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(57) Abstract: It is disclosed a coherent optical receiver configured to receive a modulated optical signal and to generate an in-
phase component and a quadrature component. The optical coherent receiver comprises a phase skew compensator in turn com-
prising a first digital circuit and a second digital circuit retroactively connected between an output and a control input of the first
digital circuit. The first digital circuit provides a compensated in-phase component as a sum of the in-phase component multiplied
by a first gain and the quadrature component multiplied by a second gain, and a compensated quadrature component as a sum of
the in-phase component multiplied by a third gain and the quadrature component multiplied by a fourth gain. The second digital
circuit computes the first, second, third and fourth gain as functions of an estimated cross-correlation between the compensated in-
phase component and the compensated quadrature component.
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PHASE SKEW COMPENSATION
AT A COHERENT OPTICAL RECEIVER

Technical Field

The present invention relates to the field of optical communications, in

particular to coherent optical receivers for optical communication networks.
Even more in particular, the present invention relates to the compensation of a
phase skew between in-phase and quadrature components at a coherent
optical receiver for an optical communication network.

Background Art
In a known optical communication network, digital data are typically

transmitted in the form of modulated optical signals. In particular, the digital
data to be transmitted are used for digitally modulating an optical carrier, i.e.
one or more parameters (amplitude and/or phase) of the optical carrier are
varied according to the digital data thereby generating a modulated optical
signal. The modulated optical signal may be expressed by the following
equation:

s(t)=A cos(2xft-0) = [A cosb] cos(2xft) + [A sin6] sin(2xft), [1]
where A is the amplitude of the modulated optical signal, f is the frequency of
the modulated optical signal, and 6 is the phase of the modulated optical
signal. Different types of digital modulations are known, such as for instance:
phase modulations (PSK, DPSK, QPSK, etc.) wherein 0 is varied according to
the digital data to be transmitted, and amplitude-phase modulations (QAM,
etc.) where both A and 6 are varied according to the digital data to be
transmitted.

More particularly, the digital data to be transmitted typically comprise a
sequence of symbols, each symbol comprising a predefined number M of bits.
Hence, 2" possible symbols S; (i=1, ...2") may be transmitted. As an
example, if a QPSK modulation is used, M=2 and accordingly the possible
symbols S; are 2%=4, i.e. $1=00, S,=01, S3=10, S4=11.
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According to a digital phase modulation, each possible symbol S; is
associated to a respective value 6; of the phase 6. Therefore, the number of
possible values 6; of the phase 0 is 2V. For instance, according to the above
mentioned QPSK modulation, the possible values 6; of the phase 6 are 4, e.g.
n/4, 3/4r, 5/4w and 7/4r.

The modulated optical signal may be further expressed by the following
equation:

s(t)=1 cos(2xft) + Q sin(2rft), [2]
where I= A cos0 is typically termed in-phase component, while Q= A sinf is
typically termed quadrature component. The in-phase component | and the
quadrature component Q are ideally orthogonal, i.e. the integral of their
product I-Q over a period 1/f is zero.

Hence, according to a digital phase modulation, each possible symbol S; is
biuniquely associated to a value li= A cos6; of the in-phase component | and to
a value Q= A sing; of the quadrature component Q. The possible symbols S;
may be represented in a Cartesian plane (hereinafter referred to as I-Q plane)
as points (li, Qi) whose Cartesian coordinates are li= A cos6; and Q;= A sin6,.
The possible symbols S; then lie on a circumference in the I-Q plane. For
instance, according to the QPSK modulation cited above, if A=1 and the
possible values 6; of the phase 6 are =/4, 3/4n, 5/4n and 7/4x, the possible
symbols S, Sy, Ss and S4 can be represented as the points (v/2/2, V2/2), (-
V212, \212), (-2 12, -\212) and (7212, -2 12), respectively.

At the reception side, the modulated optical signal s(t) is typically
demodulated for retrieving the original digital data. A known receiver suitable
for demodulating the modulated optical signal is the so-called "coherent
optical receiver".

A coherent optical receiver typically comprises a local oscillator which
generates a local optical carrier cos(2x=ft) having frequency substantially equal
to the frequency f of the modulated optical signal s(t). Then, the local optical
carrier cos(2xft) is split in two and a portion thereof is phase-shifted by =/2,
thereby providing a first demodulation optical carrier cos(2xft) and a second
demodulation optical carrier sin(2xft).
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The coherent optical receiver then typically combines the received
modulated optical signal s(t) with the first demodulation optical carrier
cos(2rnft) and with the second demodulation optical carrier sin(2xft), and
usually performs a photoelectric conversion of the resulting optical signals,
thereby deriving the in-phase component I' and the quadrature component Q'
of the received modulated optical signal in the form of electrical signals. The
in-phase component I' and the quadrature component Q' basically correspond
to the in-phase component | and quadrature component Q of the modulated
optical signal s(t), except for noise and/or distortion introduced by propagation
of the modulated optical signal s(t) along the optical link and/or by processing
of the received modulated optical signal at the analog portion of the receiver.

Then, the coherent optical receiver typically performs an analog-to-digital
conversion of the in-phase component I' and the quadrature component Q',
and subsequently digitally processes them for retrieving the digital data
originally transmitted. In particular, digitally processing typically comprises
sampling the in-phase component I' and the quadrature component Q',
thereby providing couples of samples I'x and Q'x of the components I' and Q',
respectively. The sampling rate is typically higher than the symbol rate (e.g.
twice the symbol rate). If the sampling rate is equal to the symbol rate, each
couple is associated to a respective received symbol S'«. Each received
symbol S'x can be represented in the I-Q plane as a point (I'x, Q') whose
Cartesian coordinates are I'c and Q'k. Each point (I'c, Q') is typically compared
with all the points (l;, Qi) associated to the possible symbols S; for determining
the closest one (i.e. the one having the minimum distance in the 1-Q plane).
The possible symbol Si corresponding to the closest among the points (I;, Qi)
is then assumed to be the symbol actually transmitted.

