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Wavelength-Selective Pulsed All-Optical Switching
Based on Cascaded Second-Order Nonlinearity in a
Periodically Poled Lithium—Niobate Waveguide

G. S. Kanter, P. Kumar, K. R. Parameswaran, and M. M. Fejer

Abstract—We report all-optical switching in a time and wave- . | I
length window based on cascaded sum- and difference-frequency EFF |
generation in a periodically poled lithium-niobate waveguide. u_“'-*_'}__,h 5
More than 50% switching of a 5-ps pulse is observed with a ‘[ i FCI
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ASCADED second-ordery(2) nonlinear effects have | P | oo £ [E54] acroiicaalil = SR
been proposed for many functions, including spectra ey
inversion, optical transistors, and all-optical switching [1]-[3]. S i
Often, cascadeg(® phenomena can be viewed as mimicking "o

the kind of x(* effects found in optical fibers. However, since

the effectiven, can be orders of magnitude larger than that ify9; 1. A schematic of the optical switching experiment. Optical fiber is
fiber. the cascadeg@) phenomena can be exploited to Creatcée&gnated by dotted lines and solid lines represent light path in free space.

compact, low-latency dewc;es. . ate beams. Additionally, we have recorded the switching char-
Sum-frequency generation (SFG) and difference-frequen L ) )

. : acteristics as a function of the signal wavelength. Due to the

generation (DFG) can be used to create an optically gated thr%e

. \ . ! ase-matching constraint, only pulses in a certain wavelength
terminal switch. Such a device works most efficiently at phase : . L
) . . o window can be switched at one time. Because this window can
matching [4]. In this case, the signal is first completely co

verted into the sum frequency, and it then experienceplaase rbe tuned by changing the pump-pulse wavelength, or the tem-

. . . . erature of the PPLN waveguide, such a switch can potentially
shift when itis regenerated via D_FG' A phase shift can also %e used to drop/demultiplex one time slot from a single, recon-
crue away from phase matching; here the transfer of power ? urable wavelength in a TDM/WDM communications line of
tween the signal and sum frequencies occurs more frequeqeltﬂ/abits per second aggregate bit rate
the_m _in the phase matched_ case, b.Ut th(_e magnitL_Jde of the IOhaSEschematic of our experimental Setl.,Ip is shownin Fig. 1. The
shift is Sma".er' The effective nonlinearity a;somated_ W'th. th§ nal pulses enter a polarization Sagnac interferometer (PSI)
p:]oaasfhgzm increases as the phase matching condition is ggﬁtaining the PPLN waveguide (WG), which is configured to
P It is a’é hase matching that previous SFG/DFG-baséc‘ﬁm the signal light equally into the clockwise and counter-

) P 9 Previc o ; cfockwise directions by use of a half-wave plate (HWP) and a
switches have been demonstrated, first in bulk lithium niobate

(LN) with 1-ns signal pulses [4], and then in a periodica\llvygmlarizmg beam splitter (PBS). Most of the reflected signal light

poled LN (PPLN) waveguide with a continuous wave (C the output of the PSI) is tapped off by a partially-reflecting, po-

signal (6-ps gate pulse) [5]. Recently, a low-power a"_opticafilrization-insensitive mirror (PIM) into the detection arm. An-
ate was also demonstratéd [6] Wr;erein SFG was used’ ger HWP and a quarter-wave plate (QWP) placed before the
?emove (gate) the CW signal ' photodetectors are adjusted such that in the absence of the pump

In this letter, we demonstrate true high-speed operation ogflses the reflected light hits only one of the two detectbiak
e

SFG/DFG switch, using 5-ps pulses for both the signal and t Z ;Z"I the port withD (D) the mirror (switching) port of

The pump pulses are combined with the signal pulses (trav-
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under CW operating conditions and with perfect phase matchi Y@
in the waveguide, complete switching would be obtained at°* :
certain pump power, directing all the reflected signal light frorg
the mirror port () to the switching portDy). : T T )

The waveguide used in this work was fabricated usin® | /"« . . o 27 <L
electric-field poling [7], followed by annealed proton exchang °% /'

