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Correcting Sampling Oscilloscope Timebase Errors
With a Passively Mode-Locked Laser Phase
Locked to a Microwave Oscillator
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Abstract—In this paper, we describe an apparatus for cor-
recting the timebase errors when calibrating the response of an
equivalent-time sampling oscilloscope using a passively mode-
locked erbium-doped fiber laser that is phase locked to a mi-
crowave signal generator. This enables us to simultaneously
correct both the random jitter and the systematic timebase distor-
tion in the oscilloscope. As a demonstration of the technique, we
measure the electrical pulse generated by a fast photodiode that is
excited by our laser. We show that the pulse that is reconstructed
using our technique has significantly lower uncertainty than the
pulse that is reconstructed using a separate correction for timebase
distortion followed by jitter deconvolution.

Index Terms—Mode-locked laser, phase-locked loop (PLL),
sampling oscilloscope, timebase correction.

I. INTRODUCTION

passively mode-locked laser emits a periodic train of ul-

trashort pulses by means of a saturable absorber to obtain
self-amplitude modulation of the light inside the laser cavity
[1]. This train of pulses in the time domain is equivalent to a
frequency comb in the frequency domain, whose “comb teeth”
are separated by integer multiples of the mode number. Such
mode-locked lasers have applications in frequency metrology
[2], electrooptic sampling [3], and optical fiber communica-
tion research [4]. Here, we describe the use of a passively
mode-locked erbium-doped fiber laser (EDFL) as a stimulus
source for exciting a high-speed photodiode. The photodiode,
in turn, generates a short electrical pulse that is measured on
the electrical channel of an equivalent-time sampling oscillo-
scope. If the photodiode is calibrated, as with an electrooptic
sampling system in [5], this measurement can be used with
the techniques in [6] to calibrate the complex frequency re-
sponse of a high-speed sampling oscilloscope. Because EDFLs
operate in the 1550-nm wavelength region used for long-haul
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communications, they are well-suited for characterizing the
response of optical oscilloscope channels, which are sometimes
called reference receivers and can be used for measuring optical
eye patterns. EDFLs produce pulses with durations on the
order of 0.1-0.5 ps, which is typically more than an order of
magnitude faster than the receiver that is being characterized,
making possible high-accuracy measurements of the receiver
response.

Sampling oscilloscopes typically have errors in the time at
which the samples are taken, which can significantly affect the
measurement and determination of the oscilloscope’s response.
These errors can be decomposed into a random component,
which is called jitter, and a systematic component, which is
known as timebase distortion (TBD). Phase locking the repeti-
tion rate of the laser to a microwave signal generator enables us
to employ the National Institute of Standards and Technology
(NIST) timebase correction (TBC) method in [7] to correct for
imperfections in the high-speed sampling oscilloscope’s time-
base by simultaneously measuring two quadrature reference
sinusoids and the calibration impulse. The two sinusoids, which
originate from the microwave signal generator, allow the actual
times at which the samples are taken by the oscilloscope to be
accurately reconstructed with a covariance-based uncertainty
analysis [8]. This method replaces the separate procedures
described in [6] for estimating TBD [9] and jitter [10] and then
jitter deconvolution [11] but does not replace the intermediate
interpolation required before the Fourier transformation usually
employed for deconvolution.

In this paper, we report a novel application of laser and
phase-locked-loop (PLL) technology to the characterization of
the timebase and acquisition channel of a sampling oscillo-
scope. Our apparatus and procedure have the advantages of
TBC described in [7], allowing us to make more repeatable
calibrations of the oscilloscope. In particular, after applying the
NIST TBC algorithm, the residual jitter is reduced to approx-
imately 200 fs, and the deconvolution of its effects requires
little or no regularization. Furthermore, since the measurements
required for correcting the timebase are simultaneously made
with the oscilloscope calibration impulse, we need not worry
about systematic differences in the TBD between when the
impulse is measured and when the reference sinusoids are
measured. For example, the TBD may change due to temper-
ature changes or changes in the sampling rate, as described in
[12, Ch. 4]. The mode-locked laser that is phase locked to an
oscillator can also be used with commercially available TBC
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equipment.!-?> However, the NIST TBC software package is
freely available on the web [13], the techniques used are openly
documented in [7], and the software gives access to the various
elements used in determining the corrected timebase so that a
statistical analysis can be made, as described in [8].

