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(54) Optical receiver

(57) An optical receiver includes: a waveform distor-
tion compensator (41) to perform an operation on digital
signal representing an optical signal generated by an A/D
converter to compensate for waveform distortion of the
optical signal; a phase detector (42) to generate phase
information representing sampling phase of the A/D con-
verter; a phase adjuster (43) to generate digital signal
representing an optical signal in which the sampling
phase of the A/D converter is adjusted from an output

signal of the waveform distortion compensator using the
phase information; a demodulator (44) to generate a de-
modulated signal from the output signal of the phase ad-
juster; a phase controller (45) to control the sampling
phase of the A/D converter; a peak detector (48) to detect
a peak value of the phase information while the sampling
phase of the A/D converter is controlled by the phase
controller; and a compensation controller (49) to control
the waveform distortion compensator using the peak val-
ue.
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Description

FIELD

[0001] The present invention relates to an optical receiver demodulating an optical signal by utilizing digital processing,
and to a digital signal processing device provided in the optical receiver.

BACKGROUND

[0002] In recent years, optical transmission systems that transmit an optical signal faster than 40Gbit/s at a single
frequency have been studied and developed. In the ultra high-speed optical transmission system, an optical signal-to-
noise ratio (OSNR) is degraded, and waveform distortion is caused due to chromatic dispersion of an optical fiber and
other reasons. As a technology to solve these problems, a digital coherent receiver technology has been drawing attention.
[0003] A digital coherent optical receiver includes a front-end circuit, an A/D converter, and a digital signal processing
device. The front-end circuit receives an optical signal by utilizing a local optical source and generates analog electrical
signals representing the optical signal. The A/D converter converts the analog electrical signal output from the front-end
circuit into digital signals. The digital signal processing device demodulates the optical signal by performing digital
operations on the digital signals.
[0004] The digital signal processing device includes, for example, a waveform distortion compensator that mainly
compensates for chromatic dispersion and an adaptive equalizer that mainly compensates for waveform distortion
caused by polarization fluctuation. In this configuration, when the chromatic dispersion is sufficiently compensated in
the waveform distortion compensator, the adaptive equalizer has to compensate hardly any chromatic dispersion. As a
result, the circuit size of the adaptive equalizer may be made small. Consequently, the adaptive equalizer can eliminate
delay caused by its circuit size, and can also perform high-speed feedback responding to fast polarization fluctuations.
For that reason, it is desirable that the chromatic dispersion is sufficiently compensated in the waveform distortion
compensator.
[0005] The chromatic dispersion may be estimated and compensated by the following methods.

(1) The chromatic dispersion is estimated based on the distance of a transmission path and a characteristic of an
optical fiber. In this method, however, there is a large margin of error in the estimation. Therefore the chromatic
dispersion may not be sufficiently compensated.
(2) In the error correction procedure for demodulated signals, the amount of chromatic dispersion compensation is
determined so that the number of error corrections is minimized. However, since this method is performed after all
operations of the optical receiver (including frame synchronization) are terminated, the estimation time becomes
longer. For that reason, transmission systems that have their optical paths switched at the time of failure, for example,
may experience a delay in system recovery.
(3) The amount of chromatic dispersion compensation is estimated by using clock signals recovered by an analog
clock recovery circuit. However, since residual dispersion is greater in analog regions, it is difficult to accurately
estimate the amount of chromatic dispersion compensation.

[0006] It should be noted that methods for estimating the amount of chromatic dispersion compensation are disclosed
in, for example, Japanese Patent Application Laid-Open Publication No. 2002-208892, Japanese Patent Application
Laid-Open Publication No.2004-236097, Japanese Patent Application Laid-Open Publication No. 2008-58610, and Jap-
anese Patent Application Laid-Open Publication No. 2007-60583.
[0007] As explained above, according to the conventional arts, it has been difficult to accurately estimate chromatic
dispersion in a short time in a digital coherent optical receiver. For that reason, at the time of, for example, switching
optical paths that transmit optical signals, it has taken a long time to make settings for compensating chromatic dispersion
of a new optical path. In other words, the time required for recovery has been long when a failure occurred in an optical
transmission path.

SUMMARY

[0008] It is an object in one aspect of the invention to provide a configuration and a method for accurately estimate
chromatic dispersion in short time in a digital coherent optical receiver.
[0009] According to an aspect of an invention, an optical receiver includes: a coherent receiver to receive an optical
signal; an A/D converter to convert an output signal of the coherent receiver into a digital signal representing the optical
signal; a waveform distortion compensator to perform an operation on the digital signal to compensate for waveform
distortion of the optical signal; a phase detector to generate phase information representing a sampling phase of the
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A/D converter; a phase adjuster to generate a digital signal representing an optical signal in which the sampling phase
of the A/D converter is adjusted from an output signal of the waveform distortion compensator using the phase information;
a demodulator to generate a demodulated signal from the output signal of the phase adjuster; a phase controller to
control the sampling phase of the A/D converter; a peak detector to detect a peak value of the phase information while
the sampling phase of the A/D converter is controlled by the phase controller; and a compensation controller to control
the waveform distortion compensator using the peak value.
[0010] According to another aspect of an invention, an optical receiver includes: a coherent receiver to receive an
optical signal; an A/D converter to convert an output signal of the coherent receiver into a digital signal representing the
optical signal; a waveform distortion compensator to perform an operation on the digital signal to compensate for waveform
distortion of the optical signal; a phase detector to generate phase information representing a sampling phase of the
A/D converter; a phase adjuster to generate a digital signal representing an optical signal in which the sampling phase
of the A/D converter is adjusted from an output signal of the waveform distortion compensator using the phase information;
a demodulator to generate a demodulated signal from the output signal of the phase adjuster; a polarization controller
to control a rotation angle of polarization of the optical signal; a peak detector to detect a peak value of the phase
information while the polarization of the optical signal is controlled by the polarization controller; and a compensation
controller to control the waveform distortion compensator using the peak value.

BRIEF DESCRIPTION OF DRAWINGS

[0011]

FIG. 1 is a diagram illustrating a configuration of an optical receiver of the first embodiment;
FIG. 2 is a diagram explaining the sampling phase;
FIG. 3A is a diagram illustrating the configuration of the sampling phase detector;
FIG. 3B is a diagram explaining the operations of the sampling phase detector;
FIG. 4 is a diagram explaining the characteristics of the phase information calculated by the sampling phase detector;
FIG. 5 is a diagram explaining a method for adjusting a sampling phase;
FIG. 6A illustrates an embodiment of the phase control data generated by the phase controller;
Fig. 6B is a diagram explaining the operations of the phase shifter;
FIG. 7 is a flowchart representing a method for controlling the waveform distortion compensator in the first embod-
iment;
FIG. 8A and FIG. 8B are diagrams illustrating an embodiment of the phase shifter;
FIG. 9 illustrates an example of a method for shifting the sampling phase by using FFT/IFFT;
FIG. 10A and FIG. 10B illustrate embodiments of phase control data;
FIG. 11 is a diagram illustrating a configuration of the optical receiver of the second embodiment;
FIG. 12 is a flowchart representing a method for controlling the waveform distortion compensator in the second
embodiment;
FIG. 13 is a diagram illustrating a configuration of the optical receiver of the third embodiment;
FIG. 14 is a flowchart representing a method for controlling the waveform distortion compensator in the third em-
bodiment;
FIG. 15 is a diagram illustrating a configuration of an optical receiver of the fourth embodiment;
FIG. 16 is a diagram illustrating an embodiment of polarization control data;
FIG. 17 is a diagram illustrating an embodiment of an adaptive equalizer;
FIG. 18 is a diagram illustrating an example of the polarization rotation unit;
FIG. 19 is a diagram illustrating a configuration of an optical receiver of the fifth embodiment;
FIG. 20 is a diagram illustrating a configuration of an optical receiver of the sixth embodiment;
FIG. 21 is a diagram explaining the result obtained from the configurations in the first to third embodiments; and
FIG. 22 is a diagram explaining the result obtained from the fourth and fifth embodiments

