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Four-Wave Mixing Between Pump and Signal in a
Distributed Raman Amplifier
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Abstract—We observed experimentally four-wave mixing fiber [6]. A degenerated FWM of two pump wavelengths to
(FWM) between a 14xx-nm pump and a 15xx-nm signal in a for- generate a third signal wavelength for the backward-pumped
ward-pumped distributed Raman amplifier (DRA) over 50 km of DRA was obtained over 80 km of TW fiber [7]. Severe degra-

nonzero dispersion-shifted fiber with a zero dispersion wavelength . . . . . .
of 1497 nm. The 100-mW pump Fabry—Pérot (FP) spectra centered dation of the optical signal-to-noise ratio (OSNR) via elevated

at 1440, 1450, and 1460 nm are reproduced via FWM around the noise floors from FWM between pumps and signals [8] was
single-wavelength probe signal around 1558, 1548, and 1538 nm,experimentally observed in a bidirectionally pumped DRA
respectively. The suppression of DRA gain by about 2-3 dB was gver a 100-km nonzero dispersion-shifted fiber (NZ-DSF)

experimentally observed with peak FWM at minimum phase ; i ; ; ;
mismatching between two 14xx-nm FP pump wavelengths and two with a zer_o dispersion Wayelength lying midway between
copropagating pumps and signals.

15xx-nm signal wavelengths. This DRA gain suppression, together . .
with the reproduced pump FP spectrum at 15xx-nm signal band, ~ In our work, we investigated nondegenerated FWM between

may limit the usefulness of the forward-pumped DRA, generating two of the pump Fabry—Pérot (FP) wavelengths around 14xx

spectrally nonuniform FWM-induced noise floors and crosstalkin - nm and the single-wavelength probe signal around 15xx nm to

wavelength-division-multiplexed fiber-optic transmission systems. generate unwanted FP spectra adjacent to the 15xx-nm probe
Index Terms—Distributed Raman amplifier (DRA), four-wave  signal. The pump FP spectra centered at 1440, 1450, and 1460

mixing (FWM), nonzero dispersion-shifted fiber (NZ-DSF). nm were experimentally reproduced via efficient FWM around
the 1-mW single-wavelength probe signal at 1558, 1548, and
l. INTRODUCTION 1538 nm, respectively. The suppression of DEMOFFgain by

o about 2—-3 dB was experimentally observed as FWM was max-
DISTRIBUTED RAMAN amplification (DRA) has the jni;eq for reproduction of FP spectra at minimum phase mis-
potential to extend the span length and the nUMbglyching hetween two FP pump wavelengths and two signal
of wavelength-division-multiplexed (WDM) channels for a\NaveIengths.The Raman-enhanced pump-signal FWM was ob-
high-capacity long-haul optical transmission system. It Prarved in 8] at various pump powersl55 mW, with more
vides wide-band~100-nm) amplification of the optical signal pump powers leading to more direct amplification of the FWM
in the transmission fiber using multiple high-power PUMPSgise. In our forward-pumped DRA with three pumps each op-
of different wavelengths, about 100 nm shorter than that 8fating at a low pump power of 100 mW, more FWM were
the wide spectral width of the WDM carner Wavelength,sobserved with a lower dispersion pump (1460 nm) and signal
Back-pumped_ DRA has been W"?'e_'y used |n_transm|55|?m538 nm) wavelengths closer to the fiber zero-dispersion wave-
system experiments [1], [2], providing an equivalent lumpy,qh (1497 nm). The DRA gain suppression, together with the
amplifier noise figure< 0 dB [3] and reducing the pump yo0qced FP spectrum at 15xx-nm signal band, may limit the
noises as averaged by the forward-traveling signal, Wher‘?%%fulness of the forward-pumped DRA, generating spectrally

forward-pumped DRA allows the launched signal power to jg,, niform FwM-induced noise floors and crosstalk in WDM
reduced, which lessens the impact of optical nonlinearities ﬂBer-optic transmission systems.

the transmission system [4]. Bidirectional-pumped DRA has
the potential to provide more uniform Raman gain to overcome
the fiber loss, which then reduces signal power for a given
transmission span loss and mitigates fiber nonlinear effects [5]FWM is a third-order nonlinear parametric process, with
A nondegenerated FWM of three pumps to generate a fouscond-order nonlinearity very small in an isotropic silica
signal wavelength for forward- and backward-pumped DRA#ber. Significant FWM process occurs only if conservations of
was experimentally observed over 50 km of true-wave (TWphoton energy and photon momentum among the four guided
optical waves are held. Consider the mixing of two pump
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Fig. 1. Experimental setup for the forward pumped DRA.

