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Abstract We demonstrate the wavelength conversion of
return-to-zero differential phase-shift keying (RZ-DPSK)
signal with the pulsewidth-tunable operation using a Ra-
man amplifier (RA)-based ultrashort pulse compressor and
a highly nonlinear fiber (HNLF)-based four-wave mixing
(FWM) switch. The wavelength of the input RZ-DPSK
signal is converted to new wavelengths owing to the FWM
effect in HNLF. On the other hand, the pulsewidth of the
wavelength-converted RZ-DPSK signal is tuned from 10 to
3 ps by using the ultrashort pulse source based on RA-
based adiabatic soliton pulse compression. The bit error
rate characteristics of the input RZ-DPSK and the wave-
length-converted RZ-DPSK signals with different pulse-
widths are measured and error-free operations are achieved
in all cases. The optical spectra, autocorrelation traces, and
clear and opening eye diagrams show high conversion
performance with wide-range pulsewidth tunability.
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1 Introduction

Wavelength conversion is an important technique for fu-
ture wavelength-division multiplexing (WDM) systems to
optimize the network performance by avoiding the network
congestion without employing further network paths or
packet buffering [1, 2]. On the other hand, nowadays, the
differential phase-shift keying (DPSK) format is consid-
ered as a promising modulation format for future photonic
networks owing to its 3-dB higher receiver sensitivity than
that of on—off keying (OOK) format [3]. Because of the
higher receiver sensitivity and nonlinear tolerance com-
pared with OOK format, recently the DPSK format re-
ceives great attentions for future high-speed photonic
networks [4, 5]. In particular, return-to-zero (RZ)-DPSK
signal is considered as a promising technique for its su-
perior performances in optical transmission systems [6].
Thus, wavelength conversion of RZ-DPSK signal seems
interesting owing to its great influences for implementing
in future high-speed photonic systems and has been
demonstrated in some literatures [7-9]. Among some
techniques for wavelength conversion, four-wave mixing
(FWM) process is considered as a very useful technique
because of its advantages such as bitrate and modulation
format transparency [10] and elimination of optical-elec-
trical-optical (O-E-O) conversion. Moreover, the signal
degradation is negligible in FWM due to the little noise or
chirping effect. The employed optical filters for suppress-
ing the unwanted optical signals are low cost, low loss and
well matched with the standard transmitting fiber [11].
Thus, FWM is suitable for both OOK and phase-modulated
signals for the wavelength conversion [12]. Efficient
wavelength conversion using FWM needs a pump signal
with high power for energy transfer to the idler waves
during propagating with a probe signal in a highly
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nonlinear optical media. For the FWM effect, the converted
signals at frequencies 2w, - w, and 2w, - w), are generated,
where w, and w; are pump and probe frequencies, re-
spectively. Usually, the continuous waves (CWs) are used
as pumps for wavelength conversion of signals [8, 9] for
the simplicity avoiding the extra modulators. However,
wavelength conversion for RZ-DPSK signal has also been
demonstrated in some works, where the RZ pulse trains
were employed as pumps [13, 14]. The advantages of pulse
train over CW have been mentioned in these works such as
the spectrum of the pulse train is broader than that of CW
and it is potential for 3R generation (reamplifying, re-
shaping, and retiming) [13]. Another great advantage of
pulse train over CW is that, phase modulation to suppress
the stimulated Brillouin scattering effect [13, 15] is not
necessary. Thus, RZ pulse trains are more effective than
CW pumps for these reasons. On the other hand, the pul-
sewidth of a signal plays very important roles owing to its
influences on some features such as dispersion and non-
linearity tolerances. These effects degrade the signal qua-
lities and need changes of the systems to eliminate the
problems. However, changing the parameters of existing
infrastructure is not feasible. Hence, to solve the problems,
the solution may be the tunability and flexibility with the
existing systems for variable situations. The concept of
changing the pulsewidth has come based on it to optimize
the transmission systems for different situations, hence
pulsewidth tunability without intersymbol interference be-
tween the neighboring pulses is essential [16, 17]. In ad-
dition, the optimum pulsewidth of OTDM systems is
determined by its bitrate. Thus, the pulsewidth for the
OTDM systems should be tuned in a wider operating range
for applying to OTDM systems with the arbitrary bitrate.
Moreover, very short pulsewidth is needed for high-speed
OTDM systems to avoid the cross talks between the
channels. It was mentioned earlier that wavelength con-
version of RZ-DPSK signal has already been demonstrated
in some works. However, the pulsewidth tunability of the
wavelength-converted RZ-DPSK signal was not considered
in these experiments.