DESCRIPTION OF EMBODIMENTS

[0012] FIG. 1 is a diagram illustrating a configuration of an optical receiver of the first embodiment. An optical receiver
1 of the first embodiment includes a coherence receiver 10, an A/D converter unit 20, an oscillator 30, and a digital signal
processor 40.
[0013] The optical receiver 1 receives an input optical signal. The optical signal is sent from an optical transmitter and
transmitted via an optical fiber and received by the optical receiver 1. The optical signal is not particularly limited, but
may for example be QPSK (Quadrature Phase Shift Keying) modulated signal. In this description, QPSK includes DQPSK
(Differential QPSK). The optical signal may be obtained by other modulation schemes.
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[0014] The coherent receiver 10 includes a polarization beam splitter (PBS) 11, 90° optical hybrid circuits 12h and
12v, a local optical source (LD) 13, a polarization beam splitter (PBS) 14, and photo detector circuits 15a to 15d. The
polarization beam splitter 11 splits the input optical signal to generate a pair of polarized optical signals h and v, which
are orthogonal to each other, and guides each of the signals into the 90° optical hybrid circuits 12h and 12v, respectively.
The local optical source 13 may for example be a laser diode. The local optical source 13 generates local oscillator light
with the same or approximately the same frequency as the carrier frequency of the input optical signal. The local oscillator
light may for example be continuous wave. The polarization beam splitter 14 splits the local oscillator light to generate
a pair of local oscillator lights h and v, which are orthogonal to each other, and guides the generated lights into the 90°
optical hybrid circuits 12h and 12v.
[0015] The 90° optical hybrid circuit 12h mixes the polarized optical signal h and the local oscillator light h in phase
and in anti phase, to generate a pair of output lights. As a result, an H-polarization I-component optical signal and an
H-polarization Q-component optical signal are generated.
[0016] The photo detector circuit 15a includes a pair of photodiodes connected in series, and converts the I-component
optical signal output from the 90° optical hybrid circuit 12h into an electrical signal. Similarly, the photo detector circuit
15b converts the Q-component optical signal output from the 90° optical hybrid circuit 12h into an electrical signal. As
a result, analog electrical signals representing the I-component and Q-component of H-polarization are generated.
[0017] The configurations and operations of the 90° optical hybrid circuit 12v and the photo detector circuits 15c and
15d are substantially the same as those of the 90° optical hybrid circuit 12h and the photo detector circuits 15a and 15b,
respectively. In other words, analog electrical signals representing the I-component and Q-component of V-polarization
are generated by the 90° optical hybrid circuit 12v and the photo detector circuits 15c and 15d.
[0018] The A/D converter unit 20 includes A/D converters 21a to 21d. Each of the A/D converters 21a to 21d converts
the analog electrical signal output from each of the photo detector circuits 15a to 15d into a digital signal, respectively.
As a result, digital signals representing the input optical signal are generated. It should be noted that each of the A/D
converters 21a to 21d performs sampling in synchronization with the clock signal generated by the oscillator 30. The
sampling frequency is not particularly limited, but may for example be twice as that of the symbol rate of the optical
signal. It should be noted that the oscillator 30 may be a variable frequency oscillator.
[0019] The digital signal processor 40 includes a waveform distortion compensator 41, a sampling phase detector 42,
a sampling phase adjuster 43, a demodulator 44, a phase controller 45, a phase shifter 46, a filter 47, a peak detector
48, and a chromatic dispersion compensation amount setting unit 49. It should be noted that the digital signal processor
40 may for example be realized by a processor executing a signal processing program. However, the digital signal
processor 40 may include a hardware circuit.
[0020] The waveform distortion compensator 41 executes operations to compensate for waveform distortion in the
optical signal on the digital signal input from the A/D converter unit 20. At that time, the waveform distortion compensator
41 compensates for waveform distortion caused by chromatic dispersion of a transmission path (i.e., optical fiber). The
chromatic dispersion of the transmission path is estimated by the chromatic dispersion compensation amount setting
unit 49. The waveform distortion compensator 41 compensates for waveform distortion in accordance with the chromatic
dispersion compensation amount informed from the chromatic dispersion compensation amount setting unit 49.
[0021] The waveform distortion compensator 41 is not particularly limited, but may for example be realized by an FIR
filter. In this case, an FIR filter is provided to each of H-polarization component and V-polarization component. The
number of taps of each FIR filter is not particularly limited, but may for example be determined in accordance with the
chromatic dispersion in the optical transmission system.
[0022] The chromatic dispersion compensation amount is calculated by the chromatic dispersion compensation amount
setting unit 49 when the optical receiver 1 starts a receiving operation and when optical paths that transmit optical signal
to be received by the optical receiver 1 are switched. The waveform distortion compensator 41 determines tap coefficients
of the FIR filter in accordance with the calculated chromatic dispersion compensation amount. Afterwards, the waveform
distortion compensator 41 executes a FIR filter operation while maintaining the tap coefficients until a new chromatic
dispersion compensation amount is calculated. However, in addition to the above timing, the digital signal processor 40
may calculate a new chromatic dispersion compensation amount and updates the tap coefficients of the FIR filter at
certain time interval or in response to an instruction from a network administrator.
[0023] The sampling phase detector 42 generates phase information indicating the sampling phase of the A/D converter
unit 20. The sampling phase (or phase information) represents a timing difference between an ideal sampling timing
and the actual sampling timing of the symbol phase of the transmitted signal data in the A/D converter unit 20.
[0024] FIG. 2 is a diagram explaining the sampling phase. The curve in FIG. 2 represents the analog electrical signal
input to the A/D converter unit 20, and represents one of an H-polarization I-component signal, an H-polarization Q-
component signal, a V-polarization I-component signal, and a V-polarization Q-component signal. FIG. 2 also illustrates
an analog electrical signal of two symbols (n, n+1). It should be noted that FIG. 2 illustrates a case in which data changes
between the symbols n and n+1.
[0025] When the sampling frequency is twice the symbol rate, the A/D converter unit 20 ideally samples at timings
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a1, a2, a3, .. . Here, the timing a1 is the center of the symbol n, the timing a2 is a boundary between the symbols n and
n+1, and the timing a3 is the center of the symbol n+1.
[0026] When the sampling timing is not properly adjusted, the A/d/ converter unit 20 samples, for example, at timings
b1, b2, b3, .... . In this case, the sampling phase detector 42 detects an error ∆φ indicated in FIG. 2. The error ∆φ
corresponds to the difference between the timings a1 and b1.
[0027] FIG. 3A is a diagram illustrating the configuration of the sampling phase detector 42. FIG. 3B is a diagram
explaining the operations of the sampling phase detector 42. The sampling phase detector 42 executes the operations
illustrated in FIG. 3A. In other words, the sampling phase detector 42 executes the addition operation and the multiplication
operation of each of the I-component and Q-component by using three consecutive pieces of sampled data. The sum
of the operation result of the I-component and Q-component is output as phase information u. Note that τ corresponds
to one symbol time period in FIG. 3A.
[0028] As an example, an I-component analog electrical signal is sampled by an A/D converter unit 20 at the timings
b1, b2, and b3 illustrated in FIG. 3B. In this case, the sampling phase detector 42 is provided with sampled data B1, B2,
and B3. The sampling phase detector 42 calculates "B2(B3-B1)" as I-component phase information u(i). Similarly, Q-
component phase information u(q) is calculated. The sampling phase detector 42 calculates and outputs phase infor-
mation u (= u(i)+u(q)). The phase information u represents the degree of the sampling phase shift and its sign. In other
words, the phase information u represents the degree of the sampling timing difference and its direction.
[0029] The sampling phase detector 42 calculates the phase information u of the H-polarization component or V-
polarization component. The sampling phase detector 42 may calculate the phase information u of both the H-polarization
component and V-polarization component. In this case, as the phase information u, the average of the H-polarization
phase information and the V-polarization phase information may for example be output.
[0030] A sampling phase detection method (or a timing difference detection method) illustrated in FIG. 3A and FIG.
3B is described for example in F.M. Gardner, A BPSK/QPSK Timing-Difference Detector for Sampled Receiver, IEEE
Trans. Commun., VOL. COM-34, No. 5, May 1986, or T. Tanimura et.al, Digital Clock Recovery Algorithm for Optical
Coherent Receivers Operating Independent of Laser Frequency Offset, ECOC2008, Mo. 3. D. 2. Note that the sampling
phase detector 42 may detect the sampling phase by using other methods.
[0031] FIG. 4 is a diagram explaining the characteristics of the phase information u calculated by the sampling phase
detector 42. FIG. 4 illustrates the relationship between the sampling phase shift and the phase information u. The
sampling phase shift is represented such that one symbol time period is "1". The phase information u is normalized with
the maximum value being designated as "1" when the chromatic dispersion is ideally compensated.
[0032] The phase information u changes in accordance with the sampling phase shift (i.e., sampling timing difference)
as illustrated in FIG. 4. When the sampling phase shift is zero (e.g., when the sampling is performed at the timings a1,
a2, and a3 in FIG. 2), the phase information u is substantially zero. However, as the sampling phase shift becomes
large, the absolute value of the phase information u becomes large. When the sampling phase shift is "0.25" or "-0.25",
the absolute value of the phase information u becomes the largest. Here, the sign of the phase information u represents
an "advance or delay" of the sampling timing. When the sampling phase shift becomes larger, the absolute value of the
phase information u becomes smaller. When the sampling phase shift is "0.5" or "-0.5", the phase information u becomes
zero. In a field in which the sampling phase shift is further increased, the phase information u exhibits periodical changes
along the curve illustrated in FIG. 4. In other words, when the sampling phase shifts are, for example, "0.6", "0.7", and
"0.8", the same phase information u is obtained when the sampling phase shifts are "-0.4", "-0.3", and "-0.2", respectively.
When the sampling phase shifts are, for example, "-0.6", "-0.7", and "-0.8", the same phase information u is obtained
when the sampling phase shifts are "0.4", "0.3", and "0.2", respectively.
[0033] The sampling phase adjuster 43 adjusts the sampling phase of the A/D converter unit 20 based on the phase
information u calculated by the sampling phase detector 42. At that time, the sampling phase adjuster 43 adjusts the
sampling phase of the A/D converter unit 20 so as to minimize the phase information u.
[0034] The sampling phase adjuster 43 is not particularly limited, but may be realized by a FIR filter. In this case, a
FIR filter is provided to each of the H-polarization components and V-polarization components. The sampling phase is
adjusted by adjusting the tap coefficients of the FIR filter based on the phase information u.
[0035] The sampling phase adjuster 43 adjusts the sampling phase by executing digital operations on the digital signal
output from the waveform distortion compensator 41 (here, the phase shifter 46 is ignored). As illustrated in FIG. 5, for
example, suppose the A/D converter unit 20 obtained data A1, A2, and A3 from an analog electrical signal A at sampling
timings of a1, a2, and a3. Suppose further that the sampling phase adjuster 43 converts the data A1, A2, and A3 into
data B1, B2, and B3, respectively, via digital operation using the FIR filter. In such a case, the value of the data B2, for
example, is the same as the data A4 obtained from the analog electrical signal A at the timing a4. In other words, the
digital operation that converts the data A1, A2, and A3 into data B1, B2, and B3, respectively, is substantially equivalent
to processing of shifting the sampling timing of the A/D converter unit 20 by "φ".
[0036] As described above, the sampling phase adjuster 43 adjusts the sampling timing (i.e., sampling phase) of the
A/D converter unit 20. At that time, the sampling phase adjuster 43 adjusts the sampling phase based on the phase
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information u so that the data is sampled at the center of each symbol or at the boundary between the symbols, as
illustrated in Fig. 2, for example.
[0037] The output signal of the sampling phase adjuster 43 is provided to the demodulator 44 and the sampling phase
detector 42. As described above, the sampling phase detector 42 detects the sampling phase of the A/D converter unit
20. The sampling phase adjuster 43 adjusts the sampling phase by utilizing the detection result of the sampling phase
detector 42.
[0038] The demodulator 44 includes an adaptive equalization waveform distortion compensator. The adaptive equal-
