensation. The result of this processing is substantially the same as that
obtained by DSP 578 in receiver 590 by performing a separate instance of step 302 on
digital-signal samples provided by each of signal sets 568,-568;. Note, however, that
because H(f) may have relatively deep frequency fades, the nse of OFDM 1n the
corresponding optical transport system may be particularly beneficial for this type of
detection of optical variants. In one embodiment, the cireuitry that implements Eq.
{6) is based on a finite impulse response (FIR) filter.

While this invention has been described with reference to illustranve
embodiments, this description is not intended to be construed in a limiting sense.

Although system 500 (FIG. 5) has been described in reference to multi-core
fiber 348, it can be adapted for use with a multimode fiber, wherein different guided
modes of the multimode fiber provide the spatial degrees of freedom for the
generatton and transmission of optical variants. Representative optical couplers that
can be used in conjunction with the multimode fiber in such a system are disclosed,
e.g., in U.S. Patent Application Publication Nos. 2010/0329670 and 2010/0329671
and U.S. Patent Application Serial Nos. 12/986,468, filed on 01-07-2011, and
12/827,284, filed on 06-30-2010, all of which are incorporated herem by reference m
their entirety.

In one embodiment, different cores of multi-core fiber 540 can be configured
to concurrently transmit optical variants corresponding to different bit-words. It may
beneficial, however, to configure multi-core fiber 540 so that, at any time, at least two
of its cores transmit optical variants corresponding to the same bit-word.

Furthermore, system 506 can be modified in a relatively straightforward
manner to use optical variants that differ from each other in one or more of time,
polarization, carrier wavelength, and space. In one embodiment, such a modification
can be accomplished, e.g.. by (i) replacing E/O converter 516 by front-end circuit

416, (1i) replacing each of front-end circuits 1724-1725 by a corresponding instance of
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front-end circuit 472, and (111 appropriately reconfiguring DSPs 512 and 5§78 (see
FIGs. 4 and 5).

In various alternative embodiments of methods 200 and 300, the order of
certam processing steps may be changed to differ from the order indicated in FIGs. 2
and 3, respectively.

In one embodiment, step 202 of method 200 and step 314 of method 300 are
optional and can be omitted.

Various modifications of the described embodiments, as well as other
embodiments of the invention, which are apparent fo persons skilled in the art to
which the invention pertains are deemed to lie within the principle and scope of the
invention as expressed in the followmg claims.

Unless explicitly stated otherwise, each numerical value and range should be
mterpreted as being approximate as if the word "about” or "approximately” preceded
the value of the value or range.

It will be further understood that various changes in the details, materials, and
arrangements of the parts which have been described and illustrated m order to
explain the nature of this mvention may be made by those skilled  the art without
departing from the scope of the invention as expressed in the following claims.

The use of figure numbers and/or figure reference labels in the claims 1s
intended to identfy one or maore possible embodiments of the claimed subject matter
in order to facilitate the interpretation of the claims. Such use 1s not to be construed
as necessarily limiting the scope of those claims to the embodiments shown in the
corresponding figures.

Although the elements in the following method clamms, if any, are recited in a
particular sequence with corresponding labehing, unless the claim recitations
otherwise mmply a particular sequence for implementing some or all of those elements,
those elements are not necessarily intended to be limited to being implemented m that
particular sequence.

Reference herein to "one embodiment” or "an embodiment” means that a
particular feature, structure, or characteristic described in connection with the
embodiment can be mcluded in af least one embodiment of the invention. The

appearances of the phrase "in one embodiment” in various places m the specification
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are not necessarily all referring to the same embodiment, nor are separate or
alternative embodiments necessarily mutually exclusive of other embodiments. The
same applies to the term "implementation.”

noun

Also for purposes of this description, the terms "couple,” "coupling,”

no

"coupled,” "connect,” "connecting," or "connected" refer to any manner known in the
art or later developed in which energy 1s allowed to be transferred between two or
more elements, and the interposition of one or more additional elements is
contemplated, although not required. Conversely, the terms "directly coupled,”
"directly connected,” etc., imply the absence of such additional elements.

The present inventions may be embodied in other specific apparatus and/or
methods. The described embodiments are to be considered in all respects as only
lustrative and not restrictive. In particular, the scope of the invention is mdicated by
the appended claims rather than by the description and figures herein. All changes
that come within the meaning and range of equivalency of the claims are to be
embraced within their scope.

