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Abstract

A band division timing adjustment unit (10) aligns timings of a plurality of signals, which
are generated by dividing a received signal according to a plurality of frequency bands, in a time
domain and combines the plurality of signals for which the timings have been aligned. A
chromatic dispersion compensation unit (17) compensates chromatic dispersion of an output
signal of the band division timing adjustment unit (10) for each of the plurality of frequency

bands.
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Description
Title: CHROMATIC DISPERSION COMPENSATION DEVICE, CHROMATIC DISPERSION
COMPENSATION METHOD, AND COMMUNICATION DEVICE

Field
[0001]
The present invention relates to a chromatic dispersion compensation device, a chromatic

dispersion compensation method and a communication device in optical communication.

Background
{0002]

In coherent optical communication, there is a problem that, when an optical signal
modulated at a high speed propagates through an optical fiber, chromatic dispersion occurs, and a
~ received signal waveform is distorted. Chromatic dispersion is a phenomenon that the speed of
light traveling through an optical fiber differs according to wavelength (frequency). That is,
delay time at the time of light propagating through an optical fiber differs according to
frequencies. Since an optical signal has a plurality of frequency components, waveform
distortion occurs due to influence of chromatic dispersion. The longer the length of an optical
fiber is, the stronger the influence of chromatic dispersion is. Therefore, increase in capacity is
attempted by performing compensation for transmission characteristics and accurate
synchronization of the amount of delay mainly on a reception side.

{0003]

PTL 1 schematically shows the influence of chromatic dispersion (a relationship of delay
time according to frequencies) and shows a method for performing compensation by adding
inverse characteristics in a frequency domain or a time domain. NPL 1 shows a method for
performing compensation in a frequency domain by digital signal processing on a reception side.
In this method, a received signal existing in a time domain is converted to a frequency domain by
Fourier transform, and the received signal converted to the frequency domain is multiplied by a
transfer function inverse to chromatic dispersion characteristics and returned to the time domain

again by inverse Fourier transform.
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Citation List

Patent Literature

[0004]

[PTL 1]JP. 2010-278562 A

Non Patent Literature

[0005]

[NPL 1] General Report "R & D on the Digital Coherent Signal Processing Technology for
Large-capacity Optical Communication Networks", Sen-ichi Suzuki et al., The journal of the
Institute of Electronics, Information and Communication Engineers, Vol. 95, No. 12, 2012, pp.

1100-1116

Summary
Technical Problem
[0006]

In the conventional chromatic dispersion compensation method, however, it is necessary
to increase the amount of delay time to be compensated as the length of an optical fiber increases.
Therefore, there is a problem that increase in the size of a compensation unit itself is caused.
Further, there may be a case where compensation cannot be performed by an implemented
compensation unit. Especially, in the method of performing conversion to a frequency domain
by Fourier transform to perform compensation in the frequency domain, processing is performed
for every finite number of samples. In the case of performing processing by Fourier transform,
it is necessary to increase the amount of overlap between adjoining processing ranges according
to the amount of delay time. Therefore, there is a problem that a rate of the amount of overlap in
Fourier transform processing increases, which causes deterioration of processing speed and
increase in power consumption.

[0007]

The present invention has been made to solve the problems as described above, and an
object is to obtain a chromatic dispersion compensation device capable of efficiently performing
chromatic dispersion compensation even when delay time due to chromatic dispersion is long, a

chromatic dispersion compensation method and a communication device.
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Solution to Problem
[0008]

A chromatic dispersion compensation device according to the present invention includes:
a band division timing adjustment unit aligning timings of a plurality of signals, which are
generated by dividing a received signal according to a plurality of frequency bands, in a time
domain and combining the plurality of signals for which the timings have been aligned; and a
chromatic dispersion compensation unit compensating chromatic dispersion of an output signal of

the band division timing adjustment unit for each of the plurality of frequency bands.

Advantageous Effects of Invention
[0009] '
The present invention makes it possible to efficiently perform chromatic dispersion

compensation even when delay time due to chromatic dispersion is long.

Brief Description of the Drawings
[0010]

Fig. 1 is a diagram showing a communication device according to a first embodiment of
the present invention.

Fig. 2 is a diagram showing a chromatic dispersion compensation device according to the
first embodiment of the present invention.

Fig. 3 is a diagram showing a communication device according to the comparative
example.

Fig. 4 is a diagram for illustrating a basic operation of chromatic dispersion compensation
of the comparative example.

Fig. 5 is a diagram showing an FFT processing method in the chromatic dispersion
compensation of the comparative example.

