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Abstract: All-optical NRZ-to-RZ format conversion with a function of
wavelength multicasting is proposed in this paper, which is realized by
exploiting cross-phase modulation (XPM) and Four-Wave-Mixing (FWM)
in a dispersion-flattened highly nonlinear photonic crystal fiber (DF-HNLPCF). The designed format converter is experimentally demonstrated, for
which the 1-to-4 wavelength multicasting is achieved simultaneously by
filtering out two FWM idler waves and both blue-chirped and red-chirped
components of the broadened NRZ spectrum induced by XPM. Moreover,
the wavelength tunability and dynamic characteristics of the proposed NRZto-RZ format converter are also exploited using the different central
wavelengths of an optical clock signal and varying the input optical power
at a DF-HNL-PCF in our experiment. It is shown that the designed format
converter can possess a wide range of operational wavelength over 17 nm,
an optimal extinction ratio of 11.6 dB and a Q-factor of 7.1, respectively.
Since the proposed scheme uses an optical-fiber-based configuration and is
easy for implementation, it can be very useful for future applications in
advanced fiber-optic communication networks.
Key words: Fiber-optic communications; Nonlinear optics; Four-wave mixing; Cross-phase
modulation; Photonic crystal fiber

1. Introduction
With various new bandwidth-intensive services continuing to emerge, future advanced
communication networks will use all-optical signal processing to eliminate the throughput
bottleneck imposed by electrical-to-optical and optical-to-electrical conversions [1-3]. As a
result, such networks can possess ultrahigh capacity and aggregate throughput to efficiently
support terabit-per-second communication applications. To achieve this aim, dense
wavelength-division multiplexing (WDM) should be adopted. In dense WDM (DWDM)
networks, the non-return-to-zero (NRZ) data format is widely used due to its narrower
spectral width and higher timing-jitter tolerance than employing the return-to-zero (RZ)
format. On the other hand, it has been demonstrated that an improvement of optical receiver
sensitivity by 2-4 dB could be achieved for RZ data signals compared with NRZ data [4]. This
is due to the fact that the pulse energy is more confined near the center of the bit-slot for the
RZ pulse signal, which can ultimately lead to increasing the transmission distance of an
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optical fiber link for a given bit-error rate. Moreover, RZ format has a larger tolerance to
polarization mode dispersion (PMD), inter-symbol interference, self-phase modulation (SPM)
and other long-haul fiber transmission impairments. Therefore, the established benefits of a
RZ format have motivated the exploration of various techniques for all-optical format
conversion of NRZ to RZ [4]. Until now, a number of methods have been proposed to achieve
all-optical format conversion from NRZ to RZ signals by exploiting, for example

Four-wave-mixing (FWM) [5], cross-phase modulation (XPM) [6], nonlinear
polarization rotation [7] in a semiconductor optical amplifier (SOA);

Cross-absorption modulation (XAM) in an electro-absorption modulator (EAM) [8];

The cascaded second-harmonic generation and difference-frequency generation
(cSHG/DFG) in a periodically poled lithium niobate (PPLN) waveguide [9];

FWM in a passive GaAs bulk-waveguide [10];

Either XPM or FWM in a silicon (Si) nanowire [11]

By pulse carving of an NRZ optical data stream in a hybrid III-V-on-silicon technology
platform [12];

FWM [13-15], and optical Kerr switching & pulse pre-chirping technique [16] in
nonlinear optical fiber, Mach-Zehnder delay interferometer [17], respectively;

