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Abstract

This paper reports a new design of optical time-division multiplexed (OTDM) systems that
possess a functionality of simultaneous time demultiplexing and wavelength multicasting based
on the cascaded four-wave mixing in a dispersion-flattened highly nonlinear photonic crystal
fiber (DF-HNL-PCF). A module of OTDM demultiplexing and wavelength multicasting can
be feasibly implemented by using a 3dB optical coupler, a high-power erbium-doped fiber
amplifier, a short-length DF-HNL-PCF, and a wavelength demultiplexer in the simple
configuration. We also carry out an experiment on the proposed system to demonstrate the
100Ghit/s-to-10Gbit/s OTDM demultiplexing with wavelength conversion simultaneously at 4
multicast wavelengths. It is shown that error-free wavelength multicasting is achieved on two
wavelength channels with the minimum power penalty of 3.2 dB relative to the 10Gbit/s back-
to-back measurement, whereas the bit error rates of other two multicasting channels are
measured to be about 10 to 10-5. Moreover, we propose the use of a proper error-correcting
code to improve the multicasting performance of such an OTDM system, and our work reveals
that the resulting system can theoretically support error-free multicasting of the OTDM-

demultiplexed signal on four wavelength channels.
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1. Introduction

With applications of cloud computing, high-definition (HD) and/or three-
dimensional TV, video conferencing, HD video-on-demand and online real-time
gaming, global Internet traffic has been growing rapidly in recent years [1].
Consequently, there is an increasing demand for ultrahigh-capacity optical fiber
communication systems in order to effectively support the bandwidth-intensive
applications [2]. In general, optical time-division multiplexing (OTDM) and dense
wavelength-division multiplexing (WDM) are regarded as two feasible techniques that
can be used to achieve ultrahigh-speed and high-capacity optical data communications
in fiber-optic systems/networks. Fundamentally, both multiplexing techniques are
distinct in their operational principles. OTDM employs ultrashort optical pulse signals
and optical delay lines to perform an optical time-domain multiplexing at the
transmitting end and uses ultrafast optical-time demultiplexers to extract optical data
signals from individual OTDM channels at the receiving end [2]-[7]. This in turn allows
all the channels to send out their data signals (having identical data bit rate of Bq and
the same wavelength) in the serial-transmission manner over a common single-mode
fiber at an aggregate bit rate that is normally much higher than Bq. In contrast, WDM
is based on the parallel transmission of multiple channel data at distinct wavelengths

over a common optical fiber, so that the ultrahigh capacity of a dense WDM system is



achieved by multiplexing all the channel data signals in the optical wavelength domain.
From the viewpoint of system design and operation, a main advantage of OTDM over
dense WDM is the reduction of management effort, complexity, power consumption
and cost per bit for high-capacity optical fiber communications [4].

Since optical time demultiplexing is one of key functions to build OTDM systems,
there has been intensive research on the implementation of OTDM demultiplexers using
optical nonlinearities [2]-[10]. For example, such demultiplexers can utilize cross-
phase modulation (XPM) and four-wave mixing (FWM) in semiconductor optical
amplifier (SOA) [8][9] and a variety of optical fibers [3]-[7][10]-[17], respectively.
However, the operation speed of SOA-based demultiplexers can be ultimately limited
by the relatively long gain recovery time in SOAs, and the amplified spontaneous
emission noise of a SOA can also cause the degradation of the demultiplexed data signal.
On the other hand, optical fibers are mature for massive production with low cost and
possess the femtosecond response time of Kerr nonlinearity. Moreover, OTDM
demultiplexers based on optical fibers can have a low coupling loss when they are
connected with transmission fibers or other fiber-based devices in photonic
communication systems or networks. Unfortunately, the long interactive length is
required by a dispersion-shifted fiber (DSF) with low nonlinear coefficient in order to
obtain sufficient optical nonlinear effect. This in turn leads to a bulky OTDM
demultiplexer which can be sensitive to environmental disturbances (e.g., temperature
drift and acoustic effect). Such a problem, however, can be solved by employing a

highly nonlinear fiber (HNLF) with the shortened length to replace a DSF in the OTDM



demultiplexer [10][11]. Although the operation stability of the resulting demultiplexer
is improved, a walk-off between optical pulses or a phase mismatch due to dispersion
in traditional HNLFs can still restrict the operational wavelength range of HNLF-based
demultiplexers. By utilizing FWM in silicon nanowire [18] and chalcogenide glass
waveguide [19], two novel OTDM demultiplexers have been demonstrated recently,
which are capable of ultrahigh-speed operation and are very promising for use in the
future OTDM systems. These advanced photonic devices, however, require a
sophisticated fabrication process which can prevent them from practical applications
nowadays. Moreover, the reported silicon and chalcogenide waveguides also have a
large coupling loss when they are connected with fiber-based devices in photonic
communication systems/networks.

From the above discussions, one can see that the use of optical fibers for ultrafast
time demultiplexing appears to be a cost-effective and practical solution to OTDM
applications [3]-[7]. As a result, the main design concern is to minimize the effect of
walk-off or phase mismatch due to the group velocity dispersion of a single-mode fiber.
To design the fiber-based OTDM demultiplexer, it is highly desired to use a short-length
nonlinear fiber with high nonlinear coefficient, low and very flat dispersion over a wide
wavelength range. This requirement can be effectively met by employing a new type of
optical fibers which are commercially available, namely, dispersion-flattened highly
nonlinear photonic crystal fiber (PCF) [20]-[23]. Although PCF-based OTDM
demultiplexers were demonstrated by exploiting XPM in the PCF [13]-[15] and optical

logic gates using a triple-core PCF were also theoretically studied [24], they did not