Fig. 6 is a diagram for illustrating the overlap in the FFT processing of the comparative
example.

Fig. 7 is a diagram for illustrating an operation of a band division timing adjustment unit
according to the first embodiment of the present invention.

Fig. 8 is a diagram for illustrating an operation principle of a chromatic dispersion

compensation unit according to the first embodiment of the present invention.
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Fig. 9 is a diagram showing an example in which the chromatic dispersion compensation
device according to the first embodiment of the present invention is generalized.

Fig. 10 is a diagram showing a chromatic dispersion compensation device according to a
second embodiment of the present invention.

Fig. 11 is a diagram for illustrating an operation of a chromatic dispersion compensation
unit according to the second embodiment of the present invention.

Fig. 12 is a diagram for illustrating an operation of a band division timing adjustment unit
according to the second embodiment of the present invention.

Fig. 13 is a diagram showing an example in which the chromatic dispersion compensation

device according to the second embodiment of the present invention is generalized.

Description of Embodiments
[0011]

A chromatic dispersion compensation device, a chromatic dispersion compensation
method and a communication device according to the embodiments of the present invention will
be described with reference to the drawings. The same components will be denoted by the same
symbols, and the repeated description thereof may be omitted.

[0012]
First embodiment

Fig. 1 is a diagram showing a communication device according to a first embodiment of
the present invention. In a transmitter, an optical signal transmission unit 2 converts data
generated by a data generation unit 1 to an optical signal and transmits the optical signal to an
optical fiber 3. In a receiver, an optical signal reception unit 4 receives the optical signal from
the optical fiber 3 and converts the optical signal to a received signal.

[0013]

In the optical signal reception unit 4, a polarization demultiplexer 5 splits the optical
signal into two orthogonal polarization components. These optical signals and a local
oscillation light of a local oscillation light source (not shown) are inputted to a 90° hybrid circuit
(not shown), and a total of four output lights, a pair of output lights obtained by causing both
kinds of lights to interfere with each other in the same phase and in opposite phases and a pair of
output lights obtained by causing both kinds of lights to interfere with each other orthogonally

(90°) and inversely orthogonally (-90°).  Each of the output lights is converted to an analog
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signal by a photodiode (not shown). These analog signals are converted to received signals,
which are digital signals, by an AD converter 6.
[0014]

When an optical signal propagates in the optical fiber 3, the signal waveform is distorted
due to chromatic dispersion. A chromatic dispersion compensation device 7 estimates the
magnitude of the distortion from a received signal and compensates the distortion of the received
signal due to chromatic dispersion. Further, when, in optical communication, a horizontally
polarized wave and a vertically polarized wave are combined and transmitted, and then split at
reception, polarization fluctuation occurs due to polarization mode dispersion, and the waveform
is distorted. A polarization processing/adaptive equalization unit 8 performs equalization
processing for compensating the distortion of the received signal due to the polarization
fluctuation. Polarization demultiplexing is performed by an optical demodulator first, and
processing of polarization demultiplexing is more completely performed by the polarization
processing/adaptive equalization unit 8. A method and the like are proposed in which a training
signal or a pilot signal is inserted on a transmission side, and an error relative to the signal which
has been received is minimized. After that, an error correction unit 9 detects and corrects an
error of the received signal.

[0015]

Fig. 2 is a diagram showing a chromatic dispersion compensation device according to the
first embodiment of the present invention. In a band division timing adjustment unit 10, a
frequency division unit 11 divides a received signal converted to sample data according to two
frequency bands and outputs two signals. The frequency division unit 11 has an FFT operation
unit 12 and two IFFT operation units 13 and 14. A delay unit 15 adjusts the amount of delay to
align timings of the two signals in a time domain. A combination unit 16 combines the two
signals for which the timings have been aligned to obtain one signal again.

[0016]

Next, a chromatic dispersion compensation unit 17 compensates chromatic dispersion of
the output signal of the band division timing adjustment unit 10 for each of the two frequency
bands. The chromatic dispersion compensation unit 17 has an FFT operation unit 18, an inverse
transfer function multiplication unit 19 and an IFFT operation unit 20.

[0017]
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Next, an operation of the present embodiment will be described in comparison with a
comparative example. Fig. 3 is a diagram showing a communication device according to the
comparative example. The band division timing adjustment unit 10 does not exist in the
comparative example.

[0018]

If it is assumed that an occupied bandwidth of a transmitted signal is F GHz, the
wavelength spread is | nm, and chromatic dispersion on an optical transmission line including the
optical fiber 3 is Dps/nm, then delay time in a receiver is Dps/nmx1 nm=Dps. The amount of
phase rotation relative to frequencies spread from a center frequency fc due to chromatic
dispersion is generally indicated by the following formula (see, for example, PTL 1).

