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Abstract—We present what we believe to be the first demonstra- much like the direct space-to-time (DST) pulse shaper [7]-[9],
tion of femtosecond pulse train generation from an arrayed-wave- previously investigated only in bulk optics.
guide grating. Terahertz-ratg bursts of femtosecond pulsgs arepro- - o short pulse applications, the important AWG parameter
duced with the rate determined by the arrayed-waveguide delay . ! .
spacing. determining the character of the output is the free spectral range
(FSR), which is equal to the inverse of the delay increment per

Index Terms—Optical planar waveguides, optical pulse gener- guide (A7)

ation, optical pulse shaping, optical waveguide filters, waveguide

arrays, wavelength-division multiplexing. c
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I. INTRODUCTION wheren.g is the effective index of the waveguideis the speed

HE ARRAYED-WAVEGUIDE grating (AWG) has seen Of lightin vacuum, and\ L is the physical path length difference
considerable development in the past few years [1], [P one guide to the next in the waveguide array section of the
primarily in the development of devices for use as wavelengtAWG. In traditional AWG devices, the FSR is typically required
division-multiplexed (WDM) channel demultiplexers and® be large to ensure that a unique output wavelength within
routers. In contrast, AWG devices have seen only limited uliée dense WDM system is present at each AWG output. For
in time-domain applications. For example, mode-locked pul&'ée generation of t_eraher_tz-rate trains of femtosecond pulses, we
inputs have been spectrally sliced to yield pulses in the teW8'K in the opposite regime, where the optical bandwidih,
of picoseconds range at the repetition rate of the mode-lock@tfeeds the FSR. If the input pulses are bandwidth limited, this
source laser [3], and supercontinuum sources have been slig&ns the input pulsewidth,, is less than the delay increment
to yield multiple optical wavelengths for high-speed systenR€r guide
studies [4], [5]- Modified AWG devices have also been used
for Fourier transform optical pulse shaping [6]. Here, we

present a completely new functionality, in which the AWG | this limit, the output spectrum on a single output guide
produces bursts of femtosecond pulses repeating at a terah@rtaultiply peaked, with the spectral peak spacing equal to the
rate, with the pulse repetition rate determined by the AWESR. Accordingly, in the time domain, this corresponds to a

design rather than the input pulse repetition rate. Each injfise train with a pulse separatiaizt, equal to the waveguide
pulse to the AWG produces a burst of very high-repetition-raggs|ay increment

pulses. In principle, if a high-repetition-rate short pulse source
is used as the input, continuous, or quasi-continuous trains At =FSR! = Ar. 3)

of very high-repetition-rate short pulses may be generated as , ) i
in a rate-multiplication scheme. Furthermore, identical fem- 1hUS, the waveguide array acts as a series of delay lines, and

tosecond pulse bursts with slightly shifted center waveleng®ich Pulse in the output train can be identified with propagation

are obtained at different output channels of the AWG, vel}rough a specific guide in the array. The duration of the indi-
vidual output pulses is the same as the input, while the duration

of the envelope of the burst of pulsés, varies inversely with
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Fig. 1. Expected output spectrum and temporal profile for an arbitrary output (ﬁ
guide of the AWG. = B) | \\
= 166 - ,’ |
means that each AWG passband contains many of the discrete % | \\
laser modes separated mp_l). A schematic representation o 16-7 | l |
of the output spectrum and temporal profile is shown in Fig. 1. | \
These considerations apply to any of the output guides of an — A - ,
AWG. Therefore, an identical pulse train is expected at each 1556 1558 1560 1562 1564
output, but with a wavelength shift from one guide to the next Wavelength (nm)

