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1.5«um-Band Wavelength Conversion
Based on Cascaded Second-Order
Nonlinearity in LINbO; Waveguides

M. H. Chou, I. Brener, M. M. Fejer, E. E. Chaban, and S. B. Christman

Abstract—We report wavelength conversion and spectral in- harmonic generation (SHG) via the second-order nonlinearity
version using cascaded second-order nonlinearity in periodically y(2), The generatedw, simultaneously mixes with input
poled LINbO; waveguides pumped at 1.5:m. The converter  gjonaisy,  to generate wavelength shifted outputs,, =
has an internal conversion efficiency of—8 dB, a conversion . 2) .

2w, — ws by DFG via anothery'?’ process. Phasematching

bandwidth of 76 nm, and a constant conversion efficiency for . ) . :
the 50-dB range of signal powers tested. between interacting waves for both SHG and DFG is required,

: . N _— and this can be accomplished by choosing an appropriate
Index Terms—Nonlinear optics, optical fiber communications, b y 9 pprop

optical frequency conversion, wavelength conversion, wavelength- quasi-phase_matching (QPM) grating p_eriod. Itis intere_sti_ng to
division multiplexing. note that thisx® : x(® process mimics four-wave mixing

(FWM) which uses the third-order nonlinearity®. The
] ) ) _effective x® of such process in LiNb@under quasiphase-
AVELENGTH conversion is an important functionmasching condition ig04—10° times larger than that of silica
in wavelengt-division-multiplexed (WDM) optical net'glass. Thex® : x® allows the use of a very short sample

works. Among numerous demonstrated wavelength conversigRen compared to fiber, and has better noise figure compared

techniques, difference frequency generation (DFG) [1] is a5 FywM in semiconductor optical amplifiers. The converted

tractive in several respects: it is an instantaneous proc%ﬁput is related to pump power and input signal power in the
that easily accommodates more than terahertz modulatig), conversion efficiency approximation by [7]

bandwidths, can simultaneously up and down convert multiple L oran
channels with equal efficiencies, has negligible spontaneous FPow = 5n" L PP (1)

emission noise and has no intrinsic frequency chirp. where P, P,, and P, are converted output power, pump

_ DFG-based wavelength converters _have been demor_wstrargsgler and signal power, respectively.is the normalized

n Alc,;é,lAS [1]. [2] and LiNbQ; waveguides [3]_[_5]’ showing efficiency (the same for SHG and near degenerate DFG) in
promising results for WDM wavelength conversion. Howeve(hits of mwW-L.cm—2 (this number is proportional to both

the use of DFG and current device efficiencies indictate tl{uﬁe mode overlap between the interacting waves and the
need for a single mode pump laser withb0-100 mW of material nonlinearityy(®)), and L is the interaction length.

power operating in the 750-800-nm range. Moreover, it e conversion efficiency scales with the fourth power of
dificult 1o §|mult§neously launch the 780-nm pump and 1:§he interaction length, so doubling the device length will
pm band signals into the fundamental mode of the waveguiggerease the conversion efficiency by a factor of 16. In the

order nonlinearity(x® : x2/) [6]-{8], where both the input ¢ 515 mW-1.cm~2) and 6-cm interaction length, one can
pump and signals are in the 1,8a band. Mode matching in , hieve 0-dB conversion efficiency with75 mW of pump
this case is simplified compared to DFG pumped at 780 n%wer' or 3-dB gain with~100 mW of pump power.

since all input wavelengths are in the same band and can bWe fabricated the waveguides by annealed proton exchange

'aU”Che‘(’Q)i”tO g)smg'e port. in periodically poled LiNbQ@ (PPLN) [9]. The device used
Thex™™ : x'¥'-based device for 1.5m band wavelength j, ;g experiment is 4 cm long, has a QPM period of 15

conversion uses a pump in the 1550-nm region. The purun,l' waveguide width of 12:m, proton exchange depth of
at frequencyw, is upconverted to frequendw, by second- 7' 1 and was annealed for 26 h at 325. The above
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Fig. 1. Experimental setup. ECL: External cavity laser. BPF: Bandpass filter. i b

Power (dBm)

PPLN WG: Periodically poled LiNb® waveguide. OSA: Optical spectrum

analyzer. The waveguide is fiber coupled at both the input and the output. -60

The later is analyzed by an OSA and power meter. 1550 15'55 15I60 15I65 1570 1575
Wavelength (nm)

between the fundamental mode of the pump and the first hi ig. 2. Simultaneous wavelength conversion of four WDM channels with
d de of th dh ic. Atthei t and output hf same conversion efficiencies. Pump poweris0 mW inside the PPLN
OI’. er m_o €oftne Secon armon"?' ] € mpu an ou_pu W veguide at a wavelength of 1562 nm. The inset show8alB conversion
this device, the waveguides are optimized for fiber coupling lfficiency of a similar device operated at 12G with 175 mW of pump
tapering a section of 1-mm length to adiabatically transforR¢wer.
the modes into and out of the wavelength conversion sections.
Fig. 1 shows a schematic diagram of the experimental setup
used in this work. The pump laser is an external cavity laser
(ECL) amplified by an erbium-doped fiber amplifier (EDFA) r F ]
to a level of~300 mW and filtered through a FBG in order to &
supress the amplified spontaneous emission (ASE). This pump T -40} .
g
(o)
o

