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Abstract. We have studied the accuracy of ultrashort-pulsdield in the presence of noise? How well does it perform with
reconstruction using SPIDER (spectral phase interferomettymited precision? What are the optimum parameters for the
for direct electric-field reconstruction) with noisy data. Spe-technique in the presence of noise?

cifically, we have looked at the effects of additive noise, In this paper we address these questions in the context
multiplicative noise, and quantization of the interferogram orof spectral phase interferometry for direct electric-field re-
the reconstruction of the intensity and phase, and discoveramnstruction (SPIDER) [2]. The SPIDER method is a self-
that the inversion routine is relatively insensitive to noisereferencing interferometric technique for measuring ultra-
In particular, with10% additive noise, SPIDER is able to short optical pulses, and is characterized by being concep-
recover the optical phase to an accuracy of approximatelally straightforward and easy to implement. Moreover, it
0.04 radiansand recover the intensity pulse shape to an accudses a noniterative inversion algorithm. SPIDER is extremely
racy of approximatelyl.5%. Further, we have identified the flexible: It can be used over a wide range of wavelengths,
optimal parameters for pulse reconstruction from noisy datérom infrared to blue [12]; it can measure pulse durations

with which SPIDER should operate. from roughly a ps down to less thdfs [9]; it can measure
pulses from amplifiers or oscillators [2,13]; and it can run
PACS: 07.60.Ly; 42.65.Re; 42.30.Rx in real time with20-Hz update rates [13] or in a single-shot

configuration [14].

Our study is modeled after the thorough investigation
In the last few years, progress in the measurement of ubf the performance of frequency-resolved optical gating
trashort optical pulses has led to the development of Se\FROG) in the presence of noise presented in a paper by
eral techniques that can be used to characterize laser pulggginghoff et al. [15]. We have adopted their strategies for
completely, easily, and rapidly: FROG [1], SPIDER [2], modeling additive noise, multiplicative noise, and quantiza-
DOSPM [3], ENSTA [4], XPM [5], MIFROG [6], IAC-  tjon, and for measuring the fidelity of pulse reconstruction.
Spectrum [7], etc. Several of these methods have been knowthers have recently suggested different fidelity measures.
to yield the complete time-dependent electric field, usuallySee [16].)
given as amplitude and phase, of pulses approaching a few Aside from testing the robustness of the inversion al-
fs in duration [8, 9]. Such information is an invaluable tool gorithm in the presence of noise, we also address the is-
for experimentalists in a variety of applications, not leastsue of optimizing the parameters involved in configuring
of which is the optimization of the laser system itself. In-SpIDER (namely the pulse delay, the spectral shear, and the
deed, complete information is critical for laser designers hopwindow width). In this paper we will not address system-
ing to control higher order dispersion and reach the singleatic errors such as beam misalignment, inaccurate SPIDER
cycle regime. But full characterization is likewise importantcalibration traces, or spatial chirp. Other sources of error,
for applications such as quantum control, where the speguch as miscalibration of the spectrometer, have been studied
tral or temporal components and their corresponding phasggcently, and it was shown that SPIDER is insensitive to
play a critical role in controlling, for example, the produc-these errors [17]. It is important to note that we also as-
tion rates of chemical reactions [10] or the rate of two-photorsume that the spectrum of the input pulse can be meas-
ionization [11]. ured to high accuracy since it requires no nonlinear pro-

Of critical importance to the usefulness of any measurecess. In this study we measure the fundamental spectrum
ment tool is how well it performs in real laboratory settings.to 8-bit precision, althougté bits is also adequate. There-
It is therefore a useful exercise to examine the merits of afore, the noise is applied only to the interferogram itself,
ultrafast measurement scheme under less-than-ideal congihich is consistent with experimental implementations of
tions. Important questions are: How well can it reconstruct th&p|DER.
S The rest of this paper is organized as follows. Section 1
*Corresponding author. will present the SPIDER inversion routine and a description
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of its experimental implementation. Section 2 will describe Chirped pulse © w+0
the five different pulse shapes we will consider for this in- 2

. . A . . ... A x,::, -
vestigation. Section 3 will address the issue of optimizing n I\ )\ E(”’)

the parameters for the SPIDER inversion. Section 4 will ex: U
plain the procedures used for simulating noise in this study }\ )\ .2 Spectrometer ,
Section 5 will present the results of the noise simulations Pulse pair

Section 6 will discuss other issues such as one-bit quantizi

tion, interferogram averaging, and a qualitative discussionc =0 gmm———— T ttiomomo—oniiEEEs
the reconstruction. Finally Sect. 7 will offer some concluding o) Detector Array
remarks.

