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Abstract—This paper demonstrates optical arbitrary wave-
form generation (O-AWG) and its characterization using spec-
tral line-by-line control with high-resolution grating-based pulse
shapers. Such integrated capabilities are the enabling techniques
for high-fidelity O-AWG.
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I. INTRODUCTION

MODE-LOCKED lasers generate periodic trains of ultra-
short pulses that are characterized in the frequency

domain by an evenly spaced series of discrete spectral lines
(an optical frequency comb), with the frequency spacing equal
to the pulse repetition rate. Spectral lines and their stabi-
lization in mode-locked lasers have recently played a critical
role in the progress of optical frequency metrology and optical
carrier–envelope phase control [1]. Meanwhile, pulse-shaping
techniques, in which intensity and phase manipulation of op-
tical spectral components allow the synthesis of user-specified
ultrashort pulse fields according to a Fourier transform relation-
ship, have been developed and widely adopted [2]. With the
possibility to extend pulse shaping to independently manipu-
late the intensity and phase of individual spectral lines (line-
by-line pulse shaping), essentially arbitrary optical waveform
generation can be achieved. Intuitively, a full control of indi-
vidual spectral lines requires 1) frequency stabilized sources
to generate stable spectral lines and 2) high-resolution pulse
shapers to resolve and control individual spectral lines. Optical
arbitrary waveform generation (O-AWG) that results from line-
by-line pulse shaping, which is a combination of both enabling
techniques, will serve as the basis for new applications and
promises broad impact in optical science and technology. For
example, we mention several possibilities within the context
of communications. O-AWG can be used to generate return-
to-zero (RZ) pulses with tailored pulsewidth and chirp, which
is of particular interest for RZ format transmission, soliton
systems, optical time-division multiplexing, and optical packet
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generation [3]. In many optical code-division-multiple-access
(O-CDMA) systems, input ultrashort pulses are time-spread
during the encoding process into lower intensity noise-like
signals [4]. O-AWG can be used to generate such encoded
signals with desired properties, such as longer code lengths, and
in some cases, reduced fluctuations, to enhance system perfor-
mance. O-AWG can also be used to obtain the optical driving
signals for radio-frequency arbitrary waveform generation
(RF-AWG) [5], which has the potential to impact fields such
as ultrawideband (UWB) wireless communications and impulse
radar. In addition to specific applications of O-AWG, line-by-
line pulse shaping may also be useful in the context of spectral
line stabilization and optical frequency metrology, because it is
sensitive to the spectral line positions.

The recent advances of both enabling techniques are at a
stage where spectral line-by-line pulse shaping can be pursued.
From the perspective of frequency-stabilized sources, stabiliza-
tion of the absolute frequency offset positions of the spectral
lines of mode-locked lasers has recently been achieved [6].
The resultant optical frequency combs have led to enormous
progress in precision optical frequency synthesis and metrol-
ogy [7], [8]. Here, we will focus on the perspective of high-
resolution pulse shapers that are able to resolve and control
individual spectral lines. In contrast, past pulse shapers have
generally manipulated groups of spectral lines rather than indi-
vidual lines, which results in waveform bursts that are separated
in time with low duty factor and which are insensitive to the
absolute frequency positions of the mode-locked comb. This
is primarily due to the practical difficulty of building a pulse
shaper that is capable of resolving each spectral line for typical
mode-locked lasers with repetition rates below 1 GHz. Group-
of-lines pulse shaping is illustrated in Fig. 1(a), where frep

is the repetition rate. Assuming that the pulse shaping occurs
M lines at a time, the shaped pulses have maximum duration
∼ 1/(Mfrep) and repeat with period T = 1/frep. Accordingly,
the pulses are isolated in time. In contrast, for line-by-line pulse
shaping (M = 1) as shown in Fig. 1(b), the shaped pulses
can overlap with each other, which leads to waveforms that
span the full time period between mode-locked pulses (100%
duty factor). Waveform contributions arising from adjacent
mode-locked pulses will overlap and interfere coherently in a
manner sensitive to the offset of the frequency comb [9]. Such
line-by-line control makes true O-AWG possible because the
intensity and phase of each individual spectral line is fully
controlled. Group-of-lines pulse shaping can be considered as
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Fig. 1. Different pulse shaping methodologies. (a) Manipulating groups of lines. (b) Manipulating individual lines.

