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Abstract

We demonstrate a simple and ultra-sensitive alkaptsampling system suitable for the
characterization of high capacity (> 100 Gbit/sige channel systems operating around

1.5 um. The system is based on the nonlinear efdéctwo-photon-absorption in a

commercial 1.3 um semiconductor laser and, using direct detection of the unamplified

two photon absorption photocurrent, we have ackieveemporal resolution of around 2 ps,

and a sensitivity of less than 2 Mw
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Introduction

The development of high-capacity single-channelicabtcommunications systems using
ultra-short pulses [1] will require sensitive mea&saent techniques possessing ultrafast time
response [2, 3]. Currently, the characterizatibisuxrh systems is usually performed using
fast photodetectors in conjunction with high spesstilloscopes, but this method of
characterization is limited to maximum bit rates about 40 Gbit/s. For system
characterization at bit rates exceeding 100 Ghbalspptical sampling using two-photon-
absorption (TPA) in semiconductors has recentlynlbs®wn to be a particularly promising
technique [3]. Since TPA is an instantaneous neality, the temporal resolution is limited
only by the duration and jitter of the samplinggad used, and the sensitivity is determined
by the TPA efficiency of the particular semiconduwatevice used. The sensitivity of a TPA
sampling system is defined as the product of thek p@wer of the pulse under test and the
average power of the sampling pulse. In the erpanis reported in reference [3], a
sensitivity of around 40 m¥vand a time resolution of 2 ps were reported u3iRg in an
avalanche photodiode in conjunction with a 20 d&ctical amplifier. In this paper, we
report a highly sensitive and simple optical sangplscilloscope operating at 1.5 um, based
on TPA in a commercial 1.3 pm semiconductor la3édre use of a semiconductor waveguide
for TPA leads to an order of magnitude improvemerdensitivity over previously-reported
results, achieved without any additional amplificatof the electrical signal from the TPA

device. We report a system sensitivity is 2 frifid a temporal resolution of 2 ps.

Principle of TPA Optical Sampling
TPA in semiconductors is a nonlinear optical-toeteieal conversion process where two
photons are absorbed in the generation of a selgi#ron—hole carrier pair. It occurs when a

photon of energy ph is incident on the active area of a semicondutéwice with a bandgap



exceeding bh but less than 2h. TPA in semiconductor devices has been a suloject
considerable research [4, 5], and it has recerggnbshown that commercially—available
1.3 ?m laser diodes are ideally suited to ultresitee TPA waveguide detection at 1.5 ?m,
with experiments reporting highly—sensitive ultraghpulse autocorrelation [4], and ultrafast

optical thresholding [5].

To use TPA for optical sampling we require an aitisampling pulsel_, (t —7) whose
duration is significantly shorter than that of thgtical signal pulsests.g(t) under test. The
signal and sampling pulses are then incident orséimiconductor device and the electrical
signali(7) due to TPA in the device is measured as a funafaime sampling delay, to

obtain an intensity cross correlation betwegpand I,

i(7) O {1 g (t - D1y (©) (1)
For the practical implementation of a TPA samplsystem, it is convenient to use a
sampling pulse with a peak intensity which is vemych larger than the signal intensity. In
this case, for a sufficiently short sampling pullsgation, the measured signal represents the
signal pulse waveform on a constant background.oréter to provide the sampling delay
between the signal pulses and the sampling pulsefoNow the method used in [2], where

the sampling pulse is generated at a frequefgy such that it is slightly detuned from a

subharmonic of the signal frequenty;.

f, =—3 n -integer,d <<1 2)

This results in a scanning rate,, = fs"gniié which is easily displayed on a standard high-

impedance oscilloscope.



