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Abstract

Ž .We report studies on two-photon absorption TPA GaAs p-i-n waveguide photodetectors as optical thresholders for
Ž .proposed ultrashort pulse optical code-division multiple-access CDMA systems. For either chirped optical pulses or

spectrally phase coded pseudonoise bursts, the TPA photocurrent response reveals a strong pulseshape dependence and
shows good agreement with theoretical predictions and results from conventional SHG measurements. The performance
limits of the TPA optical thresholders set by the encoded bandwidth in the spectral encoding-decoding process are also
discussed based on numerical simulations. Our results show the feasibility of applying such devices as nonlinear intensity
discriminators in ultrahigh-speed optical network applications. q 1999 Elsevier Science B.V. All rights reserved.

PACS: 42.79.Sz; 42.50.Hz; 42.65.Re; 85.60.Gz
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1. Introduction

In broadband optical networks, there are applica-
tions which require waveform analysis of ultrashort
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optical pulses at high speed that could be realized by
all-optical signal processing techniques. For exam-
ple, in the proposed coherent ultrashort pulse code-

Ž .division multiple-access CDMA systems, multi-
plexing and de-multiplexing are realized by spectral

w xphase coding of ultrashort optical pulses 1–3 . A
nonlinear thresholder is needed whose output should
depend on the contrast in the peak intensity of the
input waveform instead of solely on the pulse en-
ergy, in order to distinguish between short optical
pulses and pseudonoise bursts which result from the
correct and incorrect coding-decoding process be-
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tween transmitter and receiver pairs respectively.
Although the nonlinear optical response would need
to be very fast, the electrical response of these
devices could be as slow as the data rate per channel
Ž .;Gbitrs . Recently such a CDMA system had

w xbeen demonstrated 2,3 and various optical thresh-
w xolding techniques had also been proposed 4–6 .

These nonlinear detectors may also be applied to the
header recognition process in ultrafast time-division

Ž .multiple-access TDMA networks, to the ultrashort
pulse correlation measurements or to provide feed-

w xback signals for real-time pulseshape control 7–9 .
Ž .Two-photon absorption TPA has drawn interest

for ultrashort optical pulse measurement as a substi-
tutive quadratic nonlinear process in place of the

Ž .widely used second-harmonic generation SHG in
phase-matched nonlinear crystals. In semiconductors,
TPA is a nonresonant effect in which two photons
with energies below the bandgap are absorbed simul-

wtaneously to generate a single electron-hole pair 11–
x13 . It becomes a significant phenomenon especially

in waveguide structures andror where ultrashort
pulsed laser sources are used. Because of the higher
power level and speed achieved in the state-of-the art
fiber communication systems and the increasing
availability of compact femtosecond laser systems,
there have been intensive studies on the effect of
TPA in ultrafast guided-wave nonlinear optics in
recent years. Though considered as deleterious and
one of the main factors in limiting all-optical switch-

w xing in semiconductor waveguides 14 and leading to
w xbreak-up of spatial solitons in glass waveguides 15 ,

the nonlinear photoconductivity associated with TPA
has been applied for autocorrelation measurements

w xof ultrashort pulses 16–22,6 . Various devices have
been used in these experiments, including GaAsrAl-

w xGaAs and InGaAsP waveguides 17–19 , photodi-
w x w xodes 20 , light-emitting diodes 21 and laser diodes

w x6 . TPA techniques have some advantages over their
SHG counterpart, such as: TPA has a broader wave-

Žlength response e.g. photon energy can vary from
.above half of the bandgap to close to the bandgap ,

while phase-matching conditions can result in a much
narrower response bandwidth in the SHG process
w x23 ; the nonlinear optical process and electrical de-
tection process are integrated in these TPA devices,
which makes these devices inherently compact and
easy to use in optoelectronic systems; for waveguide

structures, the increased interaction length increases
the efficiency and could lead to lower power require-
ments.

