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ule (140) is configured to determine a member sample group comprising a plurality of member samples, by applying a phase rotation
to the first polarization-component sample and the second polarization component sample of some of the input samples. The determ-
ination module (150) is configured to determine the first phase noise estimate based on the first polarization-component sample of
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PHASE NOISE ESTIMATION FOR 6-ARY POLARIZATION-SHIFT KEYING
QUADRATURE PHASE-SHIFT KEYING

Description

The present invention relates to an apparatus and method for determining phase noise
estimates, and, in particular, to carrier phase estimation for 6-ary polarization-shift keying
quadrature phase-shift keying (6PolSK-QPSK) signals.

Optical communication systems become more and more important. In coherent optical
communication systems, phase noise associated with transmitter and local oscillator laser
is considered as a main source of sensitivity degradation in systems based on phase-shift
keying (PSK). Therefore, estimation of the laser phase noise is one of the essential

functions of the digital signal processing in a coherent receiver.

Fig. 7 (a) illustrates a constellation diagram of a 6PolSK-QPSK signal. Dots encircled by
dashed lines (red color) correspond to a set Cy. Dots encircled by dotted lines (blue color)
correspond to a set C,. Fig. 7 (b) illustrates the corresponding time-resolved states of
polarization (SOP) on the Poincaré sphere.

The 6PolSK-QPSK format transmits a QPSK symbol in six different states of polarization
(see [1], [2], [3]). The 6PolSK-QPSK constellation points may be expressed as { +42,
+4/2, 0, 0} with arbitrary sign and permutation as described in [2]. These 24 4D vectors
can be described as a combination of two sets, e.g. C; and Cy:

The set C; includes the following 16 constellation points:
{(£42,0, £42,0), (£42,0,0, £4/2), (0, £4/2, £+/2,0), (0, £42,0, £+2)}.

Fig. 7 (a) shows the constellation diagram of a 6PolSK-QPSK signal. Constellation points
of the set C; (red color) are encircled by dashed lines. The resulting SOPs of these
constellation points are +45° linear polarization, left-hand circular polarization and right-
hand circular polarization. In Stokes space, these SOPs correspond to a Stokes vector S =
+S, and S = £S;, respectively. A Poincaré-sphere representation of the SOP in Stokes

space is shown in Fig. 7 (b).
The set C; includes the following 8 constellation points:

{(£42,£4/2,0,0),(0,0, £/2, £/2) }.
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In Fig. 7(a), the constellation points of set C, (blue color) are encircled by dotted lines. The
resulting SOP of these constellation points is linear horizontal polarization and linear
vertical polarization, corresponding to S = £S; in Stokes space.

Ilustrating the above with respect to a particular exemplifying application, Fig. 8
illustrates a constellation diagram of one polarization tributary of a received 126-Gb/s
6PolSK-QPSK signal at 30 dB optical signal-to-noise ratio (OSNR) with a laser linewidth
of ~ 100kHz. Fig. 8 (a) illustrates the scenario before carrier phase estimation (CPE); Fig.
8 (b) illustrates the scenario after CPE.

In an optical coherent receiver, the phase noise of the local oscillator laser leads to
uncertainty about the phase of the received signal. As an example, Fig. 8(a) shows the
constellation diagram of a 126-Gb/s 6PolSK-QPSK signal at 30 dB optical signal-to-noise
ratio, where the transmitter and local oscillator lasers have 100kHz linewidth and no carrier
phase recovery is applied. After proper carrier phase recovery, the correct signal states are
restored (see Fig. 8(b)).

A common algorithm for carrier phase estimation (CPE) in digital coherent receivers is the
Viterbi-Viterbi algorithm (see [4]). This algorithm is widely used in coherent receivers for
100G polarization-division multiplexed quadrature phase-shift keying signals (PDM-
QPSK). However, it cannot be applied in a straightforward manner to advanced optimized
four-dimensional (4D) modulation formats such as 6PolSK-QPSK.

Another CPE algorithm, which is based on using several test phase angles is described in
[5]. In principle, the CPE algorithm of [5] is suitable for 6PolSK-QPSK signals. However,
compared to a Viterbi-Viterbi CPE, it requires approximately 16 to 64 times the hardware
effort. Therefore, it would be highly appreciated, if a hardware-efficient CPE algorithm for
6PoISK-QPSK signals would be provided.

The object of the present invention is to provide improved concepts for determining phase
noise estimates. The object of the present invention is solved by an apparatus according to

claim 1, by a method according to claim 17 and by a computer program according to claim
18.

An apparatus for determining a first and a second phase noise estimate is provided.
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The apparatus comprises a receiving interface, a partitioning module, a polarization

decision module, a phase rotation module and a determination module.

The receiving interface is configured to receive a plurality of input samples of an input
sequence. The partitioning module is configured to classify the input samples of the input
sequence into two or more sets. The polarization decision module is configured to decide
for some of the input samples, whether to modify either the first amplitude value of the
first polarization-component sample or the second amplitude value of the second
polarization-component sample. The phase rotation module is configured to determine a
member sample group comprising a plurality of member samples, by applying a phase
rotation to the first polarization-component sample and the second polarization-component
sample of some of the input samples. The determination module is configured to determine
the first phase noise estimate based on the first polarization-component sample of each
member sample of the member sample group and the second phase noise estimate based on

the second polarization-component sample of each member sample of the member sample
group.

In particular, in an embodiment, the apparatus for determining a first and a second phase
noise estimate comprises a receiving interface for receiving a plurality of input samples of
an input sequence, wherein each input sample of the plurality of input samples comprises a
first polarization-component sample indicating a first complex value, and a second
polarization-component sample indicating a second complex value. A first amplitude value
and a first phase value are assigned to said first polarization-component sample. Said first
amplitude value is the amplitude of said first complex value. Said first phase value is the
phase of said first complex value. A second amplitude value and a second phase value are
assigned to said second polarization-component sample. Said second amplitude value is the
amplitude of said second complex value. Said second phase value is the phase of said

second complex value.

Furthermore, the apparatus comprises a partitioning module for classifying the input
samples of the input sequence into two or more sets by assigning each input sample of the
input sequence to exactly one of the two or more sets depending on the first polarization-
component sample of said input sample and depending on the second polarization-

component sample of said input sample.

Moreover, the apparatus comprises a polarization decision module for deciding for each
input sample of the input samples of a second set of the two or more sets, whether to

modify either the first amplitude value of the first polarization-component sample or the
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second amplitude value of the second polarization-component sample of said input sample,
depending on the first amplitude value of the first polarization-component sample and the
second amplitude value of the second polarization-component sample of said input sample,
and for modifying either said first amplitude value of said first polarization-component

sample or said second amplitude value of said second polarization-component sample.