ization waveform distortion compensator compensates for waveform distortion remaining in the output signal of the
waveform distortion compensator 41 by executing digital operation on the output signal of the sampling phase adjuster
43. The adaptive equalization waveform distortion compensator is for example a butterfly FIR filter to compensate for
waveform distortion caused by fluctuation of polarization. The demodulator 44 demodulates data from the signal in which
the waveform distortion is compensated.
[0039] In the optical receiver with the above configuration, the amount of chromatic dispersion compensation that
determines the tap coefficients of the FIR filter of the waveform distortion compensator 41 is calculated based on the
phase information u obtained by the sampling phase detector 42. Here, the phase information u is dependent on the
degree of error in the chromatic dispersion compensation as well as being dependent on the amount of the sampling
phase shift, as illustrated in FIG. 4. More specifically, if the chromatic dispersion is compensated accurately, the fluctuation
range of the phase information u is large with respect to the changes in the amount of the sampling phase shift. Meanwhile,
when the chromatic dispersion is not properly compensated, the fluctuation range of the phase information u is small
with respect to the changes in the amount of sampling phase shift, as illustrated with a broken line in FIG. 4.
[0040] The optical receiver 1 has a function to estimate the amount of chromatic dispersion based on the fluctuation
range of the phase information u with respect to the amount of sampling phase shift. In the configuration illustrated in
FIG. 1, this function is realized by a phase controller 45, a phase shifter 46, a peak detector 48, and a chromatic dispersion
compensation amount setting unit 49. As an example, the fluctuation range of the phase information u when the amount
of sampling phase shift is changed within a specified range is detected, and the amount of chromatic dispersion com-
pensation is determined so as to maximize the fluctuation range of the phase information u.
[0041] The phase controller 45 generates phase control data φ. The phase control data φ is for instructing the sampling
phase. The phase control data φ is generated to sweep the sampling phase across a specified range. The phase shifter
46 shifts the sampling phase in accordance with the phase control data φ. Here, the phase shifter 46 shifts the sampling
phase by executing the digital operation on the digital signal output from the waveform distortion compensator 41.
[0042] FIG. 6A illustrates an embodiment of the phase control data generated by the phase controller 45. Fig. 6B is
a diagram explaining the operations of the phase shifter 46. The phase control data φ is a function with respect to time,
as illustrated in FIG. 6A, and is represented, for example, by a sine curve. Here, the amplitude of the phase control data
φ corresponds to, for example, "one symbol time" when it is converted into the sampling timing difference. In this case,
φmax corresponds to 0.5 symbol time.
[0043] The phase shifter 46 shifts the sampling timing (i.e., sampling phase) in accordance with the phase control
data φ illustrated in FIG. 6A. Here, at a time point 0, the A/D converter unit 20 has sampled data at the sampling timings
a1, a2, and a3 illustrated in FIG. 6B. The sampling cycle of the A/D converter unit 20 assumed to be completely syn-
chronized with the symbol rate.
[0044] At the time point T/4, the phase control data φ is "-φmax (= -0.5 symbol)". The phase shifter 46 then outputs
digital signals obtained when the analog electrical signals are sampled at the sampling timings b1, b2, and b3, as
illustrated in FIG. 6B. In other words, during the time period from the time point 0 to the time point T/4, the sampling
timing changes from "a1, a2, a3" to "b1, b2, b3" in a continuous manner. During that time period, the sampling phase
detector 42 sequentially calculates the phase information u. Accordingly, the phase information u is calculated within a
range such that the amount of sampling phase shift is "0 to -0.5" in FIG. 4 during the time period from the time point 0
to the time point T/4.
[0045] During the time period from the time point T/4 to the time point T/2 in FIG. 6A, the phase control data φ returns
from "-φmax" to "0". Accordingly, during the time period from the time point T/4 to the time point T/2, the phase information
u is calculated within a range such that the amount of sampling phase shift is "-0.5 to 0" in FIG. 4.
[0046] At the time point 3T/4 in FIG. 6A, the phase control data φ is "+φmax (= +0.5 symbol)". The phase shifter 46
then outputs the digital signal obtained when the analog electrical signal is sampled at the sampling timings of c1, c2,
and c3, as illustrated in Fig. 6B. In other words, during the time period from the time point T/2 to the time point 3T/4, the
sampling timing changes from "a1, a2, a3" to "c1, c2, c3" in a continuous manner. Accordingly, the phase information
u is calculated within a range such that the amount of phase shift is "0 to 0.5" during the time period from the time point
T/2 to the time point 3T/4. Similarly, the phase information u is calculated within a range such that the amount of phase
shift is "0. 5 to 0" during the time period from the time point 3T/4 to the time point T.
[0047] As described above, when the phase control data φ illustrated in FIG. 6A is generated by the phase controller
45, the phase shifter 46 changes the sampling phase (i.e., sampling timing) in a continuous manner within a range of
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�φmax (i.e., �0.5 symbol). That is to say, the phase controller 45 and the phase shifter 46 sweeps the sampling phase
within a range of �φmax. Then the sampling phase detector 42 sequentially calculates the corresponding phase infor-
mation u during the sampling phase is swept by the phase controller 45 and the phase shifter 46. At that time, the phase
information u changes in response to the sampling phase shift, as illustrated in FIG. 4. The amount of fluctuation of the
sampling phase shift caused by the phase control data φ corresponds to one symbol time. In addition, the fluctuation
period of the phase information u with respect to the sampling phase shift corresponds to one symbol time as explained
with reference to FIG. 4. Accordingly, by controlling the sampling phase using the phase control data φ illustrated in FIG.
6A, the phase information u has at least one peak (maximum value and/or minimum value) within one cycle of the phase
control data φ. In other words, the phase controller 45 generates phase control data φ that causes the phase information
u to have at least one peak value. Therefore, by monitoring the peak of the phase information u over one cycle of the
phase control data φ, the fluctuation range of the phase information u (e.g., the difference between the maximum value
and the minimum value illustrated in FIG. 4) is detected. The function of monitoring the peak of the phase information
u may be realized by the filter 47 and the peak detector 48.
[0048] It should be noted that in the above embodiment, the phase controller 45 generates phased control data φ to
change (or sweep) the sampling phase within a range corresponding to the one symbol time of an optical signal. However,
the phase controller 45 may generate the phase control data φ such that it changes the sampling phase within a range
corresponding to a time period longer than the one symbol time. For example, φmax illustrated in FIG. 6A may be larger
than 0.5 symbol time.
[0049] The filter 47 is, for example, a low-pass filter, and removes noise included in the phase information u. The filter
47 is not particularly limited, but may be realized by an averaging operation.
[0050] The peak detector 48 is realized by a peak hold circuit, for example, and detects a peak value (maximum value
and/or minimum value) within one period of the phase control data φ. The peak detector 48 generates and outputs peak
information based on the detection result. The peak information is, for example, the detected maximum value. Alterna-
tively, the peak information may be the difference between the maximum value and the minimum value, or may be the
sum of squares of the maximum value and the minimum value.
[0051] The chromatic dispersion compensation amount setting unit 49 estimates chromatic dispersion based on the
peak information obtained by the peak detector 48, and determines the amount of chromatic dispersion compensation.
The waveform distortion compensator 41 compensates for the chromatic dispersion in accordance with the amount of
chromatic dispersion compensation determined by the chromatic dispersion compensation amount setting unit 49 and
thereby compensates for the waveform distortion of the input signal.
[0052] FIG. 7 is a flowchart representing a method for controlling the waveform distortion compensator 41 in the first
embodiment. The processing in this flowchart is executed, for example, when the optical receiver 1 starts receiving
optical signals, or when optical paths for transmitting optical signals received by the optical receiver 1 are switched.
However, the processing in this flowchart may be executed regularly or may be executed in response to instructions
from a network administrator.
[0053] In step S1, the phase controller 45 generates the phase control data φ illustrated in FIG. 6A. The phase shifter
46 shifts the sampling phase in accordance with the phase control data φ. As a result, the sampling phase is changed
(or swept) within a range of �φmax. In step S2, the sampling phase detector 42 detects the sampling phase by using
the output signal of the sampling phase adjuster 43. The sampling phase is detected by means of a method explained
in FIG. 3A and FIG. 3B, and is output as phase information u. In step S3, the peak detector 48 detects a peak value of
the phase information u during a time period when the sampling phase is changed (or swept) in accordance with the
phase control data φ.
[0054] Steps S1 to S3 are executed in parallel, for example. In other words, while the sampling phase is changed (or
swept), the phase information u is detected, and a peak value of the phase information u is detected consequentially.
While steps S1 to S6 are executed, the operation of the sampling phase adjuster 43 may be stopped.
[0055] In step S4, the chromatic dispersion compensation amount setting unit 49 checks whether the amount of
chromatic dispersion compensation is converged or not. Here, as explained with reference to FIG. 4, the peak value of
the phase information u becomes small if the chromatic dispersion is not properly compensated, and the peak value of
the phase information u becomes large if the chromatic dispersion is properly compensated. Accordingly, when the peak
value of the phase information u exceeds a threshold level, the chromatic dispersion compensation amount setting unit
49 determines that the amount of chromatic dispersion compensation is converged on a desired value.
[0056] If the amount of chromatic dispersion compensation is not converged, in step S5, the chromatic dispersion
compensation amount setting unit 49 calculates a new amount of chromatic dispersion compensation based on the peak
value of the phase information u obtained in step S3. At that time, the chromatic dispersion compensation amount setting
unit 49 controls the amount of chromatic dispersion compensation so as to increase the peak value of the phase infor-
mation u. In step S6, the waveform distortion compensator 41 updates the tap coefficients of the FIR filter based on the
newly calculated amount of chromatic dispersion compensation. Here, the correspondence between the amount of
chromatic dispersion compensation and the filter coefficients may be determined in advance by simulation and stored
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in a memory. In such a case, the waveform distortion compensator 41 obtains the filter coefficients corresponding to the
new amount of chromatic dispersion compensation from the memory. The waveform distortion compensator 41 com-
pensates for waveform distortion by using the updated filter coefficients.
[0057] The processing in steps S1 to S6 is repeatedly executed until the peak value of the phase information u exceeds
the threshold level. However, when the processing in steps S1 to S6 is repeated a specified number of times, the
processing for determining the amount of chromatic dispersion compensation may be terminated.
[0058] If the peak value of the phase information u exceeds the threshold level (step S4; Yes), then in step S7, the
phase controller 45 sets the phase control data φ to zero. Afterwards, the phase shifter 46 stops the operation to shift
the sampling phase. In other words, the output signal of the waveform distortion compensator 41 is transmitted to the
sampling phase adjuster 43 without undergoing any processing.
[0059] With the above procedures, the amount of chromatic dispersion compensation is determined, and is set to the
waveform distortion compensator 41. Afterwards, the chromatic dispersion of optical transmission paths is properly
compensated. The sampling phase adjuster 43, afterwards, adjusts the sampling phase of the A/D converter unit 20.
The adaptive equalization waveform distortion compensator in the demodulator 44, afterwards, compensates for wave-
form distortion caused by polarization fluctuation.
[0060] FIG. 8A and FIG. 8B are diagrams illustrating an embodiment of the phase shifter 46. In the example illustrated
in FIG. 8A, the phase shifter 46 is realized by a FIR filter. In this case, a coefficient calculation unit 101 generates tap
coefficients corresponding to phase control data φ. The delay time of each delay element 102 corresponds to the sampling
period of the A/D converter unit 20. It should be noted that the method for shifting the sampling phase by using a FIR
filter may be the same as the method explained with reference to FIG. 5.
[0061] In the example illustrated in FIG. 8B, an input signal sequence DATAIN is converted into a frequency domain
signal by a Fourier transformer 111. The phase control data φ is converted into a rotation factor by a rotation angle
converter 112. Here, the rotation factor Ck is represented by the following equations. 

