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Abstract—Pulse-position modulation may be used to reduce extended to return-to-zero (RZ) formats, such as those used in
patterning effects arising from gain saturation in all-optical  optical time-division-multiplexed (OTDM) networks.
switches emplpylng semiconductor optical ampll_fl_ers. We present By contrast, pulse-position modulation (PPM) is a modula-
a novel technique for return-to-zero pulse-position modulation tion f ¢ 't,h tant bit that b Vi
of data suitable for use in optical time-division—multiplexed lon forma \_N' "_"C_O”S an energy_—per- itha _Can € easlily im-
(OTDM) networks. We demonstrate two methods for all-optical Plemented in existing OTDM architectures. With PPM, a pulse
demultiplexing of a pulse-position modulated data stream using exists in every bit slot, ensuring a constant energy-per-bit. In-
an ultrafast nonlinear interferometer. Errorfree operation is  formation is conveyed via the temporal placement of the pulse
obtained for demultiplexing from OTDM data rates as high as 80 ithin the bit slot. In the present work, we use a binary PPM
Gb/s with control pulse energies of 25 fJ. . : ' .
format where a pulse in the first half of the bit slot represents
Index Terms—bemultiplexing, gain saturation, optical switches, a ZERO, while a pulse in the second half of the bit slot rep-
pulse position modulation, semiconductor optical amplifiers, ime-  agents a ONE. Thus, at a data rate of 80 Gb/s (12.5 ps/bit)
division muiltiplexing. the difference in arrival time between a ONE and a ZERO is
only 6.25 ps. Since this is much shorter than the gain recovery
I. INTRODUCTION time of the SOA, patterning due to gain saturation is greatly re-

S THE CHANNELIZED data rates in optical networksduced as compared to other intensity modulation formats [9].

continue to increase, all-optical logic is expected to pl ecently, an OTDM system demonsration using a PPM data
animportant role in the development of future networks. All-o ormat has begn pre§ented [10]. Here we present a.methOd for
tical logic has been demonstrated for network tasks such &&'€rating optical binary return-to-zero pulse-position modu-

synchronization, header processing, and demultiplexing. In{ Fe‘_’ data. We also demonstrate two .techmques for dgmultl—
ferometric logic gates based on gain and index nonlinearitig xing OTDM PPM data at rates as high as 80 Gb/s using an

in semiconductor optical amplifiers (SOAs) are of particula
interest due to their compact size, low latency, low required
switching pulse energies, and potential for large-scale integra-
tion (see, for example [1]-[3]). However, interband carrier dy- To generate a pseudorandom stream of binary PPM pulses,
namics in the semiconductor lead to gain-saturation effects that use the setup shown in Fig. 1(a). A mode-locked fiber laser
recover on a time scale 8100 ps. This recovery time is com-(MLFL) emitting pulses at a repetition rate of 10 GHz is used as
parable to or slightly longer than the bit period for channel ratéise input to a 2x 2 LiINbO3 modulator. A 10-Gb/s NRZ pseudo-
of ~10 Gb/s or higher, and can cause intersymbol interferen@@dom binary sequence (PRBS) from a pulse pattern generator
(ISI) at the output of the switch. (PPG) causes the modulator to switch between cross and bar
Various balanced interferometer designs have been usedtates. This produces an RZ on—off-keyed (OOK) version of the
compensate for the long-lived index changes in the semicatata in one output arm of the switch, and the inverse of the data
ductor [4]-[6]. However, gain-saturation remains a probletn the other output of the switch. A variable optical delay line
and leads to pattern-dependent amplitude modulation at thene of the arms introduces the temporal PPM offset. The two
output of the switch. Several methods for reducing the effeqtsise streams are then recombined in a 50/50 polarization-main-
of gain-saturation in SOAs used for inline amplification ofaining coupler to produce the PPM data stream. Fig. 1(b) shows
nonreturn-to-zero (NRZ) systems have been recently proposetexperimental autocorrelation of a 10-Gb/s PPM PRBS. Here,
[7], [8]. These techniques maintain a constant intensity in thiee PPM offset of 6.25 ps was chosen to allow the modulated
SOA by modulating both the data and the inverse data pulses to be passively multiplexed to data rates as high 80 Gb/s.
orthogonal polarizations or wavelengths. They are not easilyFig. 2 shows the standard experimental setup for demulti-
plexing with the UNI [6]. In this setup, the data at the aggre-
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Fig. 3. Bit-error-rate performance for demultiplexing from aggregate PPM
k data rates of 10, 20, 40, and 80 Gb/s on signal input to UNI.
0
-150 -1 0 50 100 150
Time (ps) at the output of the demultiplexer. A longer switching window

could be used to maintain the PPM format.
Fig. 1. Pulse position modulation generation. (a) Modulator schematic The results of bit-error-rate (BER) tests performed atthe at-
(b) Autocorrelation of 10-Gb/s pulse-position modulated pseudorandom tﬁnuated output of the switch usmg a 10-Gb/s OOK 0pt|caIIy
sequence of 2-ps pulses. PPG: Pulse pattern generator. ODL: Optical delay pi@amplified receiver are shown in Fig. 3. The baseline is mea-
sured using the OOK data directly from one of the arms in the
PPM modulator shown in Fig. 1(a). The control pulse and signal
pulse energies in the demultiplexing experiments were main-