Furthermore, the apparatus comprises a phase rotation module for determining a member
sample group comprising a plurality of member samples. The phase rotation module is
configured to determine a plurality of modified samples by modifying each of the input
samples of a first set of the two or more sets, being different from the second set of the two
or more sets, by applying a phase rotation to the first polarization-component sample and
the second polarization-component sample of said input sample to obtain one of the
plurality of modified samples. The phase rotation module is configured to determine the
member sample group so that the member sample group comprises each modified sample
of the plurality of modified samples as one of the member samples. The phase rotation
module is configured to not modify any of the input samples of the second set of the two or
more sets. Moreover, the phase rotation module is configured to determine the member
sample group so that the member sample group comprises furthermore each of the input

samples of said second set as a further one of the member samples.

Moreover, the apparatus comprises a determination module for determining the first phase
noise estimate based on the first polarization-component sample of each member sample of
the member sample group, and for determining the second phase noise estimate based on

the second polarization-component sample of each member sample of the member sample

group.

According to an embodiment, the determination module may be configured to determine a
first intermediate sample value for each member sample of the member sample group by
raising the first complex value indicated by the first polarization-component sample of said
member sample to the 4™ power. The determination module may be configured to
determine the first phase noise estimate in dependence of a first sum of the first
intermediate sample values of the member samples of the member sample group.
Moreover, the determination module may be configured to determine a second
intermediate sample value for each member sample of the member sample group by raising
the second complex value indicated by the second polarization-component sample of said
member sample to the 4t power. Furthermore, the determination module may be

configured to determine the first phase noise estimate in dependence of a second sum of
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the second intermediate sample values of the member samples of the member sample
group.

In an embodiment, the determination module may be configured to determine the first
phase noise estimate based on the formula:

N
2 T+ C 2%
[P

wherein k indicates an index of one of the member samples of the member samples group,
wherein x indicates a first polarization, wherein Z4X,k indicates the first intermediate sample
value of said one member sample of the member sample group, wherein y indicates a
second polarization, wherein Z4y’k indicates the second intermediate sample value of said
one member sample of the member sample group, wherein C is a coupling factor with 0 <

C < 1, and wherein N indicates the number of member samples of the member sample

group.

According to another embodiment, the determination module may be configured to

determine the first phase noise estimate according to the formula:

N
1 4 4
lﬁx\;ixgafg ZZ Nl A vki
=1

wherein w“ is the first noise estimate.

In an embodiment, the determination module may be configured to determine the second

phase noise estimate according to the formula:

¢ 1 N =4 ~ 4 1
Yy = 728 |Lg=14 yik + 0 L7 k]

wherein tfj}’i is the second noise estimate,

wherein Z4y,k indicates one of the second intermediate sample values, wherein 0 < C <1,

and wherein N indicates the number of member samples of the member sample group.
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According to an embodiment, the phase rotation module may be configured to determine
the modified samples by modifying the first and the second polarization-component
sample of each of the input samples of the first set of the two or more sets by applying a
phase rotation of w/4 to the first polarization-component sample and the second
polarization-component sample of said input sample.

In another embodiment, the partitioning module may be configured to classify the input
samples of the input sequence into two or more subsets. The partitioning module may be
configured to determine for each input sample an error value for each of the two or more
subsets based on the first polarization-component sample and the second polarization-
component sample of said input sample and based on the first predefined polarization and
the second predefined polarization value of said subset. Moreover, the partitioning module
may be configured to assign said input sample to the subset with the smallest error value.
Furthermore, the partitioning module may be configured to classify the input samples of
the input sequence into the two or more sets such that for each subset of the two or more
subsets all input samples of said subset are assigned to the same set of the two or more
sets.

According to an embodiment, the partitioning module may be configured to determine for

each input sample the error value for each of the two or more subsets based on the formula:

242 232
e = (12" =15l ) + (120l = 153

3

wherein k indicates one of the input samples of the input sequence, wherein / indicates one
of the subsets, wherein €k.t is the error value for the k-th input sample and the /-th subset,
wherein x indicates the first polarization, wherein y indicates the second polarization,

wherein fzx.kl indicates the first amplitude value of the first polarization-component

sample of the £-th input sample, wherein lzy,k’ indicates the second amplitude value of the

ISIJI indicates the

second polarization-component sample of the k-th input sample, wherein
first predefined polarization value of the /-th subset and wherein 153;,11 indicates the second

predefined polarization value of the /-th subset.

In an embodiment, the partitioning module may be configured to classify the input samples
of the input sequence into exactly three subsets as the two or more subsets, and wherein the
first predefined polarization value of a first one of the subsets is V2, wherein the second

predefined polarization value of the first one of the subsets is VZ , wherein the first
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predefined polarization value of a second one of the subsets is 2, wherein the second
predefined polarization value of the second one of the subsets is 0, wherein the first
predefined polarization value of a third one of the subsets is 0, and wherein the second
predefined polarization value of the third one of the subsets is 2. The partitioning module
may be configured to classify the input samples of the input sequence into the two or more
sets such that all input samples of the first subset are comprised by the first one of the two
or more sets and such that all input samples of the second subset and of the third subset are

assigned to the second one of the two or more sets.

According to another embodiment, the polarization decision module may be configured to
modify for each input sample of the input samples of the at least one of the sets the first
amplitude value of the first polarization-component sample of said input sample when the
first amplitude value of the first polarization-component sample of said input sample is
smaller than the second amplitude value of the second polarization-component sample of
said input sample to obtain a first modified amplitude value of the first polarization-
component sample of said input sample, so that the first modified amplitude value of said
first polarization-component sample is smaller than said first amplitude value of said first
polarization-component sample. Moreover, the polarization decision module may be
configured to modify for each input sample of the input samples of the at least one of the
sets the second amplitude value of the second polarization-component sample of said input
sample when the second amplitude value of the second polarization-component sample of
said input sample is smaller than the first amplitude value of the first polarization-
component sample of said input sample to obtain a second modified amplitude value of the
second polarization-component sample of said input sample, so that the second modified
amplitude value of said second polarization-component sample is smaller than said second

amplitude value of said second polarization-component sample.

In a further embodiment, the polarization decision module may be configured to modify
for each input sample of the input samples of the second set of the two or more sets, the
first amplitude value of the first polarization-component sample of said input sample when
the first amplitude value of the first polarization-component sample of said input sample is
smaller than the second amplitude value of the second polarization-component sample of
said input sample to obtain a first modified amplitude value of the first polarization-
component sample of said input sample, so that the first modified amplitude value of said
first polarization-component sample is smaller than said first amplitude value of said first
polarization-component sample. Moreover, the polarization decision module may be
configured to modify for each input sample of the input samples of the second set of the

two or more sets, the second amplitude value of the second polarization-component sample
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of said input sample when the first amplitude value of the first polarization-component
sample of said input sample is greater than or equal to the second amplitude value of the
second polarization-component sample of said input sample to obtain a second modified
amplitude value of the second polarization-component sample of said input sample, so that
the second modified amplitude value of said second polarization-component sample is
smaller than said second amplitude value of said second polarization-component sample.
Furthermore, the polarization decision module may be configured to not modify the
amplitude value of the first polarization-component sample of any of the input samples of a
set of the two or more sets, being different from the second set of the two or more sets.
Moreover, the polarization decision module may be configured to not modify the
amplitude value of the second polarization-component sample of any of the input samples

of a set of the two or more sets, being different from the second set of the two or more sets.