[Math. 1]

2 2
£(/) = exp(jg) = exp{jL[—”—f— DU~ 4 Dy, - f)ﬂ}
[0019]

The amount of phase rotation due to chromatic dispersion is shown at a lower left of Fig.
3. Here, the amount of phase rotation at the center frequency fc is regarded as a basis (zero).
The actual amount of phase rotation corresponds to a part of ¢ in exp(jp). When it is thought
that a third-degree term is smaller than a second-degree term and can be ignored, the amount of
phase rotation can be approximated with a quadratic function of a frequency difference fc-f from |
the center frequency fc.  When light velocity is indicated by c, spread of wavelength is indicated
by c/(fc-6f)-c/(fct8f).

[0020]

In the chromatic dispersion compensation unit 17, the FFT operation unit 18 converts a

received signal x(n) to a frequency domain X(k) by FFT (fast Fourier transform).

[Math. 2]
N-1 _jggrnk
X(k)=Y x(n)e ¥
=0

Here, n is a variable related to time showing order of sampling in a time domain, and k is a
variable related to frequencies in a frequency domain.

[0021]
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Next, the inverse transfer function multiplication unit 19 performs multiplication by
H(k)=exp(-jo) so that the above phase rotation becomes reverse rotation. Thereby, delay
relative to frequencies due to chromatic dispersion can be compensated (offset).

[Math. 3]

X(k)-H(k)=Y (k)

Next, the IFFT operation unit 20 returns Y(k) to a time-domain signal y(n) by IFFT (inverse fast
Fourier transform).

[Math. 4]

N-1 j21nk
ymy= Y(k)e ¥
k=0

[0022]
Delay time 6t of a signal of the frequency fc-f relative to a signal of the center frequency

fc is indicated by the following formula:

[Math. 5]
2
é't:L—/l—D(fc—f)
C

It is seen from this formula that the delay time 3t is proportional to frequency spread from the
center frequency fc. Chromatic dispersion D can be accurately estimated by embedding a
known signal in an information sequence in advance on a transmission side and detecting and
comparing the known signal on a reception side (see, for example, NPL 1).

[0023]

Fig. 4 is a diagram for illustrating a basic operation of chromatic dispersion compensation
of the comparative example. The horizontal axis of a transmitted signal image shows time, and
the vertical axis shows the center frequency fc and fc+8f to fe-8f corresponding to an occupied
band. Thin lines indicate an image of samples. Data of each sample includes frequency
components of fct6f, and the frequency components are combined. A range surrounded by
thick lines is shown for convenience so that how a range of arbitrary sample data changes later
can be seen.

[0024]

Here, it is assumed that, on the transmission line including the optical fiber 3, phase

rotation due to chromatic dispersion, which is approximated by a quadratic function relative to a

frequency difference from a center frequency, occurs.  As shown in a received signal image,
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almost linear delay occurs in the range shown by the transmitted signal image as frequency
increases. The range which is rectangular in the transmitted signal image changes to a
parallelogram.

[0025]

When a sampling speed is indicated by S [s/sec], sampling frequency is indicated by 1/S
[sec]. Thereby, delay time D [ps] can be also indicated by D+ (1/S)= T samples. In this case,
delay corresponding to T/2 samples occurs between the center frequencies fc and fc+6f, and
advance corresponding to T/2 samples occurs between the center frequencies fc and fc-6f. In
each sample, a delayed signal or an advanced signal from an adjoining sample is combined.
These cause waveform distortion.

[0026]

The delay due to chromatic dispersion described above is compensated by multiplication
by an inverse transfer function shown at the lower row of Fig. 4. A signal image after the
compensation is returned to a rectangular shown at a right end of the lower row of Fig. 4.  This
shows that signals of frequencies are adjusted in the time domain. Since delay differences
among the signals of the frequencies almost disappear, the waveform distortion is eliminated.
[0027]

Fig. 5 is a diagram showing an FFT processing method in the chromatic dispersion
compensation of the comparative example. Though an example of using FFT is shown here
because a sampled discrete signal is processed, it goes without saying that the present operation
principle is also applicable to analog processing.

[0028]

If there is not chromatic dispersion, as shown in Fig. 5(a), FFT processing is sequentially
performed without overlap. The FFT processing is speeded-up DFT (discrete Fourier transform)
processing. Here, a processing procedure will be described using a general formula for DFT.

