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This paper theoretically studies the double-pumped fibre-optical parametric amplifiers (FOPAs) in photonic crystal

fibres. Two distinct working regimes of FOPAs are researched, which depend on the dispersion at the central wavelength

of the two pumps. Extremely broad tuning range can be obtained when the central pump wavelength is in the normal

dispersion regime and is insensitive to the wavelength separation between the two pumps, while the tuning range is

narrow in the anomalous dispersion regime and can be significantly enhanced by increasing the wavelength separation.

Impacts of higher-order dispersions and temporal walk-off on the gain spectra are also discussed.

Keywords: nonlinear optics, parametric amplification, photonic crystal fibres, dispersion

PACC: 4265, 4281, 4255N

1. Introduction

Fibre-optic parametric amplifiers (FOPAs), based
on four-wave mixing (FWM),[!l lately have re-
ceived considerable attention because of their unique
properties.2=8 In addition to provide broadband and
high gain in many spectral bands, FOPAs exhibit low
noise figures which can be equivalent to those of con-
ventional fibre-optic amplifiers, or even better when
they operate in a phase-sensitive configuration. They
additionally offer the possibilities to achieve wave-
length band conversion and many other applications
such as ultrafast all-optical signal sampling, high-
repetition-rate pulse train generation, or time-division
multiplexing. High and uniform gain over a relatively
large bandwidth is, however, an important issue of op-
tical amplifiers of current interest, especially in dense
wavelength-division-multiplexed systems.

Because of the relatively weak nonlinearity in tra-
ditional silica glass, FOPAs require high peak power
and long length before FWM effects can be ob-
served. In such a long fibre, phase-matching is dif-
ficult to maintain because of longitudinal variations
of zero-dispersion wavelength (ZDWL). In addition,
traditional silica glass has pool dispersion properties,

and high-order dispersions are generally neglected in
the treatment of phase-match condition. As a re-
sult, it is difficult for FOPAs to provide good re-
sults. With the development of highly nonlinear fi-
bres, these limitations are gradually conquered. Ap-
proaches to accomplish broad and flat gain spectrum
have been proposed and demonstrated, which include

Ol a multisection

10]

utilizing a highly nonlinear fibre,
dispersion-tailored nonlinear fibre arrangement,

1 Compared with single-

and dual-pump scheme.!
pump FOPAs, dump-pump scheme has more tun-
able parameters, which may support flat gain over a
larger bandwidth.l'213] Flat gain spectrum over tens
of nanometres can be obtained.l' Recently, newly
developed photonic crystal fibres (PCFs) exhibit en-

[15] and show significant nonlinear

hanced nonlinearity,
effects with length as short as a few metres, leading to
high FWM efficiency. In addition, PCFs also exhibit
engineerable dispersion.!'®! High-order dispersions can
play important roles in phase-match condition. The
combination of their unusual dispersive properties and
high nonlinearities has proved valuable and has pro-

vided a new platform for investigating FOPAs.

In this paper we theoretically study the double-
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pumped FOPAs with PCFs where the higher-order
dispersions and temporal walk-off are taken into ac-
count. Unlike the single-pumped FOPAs, dual-pump
scheme provides several degrees of freedom to de-
sign FOPAs, including the parameters such as the
centre wavelength and the wavelength separation of
two pumps. Results show that the phase-matching
features and gain spectra of double-pumped FOPAs
strongly depend on the dispersion at the centre wave-
length of two pumps in an explicit manner. Two dis-
tinct working regimes of FOPAs are observed in terms
of the dispersion at the centre pump wavelength. Ex-
tremely broad tuning range can be obtained in the
normal dispersion regime and is insensitive to the
wavelength separation, while the tuning range is nar-
row in the anomalous dispersion regime and can be
significantly enhanced by increasing the wavelength
separation. These features may be useful in designing
and optimizing broadly tunable FOPAs. In addition,
the shape of dispersion curve in PCF's is complex, and
the walk-off delay among the interacting waves may be
over ten picoseconds in a typical optical device. For
fast signals approaching several picoseconds in future

