12 United States Patent

US009270381B2

(10) Patent No.: US 9,270,381 B2

Youn et al. 45) Date of Patent: Feb. 23, 2016
(54) METHOD AND APPARATUS FOR USPC e, 398/181, 49, 48, 81
TRANSMITTING AND RECEIVING See application file for complete search history.
COHERENT OPTICAL OFDM (56) References Cited

(75) Inventors: Chun Ju Youn, Daejeon (KR);
Yong-Hwan Kwon, Da¢jeon (KR); Duk
Jun Kim, Daejeon (KR); Jong-Hoi
Kim, Daejeon (KR); Joong-Seon Choe,
Daejeon (KR); Kwang-Seong Choi,
Daejeon (KR); Eun Soo Nam, Daejeon
(KR)

(73) Assignee: ELECTRONICS AND
TELECOMMUNICATIONS
RESEARCH INSTITUTE, Dagjeon
(KR)

( *) Notice: Subject to any disclaimer, the term of this
patent 1s extended or adjusted under 35

U.S.C. 134(b) by 364 days.
(21) Appl. No.: 13/301,814
(22) Filed: Nov. 22, 2011

(65) Prior Publication Data
US 2012/0155887 Al Jun. 21, 2012

U.S. PATENT DOCUMENTS

7,447,436 B2* 11/2008 Yeeetal. ........cccooeeereennn. 398/95
2003/0193705 Al1* 10/2003 Andersonetal. ............. 359/237
(Continued)

FOREIGN PATENT DOCUMENTS

EP 2207316 Al 7/2010
KR 2007-0014583 A 2/2007
OTHER PUBLICATIONS

Coherent optical 25.8-Gb/s OFDM transmission over 4160-Km
SSMEF, Journal of lightwave technology vol. 26. Jan. 2008 Sander L.
Jansen.*

(Continued)

Primary Examiner — Ken Vanderpuye
Assistant Examiner — Mina Shalaby
(74) Attorney, Agent, or Firm — Rabin & Berdo, P.C.

(57) ABSTRACT

Disclosed are a method and an apparatus for transmitting and
receiving coherent optical OFDM. The apparatus includes: a
transmitted OFDM digital signal processing unit outputting
an m-phase (I) component digital signal and a quadrature

(30) Foreign Application Priority Data phase (QQ) component digital signal; a digital-analog con-
verter converting the in-phase (I)-component digital signal
Dec. 17j 2010 (KR) ........................ 10'2010'0129923 and the quadrature_phase (Q)_Component dlgltal Signal 1111:0
an m-phase (I)-component analog signal and a quadrature-
(31) Int. Cl. phase (QQ)-component analog signal, respectively; an adder
HO04b 10/06 (2006.01) adding an additional pilot tone signal to each of the in-phase
HO04B 10/04 (2006.01) (I)-component analog signal and the quadrature-phase (Q)-
(Continued) component analog signal outputted tfrom the digital-analog
converter; and an optical I/QQ modulator up-converting the
(52) US. CL in-phase (I)-component analog signal added with the addi-
CPC .......... HO4B 10/548 (2013.01); HO4B 1070775 t11onal pi]o‘[ tone signa] and the quadrature-phase (Q)-compo-
(2013.01); HO4B 10/588 (2013.01); nent analog signal added with the additional pilot tone signal
(Continued) to an optical domain to output a coherent optical OFDM
signal including the additional pilot tone signal.
(58) Field of Classification Search
CPC HO4B 10/5053 11 Claims, 7 Drawing Sheets
310 390)
Lo ]
DAC l 35()
330 /
TRANSMITTED / FIRST OPTICALI/Q
LIGHT SOURCE -—
OFDM DSP | MODULATOR R
) I ¢
DAC 370
Q / \_ |SECOND OPTICALI/Q| /
320 MODULATOR

340

g,) 3860



US 9,270,381 B2

Page 2

(51) Int.CL 2009/0324226 Al* 12/2009 Buchalietal. ................. 398/76
HO04B 10/548 (2013.01) 2010/0329683 Al* 12/2010 Liu ..ooooveeiiiiiiiiieinnnnn, 398/81
HO04B 10/077 (2013.01) 2012/0063768 Al* 3/2012 Kmmetal. ........coccooooeen. 398/25
HO4B 10/588 (2013.01) 2013/0101290 Al* 4/2013 Anandarajah etal. .......... 398/49
HO4B 10/61 (2013.01)
HO4L 2720 (2006.01) OTHER PUBLICATIONS
HO4L 27/26 (2006.01) o _ |

(52) U.S.Cl Communication Systems by Simon Haykin, 1976.*
CpPC .......... HO04B10/613 (2013.01); HO4B 10/6165

(2013.01); HO4L 27/2096 (2013.01); HO4L
27/2613 (2013.01); HO4L 27/2657 (2013.01);
HO4L 27/2675 (2013.01); HO4L 27/2692
(2013.01); HO4L 27/2697 (2013.01)

(56) References Cited
U.S. PATENT DOCUMENTS

2007/0086533 Al 4/2007 Lindh

Sander L. Jansen et al., “Coherent Optical 25.8-Gb/s OFDM Trans-
mission Over 4160-km SSMF”, Journal of Lightwave Technology,
vol. 26, No. 1, pp. 6-15, Jan. 1, 2008.

