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Signal velocity and group velocity for an optical pulse propagating through a GaAs cavity
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We present measurements of the signal and group velocities for chirped optical pulses propagating through
a GaAs cavity. The signal velocity is based on a specified signal-to-noise ratio at the detector. Under our
experimental conditions, the chirp substantially modifies the group velocity of the pulse, but leaves the signal
velocity unaltered. At unity transmittance, the velocities are equal. In general, when the transmittance is less
than unity, the group velocity is faster than the signal velocity. While the group velocity can be negative, the
signal velocity is always less thamn, wherec is the speed of light in vacuum amds the refractive index of
GaAs. To our knowledge, this is the first measurement of both the group velocity and the signal velocity in any
system.
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How much time is required for a Gaussian-shaped opticaposed a somewhat arbitrary condition \dg by defining a 2
pulse to traverse a cavity? This is a reasonable question thatV threshold level at the detector. However, in a real com-
does not have a short answer. The problem can be simplifieshunication system, a threshold level is usually imposed on
somewhat if we impose the condition that the shape of théhe system. An example would be a digital wireless commu-
pulse is not distorted upon transit except for the possibility ofnication system in which the signal attenuation and receiver
a reduction in amplitudéwe neglect gain Even with this  noise determine the optimum threshold for discriminating the
condition we are left with transit times related to the frontbits. Our approach is consistent with Kuzmietal.[2] who
velocity Vi, the group velocity, and the signal velocity discuss the arrival time of a signal in terms of a threshold
Vs. Of these three quantities to measure, the logical choickevel. The particular threshold level is determined by the
would beVg, which is the velocity of the peak of the pulse. noise and allowed error rate of the system.

It is easy to define the peak position and, in addition, the In spite of the limitations of an operationgls, several
peak has the largest number of photons available to measurebservations can be made regardvig and Vg for pulses
Some of the early theoretical work on pulse propagatiortraversing a cavity. In the experiment described below, we
dealt with pulses having a leading edge shaped like a stefind that for the case of unity transmittan€e} Vg=Vg, (b)
function [1]. For pulses with a sharp leading edd&, has the pulse propagating through the sample is delayed in time
meaning. For a Gaussian puldg; is not a useful concept. with respect to a pulse propagating in free spacg,Vs
This leaves the all important, but little discuss&f;. A reaches its maximum value at unit transmittance, @hdhe
rough definition ofVg is the velocity at which the minimum measured/s is independent of the threshold level. For val-
detectable signal propagates. Based on this definition, if onees of transmittance less than unifg) Vg decreases as the
were asked to measuké, a first reasonable reaction might transmittance decreases and reaches a minimum at the mini-
be to say that/g is not well defined and it is difficult to mum value of transmittancé)) for transform limited pulses,
detect single photons. Yet, the speed at which the signal traws<Vg, (c) V5 does not exceed/n, wherec is the speed of
els is by all accounts an important quantity. Therefore, in outight in vacuum andh is the refractive index of GaAs, and
view, an attempt should be made to measéie provided an  (d) as the threshold level is increased, the minimgbe-
acceptable definition is found. A starting point would be tocomes smaller. While the above observations specifically re-
define an “operationaV/s” [2]. In every apparatus for trans- fer to the operationaVg, we believe the observations are
mitting a signal there will be a variety of problems in detect-indicators of the behavior of the trié;. This expectation is
ing the signal at the receiver. Noise sources and drift are judiased on the behavior of the measuxégdclose to the rms
a few potential problems to minimize. In the end, the appanoise levels.
ratus will have a minimum threshold level at the detector in  The experimental apparatus and sample are described in
which a signal can be distinguished from the noise at a specdetail in a previous work3]. Briefly, the GaAs cavity con-
fied error probability. For the experimental setup describedists of a GaAs substrate, 4%0n thick with the faces un-
below, the amplitude of the optical pulse propagatingcoated. The index difference between GaAsn (
through free space provided a 71 mV detector level and we=3.3737 @ 1550 nm) and air resulted in a 30% reflectivity
chose a threshold level of 2 mV. The rms noise level was 0.2t each interface. The optical pulses were obtained from a
mV for a signal-to-noise ratio of 10. Already we have im- tunable laser diodéNew Focus, Model 6328modulated by

