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160-Gb/s Optical-Time-Division Multiplexing With
PPLN Hybrid Integrated Planar Lightwave Circuit
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Abstract—160-Gb/s (20 Gb/sx 8) optical time-division-multi- moffton
plexing is demonstrated using a multiplexer based on periodically X% -
poled lithium niobate hybrid integrated planar lightwave circuits.  =r——a= s,
With this multiplexer, eight 20-Gb/s signals are independently Lo S
modulated and time division multiplexed all-optically. To confirm Y
the quality of the multiplexed signal, it was demultiplexed and bit -5, 160 Gbits
error rates were measured. The measured power penalties are less =—=—%, ~ OTDM signal
than 2.2 dB. PO Lot
Index Terms—integrated optics, nonlinear optics, optical com- opical ™ . & MMMMMMMA:

clock

munication, optical signal processing, optical waveguide compo-
nents, time-division multiplexing. Fig. 1. Fundamental configuration of PLC-OTDM-MUX. Injected 20 GHz
optical clock was divided into eight optical clocks and each optical clock was
independently modulated using the cascadéd processes in the PPLN

I. INTRODUCTION waveguide. The eight modulated optical clocks were multiplexed into a

UTURE optical time-division-multiplexed (OTDM) 160-Ghls OTDM signal.

transmission systems [1] will require stable time-divi-
sion-multiplexing of optical signals without fluctuations inamplified spontaneous emission noise and the pattern effect
pulse separation to suppress the influence of the crosstalk franlike SOA. The external (fiber-to-fiber) conversion efficiency
adjacent pulses on demultiplexing and to minimize the jitt@f —7 dB has been reported [7].
in timing extraction. All-optical modulation combined with This letter reports optical time-division multiplexing by a hy-
an optical clock is one approach to this problem [2]. Anothdarid PLC-based OTDM-MUX. The PLC-OTDM-MUX utilizes
solution is to integrate the optical components into a compawixing in PPLN waveguides to modulate the optical signals all-
circuit [3]-[5]. The integrated multiplexer makes the opticadptically. With this device, eight 20-Gb/s optical signals were
path lengths very short and makes temperature control easieultiplexed into a 160-Gb/s OTDM signal in a stable manner.
We previously proposed integrated multiplexers (MUXs) that
use a semiconductor optical amplifier (SOA) integrated into a Il. PLC-OTDM-MUX

hybrid planar lightwave circuit (PLC) and 80-Gb/s (20 Gbis Fig. 1 shows the fundamental configuration of the proposed

x 4) multiplexing operation was successfully demonstratqu_C_OTDM_MUX_ The device consists of two PLCs (PLC-L

as a result of all-optical modulation and the integration %LC-R) and a set of PPLN waveguides. Each PLC hax®1

opthal compone_nts [6]. Our all-optical modulgtlon schemg upler and eight different-path-length waveguides. In addition,
eliminates the microwave crosstalk between adjacent Chaan%C-L has eight % 1 counlers. The eiaht PPLN waveauides
which occurs in conventional electrooptic modulation schemea?r.e connecteg to0 the PLCE, wa\./eguideg by a conventio%al tech-
-r:(])%u(lzgtrig?ngﬁgesgtztl;lg_Zifgﬁi Ir?-tsgtra?(ljogT?)nl\j S?”r_%ﬁ)t'ce%]igue [8]. The waveguides were fabricated using annealed and

' gh-sp ona 9L erse proton exchange in PPLN [9]. The length and the quasi-

eration. Recently, periodically poled lithium niobate (PPLN;hase-matching period of the PPLN waveguide are 4 cm and

devices are attracting attention because of their compact ng'sum respectively. The PPLN waveguide employs a simple

high-efficiency ultrahigh-speed nonlinear processes and 19 . e .
4 . - . integrated mode filter and taper for efficient coupling and does
noise. The low noise characteristic originates from absence 0 : ; A
not require electrodes, hence its fabrication is simpler than that

of the SOA. The details of the PLC-OTDM-MUX such as op-
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Gbls, wavelength\.....). The cascadeg(® processes consist mc?%}}l‘::?lon
of two second-order nonlinear processes. The 1st proces:
second-harmonic generation (SHG) of the optical modulatit cwseurcd 001;;6,% pLC o
signal and produces second-harmonic component at waveler = 20 oivs oTom 15nm
Apump/2- The 2nd process is difference-frequency generatic O = BER
(DFG) between the second-harmonic component and tp“;éw—b scr| = O‘;"cka,
nm clocl

optical clock and produces difference-frequency CoOmpON€ g zconinum source
at wavelength)\.,.v. These processes occur simultaneously

in the PPLN waveguides and are similar to four-wave mixing9.- 2. Experimental setup for 160-Gb/s multiplexing.
(FWM) from the viewpoint of relationship between input and
output wavelengths. Therefore, the optical clock is modulated
by the optical modulation signal. The eight optically modulated -
signals are combined in thex81 coupler in PLC-R. Since
the path-length difference between subsequent waveguides
is set to one time-slot at 160 Gb/s (6.3 ps), the eight opti-
cally modulated signals are time-division multiplexed into a
160-Gb/s OTDM signal. Since each optical clock is modulated
all-optically by the cascadeg(® processes, all channels are
independently modulated without microwave crosstalk [3]—[5],
so multiplexing yields an ultrahigh-speed OTDM signal.