have a capability of wavelength multicasting. On the other hand, there has been an
intensive research on the use of PCFs for wavelength conversion and multicasting
[22][23][25]-[27], respectively, while OTDM demultiplexing was not considered in
such reported works. With the increasing demand on video conferencing, HDTV
distribution, and HD video-on-demand, WDM networks are required to possess an
important function of wavelength multicasting that allows the same data signal to be
transmitted at multiple selected wavelengths and to be distributed over the network to
multiple destinations [2][23][25]-[30]. If we can improve the design of conventional
OTDM demultiplexers by providing an additional function of wavelength multicasting
with no increase of complexity, the applicability of OTDM networks should be
enhanced. At the egress of such an OTDM network, the optical time-demultiplexed
signal can be replicated on multiple wavelength channels which are ready to be
distributed over a WDM access network to multiple destinations. In doing so, this can
simplify the optical interface at a network egress that links an OTDM core network
with WDM access network(s), because all-optical wavelength multicasting is realized
simultaneously during the demultiplexing of OTDM channel data.

At present, there are a few reported works on the wavelength multicasting of
OTDM-demultiplexed data signals. In [16], Bres et al demonstrated the wavelength
multicasting of an ultrahigh-speed OTDM signal followed by the OTDM
demultiplexing, but two separate HNLFs were employed in multicasting and
demultiplexing blocks, respectively. Moreover, the wavelengths of OTDM signal and

control lights should be normally selected in the vicinity of a zero-dispersion



wavelength of the used HNLF in order to minimize the effect of phase mismatch or
walk-off between control and signal pulses. Although we previously reported the use
of XPM and FWM in two PCFs for 80Gbit/s wavelength conversion and 80Gbit/s-to-
10Gbit/s OTDM demultiplexing with 1-to-2 wavelength multicasting [17], respectively,
the resulting OTDM demultiplexer was able to offer only 2-channel wavelength
multicasting. A recent work has revealed that the number of available wavelength-
multicasting channels can be doubled by using the cascaded FWM in a dispersion-
flattened highly nonlinear PCF (DF-HNL-PCF) for OTDM demultiplexing [31]. That
reported work, however, focused on the experimental study of such an OTDM
demultiplexer with no consideration of system design and performance improvement
[31], in which error-free multicasting was achieved only on two of the obtained four
wavelength channels. Thus, the number of usable multicasting channels is still
restricted to 2. From the viewpoint of bandwidth-intensive services, the required
number of multicasting channels can be more than 2 for practical communication
applications. To achieve it, we present a new design of OTDM systems with a
functionality of simultaneous time demultiplexing and wavelength multicasting in this
paper. The proposed scheme is simple and requires only a single control-pulse light
source for wavelength multicasting on M multicast channels (M = 4), by using the
cascaded FWM in a DF-HNL-PCF at our designed module of OTDM demultiplexing
& wavelength multicasting and employing a proper error-correcting code to improve
the multicasting performance, respectively. In our previous experiment [17], the 10GHz

optical clock pulse train, which was employed at an OTDM transmitter, directly served



as a control light for OTDM demultiplexing and wavelength multicasting at the
receiving end. In this paper, we use an alternative approach to provide the control light
by the wavelength conversion of a 10GHz optical clock pulse train through
supercontinuum generation in a dispersion-shifted HNLF. Moreover, error-correcting
codes have not yet been utilized to improve the performance of special OTDM systems
with function of wavelength multicasting until now. Therefore, we will study this issue
subsequently. In section 2, the operational principle of the proposed scheme for
demultiplexing and multicasting is described. In Section 3, we present the detailed
design of an OTDM system with the required functionality of OTDM demultiplexing
and wavelength multicasting. To validate the proposed design, we also demonstrate an
experiment on 100Gbit/s-to-10Gbit/'s OTDM demultiplexing together with 1-to-4
wavelength multicasting. Error-free data multicasting is achieved on two wavelength
channels. Therefore, in Section 4 we propose to use an error-correcting code in the
OTDM system with a functionality of simultaneous time demultiplexing and
wavelength multicasting to ensure error-free operation on those four multicasting

channels. For this purpose, we carry out a theoretic study only.

2. Operational Principle of the Proposed Scheme for OTDM
Demultiplexing and Wavelength Multicasting
The cascaded FWM in a single DF-HNL-PCF can be employed to realize a
functionality of simultaneous time demultiplexing and wavelength multicasting in an

ultrahigh-speed OTDM system. Figure 1 illustrates the conceptual design and block



diagram of an all-optical module using the proposed scheme, where 4s, Ac, and Ar,; are
the central wavelengths of OTDM signal light, control-pulse light, and FWM
component j forj=1,2, ..., M, respectively. Since only a single control light is required
and a short DF-HNL-PCF is employed, this can result in a simple configuration for the
designed module of time demultiplexing and wavelength multicasting.

From the viewpoint of engineering applications, a low-cost design is highly
desirable. To achieve this goal, we can use the commercially available optical
components to realize an optical module of OTDM demultiplexing and wavelength
multicasting. Figure 1(b) shows a feasible scheme to implement the module which
consists of a 3dB optical coupler, a high-power erbium doped fiber amplifier (EDFA),
a short-length PCF with high nonlinear coefficient, low and very flat dispersion, and a
wavelength demultiplexer, respectively. Thus, our constructed optical module has a low

complexity for implementation. Its operational principle can be described in the

following.
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Figure 1: (a) Illustration of an all-optical module using the proposed scheme for
simultaneous time demultiplexing and wavelength multicasting. (b) A feasible

implementation based on commercially available optical devices.

