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Low-Power All-Optical Gate Based on Sum
Frequency Mixing in APE Waveguides in PPLN

K. R. Parameswaran, M. Fujimura, M. H. Chou, and M. M. Fejer

Abstract—We present an all-optical gate implemented in pe- Il. THEORY
riodically poled lithium niobate. Efficient mixing is achieved by . o) .
using a phase-matched guided-wave interaction. A control wave  Coherent three-wave mixing us”’fé has several attractive
at 1.537 um is used to gate a signal at 1.55m, where a control ~ features such as transparency to signal format and the addition
power of 185 mW is sufficient to achieve 96% depletion of a low- of negligible excess noise. Difference frequency mixing (DFM)
power signal. A simple switch configuration is described whereby sing +(2 has been used to perform efficient wavelength
high-contrast low-power all-optical switching can be performed. conversion within the 1.5%m communication band [4] as
Index Terms—Gated mixer, nonlinear optics, optical fiber com-  well as between the 1.3- and 1.583 bands [5]. In each case, a
munications, optical frequency conversion, optical switching, op- strong pump wave is mixed with weak signal waves to produce
tical waveguide, periodically poled lithium niobate, quasi-phase- .o outputs at frequencies mirrored about half the local
matching, sum frequency generation. ) i .
oscillator frequency. These same devices can be used to mix
a low-power signal with a stronger control wave to generate
I. INTRODUCTION a signal at the sum frequency. Both phenomena are described

LL-OPTICAL switching is an enabling function for fu- PY the well-known coupled mode equations for three-wave
Ature high-speed fiber communication systems. PrevioudyXind [6], but with different boundary conditions in each
demonstrated approaches using the third-order material nGAS€- [N DFM, the low-power signal @mplified during the
linearity x® suffer from difficulties such as high-switching™XiNg process, whereas in SFM, the signal wavelepleted
powers and/or long devices (due to weak nonlinearities in ofd"Ng generation of the sum frequency wave. In the simple
tical fiber-based four wave mixing [1]) or signal degradatiof@S€ Of @ phase-matched interaction without loss, where the
due to additive noise (in four wave mixing in semiconductdrontrol wave is much stronger than the signal wave (and can
optical amplifiers (SOA's) [2]. Cascading of second-order nof€ considered undepleted), the evolution of power in the SFM
linearities(x® : x) has also been used to perform switching"d Signal waves is described by
[3]. The switching power needed in these configurations is quite SIG . o
high (on the order of several Watts), primarily because they op- Pspm(L) = Psia(0) Aset sin” (/e Porri L) (1a)
erate far from phase matching in order to simultaneously ob-
tain a large phase shift (required for switching) and flat spec-
tral response. Psia(L) = Psi(0) cos®(\/nor Porrr.L) (1b)

We demonstrate an all-optical gate based on sum frequency ) ) ] )
mixing (SFM) using a single/® interaction in an annealeg WhereL is the interaction IengthE’_CTRL is the control power,
proton exchanged (APE) waveguide formed in periodicalgSFM andAsiq are the SFM and signal wavelengths and is
poled lithium niobate (PPLN). This approach exploits th&'® normalized conversion efficiency. Corr_lplete deplietlon ofthe
high conversion efficiency available from a phase-matchéégnm occurs when thg argument'ofthe trigonometric fgnchons
interaction, resulting in 96% depletion of a CW signal by §dualsr/2. Hence, gating of the signal can be accomplished by
185-mW control beam. A structure using this gate is describ&ning the control power on and off.
with which high-contrast low-power, all-optical switching can
be performed. Ill. EXPERIMENT

The device used in this work was designed to mix signal and
control waves in the 1.54m band, with a mixing region de-
signed to be insensitive to variations in waveguide width, which
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' by numerical integration of the coupled mode equations de-
20.6} — contrql pulse | scribing the SFM process in waveguides, including the prop-
g ---  CW signal agation losses neglected in obtaining (1). The calculation used
-g a normalized internal SFM conversion efficiency of 33.9W
0.4r (as determined by measurement of the second harmonic gener-
| ation efficiency of 8.47 W1) and typical values of propagation
02t : ] losses at the three wavelengths (0.35 dB/ciysat andA¢rrr,
: and 0.70 dB/cm aksrn ). Mode profiles used in the calculation
were obtained by solution of Maxwell's equations subject to the
00 02 04 06 o8 1 12 14 refractive index profile resulting from the annealed proton ex-

time (microseconds) change process [16]. Nearly complete (96%) extinction of the

signal is seen at an input control power of 185 mW, a value in

Fig. 2. Typical pulse traces, showing depletion of the signal in the presencer@fasoname agreement with theory. The mechanism responsible

the control pulse. . . g . ..
for the residual 4% is unclear; slight phase mismatch arising
from waveguide nonuniformity is one possibility.

