Office de la Propriete Canadian CA 2765362 A1 2010/12/23

Intellectuelle Intellectual Property
du Canada Office (21) 2 765 362
g,lnngL%?rri‘fg:na " mfgtfy”%ya‘r’]‘; " 12 DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION
13) A1
(86) Date de depot PCT/PCT Filing Date: 2009/06/17 (51) CLInt./Int.Cl. HO04B 70/748 (2006.01)

(87) Date publication PCT/PCT Publication Date: 2010/12/23 | (71) Demandeur/Applicant:
(85) Entrée phase nationale/National Entry: 2011/12/13 RHUAWEI TECRANOLOGIES CO,, LTD., CN
(86) N° demande PCT/PCT Application No.: CN 2009/072319| (/%) Inventeur/Inventor:

XIE, CHANGSONG, DE
(87) N° publication PCT/PCT Publication No.: 2010/145075
(74) Agent: SMART & BIGGAR

(54) Titre : PROCEDE DE RECUPERATION DE FREQUENCE PORTEUSE ET RECEPTEUR OPTIQUE COHERENT
INTRADYNE
54) Title: METHOD FOR CARRIER FREQUENCY RECOVERY AND OPTICAL INTRADYNE COHERENT RECEIVER

200

kPHASE FREQIjENCY 17
ESTIMATOR }OFFSET
UNIT ESTIMATOR
T UNIT
16 pMD 1 300
“COMPENSATION| |PHASE
UNIT | [COMPENSATION
- | |UNIT
o [
15 |
\IRECOVERY DECISION
UNTT UNIT

13 |[CHROMATIC .
\_|DISPERSION AD

COMPENSATION

UNIT
10 [

110 |IFREQUENCY

\ |OFFSET
COMPENSATION
UNIT

x(7) T

FIG. 2

(57) Abrégée/Abstract:
A method for carrier frequency recovery In an optical coherent transmission system Is provided in which at least one kind of
equalization of a received signal Is performed In frequency domain, the method comprising: performing a frequency offset
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(57) Abrege(suite)/Abstract(continued):

compensation In frequency domain on a received signal according to an estimated value of the frequency offset; obtaining the
sighal with the frequency offset compensated. Further, an optical coherent receiver Is provided comprising: an equalization unit,
adapted to perform at least one kind of optical distortion compensation of a recelved signal in frequency domain; a frequency offset
compensation unit, adapted to perform the frequency offset compensation in frequency domain on a received sighal according to
an estimated value of the frequency offset to obtain the signal with frequency offset compensated. The method and the recelver
provided by the present invention In carrier frequency recovery need only a frequency shift of the signal spectrum, reducing the
computation complexity dramatically thus the processing is speed up and the resources needed are very much saved.
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(57) Abstract: A method for carrier frequency recovery in an optical co-
herent transmission system 1s provided in which at least one kind of equal-
1zation of a received signal 1s performed m frequency domain, the method
comprising: performing a frequency offset compensation in frequency do-
main on a received signal according to an estimated value of the frequency
offset; obtaming the signal with the frequency offset compensated. Fur-
ther, an optical coherent receiver 1s provided comprising: an equalization
unit, adapted to perform at least one kind of optical distortion compensa-
tion of a recerved signal in frequency domain; a frequency offset compen-
sation unit, adapted to perform the frequency offset compensation in fre-
quency domain on a received signal according to an estimated value of the
frequency offset to obtain the signal with frequency offset compensated.
The method and the receiver provided by the present invention m carrier
frequency recovery need only a frequency shift of the signal spectrum, re-
ducing the computation complexity dramatically thus the processing is
speed up and the resources needed are very much saved.
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METHOD FOR CARRIER FREQUENCY RECOVERY AND OPTICAL INTRADYNE
COHERENT RECEIVER

FIELD OF THE INVENTION

[0001] The present invention relates to signal reception, particular to signal reception

with coherent detection 1n a high speed optical transmission.

BACKGROUND

[0002] The statements 1n this section merely provide background information related to
the present disclosure and may not necessarily constitute prior art.

