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A High-Efficiency Tunable Polarization-Insensitive Wavelength Convertor
Based on Degenerate Four-Wave Mixing in a Highly Nonlinear
Photonic Crystal Fiber
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Abstract A high-efficiency tunable polarization-insensitive all-optical wavelength convertor for 10 Gb/s return-to-
zero on-off keying (RZ-OOK) signals using degenerate four-wave mixing (FWM) in a highly nonlinear photonic
crystal fiber (PCF) is demonstrated. The residual birefringence in the 50 m dispersion-flattened PCF with 11 W ! «km '
nonlinear coefficient guarantees the FWM-based wavelength conversion to be polarization-insensitive when the pump
polarization is exactly at 45°to the birefringent axes of the PCF. Experimental results show that with 45 pump launch, the
polarization dependence of FWM in the PCF can be decreased to less than 0. 6 dB over the entire 25 nm conversion
bandwidth. The optical signal-to-noise ratios (OSNR) of the converted signals are better than 40 dB and the conversion
efficiencies are better than — 15 dB over the conversion range with 10 Gb/s signal polarization-scrambled.
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1 Introduction thus developing a practical wavelength convertor which
All-optical wavelength conversion (AOWC) has attracted appeals to a considerable number of researchers *'.
extensive interests for its capability of increasing flexibility =~ Among many theoritical principles which can be used to
and reducing blocking probability in wavelength-division- realize the AOWC functionality. four-wave mixing (FWM)
multiplexing (WDM) systems as well as in WDM- OTDM in fiber is a promising way because the nonlinear process
(optical time-division multiplexing) mixed networks and., can preserve phase and intensity modulation information
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Meanwhile,  since the Kerr
nonlinearity response in silica-based highly nonlinear fiber
is essentially instantaneous, FWM-based wavelength
conversion in highly nonlinear fiber can satisfy major
requirements of modern high-speed all-optical systems
adopting more complex and advanced modulation formats.

The major obstacle for a practical FWM-based
wavelength convertor is the polarization-dependent
conversion efficiency (CE), defined as the power ratio
between the idler at the convertor output to the signal.
Because of this strongly dependence of CE on the
polarization matching between the signal and the pump,
the random variation polarization of a long-distance
transmitted signal at the convertor input will lead to a
deteriorated or invalid output” *'. Several
schemes have been demonstrated to reduce the FWM
polarization sensitivity such as utilizing orthogonal/ co-
polarized dual-pump with limited pump-detuning or
using single pump with polarization-diversity loop™ .
However the conversion bandwidth and polarization
insensitivity of these schemes are limited and they are also
somewhat complex or need more optical components.

A compact tunable polarization-insensitive wavelength
convertor based on degenerate FWM in a highly nonlinear
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photonic  crystal fiber (PCF) was experimentally
demonstrated in this article. By using the straight-line
structure with the single pump launching at 45° to the
PCF birefringent axes., the convertor polarization
dependence of 0.6 dB or less, the output idler optical
signal-to-noise ratio (OSNR) better than 40 dB and the
conversion efficiency better than —15dB., are
obtained. This polarization-insensitive FWM-based
wavelength convertor utilizes less optical components
compared to the polarization-diversity loop structure"*
and is free of optical interference which deteriorates the
output idler and has to be carefully avoided in the
polarization-diversity loop.