For convenience, let vs and v be the frequencies of OTDM signal and control lights,
respectively. There are K data channels for optical time-division multiplexing, and each
of them has a data bit rate of By. The data bit period Tq is equal to 1/Bqg. Thus, the bit
rate of an OTDM signal, Bs, is expressed as Bs = KBq. To optically demultiplex the ith-
channel OTDM data signal for i€[1, K], the optical control pulse sequence must have
a repetition rate fc being equal to 1/Tq = Bq and is adjusted to synchronize with the time
slot of the selected OTDM channel by using a tunable optical delay line (ODL), as
illustrated in Figures 1(b) and 2, respectively. Moreover, two polarization controllers
(PCs) are employed to adjust the polarization states of OTDM signal and control lights
at the input of a 3dB optical coupler in order to maximize the FWM efficiency in a DF-
HNL-PCF. Subsequently, both control pulse and ultrahigh-speed OTDM signal lights
with two different wavelengths are combined by a 3dB optical coupler and are also
optically amplified to the proper power levels before they are fed into a short-length
DF-HNL-PCF. Owing to the sufficiently high light intensity, the power-dependent
refractive index of an optical fiber is resulted, which has an origin in the third-order
nonlinear susceptibility [32]. This leads to a FWM interaction process between OTDM-

signal and control lights, and therefore, generates the new waves.
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Figure 2: Illustration of 1-to-M wavelength multicasting of the time-demultiplexed

optical data signal from OTDM channel i by using the cascaded FWM.

A phase-matching condition must be satisfied to make FWM efficient. This is
feasibly achieved in our design by using a short-length DF-HNL-PCF with low and
very flat dispersion over a wide wavelength range in the 1550nm region. However, a
conventional FWM interaction process between control pulse and data signal (on the
selected OTDM channel) leads to the generation of the first-order FWM components at
two new optical frequencies vr.1 = 2vs-ve  and vr2 = 2vc-vs, respectively. As a result,
the number of wavelength multicasting channels is limited to 2 after OTDM
demultiplexing. To improve the wavelength-multicasting capability without increasing
the complexity, a new design is presented for the OTDM demultiplexer, which is based
on the use of the cascaded FWM process. When the powers of OTDM-signal and
control-pulse lights become higher in a DF-HNL-PCF, both lights can serve as two

intense pump waves which initiate the cascaded FWM process in the nonlinear fiber to
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produce additional wavelengths under the phase-matching condition [33]-[36]. In this
case, not only FWM between the control pulse and the data signal on the selected
OTDM channel generates the first-order FWM components in a DF-HNL-PCF, but also
FWM among the OTDM signal, control pulse, and their FWM products can result in
the generation of new waves at different optical frequencies of vrj for j=3,4, ..., M,
respectively. The cascaded FWM process can be simply understood in such a way that
two strong incident fields at vs and vc make a refractive index moving grating that is
temporally modulated at the beat frequency [34]

Av=]|vs - vl (1)
If any wave at an optical frequency of v propagates in the corresponding optical fiber,
it would be inelastically diffracted by the grating at the frequencies of v + Av. When
these waves propagate in the nonlinear fiber, they can be further diffracted to produce
new waves at other frequencies v + n Av, where n (=+1, £2...) is an integer [34][35].
The readers may refer to Refs. [36] and [37] for more detailed discussions on the
complicated FWM combinations to produce higher-order components via cascaded
FWM.

From the above descriptions, we can see that a FWM-resultant pulse would be
produced only if both optical control pulse and OTDM signal pulse are simultaneously
present in a given time slot; otherwise no pulse would result from FWM products in the
nonlinear fiber. Therefore, an all-optical “logical AND” operation is achieved, with
which the optical data signal on the selected ith OTDM channel is time demultiplexed
and simultaneously appears at M different wavelengths Ar; (j = 1, 2, 3, ..., M) through
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cascaded FWM, as illustrated in Figure 2. Now the 1-to-M wavelength multicasting of
the time-demultiplexed optical data signal is realized at our designed module. Then we
can simply use a wavelength demultiplexer at the DF-HNL-PCF output to obtain the

replicated data signals from M multicast channels at /r.j individually.

3. System Design and Experimental Demonstration

In this section, we present the new design of an OTDM system with a functionality
of simultaneous time demultiplexing and wavelength multicasting by using the optical
module proposed in the above. We also report an experimental demonstration of
100Gbit/s-to-10Gbit/s OTDM demultiplexing with simultaneous wavelength
multicasting on 4 channels to validate the proposed design. Here the limitation to the
bit rate of an OTDM signal is due to the bandwidth of our measurement system
(comprising an electrical sampling oscilloscope and a photodetector) available at the
laboratory, as will be described subsequently. With the maximum bandwidth of about
70 GHz for waveform/eye-diagram measurement, we have to restrict the bit rate of an
OTDM signal to ~ 100 Gbhit/s in the experiments. However, our designed OTDM
system is capable of operating at an ultrahigh speed well beyond 100 Gbit/s, because

of using fiber-based ultrafast time demultiplexing [3]-[7].
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Figure 3: Experimental setup of an OTDM system with a functionality of time
demultiplexing and 1-to-4 wavelength multicasting by using the proposed module

based on the cascaded FWM in a DF-HNL-PCF.