In this study, we investigate the characteristics of
wavelength conversion of RZ-DPSK signal for the first
time, where the pulsewidth of the converted signal is tuned
in a wider range. The wavelength conversion is achieved
with the FWM effect in highly nonlinear fiber (HNLF) and
the pulsewidth-tunable operation is demonstrated using a
Raman amplifier (RA)-based pulse compressor. In our
experiment, an RZ clock was employed as a pump signal
for the wavelength conversion with pulsewidth-tunable
operation. By changing the Raman pump power of the RA-
based pulse compressor, the pulsewidth of the compressed
pump signal is tuned, which leads to the pulsewidth
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tunability of the wavelength-converted signal from 10 to
3 ps. The pulse pedestals [18] produced in pulse com-
pressor are eliminated owing to the input—output charac-
teristics of FWM process of the wavelength converter [19].
The pedestal-free waveforms are very important for high
bitrate OTDM systems to avoid the bit overlapping be-
tween the neighboring pulses. Moreover, the measured
traces of the waveforms are well fitted by sech? fitting, the
obtained optical spectra, eye diagrams, and the bit error
rate (BER) characteristics show good quality wavelength
conversion with wide-range pulsewidth tunability.

2 Operation principle and experimental setup

The schematic diagram of the wavelength converter is
shown in Fig. 1. It consists of an RA-based pulse com-
pressor and a fiber-based FWM switch. The switch also
acts as an AND gate. The pulsewidth of the RZ clock is
compressed and tuned in the RA-based pulse compressor.
The compressed and duration-tuned RZ clock and the input
RZ-DPSK signal are nonlinearly interacted inside the fiber-
based FWM switch to produce new wavelength-converted
RZ-DPSK signals. In this scheme, the pulsewidth of the
wavelength-converted RZ-DPSK signal is tuned owing to
the pulsewidth tunability of the RZ clock. Even if pulse
pedestals are generated in the compressor, pulse pedestals
of the converted signal are eliminated owing to the prop-
erty of FWM switch [19], as Ppwwm is proportional to the
square of Ppymp, shown in the following expression [20]:

Lla )]

Ppwm = anPzpumpPsigeia [ %) (1)
where Prwwy 1S the power of the newly generated FWM
signal, #, and y are the FWM efficiency and the nonlinear
coefficient of the fiber, respectively. Pyump and Py denote
the powers of the pump and probe signals propagating
through HNLF, respectively. o and L are the attenuation
coefficient and the length of the fiber, respectively.

The experimental setup of wavelength conversion of
RZ-DPSK signal is shown in Fig. 2. Two external-cavity
laser diodes (ECL) and an electroabsorption modulator
(EAM) were used to generate two 10 GHz RZ clocks at the
wavelengths of 1552.52 and 1558.17 nm. These RZ clocks
were sech” shaped pulses of 20 ps. An erbium-doped fiber
amplifier (EDFA) was employed at the output of the RZ
clock generator for compensating the insertion loss of the
EAM and to adjust the fundamental soliton power for the
RA-based pulse compressor. As the soliton power condi-
tion is very important for the adiabatic pulse compression
method [21], the average power for the input RZ clock was
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Fig. 1 Scheme of wavelength
conversion of RZ-DPSK signal
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Fig. 2 Experimental setup for wavelength conversion of RZ-DPSK signal with pulsewidth tunability

calculated using Eq. (2) and was set as 6.2 dBm. The
fundamental soliton pulse of sech’ pulse (N = 1) has a
peak power [19, 22]:

Py — 0.777/> DAegs

e Trwmm @
where P; is the peak power of the fundamental soliton
pulse. 4, D, ¢, and n, are the wavelength of the optical
pulse, the chromatic dispersion (D > 0 ), the speed of light
in vacuum, and the nonlinear refractive index, respectively.
Aer and tpwpm are the effective area and the pulse duration
of the optical mode, respectively. By rearranging Eq. (2),
the relationship between the soliton pulse duration, the
peak power of the optical pulse, and chromatic dispersion
can be reformulated in Eq. (3):

D
/ 3
TEWHM O[5 (3)

where the square of the soliton pulse duration Tpwym 1S
proportional to the chromatic dispersion D and inversely
proportional to the peak power P; of the optical pulse.
Therefore, the pulsewidth of the RZ clock can be com-
pressed by either decreasing the dispersion value, which is
not possible continuously in real deployment or increasing

the Raman pump power since the soliton condition is
maintained during the amplification, which is feasible.