I(t)
1 SPIDER apparatus and inversion routine E

The SPIDER apparatus and inversion algorithm are fairly'9-1- Experimental apparatus for upconversion SPIDER. The chirped
. . - . - “pulse and pulse pair are upconverted ip@ nonlinear crystal. The result-

S|mple to _eXECUte: and th_ey are deS(_:rlbed in this 5’39t'°i g sheared pulses are measured with a spectrometer and detector array. The
We will briefly outline the implementation of upconversion measured interferogram is sent to the computer for analysis
SPIDER (for measuring infrared pulses) to provide a frame-
work for the discussion that follows. However, it should be
kept in mind that these results are general and apply equally nonlinear crystal. The upconverted pulses propagate to
well to any incarnation of the SPIDER method. (For a mucha spectrometer, at the output of which is a 512-element photo-
more detailed description of SPIDER, see [2].) We will exam-diode array. The signal from the photodiode array is read and
ine the inversion routine in detail as this provides importantnalyzed by a computer.
insights into the role of noise and the parameter adjustment.  The interferogran®(w) has a form given by

SPIDER is an embodiment of the technique of spectral-
shearing interferometry, in which two pulsed fields of iden-S(w) = l(w) + (@ + 2) + 2/ (w) (0w + £2)
tical temporal shape but different center frequency are spec- x COSp(w+ 2) — p(w) + o1}, (1)
trally resolved [18,19]. The key ingredient for spectral-
shearing interferometry to work with ultrafast pulses is thewhere | (w) is the input power spectruns? is the spectral
ability to generate a shear of the required magnitude. Typicshear, and is the pulse delay. The phase information we wish
ally, ultrafast pulses have bandwidths of many THz and theop recover isp(w). One can see that knowledge of the spec-
required shear is of the order of a few THz. Since currentral shear and the pulse delay is key to recovering this spectral
state-of-the-art electro-optic and acousto-optic modulatorghase. Both of these quantities are easily measured in the lab-
cannot shift carrier frequencies by this amount, SPIDER usegratory [2]. For the purposes of this study, interferograms are
nonlinear optics to achieve the necessary shear. In the upcogimulated by sampling(w) calculated froml(w) and ¢(w)
version mode of SPIDER, two replica pulses are combinegsing (1) on a 512-element array of real numbers.
with a third stretched (chirped) pulse and upconverted in  The inversion routine is shown in Fig. 2. The frequency-
a type-Il second-harmonic crystal. The resulting two seconddomain interferogram s first Fourier transformed to a pseudo-
harmonic pulses have a spectral shear that is dictated by thithe domain. This procedure yields a function of three
time delay between the incident pulse pair and the amourfeaks (in time), separated by the pulse detayThe peak
of chirp on the stretched pulse. This method provides the reat t = 41 is selected using a “super-duper” Gaussian win-
quired spectral she_ar, which is in fact adjustable over a widgow (an eighth-order super Gaussian). This peak is then
range from essentially zero to the available bandwidth innverse-Fourier transformed back to the frequency domain.
the incident pulse. The two second-harmonic pulses are thefhe argument of this function is the spectral phase of the
spectrally resolved in a spectrometer and an interferogramterferogram (which is discontinuous, due to the principal-
is recorded. This interferogram contains the phase informasajue calculation [20], but can be easily unwrapped). We
tion, encoded into the positions of the peaks and valleys in theubtract the lineawr term (obtained in the laboratory from
interferogram. Extraction of this information is direct using g separate [2] or simultaneous [14] calibration trace), leaving

Fourier analysis. ) . ) _ the phase difference between two different frequency compo-
An apparatus for implementing upconversion SPIDER iments of the input pulse,

the laboratory is shown in Fig. 1. The setup provides a method

of generating the pulse pair and a means for stretching a thig{w) = ¢(w) — dp(w + 2). (2)
replica. The input pulse is first split into two beams. One

beam is sent through a device that will create two identicalo recover the phasgw) a concatenation procedure is used.
pulses, separated in time ly This can be achieved either Setting the phase at the center frequency to zero (it is impos-
with a Michelson interferometer, or from the first and sec-sible to measure the “absolute” phase using SPIDER), we can
ond facet reflections from a flat uncoated etalon (the multiplevrite the phase at a discrete set of frequen¢ies & n$2),
reflections that follow are considerably lower in energy anch an integer numbeéias

may be neglected). The other beam is sent through a stretcher,

either a grating pair stretcher or, in the case of very short

pulses 10fg), a piece of glass. These two orthogonally ’

polarized beams are then recombined and focused into a typ@{@e — 2§2) = 6(we — 2§2) +6(we — 2) ,
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Window padding the spectral electric-field array with zeros before tak-

Fourior ing the Fourier transform. We generally increase the array to

| tanstorm | T | m 2048 elements before going to the time domain. This gives

—— p— an adequate temporal resolution even for fairly complicated
i pulse shapes.

