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Abstract

In this paper, we investigated the method of compensation for optical pulse shape distortion due to both
chromatic dispersion and SPM(self phase modulation) in a single mode fiber. We selected MSSI(mid-span spectral
inversion) as compensation method using OPC(optical phase conjugator). We used EOP(eye-opening penalty)
parameter in order to evaluate the efficiency of waveform distortion compensation. In this paper, we induced
optimum pump power level in optical phase conjugator through analytic method of computer simulation. And we
investigated input signal power range being able to maintain stable reception performance under the condition of
optimum pump power. We verified the possibility of high performance optical transmission system realization
through the inducement and application of optimum pump power, input signal power and in-line amplifier spacing,
because power control is important in the compensation for optical pulse distortion.
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579



BETHWRSPBRLE £ 1248 $45 20015 65
' wd B o=Rod nESL 5 GbpsE 9
AgHe %_xﬂ Zol(L) 1,200 kmE Z= g B

Asgrt & &4 HAS s 2
4791 94 2A( oI o159] 6= exp(ad) ED-

FAZ o] 3¢ A2 $E718 7AW AE $Z7)9)
74Ao) F 9AF ZAls)E o83 AL Ax 7H}\ioﬂ
oA B FFES "ALA 2Fs] Astd F
7] ¥4 & 747+ 40 km, 50 km9} 100 km 2 *gzgs}
o Agdolde FAsAT
% U TANE T B E AN A4
Zo g% AT 3 Ao FESs AHRT) 9
stal AA A ALl F1o} B AF FYVNE Fe
MSSI W2 AEsAth & HA AF P35 2
o] L = 600 km® SMF13} Zo] L, = 600 km¢}
SMF22 A&7, 11 74 4-F5 BFE o] L3k
} FANNE T Mzzu N—mEea ama

@2=02 dB/AkmZ Q7 18 —:,\EE B
Ab shEhel e E 1,552 nm 2Hol A e SMFe) 34
ol 39 Ba = Bn= -21 pskmZ A} =
& uAdY 28 ASFE nu=np=236 X 107 km”
We 397, & Tl FAL 60 pm’oE AAE}

1% 39 % 94 FA7)E SMF1L 53 v)oks

A 4N A5E TEeE EDFASH % 439
$3 AU EAAE # 2oy dYY, ¥
ABS Ao o)) AHEY wAo) LA 4-
23} w Fausl 4 Agve EJM?'M

9 %@!QE_E -T“é%l\:}. H= N3e %/}g :4 2o

J8 3. oPCe £z
Fig. 3. Configuration of optical phase compensator.

580

1,549 nm2 397, 4-Fa g o) dH=

Zdne A B 1,546 imE start AHEHY
< 53 TAdSE s Ay vAEE
Ab Bhtol HE A5 9 AT 7 £ Mo

A 5-(DSF ; dispersion shift fiber)Z AFL3EM T
ol9] Zol= 20 kmZ &t} DSFel &4 AFs
0.23 dB/kmZ, M]AE A$E 26 W' km'2 43
st

& "’:l-‘?’-l_ ”l okst "‘ié FE ’PE— EDFA 9} ¢}
Zihls %

r_>.i

ol of2 (Z
r—ln‘.

o
4T %20l A48 AdT A%
At 48e FAe FAR
% 9 29712 QYU 2w

=
ér‘_,:.’.o},;_,
o ML

‘,‘Q'ORF{FENIO
HU o2 ol H 2

Yeo] WE 4 B3 A7) A% WE 2l
S A9EY) 95 2 BHE H4AL 2

@ X} H(Lorentzian) VE F FFol tis) AlEd ol
Ak 7RAIQH F FEL 2t F34 ZYolA
9] Ad e

H(w)=exp[—%‘(w—;zwﬁ] a7

olZ, ZAX S F FYE|Y AY P4

Ho) = 1 (18)
1+{%0(w— wo)}z

ot} 94714 B,¥ 3-dB % ¥ Z(optical band-
width) 0 2 3 A3 F47] 4¥2e] % PE(OF1)
g A2Y FAEe] F FEeME 1 nm(=124
GH7)Z, 2 94 247 &899 3 YE(OF2)°
e 0.nm=E 243G}

V. AlEgiold 22 & HE

oA B8 Falol WSKSSF ; split-step Fourier)
4 oA A g ol

LS8 BeugES ‘3%

HAX A7 #E )%%}?‘;L AER FT 9

A 2 A48 IQ}M% By ASE %*J%oﬂ

A 9] eye-opening3} F=A1tol] A2 eye-opening<] H]