optical networks, the effects of temporal walk-off may
become a factor to degrade the performance of FOPAs
seriously and are thus necessary to be considered.
This paper is organized as follows. In Section 2 we
discuss the contributions of the temporal walk-off and
the dispersion in FWM process. Section 3 analyses
phase-matching condition and shows that widely tun-
able gain can be obtained by use of high-order disper-
sion in PCF for the central wavelength of two pumps
being located in the normal dispersion regime. Section
4 gives output results of gain spectrum by numerical
simulations. Finally, the results are summarized in

Section 5.

2. Propagation equations

Double-pumped FOPAs, involving the nonlinear
interaction of four copropagating waves in a single po-
larization optical fibre with an arbitrary dispersion
profile, can be described by the following nonlinear

coupled-wave equations:!

9Ay | 1 9A a A . .
St — " 8: 6% = =iy {14k + 20145k + Aol + | As")] Ak + 2454045 exp(iA82) b, (1)
94; 1 94, 024, . ,
oA st = i { [l + 2041 + Aol + |45 )] 4, + 2414245 exp(—inrB2) |, (2)

where Kk =1 or 2 and j = 3 or 4, A; and As represent
pump fields, and A3 and A4 are the signal and idler
fields, respectively. -~ is the nonlinearity parameter;
B2m (m = 1 to 4) is the second-order dispersion co-
efficient; AS = B(ws) + B(ws) — B(w1) — B(ws) is the
wave-vector mismatch; and vgy, is the group velocity.
To study the effects of the walk-off and dispersion sep-
arately, we compare three length scales, the walk-off
length Ly, the nonlinear length Lyt and the group-
velocity dispersion (GVD) length L. For pump pulse
duration Ty and peak power Py, these characteristic
lengths are defined by

1 T
Lyt = —% Lwm =71 2
Mo Vgm — Ugg
T2
Lpm = —2—. 3
E )

Dispersion and walk-off length decrease rapidly

with the short pulse duration, and the shorter one
plays a dominant role. For pulse duration Ty = 5 ps,
the GVD length is generally over ten thousand metres,
while the nonlinear length and the walk-off length will
be only about tens of metres in a highly nonlinear fi-
bre. In this case, the GVD term in the left of Egs.(1)—
(2) can be neglected. To get more information about
the walk-off effects, we introduce a time scale to de-
scribe the walk-off delay 7

1 1 1
Tw = (-5392 + —5493 + ﬂﬁsfﬂ

L 5
+ B Oﬁ 6 {2 ) 4)
where 2 = w — wy, wo = 27w¢c/ Ao, Ao is the ZDWL of
a fibre, and L is the fibre length.

To theoretically simulate the FOPAs, realistic fi-
bre parameters with large high-order dispersions were
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1 which will clearly show the effects of tem-

adopted,
poral walk-off but may not alter the general conclu-
sions obtained in this paper. It is obvious that the
walk-off delay has a complex curve as the wavelength
is detuned from the ZDWL (dashed line in Fig.1).
When FOPAs are working near the ZDWL, the walk-
off delay is largely contributed by the third-order dis-
persion (3, and the walk-off delay curve is nearly
symmetric with respect to the ZDWL. The higher-
order dispersions, however, will play important roles
and make the walk-off delay curve asymmetry for the
working wavelength far from the ZDWL. When the
two pump wavelengths are located on the opposite
sides of the ZDWL and the wavelength separation is
less than 60 nm, the walk-off delay between the pump
wp and the pulse wy will be very small. In this case,
the second term in the left of Eq.(1) can be neglected.
Comparatively, when the signal wavelength is longer
than 1580nm or the corresponding idler wavelength
is less than 1420 nm, the walk-off delay between the
signal ws and the pulse wg will be more than 20 ps,
and the walk-off delay between idler w; and the pulse
wp will be about 10 ps in a 100 m fibre. Thus walk-off
effect is commonly severe for signal and idler pulses
with duration ~5 ps.
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Fig.1. Second-order dispersion (solid line) and walk-off
delay (dashed line) versus wavelength. The parameter
values are L = 100m, 33 = 0.066, B4 = —1.04 x 103,
Bs =3.37 x 1076, Bg = —1.14 x 10~6. The units are ps®
km~1! for Bn.