Select

Lomporal 2 Test pulse shapes for reconstruction simulations

i Now that we have described SPIDER'’s operation, let us turn
Retrieve our attention to the five different pulse shapes we wish to con-
argument of /k’ sider in our noise studies. Since SPIDER naturally returns the

T e | T spectral phase of the pulse, we will consider pulses that dif-
transform fer by their input spectral phase. This is also consistent with
Frequency Time the most commonly used pulse-shaping apparatuses, such as
i the devices that use a spectrally resolved liquid-crystal [21]
or acousto-optic [22] modulator. These pulse shapers operate
) S-uléx;?gaﬁﬁzﬁon directly on the spectral phase and amplitude of the pulse.
- Concatenate The pulses we will consider are shown in Fig. 3a—e, where
we have plotted the temporal intensity and phase. The inset
of each graph shows the corresponding spectral intensity and
spectral phase. All five pulses have Gaussian spectrums with
FWHM given by 10.3 THz (Aw = 65x 10%rad/s, AA =
24 nm), corresponding to a transform-limited temporal dura-
tion (FWHM) of 43 fs The phases are given by a fourth-order

polynomial:

Fourier
transform

Intensity
aseud

Intensity
aseud

Frequency Time
Fig. 2. SPIDER inversion algorithm. The intensity and phase (in frequency@(

or time) can be reconstructed from the measured interferogram by means
simple Fourier transforms

w) = a(w — we)® + b(w — we)® + c(w — we)?, (5)

where the coefficients, b, andcindicate the quadratic, cubic,
and quartic components of the spectral phase (the zeroth

P(we— 2) = 0w — ), order term is the so-called “absolute” phase and the first-

d(we) =0, (3) order term gives rise to a time shift of the pulse, neither of
which is recoverable from a SPIDER measurement). The first

Ploe+£2) = —0(w) , pulse (3a) has a flat phase (transform-limited pugse,b =

P(we+282) = —0(we + £2),

whereaw, is the “center” frequency of the pulse spectrum. The _ |
measured phase differena#®) are summed to recover the -
true spectral phas¢(w) at points separated by the spectrals
shear. Obviously, the choice of this spectral shear is importaiz *[
for the reconstruction, a topic discussed in a later section. £
The final step of the SPIDER inversion algorithm is re- %%——27——-
turning to the temporal domain. Now that we have the spectr: Time (ps)
phase, we merely need the spectrl(m) to recover the com-
plete pulse information. The temporal electric field is simply
given by the Fourier transform of the spectral electric field, <

namely

~
=3

0.5F

Intensity (a.u.)

01 0.2- -0.2 -0.1 0.0 01 0.2
Time (ps)

0.5F

Intensity (a.u.)

Intensity

o0 0.0 T - . i n .0k T . h -4
E(t) _ % / da) {\/@el(ﬁ(w)} eiwt. (4) -0.2 -0.1 Tim%(zps) 0.1 0.2 -0.2 -0.1 Tlm%o(ps) 0.1 0.2
AN 1.0

There is one point that needs consideration, however. Tkr< |
spectrum and spectral phase are defined on a 512-eleme¢2
array which typically covers a spectral range four times the= o |
bandwidth of the input power spectruftw. This means that 90T o2
a direct Fourier transform will yield a temporal pulse of reso- Time (ps)

lution &~ 1/(4Aw). Although the sampled spectrum providesFid- 3a—€. Pulse shapes used in this study. Graphs show intersatjd(
/( ) 9 P P P ine) and phasedashed ling as a function of time (inset shows corres-

a complete spec_lflcatlon. of the .pU|S.¢’ thI-S IS not hlgh e.nOUQ onding spectrum and spectral phase). All pulses have a Gaussian spectrum
temporal resolution to give an intuitive time-domain pictureyjith: a zero phaseb quadratic phase quadratic and cubic phasgquartic
for some pulse shapes. Thus we adopt the usual method gHfase; ana quadratic, cubic and quartic phase
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c=0), the second (Fig. 3b) is quadrati@£ 5 x 10~ p<, 07F |
b=c=0), the third (Fig. 3c) is quadratic plus cubia £
1x104ps, b=5x10"°ps, c=0), the fourth (Fig. 3d) is 0.6}
quartic @=b=0,c=6x10"®ps"), and the fifth (Fig. 3e) {

is quadratic plus cubic plus quartia& —3x 104 p<, b= 05|

—1x10°%ps, c=9x108pg). This complicated phase ':_"
on the fifth pulse leads to interesting behavior in the tempc & 4L
ral domain as is seen in Fig. 3e. The intensity shows a stror 1
second lobe and a large phase jump. Itis this last pulse whicg

