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Ultrafast 168 GHz 1.5 ps 1fJ Symmetric-Mach-Zehnder-Type
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We report on the ultrahigh-repetition all-optical switching of a semiconductor-optical-amplifier-based symmetric-Mach-
Zehnder-type switch. Record high 168 GHz, 1.5-ps-wide, 10-dB-extinction switch windows were observed. This repetition
rate is ten times higher than the semiconductor optical amplifier’s cutoff frequency. The control optical pulse energy used was
arecord low 1fJ (average power 170 W). Clearly isolated 168 GHz components were also observed in the output pulses’
optical spectrum, which was in contrast to the continuume-like spectrum of the input pulses.
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Ultrafast all-optical semiconductor switches (includindgied SMZ switch: a delayed-interference signal-wavelength
demultiplexers, wavelength converters, regenerators, logionverter (DISCF:'% The DISC’s switch mechanism is iden-
gates, and soliton-preserving modulators) have been intdical to that of the SMZ switch. The DISC is composed of
sively studied in an effort to increase the time-divisionthree parts: an SOA, a passive Mach-Zehnder (MZ) interfer-
multiplexing (TDM) bit rate of each wavelength-division-ometer, and a band-pass filter. In the DISC switch configura-
multiplexed (WDM) channel from 10 to 40 Gbps to 160 Gbpsion, each inpui.; pulse controls the switch and all-optically
and even higher (possibly more than 1 Tbps in the futureforms a switch window with respect to the copropagatiag
Such high-speed TDM rates will not only increase a netontinuous-wave (CW) light. The width of the switch window
work’s throughput but also dramatically improve its flexibil-is determined by the MZ delay tim&t (between the two-split
ity. Among these ultrafast switches, the symmetric-Machx, components). The transmittance of the switch window is
Zehnder (SMZ)-type switch? composed of semiconductor determined by the gain and the nonlinear phase shift given to
waveguides and an interferometer, has shown a 200 fs swititte A, light. Each switch window gates the light and con-
response time using relatively low-power 3 pJ 130fs opticalequently forms a, pulse at the DISC output. The band-pass
control pulses) The switch worked as an all-optical demul-filter allows these., pulses to pass but blocks the amplified
tiplexer; it switched one pulse out of a 1.5 THz optical pulse.; control pulses.
sequence. In principle, the control pulse energy requirementThe part of the SOA that induced the ultrafast nonlinear
can be reduced to less than 100 fJ by operating the semicqirase shift was composed of two cascaded bulk-InGaAsP
ductor switch in an optical amplification mode incorporatingactive-layer SOAs. We used two SOAs in order to increase
semiconductor optical amplifiers (SOAS), instead of in an althe nonlinear phase shift at 168 GHz. Each SOA had an un-
sorption mode as in ref. 3. The response time of SOA-basedturated gain of 700 and a carrier lifetime of 60 ps. The MZ
SMZ switches is 0.67—1 #5> This response time suggestsinterferometer was composed of bulky optics (a bi-refringent
that the SOA-based switch will still be able to demultiplexcalcite crystal, a Babinet-Soleil phase retarder, a quarter-wave
Tbps-class optical signals. Demultiplexing of 80 to 168 Gbpglate, and polarizers). The two ends of the MZ interferome-
signals has been reported using SOA-based SMZ swifcRes.ter were lens-coupled to pigtails of the second SOA module

The SMZ switch can also function as an all-opticaknd the band pass filter module, respectively (note: the en-
wavelength convertér? regeneratot? 1V logic gate'® and tire DISC structure can be integrated on a silica-based planar-
soliton-preserving modulatd?) For these functions, in con- lightwave circui®'”) and consequently be made polarization
trast to demultiplexing, the switch is required to be not onlynsensitive, for practical application). The length of the cal-
ultrafast in response time but in repetition rate as well. Thieite crystal determined the MZ delay time, which was mea-
is because an SMZ switch used in such applications mustired to be 1.2 ps by observing the interferometer fringe spac-
operate at a repetition rate which equals the input signalg (A6.8nm). The phase retarder was calibrated and then
rate (160 GHz or higher). The repetition rates of the SMZused to optimize the interferometer’s phase Bfas.
type switches reported previously, however, were limited to
100 GHz!? in which a 5 ps switch window was all-optically

formed by 100 fJ control pulses. SMZ switch (DISC)

In this work we report on a demonstration of 168-GHz-cwkcL MZL, At= 12 ps output
repetition regular switching. This repetition rate is ten timeg> 1560mm o L SOA SOA [caloite | filter | PUIses ()
higher than the carrier cutoff frequency of the SOA usec
in the experiment. The switch all-optically opened 1.5pSyr. roRe® e
switch windows that have a high extinction. The control!03 Gtz 1.0ps ' v

. - A1, 1545 nm monitor (A) monitor (B)
pulse energy used in our experiment was a record low 11 3 ED[ FAD /168.Gllz
(average powes 170, W). DoMUX flle pulses 1) sreak camera