Mid-span Optical Phase ConugatorZ o] &8 AAel & A4 ArddAe 4 &

ol EOP(eye-opening penalty)S £ H71s) Hdch
A, F A3 FA7lMY HHY FZ A4S
371 fste SMFld] AtekE 3 A5 oY

AB(P0)= 2 dBmOE &9 M2 FE7] 7+4

o} 7}+z} 40 km, 50 km¢} 100 kmo) ¥, z} A 9o o

& % "HE 747 7HeAIRE ZE g EXQE

2 gt F 9 Fq7lAY B AF(p,)S 0

~30 dBmZ WIAA EOPE A4retfich of7]A

P(0)E 2 dBmoE ¥ o)f& YA B HYo] 2

H F4E A7) 94 "R F3o] AXA FAT

dM ZEH A5 o] uj¢ AsA7] ol

(8 () $99 WA ) gHoE 48 % 9

o2 Adgsl Aojct
7tzko) ZAgo g F 4 T4 MY P

Z=L E}E EOP ZZE 19 4o Yetiigith 1

4ol & 4 gl%o] AE FE7} 7hA 0] 100 km
A A7 M £ 54E HUh EOP o]
255 FADNAMY - WE F9 BER 54S
k33 4L 4 7] Y& 0.5 dBS) EOP 2

NELRE & F W TY7NAAMY e ke ¥
T AYg F3H AR FE7) 7+F0| 40 kmel A
S0l 7F-AIQF HE 9 ZRAAF HE EF 17~19
dBm, AT FZ7] 7+40] 50 kmel A$-o 71$-A)

ot WE 9} ZAAL YE BF 16~20 dBm, N2
Z7] 7470} 100 kmo| 2 7F¢-A)¢t HEQ AL 0

—8— Gaussian Fittar, EDFA spacing = 40km
—0— Lorentzian Filter, EDFA spacing = 40km
—A— Gaussian Filter, EDFA spacing = S0km
—O— Lorentzian Filter, EDFA spacing = 50km
—~w— Gaussian Filter, EOFA spacing = 100km
~—O— Lorentzian Fiiter, EDFA spacing = 100km

Eye Opening Penalty [dB]

Pump Power [dBm]

a8 4. P(0)7} 2dBm&l 7% OPC = AZ(P,)
#3lo} ©E Eye Opening Penalty

Fig. 4. Eye opening penalty dependence on pump
power( P,) in OPC.

A5 27 94 Wz HAbd) A3 dF

~25 dBm, 187 AE ZZ7) 7470} 100 kmo) 2
2o P9l ALo= 0~24 dBmE HojH Tk
A3 @E %z‘sﬂ A & S gl%o], MSSI W

A8 A FAF B SMFI A9 AX 1§

T B4 SMF2O A 9 AA IF §5 A4

274 89 B 187 E =RdqAs SMFIS'Jr

SMF29] &4 A%, AEE Zolg vy Af

ZA AAR WEe 25 A )% 6) %ﬁﬂ

tlo .1}> i

P(0) = P.(Ly) 19)
o AL« &‘Pﬁ 7] A4 Mz 93 N3
o TS BT £ gk T A (1)F 4 (19)
Z22E

P(L) = 7*P L% P(L,) 20)

OEE F f# 3U71E Bl SMF2E gAtHE
FTd5te] gL SMFIY drtsle Asnt A9
(P)Y T2 2dE & §i7) dol, 282
% 9% T471 W9l 3 28 OF13} OF29) & A
oo FAute Ay MEFS Lestoor 37 9
Tl 4 (199 270 REHE AE M F:Ed
NES 58 FAHSE FAsri7t 4A g
Ju IRE Ad 58S AEE F UHE A
At A (11), (15), (19)% Q)L 2R ¢ +
%ol % 94 TYIERY Y 279 T

—&— Gaussian Filter, EDFA spacing = 40km
—O— Lorenizian Fitter. EDFA spacing = 40km
—a— Gaussian Filter, EDFA spacing = 50km
—O— Lorenizian Fittar, EDFA spacing = 50km
—v— Gaussian Fiter, EDFA spacing = 100km
~O- Lotentzian Fitter, EDFA spacing = 100km

Power Ratio (Pc(L,)/Ps(0))

Pump Power [dBm}

38 5. P(0)7} 2dBm¢l A$ OPC W= Ad W
3o @& Power Ratio( P(L;)/P{0))

Fig. 5. Power ratio( P.(L,)/P,(0)) dependence on
pump power in OPC.