03ie
will be the benchmark for the robustness of the SPIDEF§
inversion. £
0.2+ ;
3 Choice of optimum parameters or .
B g e g B e e B @ e G @ e ey
There are two free parameters in the SPIDER apparatus a 00—+ 1y ;éé: !

one in the inversion algorithm that require careful consider
ation. The first parameter is the pulse detayThe require-
ments on this parameter are twofold. Firstmust be large Fig. 4. Error in temporal intensity reconstruction as a function of pulse pair
enough that the resulting interferogram has a decent nungéparation
ber of interference fringes (we typically operate with 20 to
30fringes. Second,r must be small enough that the reso-
lution in the spectrometer and detector array is able to satisfinterval T < 27/£2 can be accurately reconstructed. Accord-
the Nyquist sampling criterion [23]. Namely, the detectioningly, one should choos@ such thafl is considerably longer
scheme must be able to “resolve” the interferogram, withithan the input pulse duratiory. Generally, we use a spec-
greater than two points per fringe (in the lab one would artral shear such that is at least ten times greater than the
range the spectrometer and photodiode array to record abawénsform-limited input pulse duration, i.&.> 10r,. How-
15 points per fringe). ever, as discussed earlier, the reconstructed spectral phase is
To find a good value foe, we ran our numerical simu- recovered only at spectral phase points separated by the spec-
lation of SPIDER under the following conditions. We addedtral sheat2. Hence a choice fa2 that is too small will likely
10% noise to our interferograms (as described in the nexead to errors in the reconstruction in the presence of noise,
section) for five different input pulse shapes (as described igince the difference between the spectral phaseésatand
the previous section) and ran the SPIDER inversion routines(w + £2) will tend to zero as? decreases. In this case only
We reconstructed the pulse shapes in time, compared thepulses whose spectral phase varies greatly witliould be
to the original input pulse shapes, and calculated the avereconstructed. For complicated pulse shapes, this can lead to
age error in temporal intensi (also discussed later). We errors. If£2 is too small, the interferogram’s fringes will not
then changed the pulse pair delayand repeated the error vary much with respect to the nominat (L/7) spacing. In the
calculation. Since the noise was random on each realizatiopresence of noise, this will lead to reconstruction errors.
we ran the calculation repeatedly and averaged the ensuing To find an optimal spectral shear we ran the algorithm as
pulse shape errors. The results are shown in Fig. 4, whedescribed above, but this time with a fixedand a variable
we have plotted the average temporal intensity efraiin  spectral shear. The results are shown in Fig. 5, where we have
percentage) versus pulse delayThere is a broad minimum plotted the average temporal intensity ergprversus rela-
from 0.2 psto 6 ps with the error increasing at either ex- tive spectral sheaf2/Aw (given in terms of the fraction of
treme. This finding is consistent with what we would expecthe input pulse spectrum). Also, we stepped the shear in in-
from the Nyquist criterion: For large the spectral resolution teger multiples of pixel frequency separation since the phase
is not high enough to record two points per fringe and foris reconstructed at steps of the shear. The plot shows a fairly
small t the number of fringes drops dramatically, leading toflat region from$2/Aw ~ 4% to 2/ Aw ~ 35% with a min-
the intermingling of the Fourier transform peakstat +t  imum at$2/Aw ~ 23%. This corresponds to support in the
andt =0. temporal domain o#25 fs which is roughly ten times the
The second free parameter is the spectral skearhis  duration of our (zero phase) input pulse, consistent with the
shear is determined by the overlap of the chirped pulse and/hittaker—Shannon sampling theorem. The error increases at
the pulse pair. For example, in an experimental apparatusgher spectral shears because the support in the time do-
using a grating pair stretcher, the shear would be given bgnain becomes shorter than the actual pulse. The error also
2 = —1/(2¢2), whereg; is the second-order dispersion in the increases at lower spectral shears, due to the noise. In our
stretcher arm [2, 24]. Althougk® is dependent on the pulse noise studies, we chose a spectral sheaB# which is small
delayt, it can be adjustethdependenthysince the chirped enough to give accurate reconstruction of our most compli-
pulse can be stretched to an arbitrary valgig ¢an be cho- cated test pulses.
sen at will). The choice for2 is a little trickier than the The third and final parameter that can be optimized is in
choice forz, since the shear must be chosen such that the réke inversion algorithm itself: The temporal width of the win-
guirements of the Whittaker—Shannon sampling theorem amow applied to the transform of the interferogram (see Fig. 2).
met [23]. The situation is as follows. According to Whittaker— This window must be centered at one of the sidebanddut
Shannon, only a pulse that is contained entirely within a timéts width may be chosen independently. The choice is rather