(QPM) period of 14.7um. The QPM grating is 5.55 cm long.

Waveguides were formed by proton exchange for 15 h at a tem- V. FUTURE POSSIBILITIES

perature of 160°C (to a depth of 0.7%:m), followed by an-

nealing for 26 h at 328C. The end faces of the sample were The required gating power in SFM devices can be signifi-
then polished to permit efficient end fire coupling cantly reduced by several relatively straightforward means. The

The experimental setup is shown in Fig. 1. Control pulsjjse\/ice used in this experiment had nonuniformities resulting
were produced by a fiber-amplified externally modulated dio gom w_nperfetzt fz_;tbrlcatlon_. Optimization of the process W(.)UId
laser. A DFB laser diode operating at 1.552n produces result In a 30% INCTEASE Who: - The Conversion efﬁmency n
the CW signal. Phasematching was observed Wghy, waveguide QPM interactions is roughly proportional to the
= 1.537 um resulting in A = 0.772 um. The signal and square of the grating length. Periodically poled devices as long
; SEM ' ! ?’Fes cm have been reported [10], hence, moving to this length

control beams are combined, then launched into the sa the current value of 5.55 cm would incre by about
waveguide. Output light at the three wavelengths is separa (agctor of two. High indéx cladding layers a[lli% a):1d buried

K
i dichroic mi d diffracti ting, then directef
using a CIehrolc MIOT and diiiraction grating, men directe veguides [17] have also been used to improve the spatial

onto fast photodiodes for power measurement. The experim@f“fi’\I f modes i ides. Calculati indicate that thi
was carried out at room temperature. overlap of modes in waveguides. Calculations indicate that this

technigue could potentially increagg,. by another factor of
two. Combining the above techniques could result in a control
power around 40 mW (or 16 dBm, a power level readily avail-
Fig. 2 shows depletion of the CW signal in the presence of thble from commercial EDFA'S). This corresponds to a gating
control pulse. One advantage of the nonlinear transfer functienergy of 1 pJ for 25 ps pulses in a 20-GHz return-to-zero pulse
of the SFM process is that distortions in the control pulse an&in, which compares very well with similar experiments using
suppressed in the depleted signal pulse, making the switch®@A's [12]. The bandwidth of the device is limited by group
less sensitive to variations in the control pulse. Fig. 3 showslocity walkoff between the three interacting waves such
a plot of normalized signal transmission as a function of cothat the minimum pulsewidth scales inversely with the device
trol power. The solid line shows the calculated result obtainéehgth. Hence, efficiency and bandwidth can be traded against

IV. RESULTS AND DISCUSSION
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Fig. 4. “AND” gate usingy‘®’ in NOLM configuration.

(2]

each other. One way to eliminate this tradeoff is known as
“quasi-group velocity matching” [8], where after each walkoff [3]
length, the faster pulse passes through a delay line integrated
into the waveguide structure in order to be resynchronized with
the slower pulse. This scheme, currently being investigated,
would allow for high efficiency switching of “arbitrarily” short
pulses.

4]

(3]

VI. PROPOSEDSWITCH STRUCTURE USING x 2} GATE

Higher contrast can be achieved by placing this device inl[6]
an interferometer or in a nonlinear optical loop mirror (NOLM ]
[13], Fig. 4). In the absence of the control pulse, the loop is
balanced and all of the signal power exits at port 1. When the
control is on, signal power traveling in one direction in the loop (8]
gets depleted so that incomplete interference at the 3-dB coug
pler results in signal power leaving port 2 (at a level 6 dB below
the input value). Hence, anfD” logic function is implemented
(there is output only when the signal and control are both on);
Power switched to the SFM wave (at 0.7/ in the current
device) can be used for further signal processing. A similar de-
vice has been used to perform efficient optical sampling [14]. [11

An attractive feature of SFM is that the signal wavelength ac-
ceptance bandwidth is narroa2Q.3 nm for a 6 cm long device)
such that individual WDM channels can be switched out of a bi{ ]
stream in this way. In order to switch multiple wavelengths si-
multaneously, DFM can be used as the mixing process instead ﬁ !
SFM. Here, the NOLM is unbalanced laynplifyingthe signal
rather than switching it out. Parametric gain on the order of 3 dB
has been observed in APE waveguides in PPLN [15]. This cal
be used to create a switch with 0-dB insertion loss and very wide

signal bandwidth (around 46 nm, for a 6-cm device). 5]
15

VIl. CONCLUSION

An optical gate based on phasematched SFM in QPM-APlFlG]
waveguides in PPLN has been demonstrated. Nearly complete
extinction with a control power of 185 mW was observed. Two
possible configurations for very high contrast switching havém
been presented.
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