[0003] Optical coherent transmission attracts more and more interests for 1ts higher
performance over direct detection. In intradyne coherent optical transmission, the local laser
at the receiver side may not be able to track the frequency of the laser at the transmitter side.
S0 a carrier frequency offset occurs between both sides. This frequency offset results 1n a
middle-frequent envelop upon the received signal. This effect should be compensated using
digital signal processing (DSP) algorithm, in the receiver.

[0004] In the existing art (see for example Prior Art Documents [1], [2], [3], [4] and [5]),
the solution to compensate the carrier frequency offset 1s at first to estimate the frequency
offset and convert the frequency offset to phase offset of each sampled signal, then rotate the
signal with the estimated phase in the contrary direction. According to Prior Art Document [1]
the frequency offset 1s compensated through inverse rotation of the signal. The inverse
rotation 1s implemented in the time domain. For each sample signal, according to the latter
document the inverse rotation needs 4 real number multiplications, 3 addition, 1 modulo
operation, 1 shifting operation to be performed.

[0003] However, optical communication has large capacity, for example 40Gbit/s and
above. Even if quadrature phase shift keying (QPSK) plus polarization multiplexing is
employed, the symbol rate 1s still as high as 10Gsymbol/s. With such high speed, even a
simple multiplier turns to be a challenge for DSP. Prior Art Document [5] discloses a pre-
decision phase recovery for optical QPSK coherent receivers. The proposed method only uses
adder, subtractor, look up table, and some logical circuit, but no multiplier. Compared with
conventional 4th power method developed by Viterbi and Viterbi this method according to
Prior Art Document [5] requires reduced calculation time. However, in practice it seems not

to be easy to implement a simple receiver using such method.
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[0006] In addition to the carrier frequency offset, optical dispersion of the fiber causes
the transmitting signal being distorted. The receiver must compensate the distortion to
improve the signal quality to be correctly detected. Therefore 1n optical signal reception
systems equalization of optical reception signals 1s performed. Such equalization can for
example be chromatic dispersion compensation in order to compensate chromatic dispersion
and/or polarization mode dispersion compensation applied to equalize polarization mode
dispersion. In the existing art like Prior Art Document [6], compensation of frequency offset
and one ore more types of equalization including for example compensation of chromatic
dispersion are performed independently. According to Prior Art Document [6] 1n order to
perform optical distortion compensation filtering can be performed in the time domain or
using fast convolution techniques in the frequency domain in order to minimize the overall
DSP complexity. l.e., even if filtering in frequency domain requires pertorming convolution
like Fast Fourier Transform (FFT) and additionally inverse convolution like Inverse Fast
Fourier Transtorm (IFFT), depending on the filtering method such filtering in frequency
domain can require less calculation effort than performing a required filtering in time domain.
[0007] Performing several complicated compensations involves a complex receiver
structure,

[0008] Prior Art Documents:

[1] Digital phase estimator, digital phase locked loop and optical coherent receiver,

United States Patent Application Publication, No.:US 2008/0205905, Aug. 28, 2008;

[2] Apparatus and method for a carrier recovery, United States Patent Application
Publication, No.:US 2004/0091066, May 13, 2004;

[3] Phase estimation for coherent optical detection, United States Patent Application

Publication, No.:US 2006/0245766, Nov. 2, 2006;

[4] Wide-range, accurate and simple digital frequency offset compensator for optical

coherent receivers, OFC 2008;

[5] Multiplier-free phase recovery for optical coherent receivers, OFC 2008;

[6] Digital filters for coherent optical receivers, OPTICS EXPRESS, Jan. 2008, Vol. 16,
No. 2, pp. 804-817.
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SUMMARY
[0009] It 1s therefore a goal of the present invention to provide a solution for signal

reception with coherent detection in a high speed optical transmission requiring lower
complexity 1n optical coherent receivers.

[0010] This summary discloses several aspects and implementation forms of the present
invention according to which the above mentioned goal can be achieved, respectively.

[0011] According to a first aspect of the present invention, a method 1s provided for
carrier recovery in an optical coherent transmission system, in which at least one kind of
equalization of a received signal 1s performed in frequency domain, wherein the method
includes:

- performing a carrier frequency offset compensation in frequency domain on a received
signal according to an estimated value of the frequency offset;

- obtaining the signal with frequency offset compensated.