Fig. 2. Experimental setup for O-AWG and its characterization using spectral
line-by-line control.

a special case of line-by-line pulse shaping. All group-of-lines
pulse shaping results can be achieved using a line-by-line pulse
shaper by simply applying identical intensity/phase on each
group of lines. Previous efforts toward spectral line-by-line
control utilized a hyperfine filter but were limited within a nar-
row optical bandwidth—the free spectral range of this device
[10], [11]. Recently, we demonstrated spectral intensity/phase
line-by-line pulse shaping [9] and thus O-AWG over a consider-
ably broader band [12] based on high-resolution grating-based
pulse shapers.

One immediate issue related to O-AWG is its characteriza-
tion to ensure that the desired waveform has been generated cor-
rectly. Commercial high-speed photodiodes have bandwidths
limited to ∼ 60 GHz, which is insufficient for most O-AWG
measurements. Furthermore, the temporal phase information is
lost because the photodiode is a square-law device. Various op-
tical techniques have been developed to completely characterize
the intensity and phase of optical pulses, which are based on the
concept of spectrography [e.g., frequency-resolved optical gat-
ing (FROG)] [13], interferometry [e.g., spectral phase interfer-
ometry for direct electric-field reconstruction (SPIDER)] [14],
and tomography [15]. Among the available possibilities, an
interferometry-based method [16]–[18] is particularly appeal-
ing for the characterization of O-AWG-generated waveforms
by spectral line-by-line pulse shaping because this method also
relies on spectral line-by-line control. In this paper, we integrate
the functionalities of both O-AWG and its characterization
based on spectral line-by-line control as an enabling technology
for high-fidelity O-AWG.

II. EXPERIMENTAL SETUP

Fig. 2 shows our experimental setup, which includes the
O-AWG section and the characterization section. In the

O-AWG section, a home-built harmonically mode-locked fiber
laser is used to produce near-transform-limited 3-ps (full-width
at half-maximum) pulses at 1542.5-nm center wavelength with
a repetition rate of 10.0 GHz. The frequency offset of the mode-
locked comb is not actively stabilized; instead, we exploit the
passive frequency stability of the mode-locked comb, ∼ 1 GHz
over the time scale of our experiments (ten times below the
comb spacing). This suffices for our experiments under typical
laboratory environmental conditions without additional con-
trols (e.g., temperature stabilization). The mode-locked laser
is followed by a programmable pulse shaper [2] for O-AWG
using spectral line-by-line pulse shaping. Erbium-doped fiber
amplifiers (EDFAs) are used for loss compensation. In the
characterization section, a second pulse shaper is used to filter
only two spectral lines (this is monitored by an optical spectrum
analyzer). The resulting cosine waveform (with a dc offset)
from the beat of these two spectral lines is detected by a
50-GHz photodiode and measured by a sampling oscilloscope.
The details of this measurement method can be found in [16]
and will be briefly described later.

Spectral line-by-line control for O-AWG and its characteri-
zation is accomplished by high-resolution fiber-coupled Fourier
transform pulse shapers in a reflective geometry [2], [9], [12].
To achieve line-by-line pulse shaping, great care is taken in
the pulse shaper design to improve resolution. Fig. 3 shows
the experimental apparatus for a line-by-line pulse shaper. For
each pulse shaper, a fiber-pigtailed collimator and a subsequent
telescope take the light out of the fiber and magnify the beam
size on the diffraction grating. Discrete spectral lines making up
the input short pulse are diffracted by the grating and focused by
a lens. A fiberized polarization controller (PC) is used to adjust
for horizontal polarization on the grating for high diffraction
efficiency. A 2 × 128 pixel liquid crystal modulator (LCM)
array with a polarizer on the input face is placed just before
the lens focal plane to independently control both the amplitude
and phase of individual spectral lines. A retroreflecting mirror
at the lens focal plane leads to a double-pass geometry, with all
the spectral lines recombined into a single fiber and separated
from the input via an optical circulator. For the characterization
pulse shaper, a slit can be used to replace the LCM as only
two lines need to be selected. Actually, in our experiments, in
addition to an LCM, a slit is used to assist in blocking unwanted
lines when the contrast ratio of intensity modulation applied by
the LCM is not sufficient. The parameters of both pulse shapers
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Fig. 3. Experimental apparatus of a line-by-line pulse shaper. The inset shows the measured 3-dB passband of 5.0 GHz (first pulse shaper—generation) and
2.6 GHz (second pulse shaper—measurement). LCM: liquid crystal modulator. PC: polarization controller.