Two-wavelength injection locked Fabry-Perot lasers [18].
All the schemes mentioned above have their individual advantages and respective
drawbacks in terms of operation speed, wavelength range, manufacture cost, and system
complexity of the resulting format converters. For example, the finite gain recovery time in
SOA or EAM caused by the carrier lifetime can ultimately limit the maximum bit rate, while
waveguide-based or nanowire-based format converters presently have a high cost and possess
a high fiber-to-fiber insertion loss that can prevent them from practical applications
nowadays. Delay interferometer, nonlinear optical loop mirror (NOLM) and injection locked
Fabry-Perot laser have the complicated structure and are usually very sensitive to
environmental parameter fluctuations.
The use of silica fibers as a nonlinear medium is more attractive due to their ultrafast
nonlinear response. Nevertheless, the small nonlinear refractive index in traditional
dispersion-shifted fibers (DSFs) makes a long interactive length or high input power
necessary for obtaining sufficient nonlinear effects. To overcome this difficulty, a highly
nonlinear fiber (HNLF) can be utilized to effectively shorten the fiber length or lower down
input power required by optical format converters. This in turn makes HNLF-based format
converters more attractive for practical applications in terms of manufacture cost and
implementation complexity. However, the pulse walk-off and phase mismatch may limit the
bit rate or wavelength flexibility in HNLF-based format converters. Recently, photonic crystal
fibers (PCFs) have received significant attention for optical communications since they open
new possibilities for the design and fabrication of optical fibers with tailorable optical
properties [19]. Kwok et al. reported a 10Gbit/s NRZ-to-RZ format converter using XPM in a
PCF [20]. However, the all-optical wavelength multicasting has not yet been considered in the
work, while future photonic networks will employ all-optical multicasting to efficiently
support bandwidth-intensive applications such as IP-TV, video distribution, teleconferencing
and so on in DWDM networks.
In this paper, we experimentally demonstrate a tunable 10-Gbit/s NRZ-to-RZ format
converter that consists of a single dispersion-flattened highly nonlinear PCF (DF-HNL-PCF)
and four optical bandpass filters (OBPFs). The format conversion and one-to-four wavelength
multicasting are based on XPM and FWM in the DF-HNL-PCF. This is achieved
simultaneously by using four OBPFs to filter out the red-chirped and blue-chirped spectral
components of the NRZ signal and two FWM-induced idler waves, respectively. Moreover,
the wavelength tunability and dynamic characteristics of the proposed format converter are
investigated by using an optical clock signal with different central wavelength and varying
input optical power at a DF-HNL-PCF in our experiment. The results show that the newly
designed format converter has a wide wavelength tuning range of 17 nm and a high tolerance
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to input optical power fluctuations. This property can make it more attractive than others for
using in future ultrahigh-speed DWDM photonic networks.
2. Operation principle
Fig.1 shows the operation principle for all-optical format conversion from NRZ to RZ
based on XPM and FWM in a DF-HNL-PCF. An optical clock-pulse stream at wavelength
λclock is combined with an optical data signal of NRZ format at wavelength λNRZ by a 2×1
optical power combiner. After passing through a high power erbium-doped fiber amplifier
(HP-EDFA) for power amplification, they are launched into a DF-HNL-PCF. Here the HPEDFA is used to ensure that the powers of both NRZ data signal and clock-pulse stream are
sufficiently high to create the XPM and FWM effects in the DF-HNL-PCF. In general, the
injected clock pulses propagate in a nonlinear medium (i.e., DF-HNL-PCF) with high peak
power and lead to a refractive-index change via the nonlinear index coefficient. This causes a
chirp in the co-propagating NRZ data light via XPM and generates the sidebands on two sides
of the NRZ data light. The leading edges of the NRZ data light are red-shifted, whereas the
trailing edges are blue-shifted [21]. Consequently, the significant spectrum broadening of a
NRZ signal light is observed at the output of a DF-HNL-PCF. Moreover, owing to the high
nonlinearity and flattened dispersion of this DF-HNL-PCF, a FWM interaction between the
optical clock pulse and the NRZ data signal occurs because the phase-matching condition can
be easily satisfied. Then two idler waves are generated, which are distributed along both sides
of the clock and NRZ signal wavelengths, marked as λFWM-1 and λFWM-2 in Fig.1, where λFWM-1
=1/(2/λClock-1/λNRZ), and λFWM-2=1/(2/λNRZ-1/λClock). The optical spectra evolution before and
after the DF-HNL-PCF are also illustrated in Fig.1. Note that XPM leads to broadening the
NRZ light spectrum. The output signal from a DF-HNL-PCF is divided into four parts via a
1×4 optical splitter (OS). Four sets of wavelength-tunable OBPFs are placed in parallel at the
output of a 1×4 OS to select both blue- and red-chirped spectral components of a NRZ signal
light as well as two FWM-generated idler waves at λblue-chirped , λred-chirped , λFWM-1 , and λFWM-2 ,
respectively.
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Figure 1. Operational principle of the NRZ-to-RZ format converter based on XPM and FWM in a DF-HNL-PCF. OC:
optical coupler, HP-EDFA: high power erbium-doped fiber amplifier, OS: optical splitter, OBPF: optical bandpass
filter.
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3. Experimental setup
The experimental setup of the designed all-optical NRZ-to-RZ format converter is
illustrated in Fig.2. The continuous-wave (CW) light from a tunable laser (Santec, MLS-2100)