[Math. 6]

N-1 _ jZ{r nk
X(k)y=>) x(n)e "V
n=0
[0029]
Here, x(n) indicates data obtained by sampling a received signal in a time domain, and n

indicates a variable indicating order of pieces of sampled data. By multiplying n by sampling

frequency, time is obtained. Here, N indicates the number of pieces of sample data in one
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processing and is generally referred to as "an FFT processing range”, "an FFT size" or "the
number of points of FFT". Further, k is a variable indicating order of pieces of data converted to
a frequency domain by FFT, which is a variable related to frequencies. By multiplying k by a
sampling frequency/N, a frequency is obtained.

[0030]

As described above, N pieces of sample data are processed at a time in one FFT
processing. Here, if there is not chromatic dispersion, frequency components of each piece of
sample data are transmitted to the reception side without delay in the FFT processing range (N),
and, therefore, it is not necessary to consider distortion due to delay differences relative to
frequencies. Therefore, each FFT processing can be sequentially performed without overlap in
consideration of delay. In this case, the number of samples which can be processed in one FFT
processing remains N.  Of course, it goes without saying that calculation in consideration of
aliasing is required to perform the FFT processing.

[0031]

However, if there is chromatic dispersion, the chromatic dispersion compensation unit 17
sequentially performs compensation processing, with a predetermined number of pieces of data as
a processing range, and, between adjoining processing ranges, an overlap part where a part of
data is common to the adjoining processing ranges is required as shown in Fig. 5(b). The
amount of overlap of the overlap part is decided according to the amount of delay due to
chromatic dispersion for each of a plurality of frequency bands. Fig. 5(b) shows an example in
which a half of the FFT processing range is used as an overlap.

[0032]

Fig. 6 is a diagram for illustrating the overlap in the FFT processing of the comparative
example. In the frequency components of each piece of sample data, the amount of delay
changes according to frequencies as shown in the received signal image of Fig 4. In a figure at
the top row of Fig. 6, attention will be paid to a part corresponding to T/2 samples at a rear end of
the FFT processing range.  With regard to sample data of this part, frequency components
between the center frequencies fc and fc+3f include components A leaving the FFT processing
range due to delay and components B remaining in the FFT processing range due to delay.
Further, frequency components between the center frequencies fc and fc-8f include components C
coming from outside of the FFT processing range due to advance.

[0033]
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Here, the components B are used to compensate data which is temporally earlier than the
components B. The components A cannot be used for compensation in this FFT processing
because they do not exist within the FFT processing range. That is, for a frequency range from
fc to fc+df corresponding to T/2, compensation is not correctly performed. Since data of the
range of fc to fc-3f outside the FFT processing range come into the components C, compensation
is not correctly performed for this part, either. That is, the part corresponding to T/2 is used to
compensate the data which are temporally earlier than the part, compensation is not correctly
performed for the part itself. Therefore, this part becomes an overlap part of each FFT
processing range, which is necessary for compensation of data of a central part but is discarded
after compensation processing because compensation for the part itself cannot be performed. As
described above, it is generally desirable that the overlap part is set to T/2. The chromatic
dispersion compensation is performed by multiplying each FFT processing result by an inverse
transfer function. ‘

[0034]

From the result described above, in the case of performing FFT processing of a received
signal in which delay has occurred relative to frequencies due to chromatic dispersion, overlap
corresponding to the amount of delay is required. It is necessary to increase the amount of
overlap, accompanying increase in delay time. Increase in the amount of overlap leads to
increase in the FFT processing range, and the amount of calculation and power consumption also
increase. On the contrary, if the FFT processing range (=the FFT size) is decided, an amount
obtained by subtracting an overlap part from the FFT processing range is substantially a range for
which compensation processing can be performed by one processing. If the range for which the
compensation processing can be performed decreases, it leads to reduction in the whole
processing speed.

[0035]

Fig. 7 is a diagram for illustrating an operation of a band division timing adjustment unit
according to the first embodiment of the present invention. The FFT operation unit 12 converts
areceived signal to a frequency domain by FFT. By dividing the output into two, a frequency
band is divided into two. Next, as shown in a figure on the left side of the top row of Fig. 7, the
IFFT operation units 13 and 14 convert signals of the two divided frequency bands to a time
domain, respectively, by IFFT. Next, as shown in a figure on the right side of the top row of Fig.

7, the delay unit 15 inserts delay corresponding to a delay difference between the two signals on
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one side of each of the two signals returned to the time domain. This delay can be easily
inserted by staggering the amount of sample delay. Thereby, by aligning timings of the two
signals, the whole amount of delay can be reduced to half of the amount of delay before the band
division. In this example, the amount of delay at each of the front and rear ends of the FFT
processing can be reduced to T/4.