Let 4 be the guided-wave propagation constantaf]) be single-wavelength signal wave with attenuatiofy we obtain
the guided-wave phase index at the optical carrier frequenttye FWM-generated optical power at frequenfy through a
fi; then the corresponding guided-wave photon momentumfiiser length of L km as
hB; = h(2xf;/c)n(f;). The photon momentum conservation
for the peak FWM is jusi\g = (B, — Bp) — (Bs — Bs) = 0.

In a single-mode fiber (SMF), it is difficult to achieve both con- . .
servations of photon energy and momentum. The photon enevﬂqyere the effective length for the pump is

has to be conserved completely, since there is no uncertainty in » 1 —exp(—a,L)

frequency associated with an infinite long time for FWM in the Leg = a—p @)
nonlinear fiber-optic transmission experiments. With FWM oc- o .

curring within the effective length of the fiber determined bjnd the FWM efficiency is

attenuation and length of the fiber, the photon momentum is not
completely conserved with a finite mismatchiag. Expanding

the propagation constants, and g, in the Taylor series, re-
spectively, around;, and f; and then retaining terms up to the
third order inA f, the propagation constant mismatch can be >~ . (8)

Py(L) = S Py Py Poexp(—a,L)(Lig)*  (6)

4exp(—a,L)sin® (%)

T (Ap)?

a? -
[1— exp(—a, D)
1

2
written as 14 (%)
AB =By = Bp) = (Bs — Bs) The notationsP,, P,/, and P, in (6) are the input powers at
=AB1 + ABy + ABs (2) frequenciesf,, f,-, andfs, respectively. The approximation in
where (8) is valid under the condition af,L > 1. The degeneracy
2 factord equals to 6 for a nondegenerated FWM analyzed here.
Afr = TAf(NP - Ns) () The nonlinear coefficient [13] is
AB =Z(Af)2 (A2D, - A2D,) 4) 21y
¢ v = 9)
and )‘sAeff

whereA.g is the effective mode field area, is the vacuum

3 3
(2)‘pr - 2XD,) signal wavelength, and, is the nonlinear-index coefficient.

Ay =55 (Af)

dD dD
4 P 4 s
+ <Ap Frwiat d/\s>]' (5)

I1l. EXPERIMENTS AND DISCUSSION

A. Experimental Setup

The notationsA 3y, AfB,, andAps are the first-, second-, and  Fig. 1 shows the experimental setup. The probe signal was
third-order terms, respectively, from the Taylor expansioAgf from a mode-locked laser tunable from 1520 to 1600 nm with a
in terms ofA f. HereN,, and N, are the group indexes for pumprelative intensity noise (RIN) of 145 dB/Hz. Three high-power

and signal, respectively. The fiber chromatic dispersiab is
(1/¢)(dN/d)), and the dispersion slope is

dD 1d°N

d\ ¢ d\?’

(100-mW) pump laser diodes (LDs) have multiple FP wave-
lengths centered at 1440, 1450, and 1460 nm, respectively, each
with its center wavelength stabilized by an external fiber Bragg
grating (FBG). Fig. 2 shows the FP spectrum of the 1440-nm
pump laser with a 0.225-nm mode spacing. These three pump

Extending the analysis of FWM [9]-[12] to the case of twdasers were combined in a pump combiner and then coupled to a

pump waves having identical attenuatiofy to mix with a

reflection-type microoptic wavelength-division multiplexer for
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forward pumping to a 50-km NZ-DSF having a mode-field aree Pk: 1439.523nm 5.m¥ AVG:1 RES:0.02nm N:1001  NORMAL

57* e — S—

Aeg = 73.7pm? and a 1497-nm zero-dispersion wavelength, “uw
providing distributed Raman gain for the 15xx-nm signal.