An actively mode-locked semiconductor laser (AML-SL) is used as an optical
clock source to produce a 10GHz optical clock-pulse train at the wavelength of 1550.31
nm. The full width at half maximum (FWHM) of the generated pulse is 1.9 ps. After
optical amplification, a train of ultrashort optical clock pulses is split into two parts via
a 1x2 optical coupler (OC). One of them is modulated at 10 Gbit/s by a LiNbOsz Mach-
Zehnder intensity modulator with an electronic 23-1 pseudorandom binary sequence
(PRBS) in the return-to-zero (RZ) format. Then the 10Gbit/s optical data signal with
pulse FWHM of 1.9 ps is fed into a fiber-based time-division multiplexer (MUX) that
performs the “splitting-delay-combination” processing to generate an OTDM signal at
100 Gbit/s and 1550.31 nm for use in our experiments. The optical insertion losses of

LiNbO3z modulator and passive optical multiplexer are also compensated by means of
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amplifying the 10Gbit/s optical data signal at EDFA 2 of which the output amplified

spontaneous emission noise is effectively suppressed by an optical bandpass filter

(OBPF) with 3dB bandwidth of 1.8 nm. Subsequently, we can use a 70GHz electrical

sampling oscilloscope (OSO) cascaded with a 70GHz photodetector (PD) to monitor

the outputs of an AML-SL, a LiNbOs intensity modulator, and a fiber-based OTDM

multiplexer, respectively. The measured results are shown in Figure 4, and a small

peak-power variation of OTDM signal pulses can be seen due to the use of an imperfect

OTDM multiplexer in our experiment. Moreover, the eye diagram of a 100Gbit/s

optical RZ signal is not resolved and the width of the displayed clock pulse is also much

wider than 1.9 ps, because of the limited bandwidth (~ 70 GHz) of our measurement

system.
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Figure 4: (a) Waveform of the obtained 10GHz optical clock-pulse sequence from an
AML-SL. (b) and (c) Eye diagrams of the measured 10Gbit/s optical RZ data and
100Ghit/s OTDM RZ signal, respectively.

The wavelengths of OTDM-signal and control lights are required to be distinct for
FWM in a nonlinear fiber, while only one actively mode-locked laser is available
throughout our experiment. To solve this problem, we need to change the wavelength
of the split clock-pulse light from 1550.31 nm to /.. In doing so, a high-power EDFA
(HP-EDFA 1) is employed to amplify the 10GHz optical clock-pulse train at the input
of a 300m-long dispersion-shifted highly nonlinear fiber (DS-HNLF), so that the power
of the launched clock light is 27 dBm and is sufficiently high to create supercontinuum
(SC) effect in the DS-HNLF. In our experiment, the employed DS-HNLF has a
nonlinear coefficient of 9 W km™, a dispersion of -2.42 ps/(nm km) at 1550 nm, a
dispersion slope of 0.02 ps/nm? km, and an attenuation coefficient of 0.43 dB/km. The
SC generation leads to broadening the spectrum of the clock-pulse light which is
measured by an optical spectrum analyzer (OSA, Yokogawa-AQ6370) of resolution
0.02 nm, as shown in Figure 5. Then a tunable optical bandpass filter (OBPF 2, Santec
model OTF-950) with 3dB bandwidth of 1.0 nm is used at the DS-HNLF output to filter
out the resulting SC spectrum at 1556.5 nm in order to produce a 10GHz optical control-
pulse train. In this case, the generated SC spectrum can be considered to be nearly flat
in the vicinity of 1556.5 nm with respect to a 1.0nm passband of the employed OBPF.
As a result, the optical spectrum of the obtained control-pulse light is actually

determined by the filtering characteristic of OBPF 2 in our experiment. The waveform
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of the resulting optical control-pulse train is measured by using a 70GHz electrical
sampling oscilloscope cascaded with a 70GHz photodetector and is shown in Figure
6(b), which still has a good quality compared with the original clock-pulse waveform
[see Figure 6(a)]. Owing to a limited bandwidth (about 70 GHz), the measurement
system has a low resolution to display the waveforms of optical control and original
clock pulses, so that a difference between the widths of the measured control and clock
pulses is insignificant in Figure 6. Note that the actual FWHM of the optical clock pulse
is 1.9 ps and is shorter than that observed in Figure 6(a). Moreover, we focus on
validating the operational principle of our proposed scheme in this paper. Consequently,
we use a simple approach to distribute an optical control-pulse train in the experimental
setup. That is to say, two separate optical fibers are employed for the delivery of both
optical control-pulse train and OTDM signal to the designed module of OTDM
demultiplexing and wavelength multicasting (see Figure 3), respectively. It would be
feasible to do so if an optical control-pulse generator is located at the receiving end or
a distance between transmitting and receiving ends is short. Otherwise control-pulse
light at 4 and OTDM signal at s can be simultaneously transported over a common
transmission fiber from the sending end to the receiving end by means of wavelength-
division multiplexing. Then a WDM demultiplexer is employed to separate the control-
pulse light from the OTDM signal, followed by a tunable optical delay line (TODL) to
adjust the phase of an optical control-pulse train in order to coincide with the OTDM
signal on the desired channel, as illustrated in Figure 7. This can be regarded as a more

realistic approach than the above one to distribute an optical control-pulse train along
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with the OTDM signal in an optical fiber transmission system with relatively short or
medium distance (e.g., in the local-access environment), since an optical control-pulse
generator can be practically located at the transmitting end. Alternatively, we can
employ a sophisticated optical clock-recovery scheme that is based on actively mode-
locked fiber (or semiconductor) laser and optoelectronic phase-locked loop to produce
a control-pulse light of wavelength A at the receiving end [38][39]. For long-haul
OTDM applications, the optical clock-recovery scheme is more suitable than the above
two approaches. However, this is achieved at the expense of high system complexity
and cost. Note that the detailed discussions on generation and distribution of an optical
control-pulse train are beyond the scope of this paper and will be studied in our future

work.

—— Before DS-HNLF
Y | After DS-HNLF
— After OBPF

Power (dBm)

1550 1560
Wavelength (nm)

Figure 5: Optical spectra of original clock-pulse light (black trace), SC (red trace),
and control-pulse light (blue trace) measured at the input & output of a DS-HNLF and

after subsequent filtering, respectively.
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Figure 7: Illustration of a feasible approach for transmission of an optical control-

pulse train along with the OTDM signal by using WDM.