TABLE I
PULSE SHAPER PARAMETERS

are listed in Table I. Using a narrow slit, the measured passband
of the line-by-line pulse shapers has a minimum 3-dB passband
width of 5.0 GHz and 2.6 GHz for the first (generation) and
second (measurement) pulse shapers, respectively, as shown in
the inset. Both pulse shapers have high resolution to afford line-
by-line control at the ∼ 10-GHz laser repetition rate, which
is appropriate for applications in optical communications. For
accurate line-by-line control, the spectral line spacing of the
mode-locked laser (the repetition rate) has to match the spatial
spacing of the pixels (or integer multiple of the pixel spacing).
This can be implemented by tuning the grating diffraction angle
and/or tuning the repetition rate of the actively mode-locked
fiber laser. Note that our line-by-line pulse shaper is finely
adjusted to achieve zero dispersion [2], which is confirmed
by negligible broadening for 3-ps pulses passing through the
pulse shaper without spectral filtering. This is important for
both pulse shapers. For the shaper in the O-AWG section, zero
dispersion is important for accurate and known phase control
(because, without filtering, input transform-limited pulses will
remain transform-limited after the shaper). For the second pulse
shaper (in the characterization section), zero dispersion ensures

accurate phase characterization because no extra dispersion is
inferred onto the waveforms to be measured.

The loss of the line-by-line pulse shapers in our current setup
is higher than the loss of the relatively low-resolution fiber-
coupled pulse shapers that we demonstrated before (4.0 dB) [4].
This mainly arises from the large size collimated beam after the
telescope. The laser beam size makes it more difficult to focus
the beam back into the 9-µm fiber mode after the pulse shaper,
most likely due to lens aberrations (in the pulse shaper and in
the telescope).

Note that the update speed of LCM is on the order of
tens of milliseconds to ∼ 100 ms, which is limited by the
liquid crystal relaxation time. Therefore, pulse-shaping exper-
iments to date, including those reported here, are generally
constrained to generate waveforms periodic at the repetition
rate of the mode-locked laser source. To generate waveforms
with different periods, the repetition rate of the laser should
be changed. Accordingly, the pulse shaper design has to be
modified to match the spectral line separation (the repetition
rate of the laser). Alternatively, if a fast spatial light modulator
technology capable of updating at the laser repetition rate were
to become available, then aperiodic waveforms or waveforms
with periodicities different than that of the input laser could
be generated via appropriate reprogramming of the spatial light
modulator on a pulse-by-pulse basis.

III. RESULTS AND DISCUSSIONS

First, the principle of pulse measurement is briefly sketched;
further detail can be found in [16]. Considering any two spectral
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lines selected by the pulse shaper at the characterization section,
the field in the frequency domain can be expressed as

M(f) = δ(f) +
√

β · δ(f − ∆f) · exp(−jθ) (1)

where δ(·) represents the impulse function, β and θ represent
the relative intensity and phase between the two spectral lines,
and ∆f is the frequency spacing between two lines. ∆f usually
equals the mode-locked laser repetition rate frep if adjacent
two lines are selected from the mode-locked laser. However, if
there are lines missing between them, ∆f would be an integer
multiple of frep. In the time domain, the intensity profile can be
obtained by Fourier transform as

|m(t)|2 =1 + β + 2
√

β · cos(2π∆ft − θ)

= 1 + β + 2
√

β · cos [2π∆f(t − τ)] (2)

where θ = (τ/T0) · 2π, in which T0 = 1/∆f is the cosine
waveform period, and τ is the cosine waveform temporal delay.
Clearly, the spectral phase difference θ between the two spectral
lines is directly related to the temporal phase of the cosine
waveform, which, in turn, is directly related to the measurable
quantity of the cosine waveform temporal delay τ . After all
the spectral phase differences have been measured by filtering
adjacent pairs of spectral lines consecutively, the whole set
of spectral phases can be obtained by simply cascading all
the phase differences. The spectral intensity can be measured
separately using an optical spectrum analyzer. With the mea-
sured spectral intensity and phase, the temporal waveform
can be calculated by a Fourier transform. This measurement
method can be considered as a line-by-line version of those
demonstrated in [19] and [20].

