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The application of cross absorption modulation for optical sampling and phase sensitive pulse measurement is
presented. Both a commercial 40 GHz electroabsorption modulator and a vertical microcavity saturable
absorber are used to sample a 2 ps pulse train at 40 GHz. The modulator was then used to make cross-
absorption modulation based frequency-resolved optical gating (FROG) measurements. The results were
verified by comparison with a commercial optical sampling oscilloscope and the more standard second
harmonic generation FROG technique. © 2008 Optical Society of America
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. INTRODUCTION
ith increasing line rates the measurement of optical in-

ensities on very short time scales is very important. The
raditional approach of optical to electrical conversion us-
ng a photodiode and electrical sampling is limited to the
andwidth of the detector, which is typically 50 GHz. One
olution to this is to employ optical sampling techniques.
ll-optical sampling offers the potential for measure-
ents with much higher resolution, being limited only by

he duration and jitter of the sampling pulse and the
peed of the nonlinear effect used to implement them.

In addition to measurement of the time varying inten-
ity, for many applications, measurement of the phase is
lso desirable. This is of increasing importance in optical
ommunication with the recent interest in advanced
odulation formats, which utilize phase modulation [1,2].

t also has application in the study of nonlinear optics, la-
er physics, dispersion management, and all-optical pro-
essing technologies. Many techniques have been devel-
ped to carry out these measurements. In particular
pectrographic techniques such as frequency-resolved op-
ical gating (FROG) [3] and interferometric techniques
uch as spectral phase interferometry for direct electric-
eld reconstruction (SPIDER) [4] have seen wide spread
pplication.
The absorption saturation effect due to band filling in

emiconductors has been used to great advantage in pro-
ucing ultrashort pulse mode locked lasers [5] and for the
egeneration of optical communications channels [6]. This
ffect can also be exploited for all-optical sampling of
igh-repetition-rate optical channels since a short pump
ulse at one wavelength can be used to generate a short
emporal gate for a signal at another wavelength. This is
eferred to as cross-absorption modulation (XAM). XAM
0740-3224/08/06A133-7/$15.00 © 2
as been used for the switching of entire pulses for the
urposes of optical wavelength conversion [7,8] and also
or optical regeneration [9,10] but has seen little or no ap-
lication in the measurement of intensity waveforms.
Here two novel setups for optical sampling based on

AM in multiple-quantum-well (MQW) semiconductor
evices are presented; both have the advantage of being
olarization insensitive, contain no moving parts or free-
pace optics, and offer the potential for integration. This
s further extended with the concept and implementation
f a new FROG technique based on XAM in an electroab-
orption modulator (EAM). The technique is simple, po-
arization insensitive, and requires minimal pulse energy.

This paper is divided as follows: Section 2 introduces
he principles of all-optical sampling and gives an over-
iew of some of the sampling techniques, which have al-
eady been reported. Section 3 will describe how optical
ampling can be carried out using XAM in a vertical mi-
rocavity saturable absorber. The results are compared
ith measurements made using a commercial optical

ampling oscilloscope [(OSO) from Picosolve Inc.]. Section
presents how similar measurements can be made with a

ommercial EAM. In Section 5 the work is extended to
omplete phase sensitive pulse measurement with the
nclusion of an OSA following the XAM sampling setup.

. OPTICAL SAMPLING
o evaluate the performance of the next generation of
igh-speed optical communications systems, future pulse
haracterization techniques will require a subpicosecond
esolution and a low (subgigahertz) sampling rate. This
voids the need for high-speed electronics and allows in-
ividual channel data rates in excess of 500 Gbit/s to be
008 Optical Society of America
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onitored. This performance can be achieved using an op-
ical sampling system. The principle of optical sampling is
hown in Fig. 1. The sampling and signal pulses are opti-
ally combined using a passive fiber coupler, before being
ncident on a nonlinear optical material (acting as a non-
inear sampling gate). The nonlinear medium allows the
election or gating of the small section of the signal under
est, which coincides with the sampling pulse. A bandpass
lter is also sometimes required to remove the sampling
ulse so that only the gated signal falls on the detector.
he delay between the sampling pulse and the signal un-
er test is varied either electrically or optically, thereby
llowing different sections of the signal to be evaluated. A
arge variety of nonlinear optical processes have been in-
estigated for this application including self-phase modu-
ation (SPM) in nonlinear amplifying loop mirrors
NALMs) [11], four-wave mixing (FWM) both in fiber [12]
nd semiconductor optical amplifiers (SOAs) [13], sum
requency generation (SFG) in LiNbO3 [14], and two pho-
on absorption (TPA) [15,16]. These techniques have
roven highly successful but do suffer from some draw-
acks. They are generally polarization sensitive or re-
uire complicated techniques to allow for polarization di-
ersity. They also have high power requirements,
enerally needing hundreds of milliwatts of peak power
nd often have delicate free-space optics or long lengths of
ptical fiber. This paper focuses on the use of XAM as a
onlinear process for optical sampling. This process has
he advantages of being polarization insensitive and
aving very low power/interaction length requirements.