[0012] In order to transform the received signal into the frequency domain and in order to
transtform the frequency offset compensated signal into time domain several convolution
processes and 1nverse convolution processes are known to a person skilled in the related art.
Those processes include Fourler Transform (FT) including Fast Fourier Transtorm (FFT) and
Inverse Fourier Transtorm (IFT) including Inverse Fast Fourier Transtorm (IFFT). Therefore,
according to one implementation form of this first aspect pertorming a frequency offset
compensation in frequency domain on a recerved signal according to an estimated value of
the frequency offset may further include:

- carrying out a Fourier Transtorm, FT, on the signal to obtain a first spectrum of the signal;

- shifting the first spectrum of the signal by the estimated value of the frequency offset to
obtain a second spectrum of the signal 1n the frequency domain;

- carrying out an Inverse Fourier Transform, IFT, on the signal with the second spectrum.
[0013] According to one particular implementation form according to the first aspect the
equalization 1s performed 1n frequency domain after performing a carrier frequency offset
compensation in frequency domain. In such an embodiment, as equalization 1s performed on

the carrier frequency offset compensated signal an increase of performance of equalization 1s

enabled.
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[0014] According to one particular implementation form according to the first aspect the
equalization comprises polarization mode dispersion compensation and chromatic dispersion
compensation.

[0015] According to another particular implementation form according to the first aspect
the equalization comprises chromatic dispersion compensation.

[0016] According to another particular implementation form according to the first aspect
the equalization comprises polarization mode dispersion compensation and chromatic
dispersion compensation. According to a specific implementation form of the latter, the
equalization comprises both polarization mode dispersion compensation and chromatic
dispersion compensation and polarization mode dispersion compensation 1s performed after
chromatic dispersion compensation. In such an embodiment, as polarization mode dispersion
compensation 1s performed on the signal having chromatic dispersion compensated an
increase of performance of polarization mode dispersion compensation 1s enabled. As
mentioned above, the performance of both, chromatic dispersion compensation and
polarization mode dispersion compensation can under certain circumstances be even more
increased if chromatic dispersion compensation 1s performed 1n frequency domain after
performing a carrier frequency offset compensation in frequency domain and polarization
mode dispersion compensation 1s performed in frequency domain after performing chromatic
dispersion compensation.

[0017] According to a second aspect of the present invention, Optical coherent receiver 1s
provided, comprising: an equalization unit, adapted to perform at least one kind of optical
distortion compensation of a received signal 1n frequency domain; and a frequency offset
compensation unit, adapted to perform the frequency offset compensation in frequency
domain on a received signal according to an estimated value of the frequency offset to obtain
the signal with frequency offset compensated.

[0018] According to one particular implementation form according to the second aspect
the receiver further comprises: a Fourier Transtform, FT, unit, adapted to carry out Fourier
Transtorm, FT, on the signal to obtain a first spectrum of the signal; and an Inverse Fourier
Transtorm, IFT, unit, adapted to carry out an Inverse Fourier Transtform, IFT, on the signal
with the second spectrum.

[0019] According to a specific one of the latter implementation form the equalization unit
performs optical distortion compensation on the signal with the second spectrum before

sending the signal to the IFT unit.
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[0020] According to another particular implementation form according to the second
aspect the recerver comprises as frequency offset compensation unit a frequency shift unit,
adapted to shift the first spectrum of the signal by the estimated value of the frequency offset.
[0021] According to another particular implementation form according to the second
aspect the equalization unit comprises a polarization mode dispersion compensation unit
adapted to perform polarization mode dispersion compensation.

[0022] According to another particular implementation form according to the second
aspect the equalization unit comprises a chromatic dispersion compensation unit adapted to
perform chromatic dispersion compensation.

[0023] According to another particular implementation form according to the second
aspect the equalization unit comprises a polarization mode dispersion compensation unit
adapted to pertorm polarization mode dispersion compensation and a chromatic dispersion
compensation unit adapted to perform chromatic dispersion compensation.

[0024] According to a specific one of the latter implementation form the polarization
mode dispersion compensation unit 1s adapted to perform polarization mode dispersion

compensation after chromatic dispersion compensation has been performed.

