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SUMMARY A combination of nonreturn-to-zero (NRZ)-to-return-
to-zero (RZ) waveform conversion and wavelength multicasting with
pulsewidth tunability is experimentally demonstrated. A NRZ data signal
is injected into a highly nonlinear fiber (HNLF)-based four-wave mixing
(FWM) switch with four RZ clocks compressed by a Raman amplification-
based multiwavelength pulse compressor (RA-MPC). The NRZ signal is
multicast and converted to RZ signals in a continuously wide pulsewidth
tuning range between around 12.17 and 4.68 ps by changing the Raman
pump power of the RA-MPC. Error-free operations of the converted RZ
signals with different pulsewidths are achieved with negative power penal-
ties compared with the back-to-back NRZ signal and the small variation
among received powers of RZ output channels at a bit-error-rate (BER) of
10~°. The NRZ-to-RZ waveform conversion and wavelength multicasting
without using the RA-MPC are also successfully implemented.

key words: fiber optics and optical communication, optical signal process-
ing, four-wave mixing, pulse compression, distributed Raman amplification

1. Introduction

Multi-function optical signal processing which realizes si-
multaneously different functionalities such as wavelength-
waveform conversions, wavelength multicasting, and
pulsewidth tunability have been shown to be benefi-
cial for applications in future all-optical networks [1]-[4].
Indeed, all-optical wavelength multicasting could signifi-
cantly improve the flexibility and efficiency of wavelength-
division-multiplexing (WDM) networks, particularly in
wavelength-routed networks by increasing the network
throughput [5], [6]. Furthermore, optical waveform con-
versions between nonreturn-to-zero (NRZ) and return-to-
zero (RZ)[7]-[12], which are two widely-used waveforms

Manuscript received December 20, 2014.
Manuscript revised March 31, 2015.

"The authors are with the Department of Communica-
tion Engineering and Informatics, The University of Electro-
Communications, Chofu-shi, 182-8585 Japan.

""The author is with the Faculty of Electronic and Telecom-
munication Engineering, Danang University of Science and
Technology—The University of Danang, Danang, Vietnam.
Vietnam.

T The author is with National Institute of Advanced Industrial
Science and Technology, Tsukuba-shi, 305-8568 Japan.

*This paper was presented at 2014 International Topical Meet-
ing on Microwave Photonics/The 9th Asia-Pacific Microwave Pho-
tonics Conference (MWP/APMP 2014).

a) E-mail: nqnquynh@uec.ac.jp

DOI: 10.1587/transele.E98.C.824

in fiber-optics communication systems, would be one of key
processes to realize all-optical interfaces between different
networks. From the results in [13]-[16], it is obvious that
the transmission performances of communication links are
strongly dependent on the pulsewidth of the RZ signals at
the transmitters due to the influences of dispersion and non-
linearities of fibers and characteristics of optical receivers.
Integration of pulsewidth tunability in the waveform conver-
sion and wavelength multicasting is, therefore, particularly
desirable to provide flexibility for system performance opti-
mization and network reconfigurability through pulsewidth
management.

All-optical wavelength multicasting with NRZ-to-RZ
waveform conversion has been demonstrated by using var-
ious nonlinear effects in photonic crystal fiber[17] and
highly nonlinear fiber (HNLF) [18], but the pulsewidth man-
agement has not been considered. One-to-four multicast RZ
channels with tunable pulsewidths have been implemented
in [3], [4]. In detail, the authors in [3] and [4] have re-
ported 4x10 Gb/s wavelength multicasting and NRZ-to-RZ
with the pulsewidth tunable ranges from 17.9 to 22.2 ps
and from 33 ps to 67 ps, respectively. However, offering
pulsewidth tunability at picosecond range is still a technical
challenge in these demonstrations since such the picosec-
ond pulsewidth range is required for high-speed data sig-
nals at symbol rate over 100 Gbaud [19], [20]. To achieve
short pulsewidth wavelength multicasting RZ signals af-
ter conversion, multiwavelength pulsewidth-short RZ clocks
are requested. Various techniques were reported to opti-
cally generate short pulsewidth RZ clocks such as using
mode-locked laser diodes (MLLDs)[21], [22]. However,
the use of MLLDs is restricted in terms of pulsewidth flex-
ibility. Recently, Raman amplification-based multiwave-
length pulse compressor (RA-MPC) has attracted much at-
tention in generating high quality RZ clocks with the tunable
pulsewidth in the order of a few picoseconds [23], [24].

