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Abstract

We demonstrate wavelength conversion of 25 Gb/s optical signals by four-wave mixing (FWM)
in a semiconductor optical amplifier (SOA). We investigate the effect of input pump and signal
powers on the conversion efficiency, optical signal-to—noise ratio (OSNR) and extinction ratio to be
a measure of performance in a wavelength converter. As a result, we show that the maximum bit
error rate (BER) performance can be obtained by compromising among high-conversion efficiency
(minimum Pprobe), high-OSNR (maximum Pprobe) and low-cross-gain saturation effects (Pprobe
kept at least 6 dB weaker than Ppump). In our experiment, we obtain. optimum performance at +3
dBm pump power and -6 dBm signal power. The power penalty incurred in the wavelength
conversion can be minimized by careful selection of the input pump and signal powers. We show
that about 0.5 dB power penalty for 3.2 nm wavelength conversion at 10-10 BER is achievable.

69

I.ME

HZ iAoz Auske) FFel vt AfAlx

* IEER, RRETREMAR BHEERE
(Blectronics and Telecommunications Research Ins-
titute (ETRD Transmission Technology Department)
B HFI9BE3A21H, TAUE U 199846811 H

(801)

o] djgakslrl A= glrk. 53] o] Ahde) 3
gAML RN FAE Al W Y9F
< AHHCE o8¥ & gt IR
(wavelength division multiplexing: WDM)el 2%t
Agrle] 2 AL Ea gir) olzik WDM A
FHAAE o83k AT F5Er)9 tEe]
A4t He Aol ZpHr)elc) sz =
5= 2 A FEsA A4z ds W

2



70

Fhe AR 2A, WDM A% eilye] 53 5
(contention)(FAZ AL F Ade] A HEE
AUA =He AP 93 E27](blocking)e Y
T e A F83 e ARe3eEn wAd
g digt W] fdd(flexibility) ¥ 8%
(capacity)& Z7M171e 9&e 348 4 gl
=3 g FARAA FRE F RS 5, BS
A A (protection switching)& ¥r} €4 & 4 U=
Z 3= A% Spuarle) S g wg
e ol o= A7 e, ZA A 7RIS
HEZ U $ ok AHAE UM gt e
B/R-A/3HO/E-E/O) % E3l] sphishs 3}

¥ Optoelectronic Wavelength Conversion'*), %

WAl vkeA] 3 SF7elxe] AsolSHZ(cross
gain modulation: XGM) % A3$APHZ(cross
phase modulation: XPM)ZE o]&sle] shhwisls
3= Optical Gating Wavelength Conversion >
1 zelm Awsls BekEsHwave-mixing) S £3}
o 22 3ge] BATE Al TR 3l
Wave-Mixing Wavelength Conversion®]t}! s-101
WA F TR wAe egusle] Ae £204
e Rolxe Yo}, ¥iES = HEYdHd o=t
a3t Axe] F9i(transparency)e EASHA| X
e o] glom, Auide] FuhERhe o8]t I
Azgke) A5 bRt £ AlFE £ 5 A
T3 W oA s E BAECER WSR-S
Ytk d3o] gich

¥ =l olEdt sy E Rided)
ojx] wixA 3 Iy dEA{Ql vy A
shigl 4339} E3Hfour-wave mixing: FWM)&
43l 25 Gb/s A5 FRHs AL 3319
th $4 SOAQ o A% Hx 9 Adssge] Ay
of w& wxkHg 5Alel  #H3kEE(conversion
efficiency), #A13h3he4](optical signal-to-noise
ratioo OSNR) 2 A3|(extinction ratio) W&
ZARKcE el #F sphdd)e] Ase] He
¢ sdel(power penalty)?] WH3E ZAlsie], 3
9] sphigle] dojuls A¥ 2HE =&3ch

it

3l

==
ES
°]

al

PN gl

5t

I, Sxteia)

wla $e el BokETe) wlAwA

Bed 3 ZZ71Woe 439} £ o] 4] 25 Gb/s FA 8 4G 147

(802)

HE BRE it

e

Agow FA=EE w4y GuEF WAl AF
AR die] 25 gizksle, bAyE AR £
AL Agshe sabast wbge] fAg WFel &30k
AF7HA] 33F vl vleke F 435 95 2
A vl vl DFG(difference-fre-
quency-generation)”} 1 dl24 AwEojr grh
a3 12 BuEd S 9 e EERE
vehd Zelck

=
L

fs
f x(“) fout = (n-l)fp - fs
P

a3 1. FoEY sAEr)e] J)5EYs
Fig. 1. The block diagram of wave-mixing wave-
length converters.