. SAMPLING USING A MULTIPLE-
UANTUM-WELL VERTICAL MICROCAVITY
ATURABLE ABSORBER
wo different nonlinear elements were used in the sam-
ling experiments. The first was a nonlinear mirror based
n a vertical microcavity saturable absorber. The satu-
able absorber was packaged in a module with eight input
hannels, and only one channel is used in our experiment
6]. The saturable absorber structure is shown in
ig. 2(a); it contains seven metal-organic chemical-vapor
eposition (MOCVD)-grown InGaAs/InP quantum wells
mbedded in a microresonator. The resonator reduces the
evice saturation threshold and increases the saturation
ontrast. The quantum wells are located at the antinodes
f the intracavity intensity. The bottom mirror is a
roadband high-reflectivity metallic-based mirror (Ag)
nd the top mirror is a multilayer dielectric mirror
2� �TiO2/SiO2��. The time scale for the absorption satu-
ation in the quantum wells is related to the carrier re-
ombination time, which in this case was shortened to

Fig. 1. Principle of optical sampling.
ps by the introduction of recombination sites through
eavy-ion-irradiation. The device operates in a reflective
ode, the reflectivity being small at low signal levels and
igh at high signal levels. A fiber array was used to couple
he saturable absorber chip to eight standard single-mode
bers (SMF-28) with 250 �m spacing. The fiber array was
xed to the mirror with an adhesive such that all eight
utput beams had a calculated mode field diameter
MFD) of 4.5 �m on the surface of the mirror [Fig. 2(b)].
uch a layout would enable a single device to be used for
egeneration in a multiwavelength system. The use of the
even additional channels on the saturable absorber
ould also allow for the possibility of simultaneous and

ndependent sampling of multiple wavelength channels.
he simple fabrication process along with the fact that
igh-speed rf packaging is not required, significantly
educes the cost of the device as a sampling element.

The wavelength-dependent reflectivity of the eight
hannels is shown in Fig. 3. The dip in the reflectivity at
547 nm corresponds to the resonant wavelength of the
icrocavity. There was only a 1 nm variation in the posi-

ion of this dip and less than a 2 dB variation in the depth
f its response, which is evidence of the uniformity of the

ig. 2. (Color online) (a) Saturable absorber vertical microcavity
tructure. (b) Saturable absorber chip and eight-fiber array used
n coupling.

ig. 3. (Color online) Reflectivity of eight fibers coupled to a
aturable absorber, showing resonance dip at 1547 nm and less
han 2 dB variation between channels.
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oupling and angle of the fibers in the array. The effects of
AM in the multiple-quantum-well saturable absorber

MQW-SA) are shown in Fig. 4. Two spectra of a cw signal
fter reflection off the SA are shown. In both cases the cw
ignal was mixed with a 10 GHz 2 ps tunable modelocked
aser (TMLL) at 1558 nm, which acts as a sampling pulse.
t low sampling pulse powers �0 dBm� there is no modu-

ation of the cw, but increasing the power �15 dBm� re-
ults in the broadening and 10 GHz modulation of the cw
ignal. The intensity dependent loss of the MQW-SA is
hown in Fig. 5. This was measured using the same
MLL at 1547 nm in conjunction with an erbium-doped
ber amplifier (EDFA). In saturation, the insertion loss of
he device is �7 dB with 5 dB of additional loss due to
oupling. The unsaturated loss was 19 dB, giving a con-
rast of 7 dB. In the sampling experiments the signal un-
er test on its own did not have sufficient intensity to
aturate the MQW-SA and therefore experiences a large
oss when incident on the device �19 dB�. However, in the
resence of the sampling pulse the MQW-SA saturates,
llowing the signal to be reflected with reduced loss
12 dB�. This allows for the sampling of a short temporal
ection of the signal under test. Note that the 3 dB satu-
ation threshold of the MQW-SA is as low as 5 dBm at the
perating wavelength and repetition rate; consequently,
he sampling can be operated at a high repetition rate
10 GHz in this experiment), opening the possible use of
his technique in real-time sampling [17]. The sampling
etup used is shown in Fig. 6. The setup employed a
0 GHz 2 ps sampling pulse from a TMLL at 1558 nm,
hich was combined (using a 50/50 coupler) with the sig-
al under test. The combined signal was then reflected off
he saturable absorber via an optical circulator. An optical
lter with a 5 nm bandwidth centered at 1547 nm was
hen used to remove the sampling pulse before the final
easurement with a low-speed detector. An optical delay