Summary of the invention

The above mentioned splitting and shifting operations carried over the local
optical carrier cos(2=ft) generated at the coherent optical receiver can be
source of a "phase skew" ¢ between the first demodulation optical carrier
cos(2xft) and the second demodulation optical carrier sin(2xft), i.e. the phase
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difference between the first demodulation optical carrier cos(2xft) and the
second demodulation optical carrier sin(2xft) is not exactly n/2. In other words,
the first demodulation optical carrier is cos(2nft+e).

When the modulated optical signal s(t) is combined with the first
demodulation carrier cos(2nft+e) and with the second demodulation carrier
sin(2rft), the in-phase component I' and the quadrature component Q'
resulting from this combining are disadvantageously not orthogonal but they
are cross-correlated, i.e. the integral of their product over a period 1/f is equal
to sin(g). Therefore, disadvantageously, when the coherent optical receiver
performs the analog-to-digital conversion of the in-phase component I' and the
quadrature component Q', and subsequently digitally processes them, the
original digital data can not be retrieved with sufficient accuracy.

As an example, for a digital phase modulation, in the presence of a phase
skew ¢ (for simplicity, further effects such as noise, attenuation and distortion
are not considered), the points (I'x, Q') have coordinates I'= A cos(6k-¢) and
Q'i= A sin(6k). Therefore, in the I-Q plane the points (I'v, Q'k) lie on an ellipse if
le]<n/2, or on a segment if |¢|=7r/2.

For instance, if the above mentioned QPSK modulation is used and the
phase skew is e=n/2, each received symbol S'kx can be represented as one of
two points (I'c, Q') lying on a segment in the 1-Q plane, the two points (I'x, Q')
being (v2/2, V2/2) and (-+/2/2, -\[2/2), irrespective of the symbol actually
transmitted. Thus, for each point (I'c, Q'), the possible symbol associated to
the closest point is St or Ss. Therefore, if Sy or S4 was originally transmitted, it
can not be correctly retrieved.

In principle, the phase skew may be compensated by adding a quadrature
term to the in-phase component I' and adding an in-phase term to the
quadrature component Q'. These quadrature and in-phase terms are
computed by multiplying the quadrature component Q' and the in-phase
component I', respectively, by a common cross-gain factor G depending on
the cross-correlation between the in-phase component I' and the quadrature
component Q'.
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However, disadvantageously, adding the quadrature and in-phase terms to
the in-phase component I' and to the quadrature component Q' modifies the
power of the two components. This is disadvantageous in that, for allowing
proper retrieval of the digital data originally transmitted, both the in-phase
component I' and the quadrature component Q', as received by the digital
portion, should have their powers constantly equal to a nominal value.

Accordingly, the inventors have addressed the problem of providing a
coherent optical receiver which is able to compensate the phase skew
between the in-phase component and the quadrature component, which
overcomes the aforesaid drawback.

In particular, the inventors have addressed the problem of providing a
coherent optical receiver which is able to compensate the phase skew
between the in-phase component and the quadrature component and that, in
the meanwhile, does not modify the power of the in-phase component and of
the quadrature component.

According to a first aspect, the present invention provides a coherent
optical receiver for an optical communication network, the coherent optical
receiver being configured to receive a modulated optical signal and to process
the modulated optical signal for generating an in-phase component and a
quadrature component, the optical coherent receiver comprising a phase skew
compensator in turn comprising:

- afirst digital circuit configured to provide:

- a phase skew compensated in-phase component as a sum of the in-
phase component multiplied by a first gain and the quadrature
component multiplied by a second gain; and

- a phase skew compensated quadrature component as a sum of the in-
phase component multiplied by a third gain and the quadrature
component multiplied by a fourth gain; and

- a second digital circuit retroactively connected between an output and a
control input of the first digital circuit and configured to compute the first
gain, the second gain, the third gain and the fourth gain as functions of an
estimated cross-correlation between the phase skew compensated in-
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phase component and the phase skew compensated quadrature

component.

Preferably, the second digital circuit is configured to compute the first gain
and the fourth gain as a function of the estimated cross-correlation according
to the following equation:

cos(asin(R[m])/2)

G11=G22= > ,
2cos®(asin(R[m])/2) -1

G11 being the first gain, G22 being the fourth gain and R[m] being the
estimated cross-correlation.

Preferably, the second digital circuit is configured to compute the second
gain and the third gain as a function of the estimated cross-correlation
according to the following equation:

—sin(asin(R[m])/2)

G12=G21= — ;
2cos”(asin(R[m])/2) -1

G12 being the second gain, G21 being the third gain and R[m] being the
estimated cross-correlation.

Preferably, the second digital circuit comprises a multiply-and-add module
and an accumulator connected at the output of the first digital circuit, wherein:
- the multiply-and-add module is configured to receive N samples of the

phase skew compensated in-phase component and N samples of the

phase skew compensated quadrature component from the first digital
circuit, N being an integer equal to or higher than 1, and to calculate a sum
according to the following equation:

N
S=> I *Q*,
k=1

S being the sum, I* being the N samples of the phase skew compensated
in-phase component and Q* being the N samples of the phase skew
compensated quadrature component; and

- the accumulator is configured to update its content by adding the sum to it,
thereby obtaining the estimated cross-correlation.
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Preferably, the second digital circuit further comprises a multiplier
interposed between the multiply-and-add module and the accumulator, the
multiplier being configured to multiply the sum by an adaptation factor before
forwarding it to the accumulator.

Preferably, the multiply-and-add module is configured to select a subset of
the N samples of the phase skew compensated in-phase component and the
N samples of the phase skew compensated quadrature component, and to
calculate the sum according to the selected subset.

Preferably, the second digital circuit further comprises a first lookup table
and a second lookup table, wherein:

- the first lookup table stores a number of possible cross-correlation values
and a same number of corresponding possible values of the first gain
calculated according to the following equation:

G11 = cos(asin(R;)/2) ,

' 2cos’(asin(R,)/2)-1

Ri being the number of possible cross-correlation values and G11; being the
same number of corresponding possible values of the first gain; and

- the second lookup table stores the number of possible cross-correlation
values and the same number of corresponding possible values of the
second gain calculated according to the following equation:

G12. — —sin(a§in(Ri )/2) ,
' 2cos’(asin(R,)/2)-1
Ri being the number of possible cross-correlation values and G12; being the
same number of corresponding possible values of the second gain.
Preferably, the first lookup table is configured to receive the estimated
cross-correlation, to determine, among the number of possible cross-
correlation values, the possible cross-correlation value closest to the
estimated cross-correlation, and to set the first gain and the fourth gain equal
to the one of the same number of corresponding possible values of the first
gain that corresponds to the closest possible cross-correlation value; the
second lookup table is configured to receive the estimated cross-correlation,
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to determine, among the number of possible cross-correlation values, the

possible cross-correlation value closest to the estimated cross-correlation, and

to set the second gain and the third gain equal to the one of the same number
of corresponding possible values of the second gain that corresponds to the
closest possible cross-correlation value.