Intensity (10 dB/div)

1520 1530 1540 1550 1560 1570
l1l. EXPERIMENTS Wavelength (nm)

The normalized conversion efficiencies of the PPLN wavegiq. 3. optical output spectrum of PLC-OTDM-MUX. 1544 nm: 20-Gb/s
uides used in this device ranged from 450 %/W to 750 %/WRZ optical modulation signal, 1552 nm: 20-GHz optical clock, 1536 nm:
as measured using a continuous-wave (CW) optical source. FAgGb/s OTDM signal.

normalized conversion efficienayis defined as ] . .
optical power of—15 dBm will be sufficient for 160-Gb/s

Pmm, single-span transmission. Higher output optical power enables
P2 P us to achieve 160-Gb/s multiple-span transmission.

The waveforms of the optical signals were measured by a
wherePeonv, Poump and Py are converted output power, pumpconventional sampling oscilloscope [Fig. 4(a)] and a 0.9-ps
power and signal power, respectively. All powers were meeesolution optical sampling system [12] [Fig. 4(b) and (c)].
sured at the output of the PLC. The variation in normalized coRig. 4(a)—(c) show the waveforms of the optical modulation
version efficiency mean that the transfer of the data onto tegnal, the optical clock and the 160-Gb/s OTDM signal,
pulse vary from channel to channel. respectively. As seen in Fig. 4(c), the eye diagram of the

We experimentally demonstrated 160-Gb/s (20 Gbis0-Gb/s OTDM signal was observed. The pulsewidth of the
x 8) multiplexing (Fig. 2). In order to simplify the setup,OTDM signal was 2.0 ps. The time-bandwidth prodidatAr
eight 20-Gb/s NRZz format optical modulation signalsvas 0.41, therefore, the output OTDM signal pulse is a nearly
(Apump = 1544 nm) were generated using a CW opticafransform limited pulse. Stable multiplexing was achieved as
source, a lithium niobate intensity modulator operating at 20result of the all-optical modulation and the integration of
Gb/s, an optical amplifier and ax8 coupler. Each optical optical components on the PLC platform.
path length differences between adjacent channels was set to bEhe 160-Gb/s OTDM signal was demultiplexed to 10-Gb/s
longer than two timeslots in order to prevent adjacent channéds bit-error-rate (BER) measurement using FWM [13]. Fig. 5
being the same data. A 20-GHz optical clodlg & 1552 nm) shows the BER performance of the demultiplexed 10-Gbl/s
was generated from a spectrally sliced supercontinuum (S$ignals. There was no error floor and the power penalties
source that consisted of an actively mode-locked Er-dopeere less than 2.2 dB. This power penalties may be due to
fiber laser, an optical amplifier and SC fiber (SCF) [11]. Theonversion efficiency variation of the PPLN and difference of
optical modulation signal and optical clock were injectedrosstalk influences after demultiplexing. These results show
into the PLC-OTDM-MUX. The average input powers of thehat the multiplexer can generate a low noise OTDM signal.
optical modulation signal and optical clock were 19 dBm/ch this experiment, each channel was imprinted with the same
and 23 dBm, respectively. As discussed previously, the optictdta. Even in practical systems, which utilize independent data
clock was split into eight optical paths in PLC-L, such thathannels, it will be no problem if pulsewidth is sufficiently
the clock power per channel is 14 dBm. In this condition, thearrow (pulsewidth< 2.0 ps).
output 160-Gb/s OTDM signal power wasl5 dBm. Fig. 3  The output optical power from the PLC-OTDM-MUX can be
shows the optical spectrum of PLC-OTDM-MUX output. Théncreased by using a more efficient waveguide. The PPLN de-
output of the PLC-OTDM-MUX was introduced to a BPF tovice used in this experiment was made using the technique de-
extract the OTDM signal X.onwy = 1536 nm). A theoretical scribed in [9], however its performance was limited by nonuni-
analysis of transmission performance showed that outgatmities in fabrication. An optimized device would result in a

n(%/W) = 100 x

pump 0
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20 Gbit/s NRZ 10 ps/div

@

20 GHz clock 10 ps/div

(b)

160 Gbit/s RZ 10 ps/div
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5-dB improvement in normalized conversion efficiengysuch

that the output power would be increased by 10 dB. For ex-
ample, an optimized waveguide fabricated using the technique
described in [9] has recently been used to demonstrate wave-
length conversion in a cascadgt?) configuration with+2 dB
external efficiency with only 175-mW pump power [14].

IV. CONCLUSION

An OTDM was constructed by integrating PLCs and PPLN
waveguides. With this device, eight 20-Gb/s optical signals were
successfully multiplexed into a 160-Gb/s OTDM signal. This
device offers the advantages of compactness, high stability, and
low noise.
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