Xingwen Y1 et al., “Phase Estimation for Coherent Optical OFDM”,
IEEE Photonics Technology Letters, vol. 19, No. 12, pp. 919-921,
Jun. 15, 2007.

* cited by examiner



U.S. Patent Feb. 23, 2016 Sheet 1 of 7 US 9,270,381 B2

110

= H""\-._____.-'

e e —— —— ———————-.—

S |
®

\/ FREQUENCY

120
FIG. 1



U.S. Patent Feb. 23, 2016 Sheet 2 of 7 US 9,270,381 B2

210 220

S
hﬂ 230

TRANSMITTED -
OFDM DSP | |LIGHT SOURCE }—] OV HCALL/Q Y
MODULATOR
750
T 240
Q 230
920

FI1G. 2




US 9,270,381 B2

¢ Dld

Sheet 3 of 7

JOLVINAON
O/1TVILLJIO 1SdId

\ A

04¢

Feb. 23, 2016

HOANOS LHOI']

U.S. Patent

dSd NAJO
A LLINSNV L




US 9,270,381 B2

Sheet 4 of 7

Feb. 23, 2016

U.S. Patent

v Old
1y
" :
_ _ 010
dJSANAIO|, | Ay, ATIIAH
ATATIOHA m m TVIILLAO
N B H—SQQH
0¥ ¥ 454 x
0T¥



US 9,270,381 B2

§ DId

Sheet S of 7

- m
= dsd INA4O|_ | ATM9AH
o AIAIEDTN | | TVOLLIO
= |
T B
0¥ VeV 0eY  TeV 1cy Ocy \ X

U.S. Patent



U.S. Patent Feb. 23, 2016 Sheet 6 of 7 US 9,270,381 B2

(" START )

v

CONVERT IN-PHASE (I) COMPONENT DIGITAL SIGNAL

AND QUADRATURE PHASE (Q) COMPONENT DIGITAL |S610
SIGNAL INTO IN-PHASE (I) COMPONENT ANALOG

SIGNAL AND QUADRATURE PHASE (Q) COMPONENT

ANALOG SIGNAL, RESPECTIVELY

Y

ADD ADDITIONAL PILOT TONE SIGNAL TO EACH OF
IN-PHASE (I)-COMPONENT ANALOG SIGNAL AND
QUADRATURE-PHASE (Q)-COMPONENT
ANALOG SIGNAL

-5620

Y

UP-CONVERT IN-PHASE (I)-COMPONENT
ANALOG SIGNAL ADDED WITH ADDITIONAL PILOT
TONE SIGNAL AND QUADRATURE-PHASE
(Q)-COMPONENT ANALOG SIGNAL ADDED WITH S630)
ADDITIONAL PILOT TONE SIGNAL TO OPTICAL

RANGE TO GENERATE AND TRANSMIT COHERENT
OPTICAL OFDM SIGNAL INCLUDING
ADDITIONAL PILOT TONE SIGNAL

( END )

FIG. 6




U.S. Patent Feb. 23, 2016 Sheet 7 of 7 US 9,270,381 B2

C STTRT)

GENERATE IN-PHASE (I) COMPONENT ANALOG
SIGNAL AND QUADRATURE PHASE (Q)
COMPONENT ANALOG SIGNAL BY OPTICALLY
DOWN-MODULATING RECEIVED COHEREN'T 5710)
OPTICAL OFDM SIGNAL

CONVERT IN-PHASE (I)-COMPONENT ANALOG
SIGNAL AND QUADRATURE-PHASE
(Q)-COMPONENT ANALOG SIGNAL INTO IN-PHASE
(I) COMPONENT DIGITAL SIGNAL AND 5720
QUADRATURE PHASE (Q) COMPONENT DIGITAL
SIGNAL, RESPECTIVELY

SEPARATE OFDM DATA AND ADDITIONAL PILOT
TONE SIGNAL FROM EACH OF IN-PHASE
(I)-COMPONENT DIGITAL SIGNAL AND
QUADRATURE-PHASE (Q)-COMPONENT DIGITAL _.§730)
SIGNAL AND MULTIPLY SEPARATED OFDM DATA
AND ADDITIONAL PILOT TONE SIGNAL BY
CONJUGATE COMPLEX NUMBER TO GENERATE
OFDM SIGNAL IN WHICH PHASE
NOISE IS COMPENSATED

DEMODULATE OFDM SIGNAL IN WHICH PHASE
NOISE IS COMPENSATED INTO ORIGINAL 5740
OFDM SIGNAL




US 9,270,381 B2

1

METHOD AND APPARATUS FOR
TRANSMITTING AND RECEIVING
COHERENT OPTICAL OFDM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s based on and claims priority from

Korean Patent Application No. 10-2010-0129923, filed on
Dec. 17, 2010, with the Korean Intellectual Property Office,
the present disclosure of which 1s mncorporated herein 1n its
entirety by reference.

