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Abstract

We describe estimation of the magnitude and phase response of a sampling oscilloscope with 50 GHz
bandwidth using the nose-to-nose method.  The measurements are corrected for the non-ideal properties of
the oscilloscope and calibration apparatus, including mismatch and time-base distortion, drift, and jitter.
The mean and standard deviation of repeated measurements of an ensemble of three oscilloscope samplers
are reported, along with attempts to verify the magnitude calibration using a swept sine-wave method.
_________________________________

Introduction

The frequency-dependent phase and magnitude response of a linear device uniquely determine its time-
domain response and are used in optoelectronic device metrology, nonlinear device metrology, and high-
speed digital circuit design. Frequency-domain network analyzers measure device magnitude and phase
responses relative to a reference tone, but cannot measure the total phase relationship of the frequency
components in a broadband
waveform.  Here time-domain
methods are required.  We are
investigating the use of a high-
speed sampling oscilloscope,
which has been calibrated using
the nose-to-nose (n2n) method1,2,
to measure the phase response of
fast optical detectors and
electrical comb generators.  In this
paper we describe efforts to
calibrate the magnitude and phase
response of an oscilloscope using
n2n, and to verify this calibration
method.  We also describe various
corrections for non-ideal adapters
and time-base and the integration
of these corrections into the
calibration procedure.

The idea behind n2n is described
by Rush and Verspecht1,2.  A
                                                          

Fig. 1.  Simplified schematic diagram of the two-diode sampler
circuit3.  Vb is the diode reverse bias voltage. Kick out pulses are
generated at the input port when the DC offset voltage V0  is
nonzero.
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simplified schematic of the sampler
circuit geometry is shown in Fig. 1.  The
sampler also includes a transmission
line and 2.4 mm (male) coaxial
connector on the input port.  The
sampler diodes are normally reverse
biased and the offset voltage V0 = 0.
The strobe pulse forces the sampling
diodes into conduction.  Short current
pulses conducted through the sampling
diodes collide at the sampling node and
cancel because of the symmetry of the
system. When an offset V0 ≠ 0 is added
to the diode bias voltage, the currents no
longer cancel and a short pulse leaks out
of the input port.  According to the n2n
theory, the pulse that leaks out, called
the “kick-out” pulse, is proportional to
the “impulse response” (defined in ref.
[3]) of the sampler that generated it.  If
the kick-out generator is connected to a
similar sampler, called the receiver, the
measured waveform is the convolution
of the kick-out pulse with the impulse
response of the second sampler.  If
combinations of three samplers are
measured, the impulse response of any
one sampler can be estimated by solving
a set of three equations in three
unknowns.  Preliminary simulations3 at
NIST indicate that the kick-out pulse is
a reasonably accurate estimate of the sampler impulse response for certain circuit parameters.  Investigation
of the parameter space for which the n2n assumptions hold is an area of continuing research4.
Actual measurements providing the estimate of the impulse response of a sampling oscilloscope are
affected by various non-ideal properties of the hardware.  Calibration of an oscilloscope's frequency
response requires estimation and correction of these effects, which include distortion, drift, and jitter
components in the time-base, and electrical mismatch.  A basic flow chart for the calibration procedure is
shown in Fig. 2.  Time-base distortion (TBD) is a deterministic error in the delay generator that triggers a
sample.  Drift and jitter are random variations in the sample time which occur on a long and short time
scale relative to one complete sweep of the display.  Many waveforms must be averaged to achieve a low
noise level.

Nose-to-nose measurements and time-base drift correction

We next describe the experimental setup for measuring the n2n signal. The samplers of the two
oscilloscopes are positioned “nose-to-nose” and connected via a single 2.4 mm female-female adapter.
Combinations of three samplers are measured to estimate the impulse response of each sampler.