581



BEBEWKBPERIGE £12% B4 20015 67

of A 4] (19)9) B4 2Ao] BEHE o
93 BT 4YL H2e) EOPE ABsts B 3
43 A g

3 94 TA7NNY BE AY} o) BE A
(199 B4 23 WS B2 A% 459 Was
4R 7) 98k oo} 2 A2 u|(power ratio)S
BN BE A W] gy A Tk
a9 5ol uein,

L PC(LI
Power Ratio = P0)

~—

_ _SMR29]_iAyele =
SMF1e] ASHE 213

19 58§ & & %ol BE Ao vaa)
o AHE A5 §HA02 Zsleth 1Y SN
42 32719 240) 40 km3) 3§ HZ Aol
19 dBm gkl A, A2 7] 2140) 50 kme) 7
$ 92 Aol 20 dBmol A AH7} 1o] S,
of &AM PALY7E PLO) S ZokRAN 4 #)9)
Z7o] BEATE AL ¢ 4 Yok o& 19 48
Bl 25719 7140 40 kmgl 2§ Bz Ao| 19
dBmgl M, 27 Aol 50 kme) B$ B
Aol 20 dBmol 4 EOP7H HAZ veht: RS
NS BAL & Y

ST 19 49 19 58 B4 A2 2]
244 0] 100 km¢l ZA$-o)= HEn}7} 0,491 23 dBm
o) B A2olH A28l EOP} ASIHTHER o]
A% AU To] B Y= AL 25 dBmoz
o) QAN EOPE 7H9 A% WHE AHET A%
0.44 dB, A X<t HE|E AlL3 AL 0.57 dBZ
T Ve, o)k 27| 1de] dojAw
SMF1s SMF291 48] % He] SYaiohe Ay
AHe) 4 @9 24€ 4 199 2ACZ TAH.
FHEOR O o F2Y 4 g A gnla
& 27 27e] Z7h5R A folH ) A

582

Ay FEE yesiof 3t F A4 TA7] Yol A
o BlAY wjFo Zoo} Folut AP I E 2
gallof dke A 9w di.

AR 4 A A4 (3), 4 ) 4 (198
BHEEe HAFe HE AYLS FEy) 747 o] 40
km, 50 km, 100 kmo] 1o} Z+7} 19 dBm, 20 dBm,
23 dBmo|th. XF7A e AEFolHe P(0) E
Y 2 g 1Hd nad He gog
743t A} AT FAT M SNRE
77171 Sl M 7] YAF F AFo) Aok &
7] W&o A BAZ SPM BAS 3 H& AL
Z27< 27 98X FH9 F= AY slox9
YA F A5 A WFo dig EOPE +go®
» 7hs sttt
319 6l Me 5Z7] 7130 40 kmQl A% ¢

< 19 dBmo 2, ZZ7] 7+A0] 50 kmol A
Z7) 72+82 100 km¢)

o 4o [H

mEO

¥glo] mE EOPE F A4 §97] glo] 3 228
P0) H3ld u}Z EOP
o} vlwate yebdo 181 19 7E o A4S

of gk ofo] tholo] IS Yehd Zojk
FA 19 63 B3 & ARl F A4 FA7)
dAe) HE Ao] FAfoIMY A Btz 217
A Wz 9 AT fIE BAY & JE I

—

3.0

—O— EDFA spacing = 40km, Power Ratio = 1.0
—D— EDFA spacing = 50km, Fower Ratio = 1.0
—O— EDFA spacing = 100km, Power Ratio = 0.4
—— without OPC, Totat Langth = 100km

N
o

N
=]

Eye Opening Penaity [dB]
b P

0 1 2 3 4 H 6 7 8 9 10
Initial Input Power [dBm}

J8 6. A OPC H= AYAMY P(0) Wl
@£ Eye Opening Penalty

Fig. 6. Eye opening penalty dependence on input
signal power( P,(0) ).