TECHNICAL FIELD

The present disclosure relates to a method for compensat-
ing for phase noise in coherent optical OFDM, and more
particularly, to a method and an apparatus for transmitting,
and receiving coherent optical OFDM that compensate for
phase noise of an OFDM data subcarrier by applying an
additional pilot tone to a low-1Irequency band or a high-fre-
quency band where no OFDM data subcarrier exists in an
OFDM band, and estimating a phase of the additional pilot
tone and multiplying the OFDM data subcarrier by a complex
conjugate of the estimated phase.

BACKGROUND

An optical OFDM technique which applies an OFDM
technique to optical communication 1s evaluated as a tech-
nique that has large tolerance 1n elements deteriorating an
optical signal quality, such as chromatic dispersion and polar-
ization mode dispersion ol an optical fiber and can easily
compensate for the chromatic dispersion and polarization
mode dispersion 1n a recerver. Therefore, various researches
into the optical OFDM technique have been performed.

An orthogonal frequency division multiplexing (OFDM)
technique 1s a communication techmque that allocates a plu-
rality of subcarriers perpendicular to each other and transmits
data through each of the subcarriers at a relatively low symbol
rate 1n order to transmit a signal at a high transmission speed.
The OFDM communication technique as a technique that can
cope with multiple fading efiects with high spectrum efli-
ciency has been generally used 1n WiMAX, Wireless LAN,
ADSL, a digital radio and video broadcasting system.

Meanwhile, 1n a coherent optical OFDM, a laser beam of a
local oscillator having relatively large power and a recerved
signal interfere with each other to be down-converted and are
converted ito an electrical signal by an optical detector.
Phase noise of the laser used during the above process may
have a large influence on system performance. Since the
symbol rate 1n the OFDM system 1s much lower than that of
a single carrier system, the OFDM signal may be influenced
much more by the phase noise and phase noise compensation
requirements may also be more strict. In order to compensate
for the influence by the phase noise of the laser, several
methods including a method of using OFDM pilot subcarriers
and a method using an RF pilot tone are presented.

One method adopts a method of using pilot subcarriers in
an OFDM symbol 1n order to compensate for phase noise of
a transmitter and a receiver i the coherent optical OFDM
(“Phase Estimation for Coherent Optical OFDM”, IEEE Pho-
tonics Technology Letters, Vol. 19, No. 12, pp. 919-921,
2007). In this method, several pilot subcarniers are allocated
in addition to the OFDM data subcarriers in an OFDM sym-
bol spectrum and phases of the pilot subcarriers are estimated
in the receiver. A phase estimating method using the pilot
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subcarrier uses a plurality of parallel subcarriers in the
OFDM system and 1s difficult to be implemented 1n the gen-

eral single carrier system. Phase variation estimated 1n one
OFDM symbol represents an average value of differences 1n
the received phase and the transmitted phase in the pilot
subcarriers. Therefore, by multiplying recerved OFDM data
by a complex conjugate of an estimated phase variation,
phase noise of the received OFDM data 1s compensated. In
this method, since 1t 1s assumed that the phase variation 1s
uniform 1 one OFDM symbol, performance deteriorates
when noise 1s generated by rapid phase vanation.

Another method adopts a method of compensating phase

noise by adding an RF-pilot tone to a middle part (DC) of the
OFDM band 1n the transmitter (“Coherent Optlcal 25.8-Gb/s

OFDM Transmission Over 4160-km SSMEF,” IEEE Journal of
Lightwave Technology Letter, vol. 26, no. 1 , pp. 6-15, 2008).
Since the RF-pilot tone 1s distorted 1n the completely same
manner as an OFDM signal by the phase noise, distortion of
the OFDM signal can be compensated. In the method of
compensating the phase noise by adding the RF pilot tone,
since the RF pilot tone 1s positioned at the center (DC) of the
OFDM signal, additional bandwidth or hardware 1s not
required. Further, since phase noise 1s compensated 1n each
received sample, the non-uniform phase variation during one
OFDM symbol can be compensated.

The present disclosure provides a method of adding the
additional pilot tone to not the DC but a frequency range
without the OFDM data subcarriers in the OFDM band and
compensating for the phase noise per sample unlike the
method using the pilot subcarrier among the OFDM data
subcarriers.

SUMMARY

The present disclosure has been made 1n an effort to pro-
vide amethod and an apparatus for transmitting and recerving
coherent optical OFDM that add an additional pilot tone to
not a DC but a frequency range without OFDM data subcar-
riers 1n an OFDM band and compensate for phase noise per
sample unlike a method using a pilot subcarrier among the
OFDM data subcarriers.