In this paper, we realize simultaneously a one-to-four
wavelength multicasting with NRZ-to-RZ waveform con-
version with pulsewidth tunability in a wide range from
12.17 ps to 4.68 ps using the RA-MPC. We employ the RA-
MPC to generate four synchronous 10 GHz WDM pulse
trains with the pulsewidth adjustably compressed down to
3.50 ps. These four compressed pulse trains are then used to
interact with an input 10 Gb/s NRZ data signal by four-wave

Copyright © 2015 The Institute of Electronics, Information and Communication Engineers
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mixing (FWM) effect in a HNLF. Since the idler waves have
the data of the input signal and the waveform of the com-
pressed RZ clocks through FWM, wavelength multicasting
signals with short pulsewidth at picosecond range are ob-
tained at the idler waves. Error-free operations are achieved
for all multicast channels with negative power penalties
compared with error-free operation of the NRZ signal and
small variation among converted RZ channels at bit-error-
rate (BER) of 10~°. While our preliminary results have been
presented [25], in this work, we also realize the NRZ-to-RZ
waveform conversion and wavelength multicasting in case
of without using the RA-MPC to compare with the quality
of the converted-compressed RZ data signals using the RA-
MPC. The results indicate that the receiver sensitivites of
the compressed RZ data signals are better than those of the
uncompressed RZ data signals.

2. Operation Principle

The concept of NRZ-to-RZ conversion and wavelength mul-
ticasting with tunable pulsewidth is shown in Fig. 1. It con-
sists of the RA-MPC, which is a multiwavelength pulse
compressor, and a HNLF-based FWM switch. The im-
proved feature of the proposed scheme compared to the pre-
viously reported setup [3], [4] is on the use of RA-MPC to
get multiwavelength RZ clocks with a widely pulsewidth-
picosecond tuning range. Firstly, the RA-MPC which is

RZ signal outputs
HNLF-based| (tunable pulsewidth)

>

NRZ signal input

@ ~| FWM switch @

@ Multiwavelength
compressed RZ clocks

[RA-MPC

Multiwavelength
RZ clocks @

Fig.1  Operation principle of the proposed scheme.
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based on adiabatic soliton compression technique takes ad-
vantage of high power amplification for multiwavelength
RZ clocks using a distributed Raman amplifier (DRA). The
multiwavelength RZ clocks are fundamental soliton pulses,
which are amplified adiabatically in an anomalous disper-
sion fiber by using the DRA. One fundamental soliton pulse
of sech? pulse (N = 1) has a peak power [26]

_3 1A

P 5
YTFWHM

ey
where P, Trwam, B2 and y are the peak power of the fun-
damental soliton pulse, the pulsewidth of pulse, the group
velocity dispersion coefficient and the nonlinear coefficient
of fiber, respectively. From Eq. (1), the relationship between
the pulsewidth Trwim of the pulse and the peak power of the
fundamental soliton pulse P; is as follow.

[1
TFWHM © P_l 2)

From the relation (2), it can be seen that the pulsewidth
TewnMm Of the soliton pulse is inversely proportional to the
square-root of the peak power of the optical pulse P;. There-
fore, the pulsewidth of the RZ clock pulse can be com-
pressed as its peak power increases with the increase of the
Raman pump power since the soliton condition is main-
tained during the amplification. By changing the Raman
pump power, it is also possible to adjust the pulsewidth of
the input RZ clock source. The characteristics of multiwave-
length pulse compression are also similar as those of one
pulse compression.

In the HNLF-based FWM switch, the RZ clocks with
pulsewidth tunability generated from the RA-MPC is non-
linearly interacted with the input NRZ data signal over
FWM. The input NRZ signal is multicast and converted to
RZ signals at four FWM products at different wavelengths.
When the NRZ signal and RZ clock with wavelengths of
Anrz and A, respectively are launched into a fiber with
length L, a new FWM product is generated due to the FWM
process. The power of this new generated FWM signal
Prww is generally given by the following expression [27]:

_ap2 e[ =)
Prwm = ny° Prrz Peke T (3)

where 7 is the FWM efficiency, y is the nonlinear coeffi-
cient of the fiber, and « is the attenuation coefficient of the
fiber. Pnrz and P denote the powers of the NRZ signal
set as a pump and the probe signal, respectively. From the
Eq. (3), it can be seen that the FWM products have the data
of the input NRZ signal and the waveform of the compressed
clocks through FWM process. The wavelength multicasting
RZ signals with short pulsewidth at picosecond range are
obtained at the idler waves since the pulsewidths of these
RZ signals inherit those of the RZ clocks sources. By com-
pressing the clocks sources with different puleswidths using
the RA-MPC before the switch, it is possible to get the con-
verted RZ signals with tunable pulsewidth by controlling the
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Experimental setup of pulsewidth-tunable NRZ-to-RZ conversion and wavelength multicasting

using Raman amplification-based multiwavelength pulses compressor (RA-MPC).