ine (ODL) was used to adjust the delay between the sam-
ling pulse and the signal under test, and an EDFA was
sed to provide the necessary average power in the sam-
ling pulse �12.7 dBm�. Computer control of the ODL and
etector allowed measurements with a refresh rate of
1 Hz. The signal under test was generated using a

econd 10 GHz 2 ps TMLL, which was tuned to near the
aturable absorbers resonant wavelength �1547 nm�. A

ig. 4. (Color online) Spectra of a cw signal when copropagated
ith a 10 GHz 2 ps sampling pulse and reflected off the
QW-SA.
�4 optical multiplexer was used to increase the line
ate to 40 GHz and allowed the relative position and
mplitude of the multiplexed pulses to be adjusted.
ariable optical attenuators (VOA) were used on both the
ampling and the signal pulses to control the optical
ower incident on the saturable absorber.
Examples of the measurements of the 40 GHz pulse

rain using both the MQW-SA and a commercial OSO are
iven in Fig. 7. In Fig. 7(b) bits 3 and 4 have been attenu-
ted to study the behavior of the optical sampling toward
eak-power variations thus highlighting the linearity of
he measurement. For the MQW-SA setup the pulse
idth is overestimated because of the limited response

ime of the saturable absorber �5 ps� and the short dura-
ion of the pulses ��2 ps�. This could be improved with
he use of a faster saturable absorber such as those re-
orted by Gicquel-Guezo et al. [18], which have response
imes of 290 fs. The XAM measurements have a back-
round due to the finite contrast of the absorption satu-
ation, which is a disadvantage but can be overcome with
n initial background measurement. However, this ex-
eriment clearly shows the suitability of the technique for
ptical sampling as the measured ratio in the pulse am-
litudes of both techniques are in good agreement. In Fig.
the average sampling power was 12.8 dBm while the av-

rage signal power was −10 dBm, although measure-
ents were made with reasonable signal to noise ratios
ith signal powers down to −20 dBm.

ig. 5. (Color online) Response of saturable absorber’s loss to in-
reasing average input power from a 10 GHz �2 ps TMLL pulse
t 1547 nm.

ig. 6. Experimental setup used for the sampling of a 40 GHz
ulse train using a saturable absorber.
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. SAMPLING USING AN
LECTROABSORPTION MODULATOR
he second nonlinear element used was a commercial
AM (from OKI). EAMs typically have an unbiased band-
ap, which is greater than the energy of the incident pho-
ons; with the application of a small negative bias the
uantum-confined Stark effect (QCSE) and the Franz–
eldysh effect result in the lowering of the effective band-
ap and an increase in the absorption. This is commonly
xploited to electrically modulate an optical carrier at
ery high data rates ��40 Gbit/s�. However if an EAM is
egatively biased and exposed to a high-intensity optical
ump signal, the electrically induced absorption can be
aturated thereby allowing the propagation of the light
ith reduced absorption. This absorption saturation is
ue to band filling in the quantum wells and the reduc-
ion of the externally applied electric field inside the ac-
ive region due to photogenerated carriers [8]. As shown
n Section 3 this saturation can be used to produce XAM
nd implement all-optical sampling.
Unlike the MQW-SA described in Section 3 the EAM

as operated in transmission rather than reflection. The
AM’s intensity dependent transmission is shown in Fig.
. These measurements were taken using a TMLL with
0 GHz 2 ps pulses at 1550 nm. The EAM’s dc bias was
et to −3 V. The measurements show that the small-
ignal loss, for inputs below −5 dBm, was 25 dB. The 3 dB
aturation threshold was at 4 dBm, corresponding to a

ig. 7. (Color online) Sampling of a 40 GHz pulse train using a
aturable absorber. Results are compared with a commercial
ampling oscilloscope that employs FWM (Picosolve).
eak power of 125 mW. The loss had dropped to 19 dB
ith an input power of 7 dBm, giving a contrast of 6 dB.
t this point the EAM’s loss had still not completely satu-
ated; however measurements at higher optical powers
ere not taken due to the risk of damage to the device.
The experimental setup used for sampling is shown in