An exemplary embodiment of the present disclosure pro-
vides an apparatus for transmitting coherent optical OFDM,
including: a transmitted OFDM digital signal processing unit
outputting an in-phase (I) component digital signal and a
quadrature phase (QQ) component digital signal; a digital-
analog converter converting the in-phase (I)-component digi-
tal signal and the quadrature-phase (QQ)-component digital
signal into an 1n-phase (I)-component analog signal and a
quadrature-phase (Q)-component analog signal, respec-
tively; an adder adding an additional pilot tone signal to each
of the m-phase (I)-component analog signal and the quadra-
ture-phase (Q)-component analog signal outputted from the
digital-analog converter; and an optical I/QQ modulator up-
converting the in-phase (I)-component analog signal added
with the additional pilot tone signal and the quadrature-phase
(QQ)-component analog signal added with the additional pilot
tone signal to an optical domain to output a coherent optical
OFDM signal including the additional pilot tone signal.

Another exemplary embodiment of the present disclosure
provides an apparatus for transmitting coherent optical
OFDM, including: a transmitted OFDM digital signal pro-
cessing unit outputting an in-phase (I) component digital
signal and a quadrature phase ((Q) component digital signal; a
digital-analog converter converting the in-phase (I)-compo-
nent digital signal and the quadrature-phase (Q)-component
digital signal into an in-phase (I)-component analog signal
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and a quadrature-phase (Q)-component analog signal,
respectively; a first optical 1/(Q modulator up-converting the
in-phase (I)-component analog signal and the quadrature-
phase (Q)-component analog signal outputted from the digi-
tal-analog converter to an optical domain to output a coherent
optical OFDM signal; a second optical I/QQ modulator up-
converting an applied additional pilot tone signal to the opti-
cal domain to output an additional optical pilot tone signal;
and an optical coupler outputting the coherent optical OFDM
signal including an additional pilot signal by optically cou-
pling the coherent optical OFDM signal and the additional
optical pilot tone signal with each other.

Yet another exemplary embodiment of the present disclo-
sure provides an apparatus for receiving coherent optical
OFDM, including: an optical down-converting unit output-
ting an in-phase (I)-component analog signal and a quadra-
ture-phase (QQ)-component analog signal by optically down-
converting a coherent optical OFDM signal; an analog-digital
converter converting the i-phase (I)-component analog sig-
nal and the quadrature-phase (QQ)-component analog signal
into an in-phase (I)-component digital signal and a quadra-
ture-phase (Q)-component digital signal, respectively; a
phase noise compensation digital signal processing unit sepa-
rating OFDM data and an additional pilot tone signal from
cach of the in-phase (I)-component digital signal and the
quadrature-phase (Q)-component digital signal outputted
from the analog-digital converter and multiplying the sepa-
rated OFDM data by a complex conjugate of additional pilot
tone signal to output an OFDM signal 1n which phase noise 1s
compensated; and a received OFDM data signal processing
unit demodulating the OFDM signal 1n which phase noise 1s
compensated.

Still another exemplary embodiment of the present disclo-
sure provides a method for transmitting coherent optical
OFDM, including: converting an in-phase (I) component
digital signal and a quadrature phase (QQ) component digital
signal into an 1n-phase (I) component analog signal and a
quadrature phase (QQ) component analog signal, respectively;
adding an additional pilot tone signal to each of the imn-phase
(I)-component analog signal and the quadrature-phase (Q)-
component analog signal; and up-converting the in-phase
(I)-component analog signal added with the additional pilot
tone signal and the quadrature-phase (QQ)-component analog
signal added with the additional pilot tone signal to an optical
domain to generate and transmit a coherent optical OFDM
signal including the additional pilot tone signal.

Still yet another exemplary embodiment of the present
disclosure provides a method for receiving coherent optical
OFDM, including: generating an in-phase (I) component ana-
log signal and a quadrature phase ((Q) component analog
signal by optically down-converting a recerved coherent opti-
cal OFDM signal; converting the in-phase (I)-component
analog signal and the quadrature-phase (Q)-component ana-
log signal 1into an in-phase (I) component digital signal and a
quadrature phase ((Q) component digital signal, respectively;
separating OFDM data and an additional pilot tone signal
from each of the in-phase (I)-component digital signal and the
quadrature-phase (Q)-component digital signal and multiply-
ing the separated OFDM data by a complex conjugate of
additional pilot tone signal to generate an OFDM signal 1n
which phase noise 1s compensated; and demodulating the
OFDM signal in which phase noise 1s compensated.

As described above, according to the exemplary embodi-
ments of the present disclosure, by providing a method and an
apparatus for transmitting and receirving coherent optical
OFDM that compensate phase noise per sample by applying
a separate additional pilot carrier without using OFDM pilot
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carriers, the phase noise can be efficiently compensated even
in a OFDM system using a light source with wide linewidth.