4535} E3tel o3t sbEgke 1Y AlT3)T A
Z3Hf)el 3ol Zxbigtd AZ2L-f)E A=
34 w]Ay &) o3k ook EE|AQl A
B, o] FHAe ojd vy A sh} o]ake] F
b 24 o 7 v vl F Sl gl
ok &, H=P3t A53e] H]=(beating)l 23l ¥|A
3 widulell HAKgrating)7} A4 FzZRPo] o]
AALeRE  AlgKscattering)e] =Hel A2 Bl
A=k Zlolrh olu, AjRe] AR Fwhe wiA
o) Ak FHEZke) Azarg oz 1 Fulse) 7
2o Fofl viEEe = o sl o T
4] A3 ZAil(linear combination)oZ A7le ¢
A 9 Fug A Sk oekd, 439 EjR

a)
=

S 2 AFAHRE vF s glow, WERYed
Aol A ArY TS AT He Aol

o} =3 olel’t st WA feld 5AL o7
79} ]lE sAbEe] FAld o Y &Y sfez
gt ® 4 gloke Aotk = optical field
ol FAe] e} AEe 5AE /K2 Sk 2
23, o] WAL AxHeZ 100 Gb/s olAke] 3
F HES] AZE/AE 48 5 don dEH
o] A4l Fo] st AHE AW Ak

=

L A P

wix s 3} ZZJ|(semiconductor optical am-
plifier: SOA)UleA¢] 453} E348 o] 8%F 3 =}



1998% 8H BFILL4W

s Ay AHe] A= 27 29 2t

32 2. SOAW|A2] FWME o]43F shist A¥
A=

Fig. 2. Experimental set-up for wavelength
version by FWM in a SOA.

con-

A5 ARl A7 BAEE 25 Gb/s Als
2 3 $AeA s WzEgler, fHzse gy
7ha #Ho|XE AM3le] Fdsiua wgkd 4o s
<+ 99E =AY 4 UA=E 3%k SOAUeIA 4%
g Eito] MA=E 7] Y3l Als Y FHzgo] A
712  F=Z7)(erbium doped fiber amplifier:
EDFA)Z %3] 355 & ¥ 43 o H=33 77}
o i3] s} 2A7)E Fo SOAC H=E AR
ol50] Hur} HEE Ak F 3 dB #
AZ2|(coupler) & E3] SOAd] FAlel H=n] Al
ol ALE3E SOAGA ¥R els] whlsls A&
7] 98] SOAS slEdde] F ofol&dHolE
(isolator) & Fck ARSI SOAE 1¥F Al717t
20 dBmd = °F 22 dBY} fiber-to-fiber ¢}5-& 7}
|3, °F 0.7 dB9 ®|ad] I HFEANE IR,
4539} E3bo] wlwd A dojule cavity length7b
1 Alcatel A} 1901 SOAE AM&-3lsar} SOA-
FTEEE vlololx Afe AHRE SOAL u|4d3Ao]
v ol5E3EA] fAEE WA H 0152
7] $1FF Ao A<l 200 mAE T B ex
= 2007 #A1E F U=EE 2=AE T
SOA E¥ddolle A5, Hzal 2 sahdss o)
EE vhewz B AdEl] 3M7E HgA HEE
PHEE Alsnkg FHAIAT shedl, A W=
3] AZ17} wie- sk AdzbAe] 1.6 nmE 24
Hol gloid e Fe] iy F2 eV} 87 £
AgolME dH9Fe] 0.3 nmsl e} 1.3 nmal 2

Hlo.
=T

=
G

(803)

#£3% DI £8% 7
HE Zg dAsix AMgsiodel sbise 4159
AZ17t w9 oFslnZ o}F EDFAR $EA7 F A
Z3 RA2AF3I(sampling oscilloscope) & o}0]
s&l(eye pattern)& EAksta % FA712 A& o
< o8] AE7I= Jd=les SRk

i=]

V. &3 21 % 24

sPEgE Agedld A Al o g=sge] we
Zzb 15559 nme}t 1554.3 nmels, webx sxhis
¥ AEE 15527 nmE 32 nme] sHE ode
JWA ek A3 25 Gb/sS) 25-1 PRBSE 7
= xR A3o|s HEge] AL F mAPHEs]
7} 4= FAs P (optical cross-connect:
OXC)olA A3tz sle FA99(1.6 nme] A4zt
A)o & sk