The frequency domain signal is multiplied by the rotation factor Ck. Afterwards, the multiplication result is converted into
a time domain signal by an inverse Fourier transformer 113.
[0062] FIG. 9 illustrates an example of methods for shifting the sampling phase by using FFT/IFFT. In this example,
three frames N to N+2 generated from the signal sequence DATAIN are input to the Fourier transformer 111. The data
length of each frame corresponds to the window size of FFT. The second half of the frame N and the first half of the
frame N+1 overlap with each other, and the second half of the frame N+1 and the first half of the frame N+2 overlap
with each other. After each of the frames N to N+2 are converted into a frequency domain signal, frequency domain
phase rotation processing is executed on the frequency domain signals. The frequency domain phase rotation processing
corresponds to the sampling phase compensation processing.
[0063] Each of the frames N to N+2 that underwent the frequency domain phase rotation processing is converted into
a time domain signal by the inverse Fourier transformer 113. From each of the frames N to N+2 obtained by the inverse
Fourier transformation, a central portion is extracted and output.
[0064] In the above description, the phase control data φ is represented by a sine curve illustrated in FIG. 6A, but the
optical receiver of the embodiment is not limited to this mode. In other words, the phase control data φ may be realized
by any function as represented in the following formula. 
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[0065] The phase control data φ may be represented by a monotonically increasing function. In an example illustrated
in FIG. 10A, the phase control data φ is represented as f(t)=f (f is a positive constant). The phase control data φ may be
represented by a monotonically decreasing function. In an example illustrated in FIG. 10B, the phase control data φ is
represented as f(t)=-f. In both cases, 2φmax is determined so as to correspond to one symbol time (or a time period
longer than the one symbol time).
[0066] The sampling clock frequency of the A/D converter unit 20 in general does not completely match the symbol
rate of data (or frequency N times the symbol rate). For example, difference of � tens of ppm in a reference clock
between a transmitter and a receiver is allowable. For that reason, even if the phase control data φ is zero (i.e., even if
the phase shifter 46 is stopped), the amount of sampling phase shift fluctuates. As a result, the phase information u also
fluctuates. For example, if the symbol rate of the data is 30Gsymbol/s, the fluctuation in the frequency of the phase
information u due to frequency offset is approximately 0 to 2MHz.
[0067] For that reason, when the phase control data φ illustrated in FIG. 10A or FIG. 10B is used, if the fluctuation in
the frequency of the phase information u due to the frequency offset and frequency of the function f are in proximity to
one another, even if the phase control data φ is provided to the phase shifter 4 6, the sampling phase shift may hardly
change. In such a case, if the sampling phase is shifted by using the phase control data φ, the phase information u does
not have the peak.
[0068] In order to prevent this problem, both a procedure to detect the peak value of the phase information u by
changing the sampling phase with the phase control data φ represented in FIG. 10A and a procedure to detect the peak
value of the phase information u by changing the sampling phase with the phase control data φ represented in FIG. 10B
may be executed. Alternatively, in addition to the above two procedures, a procedure to detect the peak value of the
phase information u by setting the phase control data φ to zero may be executed. Given that the bandwidth of the output
noise of the phase detector 42 is 0 to 2MHz, and the cutoff frequency of the filter (LPF) 47 is approximately 3MHz, a
value corresponding to 1MHz may be selected as "f". In this case, the peak of the phase information u is detected in
approximately 1 microsecond.
[0069] As described above, according to the first embodiment, in a procedure of estimating chromatic dispersion by
using the relationship between the sampling phase shift and the phase information u, the sampling phase is forcibly
changed to monitor a peak value of the phase information u. For that reason, the peak value of the phase information
u is accurately detected within a short time period. The amount of chromatic dispersion compensation is determined
based on the detected peak value of the phase information u, and the waveform distortion compensator 41 compensates
for waveform distortion in accordance with the amount of chromatic dispersion compensation. Consequently, even if
optical paths are switched because of a failure or other causes, chromatic dispersion of a new optical path is immediately
estimated, and settings for compensating for the chromatic dispersion would be completed within a short time period,
and thereby the time required for failure recovery is reduced.
[0070] For example, when the period of the phase control data φ is approximately 1 microsecond, and processing in
steps S1 to S6 is repeated 10 times until the amount of chromatic dispersion compensation is converged in the flowchart
of FIG. 7, setting to compensate for the chromatic dispersion is completed in ten to several tens of microseconds. In
this case, the switching time sufficiently satisfies the switching time provided in OUPSR (Optical Unidirectional Path
Switched Ring) .
[0071] According to the first embodiment, since the sampling phase is controlled so that the phase information u
passes the peak point, even in a case in which the sampling frequency of the A/D converter unit 20 and the symbol rate
do not match, or in a case in which the oscillation frequency of the local oscillator 13 fluctuates, the peak value of the
phase information u is stably detected.
[0072] FIG. 11 is a diagram illustrating a configuration of the optical receiver of the second embodiment. The optical
receiver 2 of the second embodiment includes a coherent receiver 10, an A/D converter UNIT 20, an oscillator 30, and
a digital signal processor 50. The digital signal processor 50 includes a waveform distortion compensator 41, a sampling
phase detector 42, a sampling phase adjuster 43, a demodulator 44, a phase controller 45, a filter 47, a peak detector
48, a chromatic dispersion compensation amount setting unit 49, and a selector 51.
[0073] In the first embodiment, a phase shifter 46 is provided between the waveform distortion compensator 41 and
the sampling phase adjuster 43. The phase shifter 46 changes the sampling phase in accordance with the phase control
data φ.
[0074] On the other hand, in the second embodiment, the sampling phase adjuster 43 provides a function of the phase
shifter 46. In other words, the sampling phase adjuster 43 operates as the phase shifter 46 in the first embodiment during
the time period of setting the waveform distortion compensator 41.
[0075] The selector 51 selects the phase control data φ generated by the phase controller 45 or the phase information
u generated by the sampling phase detector 42. More specifically, the selector 51 selects the phase control data φ during
the time period of determining the settings of the waveform distortion compensator 41, and selects the phase information
u for the rest of the time. The digital signal processor 50 causes the selector 51 to select the phase control data φ when,
for example, one of the following events occurs:
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(1) the optical receiver 2 starts receiving optical signal;
(2) a signal indicating that optical paths are switched is received: and
(3) an input optical level is restored after declining to a level lower than a threshold level.