An optical band pass filter (OBPF) after the EDFA was
used to suppress the out-of-band amplified spontaneous
emission (ASE) noise of the EDFA. The following arrayed
waveguide grating (AWG) separates the two RZ clocks
with their wavelengths. The RZ clock at the wavelength of
1552.52 nm acted as the pump signal since the wavelength
was chosen to match the zero-dispersion wavelength of the
HNLF for the efficient nonlinear effects. The negative
chirp of the RZ clock induced in EAM was suppressed
using a tunable dispersion-compensating module (TDCM)
before it entered the RA-based pulse compressor and after
the TDCM, the pulsewidth of the RZ clock was 17 ps. The
pulse compressor includes a 17-km dispersion-shifted fiber
(DSF) and a wavelength-tunable Raman laser (TRL) for
the Raman pump in the counterpropagating direction using
a WDM coupler. The DSF with its characteristics is de-
scribed in Table 1. To achieve high quality compression,
the wavelength of the TRL was tuned to 1452 nm, where
the pulsewidth of the compressing RZ clock was
1552.52 nm. Here, the wavelength difference of the Raman
pump and RZ clock was about 100 nm, corresponding to
the Raman Stoke’s shift of 13.2 THz. When the Raman
pump power is increased, the pulsewidth of the RZ clock is

@ Springer



556

Opt Rev (2015) 22:553-559

Table 1 Characteristics of dispersion-shifted fiber

Parameter Value Unit
Length 17 km
Dispersion at 1552 nm 3.8 ps/nm/km
Dispersion slope at 1552 nm 0.059 ps/nmzlkm
Attenuation 0.197 dB/km

compressed owing to the soliton condition maintained in
the DSF during amplification [21].

The another RZ clock at a wavelength of 1558.17 nm
was used to generate a 10 Gb/s RZ-DPSK signal with a
phase modulator (PM) and a pulse pattern generator (PPG).
The RZ-DPSK data was encoded by a pseudorandom bit
sequence (PRBS) with a pattern length of 23'—1. The
following EDFA was employed to improve the extinction
ratio of the input RZ-DPSK signal. The following OBPF
was for eliminating the out-of-band ASE noise of the
EDFA as the same function of the previous OBPF. The
duration-tuned RZ clock and the input RZ-DPSK signal
were coupled by a 3-dB coupler before entering to the
fiber-based FWM switch. In the FWM switch, a 500-m-
long HNLF was used for the wavelength conversion of the
input RZ-DPSK signal where the RZ clock was used as a
pump. The HNLF with its characteristics is described in
Table 2.

The optical delay line (DL) was employed for the time
synchronization between the RZ clock and the input RZ-
DPSK signal for the efficient FWM effect. The polarization
controllers (PCs) were employed to set the related states of
polarization of the pump and data signals. The wavelength-
converted RZ-DPSK signal at the wavelength of
1546.87 nm was filtered by two cascaded OBPFs and then
amplified by an EDFA with another OBPF. Then, the
signal is injected into the demodulator (Demod) and the
balanced photodiode (BPD). The BER tester (BERT) is
employed to measure the BER characteristics of the
wavelength-converted RZ-DPSK signal.

Table 2 Characteristics of highly nonlinear fiber (HNLF)

Parameter Value Unit
Length 500 m
Dispersion at 1552 nm —0.08 ps/nm/km
Dispersion slope at 1552 nm 0.032 ps/mm*/km
Attenuation 0.47 dB/km
Nonlinear coefficient (y) 12.6 W km™!
Affective area (Acfr) 11 umz
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3 Experimental results and discussion

Figure 3 shows the FWM spectra of for the case of the
wavelength-converted signal with 3 ps pulsewidth. The
signal at the wavelength of 1546.87 nm was generated
from the input RZ-DPSK signal at the wavelength of
1558.17 nm owing to the FWM effect induced by the RZ
clock at the wavelength of 1552.52 nm. In our experiment,
the top power level difference between the input and
conjugated signal of the HNLF output spectrum, hence the
FWM efficiency, was —18 dB.

By changing the Raman pump power from 0.48 to
0.85 W, the controlled pulsewidth of the wavelength-con-
verted RZ-DPSK signal was tuned continuously from 10 to
3 ps as a function of Raman pump power as shown in
Fig. 4. Tt should be mentioned that, the waveform was
severely distorted when Raman pump power was larger
than 1 W owing to the fluctuation from the adiabatic
condition inside the compressor [18]. An autocorrelator
was employed to observe the quality and the accurate short
pulsewidth of the converted signal. The autocorrelation
traces of the wavelength-converted signals with 10 and
3 ps are shown in Fig. 5. For both cases, the pulse wave-
forms were well matched and fitted by sech? and the pulse
pedestal components [18] were suppressed owing to the
input—output features of FWM process [19]. The quadratic
dependence of the converted RZ-DPSK data on the power
of the pump is shown in Eq. (1). The pedestal-free short
pulsewidths are very important for OTDM systems to avoid
the bit overlapping between the neighboring pulses in
OTDM systems.