According to another embodiment, the receiving interface may comprise one or more
demultiplexing units for demultiplexing at least some of the samples of the input sequence

such that the samples are demultiplexed for parallel processing.

According to an embodiment, the determination module may comprise a weighting module
being configured to determine a plurality of weighted values. The weighting module may
be configured to determine each of the plurality of weighted values by multiplying the first
polarization-component samples or the second polarization-component samples of at least
two of the member samples of the member sample group by a weight. The determination
module may be configured to determine the first phase noise estimate and the second phase

noise estimate based at least some of the plurality of weighted values.

In an embodiment, the above-described apparatus may be configured to determine the first
and the second phase noise estimate being phase noise estimates of an optically transmitted
signal comprising symbols being modulated by employing a 6-ary polarization-shift keying
quadrature phase-shift keying format.

Moreover, an apparatus for phase correction is provided. The apparatus for phase
correction comprises an apparatus according to one of the above-described embodiments
for determining a first and a second phase noise estimate based on one or more input
samples. Furthermore, the apparatus for phase correction comprises a phase correction
module for conducting phase correction on the one or more input samples based on the one
or more phase noise estimates.
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In some embodiments, the above-described embodiments of the present invention may be

implemented as an application specific integrated circuit (ASIC).

Moreover, a method for determining a first and a second phase noise estimate is provided.

The method comprises:

- Receiving a plurality of input samples, wherein each input sample of the plurality
of input samples comprises a first polarization-component sample, indicating a first
complex value, and a second polarization-component sample, indicating a second
complex value, wherein a first amplitude value and a first phase value is assigned to
said first polarization-component sample, wherein said first amplitude value is the
amplitude of said first complex value, wherein said first phase value is the phase of
said first complex value, wherein a second amplitude value and a second phase
value is assigned to said second polarization-component sample, wherein said
second amplitude value is the amplitude of said second complex value, and wherein

said second phase value is the phase of said second complex value,

- Assigning at least some input samples of the plurality of input samples to an input

sequence,

- Classifying the input samples of the input sequence into two or more sets by
assigning each input sample of the input sequence to exactly one of the two or more
sets depending on the first polarization-component sample of said input sample and

depending on the second polarization-component sample of said input sample,

- Deciding for each input sample of the input samples of a second one of the sets,
whether to modify either the first amplitude value of the first polarization-
component sample or the second amplitude value of the second polarization-
component sample of said input sample, depending on the first amplitude value of
the first polarization-component sample and the second amplitude value of the
second polarization-component sample of said input sample, and for modifying
either said first amplitude value of said first polarization-component sample or said

second amplitude value of said second polarization-component sample,

- Determining a member sample group comprising a plurality of member samples,
wherein the step of determining the member sample group comprises determining a
plurality of modified samples by modifying each of the input samples of a first set

of the two or more sets, being different from the second set of the two or more sets,
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by applying a phase rotation of the first polarization-component sample and the
second polarization-component sample of said input sample to obtain one of the
plurality of modified samples, wherein the member sample group is determined so
that the member sample group comprises each modified sample of the plurality of
modified samples as one of the member samples, wherein the step of determining
the member sample group comprises to not modify any of the input samples of the
second set of the two or more sets, wherein the member sample group is determined
so that the member sample group comprises furthermore each of the input samples

of said first set as further one of the member samples,

Determining the first phase noise estimate based on the first polarization-

component sample of each member sample of the member sample group. And:

Determining the second phase noise estimate based on the second polarization-

component sample of each member sample of the member sample group.

Furthermore, a computer program for implementing the above-described method when

being executed on a computer or signal processor is provided.

In the following, embodiments of the present invention are described in more detail with

reference to the figures, in which:

Fig. 1

Fig. 2

Fig.3

Fig. 4

Fig. 5a

Fig. 5b

illustrates an apparatus for determining a first and a second phase noise

estimate according to an embodiment,

illustrates an apparatus for determining a first and a second phase noise

estimate according to another embodiment,

illustrates an apparatus for phase correction according to an embodiment,

illustrates an apparatus for phase correction according to another

embodiment,

illustrates an apparatus for determining a first and a second phase noise

estimate according to another embodiment,

illustrates an apparatus for phase correction according to a further

embodiment,
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Fig. 6 illustrates an apparatus for phase correction according to another
embodiment,

Fig. 7 (a) illustrates a constellation diagram of a 6PolSK-QPSK signal;

(b) illustrates the corresponding time-resolved states of polarization on the

Poincaré sphere, and

Fig. 8 illustrates a constellation diagram of one polarization tributary of a received
126-Gb/s 6PolSK-QPSK signal at 30 dB optical signal-to-noise ratio with a
laser linewidth of ~ 100kHz, (a) before phase correction and (b) after phase

correction.

Fig. 1 illustrates an apparatus for determining a first and a second phase noise estimate
according to an embodiment.

The apparatus comprises a receiving interface 110, a partitioning module 120, a
polarization decision module 130, a phase rotation module 140 and a determination
module 150.

The receiving interface 110 is configured to receive a plurality of input samples of an input
sequence. The partitioning module 120 is configured to classify the input samples of the
input sequence into two or more sets. The polarization decision module 130 is configured
to decide for some of the input samples, whether to modify either the first amplitude value
of the first polarization-component sample Zy x or the second amplitude value of the second
polarization-component sample Zyx. The phase rotation module 140 is configured to
determine a member sample group comprising a plurality of member samples, by applying
a phase rotation to the first polarization-component sample and the second polarization-
component sample of said input sample. The determination module 150 is configured to
determine the first phase noise estimate based on the first polarization-component sample
Zyx of each member sample of the member sample group and the second phase noise
estimate based on the second polarization-component sample Z, x of each member sample

of the member sample group.

In particular, in an embodiment, the apparatus for determining a first and a second phase
noise estimate comprises the receiving interface 110 for receiving a plurality of input

samples of an input sequence (e.g. input sequence i), wherein each input sample of the
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plurality of input samples comprises a first polarization-component sample Zy x indicating
a first complex value, and a second polarization-component sample Z,y indicating a
second complex value. A first amplitude value and a first phase value are assigned to said
first polarization-component sample Zy k. Said first amplitude value is the amplitude of said
first complex value. Said first phase value is the phase of said first complex value. A
second amplitude value and a second phase value are assigned to said second polarization-
component sample Z,x. Said second amplitude value is the amplitude of said second

complex value. Said second phase value is the phase of said second complex value.