By providing the method and apparatus for transmitting
and recerving coherent optical OFDM that can apply an addi-
tional pilot tone of double-side band or a single-side band to
a low-1requency or high-frequency range, phase noise of a
laser can be efficiently compensated, and the method and
apparatus can be applied to compensation of a frequency
olfset between a transmission light source and a light source
of a local oscillator.

The foregoing summary i1s illustrative only and is not
intended to be 1n any way limiting. In addition to the 1llustra-
tive aspects, embodiments, and features described above, fur-
ther aspects, embodiments, and features will become appar-
ent by reference to the drawings and the following detailed
description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a conceptual diagram for describing a method for
compensating phase noise in coherent optical OFDM.

FIG. 2 1s a diagram showing a schematic configuration of
an internal part of an apparatus for transmitting coherent
optical OFDM according to a first exemplary embodiment of
the present disclosure.

FIG. 3 1s a diagram showing a schematic configuration of
an internal part of an apparatus for transmitting coherent
optical OFDM according to a second exemplary embodiment
of the present disclosure.

FIG. 4 1s a diagram showing a schematic configuration of
an mternal part of an apparatus for receiving coherent optical
OFDM according to a third exemplary embodiment of the
present disclosure.

FIG. 5 1s a diagram showing a schematic configuration of
an internal part of an apparatus for recerving coherent optical
OFDM according to a fourth exemplary embodiment of the
present disclosure.

FIG. 6 1s a flowchart showing a method for transmitting,
coherent optical OFDM according to a fifth exemplary
embodiment of the present disclosure.

FI1G. 71s a flowchart showing a method for receiving coher-
ent optical OFDM according to a sixth exemplary embodi-
ment of the present disclosure.

DETAILED DESCRIPTION

In the following detailed description, reference 1s made to
the accompanying drawing, which form a part hereof. The
illustrative embodiments described in the detailed descrip-
tion, drawing, and claims are not meant to be limiting. Other
embodiments may be utilized, and other changes may be
made, without departing from the spirit or scope of the subject
matter presented here.

FIG. 1 1s a conceptual diagram for describing a method for
compensating phase noise in coherent optical OFDM.

Referring to FIG. 1, 1n the method for compensating phase
noise in coherent optical OFDM according to an exemplary
embodiment of the present disclosure, an additional pilot tone
signal 120 1s applied to a low-frequency band or a high-
frequency band without an OFDM data subcarrier 110 1n a
bandwidth. Herein, additional pilot tone signal 120 may be a
double side band (DSB) signal or a single side band (SSB)
signal. Since additional pilot tone signal 120 1s influenced by
phase noise such as OFDM data subcarrier 110, a receiver
estimates a phase of additional pilot tone signal 120 and
OFDM data subcarrier 110 1s multiplied by a complex con-
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jugate of the estimated phase to thereby compensate the phase
noise of OFDM data subcarrier 110.

FI1G. 2 1s a diagram showing a schematic configuration of
an internal part of an apparatus for transmitting coherent
optical OFDM according to a first exemplary embodiment of
the present disclosure.

Referring to FIG. 2, the apparatus for transmitting coherent
optical OFDM according to the first exemplary embodiment
of the present disclosure includes a transmitted OFDM digital
signal processing unmt (hereinafter, referred to as a ‘transmit-
ted OFDM DSP’) 210, a digital-analog converter (hereinaftter,
referred to as a ‘DAC’) 220, an adder 230, an optical 1/Q)
modulator 240, and a light source 250.

Transmitted OFDM DSP 210 generates a transmitter’s
baseband OFDM signal, that 1s, an in-phase (I) component
digital signal and a quadrature phase ((Q) component digital
signal.

DAC 220 converts the in-phase (I)-component digital sig-
nal and the quadrature-phase (Q)-component digital signal
outputted from transmitted OFDM DSP 210, into an in-phase
(I)-component analog signal and a quadrature-phase (Q)-
component analog signal, respectively.

Adder 230 adds an additional pilot tone signal to each of
the in-phase (I)-component analog signal and the quadrature-
phase (Q)-component analog signal outputted from DAC
220.

Optical 1/Q modulator 240 up-converts the in-phase (I)-
component analog signal added with the additional pilot tone
signal and the quadrature-phase (Q)-component analog sig-
nal added with the additional pilot tone signal to an optical
domain by using an optical signal supplied from light source
250 to output a coherent optical OFDM signal including the
additional pilot tone signal.

FIG. 3 1s a diagram showing a schematic configuration of
an internal part of an apparatus for transmitting coherent
optical OFDM according to a second exemplary embodiment
of the present disclosure.

Referring to FIG. 3, the apparatus for transmitting coherent
optical OFDM according to the second exemplary embodi-
ment of the present disclosure includes a transmitted OFDM
DSP 310, a DAC 320, a light source 330, a light splitter 340,
a first optical I/QQ modulator 350, a second I'QQ modulator 360,
and an optical coupler 370.

Transmitted OFDM DSP 310 generates a transmitter’s
baseband OFDM signal, that 1s, an in-phase (I) component
digital signal and a quadrature phase (QQ) component digital
signal.