In the following sections, we describe the system configura-
tion in detail and provide example measurements with compar-
isons between timebase error correction methods. To the best
of our knowledge, this is the first report in the open literature
of a mode-locked laser used with TBC algorithms for improved
oscilloscope calibration.

II. PLL

Fig. 1 shows the configuration for measuring the response
of timebase-corrected sampling oscilloscopes using a passively
mode-locked EDFL that is phase locked to a microwave sig-
nal generator. The phase-locking circuit is similar to several
others that have been used for controlling mode-locked lasers
[14]-[16]. A low-phase-noise microwave signal generator op-
erating at approximately 5 GHz has its output signal split so
that half of it acts as a reference for the PLL and the other half
is fed into the 90° hybrid splitter. The PLL locks the mode-
locked laser’s repetition frequency to the signal generator by
adjusting the voltage on a piezoelectric transducer (PZT) that

I Agilent 86107A precision timebase reference module. NIST does not
endorse or guarantee this product. Other products may perform as well as or
better than those listed here.

2Tektronix 82A04 phase reference module. NIST does not endorse or guar-
antee this product. Other products may perform as well as or better than those
listed here.
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Setup for measuring the response of timebase-corrected sampling oscilloscopes using a phase-locked passively mode-locked laser whose repetition rate

controls the length of the laser cavity. Our technique requires
that the oscilloscope have at least three channels. The oscillo-
scope is triggered by the electrical pulse train from the laser’s
pulse-monitor output and measures two quadrature reference
sinusoids on the oscilloscope’s first electrical plug-in. These
sinusoids are used to correct imperfections in the oscilloscope’s
timebase. The laser provides short optical pulses to the photo-
diode connected to the oscilloscope’s (third) electrical channel
that is being calibrated.

The mode-locked EDFL produces a collimated optical beam
with impulselike pulses that have a duration (full-width at half-
maximum) of approximately 100 fs at a center wavelength of
1550 nm and a repetition rate of approximately 10 MHz. The
laser has an electrical pulse-monitor output and an electrical
input to a PZT for cavity-length control. The electrical pulse-
monitor signal, which contains an electrical comb of frequen-
cies at intervals of about 10 MHz, is fed into the PLL, which
locks onto the 500th harmonic (about 5 GHz). The repetition
rate of the laser can be tuned over a 600-Hz range by applying
an external voltage from 0 to 1000 V to the PZT controller.

The PLL has two inputs, i.e., a reference signal from the
signal generator and a signal from the laser’s pulse monitor,
and one output, i.e., a voltage for controlling the laser’s PZT
controller. The electrical pulse monitor signal is filtered with
a 5-GHz bandpass filter and then amplified using a low-noise
amplifier before being fed into the RF port of a double-balanced
mixer. The input from the reference oscillator is fed into the
local-oscillator (LO) port of the mixer. The resulting signal
emerging from the intermediate-frequency (IF) port of the
mixer contains a phase-error signal of the two inputs. A low-
pass filter eliminates unwanted higher frequency products, and
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Fig. 2. Residual single-sideband phase noise of the laser’s pulse-monitor
signal as a function of the offset frequency from the laser repetition frequency
of 10 MHz without a phase lock.
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Fig. 3. Residual single-sideband phase noise of the laser’s pulse-monitor
signal as a function of the offset frequency from the laser repetition frequency
of 10 MHz when phase locked to the microwave signal generator.

the resulting signal is fed into an NIST-designed loop filter
and then into a high-voltage driver. This PLL continuously
adjusts the voltage on the laser’s PZT to maintain quadrature
between the signals of the mode-locked laser and the reference
signal, thus locking the laser repetition frequency to the signal
generator, which also generates the two quadrature reference
sinusoids for the TBC.