is externally modulated by a Mach-Zehnder intensity modulator with 231-1 pseudorandom
binary sequence (PRBS) to generate a 10-Gbit/s optical NRZ data signal. A polarization
controller (see Fig.2, PC1) is placed at the input port of the intensity modulator, so that the
polarization state of the CW light is aligned with the transmission axis of the modulator in
order to obtain the best modulation effect. An actively mode-locked semiconductor laser
(AML-SL), which is synchronized with the PRBS generator (see Fig. 2), emits a 10-GHz
optical pulse train at the wavelength λAML-SL= 1550.31nm. The full width at half maximum
(FWHM) of the generated pulse is approximately equal to 1.9 ps. After passing through a HPEDFA (HP-EDFA1, see Fig.2), the optical pulse train is injected into a 700-m dispersion
shifted HNLF. The nonlinear coefficient of the HNLF is 9 W-1 km-1 and its dispersion is -2.42
ps/(nm km) at 1550 nm. The dispersion slope and attenuation coefficient of this HNLF is less
than 0.02 ps/nm2 km and 0.43 dB/km over a wavelength range from 1500 nm to 1600 nm,
respectively. The HP-EDFA1 is used to amplify the 10-GHz optical pulse train and ensure its
power to be sufficiently high so as to create supercontinuum (SC) spectrum effect in the
HNLF. At the output port of the HNLF, an OBPF (OBPF1, Santec: OTF-300) with bandwidth
of 1.3 nm and tunable central wavelength is used to extract the desired SC spectral component.
In doing so, now the obtained 10-GHz optical pulse train at another wavelength of λClock
serves as a 10-GHz optical clock signal for the subsequent all-optical NRZ-to-RZ format
conversion. After passing through two PCs (PC2 and PC3, see Fig.2) respectively, the NRZ
optical data signal and control pulse train are combined by a 3dB optical power coupler. Then
they are launched into a 50-m DF-HNL-PCF (Crystal fiber, POS-1550) after optical
amplification at another HP-EDFA (HP-EDFA2, see Fig.1). Note that HP-EDFA2 is required
in the experiment to ensure the power of the combined optical clock and NRZ-data beams to
be sufficiently high in order to create enough XPM and FWM effects in a DF-HNL-PCF. In
practice, we can adjust PC2 and PC3 to align the polarization states of NRZ signal and clock
lights so as to optimize the required nonlinear effects. Due to high nonlinear coefficient and
flattened dispersion of the DF-HNL-PCF, the evident XPM and FWM effects occur. The
nonlinear coefficient of the DF-HNL-PCF is 11 W-1 km-1 and its dispersion is 1.25 ps/(nm
km) with a variation < 0.25 ps nm-1 km-1 from 1500 nm to 1610 nm, which in turn can ensure
a wider operation wavelength range for the designed format converter. The attenuation
coefficient of the DF-HNL-PCF is 9 dB/km over 1500-1600 nm. HP-EDFA1 and HP-EDFA2,
which are commercially available, can provide a high saturation output power of 34 dBm in
the operation wavelength range from 1535 nm to 1565 nm and have a noise figure of 6 dB.
The output signal from a DF-HNL-PCF is divided into four parts via a 1×4 optical power
splitter. Four sets of wavelength-tunable OBPFs (Santec, OTF-300) are employed in parallel
at the output of a 1×4 optical splitter to select the blue- and red-chirped components of the
broadened NRZ spectrum (induced by XPM) as well as two FWM-generated idler waves at
λblue-chirped , λred-chirped , λFWM-1 , and λFWM-2 , respectively. The four OBPFs used for extracting
multicasting signals are the same and have a Gaussian filtering profile with a 3dB bandwidth
of 0.38 nm and 20dB bandwidth less than 1.2 nm, thus being sufficiently wide for a 10Gbit/s
optical signal to pass through but a high roll-off rate outside the passband. In this case, the
OBPFs can provide a sufficient rejection to the crosstalk from adjacent wavelength channel(s)
and the optical noise from a HP-EDFA. Then the one-to-four wavelength multicasting of the
format-converted optical data signal would be realized. The filtered RZ signal is injected into
an optical receiver. The receiver is composed of an EDFA and an OBPF, followed by a 70
GHz photodetector (U2t model number XPDV 3120R) for the optical-to-electrical conversion
as well as a wide-bandwidth electrical digital sampling oscilloscope (Tektronix model number
80E06) of 70 GHz for monitoring the waveforms and measuring the Q-factor of the formatconverted RZ data signal. The EDFA is used to amplify the power of the format-converted
data signal from the DF-HNL-PCF to ensure that the sufficient photocurrent is fed into the
oscilloscope. The OBPF6 with tunable bandwidth is used to suppress the amplified
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spontaneous emission noise of the EDFA. The Q-Factor represents the quality of the SNR in
the “eye diagrams” of a digital signal. Generally speaking, the “eye diagrams” are the eyeshaped pattern on an oscilloscope, which can indicate the performance of a digital
transmission system. The Q-factor was calculated according to the well-known expression Q
= (P1-P0)/(σ1-σ0), where P1,P0,σ1, and σ0 are the average power and the standard deviation on
“ones” and “zeros,” respectively. They are usually obtained by using a digital sampling
oscilloscope to measure both voltage histograms at the center of the eye diagram and the
standard deviation of the noise at both signal levels [22]. To monitor the optical spectra of
clock signal, NRZ signal and the converted RZ signals on different multicasting channels, we
also connect an optical spectrum analyzer (OSA, Yokogawa-AQ6370) of resolution 0.02 nm
with the input and output ports of the HNLF, the output port of the OBPF1, the input and
output ports of the DF-HNL-PCF, and the output port of the OBPF2, OBPF3, OBPF4,
OBPF5, corresponding to points A, B, C, D, E, F, G, H and I as shown in Fig.2.
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Figure 2. Experimental setup of the proposed format converter with 1-to-4 wavelength multicasting. AML-SL:

actively mode-locked semiconductor laser; PC: polarization controller; PRBS: pseudorandom binary sequences;
EDFA: erbium-doped fiber amplifier; OBPF: optical band-pass filter; HP-EDFA: high power erbium-doped fiber
amplifier; OSO: oscilloscope; PD: photodetector; PCF: photonic crystal fiber.

4. Results
The proposed NRZ-to-RZ format conversion scheme mainly consists of two functional
sections, i.e., clock signal generation and NRZ-to-RZ format conversion, respectively. The
wavelength of the NRZ signal light is λNRZ=1550 nm, while the wavelength of the original
optical pulse train from an AML-SL is λAML-SL=1550.31 nm. To achieve all-optical NRZ-to-
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RZ format conversion, a synchronous optical clock signal with high extinction ratio (ER) and
low timing jitter is required. Furthermore, the wavelengths of both clock and NRZ-signal
lights should be distinct from each other so as to achieve the favorable results for NRZ-to-RZ
format conversion. Based on practical experimental condition at our laboratory, an optical
clock signal can be obtained through spectrum slicing of the SC spectrum obtained from the
output port of a 700-m HNLF. The SC spectrum generation in optical fiber is a rich and
complex process that involves various nonlinear effects. The combination of these nonlinear
effects results in the emission with extremely broad spectra [23]. This process has been
implemented in clock signal generation section, which has an advantage of eliminating the
use of any other pump source. In our experiment, the total power of an optical signal that is
launched into the HNLF for generating a SC spectrum is equal to 27.5 dBm. The optical
spectrum of an original pulse signal, the SC spectrum after passing through the 700-m HNLF,
and the sliced spectrum after OBPF1 are measured and shown in Fig. 3, corresponding to
points A, B, and C as illustrated in Fig. 2, respectively. It can be seen that a severe spectral
broadening with flattened top occurs at the HNLF output due to high fiber nonlinear
coefficient and intense input pulse power. The 20-dB spectrum width is about 36 nm. A
wavelength-tunable OBPF with central wavelength chosen at 1545nm is used to extract the
desired spectral component so as to produce the required optical clock signal. The eye
diagrams of original NRZ data signal and the obtained 10-GHz clock pulse signal are
recorded and shown in Fig. 4.