At the input of an optical module of OTDM demultiplexing and wavelength
multicasting, a tunable optical delay line is used to align the incoming 10GHz control
pulse train with the time slot of the selected OTDM channel (see Figures 2 and 3). Two

polarization controllers are also employed to adjust the polarization states of OTDM
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signal and control lights for the optimization of FWM in a DF-HNL-PCF. Then
100Gbit/s OTDM signal at 1550.31 nm and 10GHz optical control pulse train at 1556.5
nm are combined by a 3dB optical coupler. To create the cascaded FWM effect in a
nonlinear fiber, both OTDM and control lights are amplified by a high-power EDFA
(i.e., HP-EDFA 2) to ensure the sufficiently high powers for both lights before they are
launched into a DF-HNL-PCF with length of 50 m. In this experiment, the average
power of the combined OTDM and control lights is 24.7 dBm, which is measured at
the output of HP-EDFA 2. The DF-HNL-PCF has a nonlinear coefficient of 11 W km-
! and an attenuation coefficient of 9 dB/km. Both ends of the photonic crystal fiber are
spliced to single-mode fibers, resulting in a total loss of about 1 dB. This DF-HNL-PCF
has a low and very flat dispersion of ~1.25 ps nm™ km™ with a variation being smaller
than 0.25 ps nm™* km? from 1500 nm to 1610 nm, which in turn can facilitate to
minimize the effect of phase mismatch or walk-off between optical control and OTDM
signal pulses. Consequently, the use of a short-length DF-HNL-PCF can ensure a wider
operational wavelength range for the designed module of OTDM demultiplexing and
wavelength multicasting than that of a conventional HNLF. In practice, the former also
has a high flexibility of operation by eliminating the requirement of selecting the
wavelengths of OTDM and control lights in the vicinity of a zero-dispersion
wavelength of the optical fiber as normally encountered in the HNLF-based OTDM
demultiplexers. Under the phase-matching condition, FWM between the control pulse
at 1556.5 nm and the data signal (on the selected OTDM channel) at 1550.31 nm is

induced in a 50m DF-HNL-PCF. Owing to sufficiently high powers for OTDM and
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control lights, a cascaded FWM process in the DF-HNL-PCF results in the generation
of four significant new waves at the wavelengths of Ar.1, Ar-2, Ar-3 and Ar.4, respectively,
as indicated in Figure 8. Therefore, it is clear that the same OTDM-demultiplexed signal
at 10Gbit/s is multicast over four wavelength channels. At the output ports of an optical
splitter (OS), we use a bank of 4 tunable OBPFs (Santec model OTF-300-004-S3) with
3dB bandwidth of 0.38 nm to extract four multicasting signals individually by tuning
the central wavelengths of those OBPFs to Ar.1, Ar-2, AF-3, and Ar-4, respectively. After
optical amplification and subsequent photodetection, the eye diagram and bit error rate
(BER) of a 10Ghit/s multicasting signal are measured by connecting the output of a
70GHz photodetector to the input ports of an electrical sampling oscilloscope and a
BER tester (Anritsu model number MP1800a), respectively, as illustrated in Figure 3.
Note that an alternative design of the output stage for the proposed optical module is to
replace four tunable OBPFs and a 1x4 optical splitter by an integrated 4-channel
wavelength demultiplexer (e.g., an arrayed waveguide grating). In doing so, this can
lead to a simpler configuration and more cost-effective implementation for the optical
module of OTDM demultiplexing and wavelength multicasting. Unfortunately, we do
not have such a suitable wavelength demultiplexer for use in our experiments and will

consider this improved design only in our future work.
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Figure 8: The measured optical spectra at the input and output of a 50m DF-HNL-

PCF and the outputs of four OBPFs, respectively. Ch: Channel.
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Figure 9: Eye diagrams of the 10Gbit/s OTDM-demultiplexed signal on 4

wavelength-multicasting channels at (a) Ar-3=1537.21 nm, (b) Ar-1=1543.75 nm, (C) Ar-

»=1562.67 nm, and (d) Ar-4=1569.05 nm, respectively.
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Figure 9 shows the eye diagrams of the multicast 10Gbit/s data signals from 4
wavelength channels measured at the output of our constructed module of OTDM
demultiplexing and wavelength multicasting. After OTDM demultiplexing, clear and
open eyes are observed for all four multicasting signals without showing intersymbol
interference. Figure 10 indicates the BER against the optical power of each multicast
data signal received by a 70GHz photodetector. It can be seen that the error-free
multicasting of an OTDM demultiplexed signal is achieved on the first two wavelength
channels (i.e., at 11 and Ae-2) with the minimum power penalty of 3.2 dB at a 10° BER
relative to the 10Gbit/s back-to-back (BTB) measurement. This penalty can be
attributed to arising from the combination of the imperfect OTDM multiplexer, EDFA
noise, and pulse broadening through OBPF. However, the other two multicasting
channels at Ae-3 and Jr.4 suffer from a high BER at the level of 10 to 10°°. It is because
the second-order FWM products are used and the optical signal-to-noise ratio is
degraded. Moreover, there is a significant spectral overlapping between two multicast
signals at Ar-> and Ar.4, as observed from Figure 8. Actually, multicasting channel 2 has
a much higher optical power than multicasting channel 4 does. Therefore, a severe
crosstalk from the adjacent channel is induced on multicasting channel 4, which could
not be eliminated by optical filtering. To alleviate the crosstalk effect on the desired
multicast signal, in the experiment we used the tunable OBPF with a 3dB bandwidth of
0.38 nm and a high roll-off rate outside the passband to extract the replicated 10Gbit/s
optical signal at the output of an optical splitter (see Figure 3). Due to the severe
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crosstalk, the BER for multicast signal 4 is worst among those four wavelength
channels, even though the FWM product at Ar-4 has a higher optical power than that at
Jr-3 does. Nevertheless, we will subsequently report a theoretical study to show that the
use of a proper error-correcting code can ensure error-free multicasting of the OTDM