BRIEF DESCRIPTION OF THE DRAWING(S)

[0025] The drawings described herein are for illustration purposes only and are not
intended to limit the scope of the present disclosure in any way.

[0026] Figure 1 1s a structure diagram of an optical coherent receiver of the prior art;
[0027] Figure 2 1s a structure diagram of an optical coherent receiver of an embodiment

of the present invention;

[0028] Figure 3 1s a structure diagram of an optical coherent receiver of another
embodiment of the present invention;

[0029] Figure 4 1s a structure diagram of an optical coherent receiver of another

embodiment of the present invention;

[0030] Figure 5 1s a structure diagram of an optical coherent receiver of another

embodiment of the present invention.

DETAILED DESCRIPTION

[0031] The following description 1s merely exemplary in nature and 1s not intended to

limit the present disclosure, application, or uses.
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[0032] Retference throughout this specification to "one embodiment,” "an embodiment,”
"specific embodiment,” or the like 1n the singular or plural means that one or more particular
features, structures, or characteristics described 1n connection with an embodiment 1s
included 1n at least one embodiment of the present disclosure. Thus, the appearances of the
phrases "in one embodiment” or "in an embodiment,” "in a specific embodiment,” or the like
in the singular or plural 1n various places throughout this specification are not necessarily all
referring to the same embodiment. Furthermore, the particular features, structures, or
characteristics may be combined in any suitable manner in one or more embodiments. In the
Figures as one example of an equalization unit a chromatic dispersion compensation unit 1S
shown. This chromatic dispersion compensation unit 1s however just one example and can be
replaced by any equalization unit performing any dispersion compensation on an optical
signal like chromatic dispersion compensation, polarization mode dispersion compensation or
both of them. Further, even if not shown 1n the figures, in some embodiments additional
dispersion compensation units can be arranged 1n both, the frequency domain and/or the time
domain at other locations 1n the signal flow.

[0033] According to exemplary embodiments of the present invention, a method for
carrier frequency recovery in optical transmission and an digital optical coherent receiver are
provided, which performs frequency offset compensation in the frequency domain on a signal
received according to an estimated value of the frequency offset to obtain the signal with the
frequency offset compensated.

[0034] For sampled signals, only shifting the spectrum of a block of sampled signals 1s
needed to compensate the frequency offset. That 1s to say, only a few shift operations are
needed instead of 4 multiplications, 3 additions, 1 modulo operation, 1 shift operation for just
one sample as 1n the existing art. Compensating frequency offset by shifting the spectrum
will reduce the computation complexity dramatically compared to traditional method. The
processing 1s speed up and the resources needed are very much saved.

[0035] Further, equalization like one or both of chromatic dispersion compensation and
polarization mode dispersion compensation may be performed on the signal after or before
performing the frequency offset compensation in the frequency domain, wherein even one of
the mentioned kinds of equalization on the signal may be performed in the time domain. Thus
the signal output 1s both frequency offset and optical dispersion compensated.

[0036] Figure 1 shows a structure diagram of an optical coherent receiver of the prior art.
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[0037] Suppose the optical coherent receiver receives a down-converted signal with

frequency offset, the signal 1s x(7) , having the spectrum X(®). The tlow of the optical

coherent receiver’s process may be as tollowing:

[0038] A Chromatic Dispersion Compensation unit 13 receives the signal, performs
chromatic dispersion compensation on the signal, outputs the signal to a timing recovery unit
15; the timing recovery unit 15 performs clock synchronization to the signal with chromatic
dispersion compensated, but still with the frequency oftset; a PMD compensation unit 16
obtains the signal from the timing recovery unit 15, pertorms PMD compensation to the
signal with chromatic dispersion compensated, but still with the frequency oftset; a Phase

Estimator unit 200 provides a phase shift A@I" and a Frequency offset estimator unit 17

provides an estimation value of frequency ottset A® 10 a Frequency offset compensation
unit 100 to compensate the frequency offset through inverse rotation of the signal, the inverse
rotation is implemented 1n time domain. For each signal sample, 4 real number
multiplications, 3 additions, 1 modulo operation, 1 shifting operation need to be performed.
The complex computation 1s a great burden to the receiver, and much resource needed when
performing the computation.