Because of the nonlinear intensity dependence of
TPA process, it had been generally assumed that the
TPA process shall have some kind of pulsewidth
dependence. However few thorough experimental
studies on this subject had been performed, espe-
cially for pulses with complicated waveforms.
Among the reports of applying TPA devices to suc-
cessful correlation measurements of femtosecond
pulses, there are reports of quite different pulsewidth
dependence. Using the GaAs waveguide photodetec-
tor which had been demonstrated as high-sensitivity
TPA autocorrelators at 1.06 mm and 1.3 mm for

w xpicosecond pulses 17 , we previously studied the
TPA-induced photocurrent in GaAs waveguides as a
function of optical pulsewidth for unchirped subpi-

w xcosecond pulses at 1.5 mm 5 . These experiments
verified, for the first time to our knowledge, an
inverse pulsewidth dependence of TPA on a fem-
tosecond time scale. This result was subsequently

w xconfirmed in 20 as well. On the other hand, in other
w xwork, e.g. 21 , the pulsewidth had little influence on

the magnitude of TPA currents.
w xWhile these studies in 5 could show the possibil-

ity of using the nonlinear detectors in optical thresh-
olding applications, ultrashort pulse CDMA systems
w x1–3 would use spectrally phase modulated optical
waveforms tens of picoseconds in duration with
complicated subpicosecond substructures, unlike the
unchirped pulses with relatively simple pulseshapes
used in previous studies. In this paper we report
comprehensive experiments which investigate the
dependence of TPA-induced photocurrent in GaAs
waveguides on optical pulseshape not only for band-
width limited pulses, but also for chirped and spec-
trally coded pulses in the subpicosecond region. We
also perform comparisons between TPA and SHG
experiments using shaped pulses, which, we demon-
strate, are in good agreement with each other. The
large contrast in the response of TPA detectors to
spectrally coded vs. uncoded pulses, which is in
excellent agreement with our theoretical estimations,
further confirms the feasibility of using these devices
as ultrafast intensity discriminators. Combined with
the demonstrated subnanosecond electrical response

w xtime 5 , nonlinear waveguide photodetectors could
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be suitable for high speed communications using
ultrashort pulses.

We note that another type of ultrafast thresholder,
based on nonlinear frequency shifts in fibers, was

w xreported in 4 . The nonlinear fiber optic thresholder
realized a )10% efficiency and a 30 dB contrast
ratio. The TPA thresholder achieves a weaker con-
trast, due to the quadratic nature of the TPA process.
However, in contrast to the nonlinear fiber devices
hundreds of meters in length, these semiconductor
TPA devices have a much smaller latency in the
detection process, which could be important in com-
munication applications, besides their advantages of
compactness.

In the following we first briefly present the theory
used to describe the TPA induced photocurrent. We
then describe experimental results for chirped and
coded pulses with a variety of pulsewidth and com-
pare to theory. The practical issue of effect of en-
coded bandwidth on the performance of the optical
thresholders is also discussed based on numerical
simulations.

2. Theoretical treatment of TPA detection of
ultrashort optical pulses

Ideally, under the no-depletion condition, the av-
w xerage TPA photocurrent i can be found as 5 :tpa,ave

eV bTr2 2i s I d t , 1Ž .Htpa ,ave T 2hnyTr2

where I is the optical intensity, b is the two-photon
absorption coefficient, T is the period of the mode-
locked pulse stream and V is the volume in which
carriers are generated.

w xAs been shown in 5 , for Gaussian-shape pulses
of different pulsewidth, the average TPA photocur-
rent is given by:

b T 2i seV I , 2Ž . Ž .tpa ,ave ave'2 p hnt

where I is the average optical intensity, t is aave

pulsewidth parameter and is much smaller than T.
Ž .According to Eq. 2 , the average TPA photocur-

rent is proportional to the average incident optical
intensity or power squared, and this power depen-
dence can be used to experimentally prove that the
TPA process is the dominant carrier generation pro-

w xcess in the device, as in 5 . Also we see that two
pulses with equal energies but very different