Furthermore, the apparatus comprises the partitioning module 120 for classifying the input
samples of the input sequence into two or more sets (e.g. set C; and set C,) by assigning
each input sample of the input sequence to exactly one of the two or more sets depending
on the first polarization-component sample Zyx of said input sample and depending on the

second polarization-component sample Z,y of said input sample.

Moreover, the apparatus comprises the polarization decision module 130 for deciding for
each input sample of the input samples of a second set (e.g. the set C;) of the two or more
sets, whether to modify either the first amplitude value of the first polarization-component
sample Zyx or the second amplitude value of the second polarization-component sample
Zy of said input sample, depending on the first amplitude value of the first polarization-
component sample Zyx and the second amplitude value of the second polarization-
component sample Zy of said input sample, and for modifying either said first amplitude
value of said first polarization-component sample Zyx or said second amplitude value of

said second polarization-component sample Zy y.

Furthermore, the apparatus comprises the phase rotation module 140 for determining a
member sample group comprising a plurality of member samples. The phase rotation
module 140 is configured to determine a plurality of modified samples by modifying each
of the input samples of a first set (e.g. the set C;) of the two or more sets, being different
from the second set (e.g. set C,) of the two or more sets, by applying a phase rotation to the
first polarization-component sample and the second polarization-component sample of said
input sample. Moreover, the phase rotation module 140 is configured to determine the
member sample group so that the member sample group comprises each modified sample
of the plurality of modified samples as one of the member samples. Furthermore, the phase
rotation module 140 is configured to not modify any of the input samples of the second set
(e.g. set Cy) of the two or more sets. Moreover, the phase rotation module 140 is

configured to determine the member sample group so that the member sample group
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comprises furthermore each of the input samples of said second set (e.g. set C,) as a further
one of the member samples.

Moreover, the apparatus comprises the determination module 150 for determining the first
phase noise estimate (e.g. * %! ) based on the first polarization-component sample Z, of
each member sample of the member sample group, and for determining the second phase
noise estimate (e.g. w}’.i ) based on the second polarization-component sample Zyy of

each member sample of the member sample group.
In the following, particular embodiments are described.

Fig. 2 illustrates an apparatus for determining a first and a second phase noise estimate
according to another embodiment.

The apparatus illustrated by Fig. 2 comprises a receiving interface 210, a partitioning
module 220, a polarization decision module 230, a phase rotation module 240 and a
determination module 250.

The receiving interface 210 receives the plurality of input samples as samples of an input
sequence. Each of the input samples comprises a first polarization-component sample Zy x
and a the second polarization-component sample Zy .

The receiving interface 210 comprises a first demultiplexing unit 212 and a second
demultiplexing unit 214 for demultiplexing the input sequence such that the samples are
demultiplexed for parallel processing. The first demultiplexing unit 212 receives the first
polarization-component sample Zy of each of the input samples. Here, x denotes a first
polarization and k denotes the k-th sample of the sample sequence. The second
demultiplexing unit 214 receives the second polarization-component sample Z x of each of
the input samples. Here, y denotes a second polarization and k denotes the k-th sample of
the sample sequence.

The partitioning module 220, the polarization decision module 230 and the phase rotation
module 240 of Fig. 2 may correspond to the partitioning module 120, the polarization
decision module 130 and the phase rotation module 140 of Fig. 1, respectively.

The determination module 250 represents a particular embodiment of a determination
module.
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In Fig. 2, the receiving interface receives a plurality of input samples, which may be
considered as samples of an input sequence. Each of the input samples comprises a first
polarization-component sample Z, x and a second polarization-component sample Z, . The
first polarization-component sample Zy is a complex value and the second polarization-
component sample Zy is also a complex value. k indicates that Zyk and Zy are the first
and the second polarization-component sample of the k-th sample of the sample sequence.
Moreover, the first polarization-component samples Zy x of the input samples of the sample
sequence form themselves a first complex sample sequence. Furthermore, the second
polarization-component samples Zyy of the input samples of the sample sequence form

themselves a second complex sample sequence.

The incoming first and second complex sample sequences, e.g., from a polarization-

diversity coherent receiver at the input of a CPE unit are expressed as:
= . . plBp it
Zp,k = R\ Po Fs Ap,k ef( Pk Ppic) + Ty k

where P € {X. ¥} is the polarization, wherein k is an index identifying the k-th sample of
the first or second complex sample sequence, respectively, wherein R is the responsivity
of the photodiodes, and wherein Py, and P represent the average powers of local oscillator
and signal respectively. Apx € {0, V2, 2} and Opx =mn/4 withm € {0,1,2,3, ..., 7} are
the signal information amplitude and phase, respectively. @, is the phase noise and npx

represents the additive noise.

The polarization-component samples Z,x are first demultiplexed into blocks with N
samples per block. Each of the blocks is also referred to as a “input sequence”. With
respect to the i-th block (input sequence), k is defined as k=g + (i - )N withq € {1,2, ..,
N}. In the embodiment of Fig. 2, it is assumed that a number of N input samples are
processed in parallel. Therefore, this approach is referred to as block scheme. Each of the
N input samples comprises a first polarization-component sample Z,yx and a second

polarization-component sample Zy .

The partitioning module 220 is configured to classify the input samples of the input

sequence into two or more subsets, e.g. three subsets Sy, S;, Ss.

A first predefined polarization value and a second polarization value is assigned to each
subset of the two or more subsets. For example, the first predefined polarization value [Sy |

and the second predefined polarization value [Sy ;| of the subset S may be
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S]I ISX.ZI - \/_Z—HDd |Sy,l| = \/_2_

M

the first predefined polarization value [Sy| and the second predefined polarization value
|Sy.i| of the subset S; may be

S2:|Sea| = 2and [Sy;| = 0

and the first predefined polarization value |Syj| and the second predefined polarization

value [Sy | of the subset S; may be

Sgl ‘Sx,ll = 0Oand |Sy’11 = 2

The partitioning module 220 is configured to determine for each input sample an error
value g, for each of the two or more subsets, e.g. the subsets Sy, S,, S3, based on the first
polarization-component sample and the second polarization-component sample of said
input sample and based on the first predefined polarization value and the second
predefined polarization value of said subset S, Sy, S;.

Moreover, the partitioning module 220 is configured to assign said input sample to the

subset S;, S, or S; for which the smallest error value has been determined.

Furthermore, the partitioning module 220 is configured to classify the input samples of the
input sequence into two or more sets, e.g. the sets C; and Cs, such that for each subset S,
S,, S3 of the two or more subsets all input samples of said subset are comprised by the
same set of the two or more sets Cq, C,.