[0039] A Phase Compensation unit 300 obtains the signal from the frequency offset
compensation unit 100, pertorms the phase compensation, outputs the signal to a decision
unit 18 to output signal needed.

[0040] Figure 2 shows an embodiment of a structure diagram ot a digital optical coherent
recerver of the present invention. And a method for carrier frequency recovery 1s also
disclosed therein.

[0041] Suppose the digital optical coherent receiver receives a down-converted signal

with frequency offset, the signal 1s x(7), having the spectrum X(w). The flow of the optical

coherent receiver’s process may be as tollowing according to an embodiment of the present
invention:

[0042] A frequency offset compensation unit 110 receives the signal x(¢), performs

frequency otfset compensation in the frequency domain on the signal received according to
an estimated value of the frequency oftfset to obtain the signal with frequency offset
compensated, wherein the estimated value comes from a frequency offset estimator unit 17.
[0043] A Chromatic Dispersion Compensation unit 13 receives the signal with frequency

offset compensated from the frequency oftset compensation unit 110, pertorms chromatic
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dispersion compensation on the signal. The chromatic dispersion compensation may be
performed 1n time domain or frequency domain. Later process of other units may remain
unchanged.

10044 ] Thus the frequency and chromatic dispersion are compensated simultaneously or
consecutively, so that the impairments of frequency offset on the following blocks, like
timing recovery 15, PMD compensation unit 16 etc. are eliminated. This will improve the
over-all pertormance of the system.

[0045] Figures 3 to 5 shows embodiments of different combinations between frequency
offset compensation unit and chromatic dispersion compensation unit in an optical coherent
recerver of the present invention. And ditferent method tlows for carrier signal recovery 1is
also disclosed by these embodiments and figures 3 to S therein.

[0046] An embodiment of the present invention as shown in Figure 3 may be described as
following:

[0047] An FT unit 101, adapted to receive sampled signals and obtain spectrum of the

signals, and carry out Fourier Transtormation, FT, on x(f) to get spectrum X(@) of the
signal x(¢). The signal x(¢) 1s a sample signal output by an analogue/digital converter, ADC.

The FT for example, may be Fast Fourier Transtormation, FEFT. Besides Fast Fourier
Transtform Algorithm, FFT, other Fourier Transforms Algorithm may also be adopted to
implement the transtormation between time domain and frequency domain.

[0048] A frequency shift unit 102, adapted to shift X(w) according to an estimation of

frequency offset A to get signal in frequency domain with frequency

offset X(w) = X(w-A@d). The frequency offset is obtained from a feed-forward phase

estimator.

[0049] A chromatic dispersion compensation unit 103, adapted to pertorm chromatic

dispersion compensation on the signal from the frequency shift unit 102 by multiplying )A((a))

. . . . o — ’ — 7. 2 2
by a chromatic dispersion compensation function H ' (jw) =e 7 %)

[0050] An IFT unit 104, adapted to carry out Inverse Fourier Transtormation, IFT, on the

signal obtained from the chromatic dispersion compensation unit 103 to obtain signal x(7)
with frequency otffset compensated and chromatic dispersion compensated. Betore being

performed IFT, the signal may be X(w)H X jow) . The IFT may be Inverse Fast Fourier

Transformation 1f the FT unit 101 carries out Fast Fourier Transformation.
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[0051] The signal output to timing recovery unit 15 1s both frequency oftset compensated
and chromatic dispersion compensated.
[0052] According to this embodiment, suppose we have a down-converted signal with

frequency offset x(¢r) , having the spectrum X(®) . Further, estimated frequency offset

being A@, and phase shift at instant ¢ being A@r . Then phase shift compensation may be

described by x(¢) = x(¢)-e 7*“". According to the properties of FT, its spectrum may be

represented by X(w) = X(@ - A®) , which means just shifting the spectrum of x(7) by A®
delivers the spectrum of the compensated signal x(¢) . Therefore only a frequency shifting to

the signal spectrum is needed, which reduced the computation complexity dramatically
compared to traditional method thus the processing 1s speeded up and the needed resources
are saved. Further, frequency and chromatic dispersion are compensated consecutively or
simultaneously, so that the impairments of frequency otfset on the following blocks, like
timing recovery, PMD compensation etc. are eliminated greatly.