SOAC iH=Ele A% 9 H=3Fe] Y A7jg T
7] 984 SAERsldY e et He W
BEg, PSR " 2duld g Y Pz
Az A7)e] odake zABKIch HEEge I
A8 29 A5 A7)9F 4 A3 AV H)
2 AHoEe dapgb)e] o158 ulsle o=
dF Az 2 H@=Ege] Arlel o wHskage] Wi
£ a3 3¢ Jehliglch 2% 304 HEe] giE Al
33 A7)t AL HBESS A Hu, Ho
HRREE ATF AFle i HEZsie Aple
% 7 dBmQl 7$el 2& & sk oS S0AYL
3R o Hde 015 zZhe Adldld e
A Hoh v, sgwEstage] Hdelka sii] g
W7o did H49) Al € e ook HgEg
£ Hurb Hxet Sk 2 435 AlZzt
vl ol A k] & o5« 9’ ASE
(amplified spontaneous emission) #F&°] 3A =
o] Alzdiken|zl vmizlAl =w, 22 Qi3 u]Ed
ggo] A= wFoltt. BAlZuzken|E sl
H &9 A3H Ayjet ASE Ae#e] w)2A, o
A5 2 gz Aol we FAsczheee
WEE a3 44 Jehidoh a3 404 BRo) ¢iF
Alzsge} A7t 45 AN 24 Hy,
FHd FAlzdteele A5 @ Hasge] A7)zt Hol
o Al & 5 9len, Hd 26 dB7A #EHA
ok oA Q1Y AlE Y gz A} 242

gl

<1




72 Hhe A 3 2Z76 A9 439 E3H& o]4% 25 Gb/s FAEY AF FAHS

HHE 29 253 Arje AR 4 ASE #
& SOAS o|5x3} BAld ofsll ZHelx|7| wjEe]
. Ao S Aot He = W
Q e AEHEE FAZY 1 6|E =99}
H|E m}¢)9] v|2 Aelxn] | w]Es} O B]ES] F
AEE ouishe Z0E, Foial Hzgel digt 3
A3M)E HolE qlE Az A7|E ZAlslge

5ol viehliglel 2% 5ellA] BRo]
= £ AEge AVE g=ge Ar|ec) of
dB AA & Agel d& F 9tk ol & 4%
H|E 47] YsiMe Azel5xst A} YA o
EZ slof 3] wiielck webd, shEr= A
9] Axr} HE AR 84el wHEES, FAsdz
L] 2 2HE Aloldlxe] A Al o3
el %S JRA "ok FAY A5E Bole Y
Az 9 g2 A& 8] S8 oF s o
gxsge] Ai7lel whE HF Apsb)e] Ase] He
9] Adele] wWstE zARIed, ol& ¥ 60
veldigicl 29 60lM BRe] AsHE -6 dBm,
HzPL +3 dBme] A7[d o s sAdErt 04
dB2 7F¢ Hgen old A olo] AHSE &
= 9Jde}l AlEge] APl HE4eE dAdErt AR
£ AL s Assge] A7 A7k Aol wks
F2 o]5<l 9]k ASE Ahgol ZA] el Alsdizks
Hl7} )y djolu, AlERe] AX)7l E4%
Jel7b ARl AL SOAY oS53} EAq o] W
Eg 2 Ay} XskEr] dEe]ch

o o

ot;_ﬂ'?

T

A8

o) & L

:

d

/\37,]-]:]]

pt Ao

H

D

@ S —
5 0
g ¢
c
o
o -10f -/./.*_N\\-\-
®
e -15}
L
(2]
$ -20t
>
5 25|
(&)
-30
-20 -15 -10 -5 0 5 10

Pump power [dBm]
* : signal power = -15 dBm
x : signal power = -5 dBm
o : signal power = 0 dBm
a3 3. F{= 2 AsH Av|e] Y HEEEe) W

Fig. 3. Conversion efficiency variation for pump and
signal powers.

FRE it

251

20t 1

OSNR [d8]

10}

0—20 -15 -10 -5 [o] 5 10
Pump power [dBm]

* : signal power = -15 dBm
x : signal power = -5 dBm
o : signal power = 0 dBm

g 4. dx 9 A5 Aylo] ojE FAEASH]

o] w3}
Fig. 4. OSNR variation for pump and signal

POWETS.