B. Raman Gain i
With a 15xx- nm tunable probe signal of 1-mW copropa- ' 1 h
gating with the 100-mW pump, then/orr distributed Raman i A

gain spectra in Fig. 3 was obtained from the ratio of the mea 2.9
sured fiber output powers with the pump being turedand n
OFF. There was a dip of about 2—3 dB in ths/OFFRaman gain
spectra associated with peak FWM at 1558, 1548, and 1538 n s71.8 ﬂ
for 1440-, 1450-, and 1460-nm pumps, respectively.Glverr 9/D

RV A AW RAE W

Raman gain peak for each pump wavelength is shifted from th

pump wavelength by about 100 nm, having a peak gain of 3.¢ / \ AV RV RVARY) \V \Jﬂ\

3.5, and 3.3 dB at a wavelength of 1540, 1550, and 1560 nr *-%3==2 T e

obtained from a 100-mW pumping individually at 1440, 1450,

and 1460 nm, respectively. Fig. 2. The FP mode spectrufmode spacing= 0.225 nm) of the 1440-nm
The on/orFFpeak Raman amplification [14] is pump laser.

(10)

-\ ——1p=1440nm
===~ p=1450nm
------- Ap=1460nm

P
G4 = exp <M>

2Acq

wheregpg is the peak Raman gain coefficierd is the pump
power at the amplifier input, and the pump effective lengfh
is given by (7). The factor 1/2 in the exponent of (10) is du(®g
to random polarization angle between pump and signal, spe¢
trally separated bgz 100 nm, during their propagation in the 8 1}
50-km fiber. Withgr = 7.4 x 10~'* m/W [15], [16] for the
1450-nm pumppP, = 100 mW,q,, = 0.26 dB/km,L = 50 km,
LYy = 15.87 km, andd.q = 73.7um?, the peak amplification
from (10) isG4 = 2.22 or 3.46 dB, which is very close to the
measured gain of 3.5 dB in Fig. 3.

Raman G
o
T

! . 1 . 1 . | ) |
1520 1540 1560 1580 1600

C. FWM in a DRA

For a 100-mW pump at 1440-nm forward traveling througl Wavelength (nm)
the 50-km NZDSF with the 1-mW single-wavelength probe
signal, the three output signal spectra in Fig. 4(a) show thg. 3. The onorF distributed Raman gain spectra for 1440-, 1450-,
additional side lobes at the probe single-wavelength sigréaf 1460-nm pump wavelengths with each of the 100-mW pump power

ropagated with a 1 mW of 15xx-nm signal. The Raman gain was obtained
centered at 1554, 1558, and 1562 nm due to FWM of the punﬁ%%] the ratio of the measured fiber output powers with the pump being turned

and signal. Fig. 4(b) is the same as Fig. 4(a), except it is for tbeandorr.
1450-nm pump of 100 mW copropagating with probe signal
centered at 1544, 1548, and 1552 nm, while Fig. 4(c) is for the _ .
1460-nm pump of 100 mW and the probe signal centeredrﬂgt Delay and Dispersion in the NZ-DSF
1534, 1538, and 1542 nm. It is interesting that the FP signalTo further support our understanding of the phase mis-
spectra associated with the most efficient FWM and the cormgatching in FWM, the chromatic dispersion and the group
sponding FP pump spectra were spectrally separated by 1d@ay (solid lines) versus wavelength in Fig. 5 were measured
98, and 78 nm, respectively, in Fig. 4(a)—(c), solely determindy the optical network analyzer from 1525 to 1635 nm for
by the fiber group delay and dispersion characteristics to be300-m-long NZ-DSF. The zero-dispersion wavelength of
discussed subsequently. 1497 nm is just the wavelength for minimum group delay.
The reproduction of the FP spectra in the 15xx-nm sign&he group delays (solid square) at 14xx nm in Fig. 5 were
band via FWM was not observed for the single-mode fibénferred from that of the corresponding signal wavelengths
(SMF-28), DSF, and dispersion-compensated fiber (DCF) witlt 15xx nm obtained from maximization of FWM efficiency
zero-dispersion wavelengths at 1310, 1547, and 1710 nm, f@&- reproduction of FP spectra to be discussed subsequently,
spectively. This is in drastic contrast with the forward-pumpezhowing the group delays at pump wavelengths of 1440, 1450,
DRA with the NZ-DSF having a zero-dispersion wavelength @nd 1460 nm to be the same as that of the signal wavelengths
1497 nm, reproducing FP pump spectra in the 15xx-nm sigrafl 1558, 1548, and 1538 nm, respectively. Since the measured
band via FWM. dispersion versus wavelength seems linear, we made a linear