光通信中的全光信号处理技术

光通信中的全光信号处理技术
After HNLF

After HNLF

Before HNLF
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Figure 3. The measured optical spectra before HNLF, after HNLF, and after OBPF1

(a)

(b)

Figure 4. Eye diagrams of (a) original NRZ signal and (b) clock control light pulse.
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Both optical NRZ data signal and clock pulse train are then coupled into another HPEDFA (HP-EDFA2, see Figure 2) through a 3-dB optical coupler. After power amplification,
the combined lights are injected into a 50-m DF-HNL-PCF. The two polarization controllers
are used to align the polarization states of both NRZ-signal and clock-pulse lights in order to
optimize the XPM and FWM effects between them. Fig. 5 shows the optical spectra of NRZ
signal and control light measured by an OSA before entering the PCF, after passing through
the PCF, and after OBPF2, OBPF3, OBPF4 and OBPF5 (corresponding to points D, E, F, G,
H and I respectively, see Fig.2), respectively. The 20 dB spectrum width of the NRZ data
signal is broadened obviously, which is caused by XPM between the pump clock pulse and
optical NRZ signal. Moreover, the evident new frequency spectral components induced by
FWM between NRZ-signal and clock control lights are also generated, which can be
attributed to the stronger power of input optical signals and the flattened dispersion of a DFHNL-PCF. The output light from a DF-HNL-PCF is divided into four parts, the subsequent
optical filters (i.e., OBPF2, OBPF3, OBPF4 and OBPF5) are used to filter out the bluechirped and red-chirped components of the broadened NRZ-signal spectrum and two FWMgenerated new spectral components at λblue-chirped , λred-chirped , λFWM-1 , and λFWM-2 respectively.
The central wavelengths of the four OBPFs are 1549.25nm, 1550.70nm, 1540.21nm, and
1554.78nm, respectively. Then the four converted RZ optical signals are obtained from the
outputs of those OBPFs.

光通信中的全光信号处理技术
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Figure 5. The optical spectra before PCF, after PCF, after OBPF2, OBPF3, OBPF4 and OBPF5, respectively.

Fig. 6 shows the
recorded eye diagrams of the format-converted RZ signals at 10 Gbit/s on
(b)
four wavelength-multicasting channels, as mentioned above. It can be seen that the clear and
widely open eye diagrams with the same bit rate as an original NRZ data signal are observed
for the four converted RZ data signals. This means that the one-to-four wavelength
multicasting is achieved together with the optical NRZ-to-RZ format conversion. The original
NRZ signal has a Q-factor of 13.4 and the ER of 20 dB. The measured Q-factors of the
converted RZ1 (left sideband), RZ2 (right sideband), RZ3 (FWM1), and RZ4 (FWM2) are 6.2,
6.6, 5.5, and 5.8, respectively. The output ERs of RZ1, RZ2, RZ3, and RZ4 are 11.2 dB, 11.3
dB, 9.5 dB, and 9.8 dB, respectively. Therefore, the ER degradation is about 8.8 dB, 8.7 dB,
10.5 dB, and 10.2 dB, respectively, while the Q-factor degradation is also evident. The
degradation of the converted RZ signals can be attributed to the timing jitter of the original
ultra-short pulse train from the actively mode-locked laser and the amplified spontaneous
emission noise of HP-EDFAs.
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(a)