Ž .pulsewidths hence different peak intensities should
give different photocurrents, as the photocurrent has
a 1rt dependence based on the above equation. For
pulses with very complicated waveforms, this kind
of pulse width dependence should still hold qualita-
tively; however, the simple inverse pulsewidth rela-
tion will not precisely hold unless the pulse shape is
kept constant as the duration is changed. A strong
contrast in photocurrent as a function of peak inten-
sity would approximate the desired ultrafast thresh-
olding function.

In the next section, we present our experimental
studies on the pulse shape dependence of TPA pho-
tocurrents using spectrally phase modulated ultra-
short optical pulses.

3. Experiments with chirped and spectrally coded
pulses

In our experiments, a GaAsrAlGaAs ridge p-i-n
w xwaveguide detector similar to that used in 17,5 was

w xused. In our previous studies 5 , optical pulses with
adjustable pulsewidths were obtained by limiting the
bandwidth of pulses from a femtosecond optical
parametric oscillator by filtering within a zero-dis-

w xpersion double-pass pulse shaper 24 . TPA currents
generated from the device clearly showed an inverse
pulsewidth dependence for unchirped pulses with
different bandwidths.

To further verify the feasibility of applying these
waveguides as optical thresholders in CDMA sys-
tems, we have conducted studies using a short pulse
fiber laser based system to generate spectrally phase
modulated optical pulses. The experimental setup
Ž .see Fig. 1 utilized a part of the system that had
been built as a testbed for a proposed coherent

w xoptical CDMA system 2,3 . A stretched-pulse
w xmode-locked 25 Er-fiber ring laser generated 1.56

mm 65-fs pulses at ;33 MHz. The laser output was
passed through an interference bandpass filter, while
a small portion of the unfiltered output was used as
the reference beam in an SHG cross-correlator for
the pulseshape measurement. Spectrally filtered
pulses from the laser were amplified by a chirped
pulse Er-doped fiber amplifier and then input into a
fiber-pigtailed femtosecond pulse shaper. The pulse-
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Fig. 1. Scheme of two-photon absorption thresholding experiment with coded pulses. G: 1100 linermm grating; L: achromatic lens; LCM:
liquid crystal modulator; EDFA: Er-doped fiber amplifier.

shaper consisted of a pair of 1100 linesrmm gratings
Ž .and achromatic lenses focal lengths19 cm . It was

adjusted to the zero-dispersion position and had a
128-element programmable liquid crystal modulator
Ž . w xLCM 10,26 in the Fourier plane. Each pixel of the
LCM can be individually programmed and provide
gray-scale phase modulation. The angular frequency
difference between adjacent pixels is ;1.1=1011

radrs. After the pulseshaper, the pulses were ampli-
fied by a second chirped pulse fiber amplifier to
compensate for the loss of the pulse shaper and
provide enough power for the TPA thresholder. The
optical signal was then delivered to the TPA wave-
guide through a dispersion compensated fiber link

Ž .and a fiber polarization controller PC , which had a
total length of ;8 m. The light was butt-coupled
into the waveguide from single mode fiber. The
coupling efficiency is expected to be lower than that

w xobtained by focusing with a lens 5 which in turn
resulted in a lower signal level compared with the
previous experiments. Because of the existence of
polarization dependence of TPA in this kind of

w xwaveguide photodetector 27 , the state of polariza-
tion of the input beam was adjusted to excite the TE
mode in the waveguide by using the PC, in order to
maximize TPA signals.