For example, in a particular embodiment, in the partitioning module 220 (the set
partitioning stage), the input samples are classified into the three subsets Sy, S, and S; of
complex samples. For the polarization values assigned to the three sets Sy, S, and Sj, the

following is defined:

Si |Se] = V2and|S,,| = V2

S, |Sx‘ll = 2 and ]Sy,ll =0
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S5 |Sey| = Oand |S,;| = 2 |

By calculating the squared error jointly in both polarizations

242 232
e = (1Zaal” =15l ) + (120" = I5yul') .
where [ € {1, 2, 3},

the error value g;; is obtained for each of the input samples and for each of the three
subsets. (A particular input sample is identified by index k£ and a particular subset is
identified by index 1)

The partitioning module 220 is configured to assign said input sample identified by index k
to the subset S;, S, or S3 with the smallest error value ¢ ;.

Moreover, for the embodiment illustrated by Fig. 2, it is defined that the subset S; is
identical with set C;, while the subsets S, and 53 are subsets of set C,.

Therefore,

(Zoss Zys) € ) when g, = min(ek,z) and

T Zys) € C, when &, ; = min(g,; ) or &, 3 = min(g,)

wherein {Zyx; Zyx} denotes the k-th input sample comprising a first polarization-

component sample Z,x and a second polarization-component sample Zy .

According to this definition, the partitioning module 220 is configured to classify the input
samples into the two sets Cy, C,, such that all input samples of the first subset S; are
comprised by the first one C; of the two or more sets and such that all input samples of the
second subset S, and of the third subset Sz are assigned to the second one C, of the two or

more sets.

The input samples belonging to the set C, are then fed into the polarization decision
module 230. This polarization decision module 230 compares the amplitude Zyx of the first

polarization-component sample (x-polarization) of each of the input samples of set C; with
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the amplitude Z,x of the second polarization-component sample (y-polarization) of said
input sample.

This polarization decision module 230 decides in favor of polarization-component samples
having larger amplitude and suppresses the amplitude of the polarization-component
samples in the orthogonal polarization to zero, e.g. if Zyx > Zyx then Zy is set to zero, else
if Zyx < Zyx then Zyy is set to zero. This operation ensures that for symbols belonging to
the set Cy, only the polarization tributary with a valid QPSK signal state is used for

estimation of the carrier phase.

Generally speaking, wherein the polarization decision module 230 is configured to modify
for each input sample of the input samples of the at least one of the sets, e.g. the set C,, the
first amplitude value of the first polarization-component sample Zyx of said input sample
when the first amplitude value of the first polarization-component sample Z,x of said input
sample is smaller than the second amplitude value of the second polarization-component
sample Zyy of said input sample to obtain a first modified amplitude value of the first
polarization-component sample Z,x of said input sample, so that the first modified
amplitude value of said first polarization-component sample Zy is smaller than said first

amplitude value of said first polarization-component sample Zy.

Moreover, the polarization decision module 230 is configured to modify for each input
sample of the input samples of the at least one of the sets, e.g. the set Cy, the second
amplitude value of the second polarization-component sample Zyy of said input sample
when the second amplitude value of the second polarization-component sample Zyx of said
input sample is smaller than the first amplitude value of the first polarization-component
sample Z, . of said input sample to obtain a second modified amplitude value of the second
polarization-component sample Zyx of said input sample, so that the second modified
amplitude value of said second polarization-component sample Zyy is smaller than said

second amplitude value of said second polarization-component sample Zy .

In the phase rotation module 240, a n/4 phase rotation is applied to the first and the second

polarization-component sample of all input samples belonging to the set C;.

By this, the input samples of the set C are modified. The phase rotation module now forms
a member sample group which comprises as member samples all the (modified) input
samples of the set Cy, and all the input samples of the set C,, which have not been modified
by the phase rotation module 240 (but possibly by the polarization decision module 230).
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The determination module 250 is configured to determine a first intermediate sample value
for each member sample of the member sample group by raising the first complex value
indicated by the first polarization-component sample of said member sample to the 4t
power. The determination module 250 is configured to determine the first phase noise
estimate in dependence of a first sum of the first intermediate sample values of the member
samples of the member sample group. For example, the first sum of the first intermediate
values may be:

"N

.
> 2t
4=1

Moreover, the determination module 250 may be configured to determine a second
intermediate sample value for each member sample of the member sample group by raising
the second complex value indicated by the second polarization-component sample of said
member sample to the 4 power. Furthermore, the determination module may be
configured to determine the first phase noise estimate in dependence of a second sum of
the second intermediate sample values of the member samples of the member sample

group. For example, the second sum of the second intermediate values may be:

N

For example, the determination module 250 may employ a conventional M-th power feed-

forward carrier phase estimation stage.

The complex symbols of the i-th block may be raised to the 4-th power in order to remove
the QPSK modulation and averaging over N samples is performed.

In other words, the determination module 250 may raise the first polarization component
sample and the second polarization-component sample of each member sample of the
member sample group to the 4-th power in order to remove the QPSK modulation and

averaging over N samples is performed.

Both polarizations are contaminated by the same laser phase noise. Therefore, the phase

noise in x- and y-polarization is highly correlated in the absence of nonlinear impairments.
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Consequently, coupling the phase noise information between both polarizations can
enhance the performance of the algorithm (see [6]).

The phase noise estimates in both polarizations are coupled by the determination module
250 after being weighted by a coupling factor of 0 < C < 1, where C = 0 results in no

coupling at all and C =1 results in the same phase noise estimate in both polarizations.

The determination module 250 then divides the phase of the averaged signal by four,

resulting in the phase noise estimates for x- and y-polarization ¥x , by for the i-th block:

N
1 4 4
lpx,ixzarg ZZ x,k‘“l”C'Z v,k
=1

~ 74

Yy i arg [Zq 12’ vk "?'L'L‘x'k],

The phase noise estimates wx,i and d)v,i lie inside the interval [ -n/4 , w/4 ] due to the
argument function.

An apparatus according to a specific embodiment may be configured to determine the first
and the second phase noise estimate which are phase noise estimates of an optically
transmitted signal comprising symbols being modulated by employing a 6-ary polarization-
shift keying quadrature phase-shift keying format.

Fig. 3 illustrates an apparatus for phase correction according to an embodiment. The
apparatus for phase correction comprises an apparatus 310 according to one of the above-
described embodiments for determining a first and a second phase noise estimate based on
one or more input samples. Furthermore, the apparatus for phase correction comprises a
phase correction module 320 for conducting phase correction on the one or more input
samples of the sample sequence based on the one or more phase noise estimates to obtain
one or more phase-corrected input samples.

Fig. 4 illustrates an apparatus for phase correction according to another embodiment.
Again, the apparatus for phase correction comprises an apparatus 310 according to one of
the above-described embodiments for determining a first and a second phase noise estimate

based on one or more input samples. Furthermore, again, the apparatus for phase correction
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comprises a phase correction module 320 for conducting phase correction on the one or
more input samples of the sample sequence based on the one or more phase noise

estimates.