demultiplexed signal on those two wavelength multicasting channels at Ar.3 and Ar.4.
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Figure 11: The Q factor of 10Gbit/s wavelength-multicasting signals versus the power

of the combined OTDM and control lights input to a 50m DF-HNL-PCF.
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A cascaded FWM process requires the sufficiently high powers of lights which are
launched into a nonlinear fiber. Due to the limited experimental facilities, we could
simply study the operation performance of our designed optical module for OTDM
demultiplexing and wavelength multicasting under the conditions of different optical
powers at the input of a 50m DF-HNL-PCF and a fixed spacing (i.e., 6.19 nm) between
wavelengths of both OTDM-signal and control-pulse lights. To achieve this goal, we
carry out an experiment in which the power of the combined OTDM and control lights
is changed from 24.0 dBm to 25.5 dBm with an increment of 0.3 dB at the DF-HNL-
PCF input of our designed module. Then we use a 70GHz electrical sampling
oscilloscope cascaded with a 70GHz photodetector to monitor the eye diagram of an
OTDM-demultiplexed data signal at 10 Gbit/s on each wavelength multicasting channel.
As a result, we can read out the corresponding Q factor of the multicasting signals
individually measured by the sampling oscilloscope. Figure 11 shows the variation of
the obtained Q factor (from the output of our designed optical module) with the power
of the combined OTDM and control lights (input to a DF-HNL-PCF). We can see that
the Q factor of all the four multicasting channels is improved as the power of the
combined lights is increased from 24.0 dBm to 24.3 dBm. With a further increase of
the optical power at the DF-HNL-PCF input, the Q factor of wavelength multicasting
channels 1 and 2 is substantially reduced. This is because the multicasting signals at the
wavelengths of Ar.1 and Ar-2 are the first-order FWM components, and they could suffer
from a severer crosstalk from the adjacent OTDM and control channels at /s and A,
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respectively, if the input optical power of the combined OTDM and control lights at the
DF-HNL-PCF exceeds 24.3 dBm to create a stronger FWM effect, as shown in Figure
12. When the input optical power becomes higher than 24.3 dBm, a more significant
spectral overlapping between multicasting light 1 (or 2) and OTDM (or control) light
is resulted, which effectively degrades the optical signal-to-noise ratio for the
multicasting signals at Ar-1 and Ar-2. In contrast, the multicasting signals at Ar-3 and Ar-
are the second-order FWM products in the cascaded FWM process, and their optical
powers can be enhanced with the increase of the power of the combined OTDM and
control lights at the DF-HNL-PCF input, while suffering from a severer crosstalk from
the adjacent wavelength channels, as shown in Figure 12. Consequently, the Q factor
of the multicasting signals at Ar3 and Ar is slightly improved, when the input power
of the combined OTDM and control lights is increased from 24.3 dBm to 24.6 dBm.
However, the corresponding Q factor could be almost unchanged if the optical power
of the combined lights is increased from 24.6 dBm to 25.5 dBm at the DF-HNL-PCF
input (see Figure 11). It is because a more significant spectral overlapping between
multicasting light 3 (or 4) and its adjacent wavelength channel is caused, when the input
power of the combined lights becomes higher. In this case, a severer crosstalk is
induced on wavelength multicasting channels 3 and 4, while the optical powers of
multicasting signals 3 and 4 are also enhanced with the increase of the power of the
combined OTDM and control lights at the DF-HNL-PCF input, thus leading to the

nearly unchanged Q factor for those two multicasting signals.
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Figure 12: The measured spectra of input and output lights at a 50m DF-HNL-PCF
with different input powers of the combined OTDM and control lights.

4. Error-Correcting Code in OTDM System with Simultaneous Time
Demultiplexing and Wavelength Multicasting

From the above discussions, one can see that two multicasting signals on
wavelength channels 3 and 4 have a high BER at 10 to 10°. It is well known that
forward-error correction (FEC) is a very powerful technique to combat various noise
and interferences in digital communication and computing systems [40]. In [6], Weber
et al pointed out that the use of a FEC code with 7% overhead was able to efficiently
reduce the BERs of all the time-demultiplexed data signals to a level below 102 in a
conventional OTDM transmission system. However, there is no report on the study of
using FEC codes to improve the BER performance of OTDM systems with a
functionality of simultaneous time demultiplexing and wavelength multicasting. In this
section, we propose to employ a FEC code in the newly designed OTDM system to

ensure error-free operation on the wavelength-multicasting channels.
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Normally, an analytical or simulation approach is often adopted to study the
performance improvement of digital optical fiber communication systems with various
FEC codes in most of research works, owing to the fact of experimental difficulties
associated with testing the full communication performance of a FEC-based digital
optical fiber system [41]. Moreover, there is lack of electronic FEC encoder and
decoder for use in our experiments. All these make a theoretic study option available
only for us to consider. For convenience, we focus our attention on the binary Bose-
Chaudhuri-Hocquenghem (BCH) codes in this research work. It is because BCH codes
are one of the most important classes of linear block codes for digital communications,
and BCH codes also form a large class of powerful cyclic codes with easy
implementation based on feedback shift registers and efficient decoding algorithms [40].
Nevertheless, the use of a FEC code leads to increasing the complexity of an OTDM
system, since an electronic FEC-code encoder needs to be installed in the front of the
electronic data input port of a LiNbOs Mach-Zehnder modulator on each OTDM
channel and an electronic FEC-code decoder is employed at the output port of an optical
receiver on each wavelength-multicasting channel after OTDM demultiplexing. Figure
13 illustrates the schematic diagram of a coded OTDM system with simultaneous time
demultiplexing and 1-to-M wavelength multicasting. In effect, both encoder and
decoder could operate at a speed being slightly higher than 10 Gbit/s if the original data
bit rate is 10 Gbit/s and the binary BCH code with a high code rate is used in such an