Synchronization and timing of the generator and receiver are critical.  The pair must be configured so that
the receiver is sampling only when a kick-out pulse is present. A synthesized signal generator generates a
TTL-compatible square-wave at 2.4 kHz and triggers a step-pulse generator.  The resulting pulse has a fall
time of about 15 ps.  The step-pulse is attenuated and split to give a trigger signal for both oscilloscopes.
We have found that increasing the fall time to greater than about 100 ps increases the observed jitter
significantly. The time-base of the generator scope is set such that it produces a kick-out pulse about 56 ns
after the trigger pulse, positioning the received pulse at about 63.4 ns in a 4 ns window that starts at 63 ns.
The generator oscilloscope is set to take 16 samples per 0.4 ms sweep.  Oscilloscope control and data
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Fig. 2.  Flow chart of nose-to-nose procedure.
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acquisition are performed by a desktop computer.  Each measured waveform is saved for post-processing.
Acquisition of 1000 waveform pairs takes about 45 minutes.  During the measurement process the time-
base may drift about 1 to 2 ps, producing significant error at high frequencies.  Consequently, we must
carefully estimate and correct for drift.

The measured signal actually contains the kick-out pulse k(t) and a strobe leakage signal c(t) produced by
sampler diode imbalance, sampler asymmetry, and capacitive coupling.  By reversing the offset, the sign of
the kick-out can be changed without changing the sign of the leakage.  We alternately measure the signal
for both positive and negative 100 mV offsets.  This offset is chosen as a compromise between poor signal-
to-noise ratio and sampler nonlinearity.  In the ideal noise-free case, for positive offset we observe m+(t )=
(k(t)+ c(t))*h(t).  With negative offset, we observe m-(t) = (-k(t)+ c(t))*h(t).  By differencing the two
measurements, and dividing by 2, we estimate the signal of interest.  In practice, we measure many noisy
realizations of the “plus” and “minus” signals.  Due to instrument drift, the “plus” signals are misaligned
with respect to one another.  Likewise, the noisy “minus” signals are misaligned with respect to each other.
We estimate the relative shift of the nth “plus” signal with respect to the first “plus” signal by cross-
correlation analysis of all pairs of signals.  Similarly, we estimate the relative shift of the nth “minus”
signal with respect to the first “minus” signal by all-pairs cross-correlation analysis.  We then compute the
averages of the aligned plus signals ( )m t+ and the aligned minus signals ( )m t− .  Because the “plus” and
“minus” signals are aligned independently, ( )m t+  and ( )m t−  may be misaligned.  Our estimate of the
relative shift of the two signal averages is the difference in the mean values of the “plus” signal relative
shifts τ +  and the mean values of the “minus” relative shifts τ − .  Finally, our estimate of the signal of
interest is

{ }1
2ˆ ( ) ( ) ( ) .m t m t m tτ τ+ + − −= − − − (1)

Time-base distortion

Because of timing errors in the receiving oscilloscope, signals are sampled at unequally spaced intervals.
At the pth sample, the timing error is the sum of a deterministic time-base distortion TBD(p) and a random
timing jitter error τp .  Thus, the pth sample of the signal of interest is 0ˆ ( ( -1) ( )  )p pm t p TBD p τ ε+ ∆ + + + ,
where εp is additive noise, ∆ is the target time interval between samples, and t0 may depend on instrument
drift.  The expected mean value of the jitter and additive noise is zero.

Errors due to TBD necessitate compensation to give good electrical mismatch corrections above about 15
GHz. We developed an efficient least-squares algorithm5 for estimating TBD. The method requires
measurements of sinusoidal signals at two phases and two frequencies. It can accurately estimate the order
of the harmonic model that is used to account for the amplitude nonlinearity of the sampler and separate the
effect of the nonlinearity from the TBD estimate.  To improve the TBD estimate we average results from
100 sets of waveforms.  Each set of four waveform measurements contains a 9.75 GHz signal and nearly
quadrature signal, and a 10.25 GHz signal and nearly quadrature signal.  The sinusoidal signals are
generated using an inexpensive 100 kHz-3.2 GHz synthesized signal generator, whose 5 MHz reference is
provided by a Hydrogen maser that is maintained by the NIST Time and Frequency Division.  The
synthesized signal is multiplied by a 5× multiplier and is amplified and filtered to ensure spurious
harmonics of the input signal less than –60 dB (re: carrier) and spurious harmonics of the output signal less
than -50 dB (re: carrier).  The oscilloscope is triggered using the fundamental signal generated by the signal
generator, and the relative phase of the measured waveform is set by changing the trigger level of the
oscilloscope.  Acquisition of 100 sets of four waveforms takes about 10 minutes and includes time for
letting the signal generator settle after switching frequencies.