a pulse generatofPicosecond Pulse Labs, Inc., Model

3500D. The pulser was upgraded from the previous work to

*Electronic address: Marco.Centini@uniromal.it provide pulses with a leading edge that is nearly Gaussian in
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shape. The generated optical pulse is slightly under 1 ns fulg 1.00 f
width at half maximum(FWHM) and propagates through § 0.75 |
free space to a high-speed photodetector. Note that the opt-”é ’
cal pulse is more than two orders of magnitude longer thar@ 0.50
the sample and interference effects due to reflections at thS 025¢
GaAs-air boundaries are important. The detector output it 459 —
fed into a HP 54750A digitizing oscilloscope having a 20 ™ CPEN
GHz module, which provided a combined trigger and time \ " \&” uy
base jitter 0f<2.5 ps. The roundtrip time for the pulse with- __ 120~ =¢ ,/ " ," 7]
out the sample in the optical path served as the baseline. Trg I \ . ’ ]
sample was then inserted into the optical path at normal in-@ 80 \ ~
cidence and the new wave form was recorded and stored fc= - i o 'S /
analysis. The digitizing oscilloscope was set to average 6:'@ 40 |- \ ! Grou N -
wave forms and each wave form consisted of 1024 date ® L ] v ]

. . . [ v el
points. The averaging was performed in order to be able tc 0 WM
lower the threshold level and analy¥g for points as far out v i
on the leading edge of the pulse as possible.

V¢ for a given wavelength was determined by finding the 40—

G 1550.0 1650.5 1561.0 1551.5
peak position of the pulse that propagated through free spac
and the peak position of the pulse transmitted through the
GaAs cavity. The time difference between the peak positions F|G. 1. Experimental and theoretical spectrafgrand 7, and
is the group delay time. The actual transit time is then tharansmittance of the GaAs cavity. Two theoretical plots are shown
measured delay time plus/c, whereD is the thickness of for 74, one is for a transform-limited pulsesolid ling) and the
the sample. From the transit time of the peak of the pulse andther (which agrees with the experimental data for a chirped
the sample thicknesd/;=D/t, wheret is the transit time. pulse(long dash. The calculated values ofs are the same for a
For most materials, even those having anomalous dispersiophirped and transform-limited pulse.
the delay time is positive because the refractive index of the
material is greater than air and most values of anomalous:7s. Note the exception to this in Fig. 1 for chirped pulses at
dispersion are not large enough to offset the refractive indexvavelengths just shorter than the cavity resonance whgre

A similar procedure is used to determine the transit timeslightly exceedsrs. Also, 75 is longest when the transmit-
of the signal. For the transmitted pulse and the free spac&@nce reaches a minimum.
pulse, the time at which the leading edge of the pulse rose to The values ofrg were observed to be negative, zero, or
the 2 mV detector level was recorded. Their difference is theositive depending on the particular wavelength, Fig. 1.
delay time of the signal. The actual transit time of the signalAlso, the spectral dependence ef is asymmetric. The
is the measured delay time plddc. We emphasize that the asymmetry is a result of the chirp inherent in an optical pulse
transmitted pulse is not rescaled in amplitude when detergenerated by modulating the injection current of a laser
mining the signal transit times. The amplitude of the freediode. The details regarding the effects of chirp 9g
space pulse was 71 mV, the amplitude of the transmittegéire described in Refd.3], [4]. If we consider Gaussian
pulse ranged from 22 mV up to 71 mV, and the thresholdpulses of the typeAo(t)=A,exd —(t7272) —iyt?], where
level was set to 2 mV independent of the pulse height. 7= 7-yuu/(24In/2), the chirp(y) affects 7 through the