[0036]

A processing range M of the FFT operation unit 12 of the band division timing
adjustment unit 10 is not required to be the same as a processing range N of the FFT operation
unit 18 of the chromatic dispersion compensation unit 17. By sequentially processing every M
pieces of data, a sample data sequence in which the amount of delay due to chromatic dispersion
has been reduced to half of the amount of delay before the processing can be made as shown in a
figure at the lowest row of Fig. 7.  Since the amount of delay of a signal in each band is reduced
to 1/2 in comparison with the comparative example, the amount of overlap in the FFT processing
by the chromatic dispersion compensation unit 17 can be reduced to half. In the present
embodiment, an example in which FFT is used for the band division timing adjustment unit 10
has been shown. However, this is not limitative. Any method for dividing a frequency, such
as a band filter, may be adopted.

[0037]

Though the configuration of the chromatic dispersion compensation unit 17 according to
the present embodiment is basically the same as the configuration of the comparative example,
setting of a function for the inverse transfer function multiplication unit 19 is different. Fig. 8 is
a diagram for illustrating an operation principle of a chromatic dispersion compensation unit
according to the first embodiment of the present invention.

[0038]

The amount of delay related to chromatic dispersion in each of the two signals for which
delay has been adjusted by the band division timing adjustment unit 10 have been half of the
amount of delay of the comparative example. Therefore, as shown at the top row of Fig. 8, the
amount of overlap in the FFT processing by the chromatic dispersion compensation unit 17 can
be reduced to T/4, which is half of the amount of overlap of the comparative example.
Furthermore, since it is thought that chromatic dispersion has occurred in each of the two
frequency bands of the signals, compensation by multiplication by an inverse transfer function is

executed for each of the frequency bands. Specifically, like the inverse transfer function shown
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in Fig. 8, a conjugate value of a quadratic function for each of the frequency bands becomes an
inverse transfer function.
[0039]

In the present embodiment, the amount of overlap is T/4 samples on one side. The FFT
processing range is N samples. Therefore, when the amounts of overlap on both sides are
subtracted from the N samples, the number of samples processed by one FFT processing is N-
T/4x2. On the other hand, in the comparative example, since the amount of overlap is T/2
samples on one side, the number of samples processed by one FFT processing is N-T/2x2. In
the case of 1/2 overlap FFT, in which half of the FFT processing range N is overlapped,
N=T/2x2x2=2T is obtained. Therefore, the number of samples processed by one FFT
processing is N-T/2x2=T in the comparative example, and N-T/4x2=(3/2)T in the present
embodiment. Therefore, the processing speed of the present embodiment is 1.5 times faster in
comparison with the comparative example. Further, power required for processing for overlap
can be also reduced to half.

[0040]

Fig. 9 is a diagram showing an example in which the chromatic dispersion compensation
device according to the first embodiment of the present invention is generalized. In this
example, the embodiment described above is further generalized, and a frequency band is divided
into a plurality of frequency bands to perform processing. That is, the band division timing
adjustment unit 10 divides a received signal delayed according to frequencies due to chromatic
dispersion, according to a plurality of frequency bands. Specifically, the FFT operation unit 12
converts an inputted signal to a frequency domain by FFT, divides the signal according to the
plurality of frequency bands and outputs the signals. The plurality of IFFT operation units 13
and 14 convert the plurality of output signals of the FFT operation unit 12, respectively, to a time
domain, and obtain a plurality of signals. The delay unit 15 adjusts the amounts of delay of the
plurality of signals to align timings in the time domain. The combination unit 16 combines the
plurality of signals for which the timings have been aligned.

[0041]

The chromatic dispersion compensation unit 17 compensates chromatic dispersion of the
output signal of the band division timing adjustment unit 10 for each of the plurality of frequency
bands. Specifically, the FFT operation unit 18 converts the inputted signal to a frequency

domain by FFT. The inverse transfer function multiplication unit 19 multiplies the output signal
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of the FFT operation unit 18 by an inverse transfer function which compensates, for each of the
plurality of frequency bands, chromatic dispersion corresponding to the frequency band. The

[FFT operation unit 20 converts the output signal of the inverse transfer function multiplication
unit 19 to a time domain by inverse Fourier transform.