In a first experiment, the LCM was used to apply
a quadratic phase function to the spectrum, which in

turn chirped and broadened the output pulse in the
time domain. The quadratic phases applied to the ith
pixel of the LCM can be described as

2iy64Ž .
F sF , 3Ž .i max 264
where is1,2, . . . ,128; F is the maximum phasemax

shift applied. For F )2p , the phase function ismax

folded into the range of 0 to 2p by the relation of F i

modulo 2p .
For these experiments the optical pulses had

pulsewidth of ;800–900 fs immediately before
being launched into the waveguide when there was
only a constant phase function applied to the LCM.
The pulsewidth is determined most likely by the gain
narrowing effect in the EDFA and the existence of
self-phase modulation leading to pulse distortion in
the fiber pigtail connecting the second fiber amplifier
to the TPA waveguide.

By linearly increasing the value of F , wemax

could gradually increase the chirp of the pulses and
the pulsewidth. Fig. 2 shows measurements of the
TPA photocurrent as the pulses were broadened from
;900 fs to ;2.8 ps under a constant average
power of ;4.7 mW, where F was increasedmax

from 0 to 7.5p . The data show that the output was
nearly inversely related to the pulsewidth as mea-
sured by SHG autocorrelation for this case of chirped
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Fig. 2. Pulsewidth dependence of TPA photocurrent for chirped
pulses. (: experimental data measured for different pulsewidths,
with average input power held constant at 4.7 mW. —: aty1

curve fitted to the data. ^: normalized SHG autocorrelation
intensities at t s0.

optical pulses. Also shown in Fig. 2 is the corre-
Žsponding normalized variation of peak intensity at

.ts0 in SHG autocorrelation measurements. We
can see a close match between the results of the TPA
measurements and by conventional SHG experi-
ments. The high sensitivity to pulsewidth shows the
ability of these devices to act as peak intensity
dependent detectors even for non-bandwidth limited
pulses. As the pulsewidth become larger, it is ob-
served that the current drops slightly faster than the
1rt curve. A further study on the pulse shape was
performed using a cross-correlator, where the 65-fs
pulses from the laser were used as reference. It was
found that, as the chirp introduced in the pulse
shaper increased, the pulse shape gradually deviated
from the original one and had large oscillating wings
or pedestals, as seen in Fig. 3, which is not described

Žby the variation of the FWHM full width at half
.maximum pulsewidths. This could be caused by

nonlinear effects in the amplifier and fiber link after
the pulse shaper.

Under such conditions, the pulse shape could no
longer be described by only its FWHM. However we
can still predict the TPA current based on the cross-
correlation measurements. Since the reference pulse
was much narrower than signal pulses, we can as-
sume, without introducing much error, that the
cross-correlation traces are directly proportional to
the signal pulse intensities. Using the cross-correla-

Ž .tion data as the intensity in Eq. 1 , it is possible to

Fig. 3. Cross-correlation traces for unchirped and chirped pulses.

estimate the change in the TPA currents. TPA cur-
rent and cross-correlation traces were measured for
various values of F ranging from F s0 tomax max

F s15p . With an initial pulsewidth of ;850 fsmax

without spectral phase modulation applied, the pulse
could be broadened to a maximum FWHM
pulsewidth of ;4.4 ps. The TPA current results and

Ž .the estimations based on Eq. 1 showed very good
agreement over a range of ;10 times variation, as
shown in Fig. 4.

While a strong pulsewidth dependence of chirped
pulses could demonstrate the potential of TPA detec-
tors as optical thresholders, the response of such
devices to the spectrally coded signals as those used
in the CDMA system, which have considerably more
complicated pulse shapes, may be of greater rele-