KUNG et al: FWM BETWEEN PUMP AND SIGNAL IN A DRA 1167

Pk: 1558.180nm -11.88dBm AV6:1 RES:0.02nm N:1001  ADAPTIV Pk: 1547.870nm -10.75dBm AVG6:1 RES:0.02nm N:1001  ADAPTIV
3 4 [ —————— e ————————— 3, 4 [r——— — e ——————

>
—

i
o

L L LYY

AV

<
<
<
<
<
=
p

10.0 10.0

d8/D dB8/D
~96.6 L— i — -96.6 I S—
1553.00 1558.000nm 1.00nm/D 1563.00 1543.00 1548 .000nm 1.00na/D 1553.0¢

@) (b)

Pk: 1537.490nm -12.90dBm AV6:1 RES:0.02nm N:1001  ADAPTIA
e —————————— e ———————

c’
=

-26.6 V ) i ;,A
N Ul 4. A,

10.0
&/

— — L
1533.00 1538.000nm 1.00ne/D  1543.0C

(©

Fig. 4. FWM reproduced spectra for a 100-mW pump-power forward traveling with 1-mW single-wavelength probe signal through a 50-km NZ-DSF with a
zero-dispersion wavelength of 1497 nm: (a) 1440-nm pump with the probe single-wavelength signal centered at 1554, 1558, and 1562 nm; (b) 14&@mm pump
probe signal centered at 1544, 1548, and 1552 nm; and (c) 1460-nm pump with the probe signal centered at 1534, 1538, and 1542 nm.

extrapolation to the shorter wavelength down to 1440 nm aRdr a maximum mixing efficiencyy, the phase mismatch
obtained a zero-dispersion wavelength of 1497 nm consistex$ has to be minimized with the first-order mismatch
with the manufacturer specification of 1497.3 nm. AB = 2n/c)(AF(Ny(fp) — Ns(fs))) = 0 [see (3)]. This
then implies that the group delays & = 1440, 1450, and
E. Photon Energy and Momentum Conservations in FWM 1460 nmare identical to.that. af = 1558, 1548, and 1538 nm,
respectively, as shown in Fig. 5. Thus, the second-order term
The pump FP mode centered at 1440 nm is reproduced ifia(4) dominates the phase mismatch wilif,,;, = ABs =
FWM at the signal band centered at 1558 nm, resulting in ided.25, 0.21, and 0.16 kit at 1558, 1548, and 1538 nm,
tical pump and signal FP mode spacing willf = 32.6 GHz respectively, as shown in Table I. The residual mismatch
as shown in Figs. 2 and 4(a). Thus, the photon energy consen,,;, # 0 for maximizing reproduction of FP spectra via
tion is completely satisfied in the FWM experiment here, havingwM, since N, (f, + 32.6 GH2 > N (fs + 32.6 GH2 or
Jp = [, +32.6 GHz andf,s = f, +32.6 GHz, asiillustrated in N,(f, — 32.6 GH2 < N(fs — 32.6 GH2 in the U-shaped
the inset of Fig. 5. The momentum conservation witi — 0  group delay versus wavelength curve, as shown in the inset of
is also required for efficient FWM with high [see (8)]. Fig. 5. The third-order term\3; from (5) was estimated to be
The fiber group delay versus wavelength (from 1440 teegligibly small (about-8.0 x 10~ °km™1).
1580 nm) in Fig. 5 is U-shaped with minimum delay at the Since we do not have the measured group indexes at the
wavelength of 1497 nm or the zero-dispersion wavelengthdxx-nm pump wavelength, we evaluate nonminimux®
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negative,—0.5 dB at 1558 nm and 0.8 dB at 1538 nm, since