Alternatively, preferably, the second digital circuit further comprises a
lookup table and a computation module, wherein:

- the computation module is configured receive the estimated cross-
correlation and to compute the second gain and the third gain according to
the following equation:

—sin(asin(R[m])/2)

G12=G21= — ,
2cos®(asin(R[m])/2) -1

G11 being the first gain, G22 being the fourth gain and R[m] being the
estimated cross-correlation; and

- the lookup table stores a number of possible values of the second gain and
a same number of corresponding possible values of the first gain calculated

according to the following equation:

G11, :1+%G12i2,

G12; being the number of possible values of the second gain and G11;

being the same number of corresponding possible values of the first gain.

In this case, preferably, the lookup table is configured to receive the
computed second gain from the computation module, to determine, among the
number of possible values of the second gain, the possible second gain value
closest to the computed second gain and to set the first gain and the fourth
gain equal to the one of the same number of corresponding possible values of
the first gain that corresponds to the closest possible second gain value.

Preferably, the phase skew compensator is an ASIC module or an FPGA
module.

According to a second aspect thereof, the present invention provides a
node for an optical communication network, the node comprising a coherent
optical receiver as set forth above.
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According to a third aspect thereof, the present invention provides an

optical communication network comprising a node as set forth above.

According to a fourth aspect thereof, the present invention provides a

method for compensating a phase skew between an in-phase component and

a quadrature component of a modulated optical signal received at a coherent

optical receiver for an optical communication network, the method comprising:

adding the in-phase component multiplied by a first gain and the
quadrature component multiplied by a second gain, thereby providing a
phase skew compensated in-phase component;

adding the in-phase component multiplied by a third gain and the
quadrature component multiplied by a fourth gain, thereby providing a
phase skew compensated quadrature component;

estimating a cross-correlation between the phase skew compensated in-
phase component and the phase skew compensated quadrature
component; and

retroactively computing the first gain, the second gain, the third gain and
the fourth gain as functions of the estimated cross-correlation.

Brief description of the drawings

Embodiments of the invention will be better understood by reading the

following detailed description, given by way of example and not of limitation, to

be read with reference to the accompanying drawings, wherein:

Figure 1 schematically shows a block diagram of a coherent optical receiver
according to an embodiment of the present invention;

Figure 2 schematically shows a block diagram of a phase skew
compensator comprised within the coherent optical receiver of Figure 1;
and

Figure 3 schematically shows a block diagram of a phase skew
compensator comprised within the coherent optical receiver of Figure 1,
according to an advantageous variant.
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Detailed description of preferred embodiments of the invention

Figure 1 shows a block diagram of a coherent optical receiver RX for a
node (not shown in the drawings) of an optical communication network,
according to a preferred embodiment of the present invention.

The coherent optical receiver RX preferably comprises a carrier generator
CG, an analog portion AP, an in-phase analog-to-digital converter A/D,, a
quadrature analog-to-digital converter A/Dq, a power adjuster PA, a phase
skew compensator PSC and a digital portion DP. The coherent optical
receiver RX may comprise other modules that are not shown in the drawings,
as they are not relevant to the present description.

The analog portion AP preferably has two inputs and two outputs. One of
the inputs of the analog portion AP is connected to the output of the carrier
generator CG, while the other one substantially corresponds to the input of the
coherent optical receiver RX.

One of the outputs of the analog portion AP is preferably connected to the
in-phase analog-to-digital converter A/D;, while the other output of the analog
portion AP is preferably connected to the quadrature analog-to-digital
converter A/Dq.

The power adjuster PA preferably has two inputs and two outputs. The
outputs of the in-phase analog-to-digital converter A/D, and the quadrature
analog-to-digital converter A/Dq are preferably connected to the inputs of the
power adjuster PA.

The phase skew compensator PSC preferably has two inputs and two
outputs. The outputs of the power adjuster PA are preferably connected to the
inputs of the phase skew compensator PSC.

The digital portion DP has two inputs, which are preferably connected to the
outputs of the phase skew compensator PSC.

When a modulated optical signal s(t)=A cos(2xft-0) is received at the input
of the coherent optical receiver RX, it is provided at the input of the analog
portion AP. In the meanwhile, the carrier generator CG preferably generates a
first demodulation optical carrier cos(2nft+e), having frequency substantially
equal to the frequency f of the modulated optical signal s(t). The first
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demodulation carrier cos(2xft) is provided at the input of the analog portion
AP, which generates a second demodulation optical carrier sin(2=ft), whose
frequency is also substantially equal to the frequency f of the modulated
optical signal s(t). ¢ is the phase skew between the first and second
demodulation carriers. Then, the analog portion AP combines the modulated
optical signal s(t) with the first demodulation carrier cos(2nft+e) and opto-
electrically converts the result, thereby providing an in-phase component I'.
Substantially at the same time, the analog portion AP combines the modulated
optical signal s(t) with the second demodulation optical carrier sin(2xft) and
opto-electrically converts the result, thereby providing a quadrature
component Q'. The components I' and Q' provided at the output of the analog
portion AP are preferably in the form of analog electrical signals.

The in-phase analog-to-digital converter A/D, preferably receives the in-
phase component I' and samples it in order to provide, at its output, a
sequence of in-phase samples I'«. Substantially at the same time, the
quadrature analog-to-digital converter A/Dq preferably receives the quadrature
component Q' and samples it in order to provide, at its output, a sequence of
quadrature samples Q'x. Then, the power adjuster PA preferably adjusts the
power of the in-phase samples I'x and the quadrature samples Q'x so that their
powers have a same nominal value. The operation of the power adjuster PA
will not be described in further detail, since it is not relevant to the present
description.