A person of ordmary skill in the art would readily recognize that steps of
various above-described methods can be performed by programmed computers.
Herein, some embodiments are mtended to cover program storage devices, e.g.,
digital data storage media, which are machine or computer readable and encode
machine-executable or computer-executable programs of instructions where said
mstructions perform some or all of the steps of methods described herem. The
program storage devices may be, e.g., digital memories, magnetic storage media such
as a magnetic disks or tapes. hard drives, or optically readable digital data storage
media. The emboduments are also mtended to cover computers programmed to
perform said steps of methods described herein.

The description and drawings merely illustrate the principles of the invention.
It will thus be appreciated that those of ordinary skill in the art will be able to devise
various arrangements that, although not explicitly described or shown herein, embody
the principles of the invention and are included within its spirit and scope.
Furthermore, all examples recited herein are principally ntended expressly to be only
for pedagogical purposes to aid the reader in understanding the principles of the

imvention and the concepts contributed by the inventor(s) to furthering the art, and are

PCT/US2012/054755



10

15

20

WO 2013/039968

23

to be construed as betng withowt limitation to such specifically recited examples and
conditions. Moreover, all statements herein reciting principles, aspects, and
embodiments of the invention, as well as specific examples thereof, are mtended to
encompass equivalents thereof.

The functions of the various elements shown in the figures, mcluding any
functional blocks labeled as “processors,” may be provided through the use of
dedicated hardware as well as hardware capable of executing software n association
with appropriate software. When provided by a processor, the functions may be
provided by a single dedicated processor, by a smgle shared processor, or by a
plurality of individual processors, some of which may be shared. Moreover, explicit
use of the term “processor” or “controller” should not be construed to refer
exclusively to hardware capable of executing software, and may mmplicitly include,
without limitation, digital signal processor (DSP) hardware, network processor,
application specific integrated circuit (ASIC), field programmable gate array (FPGA),
read only memory (ROM) for storing software, random access memory (RAM), and
non volatile storage. Other hardware, conventional and/or custom, may also be
inchuded. Similarly, any switches shown in the figures are conceptual only. Their
function may be carried out through the operation of program logic, through dedicated
logic, through the interaction of program control and dedicated logic, or even
manually, the particular technique being selectable by the implementer as more
specttically understood from the context.

It should be appreciated by those of ordinary skill in the art that any block
diagrams herein represent conceptual views of illustrative circuitry embodying the
principles of the invention. Simularly, it will be appreciated that any flowcharts, flow
diagrams, state transition diagrams, pseudo code, and the like represent various
processes which may be substantially represented in computer readable medium and
so executed by a computer or processor, whether or not such computer or processor s

explicitly shown.
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CLAIMS
What is claimed is:
1. An apparatus comprising an optical recerver that comprises:
a front-end circuit configured to convert an optical input signal into a
5 corresponding plurality of digital electrical signals; and
a processor configured to:
process the plurality of digital electrical signals to generate a first set of values
corresponding to a first bit-word;
sum the values of the first set to generate a summed value; and
16 map the summed value onto a constellation to determine the first bit-word;
and
wherein, in response to the optical input signal having at least a first optical
variant and a second optical variant, each carrymg the first bit-word, the processor is
configured to include into the first set at least one value that corresponds to the first

15 optical vartant and at least one value that corresponds to the second optical variant.

2. The apparatus of claim 1, wherein the first optical variant and the second
optical vaniant differ from one another in one or more of time of artival at the optical
receiver, spatial localization, polanization of light, carrier wavelength, and subcarrier

20 frequency.

3. The apparatus of claim 1, wherein:
the first optical variant and the second optical variant carry different constellation
symbols; and
25 the processor 1s configured to generate the first set of values by applying different
respective transforms to the digital electrical signals corresponding to the first optical

vartant and to the second optical variant.

4. The apparatus of claim 1, wherein the first optical variant and the second

30 optical variant differ from one another in polarization of light, wherein:
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the front-end circuit comprises a polarization-diverse optical hybrid configured to
generate a first set of electrical signals corresponding to the first optical variant and a
second set of electrical signals corresponding to the second optical variant; and

the plurality of digital electrical signals mcludes at least one digital signal
corresponding to said first set of electrical signals and at least one digital signal

corresponding to said second set of electrical signals.

5. The apparatus of claim 1, wherein the first optical variant and the second
optical vanant differ from one another in carrier wavelength, wherein:
the front-end circuit comprises a wavelength de-multiplexer configured to de-
multiplex the optical input signal into:
a first optical signal having a first carrier wavelength, said first camrier
wavelength being a carrier wavelength of the first optical variant; and
a second optical signal having a second carrier wavelength, said second carrier
wavelength being a carrier wavelength of the second optical variant; and
the plurality of digital electrical signals includes at least one digital signal
corresponding to the first optical signal and at least one digital signal corresponding

to the second optical signal.