3. Phase-matching

According to the above analysis, both the walk-
off and dispersion effect can be neglected for the pump
pulses. Under the approximation of pump undeple-
tion, Eq.(1) can be simplified to

0Ay

. =0l(P+2Ps )P, (k=12),  (5)

where P, = [Ax(0)|°. Eq.(5) is easily solved and we
obtain

A (2) = \/ Px expliv(Prx + 2P5_1)z]. (6)

Substituting Eq.(6) into Eq.(2), and introducing the
parameter B; = A, exp[—2iy(P + P2)z], ( = 3,4),
we obtain

0B, 1 0B; . « .

9. Yoo ar =2iy\/ PiP2 By exp(—ikz), (7)
where k = AG + (P, + P2) escribes the total phase
mismatch. Using Taylor expansion and taking terms
up to the sixth-order dispersion, we get the phase-

matching condition among the four waves

k=AB+~v(P+ P2)
= Boc[2? — (Awp)?] + %646[94 — (Awp)?]

e Bl 0° = (Awy)] + (B + B)
~ 0, 0

where 2 = w3 — we = —(ws — we) is frequency
shift. In particular, the central frequency of the two
pumps w. = (w1 +wsz)/2 and the frequency separation
Aw, = (w1 — w2)/2 are defined, which are alterna-
tives to the two pump wavelengths (w; and ws). The
two parameters w. and Awy, contribute only when two
pumps are used and are independent of the signal and
idler frequencies. In the following, we will see that the
two parameters play important roles in controlling the
phase mismatch. (s, B4c and Bgc, the even-order dis-
persions at the central frequency w,, are related to the
dispersion values at the ZDWL )\ as

6
Bae(@) = Y Brn(wo)(w — wo)™ 2/ (m — 2)!,

m=2

Bac(w) = Ba(wo), and PBge(w) = Bs(wo). (9)

The phase-matching curves as a function of the
central wavelength A, are calculated by using Eq.(8)
(Fig.2). we can see from Fig.1 (solid line) that adjust-
ing the central wavelength of the two pumps implies
different dispersion Gs.. When pumping in the anoma-
lous dispersion regime (2. < 0, the right part of
Fig.2), a tuning range of tens of nanometres can be ob-
tained. From Eq.(8), it is easy to understand that A3
must be negative to realize the phase-matching con-
dition. Thus negative (o, implies that the contribu-
tions of other higher-order dispersion terms should be
small. As a result, the FWM is generally confined to a

narrow spectral region, resulting in a limited tunable
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bandwidth. In this case, to broaden the gain band-
width {2, one effective approach is to utilize a highly
nonlinear fibre and/or enhance the pump power. 1]
It realizes wide bandwidth by enhancing the nonlin-
ear phase mismatch v(P; + P). Another approach is
to increase the pump wavelength separation,!*! which
in effect adds a bias to AG (see Eq.(8)), so that lin-
ear phase mismatch is large enough to compensate for
nonlinear phase mismatch, and flat gain over a wide
spectral range can be achieved. However, both the two
approaches have some limits. For the first one, high
nonlinearity is limited by the performance of a fibre,
and high pump power requires more advanced pump
technique. For the last one, the core diameter of any
fibre exhibits random variations related to manufac-
turing, resulting in a randomly varying ZDWL along
the fibre. The uniformity of gain reduces because of
ZDWL fluctuations, which can be solved by reducing
the wavelength separation between the two pumps at
the expense of a reduced gain bandwidth.[?!
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Fig.2. Phase-matching curve in terms of the central wave-
length of two pumps. Solid line: the wavelength separation be-
tween the two pumps is 30nm, P; = 1 W, P, = 1 W. Dot line:
the wavelength separation between the two pumps is 30 nm,
P1 = 10W, P, = 10 W. Dashed line: the wavelength separa-
tion between the two pumps is 60nm, P; = 1W, P, = 1W.
Vertical dotted lines indicate the ZDWLs.
v = 30 W~!/km, and other parameters are the same with
that in Fig.1.