[0042]

Since each of the frequency bands of the plurality of divided signals is smaller in
comparison with the frequency band of the original received signal, the amount of delay due to
chromatic dispersion in each of the divided signals is also smaller than the amount of delay of the
original received signal. Therefore, the amount of delay in each band is reduced to be smaller
than the amount of delay of the band before division. Further, by aligning timings of the
plurality of signals divided according to the frequency bands, the total amount of delay can be
reduced. Therefore, since processing required for compensation can be reduced, it is possible,
even when delay time due to chromatic dispersion is long, to efficiently perform chromatic
dispersion compensation.

[0043]

In the compensation processing such as Fourier transform in the chromatic dispersion
compensation unit 17, it is necessary to increase the amount of overlap between adjoining
processing ranges according to the amount of delay. In comparison, in the present embodiment,
the band division timing adjustment unit 10 performs shift adjustment of a plurality of signals
divided according to a plurality of frequency bands in a time domain to align timings. Therefore,
even when delay time due to chromatic dispersion is long, the amount of overlap for chromatic
dispersion compensation does not have to be increased. Therefore, it is possible to improve the
processing speed and limit power consumption. In the present example, the larger the number
of divided frequencies is, the more the effect is improved. However, the effect is saturated, and,
at the same time, the circuit is complicated. It is desirable to decide the substantial number of
divided frequencies in consideration of the above balance.

[0044]
Second embodiment

In the first embodiment, a received signal is band-divided; delay adjustment is performed
in a time domain; and chromatic dispersion compensation is performed for the time signals.
Since each of these is independent linear processing in the time domain, a similar effect is

obtained even if they are performed in opposite order.
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[0045]

Fig. 10 is a diagram showing a chromatic dispersion compensation device according to a
second embodiment of the present invention. The band division timing adjustment unit 10 and
the chromatic dispersion compensation unit 17 are reversely arranged in comparison with the first
embodiment. Though the configuration of the chromatic dispersion compensation unit 17 is
basically the same as the configuration of the comparative example, setting of a function for the
inverse transfer function multiplication unit 19 is different.

[0046]

Fig. 11 is a diagram for illustrating an operation of a chromatic dispersion compensation
unit according to the second embodiment of the present invention. In a received signal, delay
corresponding to T samples has occurred relative to a frequency band due to chromatic dispersion.
A parallelogram surrounded by thick lines and depicted in an FFT processing range is depicted
for convenience in order to understandably express the delay relative to the frequency band and
does not indicate only data to be compensated for.

[0047]

The chromatic dispersion compensation unit 17 performs processing similar to the
processing of the first embodiment. That is, FFT processing is performed, with the amount of
overlap set to T/4 samples on each side of the front and rear ends of an FFT processing range, and
a frequency band is divided into frequency bands each of which corresponds to the amount of
delay which can be processed with the amount of overlap. By setting an inverse transfer
function for each of the divided frequency bands, compensation processing is performed by one
multiplication.

[0048]

Thereby, compensation is performed for each of the frequency bands. However,
between signals of two compensated frequency bands, a delay difference which is almost the
same as a delay difference between signals of the two frequency bands before compensation
occurs as shown at the right end of the top row of Fig. 11. In the next FFT processing range,
similar signals are formed. The signals of the two frequency bands having the delay difference
are supplied to the band division timing adjustment unit 10 in a time domain.

{0049]
Fig. 12 is a diagram for illustrating an operation of a band division timing adjustment unit

according to the second embodiment of the present invention. The FFT operation unit 12
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converts the signals inputted to the band division timing adjustment unit 10 to a frequency
domain again by FFT, and divides the signal according to the frequency bands divided by the
chromatic dispersion compensation unit 17. The IFFT operation units 13 and 14 cause each of
the signals to be a time-domain signal by IFFT. The delay unit 15 inserts, on one side of each of
two signals returned to a time domain, delay corresponding to a delay difference between the two
signals to align timings of the two signals. Next, the combination unit 16 combines the two
shift-adjusted signals.

[0050]

By the above process, similarly to the first embodiment, the amount of overlap in the FFT
processing by the chromatic dispersion compensation unit 17 can be reduced half of the amount
of overlap of the comparative example. Therefore, after subtracting the amount of overlap from
the FFT processing range, the amount of FFT processing performed per time and the processing
speed are 1.5 times larger and faster than the comparative example. Further, power required for
processing for overlap can be reduced to half.

[0051]

Fig. 13 is a diagram showing an example in which the chromatic dispersion compensation
device according to the second embodiment of the present invention is generalized. 1In this
example, the embodiment described above is further generalized, and a frequency band is divided
into a plurality of frequency bands to perform processing.