[0076] The sampling phase adjuster 43 adjusts the sampling phase in accordance with the phase control data φ when
the phase control data φ is selected by the selector 51. At that time, the sampling phase adjuster 43 is provided with the
phase control data φ illustrated in FIG. 6A, for example. In this case, as in the first embodiment, the sampling phase is
changed within a range represented by the phase control data φ and the phase information u has a peak value. Accordingly,
when the phase control data φ is selected by the selector 51, the sampling phase adjuster 43 provides a function
equivalent to the function of the phase shifter 46 in the first embodiment. Meanwhile, the sampling phase adjuster 43
adjusts the sampling phase in accordance with the phase information u when the selector selects the phase information
u as in the first embodiment. The sampling phase adjuster 43 is realized by, for example, an FIR filter of several taps
(e.g. 5 taps). The sampling phase adjuster 43 may be realized by the configuration illustrated in FIG. 8B.
[0077] FIG. 12 is a flowchart representing a method for controlling the waveform distortion compensator 41 in the
second embodiment. In the second embodiment, in step S11, the selector 51 selects the phase control data φ. Afterwards,
the operations in steps S1 to S6 are substantially the same as those in the first embodiment. However, in the second
embodiment, the sampling phase adjuster 43 changes the sampling phase in step S1.
[0078] When the amount of the chromatic dispersion compensation is converged (step S4: Yes), in step S12 the
selector 51 selects the phase information u. Afterwards, the sampling phase adjuster 43 adjusts the sampling phase so
as to minimize the phase information u.
[0079] As explained above, according to the second embodiment, the phase fluctuation is provided by using the
sampling phase adjuster 43. In other words, the optical receiver 2 does not have the phase shifter 46. As a result, the
circuit size of the second embodiment may be smaller than that of the first embodiment.
[0080] Although the optical receiver 2 illustrated in FIG. 11 has a configuration including the selector 51, the second
embodiment is not limited to this configuration. Instead of the selector 51, for example an adder that adds the phase
control data φ to the phase information u may be used. In such a case, however, "zero" is generated as the phase control
data φ after completing the settings of the waveform distortion compensator 41.
[0081] FIG. 13 is a diagram illustrating a configuration of the optical receiver of the third embodiment. An optical
receiver 3 of the third embodiment includes a coherent receiver 10, an A/D converter unit 20, a variable frequency
oscillator 31, and a digital signal processor 60. The digital signal processor 60 includes a waveform distortion compensator
41, a sampling phase detector 42, the sampling phase adjuster 43, a demodulator 44, a phase controller 45, a filter 47,
a peak detector 48, a chromatic dispersion compensation amount setting unit 49, and a selector 61.
[0082] The selector 61, like the selector 51 in the second embodiment, selects the phase control data φ during the
time period of determining the settings of the waveform distortion compensator 41, and selects the phase information
u for the rest of the time. The events at which the selector 61 is switched are the same as those in the second embodiment.
[0083] The variable frequency oscillator 31 is a voltage-controlled oscillator (VCO), for example, and generates clock
signal of a frequency in accordance with an instruction from the digital signal processor 60. More specifically, the variable
frequency oscillator 31 generates clock signal of a frequency in accordance with the phase control data φ when the
phase control data φ is selected by the selector 61. The clock signal is used as a sampling clock in the A/D converter
unit 20. At that time, the phase control data φ illustrated in FIG. 6A, for example, is provided to the variable frequency
oscillator 31. In this case, since the sampling phase of the A/D converter unit 20 is changed over a range represented
by the phase control data φ, the phase information u passes has a peak value, as in the first or the second embodiment.
Meanwhile, the variable frequency oscillator 31 generates clock signal of a frequency in accordance with the phase
information u when the phase information u is selected by the selector 61.
[0084] FIG. 14 is a flowchart representing a method for controlling the waveform distortion compensator 41 in the third
embodiment. In the third embodiment, the selector 61 selects the phase control data φ in step S21. In step S22, the
variable frequency oscillator 31 changes (fluctuates) the frequency of the sampling clock in accordance with the phase
control data φ. The operations in steps S2 to S6 are substantially the same as those in the first embodiment.
[0085] When the amount of the chromatic dispersion compensation is converged (step S4: Yes), in step S23 the
selector 61 selects the phase information u. Afterwards, the variable frequency oscillator 31 adjusts the oscillation
frequency so as to minimize the phase information u.
[0086] As explained above, in the third embodiment, the digital signal processor 60 forcibly generates the sampling
phase shift by adjusting the sampling clock frequency of the A/D converter unit 20. With this configuration also, operations
substantially the same as those of the first or second embodiment is realized.
[0087] FIG. 15 is a diagram illustrating a configuration of an optical receiver of the fourth embodiment. An optical
receiver 4 of the fourth embodiment includes a coherent receiver 10, an A/D converter unit 20, an oscillator 30, and a
digital signal processor 70.
[0088] When there is a polarization mode dispersion, which causes a difference in transmission speed between two
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polarization modes orthogonal to one another in a transmission path, the output of the phase detector illustrated in FIG.
3A changes in accordance with the polarization direction. In a case in which the difference in delay is half of one symbol,
when the optical signal enters the PBS 11 of FIG. 1 at 45° polarization angle, the output value of the sampling phase
detector is reduced since the output values of each of the polarized modes cancel each other out.
[0089] In the first to third embodiments, the digital signal processor (40, 50, 60) forcibly generates a sampling phase
shift so that the phase information u has a peak value by changing the sampling phase. Meanwhile, in the fourth
embodiment, the digital signal processor 70 causes a state equivalent to the sampling phase shift so that the phase
information u has the peak value by changing the polarization of the optical signal (actually, by executing operations to
control the polarization of the optical signal on a digital signal representing the optical signal).
[0090] The digital signal processor 70 includes a waveform distortion compensator 41, a sampling phase detector 42,
a sampling phase adjuster 43, a demodulator 44, a filter 47, a peak detector 48, the chromatic dispersion compensation
amount setting unit 49, a polarization rotation unit 71, a polarization controller 72, an adaptive equalizer 73, and an
adaptive equalization controller 74. Note that the operations of the waveform distortion compensator 41, the sampling
phase detector 42, the sampling phase adjuster 43, the filter 47, the peak detector 48, and the chromatic dispersion
compensation amount setting unit 49 are substantially the same as those in the first to third embodiments.
[0091] The polarization rotation unit 71 executes operations to cause the polarization of the optical signal to rotate on
a digital signal output from the waveform distortion compensator 41. Here, the waveform distortion compensator 41
outputs a digital signal representing the H-polarization and the V-polarization of the optical signal in which the waveform
distortion is compensated. The polarization rotation unit 71 rotates the polarization of each polarization in accordance
with the polarization control data θ provided from the polarization controller 72. In other words, the polarization rotation
unit 71 rotates the polarizations of the optical signal by "θ" when the polarization control data θ is provided.
[0092] The polarization controller 72 generates the polarization control data θ for controlling the rotation angle of the
polarizations of the optical signal. The polarization control data θ is a function with respect to time and is represented
by the following mathematical formula. 