Raman pump power.
3. Experimental Setup

The experimental setup of wavelength multicasting with
pulsewidth-tunable NRZ-to-RZ waveform conversion is
shown in Fig.2. Four 10 GHz WDM-RZ clocks at
wavelengths of 1538.19 (4;), 1541.35 (1), 1544.53 (43),
and 1547.72 nm (A4) are modulated from fours laser
diodes (LDs) by an electroabsorption modulator (EAM).
An erbium-doped fiber amplifier (EDFA) is used to amplify
the four RZ clocks which then are sent to the input of a
tunable dispersion compensating module (TDCM) used to
compensate frequency chirping induced by the EAM. Pow-
ers and time locations of the WDM clock pulse trains are
controlled individually by a WDM power and time con-
troller (WDM-PTC) to guarantee the fundamental soliton
powers and time interleaving among the clock pulse trains.
The WDM-PTC consists of an arrayed waveguide grating
(AWGQ), variable optical attenuators (VOASs) in series with
tunable delay lines (TDLs), and a coupler. The chirping-
compensated RZ clocks are amplified to fundamental soli-
ton power by an EDFA and then are injected into the RA-
MPC. The RA-MPC compresses the RZ clocks using adia-
batic soliton compression technique. The RA-MPC consists
of a 17 km dispersion-shifted fiber (DSF) with a tunable
fiber Raman laser (TFRL) operating at 1454 nm in counter-
propagation using a WDM coupler. The Raman pump wave-
length is optimized at 1454 nm for the pulse compression to
achieve high-quality compression performance. The DSF
has the parameters as shown in Table 1. A phase shifter pro-
vides a continuously variable time delay for controlling the

Table 1  Characteristics of dispersion-shifted fiber (DSF).
Parameter Value  Unit
Length 17 km
Attenuation 0.197  dB/km
Dispersion at 1552 nm 3.8 ps/nm/km
Dispersion slope at 1552 nm 0.059 ps/nmz/km

Table 2  Characteristics of highly nonlinear fiber (HNLF).
Parameter Value  Unit
Length 320 m
Attenuation 0.82 dB/km
Dispersion at 1550 nm -0.06 ps/nm/km
Dispersion slope at 1550 nm 0.023  ps/nm%/km
Nonlinear coefficient (y) 28 W km™!
Effective core area of fiber (Acg) 9 um?

time delay of the RZ clocks in order to get overlap of the RZ
clocks and the NRZ signal in FWM process.

On the other hand, a NRZ signal at wavelength of
1553.33 nm is generated by a LiNbO3; modulator (LNM)
driven by electrical NRZ data from a pulse pattern gener-
ator (PPG) and is amplified by an EDFA and filtered by a
0.6 nm optical band pass filter (OBPF). The powers of the
NRZ signal and compressed RZ clocks are optimized to ob-
tain good output waveforms and the largest FWM efficiency
by an EDFA and a VOA. Meanwhile, two polarization con-
trollers (PCs) are used to optimize polarization state of both
the clocks and NRZ signal to maximize the interaction be-
tween these signals. The NRZ signal is set as a pump for
FWM process in the HNLF which has the parameters as
shown in Table 2. After the FWM process, the converted
RZ data signals are filtered and amplified individually by
OBPFs and an EDFA, respectively. These signals are an-



NGUYEN QUANG NHU et al.: WAVEFORM CONVERSION AND WAVELENGTH MULTICASTING USING RAMAN AMPLIFICATION

alyzed to obtain the spectra, waveforms, eye patterns, and
BER of the output signals.

4. Experimental Results and Discussions

In our experiment, the multiwavelength RZ clocks com-
pression was based on adiabatic soliton compression in the
DRA. Since the energy of the pulses was increased by the
DRA, the soliton pulses were compressed. Fundamental
soliton pusles (N = 1) were required for this technique. The
relationship between the peak power and pulsewidth of each
RZ pulse was expressed by the Eqgs. (1) and (2). Figure 3
shows autocorrelation traces of each of four RZ clocks after
compressing at the output of the RA-MPC when the Raman
pump power was set at 0.82 W. The RZ clock 1 (clk 1), clock
2 (clk 2), clock 3 (clk 3), and clock 4 (clk 4) at the wave-
lengths of 1538.19, 1541.35, 1544.53, and 1547.72 nm with
the pulsewidth of around 20.0 ps were compressed down to
3.43, 3.78, 3.34, and 3.50 ps, respectively. It is obvious to
see that our RZ clocks pulses were the high quality pulses
since their waveforms were well fit to sech? fitting. These
four compressed RZ clocks interacted with the 10 Gb/s NRZ
data signal by FWM effect in the HNLF. The time spacing
between adjacent compressed RZ clocks were set to 15 ps
to ensure that all these clocks were sampled at flat-top of the
NRZ waveform signal by the FWM process.