[0052]

For each of a plurality of frequency bands, an inverse transfer function to compensate
delay which occurs due to chromatic dispersion of the frequency band is set for the inverse
transfer function muitiplication unit 19 of the chromatic dispersion compensation unit 17. When
the number of divided frequency bands is indicated by p, the amount of delay of each of the
frequency bands after division is 1/p of the amount of delay before the division. Therefore, the
amount of overlap in FFT processing can be reduced to be 1/p of the amount of overlap before the
division. In areceived signal compensated by the chromatic dispersion compensation unit 17, a
delay difference almost equal to the amount of delay of 1/p occurs among the plurality of
frequency bands in a time domain. Therefore, after the band division timing adjustment unit 10
divides the signal according to the plurality of frequency bands, a plurality of delay units 15

perform shift adjustment of the plurality of signals in the time domain to adjust the amounts of
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delay due to chromatic dispersion. Thereby, similarly to the first embodiment, timings of the
signals of the plurality of frequency bands are adjusted to correspond to one another.
[0053]

Thereby, the amount of overlap in FFT processing by the chromatic dispersion
compensation unit 17 can be reduced to be smaller than the example of Fig. 10.  Since the
amount of FFT processing performed per time can be increased by that amount, the processing
speed is increased. Further, power required for processing for overlap can be reduced to 1/p.

In the present example, the larger the number of divided frequencies is, the more the effect is
improved. However, the effect is saturated, and, at the same time, the circuit is complicated. It
is desirable to decide the substantial number of divided frequencies in consideration of the above
balance.

[0054]

Though an example of configuring the chromatic dispersion compensation unit 17 with
FFT is shown in the first and second embodiments, the configuration is not limited to this
configuration. For example, if the IFFT operation unit 20 and the FFT operation unit 12 in Figs.
10 and 13 are connected as in Figs. 10 and 13, operations are identical opérations for data.
Therefore, the operation can be omitted. That is, an output of the inverse transfer function
multiplication unit 19 can be directly inputted to the IFFT operation units of the frequency
division unit 11.  In this case, even if there is a difference in the number of points of FFT
operation, it is only necessary to cause divided frequency bands to be almost the same. It is only
necessary that the chromatic dispersion compensation unit 17 sequentially performs
compensation processing, with a predetermined number of pieces of data (finite sample data) as a
processing range, and, between adjoining processing ranges, an overlap part where a part of data
is common to the processing ranges exists. In this case, by combining the band division timing
adjustment unit 10 which divides a frequency band to reduce delay in each band, the amount of
overlap can be reduced similarly to the above description. For example, the chromatic
dispersion compensation unit 17 can be configured with a finite impulse response (FIR) filter.

In this case, an impulse response generated by performing inverse Fourier transform of the above
inverse transfer function to compensate, for each of a plurality of frequency bands, chromatic
dispersion according to the frequency band can be used as a filter coefficient of the finite impulse
response filter. This method is used as a transversal filter (see, for example, NPL 1).

[0055]
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A program for implementing the chromatic dispersion compensation method according to
the first and second embodiments may be recorded in a computer-readable recording medium so
that the program recorded in the recording medium is read in and executed by a computer system
or a programmable logic device to perform the chromatic dispersion compensation. The
"computer system" described here may contain hardware such as OS, peripheral equipment, etc.
The "computer system" may contain a WWW system having a homepage providing environment
(or displaying environment). The "computer-readable recording medium" may be a portable
medium such as a flexible disc, a magneto-optic disc, ROM and CD-ROM, or a storage device
such as a hard disc incorporated in a computer system. Furthermore, the "computer-readable
recording medium" may contain an element for holding a program for a constant time like a
volatile memory (RAM) in a computer system serving as a server or a client when a program is
transmitted through a network such as the Internet or a communication line such as a telephone
line. The program may be transmitted from a computer system having a storage device or the
like in which the program is stored, to another computer system via a transmission medium or by
transmission waves in a transmission medium. Here, the "transmission medium" for
transmitting the program is a medium having a function of transmitting information like a
network (communication network) such as the Internet or a communication circuit
(communication line) such as a telephone line or the like. The program may be provided to
perform a part of the foregoing function. Furthermore, the program may be provided to perform
the foregoing function in combination with a program which has been already stored in the

computer system, so-called a differential file (differentia program).