For our experimental conditions, the transit times of theinteraction with the transmittance spectrum By
peak of the pulsess, can be positive, zero, or negative
depending on the particular wavelength. For this reason we TG= TG:transform limited @0) T 677-?,, 1)
plot the experimental transit times instead\§f andVg. A
negative value of indicates that the peak of the transmit- Where 7g.yansform limiteaiS the group transit time for a Fourier
ted pulse has exited the sample before the incident pulsémited pulse ands=(dT(w)/dw)|,=,/T(wo) is a param-
peak arrives at the sample. In this situation the transmittanceter that depends on the transmittaiicé\s seen in Eq(1),
is less than unity and the leading edge of the transmittedf the transmittance is not uniform across the spectral content
pulse lags behind the leading edge of a pulse propagating thef the pulse, then there is an additional component to the
same distance through free space. As we will see from the&ransit time of the peak of the pulse. To a first order approxi-
experimental data, this implies that the signal propagates ahation, this extra component does not distort the pulse shape
velocities less thaw even in the case of negativeg, . but leads only to a wider range of group transit times com-

The measured transit timeg andrg are plotted in Fig. 1 pared with a transform limited pulse. As we will see below,
along with the transmittance of the GaAs cavity. Also plottedthe chirp on the optical pulse only affects; and notVs.
are the associated theoretical spectra, which will be de- There are several methods to calculateand 75. Per-
scribed below. Figure 1 illustrates some of the obvious feahaps the easiest method, and the one used to generate the
tures regarding the relationship betwesnand rs. For ex-  theoretical data in Fig. 1, is to take a Fourier decomposition
ample, 7¢ and 75 are equal when the transmittance of theof the incident pulse, use the matrix transfer method to cal-
cavity is unity and for all other values of transmittaneg, culate the transmittance and phase of the various compo-

A (hm)
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FIG. 2. Theoretical chirp profile and envelope of the optical R T AR S .
pulse calculated from the laser rate equations. The markers indicat 39 40 41 42 43
values at the 2 mV threshold level. time (ns)
nents, and then reconstitute the transmitted pliBe We FIG. 3. Lower figure: Experimental wave forms for the free

tested this method against beam propagation method techpace pulse and a pulse transmitted through the cavity near 55%
niques[5] and found it to be highly efficient and accurate. transmittancéwhereV is negativg. The dashed line is the trans-
The chirp profile for the incident pulse, Fig. 2, was calcu-mitted pulse rescaled to the amplitude of the free space pulse. The
lated from the laser rate equatiof6. pulse was not rescaled in time, but only in amplitude. The inset
The calculations reveal that; is dependent on the chirp, Shows thatrg of the pulse transmitted through the s_ample is 5 ps
as seen in Eq1). However,rs is not dependent on the chirp, ahead 'of the free space pulse. The fact that the |n§et shoyvs the
at least up to the levels illustrated in Fig. 2. Larger Va|uestransm|ttgd pulse to pe ahead of the free space pulse is an artifact of
may have some effect and we cannot say that a frequenffge a}mplltude rescaling. The full pulsenproflles clearly show that the_
chirp will never modifyVs. To help clarify the effects of the ading edge of the free space puIsc_a is ahead of the pulge transmit-
. . - . ted through the sample. The upper figure shows the leading edge of
chirp on the group velocity, Fig. 1 shows the theoreticgl . :
. . . the free space pulse fitted to a Gaussian.
for a transform-limited pulse and a pulse having the chirp
profile shown in Fig. 2. The experimentaf agrees quite pulse moves forward in time to velocities exceedmghe
well with the theory for the chirped pulse. They for the  amplitude decreases such that the transmitted wave form is
chirped and transform-limited pulses are equal when theontained within the free space pulse. Also the transmitted
transmittance is flat, namely, at the transmittance maximaulse shows minimal distortion compared with the free space
and minima. For other wavelength regions, the nonzero sloppulse.
of the transmittance spectrum causgsof the chirped pulse Due to the curvature of the leading edge of the puise,
to deviate from that of the transform-limited pulse. will have some dependence on the value of the threshold
Comparingrg of the transform-limited pulse witlhig we  level. This is evident from the pulses shown in Fig. 3. As the
see the symmetries emerge. At unity transmittangeis a  threshold level increases, say from 10 mV to 20 mV, the time
minimum while 75 is a maximum and vice-versa at the interval between the leading edge of the transmitted and free
transmittance minima. Alsorg and 75 are equal only at space pulse increases. However, the minimum valuesof
100% transmittance, for all other values of transmittange, which occurs at 100% transmittance, remains independent of
is longer thanrg . Looking closely at Fig. 1, there is actually the threshold value. The dependencé/gfon the threshold
a very small wavelength region near unity transmittancevalue is a cause for concern because it is imperative that
whereVs>Vg for the chirped pulse, but not for the trans- different investigators be able to repeat and confirm similar
form limited pulse. measurements dfs. In order to meet the criteria for inde-
Some experimental pulse profiles are shown in Fig. 3. Th@endent evaluation, at least three features of the pulse must
three wave forms plotted show a pulse that propagatetie reported: the shape of the leading edge of the pulse, the
through free space, a pulse that propagated through themplitude of the free space pulse, and the value of the thresh-
sample near 55% transmittance where the measigds  old.
negative, and the same pulse rescaled in amplitude to deter- Figure 4 illustrates the dependencergfon the threshold
mine if the pulse was distorted upon transit. Several featuregalue and on the exact shape of the leading edge of the pulse.
are evident in Fig. 3. The leading edge of the pulse thafrhe upper figure shows a slight deviation in the experimental
propagated through free space is ahead of the leading edge wéwve form from a true Gaussian wave form around 39.0 ns.
a pulse that propagated through the sample, even though tfAdis small deviation is responsible for risegfor threshold
measuredVg is negative. As the peak of the transmitted levels below 2 mV. Above the 2 mV level, and for a true
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5 pulse shape. This is part of the reason we seteat® mV
< 4 threshold level. It was the lowest threshold we could use
E 3 before the wave form deviated from a true Gaussian. There
[ f remains a question as to how to determine the level of the
o 0 minimum detectable signal in an experiment. In Fig. 4, the
1k Lot . . . plots of the signal transit time versus threshold level show a
384 386 38.8 39.0 39.2 marked increase in the scatter of the data points just below
time (ns) the 2 mV level. We propose this as a reasonable indicator of
300 the minimum detectable signal level in an experiment, the