(APE) [8]. The end faces of the 2.5-cm-long waveguid ..t D o e e A P S ——

were then polished and antireflection coated. To opticall, Peak Power (W) Peak Power (W)

characterize the performance of the waveguide, we measured _ _ e

. . . . . Fig. 2. Relative powers detected at the mirror port (boxes) and the switching

its tuning curve for second-harmonic generation (SHG) in ﬂﬂ)%grt (circles) for a signal wavelength of 1535.6 nm (near phase matching) as

low-conversion-efficiency limit, which is shown in Fig. 3(a).the pump power is varied. Lines are results of simulations with directly and

The peak conversion efficiency (ratio of the harmonic Outplindirectly mgasured parameters in (a) and with adjusted parameters in (b). See
... text for details.

power to the square of the fundamental output power exiting

the waveguide) wasz 200%/W. The large sideband peaks

(compared to an ideal sinc-squared profile) are due to inhonthe waveguide was heated4®5 °C to phase match the SHG

geneous phase matching, probably caused by slight variatiorsr 1540.55 nm. This also served to phase match the SFG with

in the waveguide width which can occur in the fabricatioa pump at 1545.6 nm and a signal near 1535.6 nm.

process. The data in Fig. 2 show the switching performance for a signal

Because the APE waveguides only guide the TM-polarizetar the phase-matching wavelength as the pump power is in-
mode, fiber polarization controllers (FPCs) are used to maxireased (the pump wavelength is 1545.6 nm). Results of numer-
mize coupling of the signal, and to control the amount of theal simulations are also plotted, which were obtained by numer-
pump power coupled into the waveguide. Typicatly W ically solving the coupled-mode equations with inclusion of the
(average power) of the signal (in each direction) and 60—8@@oup-velocity mismatch [10]. The measured SHG efficiency
#W of the pump are coupled into the guide. A beam splitter isas used to determine the needed nonlinearity constant. Other
used to direct 3% of the transmitted pump power to detector Daluest used in the program were obtained either through mea-
in order to characterize the coupled pump power. Tunable basgirements on similar waveguides or indirectly estimated by nu-
pass filters (BPFs) are used to remove the pump light. Two sutierically simulating the waveguide modes. The theoretical fits
filters are used so that small backreflections from the AR-coated obtained are shown in Fig. 2(a). Perfect phase matching has
guide wouldn't corrupt the measurements. been assumed and no adjustment was made to the parameters.

In our experiment, the pump and signal pulses are generatetnder the CW approximation with no pump depletion, the ex-
by two tunable passively modelocked fiber lasers that are sysected behavior as the pump power is increased is for the signal
chronized by injection locking one with the other [9]. The laseat the switching port to rise up to one, whereas the signal at the
outputs are 14-MHz trains af5-ps duration transform-limited mirror port falls down to zero. There are several effects that di-
pulses having sech-square intensity profiles. We use an inliménish this ideal switching contrast. One is that both the pump
electro-optic modulator (EOM) to turn the pump pulses off foand the signal pulses have approximately the same temporal
a 3.5us time duration every 16s. This is done merely for con- width. Therefore, the pump intensity varies across the signal
venience in order for the switching efficiency to be directly mearofile and the switching effect is temporally averaged. Using
sured during the experiment. The modulated pump-pulse trairaipump pulse that is wider than the signal pulse would improve
then amplified by an erbium-doped fiber amplifier (EDFA) to inthe performance. Additionally, group-velocity mismatch forces
crease the average power. Depending on the signal wavelentith,sum-frequency pulse to walk away from the signal and pump
a small amount of amplified spontaneous emission (ASE) fropulses by about 3.7 ps/cm. This walk-off (over 9 ps total) is very
the EDFA could reach the detection apparatus, despite our ussighificant for the 5-ps-wide pulses that we use and causes a se-
two inline BPFs. This leakage associated with the pump pulseere switching-power penalty. Another possible factor is owing
with average power always much smaller than the signal, wasdeviations from uniform phase matching in the PPLN sample,
recorded and subtracted from the switching measurements.aBoevidenced by the large side peaks in the SHG tuning curve
maximize the switching (or, more generally, the SFG), the punfpee Fig. 3). This last effect is not accounted for in our simula-
and signal pulses need to be overlapped in time to withintians and perhaps is the reason for the discrepancy of the sim-
couple of picoseconds. This was accomplished by attaching thations with the data. In Fig. 2(b), we fit the data with simula-
fiber collimator (FC) for the input signal to a translation stageion results assuming an SHG efficiency of 150%/W and a phase
which was then moved to provide a delay (advance) to the sigmaismatch ofAk L = —2.5, values which are within the margins
pulses relative to the pump pulses. of error. Clearly, the agreement is significantly better.