The spectrum at the output of the HNLF is shown in
Fig. 4 in case the Raman pump power (P;) was set to 0.82 W.
It is clearly seen that the spectral shapes of RZ clocks and
converted RZ channels after multicasting were well fit to
sech® function. It is stated again that before the FWM pro-
cess, the pulsewidth of compressed RZ clocks was around
3.50 ps as the Raman pump power was 0.82 W. After the
FWM process, channel 1, 2, 3 and 4 (ch 1, 2, 3, and 4) at
wavelengths of 1568.47 (1]), 1565.31 (15), 1562.13 (1Y),
and 1558.94 nm (1)) were simultaneously generated. Each
channel of the multicasting outputs was individually filtered
for eye patterns, the pulsewidths and BER characteristics

Experiment— ck 3

[ clk 1 e

L Sech fitting—

| pulsewidth: pulsewidth:
L 3.43 ps 3.34 ps

clk 4

intensity (a.u.)

| clk 2
I pulsewidth: pulsewidth:
[ 3.78 ps 3.50 ps

-30 -20 -10 0 10 20 30
delay time (ps)

-30 -20 -10 0 10 20 30
delay time (ps)

Fig.3  Autocorrelation traces of four RZ clocks after compressing at the
output of the RA-MPC with the Raman pump power of 0.82 W.
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measurements.

Figure 5 shows clear eye patterns of the multicast RZ
signals at wavelengths of 1568.47, 1565.31, 1562.13, and
1558.94 nm. When the Raman pump power was set at 0.82
W, the pulsewidth of around 4.68 ps was obtained for the
multicast signals. To investigate the successful demonstra-
tion of the multicasting process, BER curves of the multi-
cast signals were measured as a function of received power
as shown in Fig.6. Good BER characteristics were ob-
tained with small received power variation of around 0.5
dB at BER of 10~ among the multicast signals. Negative
power penalties within 1 dB were observed with respect to
the back-to-back NRZ input signal. Our results are well rea-
sonable compared with the results in [9], [28]-[31] whose
receiver sensitivities for RZ signals could be enhanced by
several dB compared to NRZ signals. It was found that these
receiver sensitivity improvements of around from 2 to 3 dB
in both theoretical and experimental demonstration [28], 3
dB in experimental work [29], up to 3.2 dB in theoretical
works [30], [31], and 1.5 dB in experimental work [9] could
be obtained. These come from the fact as follows. At the
same average optical power at the receiver, the RZ pulse
will have a higher peak power compared with that of the

'NRZ s'ignal '

Compressed RZ clocks

clk1 clk2 clk3 clk4 Multcasting RZ outputs

ch4 ch3 ch2 cht

1535 1540 1545 1550 1555 1560 1565 1570
wavelength (nm)

relative power (10dB/div)

Fig.4 FWM spectrum at the output of HNLF with the Raman pump
power of 0.82 W.

(b) ch 2 ( 1565.31 nm)
time (30 ps/div.)

(d) ch 4 (1558.91 nm)

Fig.5 Eye patterns of the all converted RZ signals with the pulsewidth
of around 4.68 ps.
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Fig.6  BER characteristics of the converted RZ channels with the
pulsewidth of around 4.68 ps at the Raman pump power of 0.82 W.
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Fig.7  Autocorrelation traces of the various pulsewidths of RZ clock 4

(clk 4) after RA-MPC (before FWM) and channel 4 (ch 4) after HNLF
(after FWM) at various Raman pump powers (P;).

NRZ one. Since the received electrical power is propor-
tional to the square of the incident optical power, the elec-
trical power of the RZ pulse will be higher that of the NRZ
one [9]. Therefore, in a comparison to NRZ pulse, RZ pulse
has a signal-to-noise ratio (SNR) gain which means a re-
ceiver sensitivity enhancement [30].