Fig. 4. Measured TPA photocurrent compared to theoretical esti-
mation.
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vance. It is well known that the performance of a
CDMA system is mainly limited by the interference
between different users. In the scheme described in
w x1 , the interference shall be dominated by the non-
zero response of optical thresholding devices at the
receivers to incorrectly decoded signals. It can be
quantitatively described by the thresholder contrast
ratio, which is defined here as the ratio of the TPA
current signal obtained with incorrectly decoded
pulses to that obtained with correctly decoded pulses
of the same pulse energy. In the proposed CDMA
system, the correctly decoded pulses would be re-
stored to the original shape with little distortion. On
the other hand, incorrectly decoded pseudonoise
bursts remain similar to the coded signals. Thus, in
the following simulations and experiments, we ap-
proximate the contrast ratio defined above by the
ratio of the TPA signal obtained with coded input
pulses to that obtained with uncoded pulses. This
parameter of the thresholding devices would have a
significant influence on the signal-to-noise ratio and,
thus, the performance of the CDMA system.

w xAs in the CDMA system experiments 2,3 , we
performed experiments in which a pseudorandom
M-sequence phase code was applied to the spectrum.
Here, a p phase shift is used to represent a ‘1’ bit in
the code, while a zero phase shift for a ‘0’ bit. A
length-L M-sequence code is accommodated in an

? @N-pixel phase mask by assigning NrL pixels to
each bit. This transformed the input pulses into low
intensity pseudonoise bursts tens of picoseconds in
duration. This corresponds to an encoded or incor-

w xrectly decoded signal in a CDMA system 2 . In
contrast, when a constant phase is applied, the output
is a bandwidth-limited short pulse, corresponding to
an uncoded or correctly decoded pulse. Fig. 5a shows
the SHG cross-correlations of uncoded and encoded
pulses, demonstrating the dramatic change in inten-
sity and pulsewidth. We measured the TPA pho-
tocurrents for spectra coded according to several
different cyclic shifts of a length-63 M-sequence
code, each of which corresponds to a new intensity
and phase substructure under a similar broad enve-

Ž .lope two examples are shown in Fig. 5b . As shown
in Fig. 6, we observed an ;20 times drop in the
TPA signal compared with the responses from un-
coded pulses at the same average power level for all
the shifts we applied. We also estimated the contrast

Ž .Fig. 5. a Cross-correlation traces for uncoded pulses and pulses
Ž .coded with a pseudorandom sequence. b Cross-correlation traces

for pulses coded with two different cyclic shifts of a pseudoran-
dom sequence.

Ž .ratios on the basis of Eq. 1 , using pulse shapes
measured by SHG cross-correlation. The result plot-
ted as theoretical contrast ratio in Fig. 6 is very close
to that obtained in the TPA experiments. Once again
there is excellent agreement even for these extremely
complicated pulseshapes.

4. Limited spectral bandwidth and its influence
on contrast ratios

Because of the importance of the contrast ratio in
the CDMA systems, we would like to provide some
further discussions on the results we obtained above.
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Fig. 6. Contrast ratio of TPA photocurrent and theoretical estima-
tion based on pulseshape measurement for coded pulses.

First we see that the contrast ratio is affected by
the thresholding mechanism used. For our TPA

w xthresholders, as had been shown in 1 , the maximum
contrast ratio is related to Ny1 under ideal condi-
tions, where a purely random phase code is assumed
and N is the code length. For a given detection
mechanism, there are many other factors in the
system that would affect the contrast ratio that can
be realized, such as statistical properties of the code,
code length and spectral shape of the input optical
pulses. Here we want to specifically evaluate the
limit that different spectral shapes and code lengths
put on the achievable contrast ratio by numerical
simulations.

To simulate the frequency coding process, where
� 4a code sequence F is applied to the input opticali

spectrum using a pulse shaper and a phase mask of
N pixels, we use the following equation to describe

Ž .the output spectrum A v :out

Nr2

A v sA v exp yiFŽ . Ž . Ž .Ýout in i
isyNr2q1

=rect i dv , iq1 dv , 4Ž . Ž .
Ž .where A v is the Fourier transform of the inputin