Mid-span Optical Phase ConugatorZ o}&3 AA g &

A
A%

A2 A 23 A7) 94 wze 5

10 1.0 1
£ ;
2 t
00
00 .
02 0.1 0.0 0.1 02 02 -cr.1 0?0 0.1 0.2
TIME [ns] TIME [ns]
(@) (b)
0.50
o N\ /A
< <
b '§ 0.5 4
3 3
0.00 1 0.0 1
0.2 -0‘,1 ;; 0?1 02 -0.2 -0‘.1 ‘0‘07 0?1 0.2
TIME [ns] TIME [ns]
© (d
L8 7. ofo] tholo} 17 (a) SMFIo] UFHE # AF, (b) P(0) = 2 dBm, P, = 19 dBm, =Z7] 744 =
40 kmQl 74 1,200 km A% F 4 F 43, (¢) P(0) = 5dBm, P, = 23 dBm, 2Z7] 24 =
100 km<] 74 1,200 km Hg F £4 % A%, (@) F 4% FA71E 59 24 Q0] 100km 358

¥4 74 F AZ(PLO) = 5dBm).

Fig. 7. Eye diagram (a) input signal into SMF1, (b) received optical signal after 1,200 km transmission in
case of P(0) =2 dBm, P, = 19 dBm, EDFA spacing = 40 km, (c) received optical signal after
1,200km transmission in case of P(0) = 5 dBm, P, = 23 dBm, EDFA spacing = 100 km, (d)
received optical signal after 100km transmission without OPC.

o BT AYL $A&H =Z7) 7120 Aol € B FAT F UKo AZ Ao wind Yy

A} F A5 AYo] 5 dBm(3.2 mW)ZHA 27l & FE7) 740l #ow FARY A aAE A

0.5 dB ©}5}e) %¥5 3 EOPE & $j4F ZA7E o T2 4 AA A 37t old AP AFo| IA

43 BAo) gle AS$RY 108 o)4ke A7 A YE}7) WEo 4 (199 27, F F FE RN

$o] 5L ¢ £ 9k o it AYo] ZOAEE F 94 T/ HT

AT ZE7) 7+40] 100 km o)A 2 =73} Y 52 2A3H F58 2L dg 4 Qg
(3" 7(c), 48 AFo] v AAH IAM A T @7HA FEdoF & Al P(0)7} 5 dBm

FARO A AFRAXN dA Ay £x 9F
2ok 87 Mo B WY gjF zAg

ZE HALS 9& F vk wee] 1Y 634 7(b)

=N
=
o

= 7k o) 100 kmoll A 9]
F%7] 7+4o] 40 kme 50 kmoA 9
L2 digstrte Aol o=

583



%.EMI&%EEW % 12% %4'575 20013': GH

oX
o

2
o
S,

% FE7] AL 50 km of3iEte
Aol M el BER A5l
9 8142 EDFACIA
"2 (ASE ; amplified spontan-

S & 9l=d), ASE & &5

to Jm
=

LR

. of W >
ox o flo >

o dlo
N
i
r\u o
vk
rz Ir

fr

eous emission) 5

A AA ASE 73 Qe 557 Ml

A7) wﬂfoﬂ Fe e A FAY AAE A 7
o,

50 kmets AMLS & &

=2
R=S

i
Qv S B orlu

A e o A4
$ol 758 AAE Fol, MSSI) 9 1y

5 dBmol T 2+ gl BT
Aol -10 dBm°l AL & 327 Ad g3t 7}
Saholehe BEAL ANT YE wYelay
s

ofN o M o
—O‘O

N

d

o

V- 7E:‘ [

AFAA ZAEY FAL D3NN BREE
23} SPME HASHE Q) MSSIONAM 4-33h
ERS 23 3 A4 247 Yo HZ Aol B
of HAE e AFE ABHIHS B8 4
Hoith 2 4 2w 27) 94 wze] 9% B
Ah:z; &l 2%7) A B2 e B A

2 E239n ohed HHo Wz AYL 443}
W SMFlo)] QAlstE & A3 dgo] 5 dBm7kA)
ZrlstaE AY Z7lo) e 27) Y B2
S MSST S 53 2N F sivke A
FAZN Y 43 A E4 $A7 Asd A
2 Z2Z7)9 740] 50 kmeks AL FAY F 9
2

o}
2 =RAE
A 3t 2 1,500 nm S 0] 43 VY BE 24
F49 A4 N29e gaoz 9 ggo
Yole BEEo) 5G bpsZ WA Rk FAT A
5559 ANS AS B AL AR B B

4

584

EHLE oA IF SE ¥

(normal dispersion region)?} 1,300 nmZ 3tA
1,500 nm A IF &5 24 3he 4
2 7 e B Aol FARE AL 7Hset]

£l 2 44 AU 59 AU

9 Bl@% fsi boll o E*}oﬂ
Ao} Y 27 EAE oh ¢ F25) B £

TN Fg AHE RO & A2Y dF 7%
g, & % **mﬂ e FH3 g e, s 2

71 He, 257 37 £o| £33 ol9 Hgow
o oS FRE B BT OF 45 A4
Ea S4B ALTHY 480 ST A0
B ELS
I

(1] D. Marcuse, “Single-channel operation in very
long nonlinear fibers with optical amplifiers at
zero dispersion”, J. Lightwave Technol., vol.
LT-8, no. 10, pp. 1548-1557, 1990.