36 H Measured curves with 300 m of NZDSF . .
B Results of the maximization of FWM efficiency |- they are about 20 nm away from the corresponding gain peak
32 H -——-;aineargmpolauonlofm: measured : wavelengths associated with 1440- and 1460-nm pumps.
[sporsion s, wavelongth_ Table | also shows that less FWM efficiengy= 2.2 x 10~*

28 41972 and1.9 x 10~* [from (8)] are associated with more phase mis-
24 i matchAS = 4.1 km ! and—4.3 km~! [from (4)], respectively,
oo b ] B for the probe single-wavelength signals at 1554 and 1562 nm.
- 2 Thus, there were fewer FP wavelengths generated and a negli-
e 1.6 - g gible dip in the DRA gain in Fig. 4(a).
§ 12k 9 For the pumps at 1450 and 1460 nm, the maximum FWM for
€ s 2 the reproduction of FP spectra was experimentally observed as
g 08 - 18 in Fig. 4(b) and (c) at 1548 and 1538 nm, respectively. This,
Yy R Py, in turn, implies that the group indexes at 1450 and 1460 nm
L SN U A S A SO SRR ORI are identical to that at 1548 and 1538 nm, respectively, solely
0.0 f=- : determined by the NZ-DSF group-delay characteristics.
04 |
F. FWM-Generated Power
08 - Among the three FP spectra having a maximum number of
12 VY reproduced FP wavelengths at the center of Fig. 4, the FWM
PP I A A efficiency is highest at 1538 nm due to the lowAst = Ag; =
IS T N T O G N T A S N S 0.16 km ! (see Table I) associated with the lowest dispersion,
1440 1460 1480 1500 1520 1540 1560 1580 1600 1620 1640 since both pump of 1460 nm and signal wavelengths of 1538 nm
Wavelength (nm) are most close to the zero-dispersion wavelength of 1497 nm in

our experiments.

Fig.5. The dispersion and relative group delay of a 300-m NZ-DSF. The solid Comparing two side FP spectra in each of the three graphs
line measured by an optical network analyzer and the solid squares are the result;

inferred from the maximum FWM efficiency for reproduction of FP spectra. Thé 'S:ig- 4, more FWM at a shorter wavelength is due to lower
dashed line is a linearly extrapolated dispersion versus wavelength. A associated with lower dispersion, resulting in a higheas

shown in Table I.

from the dispersion at the signal band, as described subse€omparing six side spectra in Fig. 4, the longest probe wave-
quently. With the group indexV, at 14xx-nm pump being length at 1562 nm has the lowest FWM efficiency due to the
identical to the 15xx-nm signal group indé¥,, for maximum highestA3 = —4.3 km ! associated with the highest disper-
FWM, Ag in (3) can be written as sion at 1562 nm, while the highest FWM efficiency at 1534 nm

I is associated with the lowedt3d = 2.7 kmi™! or the lowest dis-

AB = —Af(Ng— Ns) =2nAf-Ds-A)Ng, s  (11) persion, as shown in Table I.

¢ We assume the same Raman géinfor the probe signal
whereAX;, s = Ao — As, andD; is the dispersion evaluatedand the FWM-generated signal, since FWM occurs at the fiber
at (Aso + As)/2. length 2 < L.g/2 with FWM proportional toP,, P,. The