ig. 9. A TMLL was used to generate a 10 GHz 2 ps sam-
ling pulse, which was counterpropagated in the EAM
ith the signal under test. An EDFA was used to give the

ampling pulses an average power of 5.3 dBm. A 5 nm
andpass filter centered at 1544 nm was used before the
ower meter to remove any residual sampling pulse that
asses through the circulator. A computer controlled ODL
nd optical power meter were used to control the delay
etween the sampling pulse and the signal under test
nd take measurements.
A comparison between sampling with the EAM,
QW-SA, and OSO is shown in Fig. 10. The result shows

ood agreement with the result taken with the MQW-SA
ut had a slightly longer recovery time of �7.5 ps. Despite
he slower speed shown here, EAMs have several advan-
ages over the MQW-SA, including a lower saturation
hreshold most likely due to better optical confinement.
hey also have greater potential for integration with
ther devices such as SOAs in comparison with the verti-
al cavity structure of the MQW-SA.

ig. 8. (Color online) EAM transmission loss as a function of
verage optical input power from a 10 GHz �2 ps TMLL pulse at
550 nm. The EAM was biased at −3 V.

ig. 9. Experimental setup used for the sampling of a 10 GHz
ulse train using an electroabsorption modulator.



5
F
I
i
F
[
p
s
p
i
n
d
F
a
g
g
n
q
X
[
b
M
g
b
e
e
a
o

t
h
s
a
T
a
w
c
u
t

e
o
s
c

2
s
t
v
c
p
w
p
n
O
t
2
m
s
s
t
i
u
n
t
(
c

s
a
n
i
t
T
T

F
c

F
X

Reid et al. Vol. 25, No. 6 /June 2008/J. Opt. Soc. Am. B A137
. CROSS-ABSORPTION MODULATION
ROG

n this section the sampling setup presented in Section 4
s extended to a full spectrographic measurement. The
ROG technique was first presented by Trebino and Kane

3]. The FROG works by measuring a spectrogram of the
ulse under test. From this spectrogram it is then pos-
ible to extract the complex amplitude (intensity and
hase) of the optical pulse, without any assumption about
ts shape or structure. There are a wide variety of tech-
iques for the measurement of spectrograms, which are
istinguished by the gating process they exploit. Many
ROG setups use nonlinear crystals and processes such
s second harmonic generation (SHG), third harmonic
eneration (THG), self-diffraction (SD), or polarization
ating (PG) to implement the gating [19]. These tech-
iques suffer from being polarization sensitive and re-
uire complex free-space alignment. The use of FWM and
PM in both fiber and SOAs has also been demonstrated

20,21]; while these techniques overcome the need for
ulk optics they are still generally polarization sensitive.
ore recently the use of high-speed optical modulators to

ate the optical pulse before spectral measurement has
een shown by Dorrer and Kang [22]. In such systems an
lectrical signal is used to drive the modulator and gen-
rate a gate for the optical signal under test. This has the
dvantage of much greater sensitivity since no nonlinear
ptical process is required.

Here XAM in the EAM is used in contrast to the elec-
rical drive used by Dorrer and Kang. This can potentially
ave the advantage of reducing the requirements on high-
peed electrical components and packaging and also en-
bles great versatility in terms of pulse repetition rate.
he drawback of this technique is the requirement of an
dditional optical pulse source, which is synchronized
ith the signal under test. This could be overcome with a

ounterpropagating self-gating approach, where the pulse
nder test is also used as the sampling pulse. However,
his would be at the expense of sensitivity.

The XAM-FROG setup used is shown in Fig. 11. This is
ssentially the same setup as shown in Fig. 9 except the
ptical power meter has been replaced with an optical
pectrum analyzer (OSA). An rf phase shifter was used to
ontrol the delay between the two pulse sources, and a

ig. 10. (Color online) Impulse response of EAM sampling
ompared with SA sampling and a commercial OSO.
nm filter was added to the sampling arm to stop the
mall amount of amplified spontaneous emission (ASE)
hat leaks through the circulator. The bandpass filter pre-
iously used after the circulator is no longer required be-
ause of the wavelength selectivity of the OSA. The sam-
ling pulse, at 1565 nm, had an average power of +5 dBm
hile the signal under test, at 1555 nm, had an average
ower of −5 dBm. Measurements could be made with sig-
ificantly less signal power if the full sensitivity of the
SA was exploited, but this would have increased the

ime for each measurement (currently approximately
min). The spectrograms were 256�256 points and were
easured by successively stepping the delay between the

ampling pulse and the signal under test and taking a
pectrum at each delay. An example of the measured spec-
rograms is shown in Fig. 12. The spectrograms were
nverted to extract the complex amplitudes of the signal
nder test and the gate function using a principal compo-
ent generalized projection algorithm implemented using
he power method [23]. The spectrum of the gate function
measured previously) was used initially as an additional
onstraint in the recovery.