In particular, Fig. 4 illustrates a block diagram of the 6Pol-QPSK joint-polarization carrier

phase estimation using a block scheme according to an embodiment.

As already explained, the phase noise estimates l/)x,i and U)y.z lie inside the interval
[ -n/4 , m/4 ] due to the argument function. However, the phase noise is a Wiener process
ranging from - to +oo. Therefore, phase unwrapping is applied in order to restore the
original phase noise trajectory. After that, the estimated phase noise is used to correct the
phase of the received symbols in the corresponding block. Samples belonging to the set C,
are rotated back by applying a n/4 phase shift.

In Fig. 4, each of the phase corrected input samples comprises the corresponding first and

second polarization-component samples Z’x x and Z’y .

In the following, a further embodiment is provided, which is a variant of the above-

described embodiments.

Fig. 5a illustrates an apparatus for determining a first and a second phase noise estimate
according to a further embodiment which implements such a variant. The apparatus
comprises a receiving interface (not shown), a partitioning module 220, a polarization

decision module 230, a phase rotation module 240 and a determination module 250.

The alternative approach described with reference to Fig. 5a is an alternative approach that
could be used works symbol by symbol and is referred to as “sliding window scheme”.
Generally, this approach improves the phase estimation accuracy at the expense of

increasing hardware complexity.

The apparatus of Fig. 5a is configured to execute the set partitioning first and then the
polarization decision is applied if the sample belongs to the set C,, or a w/4 phase rotation
is applied if the sample belongs to the set C;. Afterwards, averaging over 2N + 1 samples is
performed in order to smooth out additive noise using a windowing function. Different
window functions could be implemented to obtain more accurate estimation, e.g. Wiener,
hyperbolic, sinc, etc.
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In particular, regarding the apparatus of Fig. 5a, the determination module 250 comprises a
weighting module 252 which is configured to determine a plurality of weighted values.
The weighting module 252 is configured to determine each of the plurality of weighted
values by multiplying the first polarization-component samples or the second polarization-
component samples of at least two of the member samples of the member sample group
and a weight. The weight may, for example, be a complex number. The determination
module 250 is configured to determine the first phase noise estimate and the second phase

noise estimate based at least some of the plurality of average values.

For example, weighting module 252 applies the window function on the 2N + 1 samples.
Each sample may, for example, be weighted by the window function. In a particular
embodiment, the window function may, for example, be rectangular, e.g. all samples may
be multiplied by a constant number, e.g. all samples may be multiplied by 1. In other
embodiments, arbitrary other window functions may be employed, e.g. a hyperbolic
function, a sinc function or a complex window function.

Fig. 5b illustrates an apparatus for phase correction according to a further embodiment.
The apparatus for phase correction according to Fig. 5b comprises the apparatus 510 for
determining a first and a second phase estimation of Fig. 5a the determination module of
which comprises the weighting module 252. Furthermore, the apparatus for phase
correction of Fig. 5b comprises a phase correction module 320 for conducting phase
correction on the one or more input samples of the sample sequence based on the one or

more phase noise estimates to obtain one or more phase-corrected input samples.

In particular, Fig. 5b illustrates a block diagram of the 6PolSK-QPSK point-polarization
carrier phase estimation using a sliding window scheme for averaging. The index k refers
to k-th sample and g € {1, 2, ..., N}. The value N denotes the length of the moving average
filter. In Fig. 5b, each of the phase corrected input samples comprises the corresponding

first and second polarization-component samples Z”’yx and 2”7y .

Moreover, Fig. 6 illustrates an apparatus for phase correction according to another
embodiment. In particular, Fig. 6 illustrates a block diagram of the 6Pol-QPSK carrier

phase estimation without coupling process between the two polarization tributaries.

In Fig. 6, each of the phase corrected input samples comprises the corresponding first and

second polarization-component samples Z’x x and Z’y .
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In some embodiments, the above-described embodiments of the present invention may be

implemented as an application specific integrated circuit (ASIC).

Although some aspects have been described in the context of an apparatus, it is clear that
these aspects also represent a description of the corresponding method, where a block or
device corresponds to a method step or a feature of a method step. Analogously, aspects
described in the context of a method step also represent a description of a corresponding

block or item or feature of a corresponding apparatus.

The inventive decomposed signal can be stored on a digital storage medium or can be
transmitted on a transmission medium such as a wireless transmission medium or a wired

transmission medium such as the Internet.

Depending on certain implementation requirements, embodiments of the invention can be
implemented in hardware or in software. The implementation can be performed using a
digital storage medium, for example a floppy disk, a DVD, a CD, a ROM, a PROM, an
EPROM, an EEPROM or a FLASH memory, having electronically readable control
signals stored thereon, which cooperate (or are capable of cooperating) with a

programmable computer system such that the respective method is performed.

Some embodiments according to the invention comprise a non-transitory data carrier
having electronically readable control signals, which are capable of cooperating with a
programmable computer system, such that one of the methods described herein is

performed.

Generally, embodiments of the present invention can be implemented as a computer
program product with a program code, the program code being operative for performing
one of the methods when the computer program product runs on a computer. The program

code may for example be stored on a machine readable carrier.

Other embodiments comprise the computer program for performing one of the methods

described herein, stored on a machine readable carrier.

In other words, an embodiment of the inventive method is, therefore, a computer program
having a program code for performing one of the methods described herein, when the

computer program runs on a computer.
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A further embodiment of the inventive methods is, therefore, a data carrier (or a digital
storage medium, or a computer-readable medium) comprising, recorded thereon, the

computer program for performing one of the methods described herein.

A further embodiment of the inventive method is, therefore, a data stream or a sequence of
signals representing the computer program for performing one of the methods described
herein. The data stream or the sequence of signals may for example be configured to be

transferred via a data communication connection, for example via the Internet.

A further embodiment comprises a processing means, for example a computer, or a
programmable logic device, configured to or adapted to perform one of the methods
described herein.

A further embodiment comprises a computer having installed thereon the computer

program for performing one of the methods described herein.

In some embodiments, a programmable logic device (for example a field programmable
gate array) may be used to perform some or all of the functionalities of the methods
described herein. In some embodiments, a field programmable gate array may cooperate
with a microprocessor in order to perform one of the methods described herein. Generally,

the methods are preferably performed by any hardware apparatus.