(b)

(d)

(c)

Figure 6. Eye diagrams of the converted RZ signal for (a) the blue-shifted sideband (RZ1) at λ=1549.25nm, (b) the
red-shifted sideband (RZ2) at λ=1550.70 nm, (c) FWM1 (RZ3) at λ=1540.21nm, and (d) FWM2 (RZ4) at
λ=1554.78nm, respectively.

5. Discussions
5.1 Wavelength tunability
As far as all-optical NRZ-to-RZ format converter is concerned, a wide operating
wavelength range is highly desirable for practical applications, which can improve the
capacity and flexibility of DWDM photonic networks and can also reduce the management
cost. Therefore, we carry out an experimental investigation into the wavelength tuning range
of the designed format converter. In this test, the 10 Gbit/s optical NRZ data signal has a fixed
central wavelength of λNRZ = 1550 nm, whereas the clock signal with a different central
wavelength of λClock is obtained by means of slicing the SC spectrum in the clock signal
generation section. The tuning characteristic of an optical NRZ-to-RZ format converter is
measured by varying the central wavelength of an optical clock signal. In principle, the
resulting SC spectrum covers the whole conventional wavelength band (i.e., C-band) of 36
nm, which enables us to obtain the optical clock signal at an arbitrary central wavelength
within the C-band. For convenience, in our experiment the obtained optical clock signals are
demonstrated only at several selected wavelengths. This is done by using a tunable OBPF
with 1.3-nm bandwidth to select the different spectral components of a SC spectrum at the
specific wavelengths of 1543nm, 1555.62nm, 1558.45nm, and 1560.65nm, respectively. Fig.
7 shows the corresponding optical spectra recorded at points A, B, C, and D (see Fig. 2),
respectively. The corresponding eye diagrams of 10-GHz optical clock pulse obtained from
four different wavelengths are recorded and shown in Figure 8. It shows that the obtained four
clock signals have a high ER. They are suitable for use in the following test of all-optical
NRZ-to-RZ format conversion.
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Figure 7. The optical spectra before HNLF, after HNLF, after OBPF1 for the generation of an optical clock signal at
the wavelength (a) λClock=1543nm, (b) λClock=1555.62nm, (c) λClock=1558.45nm, and (d) λClock=1560.65nm,
respectively.

To perform the optical NRZ-to-RZ format conversion, both the NRZ-data and clockpulse lights with different central wavelengths are launched into a 50-m DF-HNL-PCF. Fig. 9
shows the optical spectra of both NRZ signal and clock signal measured by an OSA before
entering the PCF, after passing through the PCF, and after the OBPF2, OBPF3, OBPF4 and
OBPF5 (corresponding at points D, E, F, G, H, and I in Fig.2, respectively), respectively. As
can be seen, the 20-dB spectral width of the NRZ signal light is broadened. Moreover, FWMinduced new frequency components also appear. All of these can be attributed to the XPM
and FWM effects between the NRZ signal and clock signal because of a stronger input optical
power and the flattened dispersion of the DF-HNL-PCF. The four converted RZ signals with
clear eye diagrams are obtained when the four clock signals with different central wavelengths
are used in the experiment. The results indicate that our designed all-optical format converter
can achieve a wide operation wavelength range over nearly 17 nm. This is substantially
limited by the operation wavelength range of the OBPF and HP-EDFA in our experiments.
Furthermore, the operation of the designed all-optical format converter is transparent to the bit
rate since it has the potential of attaining a terabit-per-second operation speed because of
using the ultra-fast third-order optical nonlinearity in an optical fiber.
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Figure 8. Eye diagrams of the optical clock pulse at the wavelength of (a) λClock=1543nm, (b) λClock=1555.62nm, (c)
λClock=1558.45nm, and (d) λClock=1560.65nm, respectively.