Preferably, the phase skew compensator PSC receives the in-phase
samples I'c and the quadrature samples Q'x and compensates the effects
induced on the components I' and Q' by the phase skew g, thereby providing
at its output phase skew compensated in-phase samples I, and phase skew
compensated quadrature samples Qx , as it will be described in detail herein
after.

Then, the phase skew compensator PSC preferably forwards the phase
skew compensated in-phase samples Ik* and the phase skew compensated
quadrature samples Qy* to the digital portion DP, that processes them for
retrieving the digital data originally transmitted. The operation of the digital
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portion DP depends on the type of digital modulation applied to the modulated
optical signal s(t), and will not be described in further detail, since it is not
relevant to the present description.

With reference to Figure 2, the phase skew compensator PSC according to
a preferred embodiment of the present invention will be now described in
detail.

As mentioned above, in the presence of a phase skew g, the in-phase
samples I'c and the quadrature samples Q'x received by the phase skew
compensator PSC are I'«=A cos(6«-¢) and Q'k=A sin(6x). Therefore, in the I-Q
plane, the points (I'v, Q'k) generally lie on an ellipse tilted by 45° with respect to
the Cartesian axes of the I-Q plane. It follows that the ellipse crosses its axes
(i.e. the bisector of the first and third quadrants and the bisector of the second
and fourth quadrants of the I-Q plane) in correspondence of two points P'1,
P'2 in the I-Q plane such that I'c = Q'x and of two points P'3, P'4 such that I'x= -
Q'k. The condition I'y = Q' is satisfied when:

0 =1/4-(2¢ + =) [3a]
while the condition I'c<= -Q'x is satisfied when:
O =1/4-(2¢+3m). [3b]

Accordingly, the points P'1, P'2, P'3 and P'4 have the following coordinates:

- I(P'1)=Asin(1/4-(2¢ +=)) and Q(P'1)= Asin(1/4-(2¢ +n));

- I(P'2)=-Asin(1/4-(2¢ + x)) and Q(P'2)=-Asin(1/4-(2¢ +n));

- I(P'3)=-Asin(1/4-(2¢ +3n)) and Q(P'3)=Asin(1/4-(2¢ + 3=n)); and
- I(P'4)=Asin(1/4-(2¢ + 3xn)) and Q(P'4)=-Asin(1/4-(2¢ + 3x)).

In the absence of the phase skew g, the points (I'x, Q') would lie on a
circumference that crosses the bisectors of the I-Q plane in correspondence of
four points P1, P2, P3 and P4 having the following coordinates:

- I(P1)=A~2/2 and Q(P1)=A~2/2;

- I(P2)=-A+2/2 and Q(P2)=-A2/2;

- I(P3)=-A+2/2 and Q(P3)=A+~2/2; and
- I(P4)=A~2/2 and Q(P4)=- A2/2.

Therefore, the phase skew ¢ may be compensated by applying to the points
(I'c, Q'x) a transformation equivalent to that transforming the coordinates of the
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points P'1, P'2, P'3 and P'4 into the coordinates of the points P1, P2, P3 and
P4, respectively. Advantageously, this transformation does not modify the
power the of in-phase component I'y and the quadrature component Q, since
the amplitude A remains the same. This transformation comprises applying
5 the following steps to each point (I'c, Q'k):

— rotating the point (I'c, Q'k) by -45°;
— multiplying I'« by Fi=(v2/2)/sin(1/4 - (2¢ + ));
— multiplying Q' by Fo=(v2/2)/sin(1/4-(2¢ + 3x)); and
— counter-rotating the point (F-I's, Fo-Q'k) by 45°.

10 Thus, in matrix notation, the phase skew compensated in-phase sample I
and the phase skew compensated quadrature sample Qx* can be obtained by
implementing the following equation:

K | [v2/2 —2/2 {HO} V2/2 2/ P-k} "
Q| V2/2 V2/2] [0 Fa]|-v2/2 V2/2][Qk
or, equivalently:
K | [G11 G12] [T
15|, { H ‘f} 5]
Q G21 G22] | Q'
where:
G11=G22= J_ 1 1 b 1 _ co;(slz) 6]
N2 sin[4(28+n)j sin[4(28+3n)j 2c0s*(¢ 12)~1
and
G12=G21= J_ 11 — 1 _ -S|2n(s/2) e
N2 sin[4(28+n)j sin[4(28+3n)j 2c0s“(¢ 12)~1
20 Moreover, the inventors have noticed that the phase skew ¢ may be

estimated from the cross-correlation R between the in-phase component I' and

the quadrature component Q', since the cross-correlation R is:
’ 2n
R=— Icos(e—s)sin(e)de = sin(e) [7]
T
0
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and hence:
¢ =asin(R). [8]

Preferably, the phase skew compensator PSC of Figure 2 substantially
implements the above equation [5].

In particular, the phase skew compensator PSC of Figure 2 preferably
comprises a first amplifier A11, a second amplifier A12, a third amplifier A21, a
fourth amplifier A22, a first adder S1, a second adder S2, a multiply-and-add
module MA, a multiplier M, an accumulator ACC, a first lookup table LT1 and
a second lookup table LT2.

In particular, the inputs of the first amplifier A11 and the third amplifier A21
are connected to one of the inputs of the phase skew compensator PSC.
Similarly, the inputs of the second amplifier A12 and the fourth amplifier A22
are connected to the other input of the phase skew compensator PSC. The
output of the first amplifier A11 and the output of the second amplifier A12 are
connected to the inputs of the first adder S1, while the output of the third
amplifier A21 and the output of the fourth amplifier A22 are connected to the
inputs of the second adder S2. The amplifiers A11, A12, A21 and A22 are
preferably digital amplifiers. The output of the first adder S1 and the output of
the second adder S2 are connected to the inputs of the multiply-and-add
module MA. The output of the multiply-and-add module MA is connected to
one of the inputs of the multiplier M and the output of the multiplier M is
connected to the input of the accumulator ACC. The output of the accumulator
ACC is connected to the inputs of the first lookup table LT1 and the second
lookup table LT2. The output of the first lookup table LT1 is connected to
control inputs of the first amplifier A11 and the fourth amplifier A22, while the
output of the second lookup table LT2 is connected to control inputs of the
second amplifier A12 and the third amplifier A21.