Without the pump, approximately 96% of the output-signal The performance near phase matching (Fig. 2) should be con-
power picked up by the PIM goes to the mirror port with thé&rasted with that shown in Fig. 3(b), where the signal wave-
remaining 4% reaching the switching port. This signal leakadength is about 2 nm away from phase matching. In this case,
is due in part to: a) residual back reflections from the end faces

of the AR-coated waveguide; b) the inability of the multiple- IThe simulations assume losses in the waveguide at the pump and signal
' wavelengths of 11%/cm and a loss of 18%/cm at the sum wavelength. The pump

order wave pIates to Wo'jk eq_u.a”y_ well Ove_r the entire S'_gna d signal are initially overlapped in time and propagate with equal group ve-
spectrum; and c) the nonidealities in the various beam splitteitgities. The generated sum pulse is slower by 3.7 ps/cm.
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In conclusion, we have demonstrated all-optical switching
based on cascaded SFG and DFG under various phase-matching
conditions. Both the signal and gate waves were pulses of 5
ps duration. Despite substantial walk-off of the SFG pulse in
our 2.5-cm-long PPLN waveguide, we observed good switching
characteristics, achieving50% switching near phase matching
with 6.6 W of peak pump power. We have documented the ex-
pected degradation of the switching efficiency as the phase mis-
match is increased. Low latency, wavelength-selective, high-

l_:lg. 3. (&) SHG tuning curve for the waveguide used |n'the experiment (so eed switching obtained by means of the PPLN—Waveguide de-
line). The data was taken by using a tunable external-cavity semiconductor laser

under conditions of low conversion efficiency. The peak conversion efficien&iC€ would be useful for optically demultiplexing TDM/WDM
is ~200%/W. The dotted curve is the theoretically expected shape. (b) Relatijata in all-optical networks.

powers detected at the mirror port (boxes) and the switching port (circles) for a
signal wavelength of 1537.7 nm as the pump power is varied. Lines are results of
simulations with the same parameters as in Fig. 2(b), but with phase mismatch
AkL = 9.
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Fig. 4. Plots of the mirror-port (boxes) and switching port (circles) relative [2]
powers for peak pump powers of 3.3 W (a) and 6.6 W (b) as the signal
wavelength is varied. The lines are just for guiding the eye. The switching

is clearly much larger near phase matching and falls of quickly as the signal[3]
wavelength is detuned.

the switching action occurs at a larger pump power, but displayé‘”
a better contrast. The higher contrast, we believe, is because the
role of nonuniform phase matching is diminished for operation
at larger phase mismatch values. The data is consistent with th[es]
numerical simulations (solid and dashed curves in Fig. 3), which
were obtained using the same parameters as in Fig. 2(b), but with
AkL = 9 (corresponding to the detuning of the signal from the [6]
phase-matching wavelength).

As the signal wavelength moves further away from phase
matching, the switching effect continues to decrease for a fixedm
pump power. The switching mechanism becomes almost en-
tirely a phase-shift effect induced by the pump in contrast to
both intensity modulation and nonlinear phase shift closer tog)
phase matching. Fig. 4(a) shows the mirror- and switching-port
transmissivities at several signal wavelengths for a peak pumg®!
power of 3.3 W. The switching is strong near phase matching,
but falls off quickly as the wavelength is detuned. A similar plot
for 6.6 W of pump power is shown in Fig. 4(b) to demonstratel10]
how the detuning performance varies with the peak pump power.
The wavelength selective nature of the device is apparent.