The parameter

Contrary, when the central wavelength A. of the
two pumps is located in the normal dispersion regime
(B2c > 0, the left part of Fig.2), and depart from
ZDWL a very small distance, wider gain spectrum can
be achieved. Signal and idler outputs between 1400
and 1600 nm can be covered if the central wavelength
¢ is tuned only 20-nm from the ZDWL. The tunable
This
phenomenon can also be understood from Eq.(8). AS

range can reach several hundred nanometres.

must be negative to realize the phase-matching con-
dition. The positive (. implies a new balance among
the different orders of dispersion, and the higher-order
dispersions begin to play important roles in phase-
matching. A small but positive (. associated with
the nonlinear phase mismatch needs to be compen-
sated by a large but negative higher-order dispersion
terms. As a result large {2 can be obtained and a large
bandwidth of phase matching can be realized. It is
noted that the co-compensation between the second-
order dispersion and higher-order dispersions terms
play more important roles in phase-matching, and
phase mismatch induced by nonlinear effects and the
bias Awp becomes unimportant when {2 is large. So
the phase-matching condition is not so sensitive to the
wavelength separation between the two pumps and the
pump power in the normal dispersion regime. With
such a steep phase-matching curve, a widely tuning
parametric gain of FOPA can be resulted from a small
change in the central wavelength near the ZDWL.

4. Parametric gain

Equation (4) governs the evolution of the signal
and idler waves including the effect of walk-off, which
can be numerically solved to obtain the gain of the
FOPA. The split-step Fourier method was adopted to
solve the equations in this paper.[!] The small-signal
power gain at the output can be expressed as

G

10log[P5(L)/P5(0)]
= 20log[|B3(L)|/ |B3(0)]]. (10)

Figure 3 shows the gain spectra of the FOPA as
the central wavelength A. is tuned in the vicinity of
the ZDWL. Dispersion (s aries from 0.2159 ps?/km
to —0.1119ps? /km when ). is tuned from 1496 nm to
1502nm (see Fig.1). Like the situation in a single-
pumped FOPA,['") the gain spectra are also broad
when the central wavelength A, is tuned in the nor-
mal dispersion regime, which is in agreement with the
bandwidth of phase-matching. The most uniform gain
spectrum is observed in the normal regime close to
the ZDWL (A, = 1499nm, (. = 0.05496 ps?/km in
our simulations). As the central wavelength is apart
from ZDWL, nonuniform gain spectra with sidebands
will be resulted and are also sensitive to the central
pump wavelength. Therefore, to design broadly tun-
able FOPAs for the practical use, the central pump
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wavelength should be close to the ZDWL and in the
normal dispersion regime, which corresponds to uni-
form broad gain spectra. These features can be easily
understood from the phase-matching condition given
by Eq.(8).
to the central frequency we, or the frequency shift 2

When the signal and the idler are close

is small, the terms of the higher-order dispersions be-
come small and have small impacts on the gain. The
higher-order dispersions, however, are proved to be
important for the gain uniformity by compensation
for the central dip of the gain spectrum. When the

&% Gain/dB
& /

signal and the idler are far from the central frequency,
or the frequency shift is large, the higher-order disper-
sions play an important role in the gain. As a result,
the phase mismatch changes very rapidly close to the
boundary of phase-matching condition. This corre-
spondingly yields narrow peaks of parametric gain and
makes the gain spectra nonuniform. Finally, the walk-
off effect is proved to have great influence on the gain
spectra of FOPAs (Fig.3). Compared with the case
without walk-off, the gain spectra decrease at least

25dB by the effect of walk-off.