6. The apparatus of claim 1, wherein the first optical variant and the second

optical vaniant differ from one another in spatial localization.

7. The apparatus of claim 6, wherein:
the front-end circuit comprises an optical coupler configured to receive the optical
mput signal from a multi-core fiber and generate:
a first optical signal corresponding a tirst core of the mmulti-core fiber, said first
core being a core carrying the first optical variant; and
a second optical signal corresponding a second core of the multi-core fiber,
said second core being a core carrying the second optical variant; and
the plurality of digital electrical signals includes at least one digital signal
corresponding to the first optical signal and at least one digital signal corresponding

to the second optical signal.
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8. The apparatus of claim 6, wherein:
the front-end circuit comprises an optical coupler configured to receive the optical
input signal from a multimode fiber and generate:
a first optical sighal corresponding a first guided mode of the multimode fiber,
said first guided mode being a mode carrying the first optical variant; and
a second optical signal corresponding a second guided mode of the multimode
fiber, said second guided mode being a mode carrymg the second optical varant; and
the plurality of digital electrical signals includes at least one digital signal
corresponding to the first optical signal and at least one digital signal corresponding

to the second optical signal.

9. The apparatus of claim 1, wherein the processor is further configured to:

sort digital-signal samples corresponding to the digital electrical signals into a
plurality of sets Z, each set Z having digital-signal samples corresponding to a
respective one bit-word; and

condition each set Z to generate a corresponding set of values adapted for
coherent summation;

sum the values of each conditioned set to generate a respective summed value;

map each summed value onto the constellation to determine the respective one bit-
word;

arrange said determined bit-words in a specified order to generate a data stream;
and

perform FEC-based error correction on said data stream.

10. An apparatus, comprising an optical transmitter configured to generate an
optical output signal in response to an input data stream in a manner that causes the
optical output signal to have at least a first optical variant and a second optical
variant, both corresponding to a first bit-word, wherein the first and second optical
vartants differ from one another in at least one of carrier wavelength, spatial

locahization, and constellation mapping.
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FIG. 2
00

202

SUBJECT INPUT DATA STREAM TO FEC CODING

l

CONVERT FEC-CODED DATA STREAM INTO TWO PARALLEL |04
SEQUENCES OF CONSTELLATION SYMBOLS

l

ADD PILOT SYMBOLS AND/OR PILOT-SYMBOL SEQUENCES | ~206
TO EACH OF TWO CONSTELLATION-SYMBOL SEQUENCES TO
FORM OPTICAL FRAMES

l

GENERATE DIGITAL DRIVE SIGNALS FOR MODULATING X AND Y |-208
POLARIZED LIGHT BASED ON CONSTELLATION-SYMBOL
SEQUENCES OF SAID OPTICAL FRAMES
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FIG. 3
300

PROCESS DIGITAL STGNALS 168 ,-168,, TO PERFORY ONE 302

OR MORE OF (i) TIME SYNCHRONIZATION, (ii) FREQUENCY
ESTIMATION AND COMPENSATION, AND (iii) CHANNEL
ESTIMATION AND COMPENSATION

l

SORT CORRECTED SIGNAL SAMPLES CORRESPONDING TO | 304
PAYLOAD DATA INTO SETS Z, WITH EACH SET Z HAVING
CORRECTED SIGNAL SAMPLES CORRESPONDING TO OPTICAL

VARIANTS CARRYING THE SAME BIT-WORD

|

CONDITION EACH SET Z FOR COHERENT SUMMATION OF SIGNAL |~ 306
SAMPLES, e.%., BY APPLYING INVERSE TOPOLOGICAL
TRANSFORMS OR PHASE UNSCRAMBLING

l

ADD THE ELEMENTS OF EACH CONDITIONED SET Z' To |~ 308
GENERATE RESPECTIVE SUMMED VALUE o

1

MAP EACH VALUE & ONTO CONSTELLATION AND DECODE |~ 310
MAPPING RESULT TO DETERMINE CORRESPONDING BIT-WORD

l

ARRANGE BIT-WORDS IN APPROPRIATE ORDER T0 FoRM  |~3%°
CORRESPONDING DATA STREAM

|

PERFORM FEC-BASED ERROR CORRECTION TO RECOVER ORIGINAL |34
PAYLOAD DATA
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