[2] N. Shibata, K. Nosu, K. Iwashita and Y.
Azuma, “Transmission limitations due to fiber
nonlinearities in optical FDM systems”, IEEE J
Select. Areas in Comm., vol. 8, no. 6, pp.
1068-1077, 1990.

{31 E. Quellete,
linearly chirped Bragg grating filters in optical
waveguides”, Opt. Lett., vol. 12, pp. 847-849,
1987.

[4]1 T. L. Koch and R. C. Alferness, “Dispersion
compensation by active predistorted signal syn-
thesis”, J. Lightwave Technol., vol. LT-3, pp.
800-805, 1985.

[5] A. M. Vengsakar and W. A. Reed, “Dispersion

Efficient
designs for first- and secind-order compensat-
ion”, Opt. Lett, vol. 18, pp. 924-926, 1993.

[6] A. Hasegawa and F. Tappert, “Transmission of

“Dispersion cancellation using

-compensating single-mode fibers :

stationary nonlinear optical pulses in dispersive



Mid-span Optical Phase Conugatorg o] &8 AAg] #

dielectric fibers 1. Anomalous dispersion”, Appl.
Phys. Lett, vol. 23, pp. 142-144, 1973.

[7] S. Watanabe and M. Shirasaki, “Exact com-
pensation for both chromatic dispersion and
Kerr effect in a transmission fiber using optical
phase conjugation”, J. Lightwave Technol., vol.
LT-14, no. 3, pp. 243-248, 1996.

[8] A. Yariv, D. Fekete, and D. M. Pepper, “Com-
pensation for channel dispersion by nonlinear
optical phase conjugation”, Opt. Letr., vol. 4,
pp. 52-54, 1979.

[9] G. P. Agrawal, Nonlinear Fiber Optics, Acade-
mic Press, pp. 34-44, 1989.

[10} S. Watanabe, “Compensation of phase fluctua-
tion in a transmission line by optical phase
conjugation”, Opt. Lett., vol. 17, pp. 1355-1357,
1993.

[11] S. Watanabe, T. Naito, and T. Chikama, “Com-
pensation of chromatic dispersion in a single

19673 19 114 A

19903 24: &gy 82
EAH RN T I

19929 89: BFYTHRD W3
4 FTFARBIHHITEHY

D
19974 29: @FFFAHGE A
9 FTFARETE Y 8
1992 89 ~1994d 24: d=PIhn FFAATH
3 z%
[ Bl £AE A A2Y, ¥ 9% £ U3,

|

X

A% AZRAAY A 2 A7) 9 A2 24 28 97

i

mode fiber by optical phase conjugation”, IEEE
Photon. Technol. Lett., vol. 5, no. 1, pp. 92-95,
1993.

A. Yariv, “Phase conjugation optics and real
time holography”, IEEE J. Quantum Electron.,
vol. QE-14, no. 9, pp. 650-660, 1978.

S. Wen, “Bi-end dispersion compensation for

[12]

(13]
ultralong optical communication system”, J.
Lightwave Technol., vol. LT-17, no. 5, pp.
792-198, 1999.

[14] N. Kikuchi and S. Sasaki, “Analytical evolution
technique of self phase modulation effect on the
performance of cascaded optical amplifier sy-
stem”, J. Lightwave Technol., vol. LT-13, no. 5,
pp. 868-878, 1995.

[15] G. P. Agrawal, and M. J. Potasek, “Nonlinear
pulse distortion in single-mode optical fibers at
the zero-dispersion wavelength”, Phys. Review
A4, vol. 33, no. 3, pp. 1765-1776, 1986.

19413 89 2424

19654 29: =37
T A

1985 24: Ay g A
A3 83T ghetAh

1979 99: BB EA J)&A

1 1988 74: New York State Uni-
versity at Buffalo 284

1980 ~&x: @IPThs AR - FEFA - AFH
TEE IF

[F BAEH 2375 32 4A, vloj2 27 2 F54,
steivt g A3 ds), EMI/EMC

g Az

585