Gain/dB
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Fig.3. Gain spectra as the central wavelength of the two pumps is tuned in the case without the effects of walk-off
(a) and the case with the effects of walk-off (b). The parameters To = 5ps, Pt = 1 W, P, = 1 W, and the wavelength
separation of 30 nm are used in the simulations, and other parameters are the same with that in Fig.2.

5. Conclusion

We doubled-
pumped FOPAs where the higher-order dispersions

have theoretically studied the

and temporal walk-off are taken into account. Strong
control over the dispersion and nonlinearity in PCF's
may improve the performance of FOPAs greatly.
Dual-pump scheme leaves us an extra freedom to de-
sign FOPAs with broad and flat gain spectrum. In
terms of the dispersion at the central wavelength
of the two pumps, two distinct working regimes of
FOPAs are found. When the central wavelength is
in the normal-dispersion regime, the phase-matching
can be obtained in an extremely wide range of wave-

length and is not sensitive to the wavelength sepa-
ration. While in the anomalous-dispersion regime,
the bandwidth of phase-matching is narrow and sig-
nificantly enhanced by increasing wavelength separa-
tion. Higher-order dispersions play important role in
the gain spectrum. The most uniform gain spectrum
occurs in the normal dispersion regime close to the
ZDWL. As the central wavelength is apart from the
ZDWL, the gain spectra are with sidebands and be-
come highly nonuniform. The effects of walk-off on
dual-pump FOPAs greatly decrease the gain for pi-
cosecond signal pulses. Conclusions may apply to the
single-pump case as well. The results obtained in this
paper could be a useful guideline in designing and op-
timizing broadly tunable FOPAs.

References

[1] Agrawal G P 2001 Nonlinear Fiber Optics 3rd edn (New
York: Academic)

[2] Wong K K Y, Shimizu K, Uesaka K, Kalogerakis G,
Marhic M E and Kazovsky L G 2003 IEEE Photon. Tech-

nol. Lett. 15 1707

[3] HoM C, Uesaka K, Marhic M E, Akasaka Y and Kazovsky
L G 2001 J. Lightwave Technol. 19 977

[4] Westlund M, Hansryd J, Andrekson P A and Knudsen S
N 2002 FElectron. Lett. 38 85



210 Li Yong-Zhong et al Vol. 17
[5] Boggio J M C, Dainese P, Karlsson F and Fragnito H L [13] Yaman F, Lin Q, Radic S and Agrawal G P 2004 IEEE
2003 IEEE Photon. Technol. Lett. 15 1528 Photonic Technol. Lett. 16 1292
[6] Voss P L and Kumar P 2004 Opt. Lett. 29 445 . . .
(7] Hansryd J, Andrekson P A, Westlund M, Li J and [14] Boggio J M C, Marconi J D and Fragnito H L. 2005 IEEE
Hedekvist P O 2002 [EEE J. Sel. Topics Quantum Elec- Photonic Technol. Lett. 17 1842
tron. 8 506 [15] Sharping J E, Fiorentino M, Coker A, Kumar P and
[8] Zhao C Y and Tan W H 2007 Chin. Phys. 16 644 Windeler R S 2001 Opt. Lett. 26 1048
[9] Ho M, Uesaka K, Marhic M, Akasaka Y and Kazovsky L
Q 2001 J. Lightwave Technol. 19 977 [16] Reeves W H, Skryabin D V, Biancalana F, Knight J C,
[10] Provino L, Mussot A, Lantz E, Sylvestre T and Maillotte Russell P St J, Omenetto F' G, Efimov A and Taylor A J
H 2003 J. Opt. Soc. Am. B 20 1532 2003 Nature 424 511
[11] Marhic M E and Park Y 1996 Opt. Lett. 21 1354 )
[12] McKinstrie C J, Radic S and Chraplyvy A R 2002 JEEE ~ [17) Deng Y J, Lin Q, Lu F, Agrawal G P and Knox W H 2005

J. Sel. Topics Quantum Electron. 8 538

Opt. Lett. 30 1234