Reference Signs List

[0056]

4 optical signal reception unit; 7 chromatic dispersion compensation device; 8 polarization
processing/adaptive equalization unit; 9 error correction unit; 10 band division timing adjustment
unit; 12 FFT operation unit (second fast Fourier transform unit); 13,14 IFFT operation unit
(second inverse fast Fourier transform unit); 15 delay unit; 16 combination unit; 17
chromatic dispersion compensation unit; 18 FFT operation unit (first fast Fourier transform
unit); 19 inverse transfer function multiplication unit; 20 IFFT operation unit (first inverse

fast Fourier transform unit)
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Claims

1. A chromatic dispersion compensation device comprising:

chromatic dispersion compensation processor circuitry configured to sequentially perform
compensation processing, with a predetermined number of pieces of data in a received signal as a
processing range, and to compensate chromatic dispersion of the predetermined number of pieces
of data for each of a plurality of frequency bands; and

band division timing adjustment processor circuitry configured to align timing between a
plurality of signals, which are generated by dividing an output signal of the chromatic dispersion
compensation processor circuitry according to the plurality of frequency bands, in a time domain,
and to combine the plurality of signals for which the timings have been aligned,

wherein the chromatic dispersion compensation processor circuitry compensates the
chromatic dispersion of the predetermined number of pieces of data for each of the plurality of
frequency bands by setting an inverse transfer function collectively for the plurality of frequency
bands and applying the inverse transfer functions collectively to the predetermined number of

pieces of data.

2. The chromatic dispersion compensation device according to claim 1, wherein, when the
chromatic dispersion compensation processor circuitry sequentially performs the compensation
processing, with the predetermined number of picces of data as the processing range, between
adjoining processing ranges, an overlap part where a part of data is common to the processing

ranges exists.

3. The chromatic dispersion compensation device according to claim 2, wherein an overlap
amount of the overlap part depends on chromatic dispersion for each of the plurality of frequency

bands.

Date Regue/Date Received 2020-11-20
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4. The chromatic dispersion compensation device according to claim 2 or 3, wherein the
chromatic dispersion compensation processor circuitry includes:

a fast Fourier transformer configured to convert an inputted signal to a frequency domain
by Fourier transform;

an inverse transfer function multiplier configured to multiply an output signal of the fast
Fourier transformer by an inverse transfer function which compensates, for each of the plurality
of frequency bands, chromatic dispersion corresponding to the frequency band; and

an inverse fast Fourier transformer configured to convert an output signal of the inverse

transfer function multiplier to a time domain by inverse Fourier transform.

5. The chromatic dispersion compensation device according to claim 2 or 3, wherein the
chromatic dispersion compensation processor circuitry includes a finite impulse response filter,

a filter coefficient of the finite impulse response filter is an impulse response generated by
performing inverse Fourier transform of an inverse transfer function which compensates, for each

of the plurality of frequency bands, chromatic dispersion according to the frequency band.

6. The chromatic dispersion compensation device according to any one of claims 1 to 5,
wherein the band division timing adjustment processor circuitry includes:

a fast Fourier transformer configured to convert an inputted signal to a frequency domain
by Fourier transform and dividing the converted signal according to the plurality of frequency
bands;

a plurality of inverse fast Fourier transformers configured to convert a plurality of output
signals of the fast Fourier transformer to a time domain respectively to obtain the plurality of
signals;

delay processor circuitry configured to adjust delay amounts of the plurality of signals to
align timings in the time domain; and

combination processor circuitry configured to combine the plurality of signals for which

the timings have been aligned.

Date Regue/Date Received 2020-11-20
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7. A communication device comprising:

the chromatic dispersion compensation device according to any one of claims 1 to 6
compensating a distortion of the received signal due to chromatic dispersion;

a polarization processing/adaptive equalizer configured to perform equalization
processing for compensating a distortion of the received signal due to polarization fluctuation;
and

an error corrector configured to detect and correct an error of the received signal.

8. The communication device according to claim 7, further comprising an optical signal
receiver configured to receive an optical signal and converting the optical signal to the received

signal.

9. A chromatic dispersion compensation method comprising:

sequentially performing compensation processing, with a predetermined number of pieces
of data in a received signal as a processing range, and compensating chromatic dispersion of the
predetermined number of pieces of data for each of a plurality of frequency bands by a chromatic
dispersion compensation processor circuitry; and

aligning timing between a plurality of signals, which are generated by dividing an output
signal of the chromatic dispersion compensation processor circuitry according to the plurality of
frequency bands, in a time domain, and combining the plurality of signals for which the timings
have been aligned, by a band division timing adjustment processor circuitry,

wherein the chromatic dispersion compensation processor circuitry compensates the
chromatic dispersion of the predetermined number of pieces of data for each of the plurality of
frequency bands by setting an inverse transfer function collectively for the plurality of frequency
bands and applying the inverse transfer functions collectively to the predetermined number of

picces of data.

Date Regue/Date Received 2020-11-20
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