Ž .field envelope function E t , dv is the angularin

frequency increment between adjacent pixels, and

1 x Fx-x1 2rect x , x s . 5Ž . Ž .1 2 ½ 0 elsewhere

For simplicity, infinite spectral resolution has been
assumed, and the mask is considered as continuous

with the gaps between adjacent pixels ignored. The
Ž .output field envelope E t in the time domain canout

be obtained from the inverse Fourier transform of
Ž .A v .out

In our experimental setup, the phase mask not
only applies the spectral phase modulation to the
optical spectrum but acts as an amplitude window by
cutting off any spectral components out of its border,
and these effects are described by the second term on

Ž .the right side of Eq. 4 . Therefore, the spectral
coding window width is decided by the physical
dimension of the mask. The input spectrum is as-
sumed to have a Gaussian shape. For a specific
spectral width, the contrast ratio is calculated based

Ž .on Eq. 1 for every cyclic shift of the code. In Fig.
7, the average contrast ratio is plotted as a function
of the ratio of input spectral intensity FWHM to
spectral coding window width, for codes of different
lengths.

For completely random phase codes, one expects
w xa contrast ratio of 2rN 1 . From our simulation

results using M-sequence phase codes, we also find
the contrast ratio is roughly proportional to 1rN,
when the input spectrum is wider than the coding
window, but with a proportionality constant reduced
to the 1.3–1.6 range. The improved contrast ratio
arises because pseudonoise bursts produced with M-
sequence coding are smoother and less peaked than
Gaussian noise bursts produced with truly random

w xcoding 24 . As the spectrum gets narrower than the
window, it is equivalent to applying an additional
weight function to the codes. The contrast ratio

Fig. 7. Spectral width dependence of average contrast ratio for
M-sequence codes of different length.
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Fig. 8. Variations of contrast ratio vs. spectral width for M-se-
quence codes of different length.

begins to degrade significantly, because of the
changed statistical properties of the codes. This is in
general agreement with other studies involving a
different type of optical CDMA based on spectral

Žamplitude coding as opposed to spectral phase cod-
. w xing as here 28 .

Plotted in Fig. 8 are the standard deviations of the
contrast ratios for all the cyclic shifts of the M-se-
quence codes under various condition. It is shown
that the variations in contrast ratio from one cyclic
shift to another are very small for flat spectral inputs,
but increase dramatically for narrower band input,
which would, in turn, mean a more significant per-
formance degradation for some users.

While it is apparently preferable to have a
square-shape spectrum to be used in the encoding-
decoding system, it is generally more costly to obtain
broader and flatter spectrum in the system because of
the constraints put on the lasers, amplifiers and other
components. It is mostly likely that the spectrum
used would be narrower than the spectral coding

w xwindow, as in 2,3 and our results shown in this
paper. Based on the results we obtained here, it is
possible to use spectra with FWHMs as narrow as
40% of the coding window without too much perfor-
mance degradation in the situations we discussed.

In our experiments, the power spectrum had a
width of ;4 nm FWHM, and the spectral coding
window was ;18 nm. This gives a ratio of 0.22. In
our experiments using length-63 M-sequence codes,
we observed a contrast ratio of ;0.06. This is in
reasonable agreement with the simulation results in

Fig. 7, considering the simplifications we had made
in the simulations.

5. Conclusions

Our results confirm the strong intensity and
pulsewidth dependence of the photocurrent from TPA
waveguide photodetectors for ultrashort pulses with
strong phase and amplitude modulations. For both
unchirped and chirped pulses, the results correspond
closely both with the theoretical predictions and with
the more traditional SHG results. These experiments
demonstrate the possibility of applying TPA devices
as nonlinear detectors to retrieve peak intensity and
pulsewidth related information at communications
wavelengths and at high speed. With improved com-
position and structure of the waveguide, we can

w xexpect further enhancement in efficiency 19 and
speed, which could reduce the power requirement
and enable similar devices to be accommodated into
systems with a repetition rate of ;1 Gbitrs and
beyond. We can also expect the application of simi-
lar devices in ultrashort pulse detection, characteriza-
tion and control systems.
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