Phase-noise measurements were made on the 10-MHz pulse-
monitor signal with and without a phase lock using a digital
phase-noise measurement system [17]. This was done simply
by splitting off a portion of the pulse-monitor signal, filtering
it with a bandpass filter centered at 10 MHz, amplifying it
with a low-noise amplifier, and feeding the resulting signal
into the digital phase-noise measurement system, along with
a 10-MHz reference signal from a very low phase-noise quartz
oscillator. Fig. 2 shows the residual single-sideband phase noise
(in decibels relative to the carrier per hertz) of the laser’s pulse-
monitor signal as a function of the offset frequency from the
laser repetition frequency of 10 MHz without a phase lock.
Fig. 3 shows the same measurement with a phase lock. From
the two graphs, it can be seen that locking the laser to the
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Fig. 4. Oscilloscope measurements of an optical pulse simultaneously mea-
sured with two 5.000844-GHz reference sinusoids. Notice that the noise at the
sinusoid maxima is much less than the noise where the sinusoids are rapidly
changing, indicating that the noise is dominated by jitter.

microwave signal generator significantly reduces the phase
noise at offset frequencies below 20 Hz, which is consistent
with the bandwidth setting of the NIST-designed loop filter
at 15.9 Hz.

III. MEASUREMENTS

In this section, we show how the configuration described
earlier can be used to correct for timebase errors when the
impulse generated by a fast photodiode is measured by simul-
taneously measuring two reference sinusoids. To realize this
simultaneity, the oscilloscope must have an architecture that
activates the samplers in the channels from a single trigger event
and allows the transfer of the synchronously sampled data to an
external computer for postprocessing. As explained in [7], this
method generates a new timebase by assuming that the jitter on
all of the oscilloscope channels is sufficiently correlated, such
that an estimate of the timebase error based on a measurement
of the sinusoids in channels 1 and 2 can be used to correct
the timebase errors when measuring the signal of interest in
channel 3. The conventional timebase of the oscilloscope is
considered an initial estimate of the time at which samples
are taken and is used to characterize the distortion in the two
reference sinusoids. We estimate the new timebase from the
sinusoids using the weighted “error-in-variables” approach in
[18] that accounts for the relative contributions of additive noise
and timing error.

Fig. 4 shows an actual measurement of an optical pulse
simultaneously measured with two reference sinusoids. The
frequency of the sinusoids was 5.000866 GHz, which is the
500th harmonic of the 10.0017-MHz repetition rate of the laser.
The optical pulse was measured with a photodiode that has
an approximately 90-GHz (optical) bandwidth, and was con-
nected to the oscilloscope’s electrical channel that has an
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Fig. 5. One hundred waveforms of the as-measured (evenly spaced in time)

and timebase-corrected pulses (distributed in time). The measured pulses have
an initial RMS jitter of 0.81 ps, while the timebase-corrected pulses have a
residual RMS jitter of 0.22 ps.

approximately 90-GHz bandwidth. The RMS additive noise
in this channel was 0.9 mV. The electrical channels used to
measure the sinusoids have a full bandwidth of 20 GHz but
were set (through the oscilloscope user interface) to have a
bandwidth of 12.4 GHz to reduce the RMS additive noise in
the sinusoid measurements to 0.2 mV. All three signals were
measured using 8192 points over a 5.1-ns epoch. We also made
two additional (nonsynchronous) measurements of quadrature
sinusoids at 4.92085 (the 492nd harmonic of the repetition rate)
and 5.32092 GHz (the 532nd harmonic). We made use of the
additional sinusoids to provide information on the harmonic
distortion of the measurement channel, as described in [7] and
[19]. To provide the statistics of our measurements, we acquired
1000 waveforms and partitioned the measurements into ten sets
of 100 measurements. We used the NIST TBC software [13]
to correct the timebase errors in all the measurements with a
weighting factor of 4.7 ns? / V2.