DAC 320 converts the in-phase (I)-component digital sig-
nal and the quadrature-phase (QQ)-component digital signal
outputted from transmitted OFDM DSP 310, into an in-phase
(I)-component analog signal and a quadrature-phase (Q)-
component analog signal, respectively.

Light splitter 340 splits an optical signal supplied form
light source 330 and provides the split optical signals to first
optical I/QQ modulator 350 and second optical I/QQ modulator
360.

First optical I/Q modulator 350 up-converts an in-phase
(I)-component analog signal and a quadrature-phase (Q)-
component analog signal outputted from DAC 320 to an
optical domain by using the optical signal split by optical
splitter 340 to output a coherent optical OFDM signal.

Second optical I/QQ modulator 360 up-converts the applied
additional pilot tone signal to an optical domain by using the
optical signal split by optical splitter 340 to output an addi-
tional pilot tone optical signal.

Optical coupler 370 outputs the coherent optical OFDM
signal including the additional pilot tone signal by optically

5

10

15

20

25

30

35

40

45

50

55

60

65

6

coupling the coherent optical OFDM signal and the addi-
tional pilot tone optical signal.

FIG. 4 1s a diagram showing a schematic configuration of
an internal part of an apparatus for recerving coherent optical
OFDM according to a third exemplary embodiment of the
present disclosure.

Referring to FIG. 4, the apparatus for receiving coherent
optical OFDM according to the third exemplary embodiment
ol the present disclosure includes an optical down-converting
unit 410, an analog-digital converter (hereinaiter, referred to
as an ‘ADC’) 420, a phase noise compensation digital signal
processing unit (hereinafter, referred to as a ‘phase noise
compensation DSP’) 430, and a recerved OFDM digital sig-
nal processing unit (hereinafter, referred to as a ‘receirved
OFDM DSP’) 440.

Optical down-converting unit 410 outputs an m-phase (I)-
component analog signal and a quadrature-phase (QQ)-com-
ponent analog signal by optically down-converting a coherent
optical OFDM signal. To this end, optical down-converting
unit 410 may include an optical hybrid 412 outputting the
coherent optical OFDM signal into an in-phase (I)-compo-
nent optical signal and a quadrature-phase (Q)-component
optical signal and an optical detector (B-PD) 414 optically
down-converting the m-phase (I)-component optical signal
and the quadrature-phase (QQ)-component optical signal.

ADC 420 converts the in-phase (I)-component analog sig-
nal and the quadrature-phase (QQ)-component analog signal
into an in-phase (I)-component digital signal and a quadra-
ture-phase (Q)-component digital signal, respectively.

Phase noise compensation DSP 430 separates OFDM data
and an additional pilot tone signal from each of the in-phase
(I)-component digital signal and the quadrature-phase (Q)-
component digital signal outputted from ADC 420 and mul-
tiplies the separated OFDM data by complex conjugate of
additional pilot tone signal to output an OFDM signal 1n
which phase noise 1s compensated. To this end, phase noise
compensation DSP 430 may include a high-pass filter (HPF)
431, a low-pass filter (LPF) 432, a complex conjugate num-
berer 433, and a multiplier 434. In the exemplary embodiment
of the present disclosure, when a high-frequency additional
pilot tone signal 1s used, high-pass filter 431 1s substituted
with the low-pass filter and low-pass filter 432 1s substituted
with the high-pass filter.

Receitved OFDM DSP 440 demodulates the OFDM signal
in which phase noise 1s compensated.

FIG. 5 1s a diagram showing a schematic configuration of
an mternal part of an apparatus for receiving coherent optical
OFDM according to a fourth exemplary embodiment of the
present disclosure.

Referring to FIG. 3, internal components of the apparatus
for receiving coherent optical OFDM according to the fourth
exemplary embodiment of the present disclosure are the same
components as the apparatus for receiving coherent optical
OFDM of FIG. 4, but high-pass filter 431 and low-pass filter
432 for separating the OFDM data and the additional pilot
tone signal are configured by not digital filters but analog
filters. Theretfore, high-pass filter 431 and low-pass filter 432
configured by the analog filters may be positioned at a pre-
ceding stage of ADC 420.

FIG. 6 1s a flowchart showing a method for transmitting
coherent optical OFDM according to a fifth exemplary
embodiment of the present disclosure.

Referring to FIG. 6, an 1n-phase (I)-component digital
signal and a quadrature-phase (QQ)-component digital signal
are converted into an 1n-phase (I)-component analog signal
and a quadrature-phase (Q)-component analog signal,
respectively (5610).
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An additional pilot tone signal 1s added to each of the
in-phase (I)-component analog signal and the quadrature-
phase (Q)-component analog signal (S620). Herein, the addi-
tional pilot tone signal 1s present 1n a low-frequency or high-
frequency band which 1s not overlapped with one or more
OFDM data subcarrier bands and the additional pilot tone
signal may be a double-side band (DSB) signal or a single-
side band (SSB) signal.