To show both the accuracy of the phase profile applied by
the pulse shaper and the accuracy of the measurement method,
first, we use just the second (characterization) pulse shaper.
The second pulse shaper simultaneously selects two lines and
applies a phase shift on one of the lines. We then measure
the temporal delay. Fig. 4(a) shows the spectrum with two
lines selected in both linear scale and log scale (inset) and
the laser running at 10.0 GHz repetition rate. The two lines
are equalized to have the same height, which is made possible
by the accurate intensity control afforded by the pulse shaper.
Compared with previous pulse measurements using this method
[16], one important improvement is that the undesired lines are
almost completely suppressed (higher than 35 dB suppression
ratio in this example—undesired lines are buried in the noise
background). This is a direct consequence of the high resolution
of our pulse shaper. Such high suppression ratio is critically
important to avoid distortion of the cosine waveform and thus
accurate determination of temporal delay [16]. Fig. 4(b) shows
the intensity profiles of waveforms in the time domain by
applying different phase shifts on one of the lines—detected by
a 50-GHz photodiode and measured by a sampling oscilloscope
(averaged 20 times). All four waveforms, indeed, show a cosine
function with a temporal delay determined by the applied phase
shift according to (2) [9]. With respect to the cosine waveform
without phase shift (0-ps delay), the ideal relative delays should
be 25, 50, and 75 ps, corresponding to π/2, π, and 3π/2 relative

Fig. 4. (a) Two spectral lines selected. (b) Sampling scope traces with phase
modulation (0, π/2, π, and 3π/2) on one spectral line. The traces are the
average of 20 measurements.

phase shifts (considering the 100-ps period). The measured
values are 26, 50, and 75 ps, respectively, almost perfectly
agreeing with the ideal values. The measurement accuracy is
limited by the sampling scope, which has a timing step size of
1 ps in our system. From these experiments, we show that both
the phase shifts applied by the LCM and the phase measurement
using line-by-line control are highly accurate.

In a previous work [12] and in Fig. 4, we have already
demonstrated that O-AWG can be achieved with high fidelity
after taking great care (including careful intensity/phase cal-
ibration of the LCM [2], improved pulse shaper resolution
to reduce crosstalk between spectral lines, and matching the
spectral line spacing to the pixel spacing). However, spectral
phase errors may still occur in practical applications. In such
cases, the waveform characterization capability will be criti-
cal and should be integrated to the O-AWG functionality for
high-fidelity waveform generation. This is similar to the fact
that advances in the frontier of short pulse generation benefit
significantly from progress in ultrashort pulse measurement
techniques. Because the spectral intensity can be monitored by
an optical spectrum analyzer, such feedback information would
be sufficient to achieve accurate line-by-line intensity control.
The difficult part consists of the possible uncertainties in the
spectral phases applied to the individual lines, which would
significantly affect the temporal waveforms [13]. Therefore,
functionalities of both O-AWG and its characterization will be
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Fig. 5. Five spectral lines with one line missing generated by spectral line-
by-line pulse shaping. (a) Spectral intensity measured with an OSA in linear
and log scales (inset). (b) Measured spectral phase using spectral line-by-line
control.

critical to achieve user-specified waveforms with high fidelity.
It is clear that the setup in Fig. 2 meets the requirement
for both O-AWG and its characterization. Both functions are
implemented through spectral line-by-line control, which is
especially promising for practical applications.

We now return to experiments using both pulse shapers,
one for generation and the other for measurement. Here, we
intentionally introduce errors into the generation section to
emphasize the importance of the characterization section. For
this purpose, we simply mismatch the spectral line spacing and
the LCM pixel spacing in the first pulse shaper. In particular,
we set the grating incident angle to give an 8.5-GHz optical
frequency spacing per LCM pixel, whereas the repetition rate
of the laser is set at 10.0 GHz. Such mismatch introduces phase
and intensity errors due to the finite beam size of individual
spectral lines (some spectral lines will overlap more than one
pixel). Note that any other kind of phase error can be monitored
exactly in the same way regardless of origin.