Pulse Separation T (ps)
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4 Sources of error: noise and quantization

There are three sources of error we consider for this study:
additive noise, multiplicative noise, and quantization error.
Additive noise can arise from electronic or thermal noise
in the detector. Multiplicative noise is indicative of pixel-
to-pixel gain variation in the photodiode array. Quantization
error comes about because of the limited precision of the de-
tection system (photodiode array andAboard). Since the
interferogram is the primary measured entity in SPIDER, it
is this signal to which we apply the noise and quantization
discretization.

Additive noise is the first source of error we consider. To
simulate it, we simply add a pseudorandom number to each
element of our interferogram and run this noisy interfero-
gram through the SPIDER algorithm. Following Fittinghoff
et al. [15], we use noise that is Poisson distributed since this
resembles thermal noise and has the benefit of being positive

Fig.5. Error in temporal intensity reconstruction as a function of relative definite (we do not expect negative voltages from our pho-

shear between the uopconverted pulses

intuitive, however. It should be narrow enough to not over-
lap the strong peak at= 0, but broad enough to completely

enclose the peak at= +. If the window is too narrow, the
peak neat = +t will be distorted, and the fidelity of recon-
struction will decrease. On the other hand, if the window
too wide, the total noise power may be sufficient to reduce,q;q
the recontruction fidelity. To test this, we ran the SPIDER in
version as described above with varying window width. Th
results of these calculations are shown in Fig. 6 as plots

the temporal intensity erra@y versus window width. There is

a broad minimum in the error which rises sharply at either exgq ¢
treme of the window width, i.e. in the cases where the windo

either includes thé = 0 term or cuts off part of thé= +¢

term. One might expect the optimal window width to depen

todiodes). We are using a 512-pixel array, and the resulting
noisy interferogram has a form given by

ggy(a)i) = Snput(a)i) + %ni s (6)

whereS39% (i) is the interferogram resulting from additive

. noise,w; is'the optical frequency associated with pixel elem-
Senti, Snput(wi) is the input noiseless interferogramis the

e fraction, and is a pseudorandom number obtained

from a Poisson distribution of mean valae In this study,

= 5. An example of an interferogram witt0% (o = 0.1)
dditive noise is shown in Fig. 7a.

For multiplicative noise, we simply multiply the input in-
erogram by a pseudorandom numimethat varies around

Winity by an amount given by the noise fractienThe noisy
d’nterferogram is then given by

on the signal-to-noise ratio of the interferogram, yet surpris%m_:lt (@) = Snput(@i) (L+am), @

ingly we have found it to be fairly independent of the noise

oisy

value. This indicates that the choice for window width is notyheregnutt (4) is the interferogram arising from multiplica-

critical; we typically operate with a widtk /3.

0.30 -

025

Intensity Error €;
o
o

020

O

0.05}

oisy
tive noise, andm; is a pseudorandom number drawn from
a Gaussian distribution with zero mean and unit variance. An
example of an interferogram with0% (o = 0.1) multiplica-
tive noise is shown in Fig. 7b.

Quantization error results from the limited precision of
the detection apparatus, which includes the photodiode ar-
ray and A’'D computer board. The output voltages from the
photodiodes or CCD array is discretized into one 8firth”
levels. The speed of O conversion decreases as “bitdepth”
increases, so that in many cases, one does not want to use
16-bit precision if it is not necessary. In fact, most CCD arrays
are limited to8 bits which corresponds to 256 voltage lev-
els. The resulting quantization of the interferogram will lead
to errors, and it behooves us to determine how great these are.
To model this effect, we begin with a noiseless interferogram
and then “quantize” it to the prescribed bit depth. The new
interferogram is then given by

i e, ¢
...'°0'c'0‘o"-.0‘-..~‘o'0-0%.000.004,...0“-"

0.00

0.5

|
1.0

1
1.5

|
2.0

2.5

Squant(wi) — 1

M <Snput(a)i)(2bitdemh— 1)> s (8)