The first lookup table LT1 preferably comprises a number (e.g. 256) of
possible cross-correlation values R; and a number of corresponding possible
values G11; of a first gain G11, computed according to the above equations
[6a] and [8] as follows:
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G11 = cos(as.in(Ri )2) . 9]

' 2cos’(asin(R,)/2)-1
Similarly, the second lookup table LT2 comprises the number of possible

cross-correlation values R; and a number of corresponding possible values

G12; of a second gain G12, computed according to the above equations [6D]

and [8] as follows:

G12 - —sin(asin(R,)/2)

| = YRR : [9b]
2cos“(asin(R,)/2) -1

Preferably, the first lookup table LT1 and the second lookup table LT2 are
ROM (“Read Only Memory”) modules. For instance, if the first and second
lookup tables LT1, LT2 comprise 256 memory locations, the possible cross-
correlation values Ri may be -128/128, -127/128, -126/128, ... 124/128,
125/128, 126/128 and 127/128. Hence, the resolution of the possible cross-
correlation values is 1/128. In general, therefore, if the first and second lookup
tables LT1, LT2 comprise M memory locations, the maximum achievable
resolution is 1/(M/2).

The phase skew compensator PSC further preferably comprises a clock
input (not shown in the drawings) configured to receive a clock signal from a
clock unit (also not shown in the drawings) located at the coherent optical
receiver RX, and to provide it to all the components of the phase skew
compensator PSC for synchronizing their operation.

Herein after, the operation of the phase skew compensator PSC of Figure 2
will be described in detail. The following description is referred to the operation
of the phase skew compensator PSC in a clock cycle of the above mentioned
clock signal. Preferably, the operations described below are periodically
repeated at each clock cycle.

Preferably, during each clock cycle, the phase skew compensator PSC
receives from the power adjuster PA a number N of in-phase samples I'c and a
number N of corresponding quadrature samples Q'x. The number N preferably
is an integer equal to or higher than 1.

The N in-phase samples I'x are preferably received by the first amplifier A11
and the third amplifier A21. The first amplifier A11 preferably multiplies each of
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the N in-phase samples I'c by the first gain G11 currently output by the first
lookup table LT1, and forwards it to the first adder S1. Substantially at the
same time, the third amplifier A21 preferably multiplies each of the N in-phase
samples I'y by a third gain G21 and forwards it to the second adder S2. The
third gain G21 is preferably equal to the second gain G12 that is currently
output by the second lookup table LT2.

Substantially in parallel with respect to the operations above, the N
quadrature samples Q'x are preferably received by the second amplifier A12
and the fourth amplifier A22. The second amplifier A12 preferably multiplies
each of the N quadrature samples Q'x by the second gain G12 currently output
by the second lookup table LT2, and forwards it to the first adder S1.
Substantially at the same time, the fourth amplifier A22 preferably multiplies
each of the N quadrature samples Q'x by a fourth gain G22 and forwards it to
the second adder S2. The fourth gain G22 is preferably equal to the first gain
G11 that is currently output by the first lookup table LT1.

The first adder S1 preferably receives the N products G11 I'y from the first
amplifier A11 and the N products G12 Q'x from the second amplifier A12 and
adds them thereby providing at its output N phase skew compensated in-
phase samples I * according to the following equation:
lk*=G11 I'k + G12 Qk. [10a]

The N phase skew compensated in-phase samples I* are then preferably
provided at the output of the phase skew compensator PSC.

Similarly, the second adder S2 preferably receives the N products G21 I,
from the third amplifier A21 and the N products G22 Q' from the fourth
amplifier A22 and adds them thereby providing at its output N phase skew
compensated quadrature samples Qx* according to the following equation:
Q*=G21 I'k + G22 Q. [10Db]

The N phase skew compensated quadrature samples Qg* are then
preferably provided at the output of the phase skew compensator PSC.

Moreover, preferably, the N phase skew compensated in-phase samples I*
provided at the output of the first adder S1 and the N phase skew
compensated quadrature samples Qg* provided at the output of the second
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adder S2 are received by the multiply-and-add module MA. The multiply-and-
add module MA preferably comprises N multipliers and an adder with N inputs
and a single output. Each of the N multipliers preferably multiplies one of the
N phase skew compensated in-phase samples I* by the corresponding one of
the N phase skew compensated quadrature samples Qg*, and provides the
result to the adder. The adder preferably calculates a sum S of all the N
products Ic*- Qx* received from the N multipliers according to the following

equation:
N

S=> Q. [11]
k=1

The multiply-and-add module MA may be configured to select a subset of L
samples I* and Qx* (L<N) and apply the above equation [11] only to the
selected samples, thereby implementing a statistic downsampling. In this
case, the multiply-and-add module MA advantageously comprises only L
multipliers.

The multiply-and-add module MA preferably forwards the sum S to the
multiplier M, that preferably multiplies the sum S by an adaptation factor K and
forwards the result K-S to the accumulator ACC.

The accumulator ACC preferably adds the result K-S to its content
according to the following equation:

R[m] =R[m-1]+K-S, [12]
where R[m-1] is the content of the accumulator ACC at the end of the previous
clock cycle and R[m] is the content of the accumulator ACC as updated during
the current clock cycle. Basically, the accumulator ACC then acts as an
integrator calculating the integral of K-S over successive clock cycles. The
content of the accumulator ACC R[m] is then basically an estimated cross-
correlation between the phase skew compensated in-phase samples I* and
the phase skew compensated quadrature samples Qg*.

The accumulator ACC preferably forwards its updated content R[m] to the
first lookup table LT1 and to the second lookup table LT2.

The first lookup table LT1 preferably receives the estimated cross-
correlation R[m], which is compared with the possible cross-correlation values
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R; stored therein. The first lookup table LT1 then preferably sets the first gain
G11 and the fourth gain G22 substantially equal to the possible value G11;
corresponding to the possible cross-correlation value R; closest to the
estimated cross-correlation R[m]. The resulting first gain G11 and fourth gain
G22 are then substantially provided by the following equation:

cos(asin(R[m])/2)

G11=G22= —— :
2cos®(asin(R[m])/2) -1

[13a]

Finally, the first lookup table LT1 forwards the first gain G11 to the first
amplifier A11 and the fourth gain G22 to the fourth amplifier A22. The first
amplifier A11 and the fourth amplifier A22 preferably use these values of the
first gain G11 and the fourth gain G22 for multiplying the N samples I'yx and
Q'k, respectively, that will be received during the next clock cycle.