Figures 7 (a) and (b) show the autocorrelation traces of
clock 4 after the RA-MPC and channel 4 after multicasting
at the output of the HNLF at various Raman pump powers
(P;). Increasing P, causes a decrease in the pulsewidths of
the WDM clock pulses, therefore, those of multicast signals
were compressed. For instance, the clock pulse at channel 4,
whose pulsewidth was 20.00 ps at the input of the RA-MPC,
was compressed to 12.17 ps, 7.89 ps, and 4.68 ps as P, was
set to 0.42, 0.62, and 0.82 W, respectively. Pulsewidth of
the multicast signals was, therefore, decreased from 21.03
ps (without pulse compression) to 12.17, 7.89, and 4.68 ps
at the output correspondingly. The pulsewidth waveforms as

IEICE TRANS. ELECTRON., VOL.E98-C, NO.8 AUGUST 2015

(b) 12.17 ps, R=0.42 W (d) 4.68 ps, P=0.82 W

time (30 ps/div.)

Fig.8 The eye patterns of converted RZ signal at channel 4 with various
pulsewidths (a) 21.03 ps (without pulse compression), (b) 12.17 ps, (c) 7.89
ps and (d) 4.68 ps corresponding to Raman pump power of 0.42, 0.62 and
0.82 W, respectively.
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Fig.9 Receiver sensitivities at BER = 10~ of all RZ signals output
compared to the NRZ signal in cases of without using RA-MPC and with
using the RA-MPC at the Raman pump power of 0.42, 0.62 and 0.82 W.

shown in solid lines were well fit to sech? function as shown
in dash lines. The similar characteristics were also obtained
for the remain channels with different pulsewidths. Figure 8
shows eye patterns of the multicast signal channel 4 in the
cases without compression (in Fig. 8 (a)), and with compres-
sion at P; of 0.42 W, 0.62 W, and 0.82 W (in Figs. 8(b), (c),
and (d)). Due to the limited bandwidth of the sampling os-
cilloscope with 30 GHz bandwidth, the eye patterns of these
RZ signals were observed almost invariant.

We have also measured the receiver sensitivity at BER
of 107° of the multicast signals at different pulsewidths by
changing the Raman pump power. We also realized NRZ-
to-RZ waveform conversion and wavelength multicasting in
case of without using the RA-MPC to compare with the
quality of the converted-compressed RZ data signals using
the RA-MPC. Sensitivities at BER of 10~ of all RZ outputs
at different pulsewidths of around 21.03, 12.17, 7.89, and
4.68 ps compared to that of the back-to-back NRZ signal
were shown in Fig. 9. The small variations among sensitivi-
ties of the converted RZ signals at four output were achieved
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and the best sensitivity of RZ signal at channel 1 was about
1 dB better than the sensitivity of the NRZ signal when the
Raman pump power was set to 0.82 W. The results indicate
that the receiver sensitivites of compressed RZ data signals
are better than those of the uncompressed RZ data signals.
It has been shown in [28], [30], [31] that the receiver sen-
sitivity can be enhanced for shorter pulse RZ compared to
longer one, even if the receiver bandwidth is only 0.7 times
data rate. Our BER measurement system employs an opti-
cal receiver that has a receiver bandwidth of around 8 GHz.
The pulsewidth of our all converted RZ signals was tunable
from around 21.03 to 12.17, 7.89, 4.68 ps leading to the neg-
ative power penalties compared to the input back-to-back
NRZ signal. The shorter pulsewidth of the multicast signal
made the receiver sensitivity become smaller compared with
that of longer one. The obtained results in the improvement
of the receiver sensitivity for the shorter pulsewidth signals
were consistent with the previous works [9], [28], [30], [31],
and have also been discussed in the previous part for Fig. 6.
However, it can be seen that there was a small difference
in the amount of receiver sensitivity improvement when the
pulsewidth was compressed to 4.68 ps in comparison with
the other longer pulsewidths. The reason is that as such a
short pulsewidth range, the signal bandwidth is excessively
wider than the receiver bandwidth, causing the less impact
of pulsewidth on the receiver sensitivity. This dependence
of pulsewidth on the receiver sensitivity has been analyzed
in details in [31].

5. Conclusion

We have successfully demonstrated 4x10 Gb/s pulsewidth-
tunable NRZ-to-RZ and wavelength multicasting using the
RA-MPC with a large pulsewidth tuning range which is
from around 4.68 to 12.17 ps by changing the Raman pump
power in the range between 0.82 and 0.42 W. Error-free op-
erations are achieved for all multicast channels with nega-
tive power penalties compared with error-free operation of
the NRZ signal and small variation among converted RZ
channels at BER of 10™°. The waveform conversion and
wavelength multicasting without using the RA-MPC have
also been done. In comparison with the converted RZ sig-
nals without compression, the better receiver sensitivities of
the compressed RZ signals with using the RA-MPC were
obtained. Our scheme is potential to increase more RZ
data channels due to the flexibility of more multiwavelength
compressed RZ clocks by the RA-MPC.
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