IV. RESULTS AND COMPARISON

In this section, we evaluate the results of our apparatus and
TBC procedure by estimating the jitter before and after correc-
tion and characterize the variation of ten separate estimates of
the jitter and the pulsewidth. As a benchmark, we also compare
these results with the variation observed when using the method
in [6], where TBD and jitter are separately corrected. Here, we
refer to this method as the “old method.”

A. As-Measured Results

Fig. 5 plots a set of 100 waveforms as measured. Note that the
as-measured data fall at equally spaced times, as mandated by
the standard assumptions of normal oscilloscope operation. We
calculated the pointwise mean and standard deviation of each of

the ten sets of 100 as-measured waveforms. We estimated the
jitter variance of the ten as-measured sets of waveforms using
the first-order Taylor series expansion

dy 2
St ~ 5%+ 03 () m

where srota 1 the signal standard deviation at a given time, sy
is the additive noise standard deviation, &? is the estimated jitter
variance, and dy/dt is the derivative of the true time-domain
waveform. In this case, we must approximate the derivative
using the measured average and a finite-difference technique.
Furthermore, we did not attempt correction for the bias in the
estimated jitter, which is typically about 10% of the actual jitter.
Finally, we estimated the half-maximum pulse duration of each
of the ten averaged pulse waveforms using linear interpolation
to estimate the 50% crossing level. The mean and standard
deviation of these ten estimates are shown in Table I along with
the mean of the ten jitter estimates.

B. Results of TBC (New Method)

We first used the NIST TBC software [13] to correct for
random and systematic timebase errors. The results of this
correction are shown in Fig. 5. To characterize the residual
jitter in these corrected waveforms, we used a procedure similar
to that described earlier. However, to calculate a pointwise
estimate of the standard deviation for each measurement set
for use in (1), we needed to interpolate the data to 4096 points
spaced uniformly over a 5-ns epoch. This task is complicated by
the jitter, whose standard deviation is roughly 3/4 of the nom-
inal interval between samples. While our initial waveform was
sampled densely enough to linearly interpolate with adequate
accuracy, this is not necessarily the case for a single timebase-
corrected waveform. Because the jitter is relatively large, the
interval between samples after correction can be significantly
larger than the nominal sampling interval (before correction).
Linear and higher order interpolation of this undersampled
waveform can cause significant errors.

To increase the density of samples for interpolation, we
merged two consecutively measured waveforms from a given
data set and then used linear interpolation’ to reconstruct the
waveform on the desired uniformly spaced time grid. We re-
peated this procedure 50 times for each consecutive pair in each
of the ten measurement sets. Visual inspection shows that the
voltage spread of the interpolated data at each time matched
the spread of the uninterpolated data cloud in Fig. 5. From the
50 reconstructed waveforms, we calculated the mean wave-
form, and the standard deviation at each time to use (1) to
estimate the variance 6315 of the jitter remaining after TBC.
The mean of the ten jitter estimates is reported in Table 1.

Using our estimate of the jitter for each data set, we corrected
the mean waveform for the effects of the residual jitter using
deconvolution, where the residual jitter represents the inco-
herence between the measurements of the sine waves and the

3We use linear interpolation for convenience and consistency here, and we
do not claim that linear interpolation is in some way optimal. For a comparison
of various interpolation schemes, see [20] and [21] and the references therein.
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TABLE 1
JITTER AND FULL-WIDTH AT HALF-MAXIMUM OF MEASURED PULSE WAVEFORMS AS MEASURED AND
WITH THE OLD AND NEW METHODS FOR CORRECTING TIMEBASE ERRORS