In the first example, we generate a waveform corresponding
to five spectral lines with one line missing as shown in Fig. 5(a).
In addition to the spectral intensity manipulation, the nominal
phase profile applied by the first pulse shaper to the selected
spectral lines is [0.30π, 0,−, 1.00π, 0.40π]. The − symbol is
used here to indicate that the spectral line at that position is
not present as discussed. The phase errors caused by the afore-
mentioned mismatch are verified by the measurement as shown
in Fig. 6. Every pair of two spectral lines is selected by the
characterization pulse shaper, and the delay of corresponding
cosine waveform is measured. The phase difference between
each pair of spectral lines is calculated straightforwardly by
(2). For the adjacent two-line pairs (#1 and #2) and (#4 and
#5), the cosine period is equal to the period of the mode-locked
laser pulses (100 ps). For the two-line pair (#2 and #4) with
one line missing, the cosine period is one half the period of the
mode-locked laser (50 ps). In this case, the delay τ can be either
21 or 71 ps as shown in Fig. 6(b), which does not affect
the phase calculation as it can be performed modulo 2π. By

Fig. 6. Two selected spectral lines and corresponding delayed cosine wave-
forms measured by a sampling scope.

cascading all the measured phase differences between two-line
pairs, the spectral phase across the whole spectrum can be
obtained as shown in Fig. 5(b), where the spectral phase of the
first line is assigned to zero.

The spectral phase of the first line can be specified arbitrarily,
which corresponds to a constant phase for the spectrum that is
not of interest. The reference point for the delay measurement is
also selected arbitrarily, which corresponds to a linear spectral
phase across all spectral lines after cascading the phase differ-
ences of all two-line pairs [16]. Such linear spectral phase only
introduces a timing shift of the temporal waveform that usually
is also not of interest. Finally, one may notice that the relative
intensities of the selected two-line pair are not the same as those
of the original spectral lines. Such an effect does not impact
the spectral phase measurement because the delay of the cosine
waveform is not related to the relative intensity of the two lines
according to (2).

The measured value in Fig. 5(b) is [0, 1.76π,−, 0.60π,
0.14π]. To compare it with the nominal value applied by the
LCM, we adjust the measured value by adding a constant and
linear-ramp phase to the measured values to coincide with
the nominal phase value of the first two lines. The adjusted
measured phase is [0.30π, 0,−, 0.72π, 0.20π]. Compared with
the nominally applied values [0.30π, 0,−, 1.00π, 0.40π], the
phase errors are significant.

Fig. 7 shows the pulse intensity and phase in the time domain.
Solid lines are obtained based on the Fourier transform of
the measured spectral intensity and phase. We also measured
the pulse intensity using a sampling scope after the 50-GHz
photodiode (circles) and using a standard short pulse intensity
cross-correlation measurement (diamonds) as shown in
Fig. 7(a). The agreement between these three measurements
is excellent. Again, the measurement accuracy using line-by-
line control is assured by the high-resolution pulse shaper in
the characterization section, which exactly selects two spec-
tral lines while almost completely suppressing other spectral
lines (this is illustrated by the log scale spectra in the inset
of Fig. 6). The waveforms span the full time period as ex-
pected for line-by-line pulse shaping. To show the distortions
caused by phase errors, the waveforms obtained by Fourier
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Fig. 7. Waveform (a) temporal intensity and (b) temporal phase corresponding
to Fig. 5. Solid lines: Fourier transform of measured spectral intensity and
phase. Dashed lines: Fourier transform with nominal spectral phase applied
by the LCM. Circles: intensity measured by the sampling scope [only in (a)].
Diamonds: intensity measured by intensity cross correlation [only in (a)]. All
the waveforms in (a) are normalized to unity for comparison.

transform of the measured spectral intensity, but using the
nominal spectral phase applied by the LCM, are also plotted
(dashed lines). Compared with the other traces, this calculation
of the temporal intensity deviates significantly. In this particular
case, the difference between the calculated temporal phases is
small; nevertheless, this simple example shows that waveform
monitoring can play an important role to achieve the desired
results in O-AWG.