The wavelength-converted RZ-DPSK signal with var-
ious pulsewidths was measured with a 30-GHz-bandwidth
sampling oscilloscope. The eye diagrams of the
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Fig. 3 FWM spectrum of input RZ-DPSK and wavelength-converted
RZ-DPSK signals
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Fig. 5 Autocorrelation traces of wavelength-converted RZ-DPSK
signals

wavelength-converted modulated and demodulated RZ-
DPSK signals with 10 and 3 ps pulsewidths are shown in
Fig. 6. The actual pulsewidths of the signal could not be

estimated owing to the limited bandwidth of the oscillo-
scope with 30 GHz. However, for both converted
modulated and demodulated signals, clear and opening eye
diagrams were observed. The demodulated pulsewidth was
quite wider than the optical pulse owing to the limited
bandwidth of BPD with 17 GHz. Moreover, the intersym-
bol interference or pulse overlap was seen for the converted
demodulated 3 ps RZ-DPSK signal. However, the error-
free operation was achieved for the converted demodulated
3 ps RZ-DPSK signal. Thus, the performance of this op-
tical pulse might be sufficient in the differential detection
system. In our experiment, the error-free operation was not
attained for less than 3 ps converted signal.

Figure 7 shows the BER characteristics of the input RZ-
DPSK and wavelength-converted RZ-DPSK signals with
10 and 3 ps pulsewidths. Error-free operations were
achieved for both 10 and 3 ps wavelength-converted sig-
nals with less than 2-dB power penalties compared with the
input RZ-DPSK signal at BER = 10~°. The power penal-
ties were due to the wavelength conversion process using
FWM [23] and the RA-based pulse compression [18]. It
was mentioned earlier that when the Raman pump power is
more than 1 W, the adiabatic soliton condition is deviated.
Therefore, error-free operation with pulsewidth less than
3 ps was not achieved. Almost same BER performance
could be obtained for the pulsewidth between 3 and 10 ps.
However, in our case, the pulsewidth of 3 ps was slightly
worse than the pulsewidth of 10 ps. This might be due to
the effect of Raman saturated powers on the signals with
short pulsewidths, as the tendency of breaking the soliton
condition starts with increasing the Raman pump power.

The role of the RA compressor is not only the pulse
compressor but also the amplifier. When the gain is
changed, it influences the high conversion performance.
The Raman gain was 10 dB for the pulsewidth of 10 ps and
15 dB for the pulsewidth of 3 ps. Here, the gain variation
of 5 dB and the noise figure (NF) affect the converted
signals.

An ultrashort pulsewidth is needed for high-speed
OTDM systems to avoid the cross talks between the
channels after multiplexing. Hence, the picosecond pulse-
width is very important for the OTDM systems. As an
example, the pulsewidth of a 160 Gbit/s OTDM system is
estimated to be less than 2 ps [24]. Since, the input pulse
can be tuned to short pulsewidth by changing the Raman
pump power, this wavelength converter is applicable for
ultrahigh-speed OTDM application.

On the other hand, tunable wavelength conversion in a
wider operating range is effective for wavelength routing
and switching [25]. Though, in this work, tunable
wavelength conversion was not investigated, it can be
achieved by proper tuning the wavelength of the RZ
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Fig. 6 Eye diagrams of
wavelength-converted
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Fig. 7 BER characteristics input RZ-DPSK, and wavelength-con-
verted RZ-DPSK signals with the pulsewidths of 10 and 3 ps

clock. In that case, the wavelength of input RZ-DPSK
signal could be fixed as zero-dispersion wavelength and
the tunable wavelength conversion can be done by
changing the wavelength of the RZ clock in an optimum
operating range. It should be noted that the wavelength
of the TRL will also be tuned according to the Raman
Stoke’s shift.

The state of polarization (SOP) fluctuates when the
signal travels in installed fiber in real deployment. There-
fore, polarization insensitive operation is necessary in
transmitting systems [26]. Though our proposed system is
polarization sensitive, polarization insensitive operation
could be employed by adding extra features like polariza-
tion diversity loop [27] inside the converter.
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(d) converted demodulated 3 ps RZ-DPSK signal

4 Conclusions

We have experimentally demonstrated all-optical wave-
length conversion of RZ-DPSK signal with short pulse-
width-tunable operation by the combination of RA-based
pulse compressor and fiber-based FWM switch. By ad-
justing the Raman pump power, the pulsewidth of the
wavelength-converted signal can be continuously tuned
from 10 to 3 ps. In our scheme, the combination of
wavelength conversion and pulsewidth tunability can pro-
mote the OTDM technology for the arbitrary bitrates and
diverse conditions.
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