Our least squares algorithm can be used with weighting to estimate TBD.  We begin with a set of equal
weights, and then estimate the TBD, amplitude, and phase parameters.   With these estimates in hand, we
compute the residuals of the fit and then use the inverse of the squared residuals as a new set of weights to
obtain the TBD and other parameters.  This process is repeated until it converges.  Simulation studies show
that the bias of the TBD estimate obtained from 100 sets of waveforms is very small, thus the variation



among the 100 individual TBD estimates is a good measurement for the uncertainty of the TBD estimate.
Since repeated measurements are available, we have also developed a method that can be used to reduce
the bias of the jitter τσ and additive noise εσ estimates.  Specifically, under the assumptions of Gaussian
jitter errors and negligible harmonic distortion, we have shown that
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where A is the amplitude and f  is the frequency of the sinusoidal signal, and ( )ig t′ is the derivative of the
measured sinusoid after TBD correction.  The result can be used to adjust for the bias of additive and jitter
variance estimates obtained by the first-order approximation.  These biases can be large if 2

τσ  is not small.

Based on the estimated time-base distortion, we approximate our signal of interest using a regression spline
model6.  We sample this continuous time representation of the unequally spaced observed signal at equally
spaced times.  Fourier analysis is done on this interpolated signal to implement further corrections.

Adapter mismatch correction

We perform mismatch correction in the
frequency-domain because multiple
reflections between the receiver and
generator can not be windowed out in
time.  The mismatch correction is found
using the flow diagram shown in Fig. 3.  If
the samplers were ideal, reflectionless, and
connected with an ideal adapter, the
measured waveform would be
Mij(ω)∝ Hi(ω)Kj(ω), where Hi(ω) is the
frequency-domain representation of the
impulse response of the receiver and Kj(ω)
is the kick-out waveform.  Instead, the
waveform ˆ ( )TBD

ijM ω , which is already
corrected for TBD and drift, must additionally be corrected for the adapter network by dividing by rij, given
by
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where Sxy refers to the measured  frequency-dependent S-parameters for the adapter used to connect the two
samplers (i and j), and Γx is the measured frequency-dependent reflection coefficient for the xth sampler.
We have found that if the Mij(ω) are not corrected for TBD prior to mismatch correction, the mismatch
correction has little or no effect above about 20 GHz.

Jitter

The effect of jitter on an averaged signal is that of a lowpass filter7.  The variance of the measured signal
can be expressed in a Taylor-series expansion as

2
2 2 2 ,Total N J

dV
dt

σ σ σ  ≈ +   
 (4)

where σTotal
2 is the total measured signal variance, σN

2 is the additive noise variance, σJ
2 is the jitter

variance, and dV/dt is the derivative of the ideal time-domain waveform.  We are currently investigating
methods for estimating these quantities.  Typically σ J ≈1.1-1.2 ps and is assumed to be normally
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Fig. 3.  Flow diagram used to calculate mismatch correction
factor rij=b/a.



distributed. The estimated Hj(ω) is then multiplied by exp(σJ
2ω2/2) over the frequency range of interest to

deconvolve the jitter effects.

Measurement results

Since the n2n method is based on the assumption that Ki(ω)∝  Hi(ω), the response of each of the three
samplers can be estimated using the corrected measurements:
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where C is an arbitrary constant and we assume that the jitter is the same for all three Mxy measurements.
The square root in the second part of equation 5 is taken by unwrapping and detrending the phase of the
complex product inside the radical and dividing by 2.

Fig. 4.  Mean and standard deviation of the response magnitude (|H(ω)|) for 5 measurements on an
ensemble of 3 samplers.