consistent with the AWG channel spacing. In contrast, when the
AWG is used as a simple spectral slicer [3], the optical ban ig. 2. Power spectra measured from the source Ias.er (solid) and outputs of
width should be less than the FSR, iAy < FSR, which im- the 40-GHz output channel spacing device (Channel 1: dash, Channel 4: dot).
pliest,, > Ar. Thus, in this standard mode of operation, succes-
sive delayed output pulses corresponding to neighboring guigesent as well. In order to more clearly show the shift in output
in the array are not resolved. The overall output from all theenter wavelength across the output guides, Fig. 2(b) shows
array guides merge to form a simple unstructured output pulse expanded version of the central passbands.~Th&85-nm
of duration0.44A f~! (considering a single output guide). Thisspacing between the two output channels corresponds to an av-
is very different than our current mode of operation. erage 39.1-GHz channel spacing per output. Note that the in-
In the experiments described here, a short pulse erbium filgdyidual longitudinal modes of the mode-locked laser, with a
laser producing a 50-MHz train o£200-fs pulses centered50-MHz spacing, are not resolved. The multiply peaked nature
at 1560 nm is used as the source (a Femtolite from IMR®fthe power spectra demonstrate that > F'SR; therefore, the
America). The laser output is split with a 10/90 fiber splitteQutput temporal profile is expected to be a train of pulses where
and all fiber links are constructed to be dispersion compensatbd temporal period of the pulses in the output train is given by
using an appropriate combination of single-mode fiber arbie inverse of the FSR.
dispersion-compensating fiber. The 90% arm is launched intoFig. 3 shows intensity cross-correlation measurements of two
an AWG that has been designed to have a relatively smelifferent output channels for both AWG devices. As expected
FSR of 1 THz &8.1 nm at 1560-nm center wavelength). Thifrom the power spectrum presented above and (3), the temporal
FSR corresponds to a relatively large delay increment peifofile consists of a train of pulses with a 1-ps period, corre-
guide A7 = 1 ps. The temporal profile of the AWG outputssponding to the AWG delay increment, which is the inverse
are recorded via intensity cross correlation in a free-spaetthe FSR, and with a pulse duration comparable to that of
apparatus using the 10% port of the fiber splitter as a refereribe input pulse. The degraded extinction ratio between pulses
pulse. Power spectra of the AWG outputs are recorded as weithin the train is primarily due to incomplete dispersion com-
with an optical spectrum analyzer. Two different AWGs werpensation in the fiber links and the fact that the measurements
investigated. One device has 100-GHz channel spacing andagg made by intensity cross correlation. The temporal window
output channels, while the second has 40-GHz channel spadiggnumber of pulses), as predicted in (5), is inversely propor-
and 25 output channels. The 3-dB passband widths are 51 Qignal to the AWG filter bandwidth and therefore increases by
and 21 GHz, respectively. In both these devices, the 1-TH2 times from the 100-GHz device to the 40-GHz device. The
FSR is equal to the output channel spacing multiplied by tiierm of the output intensity profile is the same for different
number of output channels. output channels of a single device, even though the spectrum
Fig. 2 shows power spectra recorded from the 40-GHz outpgtshifted. In Fig. 3(c), the calculated pulse train envelope for
channel spacing device. In Fig. 2(a), the power spectrum of e 100-GHz output channel spacing device is indicated by the
source laser is overlaid with the output power spectra recordéashed line. The envelope is calculated from a measurement of
from channels 1 and 4. The 1-THz FSR is evident from the paSingle passband in the power spectrum. If we denote the form
riodic passband structure with 8.1-nm spacing between pea®bthe passband dsi(w)|?, the envelopela(t)|?, is taken as
The spectra consist of six discrete output frequencies within the

bandwidth of the source laser for each output channel. The shift s |1 5 .
in output center wavelength from one output to another is ap- la(®)]” = ‘% /dw VIA@)[* exp(jet)

2

(6)
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Fig. 3. Intensity cross-correlation measurements of the output of both the 100-GHz channel spacing [(a) and (c)], and 40-GHz channel spac{dy [(b) and
devices on output channels #3 [(a) and (b)] and #4 [(c) and (d)]. The dashed line in (c) is the calculated pulse train envelope.

The actual envelope is in excellent agreement with this calaguide in the array waveguide region. The output temporal pro-

lation confirming (4) and the Fourier transform relationship bédile is invariant across different outputs of the same device, but

tween the spectral properties of the AWG and its temporal biie center wavelength shifts from one output to the next with

havior. the amount of shift given by the channel spacing of the device.
As mentioned earlier, the femtosecond response of the AWIBe pulsewidth of the individual pulses in the output train is

is quite similar to that of the DST pulse shaper [7]-[9], also usetttermined by the input pulsewidth. These unique properties

to generate very high-rate bursts of femtosecond pulses [8], [@llow generation of identical, wavelength-shifted, very high-rate

The DST shaper consists of a diffraction grating, lens, and a thpalse trains for hybrid TDM/WDM communications and pho-

output slit with a spatially patterned mask on top of the gratingpnic signal processing. In the future, we anticipate that similar

This apparatus gives an output temporal waveform that is a dkperiments may be performed with a high-repetition-rate fem-

rectly scaled version of the input spatial profile at the gratinggsecond source (tens of gigahertz), which should lead to very

in particular, a periodically peaked input spatial profile produceosely spaced or even continuous terahertz pulse bursts.

an evenly spaced burst of pulses. The AWG can be considered to

be an integrated DST pulse shaper where the waveguide array ACKNOWLEDGMENT
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