Separate correction
mel:ssured TBntenvxe/;hOd for TBD + jitter

(old)
Mean pulse duration (ten 6.14 5.87 5.78
estimates), ps
Standard deviation of pulse 0.14 0.03 0.20
duration, ps
Typical jitter (mean of ten 0.81 0.22 —
estimates), ps

measurements of the pulse. Each mean waveform was Fourier
transformed to the frequency domain to obtain Y (w) and cor-
rected for residual jitter using the estimated jitter variance from
the waveform obtained from the TBC procedure

— 1.
Y = exp (20§-T30w2) Y. (2)

The corrected time-domain waveform 7~ was obtained as the
inverse Fourier transform of Y ¢. This procedure was repeated
for each of the ten different sets of corrected waveforms. We
estimated the half-maximum pulse duration of the ten averaged
pulse waveforms using linear interpolation. The mean and
standard deviation of these ten estimates are shown in Table I.

C. Results of Separate Correction for TBD and
Jitter (Old Method)

For comparison, we also corrected the as-measured data with
a simplified version of the method described in [6], which
separately corrects for TBD and jitter. We estimated the TBD
from the first set of 100 measurements using the method in [9].
This TBD was used to correct all ten sets of 100 waveforms.
Linear interpolation was used to reconstruct the waveform on
the desired uniformly spaced time grid. In this case, the TBD
is a slowly varying function, and the linear interpolation of
a single waveform gives an acceptable approximation. After
correction for TBD and interpolation, we estimated the jitter
variance 64pp_; of each data set. We then calculated the mean
waveform Yrpp for each set of measurements. Each mean
waveform was Fourier transformed to the frequency domain
to obtain Y tpp (w) and corrected for jitter using the estimated
jitter variance 62.5p,_; from the interpolated waveform

_ 1. _
Y tBD-j = exp (20”2[‘BD—JW2) Y BD. 3)

The corrected time-domain waveform yppp-; was obtained
as the inverse Fourier transform of Y tgp-;. We did not attempt
any form of regularization of the deconvolution of (3), and we
comment more on this choice in the next section. We repeated
this procedure for each of the ten sets of 100 waveforms, which
had already been corrected for TBD. We estimated the half-
maximum pulse duration of the ten averaged pulse waveforms
using linear interpolation. The mean and standard deviation

of these ten estimates are also shown in Table I. We did not
estimate the remaining jitter after correction.*

D. Comparison

We used statistical hypothesis testing to determine if the
estimated pulse durations are significantly different and if the
standard deviations of the estimates are significantly different.
The 95% confidence intervals for pulse duration calculated
from the three means and standard deviations listed in Table I
(with 10 DOF) are (5.828, 6.452), (5.803, 5.937), and (5.334,
6.226). Since these intervals overlap, we conclude that the
pulse durations are not significantly different from each other.
This is because the jitter in the original as-measured data is
small compared to the pulse duration and because the standard
deviation in the durations estimated from the as-measured data
and the duration estimated from separate correction are both
fairly large.

The test statistic for the equality of the pulsewidth standard
deviation is the variance ratio F' = 0.22/0.03? = 44.4. The
p-value of the test is the probability of observing a realization
of a random variable with an F' distribution with 10 DOF in the
numerator and 10 DOF in the denominator that is greater than
or equal to 44.4. This probability is less than 0.00001. That is,
the difference between the variations in estimated pulsewidth
after reconstruction using the two different techniques is very
significant.

Furthermore, the pulse as estimated with the TBC procedures
has about four times less jitter than the raw measurements.
The old method for separately correcting TBD and jitter de-
graded the precision in determining the pulse duration by a
factor of 6.7 compared to the TBC method and is degraded
by a factor of 1.4 compared the as-measured data. This is
because of noise amplification in the deconvolution of (3).
Fig. 6 shows 20 log(|Y tep|/|Y c|) for one set of 100 measure-
ments along with the expected roll-off 20 log(exp(—1/26%w?))
due to jitter. We see that the waveform spectrum magnitude
\?TBD\ does indeed decrease with frequency, relative to the
waveform spectrum magnitude |Y ¢|, as expected. Fig. 7 shows
20log(|Y rBp-1|/Y c|), which is more flat, indicating that the
effects of jitter have been removed and that the TBC procedure