Substantially at the same time, the second lookup table LT2 preferably
receives the estimated cross-correlation R[m], which is compared with the
possible cross-correlation values R; stored therein. The second lookup table
LT2 then preferably sets the second gain G12 and the third gain G21
substantially equal to the possible value G12; corresponding to the possible
cross-correlation value R; closest to the estimated cross-correlation R[m]. The
resulting second gain G12 and third gain G21 are then substantially provided
by the following equation:
—sin(asin(R[m])/2)

G12=G21= —— :
2cos”(asin(R[m])/2) -1

[13b]

Finally, the second lookup table LT2 forwards the second gain G12 to the
second amplifier A12 and the third gain G21 to the third amplifier A21. The
second amplifier A12 and the third amplifier A21 preferably use these values
of the second gain G12 and the third gain G21 for multiplying the N samples
Q'x and I'k, respectively, that will be received during the next clock cycle.

Alternatively, instead of using the first and second lookup tables LT1 and
LT2, the computations of equations [13a] and [13b] may be performed by
suitable digital circuits arranged downstream the accumulator ACC and
suitable for applying the equations [13a] and [13b] directly to the estimated
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cross-correlation R[m] output by the accumulator ACC. This alternative
solution is preferred to the lookup table solution when the required resolution
of the possible cross-correlation values R; is very reduced, and would
therefore require lookup tables with a very high number of memory locations.

Advantageously, the phase skew compensator PSC described above is
able to compensate the phase skew ¢ between the in-phase component I' and
the quadrature component Q', while at the same time it does not change their
powers. Indeed, as discussed in detail above, the gains of the amplifiers are
specifically selected for compensating the phase skew without changing the
powers of the phase skew compensated in-phase samples Ik* and the phase
skew compensated quadrature samples Qg*. Therefore, these powers are
equal to the nominal values set by the power adjuster PA.

With reference to Figure 3, a phase skew compensator PSC' according to
an advantageous variant will be now described in detail.

The phase skew compensator PSC' of Figure 3 is similar to the phase skew
compensator PSC of Figure 2. Therefore, a detailed description of its structure
will be omitted. However, unlike the phase skew compensator PSC of Figure
2, the phase skew compensator PSC' comprises only one lookup table LT and
a computation module C. The computation module C preferably has an input
connected at the output of the accumulator ACC and an output connected to
the lookup table LT and to the control inputs of the second amplifier A12 and
the third amplifier A21.

The lookup table LT preferably comprises a number of possible values G12;
of the second gain G12 and a number of corresponding possible values G11;
of a first gain G11, computed according to the following equation:

8 +G127

1

12,

G11 =+/2 G122 12 =1+ 26122 [14]
1448+ G127 2

Preferably, the lookup table LT is a ROM module.
In the following, the operation of the phase skew compensator PSC' of
Figure 3 will be described in detail. Again, the following description is referred
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to the operation of the phase skew compensator PSC' in a clock cycle of the
clock signal generated at the coherent optical receiver RX. Preferably, the
operation described below is periodically repeated at each clock cycle.

At each clock cycle, the phase skew compensator PSC' receives N in-
phase samples I'x and N quadrature samples Q'k. The processing of the N
samples I'k and Q'x by means of the amplifiers A11, A12, A21, A22, the adders
S1, S2, the multiply-and-add module MA, the multiplier M and the accumulator
ACC is substantially the same as described above with reference to Figure 2.
Hence, a detailed description will not be repeated. It is only recalled that
accumulator ACC preferably outputs an estimated cross-correlation R[m]
according to the above equation [12].

According to this advantageous variant, the estimated cross-correlation
R[m] is preferably forwarded to the computation module C, that preferably
calculates the second gain G12 and the third gain G21 according to the
equation [13b] reported above, i.e.:
—sin(asin(R[m])/2)

G12=G21= —— :
2cos”(asin(R[m])/2) -1

[13b]

The computation module C preferably forwards the second gain G12 and
the third gain G21 to the second amplifier A12 and the third amplifier A21,
respectively. The second amplifier A12 and the third amplifier A21 preferably
use these values of the second gain G12 and the third gain G21 for
multiplying the N samples Q'x and Iy, respectively, that will be received during
the next clock cycle.

Moreover, substantially at the same time, the computation module C
preferably forwards the second gain G12 to the lookup table LT.

The lookup table LT preferably receives the second gain G12, which is
compared with the possible values G12; stored therein. The lookup table LT
then preferably sets the first gain G11 and the fourth gain G22 substantially
equal to the possible value G11; corresponding to the possible value G12;
closest to the second gain G12 calculated by the computation module C. The
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resulting first gain G11 and fourth gain G22 are then substantially provided by
the following equation:

V8 + G122

\/4 -1+
2
G11=G22 = /2 G122 G12 ~ 136122, [15]

1448+ G122

Finally, the lookup table LT forwards the first gain G11 to the first amplifier
A11 and the fourth gain G22 to the fourth amplifier A22. The first amplifier A11
and the fourth amplifier A22 preferably use these values of the first gain G11

and the fourth gain G22 for multiplying the N samples I'c and Q'x, respectively,
that will be received during the next clock cycle.

Advantageously, also the phase skew compensator PSC' according to this
advantageous variant is able to compensate the phase skew ¢ between the in-
phase component I' and the quadrature component Q', while the powers of the
in-phase component I' and the quadrature component Q' are not modified by
the phase skew compensator PSC' and they are thus equal to the nominal
values as established by the power adjuster PA. Indeed, equation [15]
expressing G11 and G22 as a function of G12 is basically obtained by
combining the above equations [13a] and [13b].

Further, advantageously, the phase skew compensator PSC' according to
this advantageous variant is simpler than the phase skew compensator PSC
of Figure 2. Indeed, the phase skew compensator PSC' according to this
advantageous variant advantageously comprises a single lookup table and
thus it allows saving computational resources and costs.