The 1in-phase (I)-component analog signal added with the

additional pilot tone signal and the quadrature-phase (Q)-
component analog signal added with the additional pilot tone
signal are up-converted to an optical domain to generate and
transmit a coherent optical OFDM signal including the addi-
tional pilot tone signal (5630).

FI1G. 7 1s a flowchart showing a method for recerving coher-
ent optical OFDM according to a sixth exemplary embodi-
ment of the present disclosure.

Referring to FIG. 7, a received coherent optical OFDM
signal 1s optically down-converted to generate an in-phase
(I)-component analog signal and a quadrature-phase (Q)-
component analog signal (S710).

The m-phase (I)-component analog signal and the quadra-
ture-phase (Q)-component analog signal are converted into
an in-phase (I)-component digital signal and a quadrature-
phase (Q)-component digital signal, respectively (8720).

OFDM data and an additional pilot tone signal are sepa-
rated from each of the in-phase (I)-component digital signal
and the quadrature-phase (Q)-component digital signal and
the separated OFDM data are multiplied by a complex con-
jugate ol additional pilot tone to generate an OFDM signal in
which phase noise 1s compensated (S730).

The OFDM signal 1n which phase noise 1s compensated 1s
demodulated 1n the original OFDM digital signal processing
(S740).

From the foregoing, it will be appreciated that various
embodiments of the present disclosure have been described
herein for purposes of illustration, and that various modifica-
tions may be made without departing from the scope and
spirit of the present disclosure. Accordingly, the various
embodiments disclosed herein are not intended to be limiting,
with the true scope and spirit being indicated by the following,
claims.

What 1s claimed 1s:

1. An apparatus for transmitting coherent optical OFDM,

comprising;

a transmitted OFDM digital signal processing unit output-
ting an in-phase (I) component digital signal and a
quadrature phase (QQ) component digital signal;

a digital-analog converter converting the in-phase (I)-com-
ponent digital signal and the quadrature-phase (Q)-com-
ponent digital signal into an in-phase (I)-component
analog signal and a quadrature-phase (Q)-component
analog signal, respectively;

an adder adding an additional pilot tone signal to each of
the in-phase (I) component analog signal and the
quadrature-phase (QQ)-component analog signal output-
ted from the digital-analog converter;

an optical 1/QQ modulator up-converting the n-phase (I)-
component analog signal added with the additional pilot
tone signal and the quadrature-phase (Q)-component
analog signal added with the additional pilot tone signal
to an optical domain to output a coherent optical OFDM
signal including the additional pilot tone signal;

wherein an OFDM subcarrier band 1s above or below a
frequency which 1s centered on a DC component,
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wherein the additional pilot tone signal 1s present 1n a low
frequency or high-frequency band which 1s not over-
lapped with one or more OFDM data subcarrier bands,
and

wherein a phase of the additional pilot tone signal 1s esti-
mated at a recetver and an OFDM data subcarrier is
multiplied by a complex conjugate of the estimated
phase to compensate a phase noise of the OFDM data
subcarrier.

2. The apparatus of claim 1,
wherein the additional pilot tone signal may be a double
side band (DSB) signal or a single side band (SSB)

signal.

3. An apparatus for transmitting coherent optical OFDM,

comprising:

a transmitted OFDM digital signal processing unit output-
ting an in-phase (I) component digital signal and a
quadrature phase (Q) component digital signal;

a digital-analog converter converting the in-phase (I)-com-
ponent digital signal and the quadrature-phase (Q)-com-
ponent digital signal into an in-phase (I)-component
analog signal and a quadrature-phase (Q)-component
analog signal, respectively;

a first optical I/QQ modulator up-converting the in-phase
(I)-component analog signal and the quadrature-phase
(Q)-component analog signal outputted from the digital-
analog converter to an optical domain to output a coher-
ent optical OFDM signal;

a second optical I/QQ modulator up-converting an applied
additional pilot tone signal to the optical domain to
output an additional pilot tone optical signal; and

an optical coupler outputting the coherent optical OFDM
signal including the additional pilot tone optical signal
by optically coupling the coherent optical OFDM signal
and the additional pilot tone optical signal with each
other;

wherein the additional pilot tone signal i1s present 1n a
low-frequency or high-frequency band which i1s not
overlapped with one or more OFDM data subcarrier
bands;

wherein the one or more OFDM subcarrier bands are above
or below a frequency which 1s centered on a DC com-
ponent, and

wherein a phase of the additional pilot tone signal 15 esti-
mated at a recetver and an OFDM data subcarrier 1s
multiplied by a complex conjugate of the estimated
phase to compensate a phase noise of the OFDM data
subcarrier.

4. The apparatus of claim 3,

wherein the additional pilot tone signal may be a double
side band (DSB) signal or a single side band (SSB)

signal.