Figure 9. The optical spectra before PCF, after PCF, after OBPF2, OBPF3, OBPF4 and OBPF5 for optical NRZ-toRZ format conversion with wavelength of a clock light at (a) λClock=1543nm, (b) λClock=1555.62nm, (c)
λClock=1558.45nm, and (d) λClock=1560.65nm.
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5.2 Power tolerance
For practical optical fiber communication applications, the optical power variation
cannot be avoided completely due to the random change of the system operation
environment/conditions. This requires the all-optical NRZ-to-RZ format converter to have
some tolerance to the fluctuation of input optical power. It can become an important issue on
the design of all-optical format converters. To facilitate the practical design and engineering
applications, we have carried out an investigation into the impact of input signal power on the
Q factor and ER of the four converted RZ optical signals. In our test, the wavelengths of NRZ
data and clock lights are 1550 and 1555.62 nm, respectively, while the length of DF-HNLPCF remains 50 m as before. The input powers are set as 22.5 to 27.5 dBm in a step of 1 dB
by adjusting the pump current of HP-EDFA. The other parameters are constant to make the
results comparable. Fig. 10 indicates the evolution of output optical spectra for FWM-induced
idler waves and the XPM-induced NRZ spectrum broadening, respectively, with the increase
of the input optical power. The spectrum before DF-HNL-PCF is also shown in Fig. 10 for
comparison. It can be seen that, when the input power is increased, the NRZ spectrum
broadening induced by XPM becomes more noticeable, and the power level of the two idler
waves is also increased. The Q factor and ER of four converted RZ signals are measured
against the input optical power for a DF-HNL-PCF based format converter, and the obtained
results are shown in Fig. 11. It can be seen that the maximum Q factor of 7.1 and the best ER
of 11.6 dB are obtained when the input optical power is 27.5 dBm. However, the degradation
of Q factor and ER becomes rapid when the input power is lower than 24.5 dBm in our
measurement range. Note that the optical power higher than 27.5 dBm is beyond the scope of
our investigation due to the limited power tolerance of commercially available OBPF at our
laboratory. From Fig. 11, we can see that the Q factor is larger than 4 and the ER is higher
than 5 dB for the input optical power ranging from 24.5 dBm to 27.5 dBm. The performance
is acceptable within this range of 3-dB power variation. It shows that the proposed format
converter has some tolerance to the optical power fluctuation. This property can be useful for
the engineering design and applications of PCF-based NRZ-to-RZ format converters, because
it can alleviate the strict requirement of controlling the optical power.
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Figure 10. The output optical spectra from the DF-HNL-PCF when λNRZ=1550 nm and λClock=1555.62 nm, for
different input powers.
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Figure 11. The measured results of (a) Q-factor and (b) ER of the converted RZ signals on multicasting channels 1, 2,
3 and 4 under the condition of different input powers.

6. Conclusions
In this work, we have presented the effective design of a widely tunable NRZ-to-RZ format
converter with one-to-four wavelength multicasting capability. The proposed format converter
consists of a single 50-m DF-HNL-PCF and four OBPFs. By exploiting XPM and FWM
effects in the DF-HNL-PCF, the 10-Gbit/s RZ signal on four different central wavelength
channels is obtained by simultaneous filtering of both blue-chirped and red-chirped
components of the broadened NRZ spectrum induced by XPM as well as two spectral
components of FWM-induced idle waves, respectively. The wavelength tunability has been
demonstrated by utilizing an optical clock signal with a different central wavelength by SC
spectrum slicing. Furthermore, the impact of the input optical power variation on the quality
of converted RZ signals for the designed format converter is also investigated. The results
show that the designed format converter has a wide range of operational wavelength over 17
nm, an optimal ER of 11.6 dB and a Q factor of 7.1, respectively. The proposed scheme is
simple for implementation and uses an optical-fiber-based configuration to support ultrafast
operations, thus making it attractive for use in future advanced optical fiber communication
networks.
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