Figure 1 shows our eXpenmental setup. We used a SImpl‘—li_g. 1. Experimental Setup: 168 GHz 1.0 ps 1545 nm control pulses mod-

ulate 1560 nm CW light through all-optical SMZ switch (DISC configura-
*E-mail address: y-ueno@cb.jp.nec.com tion). SOA (nonlinear element) consists of two cascaded SOA modules.
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The 168 GHz, 1545 nm, 1.0 ps input pulses were generatédn was taken into account, we estimated the nonlinear phase
by the 16-times multiplexing of the 10.5 GHz pulses from ashift induced by the 1fJ control pulses to b&Dr. When
actively-mode-locked fiber ring laser and preamplified by athe pulse energy was increased to 10fJ, the nonlinear phase
Er-doped fiber amplifier (EDFA). The 1560 nm CW light wasncreased only slightly to.@27 because of the above men-
generated by an external-cavity laser diode. The switch outened carrier density depletion.
put was detected by a streak camera and an autocorrelatoFigure 3(a) shows the 168 GHz 1560 nm switch output
after being amplified by another EDFA. We confirmed thapulses controlled by the 10fJ pulses. The CW input power
neither EDFA broadened the 1.0 ps pulses. was 80uW. An extinction ratio of 10 dB was obtained af-

Figure 2(a) shows the 168 GHz 1545 nm control pulses thegr optimizing the MZ interferometer phase bias td 4k
were input to the switch, as detected by the streak camefaith monitoring the 1560 nm XPM spectrum sh&Be No
The nonuniformity of the peak heights originated from thd545nm component leakage was detected, as indicated by
16-times multiplexing. Figure 2(b) shows the 1560 nm conthe switch output without the CW input (dashed curve). The
ponent at the SOA output, where the input pulse energy (cobackground noise (dashed curve) originated from the ASE of
pled to the SOA) was 10fJ and the input CW power wathe EDFAs and the SOAs. The switch output peak intensity
80uW. The 1560 nm component indicated cross-gain modwat the band-pass filter output was measured to heW0
lation (XGM) induced by the control pulses through the car- When the control-pulse energy was decreased to 1fJ and
rier density oscillation. The extinction ratio of the XGM wasthe phase bias was optimized to h&%, the switch output
small, as expected, because the carrier lifetime was 10 timgsak intensity increased to 5V, as shown in Fig. 3(b). The
the control-pulse spacing so that the carrier density recovereghson for this peak-intensity increase is that the increase in
only partially between the control pulse arrivals. The solidhe gain contributed more than the decrease in the nonlinear
curve in Fig. 2(c) shows the optical spectrum at the SOfsthase shift. If the coupling losses between optical compo-
output. This spectrum shows the amplified 1545 nm pulsesents are neglected, the intrinsic switch transmittance is 48.
the cross-phase-modulated (XPM) 1560 nm components, tfikis transmittance coincides approximately with interference
broadly spread amplified spontaneous emission (ASE) of tif@ctor sirf(A®y./2) (AP : nonlinear phase shift) multi-
SOAs, and the EDFA's ASE peak at 1536 nm. The dashedlied by gainG;, as expected. An extinction ratio of 10dB
curve in Fig. 2(c) shows the SOA output spectrum with thevas obtained again. The width of the switch output pulses
10fJ input pulses but without the input CW. The dottesbbserved using an autocorrrelator was 1.5 ps.
curve shows the SOA output spectrum without any input light. It should be noted that the switch repetition time (6.0 ps) in
Comparisons between these spectra indicate that only the ifgs. 3(a) and 3(b) was ten times shorter than the carrier life-
put control pulses strongly depleted the carrier density (C\ime (determined by carrier population relaxation) of 60 ps.
light passed through the SOA as a probe). The measured avearaddition, the switch width was close to the carrier cooling
age gain Gy) with respect to the 1560 nm CW was saturatetime of approximately 2 p8.Our results revealed that neither
to 75 by the 10fJ control pulses. Tk& recovered partially the population relaxation nor the carrier cooling deteriorates
to 280 when the control-pulse energy was reduced to 1fJ. aspects of the SMZ switch performance such as the switch

The shape of the XPM spectrum with 168-GHz-spacedindow shape or its extinction ratio.
components at around 1560 nm suggests the magnitude of th@he switch in this work was controlled by continuous
nonlinear phase shift given to the 1560 nm CW componentulses only (Fig. 3). This type of operation is sufficient for
By accurately reproducing the XPM spectrum shape using osoliton-preserving modulators. In contrast, the switch for
numerical simulatio) in which the 168 GHz carrier oscilla- wavelength conversion and regeneration is controlled by dig-

itally encoded signal pulses. This type of operation could
cause a pattern induced effect. It is well known that the pat-
; : ; tern induced effect can be suppressed by increasing the CW

ol (b) { input power (holding-beam technicft#) because the CW
5 light effectively accelerates the carrier recovery.
% ] Finally, Fig. 4 shows the dramatic change in the optical
§ 05 spectral quality of the pulses we observed in our experiments.
The spectrum of the 168 GHz 1.0 ps input pulses shown in
0.0 s . . 1 Fig. 4(a) did not indicate any 168 GHz structures. Because
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Fig. 2. Optical components before and after cascaded SOAs (a) 168 GHiy. 3. All-optically switched 1560nm component at switch output
1545 nm control pulses, (b) 1560 nm component at SOA output, (c) optical 168 GHz control pulse energies were (a) 10fJ (average pswk7 mW)
spectra at SOA output. and (b) 13 (17QW).
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soF T T T ] ol r r ' —]  of these types of switches for use in a variety of ultrafast
(a) (b) signal-processing applications (wavelength converters, regen-

/ 4 eraters, logic gates, and soliton-preserving modulators) at
over 160 Gbps. Furthermore, this switch regenerates the opti-
y 4 cal spectral quality of pulses, a useful feature for all-optical
A cross-connects and transmission of ultrahigh-speed optical
e Ly signals.
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