[0053] Figure 4 shows another combination of chromatic dispersion compensation unit
203 and FT unit 201, IFT unit 204, and frequency shifting unit 202. Also Figure 4 discloses
the corresponding method flow. Chromatic dispersion compensation on the signal is
performed after the signal is carried out by IFT. The frequency offset compensation is
pertormed 1n frequency domain while the chromatic dispersion compensation 1s performed 1n
time domain. From description above and with the help of figure 4, the person skilled in the
art would derive without any difficulty the signal flow changes compare to Figure 2 to 3.
[0054] Figure 5 shows another combination of chromatic dispersion compensation unit
403 and FT unit 401, IFT unit 404, and frequency shifting unit 402. The chromatic dispersion

compensation 1s performed betore shifting X(@) according to an estimation of frequency
offset A4 by the trequency shitt unit 402, after carrying out Fourier Transtormation, FT, on
x(1) to get spectrum X(w) of the signal x(7) . Both frequency ottset compensation and

chromatic dispersion compensation are pertormed in the frequency domain. From description
above and with the help of figure 5, the person skilled in the art would derive without any
difficulty the signal flow changes compare to Figure 2 to 4.

[00535] Though 1llustration and description of the present disclosure have been given with
reterence to preterred embodiments thereot, it should be appreciated by persons of ordinary
skill 1n the art that various changes in forms and details can be made without deviation from

the scope of this disclosure being defined by the appended claims.
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CLAIMS

1. Method for carrier frequency recovery in an optical coherent transmission system, in
which at least one kind of equalization of a received signal 1s performed in frequency domain,

the method comprising:

performing a frequency offset compensation in frequency domain on a received signal

according to an estimated value of the frequency oftset;
obtaining the signal with the frequency offset compensated.

2. Method of claim 1, wherein the equalization comprises at least one of polarization

mode dispersion compensation and chromatic dispersion compensation.

3. Method of claim 1 or 2, wherein equalization 1s performed in frequency domain after

shifting the received signal in frequency domain.

4. Method of claim 2 or 3, wherein the equalization comprises both polarization mode
dispersion compensation and chromatic dispersion compensation and wherein polarization

mode dispersion compensation being performed after chromatic dispersion compensation.
5. Optical coherent receiver, comprising:

an equalization unit (13, 103, 203, 403), adapted to pertorm at least one kind ot optical

distortion compensation of a received signal in frequency domain;

a frequency oftset compensation unit (110), adapted to pertorm the frequency ottset
compensation in frequency domain on a received signal according to an estimated value of

the frequency oftset to obtain the signal with frequency offset compensated.
6. Receiver of claim 5, further comprising:

a Fourier Transtorm, FT, unit (101, 201, 401), adapted to carry out Fourier Transtorm,

F'T, on the signal to obtain a first spectrum of the signal;
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as frequency offset compensation unit (110) a frequency shift unit (102, 202, 402),
adapted to shift the first spectrum of the signal by the estimated value of the frequency offset

to obtain a second spectrum of the signal in the frequency domain;

an Inverse Fourier Transtorm, IFT, unit (104, 204, 404), adapted to carry out an Inverse

Fourier Transtorm, IFT, on the signal with the second spectrum.

7. Receiver of claim 6, wherein the equalization unit (13, 103, 203, 403) pertorms
optical distortion compensation on the signal with the second spectrum betore sending the

signal to the IFT unit (104).

3. Receiver of claim 6 or 7, wherein the equalization unit (13, 103, 203, 403) comprises
at least one of a polarization mode dispersion compensation unit adapted to perform
polarization mode dispersion compensation and a chromatic dispersion compensation unit

adapted to pertorm chromatic dispersion compensation.

9. Receiver of claim 8, wherein the equalization unit (13, 103, 203, 403) comprises both
a polarization mode dispersion compensation unit and a chromatic dispersion compensation
unit and wherein polarization mode dispersion compensation unit being adapted to perform
polarization mode dispersion compensation atter chromatic dispersion compensation has

been performed.
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