Window Width (ps)
Fig.6. Error in temporal intensity reconstruction as a function of window WhereS“_’a”‘(a)i) is the quantlggd 'nterfemgram resulting from
width in selection of temporal sideband in the SPIDER inversion algorithma detection system of precision bitdepth, aril represents
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whereN is the number of elements in our (padded) temporal
104 (a) list, linput(tj) is the input temporal intensity for thig" elem-
R ent of the list corresponding to time slgt and Ispiper(t;)
=] 087 is the recovered temporal intensity from SPIDER for fffe
& 164 element. The input pulse was scaled so that the peak had unit
S amplitude. The errog; may therefore be regarded (approxi-
D 0.4 mately) as a percentage error. Since the SPIDER algorithm
@ returns a temporal pulse that has no defined absolute temporal
02+ position or peak height, we have shifted and scadggher(t;)

00 to minimize the error.

' ' ' ' ' ' ' The phase error is somewhat more difficult to define, be-
cause it is impossible to define a percentage error when the
input phase is zero. It is useful, therefore, to use a rms error

104 () for t_he phgsg. However, since the phas_e is not defined where

the intensity is zero, it is not useful to simply calculate a rms
— 0.8 ﬂ phase error across the entire range of elements. Instead we
3 multiply the phase error by the intensity at the correspond-
— 0.6 1 ing points to construct a “weighted” error(t)[ginput(t) —
g 04 ¢spiper(t)]- The rms phase error is then given by
n
021 | A T 120 [nputy) — dspioert) 12 W
Ep = ,
0.0 T T T T T T T % Zszl Ii%put(tj)
where linput(tj) and ¢inpue(tj) are the input pulse temporal
1.0+ intensity and phase for th¢!" element, respectively, and
¢spiper(tj) is the recovered SPIDER phase for tHe elem-

084 () ent. Note that the phase error has units of radians. Further-
—_ more, there is an equivalence principle (Parseval's theorem)
3 064 between the representation of the electric field in frequency
T_‘: and in time which mandates that the recorded errors have
S, 0.4 similar magnitudes in either representation. Thus we will re-
0 port the errors in temporal phase, but find similar errors for

0.2 4 the weighted spectral phase.

00 1 T T T T 1 T

45 10 5 0 5 10 15 5 Results
Frequency (THz)

Fig. 7a—c. Examples of interferograms used in this study, wigh10%
additive noisep 10% multiplicative noise, and 3-bit quantization

We studied the effects of additive noise, multiplicative noise,
and quantization for the five pulse shapes shown in Fig. 3. We
ran the simulations for the five different pulse shapes individ-
ually, with the error at each noise fraction averaged over one
x rounded to the nearest integer. The available levels adeundred runs, each of which used a new noise realization. The
then given by 219ePth The prescription is to multiply the in- error can vary significantly from shot to shot since the noise is
put interferogram by the maximum leve@®'@®Pth_ 1) and  random. Because the reconstruction fidelity was nearly identi-
then round this value to the nearest integer (for examplesal for the five different pulses studied, we averaged the error
a bit depth of 2 will give us integers 0, 1, 2, 3). By di- from the five pulse shapes to produce “global” error figures
viding again by the maximum level we scale the peak of, andgs. These are shown in Figs. 8-10 and give a flavor
the interferogram to unity. An example of quantization isof the expected performance of SPIDER in the presence of
given in Fig. 7c for a bit depth of 3 (eight levels, which experimental noise, regardless of pulse shape.
is unrealistic for a real detection system, but illustrates the Figure 8 shows the intensity errgrand the phase erréy
procedure). versus noise fraction for the average of the five pulses in the

To quantify the errors in the recovered fields induced bypresence of additive noise. Although we averaged over one
level quantization, we evaluated the reconstruction fidelity ohundred noise runs, there is still some spread in error values
the temporal intensity and phase. In each case, we used erue to the randomness of the noise. This graph gives a good
definitions similar to those of Fittinghoff et al. [15]. The tem- indication of the range of errors one might expect with a given
poral intensity error is defined by amount of noise. The noise fraction ranges from 0.@1%
noise) to 0.5 $0% noise). The results show that SPIDER
" performs well over a broad range of values, with an inten-

1 2 sity error ofg) ~ 0.15% at the lowest noise t§ ~ 3% at the
8= Iy [input(t)) — IspiDEr(t) ], (9 highest. The phase error ranges fragn 0.07 radiansat the
=1 lowest noise t@, ~ 0.1 radiansat the highest. A good testbed
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Fig.8. Error in reconstructed temporal intensityo(id circleg and phase  Fig. 10. Error in reconstructed temporal intensityo(id circle§ and phase
(open circle$ versus noise fraction for the case of additive noise (open circle$ versus quantization bit depth

for the performance of SPIDER is given by the errol@%  equate for accurate pulse reconstruction in most cases. This
noise. Here we find that the recovered intensity is accurate fie an important result, since most CCD arrays are nominally
g1 ~ 1.5% and the phase is accuratefo~ 0.04 radiansThis  eight-bit and at this precision can operate with reasonably fast
is an acceptable level of accuracy for most applications. readout.