€

g s

5

5 ol {Ppump — 6) dB _:-'—';:'o

3 o

£ 5} ’,ﬁ

5 -

T o

8 -10t &

s 15} -~

o

k=]

® 20
-10 5 0 5 10

Pump power [dBm]

a3 5, Hd &BH|E Hole A%3e] A7)
Fig. b. Signal power for obtaining maximum
extinction ratio at any given pump power.

Power penalty at 10? BER [dB]

N ] 3 y 2 0
Signal power [dBm]

% : Ppowp =5 dBm, 0 : Py =3 dBm, * : Ppump = 1 dBm

a3 6. F= 9 AFF Aylel g Z4 dde
ik

Fig. 6. Power penalty variation for pump and signal
pOWers.



19984 8H BT ILBEWmXE #3354 DE $8 % 73

HolA 77 81y 2AslelA shas Ay Axz
ST F A5E9 AHER, olo] HuH 9 deig
e 23 7, 8 99 A et a¥ 72
SOA®] 433} &F 23 ~¥ERS vepd 7oz 4
Buh Ehes AR s A3 OSNRe] s R :
°F 24 dB A=rt H& & 4 Uk 28 89 (a)= (c) (d)

25 Gb/sZ HzER Y Ase olo] AuE vepd I3 8. o] H™ (a) 25 Gh/sE HzEH JHAE,
Aolx, (b FAHEE 2159 olo] Hule jehd (b) s FHAE, (o) 43 d¥Al3o)

_ . . & o]5x3d E¥AE (@ ol 73 9
7le Q a 94 Susti RN OF oly ql. } y =

#e Alse] sodle o 115 dB glom, ol5¥3} Fig. 8. Measured eye pattens. {(a) 25 Gb/s
F37) s G52 o za Adme] Ay} A modulated input signal, (b) wavelength
o] e o & gk (OE FH AsRe] Ay converted output signal, (c) gain saturated

=] T
_ _ sl = . - output signal with a strong input signal, (d)
38 e oSSt Aol 23 ofe] Hwlel o= completely distorted output signal with a

o] A7l AL BAFE a¥elH, (dx Y Als% stronger input signal.
<+ oS 7 sl 9 ARl Egg HeF
= ZoE o|5xs) Fel o3 ABm|r} JAE
& & 5 slck 23 99 ozl FAeA ¥ A R :
(002 F $AVeIN 7= wzsl X3F back-
to-back2Z ZA3t oElgeln, BIEANOE= HF
s 23 439 o#golck a4 RKe]
3.2 nme| IAPEF JHE JAle 25 Gh/s FAE 16°
o] IpHs A HF PSR &Y A5 16 : >
o Alzel o7t F9 dde= 10_10 oflz}gollA] oF 10 | <

05 dB7]- %_% o} 2= 9\11;}_ 43 -42 41 40 -39 -38 37 -36 -35 -34 -33
Received Power [dBm)]

0 “ o * back-to-back®.2. 438 BER
x: hEgE £9 4159 BER

38l 9. &A% vlEdHE FA

Fig. 9. Measured BER curves.

16 5

o
=
o,
il
ox

(]
dx

&
ox

Bit Error Rate
G,
ox

signal
wavelength
-10F conver ted
signal

v.d 2

SOA output power (dBm)
3

wk=A 53 FEr] el 4w EFZRS ol8sle]

5% 1852 1864 1556 158 1560 25 Ghb/s A% it 3.2 nme] WIS 71A)
wavelength {nm) £ appase Sasigch 4% B9 o141 9y

a3 7. SOAS 4% &3 £ ~4EF Wl w538 & B|Eg gt sbage] sl
Fig. 7. FWM spectrum of SOA output. alm, Wzl Alwglo] AR Hne Emixe

Aga, 22719 oS A el Y Y

B ) Fordol Abssik wa, oleiat whale &

Q3 & of2] o] Y sEe] BA olef A

o) 29 Wges WHY 4 ke Aolth wapig

ellAg Aol HErh se wag, PAERES

(@ b) W % ool o " Ex 2 Asd Al o
(805)




74 we A F ZE7|WdAMY 433 £

e 2RI HAe e Mol A% w2 W
F5E, & PAIAAEY] 2 $e ASol5Es)
a3 Alole] Aol o8] HzBL +3 dBm, A
338 -6 dBme] A7|Y dl, 32 nm FAHER A
39 A3u)= 115 dB, FAZHAEH= 24 dBE
odolon mAust Ao Ao disid 1070 HE o
2gollA <F 0.5 dBS] 9] A dElE dsick