2 Principle and experimental results
2.1 Experimental setup

Figure 1 depicts our experimental setup of the
convertor. A 50 m highly nonlinear PCF (NL 1550 «
POS-1) spliced to a standard fiber via an intermediate
fiber with total spicing loss less than 0.5 dB, is used as
the nonlinear medium. The fiber cross-section and
measured dispersion curve is shown in Fig. 2 and the
main optical parameters are listed in Table 1.

idler
output

HP-EDFA

[

wavelength convertor

Fig.1 Experimental setup of the polarization-insensitive wavelength convertor
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Fig.2 (a) Cross-section and (b) measured dispersion curve of the PCF

As shown in Fig. 1. light from a wavelength-tunable
continuous-wave (CW) laser (Amonics, ATL-C-12-B-
FA) is used as the FWM pump and its power can be
tuned by a following variable optical attenuator (VOA).
Pump polarization is carefully adjusted so that it can be
45°launched to the birefringent axes of the 50 m-PCF. A

10 Gb/s return-to-zero on-off keying (RZ-OOK) signal,
as shown in transmitter block of Fig.1, is generated by
intensity modulating a 10 GHz pulsed source (U*T
Photonics, TMLL1550) with a 2*-1 pseudorandom
binary sequence (PRBS) generated from a RF pulse-
signal generator (CENTELLAX, TG1B1A10G BERT)
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and its power can be adjusted using the following EDFA
and VOA. The waveforms of the pulsed source and
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generated RZ-OOK signal are shown in Fig. 3.
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Fig.3 (a) Waveform of 10 GHz pulse source and (b) eye diagram of 10 Gb/s RZ-OOK signal

Table 1 Main optical parameters of the PCF

Parameter Unit Value
Dispersion@1510~1620 nm ps/(nmekm) >0.5
Dispersion@1480~1620 nm ps/(nmekm) >1.5
Arrenuaton@1510~1620 nm dB/km <9
Numerical aperture(@1550 nm NA 0.4£0.5
Nonlinear coefficient@ 1550 nm (Wekm) ! ~11
Splicing loss(@1550 nm dB <0.5

Then the signal and the pump are combined using a
3 dB coupler with power of about —2 dBm. The
combined light is amplified to a total power of about
26 dBm by a high-power erbium doped fiber amplifier
(HP-EDFA, Amonics, AEDFA-33-B-FA) and launch to
the highly nonlinear 50 m PCF. A wavelength-tunable
optical band-pass filter (OBPF, Santac, OTF-930) with
0.25 nm bandwidth is used following the PCF to filter
out the FWM idler signal. The polarization dependence
of this convertor, which is defined as the difference
between the maximal and minimal power of the output
idler, can be studied by scrambling the signal
polarization with polarization scrambler on the signal
branch and recording the corresponding idler power
variation. All the power and wavelength adjustment of
this convertor are controlled by a computer with
controlling software developed by ourselves.
2.2 Principle of operation

The theoretical principle of this straight-structure
realizing polarization-insensitive FWM process can be
briefly explained as the Ref. [ 13 — 14 ]. By solving the
Schrodinger  equation™  under the
assumptions of negligible loss and dispersion, as well as
negligible pump depletion, the output FWM idler field
amplitude finally is related to the function sinc’ (LAk/2)
(where Ak is the phase-mismatch between signal and pump
and Ak = 2x(An /A, — An,/A,) s Angs An, are the PCF
birefringence and the wavelength of signal and pump,
respectively) and the pump components of E,, and E,,
along the PCF x and y birefringence axes. Since the pump
is 45" launched to the PCF birefringence axes, we get

vector nonlinear

E,. = E, ., meanwhile with the pump-signal wavelength-
detuning be properly selected to ensure Ak = 2x/L, the
value of the sinc function is close to zero, therefore the
FWM idler output power will be free of the signal random
polarization fluctuation.

2.3 Experimental results and discussion

In our experiment, the generated 10 Gb/s RZ-OOK
signal is fixed at 1550.24 nm and injected into the input
port of the wavelength convertor with power of about 0
dBm. First, the pump polarization is carefully adjusted
to ensure that it is 45°launched into the PCF, then by
tuning the pump wavelength at 50 GHz step
(corresponding to 0.4 nm wavelength spacing) and the
OBPF center wavelength accordingly through the
control panel, converted idlers at wavelengths ranging
from 1535. 74 nm to 1560. 88 nm (25 nm conversion
range) with clear eye diagrams are obtained (measured
by Tektronix TDS8200 Digital Sampling Oscilloscope) .
For the sake of brevity, we just show in Fig. 4 the
experimental measured eye diagrams at the middle as
well as two-side wavelength of the 25 nm conversion
range. By comparing the eye diagrams to that of the
input signal shown in Fig.3 (b), we can find that the
output idler is slightly broadened. which is caused by
the high nonlinear coefficient of the PCF.