The TMLL pulse measured using the XAM-FROG is
hown in Fig. 13. To verify this result the same pulse was
lso measured using the more common SHG-FROG tech-
ique, using a setup consisting of a noncolinear Michelson

nterferometer in conjunction with a lithium niobate crys-
al with a thickness of 1 mm to form the autocorrelator.
his was followed by a 300 mm double-pass Czerny–
urner spectrometer with a 1200 lines/mm diffraction

Fig. 11. XAM-FROG setup using an EAM.

ig. 12. (Color online) Spectrogram measured using
AM-FROG.
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ating and a 1024 element CCD array. The resulting
HG-FROG apparatus had a delay resolution of 16 fs
1 �m� and a spectral resolution of 0.025 nm at 775 nm.
he SHG-FROG required 10 dBm of average power to
erform the same measurement (15 dB more than the
AM-FROG). The spectrogram recovery errors were
.8�10−3 and 2.4�10−3 for the SHG and XAM FROGs,
espectively, indicating reasonable recovery accuracy. The
esults show good agreement with the SHG-FROG only
iving a slightly shorter pulse of 1.92 ps compared with
.95 from the XAM-FROG. The time bandwidth products
easured were 0.48 and 0.45 for the SHG and XAM
ROG, respectively. This discrepancy could be because of
he slightly more limited spectral resolution in the
HG-FROG setup ��12.5 GHz� as compared to the reso-

ution of the OSA used in the XAM-FROG �8.75 GHz�. As
urther confirmation of the measurement accuracy, the re-
overed pulse spectrum was compared with an OSA mea-
urement. This comparison is shown in Fig. 14 and again
hows very good agreement. In addition, for recovery of
he pulse under test, amplitude and phase of the EAMs
esponse was also measured. The gate supplied by the
AM is shown in Fig. 15. The loss is seen to saturate by
.5 dB and recovers in 13.5 ps. There is also a correspond-
ng phase shift due to the changes in the carrier density
n the quantum wells. Although the gate supplied by the
AM does not have high extinction, resulting in a spec-

ig. 13. (Color online) TMLL intensity (left) and phase (right)
rofile measured by XAM-FROG (solid) and SHG-FROG
dashed).

ig. 14. (Color online) Recovered pulse spectrum (circles)
ompared with an OSA measurement (solid).
rogram, which does not go to zero at its edges, it has been
hown that this is not necessarily required to make an ac-
urate measurement, and in fact a pure phase modulation
an be used as a spectrographic gate [24].

The XAM-FROG has several advantages over conven-
ional nonlinear FROG techniques including its simplic-
ty, polarization insensitivity, lack of free-space optics,
nd low peak-power requirements. It is also an alterna-
ive to the linear spectrographic setup presented by
orrer and Kang, having comparible sensitivity without

he requirement of an optical modulator with high-speed
ackaging or rf drive circuitry. The selection of which
echnique is best suited to a given application would
epend on the availability of optical pulse sources or
igh-speed electrical clocks and electronics.

. CONCLUSION
e present the application of XAM in MQW semiconduc-

or devices for all-optical sampling and spectrographic
easurement of short high-repetition-rate pulse sources.

wo simple optical sampling setups—one employing a
ertical microcavity saturable absorber, the other using a
ommercial EAM—were demonstrated and used to mea-
ure a 40 GHz pulse train. The setups had several advan-
ages over other techniques including their simplicity,
ensitivity, polarization insensitivity, and the potential for
ntegration. The results were compared with a commer-
ial sampling oscilloscope and showed good agreement.
he use of the seven additional channels on the saturable
bsorber also allows for the possibility of simultaneous
nd independent sampling of multiple wavelength chan-
els. By employing a faster saturable absorber this tech-
ique offers the potential to implement a simple optical
ampling oscilloscope with a bandwidth approaching
00 GHz. For the first time a FROG technique, which
xploits XAM, was also implemented and used to measure

1.9 ps 10 GHz pulse. The result was verified with a
onventional SHG-FROG and showed good agreement.
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