5. An apparatus for receiving coherent optical OFDM,

comprising:

an optical down-converting unit outputting an in-phase
(I)-component analog signal and a quadrature-phase
(Q)-component analog signal by optically down con-
verting a coherent optical OFDM signal;

wherein the coherent optical OFDM signal includes
OFDM data and an additional pilot tone signal added at
a transmitter to each of an in-phase (I)-component ana-
log signal and a quadrature-phase (QQ)-component ana-
log signal outputted from a digital-analog converter;

an analog-digital converter converting the in-phase (I)-
component analog signal and the quadrature-phase (Q)-
component analog signal ito an 1n-phase (I)-compo-
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nent digital signal and a quadrature-phase (Q)-
component digital signal, respectively;

a phase noise compensation digital signal processing unit
separating the OFDM data and the additional pilot tone
signal from each of the in-phase (I)-component digital
signal and the quadrature-phase (Q)-component digital
signal 5 outputted from the analog-digital converter; and

a recetved OFDM data signal processing unit demodulat-
ing the OFDM signal 1n which phase noise 1s compen-
sated;

wherein the additional pilot tone signal 1s present 1n a low
frequency or high-frequency band which 1s not over-
lapped with one or more OFDM data subcarrier bands,

wherein the one or more OFDM data subcarrier bands are
above or below a frequency which 1s centered on a DC
component, and

wherein a phase of the additional pilot tone signal 1s esti-
mated at the phase noise compensation digital signal
processing unit and an OFDM data subcarrier 1s multi-
plied by a complex conjugate of the estimated phase to
compensate the phase noise of the OFDM data subcar-
rier.

6. The apparatus of claim 35, wherein the optical down-

converting unit mncludes:

an optical hybrid outputting the coherent optical OFDM
signal into an in-phase (I)-component optical signal and
a quadrature-phase (QQ)-component optical signal; and

an optical detector optically down-converting the in-phase
(I)-component optical signal and the quadrature-phase
(QQ)-component optical signal.

7. The apparatus of claim 5, wherein the phase noise com-
pensation digital signal processing unit includes a high-pass
filter, a low-pass filter, a conjugate complex numberer, and a
multiplier.

8. The apparatus of claim 7, wherein the high-pass filter
and the low-pass filter 1s a digital filter or an analog filter.

9. A method for transmitting coherent optical OFDM, com-
prising:

converting an in-phase (I) component digital signal and a
quadrature phase (QQ) component digital signal into an
in-phase (I) component analog signal and a quadrature
phase ((Q) component analog signal, respectively;

adding an additional pilot tone signal to each of the in-
phase (I)-component analog signal and the quadrature-
phase (Q)-component analog signal;
up-converting the in-phase (I)-component analog signal

added with the additional pilot tone signal and the
quadrature-phase (QQ)-component analog signal added
with the additional pilot tone signal to an optical domain
to generate and transmit a coherent optical OFDM signal
including the additional pilot tone signal;
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wherein an OFDM subcarrier band 1s above or below a
frequency which 1s centered on a DC component,
wherein the additional pilot tone signal i1s present 1n a

low-frequency or high-frequency band which 1s not
overlapped with the OFDM data subcarrier bands, and
wherein a phase of the additional pilot tone signal 15 esti-
mated at a recetver and an OFDM data subcarrier 1s
multiplied by a complex conjugate of the estimated
phase to compensate a phase noise of the OFDM data

subcarrier.
10. The method of claim 9, wherein the additional pilot

tone signal may be a double side band (DSB) signal or a single
side band (S5B) signal.
11. A method for receiving coherent optical OFDM, com-
prising;:
generating an in-phase (1) component analog signal and a
quadrature phase ((Q) component analog signal by opti-
cally down-converting a received coherent optical
OFDM signal;
wherein the coherent optical OFDM signal includes
OFDM data and an additional pilot tone signal added at
a transmitter to each of an in-phase (I)-component ana-
log signal and a quadrature-phase (QQ)-component ana-
log signal outputted from a digital-analog converter;
converting the i-phase (I)-component analog signal and
the quadrature-phase (Q)-component analog signal into
an m-phase (I) component digital signal and a quadra-
ture phase (QQ) component digital signal, respectively;
separating the OFDM data and the additional pilot tone
signal from each of the 1n phase (I)-component digital
signal and the quadrature-phase ((Q)-component digital
signal and multiplying the separated OFDM data by
complex conjugate of additional pilot tone signal to
generate an OFDM signal 1n which phase noise 1s com-
pensated; and
demodulating the OFDM signal 1n which phase noise 1s
compensated;
wherein the additional pilot tone signal 1s present in a low
frequency or high-frequency band which 1s not over-
lapped with one or more OFDM data subcarrier bands,
wherein the one or more OFDM data subcarrier bands are
above or below a frequency which 1s centered on a DC
component, and
wherein a phase of the additional pilot tone signal 1s esti-
mated at the phase noise compensation digital signal
processing unit and an OFDM data subcarrier 1s multi-
plied by a complex conjugate of the estimated phase to
compensate the phase noise of the OFDM data subcar-
rier.
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