The functions of the various elements shown in Figure 2 or in Figure 3 may
be provided through the use of dedicated hardware, programmable hardware
or a hardware capable of executing software in association with appropriate
software. In particular, the functions of the various elements shown in Figure 2
or in Figure 3 are preferably provided through the use of one or more
application specific integrated circuits (ASIC) and/or one or more field
programmable gate arrays (FPGA). Preferably, the functions of the various
elements shown in Figure 2 or in Figure 3 are provided through the use of a
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single ASIC or a single FPGA. Therefore, the expressions "first digital circuit"
and "second digital circuit" mentioned in the claims are to be understood
merely as functional aggregations of the elements of the phase skew
compensator, and they should not be understood necessarily as physically
separated circuits implemented on separated hardware devices.
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1.

CLAIMS

A coherent optical receiver (RX) for an optical communication network,
said coherent optical receiver (RX) being configured to receive a
modulated optical signal (s(t)) and to process said modulated optical
signal (s(t)) for generating an in-phase component (I') and a quadrature
component (Q'), said optical coherent receiver (RX) comprising a phase
skew compensator (PSC, PSC') in turn comprising:
— a first digital circuit (A11, A12, A21, A22, S1, S2) configured to provide:
— a phase skew compensated in-phase component (Ic*) as a sum of
said in-phase component (I') multiplied by a first gain (G11) and said
quadrature component (Q') multiplied by a second gain (G12); and
— a phase skew compensated quadrature component (Qx*) as a sum
of said in-phase component (I') multiplied by a third gain (G21) and
said quadrature component (Q') multiplied by a fourth gain (G22);
and
— a second digital circuit (MA, M, ACC, LT1, LT2; MA, M, ACC, LT, C)
retroactively connected between an output and a control input of said
first digital circuit (A11, A12, A21, A22, S1, S2) and configured to
compute said first gain (G11), said second gain (G12), said third gain
(G21) and said fourth gain (G22) as functions of an estimated cross-
correlation (R[m]) between said phase skew compensated in-phase
component (Ik*) and said phase skew compensated quadrature
component (Q*).

The coherent optical receiver (RX) according to claim 1, wherein said
second digital circuit (MA, M, ACC, LT1, LT2; MA, M, ACC, LT, C) is
configured to compute said first gain (G11) and said fourth gain (G22) as
a function of said estimated cross-correlation (R[m]) according to the
following equation:

cos(asin(R[m])/2)
2cos’(asin(R[m])/2) 1"

G11=G22 =
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G11 being said first gain, G22 being said fourth gain and R[m] being said

estimated cross-correlation.

3. The coherent optical receiver (RX) according to claim 1 or 2, wherein said
second digital circuit (MA, M, ACC, LT1, LT2; MA, M, ACC, LT, C) is
configured to compute said second gain (G12) and said third gain (G21)
as a function of said estimated cross-correlation (R[m]) according to the
following equation:

—sin(asin(R[m])/2)

G12=G21= — ,
2cos®(asin(R[m])/2) -1

G12 being said second gain, G21 being said third gain and R[m] being
said estimated cross-correlation.

4. The coherent optical receiver (RX) according to any of the preceding
claims, wherein said second digital circuit (MA, M, ACC, LT1, LT2; MA, M,
ACC, LT, C) comprises a multiply-and-add module (MA) and an
accumulator (ACC) connected at the output of said first digital circuit (A11,
A12, A21, A22, 81, S2), wherein:

— said multiply-and-add module (MA) is configured to receive N samples
of said phase skew compensated in-phase component (I*) and N
samples of said phase skew compensated quadrature component (Qg*)
from said first digital circuit (A11, A12, A21, A22, S1, S2), N being an
integer equal to or higher than 1, and to calculate a sum (S) according
to the following equation:

N
S=> I *Q*,
k=1

S being said sum, I* being said N samples of the phase skew
compensated in-phase component and Q* being said N samples of
said phase skew compensated quadrature component; and

— said accumulator (ACC) is configured to update its content (R[m-1]) by
adding said sum (S) to it, thereby obtaining said estimated cross-
correlation (R[m]).
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The coherent optical receiver (RX) according to claim 4, wherein said
second digital circuit (MA, M, ACC, LT1, LT2; MA, M, ACC, LT, C) further
comprises a multiplier (M) interposed between said multiply-and-add
module (MA) and said accumulator (ACC), said multiplier (M) being
configured to multiply said sum (S) by an adaptation factor (K) before
forwarding it to said accumulator (ACC).

The coherent optical receiver (RX) according to claim 4 or 5, wherein said
multiply-and-add module (MA) is configured to select a subset of said N
samples of said phase skew compensated in-phase component (I*) and
said N samples of said phase skew compensated quadrature component
(Qx*), and to calculate said sum (S) according to said selected subset.

The coherent optical receiver (RX) according to any of the preceding

claims, wherein said second digital circuit (MA, M, ACC, LT1, LT2; MA, M,

ACC, LT, C) further comprises a first lookup table (LT1) and a second

lookup table (LT2), wherein:

— said first lookup table (LT1) stores a number of possible cross-
correlation values (R;) and a same number of corresponding possible
values (G11;) of said first gain (G11) calculated according to the
following equation:

G11 = cos(asin(R;)/2) ,

' 2cos’(asin(R,)/2)-1

R; being said number of possible cross-correlation values and G11;
being said same number of corresponding possible values of said first
gain; and

— said second lookup table (LT2) stores said number of possible cross-
correlation values (Ri) and said same number of corresponding
possible values (G12;) of said second gain (G12) calculated according
to the following equation:

G12. — —sin(asin(R,)/2) ,
' 2cos’(asin(R,)/2)-1
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R; being said number of possible cross-correlation values and G12;
being said same number of corresponding possible values of said
second gain.