Fig. 8 shows an example with 13 spectral lines for which
the effect of phase errors may be even more prominent. The 13
spectral lines cover around 15 pixels of the generation pulse
shaper. Because the mismatch is larger than one pixel, it is
impossible to assign the nominal spectral phase applied by the
LCM to individual spectral lines. A pure cubic spectral phase
in pixel number is applied to the spectral lines by the first pulse
shaper, with zero phase shift approximately at the center. How-
ever, the actual phase profile as a function of individual spectral
line is unknown due to the mismatch. The mismatch can also be
noticed from the measured spectral intensity in Fig. 8(a), where
some of the spectral lines are attenuated more if they are located
between two pixels. This phenomenon results from diffraction
effects experienced by the frequency components falling at
phase transition regions of the LCM in the pulse shaper. This
effect has been treated quantitatively previously [21].

The measured phase profile using line-by-line control in the
characterization shaper is plotted in Fig. 8(b). If the phase is
unwrapped as shown in the inset, the cubic characteristic is
clear. To compare it with the nominal phases applied by the
LCM, the measured spectral phases of the 13 lines are adjusted
by adding a constant and linear-ramp phase, which is shown
in Fig. 9 along with the nominal phases corresponding to the
15 pixels of the LCM. For the nominal phases, the pixel
positions are mapped onto wavelength using the known spatial
dispersion (8.5 GHz/pixel). The center line (line #7) is assumed

Fig. 8. Thirteen spectral lines with cubic spectral phase generated by spectral
line-by-line pulse shaping. (a) Spectral intensity measured with an OSA in
linear and log scales (inset). (b) Measured spectral phase using spectral line-by-
line control. Inset shows unwrapped spectral phase with cubic characteristics.

Fig. 9. Comparison between measured spectral phases of 13 lines and the
nominal phases corresponding to the 15 pixels of the LCM. The measured
spectral phases are adjusted by adding a constant and linear phase onto the
unwrapped spectral phases in the inset of Fig. 8(b). The pixel positions are
mapped onto the wavelength accordingly.

to be aligned with the center pixel (pixel #8). The adjusted value
of constant and linear phase is chosen such that the center line
(line #7) has the same phase shift (zero) as the center pixel
(pixel #8) and the leftmost line (line #1) has the same phase
shift as pixel #1. As expected, they are similar but with notice-
able differences due to the following reasons: 1) The largest
discrepancies appear at the right edge. If we adjust phases
such that the rightmost line (line #13) has the same phase
shift as pixel #15, discrepancies appear at the left edge. 2) The
measurement errors using line-by-line control becomes larger
at the edges because the selected two lines at the edges have
relatively small optical power and thus lower signal-to-noise
ratio for the delay measurement. 3) The center line (line #7) is
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Fig. 10. Waveform (a) temporal intensity and (b) temporal phase corre-
sponding to Fig. 8. Solid lines: Fourier transform of measured spectral inten-
sity and phase. Diamonds: intensity measured by intensity cross correlation
[only in (a)].

assumed to be aligned with the center pixel (pixel #8). However,
the details of possible slight (less than 1 pixel) frequency offset
are unknown.

Fig. 10 shows the pulse intensity and phase in the time
domain. Solid lines are obtained based on the Fourier transform
of the measured spectral intensity and phase, which agree well
with the intensity cross correlation (diamonds) in Fig. 10(a).
The temporal intensity shows an oscillatory tail—a property
of cubic spectral phase. Again, the waveforms span the full
time period as expected. From the point of view of O-AWG,
not only is the desired temporal intensity important, but the
temporal phase may also need to be tailored in a specified way.
In such cases, temporal phase monitoring would be as impor-
tant as temporal intensity monitoring for O-AWG applications.
The temporal phase profile shown in Fig. 10(b) illustrates
that such functionality has been automatically included in the
current setup.

Accurately determined phases for individual spectral lines
could be very valuable feedback information for the first pulse
shaper to generate targeted O-AWG signals if any phase er-
rors occur. Usually, the phase errors are small, and the error
correction could be simply implemented using a measure-
and-correct procedure with a small number of iterations, even
without knowledge of the origin of the phase errors.

IV. CONCLUSION

In summary, we have demonstrated for the first time, to the
best of our knowledge, simultaneous optical arbitrary waveform
generation and characterization using spectral line-by-line con-
trol. User-specified optical waveform is related to the intensity
and phase of the spectral lines by a Fourier transform. Complete
characterization of O-AWG is important to monitor and thus to
improve its performance. With these integrated functionalities,
phase errors can be monitored. With appropriate correction
procedures, it will be possible to achieve O-AWG with high
fidelity even if such errors occur.
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