The above described embodiments are merely illustrative for the principles of the present
invention. It is understood that modifications and variations of the arrangements and the
details described herein will be apparent to others skilled in the art. It is the intent,
therefore, to be limited only by the scope of the impending patent claims and not by the
specific details presented by way of description and explanation of the embodiments

herein.
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Claims
An apparatus for determining a first and a second phase noise estimate, comprising:

a receiving interface (110; 210) for receiving a plurality of input samples of an
input sequence, wherein each input sample of the plurality of input samples
comprises a first polarization-component sample (Zyy) indicating a first complex
value, and a second polarization-component sample (Z,y) indicating a second
complex value, wherein a first amplitude value and a first phase value are assigned
to said first polarization-component sample (Zyx), wherein said first amplitude
value is the amplitude of said first complex value, wherein said first phase value is
the phase of said first complex value, wherein a second amplitude value and a
second phase value are assigned to said second polarization-component sample
(Zyx), wherein said second amplitude value is the amplitude of said second
complex value, and wherein said second phase value is the phase of said second

complex value,

a partitioning module (120; 220) for classifying the input samples of the input
sequence into two or more sets by assigning each input sample of the input
sequence to exactly one of the two or more sets depending on the first polarization-
component sample (Zxx) of said input sample and depending on the second

polarization-component sample (Zy ) of said input sample,

a polarization decision module (130; 230) for deciding for each input sample of the
input samples of a second set of the two or more sets, whether to modify either the
first amplitude value of the first polarization-component sample (Zx ) or the second
amplitude value of the second polarization-component sample (Zyy) of said input
sample, depending on the first amplitude value of the first polarization-component
sample (Z,x) and the second amplitude value of the second polarization-component
sample (Z,x) of said input sample, and for modifying either said first amplitude
value of said first polarization-component sample (Zxx) or said second amplitude

value of said second polarization-component sample (Zy ),

a phase rotation module (140; 240) for determining a member sample group
comprising a plurality of member samples, wherein the phase rotation module (140;
240) is configured to determine a plurality of modified samples by modifying each
of the input samples of a first set of the two or more sets, being different from the

second set of the two or more sets, by applying a phase rotation to the first
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polarization-component sample and the second polarization-component sample of
said input sample to obtain one of the plurality of modified samples, wherein the
phase rotation module (140; 240) is configured to determine the member sample
group so that the member sample group comprises each modified sample of the
plurality of modified samples as one of the member samples, wherein the phase
rotation module (140; 240) is configured to not modify any of the input samples of
the second set of the two or more sets, wherein the phase rotation module (140;
240) is configured to determine the member sample group so that the member
sample group comprises furthermore each of the input samples of said second set as

a further one of the member samples, and

a determination module (150; 250) for determining the first phase noise estimate
based on the first polarization-component sample (Zxx) of each member sample of
the member sample group, and for determining the second phase noise estimate
based on the second polarization-component sample (Zy k) of each member sample
of the member sample group.

An apparatus according to claim 1,

wherein the determination module (150; 250) is configured to determine a first
intermediate sample value for each member sample of the member sample group by
raising the first complex value indicated by the first polarization-component sample
(Zxx) of said member sample to the 4th power, and wherein the determination
module (150; 250) is configured to determine the first phase noise estimate in
dependence of a first sum of the first intermediate sample values of the member

samples of the member sample group, and

wherein the determination module (150; 250) is configured to determine a second
intermediate sample value for each member sample of the member sample group by
raising the second complex value indicated by the second polarization-component
sample (Zyx) of said member sample to the 4™ power, and wherein the
determination module (150; 250) is configured to determine the first phase noise
estimate in dependence of a second sum of the second intermediate sample values

of the member samples of the member sample group.

An apparatus according to claim 2, wherein the determination module (150; 250) is

configured to determine the first phase noise estimate based on the formula:
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N
Z Z4x,k -+ C v Zé}.‘k
g=1

wherein k indicates an index of one of the member samples of the member samples
group, wherein x indicates a first polarization, wherein Z4X,k indicates the first
intermediate sample value of said one member sample of the member sample
group, wherein y indicates a second polarization, wherein Z4y,k indicates the second
intermediate sample value of said one member sample of the member sample
group, wherein C is a coupling factor with 0 < C <1, and wherein N indicates the

number of member samples of the member sample group.

An apparatus according to claim 3, wherein the determination module (150; 250) is
configured to determine the first phase noise estimate according to the formula:

N
1 4 4
Yei = Earg Z YN S A vk

gl
wherein ‘; .t 1s the first noise estimate.

An apparatus according to one of the preceding claims, wherein the determination
module (150; 250) is configured to determine the second phase noise estimate

according to the formula:

1 ey 4 L
1i)y.i "”Zarg [Zq:lz y,k'*'b Z xk}

wherein Py, is the second noise estimate,

wherein Z%, indicates one of the second intermediate sample values, wherein
0 < C <1, and wherein N indicates the number of member samples of the member

sample group.

An apparatus according to one of the preceding claims, wherein the phase rotation
module (140; 240) is configured to determine the modified samples by modifying
each of the input samples of the first set of the two or more sets by applying a phase
rotation of m/4 to the first polarization-component sample and the second

polarization-component sample of said input sample.
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An apparatus according to one of the preceding claims,

wherein the partitioning module (120; 220) is configured to determine for each
input sample an error value for each of the two or more subsets based on the first
polarization-component sample (Zyx) and the second polarization-component
sample (Zyx) of said input sample and based on the first predefined polarization
value and the second predefined polarization value of said subset, and wherein the
partitioning module (120; 220) is configured to assign said input sample to the

subset with the smallest error value, and

wherein the partitioning module (120; 220) is configured to classify the input
samples of the input sequence into the two or more sets such that for each subset of
the two or more subsets all input samples of said subset are assigned to the same set

of the two or more sets.
An apparatus according to claim 7,

wherein the partitioning module (120; 220) is configured to determine for each
input sample the error value for each of the two or more subsets based on the
formula

. P 22
Epg = ([Zx,k|z ~ S5 ) + (!Zy.k‘z = [Sy.] )

3

wherein k& indicates one of the input samples of the input sequence, wherein /
indicates one of the subsets, wherein €k.! is the error value for the k-th input sample
and the /-th subset, wherein x indicates the first polarization, wherein y indicates
the second polarization, wherein 1Zex] indicates the first amplitude value of the
first polarization-component sample (Zy) of the A-th input sample, wherein ]Z}’-ki
indicates the second amplitude value of the second polarization-component sample
(Zyx) of the k-th input sample, wherein |2 indicates the first predefined
polarization value of the I/-th subset and wherein l‘gy:l! indicates the second

predefined polarization value of the /-th subset.