[0093] The polarization control data θ is represented by a sine wave, for example, as illustrated in FIG. 16. Here, when
the rotation angle of the polarization changes, the phase information u detected by the sampling phase detector 42 also
changes in the similar manner that the sampling phase (i.e., sampling timing) is changed. In other words, changing the
rotation angle of the polarization provides similar or equivalent result on the phase information u as changing the sampling
phase.
[0094] As described above, the polarization control data θ used in the fourth embodiment corresponds to the phase
control data φ used in the first to third embodiments. Accordingly, the amplitude of the polarization control data θ illustrated
in FIG. 16 is set so as to cause a result equivalent to the sampling timing shift corresponding to one symbol time.
[0095] The polarization rotation unit 71 rotates the polarizations of the optical signal according to the polarization
control data θ. Thus, like the first embodiment, the sampling phase shift is changed over the range corresponding to
one symbol, and the phase information u passes through a peak point.
[0096] The operations of the sampling phase detector 42, the peak detector 48, and the chromatic dispersion com-
pensation amount setting unit 49 are substantially the same as those in the first to third embodiments. Therefore, the
peak value of the phase information u when the rotation angle of the polarization is changed is detected. The chromatic
dispersion is estimated in accordance with the detected peak value. Based on the estimated chromatic dispersion, the
amount of chromatic dispersion compensation to be set in the waveform distortion compensator 41 is determined. After
the setting of the waveform distortion compensator 41 is completed, the polarization rotation unit 71 is stopped.
[0097] The adaptive equalizer 73 is realized by a butterfly FIR filter, for example, illustrated in FIG. 17. The butterfly
FIR filter includes four FIR filters 73hx, 73hy, 73vx, and 73vy. The FIR filters 73hx and 73hy receive a digital signal
representing the H-polarization component of the optical signal, and the FIR filters 73vx and 73vy receive a digital signal
representing the V-polarization component of the optical signal. Tap coefficients of the FIR filters 73hx, 73hy, 73vx, and
73vy are generated by the adaptive equalization controller 74.
[0098] The adaptive equalization controller 74 generates the tap coefficients to be provided to the FIR filters 73hx,
73hy, 73vx, and 73vy based on the digital signal sequence input to the adaptive equalizer 73 and the digital signal
sequence output from the adaptive equalizer 73. At that time, the adaptive equalization controller 74 generates the tap
coefficients for compensating for waveform distortion caused by the polarization fluctuation and for separating the X-
polarization component from the Y-polarization component.
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[0099] The demodulator 44 generates a demodulated signal from the output signal of the adaptive equalizer 73. At
that time, the demodulator 44 may generate the demodulated signal by using either one of an X-polarization signal or
a Y-polarization signal, or may generate the demodulated signal by using both the X-polarization signal and the Y-
polarization signal. When the optical signal carries polarization-multiplexed signals, data is respectively recovered from
the X-polarization signal and the Y-polarization signal.
[0100] FIG. 18 is a diagram illustrating an example of the polarization rotation unit 71. The polarization rotation unit
71 is realized by a polarization rotator 121 in the example illustrated in FIG. 18. The polarization rotator 121 executes
the operations provided in the formula below. 