Fig. 5.  Mean and standard deviation of the response phase (arg(H(ω)) for 5 measurements on an
ensemble of 3 samplers.
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Figures 4 and 5 show the measured mean and standard deviation of the frequency response magnitude and
phase for 5 measurements of an ensemble of 3 samplers.  For each measurement, the waveform pairs for
each sampler combination are measured 1000 times.  The waveforms are measured over a 4 ns time epoch
with 1.953 ps between each sample.  Extending the measured time epoch does not add significant
information to the measurement.  Finer resolution in the frequency range could be calculated synthetically
by padding the transformed estimated response with zeroes and performing the inverse transform.  For this
study the frequency grid is determined by the time epoch of the measured data.  We estimate the linear
portion of the phase using a least-squares fit between 0 and 20 GHz.  The linear portion of the phase is
subtracted before determining the mean and standard deviation.

Differences between the curves show that the response of each sampler is different, yet repeatable.  The
variability of the magnitude response may be acceptable for many applications up to about 38 GHz.
Resonances in the response seem to reduce repeatability in the region from 40 to 45 GHz.  In general, the
phase variability increases for frequencies above 20 GHz.  Although the magnitude variability is somewhat
high relative to standard vector network analyzer measurements, the phase variability is fairly small.  This
is a desirable result since our main goal in n2n calibration is the phase response.

The procedure we have described is intended to estimate the frequency-domain properties of the
oscilloscope sampler.  Clearly there are several places in this procedure where the correction factors are
determined over a specific frequency range with data cut-off above 50 GHz.  The effect of the band-limited
data is to add ringing in the time-
domain that may be undesirable
for some applications.

Comparison to swept sine-wave
measurements

As a verification of the n2n
calibration of magnitude
response, we performed swept
sine-wave measurements to
compare the response of the
oscilloscope to that of a calibrated
thermoelectric power meter.  The
setup for this measurement is
shown in Fig. 6.  Measurements
were performed between 1 and 50
GHz.  The generator power was
set at  -3 dB (re: 1 mW) at 1 GHz
with an increase of 0.08 dB/GHz.
The receiving oscilloscope was
placed in vertical histogram mode
to measure the standard deviation
(and variance) of the voltage.
The measured power is calculated
as

2 21 ( ) ,
50scope S BP σ σ= −

Ω
 (6)

where σS 2  is the signal variance measured during the scan, and σB is the background variance measured
before the scan.  The magnitude response of the scope is then found as8
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Fig. 6.  Schematic of experimental configuration for swept sine-wave 
measurements of oscilloscope sampler response.
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where
Pmon’ = monitor power meter reading while measuring scope
Pmon = monitor power meter reading while measuring power meter standard
Pmeter = standard power meter reading
k = calibration factor of standard power meter = η(1-|Γmeter|2)
η = standard power meter substitution efficiency
Γmeter = electrical reflection coefficient of the standard power meter
Γg = equivalent source electrical reflection coefficient9.

The part in curly braces is treated as a mismatch uncertainty, instead of as a full correction.  The result of  a
swept sine-wave measurement on a typical sampler compared with the n2n measurement is shown in Fig.
7.  The n2n measurements are consistently larger than the swept-sine measurements.  This is consistent
with the results reported by Verspecht and Rush1.  Simulations have also shown that n2n measurements
may give high estimates of the magnitude response3,4.

Conclusions

In conclusion, we have implemented experimental and computational procedures for nose-to-nose
calibration.  Our procedures include new methods for drift correction and TBD correction.  We remove
effects due to the adapter propagation delay and mismatch and correct for jitter.  The variation in our phase
estimate is quite small, while the variation in magnitude is somewhat larger.  We compared the magnitude
response measured by nose-to-nose
calibration with a power meter
measurement and found a significant
discrepancy, comparable to that
reported by the inventors, Verspecht
and Rush1.  We still lack a method for
verifying the total phase, although we
have not found any evidence that
indicates the nose-to-nose method is
failing.
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