Experimental Demonstration
Figure 1 shows the experimental set-up of the TR#&eguide optical sampling oscilloscope.
The sampling pulses were generated using a 1.5 B IBser diode gain-switched at a

repetition rate off_, =497.011194MHz. To reduce the temporal jitter oasthsampling

pulses, self-seeding from an external loop mirraswsed [6]. The individual pulses were
characterised using frequency-resolved opticaingaf], yielding an output pulse duration
(FWHM) of 9.6 ps. These pulses were then compdessing a two stage fibre pulse
compressor. The first stage involves linear congioes of the gain-switched pulses in
dispersion compensating fiber, and the second st&géses amplification of the pulses in an
erbium doped fibre amplifier (EDFA) followed by Hdorvear compression using a
combination of dispersion shifted and standardefibrThe final FWHM of the sampling

pulses after compression was 1 ps.

The signal pulses were generated with a 1.5 pum [BBE& gain-switched at a repetition rate

of around 3 GHz such that the scanning faieis 6 Hz. This laser was also operated in a

self-seeded configuration to minimize temporagjittand the resulting pulses had a duration
of 10.6 ps. The signal and sampling pulses werabawed together in an optical fiber
coupler and injected into an antireflection coatg@aAsP 1.3 um Fabry—Perot laser diode
(NTT — NKL1301CCA), previously shown to be a highdgnsitive semiconductor device
suitable for TPA autocorrelation [4]. The eleatioutput of the TPA detector was fed
directly into the 1 M2 input of a digitizing oscilloscope. Figure 2 showse sampling
oscilloscope output (solid line) for (a) a singignal pulse and (b) a synthesised double pulse
generated from two signal pulses with a relativeygef 20 ps. The dashed lines show the

corresponding pulse characterisation performedgusincommercial high speed 25 GHz



photodetector in conjunction with a 32 GHz HP dibivscilloscope. The FWHM of the

pulses as measured by the sampling technique8sp%0.

It is clear from Figure 2 that the pulse charastdion using the TPA sampling system is far
superior to the conventional method using a higkedpdetector and oscilloscope. For these
results, the input signal and sampling pulse awengwers were 830 uW and 61 pW
respectively, which corresponded to signal and $agpulse peak powers of around 28 mW
and 120 mW respectively. This implies a system isieitg of 1.7 mW? a factor of 20
improvement over the highest sensitivity previoudported [3]. We also stress that this
sensitivity was obtained without post-amplificatiari the TPA photocurrent, and that
improved sensitivity is expected with the additmfna low noise amplifier. We attribute the
excellent TPA sensitivity obtained with this devicethe carrier confinement achieved in its
quantum well structure. When assessing the siiitabf this TPA sampling scheme for
systems applications, it is also important to cdeisthe temporal resolution which depends

on both the sampling pulse duration and jitterand j,,, respectively:

tes = (tan’ + Jon’) - 2)

The measured sampling pulse duration is 1 ps, laadexpected jitter from the self-seeded
gain switched laser is expected to be ™ 0.5 psdiving an expected minimum temporal
resolution of around 1ps. The temporal resoluttan be obtained experimentally from a
comparison of the sampled signal pulse duratichOd8 ps with the value of 10.6 ps obtained
from the FROG measurements. This yields a measesadution of 2 ps, which is expected
to be reduced with reduction in the sampling palseation using an optimised compression

stage, and improved self-seeding to reduce tleg pit the sampling pulses.



Conclusion

In conclusion, these results have demonstratedpleeation of a simple real-time optical
sampling oscilloscope based on TPA in a commeycelailable 1.3um laser diode. We
have achieved a sensitivity of 1.7 myend the temporal resolution of 2 ps corresponds t
bandwidth of around 300 GHz. These results reptegee most sensitive ultrafast TPA
optical sampling system reported to date. We guatie such TPA-based sampling systems

will find wide application in high-speed systemsrdcterisation.
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Figure Captions

Figure 1 Experimental configuration for optical samplingt®m based on two photon

absorption in a 1.3 um laser diode.

Figure 2 The solid line shows results for the TPA samplisgikboscope showing (a)
single pulse and (b) double pulse characterizationhe dashed line shows

conventional results obtained using a high speedtoplinde and oscilloscope.
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