8. The coherent optical receiver (RX) according to claim 7, wherein:

— said first lookup table (LT1) is configured to receive said estimated
cross-correlation (R[m]), to determine, among said number of possible
cross-correlation values (R;), the possible cross-correlation value
closest to said estimated cross-correlation (R[m]), and to set said first
gain (G11) and said fourth gain (G22) equal to the one of said same
number of corresponding possible values (G11;) of said first gain (G11)
that corresponds to said closest possible cross-correlation value;

— said second lookup table (LT2) is configured to receive said estimated
cross-correlation (R[m]), to determine, among said number of possible
cross-correlation values (R;), the possible cross-correlation value
closest to said estimated cross-correlation (R[m]), and to set said
second gain (G12) and said third gain (G21) equal to the one of said
same number of corresponding possible values (G12;) of said second
gain (G12) that corresponds to said closest possible cross-correlation
value.

9. The coherent optical receiver (RX) according to any of claims 1 to 6,
wherein said second digital circuit (MA, M, ACC, LT1, LT2; MA, M, ACC,
LT, C) further comprises a lookup table (LT) and a computation module
(C), wherein:

— said computation module (C) is configured receive said estimated
cross-correlation (R[m]) and to compute said second gain (G12) and
said third gain (G21) according to the following equation:

—sin(asin(R[m])/2)

G12=G21= — ,
2cos®(asin(R[m])/2) -1

G11 being said first gain, G22 being said fourth gain and R[m] being

said estimated cross-correlation; and
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10.

11.

12.

13.

14.

— said lookup table (LT) stores a number of possible values (G12;) of said
second gain (G12) and a same number of corresponding possible
values (G11;) of said first gain (G11) calculated according to the
following equation:

G11, =1+ 26122,
2
G12; being said number of possible values of said second gain and
G11; being said same number of corresponding possible values of said
first gain.

The coherent optical receiver (RX) according to claim 9, wherein said
lookup table (LT) is configured to receive said computed second gain
(G12) from said computation module (C), to determine, among said
number of possible values (G12;) of said second gain (G12), the possible
second gain value closest to said computed second gain (G12) and to set
said first gain (G11) and said fourth gain (G22) equal to the one of said
same number of corresponding possible values (G11;) of said first gain
(G11) that corresponds to said closest possible second gain value.

The coherent optical receiver (RX) according to any of the preceding
claims, wherein said phase skew compensator (PSC, PSC') is an ASIC
module or an FPGA module.

A node for an optical communication network, said node comprising a
coherent optical receiver (RX) according to any of the preceding claims.

An optical communication network comprising a node according to claim
12.

A method for compensating a phase skew (¢) between an in-phase

component (I') and a quadrature component (Q') of a modulated optical

signal (s(t)) received at a coherent optical receiver (RX) for an optical

communication network, said method comprising:

— adding said in-phase component (I') multiplied by a first gain (G11) and
said quadrature component (Q') multiplied by a second gain (G12),
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thereby providing a phase skew compensated in-phase component
(I*);

adding said in-phase component (I') multiplied by a third gain (G21) and
said quadrature component (Q') multiplied by a fourth gain (G22),
thereby providing a phase skew compensated quadrature component
(Qx*);

estimating a cross-correlation (R[m]) between said phase skew
compensated in-phase component (l*) and said phase skew
compensated quadrature component (Qx*); and

retroactively computing said first gain (G11), said second gain (G12),
said third gain (G21) and said fourth gain (G22) as functions of said
estimated cross-correlation (R[m]).



WO 2011/131555

PCT/EP2011/055903
1/3
a
et 51
O
&
=1 i
EE
~
< fT (e] T 9
>
— o )
< 2 LL
-1 ol
2
g
%T
O
@)

s(t)
— > mnnm



PCT/EP2011/055903

WO 2011/131555

2/3

Z 0InbIJ

zs
10229

A

SM

@y

0}0) 4

[wly

¢l

)
NP,
!

L1

[4A4




PCT/EP2011/055903

WO 2011/131555

3/3

¥

¢ 2Inbi]

V

o R#4d)

SM

@y

0}0) 4

[wly

A

449

171

[4A4




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2011/055903

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO4B10/148
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

HO4B

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data, INSPEC

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

12 July 2005 (2005-07-12)
abstract
column 2, Tines 13-63

figures 1-3

29 October 2008 (2008-10-29)
abstract

figures 1, 3A, 3B, 10, 12, 14

column 6, Tine 14 - column 13, Tine 45

paragraph [0019] - paragraph [0026]
paragraph [0039] - paragraph [0047]
paragraph [0049] - paragraph [0050]

_/__

A US 6 917 031 B1 (SUN HAN [CA] ET AL) 1-14

A EP 1 986 352 A2 (FUJITSU LTD [JP]) 1-14

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not
considered to be of particular relevance

"E" earlier document but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or
other means

"P" document published prior to the international filing date but
later than the priority date claimed

"T" later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the
invention

"X" document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

"Y" document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
merr:ts, such combination being obvious to a person skilled
inthe art.

"&" document member of the same patent family

Date of the actual completion of the international search

11 May 2011

Date of mailing of the international search report

17/05/2011

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Rolan Cisneros, E

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2011/055903

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Quadrature Imbalance in an Optical QPSK
Coherent Receiver",

IEEE PHOTONICS TECHNOLOGY LETTERS, IEEE
SERVICE CENTER, PISCATAWAY, NJ, US LNKD-
D0I:10.1109/LPT.2008.2004630,

vol. 20, no. 20,

15 October 2008 (2008-10-15), pages
1733-1735, XP011235273,

ISSN: 1041-1135

the whole document

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A EP 1 962 443 Al (FUJITSU LTD [JP]) 1-14

27 August 2008 (2008-08-27)

abstract

paragraph [0021] - paragraph [0034]

paragraph [0057] - paragraph [0061]

figures 3, 9
A FATADIN I ET AL: "Compensation of 1-14

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2011/055903
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 6917031 Bl 12-07-2005  NONE
EP 1986352 A2 29-10-2008  CN 101296042 A 29-10-2008
EP 2157714 Al 24-02-2010
EP 2146442 Al 20-01-2010
JP 2008278249 A 13-11-2008
US 2008267638 Al 30-10-2008
EP 1962443 Al 27-08-2008  CN 101257349 A 03-09-2008
JP 2008211801 A 11-09-2008
US 2008205905 Al 28-08-2008

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - wo-search-report
	Page 35 - wo-search-report
	Page 36 - wo-search-report