4Although the jitter deconvolution could be applied to each timebase-
corrected waveform (instead of the average) and (1) could be applied to estimate
something similar to a “residual jitter,” it is not clear how this result should be
interpreted, and the discussion of this interpretation lies outside the scope of
this paper, so we leave the jitter entry for this technique blank.
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Fig. 6. Jagged trace of 20log(|Y tp|/|Y c|) rolls off along the smooth
curve of 20log(exp(—1/263w?)), indicating the presence of jitter in the
waveform that has been corrected only for TBD but not yet for the effects of
jitter.
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Fig. 7. Jagged trace of 20 log(|Y tBD-3|/|Y c|) is flat, up to about 80 GHz,

indicating that the two TBC methods, which are totally independent of each
other, estimate essentially the same response function, within the noise variation
in the system.

and the old procedure for separately removing the effects of
TBD and jitter give, on the average, similar results up to about
100 GHz.

Finally, Fig. 8 shows the magnitude spectra of averaged
waveforms reconstructed using both approaches. The noise
of the waveform reconstructed using the old method clearly
increases above 150 GHz because of the amplifying nature
of the deconvolution in (3). Presumably, this is the cause of

Magnitude (dB)
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30 4
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40 H: l I“‘”ll “ﬁ "”' Mu‘ Hw I
0 50 100 150 200 250 300 350 400 450
Frequency (GHz)
Fig. 8. Trace: 20log|Y /Y ¢(0)]. Dots: 20log |Y tp-3/Y TBD-1(0)].

Note that, in the latter case, the noise above about 150 GHz has been amplified
by the deconvolution process.

the decreased precision in determining the pulse duration. For
the purposes of this paper, we chose to not regularize the
deconvolution so that the associated noise could be highlighted.
We note that if the pulse were reconstructed on a time grid with
8192 points, the frequency spectrum would be extended to
beyond 800 GHz, and the noise would be amplified to such
an extent as to render the time-domain representation of the
waveform useless. Clearly, a regularization strategy could be
employed to reduce the noise, in the case of 4096-point recon-
struction, and regularization would be required in the case of the
8192-point reconstruction, at the expense of adding systematic
error in both cases.

V. DISCUSSION

We have described an apparatus and procedures for making
timebase-corrected measurements of electrical or optical pulses
that are generated with a passively mode-locked laser that
is phase locked to a microwave signal generator. With the
laser phase locked to the quadrature reference sinusoids, it is
now possible to simultaneously correct for random jitter and
systematic TBD in the oscilloscope when measuring a laser
pulse. The resulting waveform is randomly sampled. We have
not explored the ramifications here, but if the jitter standard
deviation is comparable to the sample spacing, a superposition
of these randomly sampled waveforms can actually have a
mean sample spacing substantially less than the target sample
spacing of the as-measured waveform, effectively increasing
the Nyquist frequency of the measurement.

The apparatus and TBC procedures we have described here
can also be used to calibrate a sampling oscilloscope that has
an optical input and is sometimes referred to as a reference
receiver. Such receivers are often used to characterize signals
used in digital optical communications, particularly through

Authorized licensed use limited to: NIST Research Library. Downloaded on March 09,2010 at 10:04:00 EST from IEEE Xplore. Restrictions apply.



922 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 59, NO. 4, APRIL 2010

the use of eye pattern measurements [22]. As mentioned in
Section I, mode-locked EDFLs are well suited for character-
izing the response of reference receivers because they operate
in the 1550-nm wavelength region in which the receivers for
long-haul communications are used. EDFLs produce pulses
with durations on the order of 0.1-0.5 ps, which is typically
more than an order of magnitude faster than the receiver being
characterized, making possible high-accuracy measurements of
the receiver response.
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