Table | also showsApj obtained from (11) with FywM-generated poweP, (L) normalized to the transmitted
Af = 326GHz, A\, = 4nm, andD, from Fig. 5. signal powerP,(L) = P,(0) exp(—a, L) can be obtained from
A positive (negative)AS indicates that the 14xx-nm pump(g) —(8). The nine constituent FP pump powers in Fig. 2 were
group index is higher (lower) than the 15xx-nm signal group 37, 7,04, 17.51, 21.49, 17.11, 10.75, 6.77, 4.42, and 3.08 mW,
index at a shorter (longer) signal wavelength. from long to short wavelengths. Each pump power is estimated
As the 1-mW probe signal wavelength was varied, more Fym the optical spectrum analyzer (OSA) measured power,

wavelengths were regenerated and a dip inaheorFF DRA  with 0.02-nm resolution, integrated over the spectral width
gain of about 2 dB was observed at the signal wavelength &f 0.2 nm for each FP wavelength. The nonlinear coefficient
1558 nm in Fig. 4(a). It is due to the reduction of the probe — (275,)/(A\,Aeg) = 1.5W 'km™! is obtained using
signal by peak FWM for reproduction of FP spectra with=  ,, — 2. 7x 1072° m2w! [17] andAeg = 73.7um?. The fiber
5.4% from (8) for a minimum phase mismatecky = Af; = attenuations are, = 0.26 dB/km andy, = 0.19 dB/km. The
0.25km *. Raman gains in Fig. 3 are reduced+@.5, 0.8, FwM efficiencies for 1554, 1558, and 1562 nm are estimated
and—0.8 dB by the deS of 20, 26, and 3.0 dB at 1558, 154@0m (8) to be2.18 x 10*4’ 00545’ and .94 x 10*4' respec-
and 1538 nm, respectively. The increase of dip is due to la§fely. Assuming a random polarization angle between pump
residual phase mismatch, of 0.25, 0.21, and 0.16 kM, and signal copropagating over the 50-km fiber, we multiply a
with decreasing signal wavelength, as shown in Table I. Thugctor 1/2 to (6) and then include the product counts for two
we conclude that more reduction of Raman gain is associatgglacent FP wavelengths (with frequency spacin to obtain

with more FWM due to less dispersion at the wavelength closgle normalized FWM-generated output powefat A f as
to the zero-dispersion wavelength. The reduced Raman gain is ' '

+0.8 dB at 1548 nm, very close to the Raman gain peak of Py41(L) _ 1 7

2_2 2
the 1450-nm pump, while the two other reduced gains are both P(L) 2 gd 7 (Let) (Bp Pp-1 + PpLpta). - (12)
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TABLE |
ESTIMATED VALUES OF THEPHASE MISMATCH A3 AND THE FWM EFFICIENCY 5 FOR (A, = 1440 nm A\, = 1554, 1558AND 1562 nm), &, = 1450 nm,
As = 1544, 1548AND 1552 nm)AND (A, = 1460 nm,\, = 1534, 1538AND 1542 nm)

1169

h D, A D, ARy AR ABs AB M
(m)  (shmdkm) (m)  (shmdkm) (a’) (o) o) (k)
1562 53 431 1.94x10*
1440 41 1558 50 0 025 82x10° 025 00545
1554 47 406 2.18x10*
1552 45 365 2.70x10°
450 39 1548 42 0 020 68107 021 00755
1544 38 332 32mi0*
1542 37 299 4.03x10°
460 30 1538 34 0 016 -S4x10° 016 0.1233
1534 30 ' 265 5.12x10°

(D, at 1536, 1540, 1546, 1550, 1556, 1560 nm are 3.2, 3.6,4.0,4.4, 4.9, 5.2 ps/nm-km, respectively)

We neglect the contributions to (12) frodd\ f and higher FWM-induced noise floors and crosstalk in WDM fiber-optic
FP frequency spacing, since their contributions to the FWiansmission systems.

efficiency in (8) are at leask1/4 lower than that ofA f. Based

upon numerical values in Table | for the adjacent FP spacing
Af = 32.6 GHz, we find from (12) the largest normalized

FWM-generated power normalized to the probe signal power[1]
at 1554, 1558, and 1562 nm to be37.51, —13.51, and
—38.01 dB, respectively. The corresponding measured power 1

for the highest FWM-generated FP wavelengths from Fig. 5(a)
were —36.92,—12.31, and-37.69 dB, as compared with the

probe 1-mW signals.

IV. CONCLUSION
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