An apparatus according to claim 7 or §,
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10.

wherein the partitioning module (120; 220) is configured to classify the input
samples of the input sequence into exactly three subsets as the two or more subsets,
and wherein the first predefined polarization value of a first one of the subsets is
VZ, wherein the second predefined polarization value of the first one of the
subsets is V2, wherein the first predefined polarization value of a second one of
the subsets is 2, wherein the second predefined polarization value of the second
one of the subsets is 0, wherein the first predefined polarization value of a third one
of the subsets is 0, and wherein the second predefined polarization value of the
third one of the subsets is 2, and

wherein the partitioning module (120; 220) is configured to classify the input
samples of the input sequence into the two or more sets such that all input samples
of the first subset are assigned to first one of the two or more sets and such that all
input samples of the second subset and of the third subset are assigned to the

second one of the two or more sets.
An apparatus according to one of the preceding claims,

wherein the polarization decision module (130; 230) is configured to modify for
each input sample of the input samples of the at least one of the sets the first
amplitude value of the first polarization-component sample (Z.x) of said input
sample when the first amplitude value of the first polarization-component sample
(Zxx) of said input sample is smaller than the second amplitude value of the second
polarization-component sample (Zyx) of said input sample to obtain a first modified
amplitude value of the first polarization-component sample (Zxx) of said input
sample, so that the first modified amplitude value of said first polarization-
component sample (Zyyx) is smaller than said first amplitude value of said first

polarization-component sample (Zy k), and

wherein the polarization decision module (130; 230) is configured to modify for
each input sample of the input samples of the at least one of the sets the second
amplitude value of the second polarization-component sample (Zyy) of said input
sample when the second amplitude value of the second polarization-component
sample (Zyx) of said input sample is smaller than the first amplitude value of the
first polarization-component sample (Zxy) of said input sample to obtain a second
modified amplitude value of the second‘polarization-component sample (Zyy) of

said input sample, so that the second modified amplitude value of said second
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polarization-component sample (Zyy) is smaller than said second amplitude value

of said second polarization-component sample (Zy ).
An apparatus according to one of the preceding claims,

wherein the polarization decision module (130; 230) is configured to modify for
each input sample of the input samples of the second set of the two or more sets, the
first amplitude value of the first polarization-component sample (Zxx) of said input
sample when the first amplitude value of the first polarization-component sample
(Zxy) of said input sample is smaller than the second amplitude value of the second
polarization-component sample (Zyx) of said input sample to obtain a first modified
amplitude value of the first polarization-component sample (Zyx) of said input
sample, so that the first modified amplitude value of said first polarization-
component sample (Zyyx) is smaller than said first amplitude value of said first

polarization-component sample (Zyx), and

wherein the polarization decision module (130; 230) is configured to modify for
each input sample of the input samples of the second set of the two or more sets, the
second amplitude value of the second polarization-component sample (Z, ) of said
input sample when the first amplitude value of the first polarization-component
sample (Zxy) of said input sample is greater than or equal to the second amplitude
value of the second polarization-component sample (Zyy) of said input sample to
obtain a second modified amplitude value of the second polarization-component
sample (Zyy) of said input sample, so that the second modified amplitude value of
said second polarization-component sample (Z,yx) is smaller than said second

amplitude value of said second polarization-component sample (Zy), and

wherein the polarization decision module (130; 230) is configured to not modify the
amplitude value of the first polarization-component sample (Zxx) of any of the
input samples of a set of the two or more sets, being different from the second set of

the two or more sets, and

wherein the polarization decision module (130; 230) is configured to not modify the
amplitude value of the second polarization-component sample (Zyx) of any of the
input samples of a set of the two or more sets, being different from the second set of

the two or more sets.
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13.

14.

15.

16.

17.

An apparatus according to one of the preceding claims, wherein the receiving
interface (110; 210) comprises one or more demultiplexing units (212; 214) for
demultiplexing at least some of the samples of the input sequence such that the

samples are demultiplexed for parallel processing.
An apparatus according to one of the preceding claims,

wherein the determination module (150; 250) comprises an weighting module (252)

being configured to determine a plurality of weighted values,

wherein the weighting module (252) is configured to determine each of the plurality
of weighted values by multiplying the first polarization-component samples or the
second polarization-component samples of at least two of the member samples of

the member sample group and a weight, and

wherein the determination module (150; 250) is configured to determine the first
phase noise estimate and the second phase noise estimate based at least some of the

plurality of weighted values.

An apparatus according to one of the preceding claims, wherein the apparatus is
configured to determine the first and the second phase noise estimate being phase
noise estimates of an optically transmitted signal comprising symbols being
modulated by employing a 6-ary polarization-shift keying quadrature phase-shift
keying format.

An apparatus according to one of the preceding claims, wherein the apparatus is

implemented as an application specific integrated circuit.
An apparatus for phase correction comprising:

an apparatus (310) according to one of claims 1 to 15 for determining a first and a

second phase noise estimate based on one or more input samples, and

a phase correction module (320) for conducting phase correction on the one or

more input samples based on the one or more phase noise estimates.

A method for determining a first and a second phase noise estimate, comprising:
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receiving a plurality of input samples of an input sequence, wherein each input
sample of the plurality of input samples comprises a first polarization-component
sample (Zy) indicating a first complex value, and a second polarization-component
sample (Zyy) indicating a second complex value, wherein a first amplitude value
and a first phase value are assigned to said first polarization-component sample
(Zxx), wherein said first amplitude value is the amplitude of said first complex
value, wherein said first phase value is the phase of said first complex value,
wherein a second amplitude value and a second phase value are assigned to said
second polarization-component sample (Zy ), wherein said second amplitude value
is the amplitude of said second complex value, and wherein said second phase

value is the phase of said second complex value,

classifying the input samples of the input sequence into two or more sets by
assigning each input sample of the input sequence to exactly one of the two or more
sets depending on the first polarization-component sample (Zyj) of said input
sample and depending on the second polarization-component sample (Zyx) of said
input sample,

deciding for each input sample of the input samples of a second one of the sets,
whether to modify either the first amplitude value of the first polarization-
component sample (Z,x) or the second amplitude value of the second polarization-
component sample (Zyy) of said input sample, depending on the first amplitude
value of the first polarization-component sample (Zxx) and the second amplitude
value of the second polarization-component sample (Zyy) of said input sample, and
for modifying either said first amplitude value of said first polarization-component
sample (Zy ) or said second amplitude value of said second polarization-component
sample (Zyx),

determining a member sample group comprising a plurality of member samples,
wherein the step of determining the member sample group comprises determining a
plurality of modified samples by modifying each of the input samples of a first set
of the two or more sets, being different from the second set of the two or more sets,
by applying a phase rotation to the first polarization-component sample and the
second polarization-component sample of said input sample to obtain one of the
plurality of modified samples, wherein the member sample group is determined so
that the member sample group comprises each modified sample of the plurality of
modified samples as one of the member samples, wherein the step of determining

the member sample group comprises to not modify any of the input samples of the
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18.

second set of the two or more sets, wherein the member sample group is determined
so that the member sample group comprises furthermore each of the input samples

of said first set as further one of the member samples,

determining the first phase noise estimate based on the first polarization-component

sample (Zyx) of each member sample of the member sample group, and

determining the second phase noise estimate based on the second polarization-

component sample (Zyx) of each member sample of the member sample group.

A computer program for implementing the method of claim 17 when being

executed on a computer or signal processor.
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