=

HAtel 2

¥ B d7E AuEBUY 299 2ué P I
9 FledT FAZ sRERoH, B AT S
o Be EE FA QAT uhL S 9,
W43 w =Y

712
[1] Okamoto and K. Sato, Optical Path
Cross—connect Systems for Photonic
Transport Networks, in Proc IEEE
Global Telecommun. Conf., pp. 474-480,
Nov. 1993.
C. A. Brackett, A. S. Acampora, J.
Schweitzer, G. Tangonau, M. T. Smith,
W. Lennon, K. C. Wang, R. H. Hobbs, A
Scalable Multiwavelength Multihop
Optical Network: A Proposal for
Research on All-optical Networks. J.
Lightwave Technol., vol. 11, pp. 736-752,
May/Jun. 1993.
K. Sato, S. Okamoto, and H. Hadama,
Network Performance and Integrity
Enhancement with Optical Path Layer
Technologies, J. Select. Areas Commun.,
vol.12, pp. 159-170, Jan. 1994.

[21]

[3]

[4] M. Kovacevic- and A. S. Acampora,
Electronic Wavelength Translation in
Optical Networks, J. Lightwave Technol.,

. vol. 14, no. 6, pp. 1161-1169, Jun. 1996.

[5] T. Durhuus, B. Mikkelsen, C. Joergensen,

S. L. Danielsen, and K. E. Stubkjaer,
All-Optical Wavelength Conversion by
Semiconductor Optical Amplifiers, J.
Lightwave Technol.,, vol. 14, no. 6, pp.

(806)

o]-4-3 25 Gb/s FA15.4 A% s

[6]

(7]

[8]

(9]

[10]

[11]

FRE

942-954, Jun. 1996.

J. M. Wiesenfeld, B. Glance, J. S. Perino,
and A. H. Gnauck, Wavelength Con-
version at 10 Gb/s using a Semiconductor
Optical Amplifier, IEEE Photon. Technol,
Lett., vol. 5, no. 11, pp. 1300-1303, Nov.
1993.

T. Durhuus, C. Joergensen, B. Mikkelsen,
R. J. S. Pedersen, and K. E. Stubkjaer,
All Optical Wavelength Conversion by
SOAs in a Mach-Zehnder Configuration,
IEEE Photon. Technol Lett., vol. 6, no.
1, pp. 53-55, Jan. 1994.

M. C. Tatham, G. Sherlock, and L. D.
Westbrook, 20-nm Optical Wavelength
Conversion Using Nondegenerate Four-
Wave Mixing, IEEE Photon. Technol
Lett., vol. 5, no. 11, pp. 1303-1306, Nov.
1993.

David F. Geraghty et al., Wavelength
Conversion up to 18 nm at 10 Gb/s by
Four-Wave Mixing in a Semiconductor
Optical Amplifier, IEEE Photon. Technol.
Lett., vol. 9, no. 4, pp. 452-454, Apr. 1997.
M. A. Summerfield and R. S. Tucker,
Optimization of Pump and Signal Powers
for Wavelength Converters Based on
FWM in Semiconductor Optical Am-
plifiers, IEEE Photon. Technol. Lett., vol.
8, no. 10, pp. 1316-1318, Oct. 1996.

K. Inoue, T. Hasegawa, K. Oda and H.
Toba, Multichannel Freguency Con-
version Experiment Using Fiber Four-
Wave Mixing, Electron. Lett., vol. 29, no.
19, pp. 1708-1710, Sep. 1993.



19984 8H ETFIL%&H

B % B(EgR

19710 119 2194, 19944 29
g gt S,
1996 249 ZAEdista i3kl A=}
3 SH(FFAAD. 19969 34
~ A FFAAFAA L A7
FIA ks Badd, B84 F

F P A(E®E)

1956 19 27448, 19789 24 A
SR Az S4(FD.
1930\ 84 s=aried A7) 2
ARFEH EH(FEAAD. 19924
89 = |ed A7) W AxE
g E(FshaD). 1980 99 ~
A FFARFA DT TF FRA R B 3
A 2 F3A ey 59

2+
w

N I A |

(807)

%35 % Dif B8H 75

% = SB(EER)

19581 14 5448, 1980+ 249 3kekensta djakd Az}
T3} 2Q(FFAIAD. 1994 89 Texas A&M s}
A7 FE (D, 19824 19 ~ 1983 3
o ukslated s o 19839 39 ~ A =A
AEAATY YA, FAA Rl BEA, FAT
o BAA 59