transition region from low scatter in the transit time data to a
region of high scatter in the transit time data.

The plots on the lower portion of Fig. 4 for the two dif-
ferent values of transmittance show that the variation in the
transit times as a function of threshold becomes less pro-
nounced for higher values of transmittance. For 100% trans-
mittance, the pulse is just translated in time and there is no
dependence ofg on the threshold.

In a typical measurement of the threshold velocity, one
would normally use a threshold detector that determines

Threshold (mV) when the signal rises to a specified threshold value. If the
results are averaged over many events and plotted as a func-

FIG. 4. Upper figure: The dots are the data from the digitizingtjon of threshold value, we expect to get data equivalent to
oscilloscope showing the leading edge of the free space optica},5¢ reported here. This will provide the shape of the wave
pulse. The solid line is the Gaussian fitted to the entire leading edg]eorm, which is needed to quantify the results. The averaging
of the pulse up to the pealalso shown in the upper figure of Fig. 1, ides 4 method to improve the signal-to-noise ratio and is
4). Note the slight discrepancy between the data and the theoretic%lSed in ultrawide band wireless data links.

fit in the region around 39.0 ns. Lower figure; as a function of .
threshold value for a transmittance of 31% and 92%. The dashed In this paper we have reported, to the best of our knowl-

line is 75 obtained by performing a local Gaussian fit to a small edge, the first mgasufl‘erznelpts\éé andf Operatlonavs lfof |
portion of the data about a particular threshold level. The datf"Y system. In spite of the limitation of an operational signa

points are taken directly from the digitized wave form without any VEIOCity, we believe that much insight has been gained into
fit. the relationship oV and operationaVl/ for pulses propa-

gating through a cavity. In particular, we find thdg and
Gaussian-shaped pulse, the trend is#gto increase, as the operationalVg are equal only when the transmittance is
threshold level is increased. By comparing the results for theinity. For all other values of transmittandés<<V, at least
data fitted to a half Gaussian with a local Gaussian fit to dor transform-limited pulses. At some wavelengthg; be-
small portion of the data about a particular threshold level, itomes negative but the measured operatidfghre always
is possible to quantify any deviations from the expectedess tharc/n.
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