[0101] Input signals Ex_in and Ey_in and output signals Ex_out and Ey_out of the polarization rotator 121 are repre-
sented by the following equations. 

[0102] θ is a rotation angle designated by the polarization control data θ generated by the polarization controller 72,
or a rotation angle calculated according to the polarization control data θ.
[0103] As described above, in the fourth embodiment, the rotation angle of the polarization (i.e., rotational frequency)
is changed in a continuous manner within a specified range (e.g., +f0 to -f0). As a result, the phase information u
calculated by the sampling phase detector 42 passes through a peak point. Based on the peak value of the phase
information u, the amount of chromatic dispersion compensation is determined. For that reason, even if the polarization
state of an optical transmission path fluctuates, the peak value of the phase information u is detected with certainty
without being influenced by the fluctuation. According to the fourth embodiment, chromatic dispersion is stably estimated,
and waveform distortion caused by the chromatic dispersion is accurately compensated without being influenced by the
polarization state of optical transmission path.
[0104] It should be noted that in the above embodiments, the rotational frequency of the polarization continuously
changes within a range of +f0 to -f0. However, the fourth embodiment is not limited to this range. In other words, +f0, 0,
and -f0 may be discretely selected, or +f0 and -f0 may be discretely selected.
[0105] The polarization rotation unit 71 may be realized by a butterfly FIR filter. The operation to rotate the polarization
by a desirable angle using the butterfly FIR filter has been a known technology.
[0106] FIG. 19 is a diagram illustrating a configuration of an optical receiver of the fifth embodiment. The optical
receiver 5 of the fifth embodiment includes a coherent receiver 10, an A/D converter UNIT 20, an oscillator 30, and a
digital signal processor 80. The digital signal processor 80 includes a waveform distortion compensator 41, the sampling
phase detector 42, a sampling phase adjuster 43, a demodulator 44, a filter 47, a peak detector 48, a chromatic dispersion
compensation amount setting unit 49, a polarization rotation controller 72, an adaptive equalizer 73, an adaptive equal-
ization controller 74, and a selector 81.
[0107] In the fifth embodiment, the adaptive equalizer 73 is provided between the waveform distortion compensator
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41 and the sampling phase adjuster 43. The adaptive equalizer 73 executes digital operation on the output signal of the
waveform distortion compensator 41 in accordance with the data selected by the selector 81.
[0108] The selector 81 selects the polarization control data θ generated by the polarization controller 72 or equalization
control data generated by the adaptive equalization controller 74. The polarization control data θ corresponds to a filter
coefficient for instructing the rotation angle so as to forcibly rotate the polarization so that the phase information u has
the peak value, as explained in the fourth embodiment. The equalization control data corresponds to a filter coefficient
for compensating for waveform distortion caused by the polarization fluctuation and for separating the X-polarization
component from the Y-polarization component, as explained with reference to FIG. 17.
[0109] More specifically, the selector 81 selects the polarization control data θ during the time period of determining
the settings of the waveform distortion compensator 41, and selects the equalization control data for the rest of the time.
The events at which the selector 81 is switched may be the same as those in the second embodiment.
[0110] The adaptive equalizer 73 rotates the polarization in accordance with the polarization control data θ when the
polarization control data θ is selected by the selector 81. In this case, as in the fourth embodiment, the adaptive equalizer
73 changes the rotation angle of the polarization over a range represented by the polarization control data θ so that the
phase information u has the peak value. Accordingly, when the polarization control data θ is selected by the selector
81, the peak value of the phase information u is detected by the peak detector 48, and the amount of chromatic dispersion
compensation is controlled by the chromatic dispersion compensation amount setting unit 49 based on the peak value.
Meanwhile, the adaptive equalizer 73, as in the fourth embodiment, compensates for waveform distortion caused by
polarization fluctuation in accordance with the equalization control data when the equalization control data is selected
by the selector 81, and separates X-polarization component and Y-polarization component.
[0111] FIG. 20 is a diagram illustrating a configuration of an optical receiver of the sixth embodiment. An optical receiver
6 of the sixth embodiment includes a coherent receiver 10, an A/D converter unit 20, an oscillator 30, and a digital signal
processor 90. The digital signal processor 90 includes a waveform distortion compensator 41, a sampling phase detector
42, a sampling phase adjuster 43, a demodulator 44, a phase controller 45, a filter 47, a peak detector 48, a chromatic
dispersion compensation amount setting unit 49, a selector 51, a polarization controller 72, an adaptive equalizer 73, a
adaptive equalization controller 74, and a selector 81.
[0112] The optical receiver 6 of the sixth embodiment has a configuration including the function of the second embod-
iment and the function of the fifth embodiment. In other words, the phase controller 45 generates the phase control data
φ illustrated in FIG. 6A, for example. The polarization controller 72 generates the polarization control data θ illustrated
in FIG. 16, for example. When the amount of chromatic dispersion compensation for the waveform distortion compensator
41 is determined, the selector 51 selects the phase control data φ, and the selector 81 selects the polarization control
data θ. As a result, the sampling phase and the rotation angle of the polarization are controlled so that the phase
information u certainly has the peak value. The changing of the sampling phase and the rotation angle of the polarization
may be performed at the same time or may be alternated.
[0113] FIG. 21 is a diagram explaining the result obtained from the configurations in the first to third embodiments. In
FIG. 21, the time (count of the internal clock of the digital signal processor) is plotted on the horizontal axis. One period
of the internal clock is 2 nanoseconds. The peak value of the phase information u detected by the peak detector 48 is
plotted on the vertical axis. The peak detector 48 detects the peak value of the phase information u in 10000 clock cycles.
In this example, the frequency of the local optical source 13 has a fluctuation amplitude of 150 MHz and a fluctuation
period of 1 kHz, and this causes the sampling phase shift (i.e., sampling timing error).
[0114] In a case in which the above sampling phase shift is generated, the peak value of the phase information u
changes drastically, which is illustrated as A in FIG. 21, without introducing the configurations of the embodiments (i.e.,
without changing the sampling phase by using the phase controller 45). In such a case, it is difficult to estimate chromatic
dispersion based on the peak value of the phase information u.
[0115] On the other hand, when the configuration of the embodiments is introduced (i.e., the phase controller 45
changes a sampling phase), which is illustrated as B in FIG. 21, the peak value of the phase information u is approximately
constant and stable. Similarly, although it is not illustrated in the drawing, when the configuration of the embodiments
is introduced, even if there is a difference (frequency offset) between the symbol rate of optical signal and the frequency
of the oscillator 30, the peak value of the phase information u is approximately constant. Accordingly, when the config-
uration of the embodiments is introduced, it is possible to stably estimate chromatic dispersion based on the peak value
of the phase information u even in a situation in which the sampling phase shift fluctuates with respect to time. As a
result, the waveform distortion caused by chromatic dispersion is accurately compensated.
[0116] FIG. 22 is a diagram explaining the result obtained from the fourth and fifth embodiments. The horizontal and
vertical axes in FIG. 22 are the same as those in FIG. 21. In FIG. 22, the polarization of optical signal fluctuates with
1kHz, and this causes the sampling phase shift.
[0117] When the above polarization fluctuation occurs, the peak value of the phase information u periodically fluctuates,
which is illustrated as C in FIG. 22, without introducing the configuration of the embodiments (i.e., without changing the
rotation angle of the polarization by using the polarization controller 72). In such a case, it is difficult to estimate chromatic
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dispersion based on the peak value of the phase information u.
[0118] On the other hand, when the configuration of the embodiments is introduced (i.e., the polarization controller
72 changes a sampling phase), which is illustrated as D in FIG. 22, the peak value of the phase information u is
approximately constant and stable. Accordingly, when the configuration of the embodiments is introduced, it is possible
to stably estimate chromatic dispersion based on the peak value of the phase information u even in a situation in which
the polarization fluctuates. As a result, the waveform distortion caused by chromatic dispersion may be accurately
compensated.
[0119] According to the method of the embodiments, compared with the method for determining the amount of chromatic
dispersion compensation so as to minimize the number of error corrections of the demodulated signal, the time required
for estimating the chromatic dispersion is reduced. Therefore, according to the method of the embodiments, the required
for system recovery is reduced in, for example, a communication system in which optical paths are switched when a
failure occurs.
[0120] In the above first to sixth embodiments, the phase information u has the peak value by changing the sampling
phase or the rotation angle of polarization. However, the optical receivers according to the present embodiments may
fluctuate the phase information u by using other methods. At that time, it is preferable that the digital signal processor
cause one period or more fluctuation in the phase information u. "One period" is the same as the one period explained
with reference to FIG. 4.
[0121] All examples and conditional language recited herein are intended for pedagogical purposes to aid the reader
in understanding the invention and the concepts contributed by the inventor to furthering the art, and are to be construed
as being without limitation to such specifically recited examples and conditions, nor does the organization of such
examples in the specification relate to a showing of the superiority and inferiority of the invention. Although the embodiment
(s) of the present inventions has(have) been described in detail, it should be understood that the various changes,
substitutions, and alterations could be made hereto without departing from the spirit and scope of the invention.