OTDM system, as will be discussed later. Therefore, those BCH-code encoders and
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decoders can be implemented in a cost-effective manner by means of today’s mature

electronic devices and integrated circuits.
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Figure 13: Schematic diagram of an OTDM system with BCH code and functionality

of simultaneous time demultiplexing and wavelength multicasting.

At the transmitting end of a coded OTDM system, the ith electronic BCH-code
encoder transforms each input message block of k, information bits into a binary
codeword of n¢ coded bits (i.e., block length) fornc >kpand i =1, 2, ..., L. The output
codewords from this encoder are fed into the ith LiNbOs Mach-Zehnder intensity
modulator of the corresponding OTDM channel to produce an optical digital signal
based on ultrashort pulses for the subsequent OTDM processing. Then the optical part
(indicated in Figure 13) of the coded system is the same as that of an uncoded OTDM
system of which the operational principle was already explained in the above sections.
At the receiving end of a coded system, the optical data signal on the ith OTDM channel

(for ie[l, L]) is time demultiplexed and is simultaneously multicast over M
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wavelength channels which appear individually at M output ports of an optical module
of OTDM demultiplexing and wavelength multicasting (see Figure 13). Then an optical
digital receiver is connected with the jth output port of this optical module to perform
the optical-to-electrical conversion and to produce the corresponding electronic data
signal, for | e[l, M]. At the output of the optical receiver, a BCH-code decoder is
employed to decode the received binary codewords in order to recover the electronic
data information that was generated by the ith data source located at the transmitting
end. It is known that a (nc, kn) BCH code with the minimum distance dmin can correct t

or fewer errors in any received codeword [40], i.e.

d.,—1
t: min 2
St @

where the symbol LXJ denotes the largest integer less than or equal to x. Thus, a
received codeword could not be decoded correctly if it contains more than t errors. In
other words, the probability of receiving the codeword incorrectly is upper bounded by

[40][42]

e nC i ne—i

P(E) < Z[ i jp (1-p) ®)
i=t+1

where p is the transition probability of a binary symmetric channel, i.e., p = p(0J1) =

p(1]0). Here p(0|1) or p(1|0) is the conditional probability of receiving a bit “0” or “1”

when a bit “1” or “0” is transmitted.

Now we can obtain an upper bound on the post-decoding BER of a coded OTDM

system by assuming that i incorrect decoding events produce i + t post-decoding errors
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when i > t. The post-decoding BER, Pcq, of the coded OTDM system can be thus
expressed as [42]
P, < n—lcin;l(i +t)(ni°j p'(1- p)”“‘i (4)
Since the code rate R of a (nc, ks) BCH code is equal to ke/nc for ky < nc, we can
appropriately select the parameters nc and ky to make R as high as possible, for example,
R =0.965 for a (511, 493) BCH code [40]. If the bit rate of an original electronic data
signal is equal to Bg in an uncoded OTDM system, the BCH-code encoder would
produce the coded electronic data signal at a bit rate Bcoded = Bo/R ahead of each LINbO3
modulator in a coded OTDM system. It is clear that Bq can be approximate to Bcoded
when R is chosen to be close to 1.0, e.g., Beoded = 1.04B4 for a (511, 493) BCH code.
This implies that both coded and uncoded OTDM systems can use the same optical
digital receivers of a given bandwidth due to Beoged =~ Bq. In doing so, the BER of
each optical digital receiver in an uncoded OTDM system, Py, is considered to be equal
to that observed at the input of each BCH-code decoder in a coded OTDM system, for
a given optical signal power at the input of optical digital receivers. Assume that bits
“1” and “0” are equally likely to appear. Then we have Py = 0.5p(0|1) + 0.5p(1|0) = p.
Substituting it in eq. (4), we can thus establish a relationship between the BERs of both
uncoded and coded OTDM systems.
As discussed in the above, we should choose the (nc, k») binary BCH codes with
high R so as to reasonably compare the BER performance of wavelength-multicasting
channels in uncoded and coded OTDM systems. In this case, we consider to use (511,

502) BCH code, (511, 493) BCH code, (511, 484) BCH code, (1023, 1003) BCH code,
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(1023, 993) BCH code, and (1023, 983) BCH code [40], as summarized in Table 1

where Pq is fixed to 1.0 X 10 for case | and Py is set to 1.0 X 107 for case II.