The results for multiplicative noise are shown in Fig. 9, It is important to note that these results were obtained
where we have again plottedand the phase erréy, versus  without prefiltering the raw data. The inversion routine was
noise fraction for the average of the five pulses. These resulferformed with the noisy interferograms directly. However,
indicate that SPIDER is much more resilient to this type ofthe SPIDER algorithm has an implicit “filtering” procedure
noise. In fact for noises up 0% the recovered intensity is built into it, namely the windowing of the interferogram’s
still accurate teg; ~ 1%. The main reason is that the signal- Fourier transform. In this study, the noise in the interfero-
to-noise ratio is constant across the spectrum, so that the noigeam is taken to be uncorrelated from pixel to pixel and to
in the wings of the interferogram is significantly less than thabe present across the entire array. As a consequence, noise
when additive noise is used. Instead, multiplicative noise act&® the time domain is also uniform and uncorrelated. There-
primarily in the central region. Since SPIDER is essentiallyfore, because the filtering occurs in the time domain, much of
insensitive to the amplitude of the interferogram, but is in-the noise in the interferogram is removed. It is only the noise
stead concerned with the spacing of the fringes, multiplicativéhat occupies the temporal region around the window that is
noise causes little error in reconstruction. detrimental.

The results of discretization are shown in Fig. 10. At
eight-bit resolution the reconstructed intensity is accurate to
& ~ 0.15% and the phase is recoveredeip~ 0.07 radians 6 One-bit SPIDER, interferogram averaging, and pulse
Higher precision is unnecessary since there is no significant yeconstruction
improvement in the errors for higher bit depths. Clearly these
results show that eight-bit resolution (256 gray levels) is adAn interesting feature of Fig. 10 is that the reconstruction

error for a bit depth of one is still only abodf. This is
quite startling considering that this implies that each pixel

" * ISC in the array be either “on[S(w¢) = 1] or “off” [S(w¢) = 0].
& o %25 | There are no gray levels. This result begs explanation.
K o ©° | The answer lies in the power of the interferometry it-
5 O@&%” o  self. The SPIDER algorithm is not concerned with the am-
5 0.01 F 0% ',:“__ 0.01 § plitude of the interferogram. It is concerned only with the
S [ om0, 0 ) .9, C%OOOOOO . '.. ] i spacingof the interference fringes. Provided there are a suf-
u ° PR oo PR A 3 ficient number of pixels per fringe, a one-bit signal will
[ .-.,'. Ry :,.-’.':'".' o still have fringes that are spaced correctly. Referring back
g 3%, ¢ 3 to (8), which describes the procedure for quantizing the
= oo . e interferogram, it is clear that a one-bit interferogram will
0.001 Se 4 0.001 have non-zero values across only the FWHM of the pulse
r ] spectrum since the “threshold” is set 5#%. (By thresh-
9 1 1 old we mean the level above which an individual pixel

turns on.) However, one can actually do much better by
setting the threshold to a different level. (This is equiva-
Noise Fraction o lent, for example, to changing the input light level.) Setting
Fig.9. Error in reconstructed temporal intensitgolid circleg and phase  the threshold lower effectively extends the spectral range of
(open circle} versus noise fraction for the case of multiplicative noise ~ the quantized interferogram. In fact, the threshold should

0.001 0.01 0.1



S92

be set optimally at about twice the noise amplitude. FC 19
instance, we added(% additive noise to our interfero- =
gram, set the threshold for the pixel “on” state2@®b, and &
were able to recover the temporal intensitygior 2% ac- 205
8
€

curacy and the phase & ~ 0.04 radians So pulse recon-
struction with high fidelity is possible even with a one-bit
detector! 0.0

Of course this is not quite the whole story: to recove 92
the complete temporal envelope and temporal phase requi
the spectrum of the incident pulse. We assume that one ¢
measure this spectrum to moderately high accuracy (six b
or better). However, if one is only interested in the spectr:
phase, which is often useful for applications such as laser &
justment, then knowledge of the spectrum is not required ai
a one-bit detector is adequate. This is a dramatic reducti
in the amount of information that needs to be collected ar .
processed, and could lead to vast improvements in SPIDEF 02 0.1
update rates.