The OSNR of each output idler is better than 40 dB
(shown in Fig.5(a), measured by Agilent. PSA Series
Spectrum Analyzer, E4447A ) and the conversion
efficiency (CE) is better than — 15 dB over the 25 nm
conversion bandwidth (shown in Fig. 5 (b), measured
by YOKOGAWA OSA AQ6370). with the best CE
reaching to — 5.3 dB.

To study the polarization dependence of this
convertor, we scramble the signal polarization by
randomly manipulating the polarization controller (PC)
on the signal branch and record the output idler power
variation. From the experimental results we can conclude
that although the signal's state of polarization (SOP) is
changing randomly, the idler output power varied
insignificantly and the convertor polarization dependence is
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0.6 dB or less over the 25 nm bandwidth. The polarization
variation of the signal is shown in Fig.6(a) and the idler

140 {*
120 1
100
804 &
60{ &
404 |

Amplitude /mV
s
prerer R
—

22 24 26 28 30

160 1 1539.73 nm r

——
DO W
SO
P

100 -
80 1

0] 8 é ﬁ 3‘; éﬁ

Lg=x)
(=R}
oy

Amplitude /mV

|
[\
S o
e

|
'S
(=]
N

29 24 26 28 30

1559.26 nm |

Amplitude /mV

22 24 26 28 30
Time /ns

polarization-insensitivity in Fig.6(b).
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Fig.4 Eye diagrams of different idler wavelengths over the conversion range

P
60 e
o (@) ﬁm‘"
Seep Toe | .1
ﬂm. IL :OSNR
50 b
3 = Y
sz‘ 34 .9. " o Roe  mow _weiviten
0 00 %

8 40 % ° 0 O ... .. em..._
35 OSNR>40 dB .
30
1535 1540 1545 1550 1555 1560 1565

Idler wavelength /nm

0r T t v  /
® ’\,/'\J'\AJ\_,\_
S A
5 [ a
E o M
S A A
£-10 BV M‘M“‘
§ A
a CE>-15dB A
C_15 e >A
>
&
5]
&)
-20
1535 1540 1545 1550 1555 1560 1565
Idler wavelength /nm

Fig.5 OSNR and conversion efficiency of the idlers over the 25 nm conversion range

All the above experimental results are obtained based on
the pump 45° launching condition as mentioned in section
2.1. When the pump polarization deviated from the 45°
launching to the PCF birefringent axes, the output idler
eye diagram deteriorates as shown in Figs. 7 (a) and
(b). This is because the FWM process is sensitive to

the polarization match between signal and pump, when
the two polarizations are not exactly identical to each
other, the conversion efficiency will decrease and if
they are perpendicular to each other, the FWM process
will not occur, which is undesirable in the wavelength
convertor designing.
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Fig.6 (a) Polarization variation of the signal and (b) the idler polarization dependence over the 25 nm conversion range
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Fig.7 Comparing of idler eye diagrams (a) with and (b) without pump 45°launching

3 Conclusion

A compact and high-efficiency tunable polarization-
insensitive wavelength convertor of 10 Gb/s RZ-OOK
signal using degenerate FWM in a 50 m highly nonlinear
PCF is demonstrated in this letter. The output idler
power variation is 0.6 dB or less with the SOP of the
input signal changed randomly and the conversion
efficiency is better than — 15 dB with peak value of
— 7.6 dB over the 25 nm conversion bandwidth. The
results we obtained are outstanding compared to related
reports using the same structure.
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