Table 1: Use of (nc, kn) Binary BCH Codes to Improve BER Performance of
Wavelength-Multicasting Channels in an OTDM System

BCH Code Uncoded Coded OTDM Uncoded Coded OTDM
OTDM OTDM
(Case ) (Case ) (Case 1) (Case I)
Nc Kb R t Puc Ped Puc Ped

511 502 | 0.982 | 1 | 1.14X10° 1.0X10° 1.0X10° 7.63X108

511 493 | 0.965 | 2 | 1.67X10° 1.0X10° 1.0X10° 2.16 X101

511 484 | 0.947 | 3 | 7.19X10° 1.0X10° 1.0X10° 3.83X10%

1023 | 1003 | 0.980 | 2 | 1.05X10° 1.0X10° 1.0X10° 8.63 X101

1023 | 993 | 0.971 | 3 | 4.27X10°% 1.0X10° 1.0X10° 3.08 X102

1023 | 983 | 0961 | 4 | 1.06Xx10* 1.0X10° 1.0X10° 7.88 X101

In the case of wavelength multicasting, the BER of a coded OTDM system versus
the BER of an uncoded OTDM system is plotted in Figure 14 under the condition of
Bcoded = Bd. We can see that several binary BCH codes of a high code rate can be used
in OTDM system with a functionality of simultaneous time demultiplexing and
wavelength multicasting to reduce the BERs of the multicasting channels to 1.0 X107,
even though those BCH codes have a relatively small value of t (i.e., t<3). As discussed
in Section 3, an uncoded OTDM system could only achieve the error-free multicasting
of the time-demultiplexed signal on the first two wavelength channels at Ar.1 and Ar-;
while the other two multicasting channels at Ar.3 and Ar.4 suffer from relatively high

BERs of 3.2X10°and 1.4X 107 for the received optical powers of -4.5 dBm and -4
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dBm (see Figure 10), respectively. In this case, we can consider to select one of those
binary BCH codes with t = 2 or 3 from Table 1 and adopt it in such an OTDM system.
After post decoding at the receiving end, the BERs of the 3" and the 4" wavelength-
multicasting channels can be reduced to a level below 1.0 X 10, as shown in Tables 1
and 2. Consequently, the error-free multicasting of an OTDM demultiplexed signal is
achieved on all the four wavelength channels. In the real case, once the encoders of a
(n¢, k) BCH code are employed at the transmitters of an OTDM system, the coded data
signal from the selected OTDM channel is optically time demultiplexed at an optical
module of OTDM demultiplexing & wavelength multicasting (see Figure 13) and is
multicast over all the wavelength channels to reach individual optical receivers. This in
turn requires the use of BCH-code decoders at the outputs of all the receivers to recover
the data information carried by those multicasting channels, as illustrated in Figure 13.
Compared with an uncoded OTDM system achieving the error-free multicasting on
wavelength channels 1 and 2, the input powers of the multicast optical data signals can
be substantially lowered down at two receivers on wavelength channels 1 and 2 of the
coded OTDM system while still maintaining the BER<<1.0< 10"°. In doing so, this can
also improve the power budget for the corresponding wavelength channels. For
example, we can use the (1023, 1003) BCH code in an OTDM system to increase the
power budgets by more than 3 dB on wavelength channels 1 and 2, respectively, as

shown in Table 2.
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Table 2: Use of Binary BCH Codes with t = 2 or 3 for Error-Free Multicasting of

OTDM-demultiplexed Signal on Four Wavelength Channels

Wavelength-Multicasting Channels

#1

#2

#3

#4

#1

#2

Received
Power

-7Bm

-7.50Bm

-4.50Bm

-4dBm

-10dBm

-10.5dBm

Measured
PUC

1.0x10°

4.2x1010

3.2X10°

1.4x10°

3.1x10°®

3.2x10°®

Theoretical
Pcq for BCH
(511, 493)

n/a

n/a

7.08x10712

5.91x1071°

6.44x1012

7.08x1012

Theoretical
Pcq for BCH
(511, 484)

n/a

n/a

3.97x101

1.47x1012

3.65x101°

3.97x10

Theoretical
Pcq for BCH
(1023, 1003)

n/a

n/a

2.84x10

2.36x10°

2.58x101!

2.84x101!

Theoretical
Pcd for BCH
(1023, 993)

n/a

n/a

3.24x101

1.18x1011

2.87x10

3.24x10H
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Figure 14: BER of a coded OTDM system versus BER of an uncoded OTDM system
under the condition of Beodeda =~ Ba. (a) (511, 502) BCH code, (b) (511, 493) BCH
code, (c) (511, 484) BCH code, (d) (1023, 1003) BCH code, (e) (1023, 993) BCH

code, and (f) (1023, 983) BCH code, respectively.

34



5. Conclusions

We have reported a new design of OTDM systems in this paper. A functionality of
simultaneous time demultiplexing and wavelength multicasting is achieved by
employing the cascaded FWM in a DF-HNL-PCF, while the multicasting performance
of such an OTDM system is improved by using the scheme of forward-error correction.
The proposed system has a simple configuration and requires only a single control-
pulse light source for simultaneous OTDM demultiplexing and wavelength
multicasting. A key component to realize our designed OTDM system is called the
module of OTDM demultiplexing and wavelength multicasting. Moreover, we have
experimentally demonstrated the 100Gbit/s-to-10Gbit/s OTDM demultiplexing
together with 1-to-4 wavelength multicasting. In the experiment, we used a 3dB optical
coupler, a high-power EDFA, a 50m DF-HNL-PCF, a 1x4 optical splitter, and 4 OBPFs
to implement a module of OTDM demultiplexing and wavelength multicasting, but this
module would be simplified if a 1x4 optical splitter and 4 OBPFs are replaced by a
suitable wavelength demultiplexer. The control-pulse light was generated in our
experiment by the wavelength conversion of a 10GHz optical clock pulse train through
supercontinuum generation in a dispersion-shifted HNLF. Our experimental results
have shown that error-free wavelength multicasting is achieved on two wavelength
channels with the minimum power penalty of 3.2 dB relative to the 10Gbit/s back-to-
back measurement, whereas the BERs of other two multicasting channels are measured
to be at the level of 10 to 107°. In this case, we have proposed the use of (nc, ks) binary
BCH codes of high code rate to improve the multicasting performance of the designed
OTDM system. Our work has revealed that the resulting system can theoretically
support error-free multicasting of the OTDM-demultiplexed signal on four wavelength

channels by employing those BCH codes with t = 2 or 3.
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