-20 r T T T T

is combined with signal sources generated in four different
ECL'’s and fiber launched into the waveguides. The output of
the waveguide is fiber coupled and later analyzed in an optical

spectrum analyzer (OSA) and power meter. The fiber to fiber V\wwn
coupling loss in this configuration is4.5 dB due to reflection 60 F i
losses at the uncoated endfaced (7 dB), mode mismatching 1550 1555 1560 1565 1570 1575
between the fibers and the waveguidel(3 dB), and intrinsic Wavelength (nm)

Wavegqide |OSS€S\(1:5 dB, i'e.’NO-'35 ds/cm). . ig. 3. Spectral inversion of thg(®» : y(2) wavelength converter. The
We first characterized the device by measuring the SH;%)U{ eIe(F:)tric field spectrum is tf?e mil:rd‘r(image of inpgut spectrum a'\bout the
power versus pump wavelength. We chose to keep the wayggmp wavelength, a feature that can be used to invert the signal chirp.
guide at 90°C (or higher) in order to avoid photorefractive
effects. This effectively shifts the phasematching wavelengsignal and filtered ASE from an EDFA. This feature can be
to 1562 nm, but keeps the other parameters unchanged. Tked to invert the signal chirp for dispersion management in
device shows a near-ideal stnwavelength tuning curve with a transmission system.
a peak internal efficiency (output SHG power divided by Fig. 4 shows the measured bandwidth of this wavelength
square of input pump power) 6$500%/W and an FWHM of converter when tuning the input signal wavelength while
~0.27 nm at low pump power. At higher pump powerl00 keeping the pump wavelength fixed at 1562 nm. This device
mW), the device displayed a distorted wavelength tunirftas a 3-dB signal bandwidth of 76 nm, which is wider than
curve due to photorefractive effects of the generated secotite theoretical bandwidth of an ideal 4-cm-long device due to
harmonic waves, which results in waveguide nonuniformityhotorefractive effects at high pump powers.
and reduces the effective device length. We tested the linearity of this wavelength converter by
We performed simultaneous multichannel wavelength cowarying the input signal power, as shown in Fig. 5. We
version with a pump power 0110 mW launched inside themeasure a linear response for more than 50 dB with a
waveguide; the results, in Fig. 2, show that the efficienci@saximum input signal power 6£0 dBm. The only saturation
are the same—15 dB) for all the input channels. The besmechanism in this device comes from the depletion of SHG or
conversion efficiency 48 dB) was obtained with a pumppump power. We estimate a 0.16-dB deviation from linearity
power of~175 mW in a similar device with a slightly differentfor a input power of 0 dBm in an ideal 6-cm-long device with
QPM period and operated at 12C, as shown in the inset of a normalized efficiency of 150%/A8Mm? and pump power of
Fig. 2. ~100 mW. For a device with a 2.5-cm interaction length, a
For @ : x(?-based wavelength converters, the convertetbrmalized efficiency of 65%/Wn?, and pumped by~100
electric field is the complex conjugate of signal electric fieldnW, the deviation at 0-dBm signal power should be 0.006 dB,
meaning that the output electric field spectrum is the mirrevhich is smaller than the resolution in this experiment. Our
image of input spectrum about the pump wavelength. We shameasurements confirm these estimates.
the spectral inversion properties of our device in Fig. 3 using The conversion efficiency of this device currently is limited
an asymmetric input spectrum, formed by combining an EQly photorefractive effects at high pump powers, which can
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-10 , , , . , , This approach requires only lasers operating in the 1550-nm
region. We have shown spectral inversion and simultaneous
conversion of four WDM channels, a static internal conversion
efficiency of —8 dB, a conversion bandwidth of 76 nm, and
a linearity over an input power range of more than 50 dB.
With further improvements, a wavelength converter with O-
dB conversion efficiency or even gain is a feasible goal. In
addition, thisy(® : x(?)-based wavelength converter can also
function as clock recovery or time gating component by use
of a pulsed pump.
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Flg 4. Conversion efficiency VS. input signal WaVeIength The closed circl bstrates and B. E |et0n for rov|d|n the flber Bra
are the measured results and the solid line is a theoretical fit to a device WQH ti 99 P 9 99
an effective interaction length of 2.5 cm. The 1562-nm pump has a powerg'fa Ing.

~135 mW inside the waveguide.
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