In practical terms the small size of the SPIDER data selig- 12a,b. Reconstructed pulse shape for the pulse of Fig. 3e Wt ad-
gt;ve noise:a temporal intensity for originalsplid line) and reconstructed

01 02

0.0
Time (ps)

means that another avenue to improved performance is po ; = L
sible: averaging several interferograms. Because SPIDER h aﬁﬂﬁﬂ ::rr:g b temporal phase for originakglid fing and reconstructed
no moving components, data can be acquired very rapidly.
In this study we have considered data acquisition for the
noise present on a single measurement of the SPIDER inteupdate rate tdl1 HZ), we can lower the intensity error to
ferogram. Since SPIDER is rather quick (it takes a few mg, ~ 0.8% (an error reduction of nearly a factor of two) and
to read out a single interferogram), it is possible to numerreduce the phase errordg ~ 0.014 radianga factor of three
ically average several interferograms before processing iimprovement).
order to reduce the noise. If the noise is truly random from  While the noise results presented above are a quantitative
shot to shot, the signal-to-noise ratio of the interferogramanswer to the question of SPIDER’s robustness in the pres-
is improved by roughlys/M, where M is the number of ence of noise, a more useful indicator is a qualitative one.
interferograms averaged. This averaging would correspond/hat does the reconstruction “look” like? The benchmark
to a slower update rate. For instance, in the demonstratqalise in Fig. 3e witHL.0% additive noise is plotted in Fig. 12,
real-time SPIDER aR0Hz [13], the data acquisition time where we show the original and reconstructed intensity and
was 10 ms and the algorithm inversion tookOms Aver-  phase. Visually it appears that SPIDER does quite well at
aging five interferograms would increase the data acquisiecovering the profile, including the intensity node and the
tion time to 50 ms but the inversion time stays the same.second lobe. The phase is also reconstructed quite well, in-
The total time is therB0O ms corresponding to an update cluding the phase jump. For this particular exampley 2%,
rate of 11 Hz For example, consider the case 6 ad- andg, ~ 0.03 radians
ditive noise. In Fig. 11 we have plotted the intensity error
and phase error fat0% additive noise as a function of the
number of interferograms averaged. We find that vili€@ 7 Conclusions
additive noise, averaging five interferograms (lowering the
In this paper we have analyzed the fidelity with which ultra-
short optical pulses can be reconstructed from noisy SPIDER
5 interferograms. We did this by simulating noisy interfero-
. § grams and using the standard SPIDER algorithm to recon-
0.020 (¢ o, 0.020 struct the pulse shape. In order for SPIDER to operate ef-
fectively it is necessary to ensure that the sheand pulse
delayt are correctly adjusted, and the effect of varying these
parameters on accurate pulse reconstruction was also studied
numerically. To optimize the parameter settings, we ran simu-
lations to measure the reconstructed pulse accuracyl@th
additive noise. We found that the error vs. temporal pulse
delay r can be quite uniform over a wide range of values
of 7, with a value oft = (27/Aw)(Ns/Ns) giving excellent
results, where\w is the FWHM of the input pulse spectrum,
1 . . . 1 , 1 . 0.005 Ns is the number of pixels across the FWHM, aNdis the
5 10 15 20 25 30 3 40 number of pixels per fringe. For the pulses we considered,
Number of Averages 7 = 1-2 psgave good results. The error with varying spectral
Fig. 11. Error in reconstructed temporal intensitgo(id circle§ and phase S.he.ar‘Q has a minimum at ab(?Ut half the Whittaker—Shannon
(open circley versus number of interferogram averages for the cag@if  limit of £2/Aw = 1/d, whered is the degree above transform
additive noise limit of the pulse duration. For our pulses, this corresponds
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to near2/Aw ~ 1/4. Finally, the algorithm was found to be 4.
fairly insensitive to window width, with a good value given
by ~ /3.

The role of noise on pulse reconstruction in SPIDER has
been studied numerically. We looked at the effects of additive
noise, multiplicative noise, and quantization on the recon- 7.
structed intensity and phase. The most deleterious source of
error came from additive noise, primarily due to the increas- *
ingly low signal-to-noise in the wings of the interferogram.
Typically for the case 010% noise we found that the inten- o,
sity profile can be reconstructed #p~ 1.5% and the phase
can be recovered te, ~ 0.04 radians While these results
are quite acceptable in most circumstances, a much better

performance can be achieved by averaging the noisy interferys’

ograms at the expense of slower update rates. For example,

with 10% additive noise an average of only five interfero- 13.

grams improves the recovered intensity to an accuracy 05 4
g1 ~ 0.8% and the recovered spectral phase improvesg te
0.014 radians
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