Claims

1. An optical receiver comprising:

a coherent receiver (10) configured to receive an optical signal;
an A/D converter (20) configured to convert an output signal of the coherent receiver into a digital signal rep-
resenting the optical signal;
a waveform distortion compensator (41) configured to perform an operation on the digital signal to compensate
for waveform distortion of the optical signal;
a phase detector (42) configured to generate phase information representing a sampling phase of the A/D
converter;
a phase adjuster (43) configured to generate a digital signal representing an optical signal in which the sampling
phase of the A/D converter is adjusted from an output signal of the waveform distortion compensator using the
phase information;
a demodulator (44) configured to generate a demodulated signal from the output signal of the phase adjuster;
a phase controller (45) configured to control the sampling phase of the A/D converter;
a peak detector (48) configured to detect a peak value of the phase information while the sampling phase of
the A/D converter is controlled by the phase controller; and
a compensation controller (49) configured to control the waveform distortion compensator using the peak value.

2. The optical receiver according to claim 1, further comprising:

a phase shifter (46), provided between the waveform distortion compensator and the phase adjuster, configured
to change the sampling phase by performing a digital operation on the output signal of the waveform distortion
compensator according to control data from the phase controller.

3. The optical receiver according to claim 1, wherein
the phase adjuster changes the sampling phase in accordance with control data from the phase controller when the
compensation controller controls the waveform distortion compensator.

4. The optical receiver according to claim 3, further comprising
a selector (51) configured to select the control data generated by the phase controller when the compensation
controller controls the waveform distortion compensator, and to select the phase information generated by the phase
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detector after the compensation controller controls the waveform distortion compensator,
wherein the phase adjuster adjusts the sampling phase in accordance with the control data or the phase information
selected by the selector.

5. The optical receiver according to claim 3, wherein
the phase adjuster changes the sampling phase by performing a digital operation on the output signal of the waveform
distortion compensator according to the control data from the phase controller.

6. The optical receiver according to claim 3, further comprising
an adder to add the control data generated by the phase controller to the phase information generated by the phase
detector,
wherein the phase adjuster adjusts the sampling phase in accordance with an output of the adder.

7. The optical receiver according to claim 6, wherein
the phase controller outputs zero as the control data after the compensation controller controls the waveform distortion
compensator.

8. The optical receiver according to claim 1, further comprising
a variable frequency oscillator (31) configured to generate a sampling clock used by the A/D converter,
wherein the variable frequency oscillator changes a frequency of the sampling clock in accordance with control data
from the phase controller when the compensation controller controls the waveform distortion compensator.

9. The optical receiver according to claim 1, wherein the phase controller changes the sampling phase of the A/D
converter within a phase range corresponding to one symbol period of the optical signal or a period larger than the
one symbol period.

10. The optical receiver according to claim 1, wherein
the A/D converter generates a digital signal sequence representing the optical signal by sampling at a speed twice
a symbol rate of the optical signal, and
the phase detector generates the phase information by multiplying a difference between a first digital signal and a
third digital signal of three consecutive digital signals by a second digital signal.

11. An optical receiver comprising:

a coherent receiver (10) configured to receive an optical signal;
an A/D converter (20) configured to convert an output signal of the coherent receiver into a digital signal rep-
resenting the optical signal;
a waveform distortion compensator (41) configured to perform an operation on the digital signal to compensate
for waveform distortion of the optical signal;
a phase detector (42) configured to generate phase information representing a sampling phase of the A/D
converter;
a phase adjuster (43) configured to generate a digital signal representing an optical signal in which the sampling
phase of the A/D converter is adjusted from an output signal of the waveform distortion compensator using the
phase information;
a demodulator (44) configured to generate a demodulated signal from the output signal of the phase adjuster;
a polarization controller (72) configured to control a rotation angle of polarization of the optical signal;
a peak detector (48) configured to detect a peak value of the phase information while the polarization of the
optical signal is controlled by the polarization controller; and
a compensation controller configured (49) to control the waveform distortion compensator using the peak value.

12. The optical receiver according to claim 11 further comprising
an adaptive equalizer (73), provided between the waveform distortion compensator and the phase adjuster, con-
figured to perform an operation on the output signal of the waveform distortion compensator to control the polarization
of the optical signal,
wherein the adaptive equalizer controls the polarization in accordance with control data from the polarization controller
when the compensation controller controls the waveform distortion compensator.

13. An optical receiver comprising:
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a coherent receiver (10) configured to receive an optical signal;
an A/D converter (20) configured to convert an output signal of the coherent receiver into a digital signal rep-
resenting the optical signal;
a waveform distortion compensator (41) configured to perform operation on the digital signal to compensate for
waveform distortion of the optical signal;
a phase detector (42) configured to generate phase information representing a sampling phase of the A/D
converter;
a phase adjuster (43) configured to generate a digital signal representing an optical signal in which the sampling
phase of the A/D converter is adjusted from an output signal of the waveform distortion compensator using the
phase information;
a demodulator (44) configured to generate a demodulated signal from the output signal of the phase adjuster;
a fluctuation controller (45, 46) configured to fluctuate the phase information by one period or more;
a peak detector (48) configured to detect a peak value of the phase information while the phase information is
controlled by the fluctuation controller; and
a compensation controller (49) configured to control the waveform distortion compensator using the peak value.

14. A digital signal processor (40) used in an optical receiver including a coherent receiver (10) to receive an optical
signal and an A/D converter (20) to convert an output signal of the coherent receiver into a digital signal representing
the optical signal, comprising:

a waveform distortion compensator (41) configured to perform operation on the digital signal to compensate for
waveform distortion of the optical signal;
a phase detector (42) configured to generate phase information representing a sampling phase of the A/D
converter;
a phase adjuster (43) configured to generate a digital signal representing an optical signal in which the sampling
phase of the A/D converter is adjusted from an output signal of the waveform distortion compensator using the
phase information;
a demodulator (44) configured to generate a demodulated signal from the output signal of the phase adjuster;
a phase controller (45) configured to control the sampling phase of the A/D converter;
a peak detector (48) configured to detect a peak value of the phase information while the sampling phase of
the A/D converter is controlled by the phase controller; and
a compensation controller (49) configured to control the waveform distortion compensator using the peak value.

15. A digital signal processor (70) used in an optical receiver including a coherent receiver (10) to receive an optical
signal and an A/D converter (20) to convert an output signal of the coherent receiver into a digital signal representing
the optical signal, comprising:

a waveform distortion compensator (41) configured to perform an operation on the digital signal to compensate
for waveform distortion of the optical signal;
a phase detector (42) configured to generate phase information representing a sampling phase of the A/D
converter;
a phase adjuster (43) configured to generate a digital signal representing an optical signal in which the sampling
phase of the A/D converter is adjusted from an output signal of the waveform distortion compensator using the
phase information;
a demodulator (44) configured to generate a demodulated signal from the output signal of the phase adjuster;
a polarization controller (72) configured to control a rotation angle of polarization of the optical signal;
a peak detector (48) configured to detect a peak value of the phase information while the polarization of the
optical signal is controlled by the polarization controller; and
a compensation controller (49) configured to control the waveform distortion compensator using the peak value.
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