(b)

E PMF tained at 500 and 12.5 fJ, respectively. For aggregate PPM data
s Ef:\',tfr rates up to 40 Gb/s, a maximum power penalty of 1.2 dB at
) a BER of 167? is observed. This penalty is largely due to the
i Contro wavelength selectivity of the receiver, imperfect contrast of the
demultiplexer, and increased saturation of the SOA as the signal

10 GHz /\/ + ,ELL

datarate isincreased. The larger power penalty of 3 dB observed
. . . . t 80 Gb/s is due to intersymbol interference (1SI) in the UNI.
MLFL: Mode-locke oo Iaser. PPM: Pulse-position moduiator. PMI: HighNis arises due to the fact that signal pulses in the UNI are spli
birefringent polarization-maintaining fiber. DPLL: Dithering phase-lockednto orthogonally polarized pairs, temporally separated by 5 ps
loop. by the birefringent fiber. Because of the PPM data format, pulses
in the data stream may be separated by as little as 6.25 ps. Thus,
provide the signal input to the UNI. A second MLFL producingdjacent pulse overlap may occur in the UNI leading to the ob-
a 10-GHz stream of 2-ps pulses at 1545 nm is used as the ce@rved ISI. This effect may be mitigated by reducing the length
trol input to the UNI. A dithering phase-locked loop (DPLL)of birefringent fiber in the UNI, thereby reducing the temporal
is used to maintain bit-phase alignment between the contsiparation of the signal pulse pairs in the SOA.
and signal pulses. The DPLL applies a 1-kHz phase modula-Because the use of PPM data reduces gain-saturation-induced
tion to the RF synthesizer driving the control MLFL. The tempatterning in the UNI, demultiplexing may also be performed
poral shape of the UNI switching window converts the 1-kHwith data at the aggregate rat® ( 10 Gb/s) used as the control
bit-phase modulation to an amplitude modulation at the outpuput to the UNI, as shown in Fig. 4. In this configuration, the
of the UNI. The DPLL adjusts the DC signal into the phaseNI acts as a wavelength converter, converting evérth con-
modulator to minimize the 1-kHz tone at the output, therelyol pulse to the signal wavelength. As in the previous demon-
aligning the signal pulses to the maximum transmission point sifration, signal and control pulses are provided at 10-GHz rep-
the switching window. The commercially available SOA useetition rates by two MLFLs producing 2-ps pulses at 1550 and
in the experiment is a 1-mm-long InGaAsP device. The SOB645 nm. The control pulses are modulated with a PPM data
bias current is 150 mA, providing a fiber-to-fiber gain of 28 dBpattern. To demonstrate the pattern independent operation of the
at 1550 nm. The birefringent fiber length in the UNI is choseswitch, a long data pattern of length'2- 1 is used. The PPM
to provide a switching window duration of 5 ps. Because thdata is then passively multiplexed to rates of 10, 20, 40, and 80
switching window duration is less than the PPM offset, the cofsb/s, and input to the control port of the UNI. As in the first
trol pulses may be temporally aligned to gate exclusively tltemonstration, the UNI switching window duration of 5 ps pro-
ONE's in the overlapped channel of the aggregate OTDM datagles a format conversion from PPM to OOK at the output of
thus providing a format conversion to 10-Gb/s OOK modulatiane UNI. In this setup, maintaining the PPM data format at the
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I1l. CONCLUSION

Pulse-position modulation provides a means for mitigating
the effects of gain-saturation-induced patterning in semicon-
ductor optical amplifiers. A novel technigue for generating RZ
PPM formatted optical data using a commercially available
LINbO; modulator has been presented. Errorfree demulti-
plexing and format conversion of OTDM PPM data at rates as
high as 80 Gb/s has been demonstrated. With the 2-ps pulses

Fig. 4. Experimental setup for demultiplexing of data on control inputsed in this experiment, we expect that this technique can be
of UNI. MLFL: Mode-locked fiber laser. PPM: Pulse-position modulatorgcgled to demultiplex PPM data at rates as high as 160 Gb/s.

PMF: Highly birefringent polarization-maintaining fiber. DPLL: Dithering

phase-locked loop.
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Beyond 160 Gb/s, shorter pulsewidths will be required for op-
timal performance. The use of the PPM data format reduces the
deleterious effects of gain-saturation in the SOA, thus reducing
the required switching energies in the UNI and improving re-
ceiver sensitivity. Additionally, the PPM data format allows for
demultiplexing to be performed with the data at the aggregate
rate on the control input to the UNI, providing simultaneous
demultiplexing, wavelength conversion, and format conversion.
Such a device may be useful in optical networks for a variety
of functions such as wavelength conversion, 3R-regeneration,
and OTDM-to-WDM conversion.
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