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Abstract—Timebase distortion causes nonlinear distortion of sample intervals that are not integer multiples of this unit, the re-
waveforms measured by sampling instruments. When such instru- glized sample times will have a quantization error. Such an error
ments are used to measure the rms amplitude of the sampled wave- .5, occur when the measurement requires an integral number of
forms, such distortions result in errors in the measured root-mean . . .
squared (rms) values. This paper looks at the nature of the er- SamP'es over one_ or more pgnods of the _S'gn_al being sampled.
rors that result from nonrandom quantization errors in an instru- [N this case, the timebase will have quantization errors that are
ment’s timebase circuit. Simulations and measurements on a sam- dependent on the frequency of the signal being sampled.
pling voltmeter show that the errors in measured rms amplitude  \When designing sampling instruments, the timebase quanti-
have a nonnormal probability distribution, such that the proba- ;4461 resolution is usually selected such that its effects on the
bility of large errors is much greater than would be expected from . .
the usual quantization noise model. A novel timebase compensa-accuracy _Of the instrument arg below_ the rar_ldom noise level of
tion method is proposed which makes the measured rms errors the sampling process. To do this requires estimates of the effects
normally distributed and reduces their standard deviation by a of such an error process. The traditional method employed is to

factor of 25. This compensation method was applied to a sampling treat the quantization as a random noise process [7]-[10]. For an

voltmeter and the improved accuracy was realized. instrument used to measure the rms amplitude of the sampled
Index Terms—Compensation, correction algorithm, quantiza- signal, such a model leads to an error estimate for the calcu-
tion, sampling, timebase, voltmeter. lated rms values characterized by a normal probability density

error distribution. The timebase quantization, however, violates
the assumptions necessary for use of the random noise model.
To use that model, the errors must be independent and identi-
N OMINALLY uniformly-spaced sample intervals are fun-ca|ly distributed (i.i.d.). As will be shown in this paper, certain
damental for modern sampling instruments. This is trfnepase quantization processes can cause the quantization er-
whether the samples are taken in real time or equivalent timgys to be correlated with each other and with the signal being
The deviations away from uniform time intervals have two comneasured. This causes the errors in the calculated rms values to
ponents: a random part called time jitter that is not the subjggt nonnormally distributed. A consequence of using the wrong
of this paper, and a deterministic part called timebase distortifyyor model is that it underestimates the probability of large er-
Uncorrected timebase distortion causes nonlinear distortion gfs The timebase also can have other significant error sources,
the sampled waveforms. Several papers have been writtenfghexample, due to the nonlinearity of the timebase ramp. This
techniques for measuring and correcting for deterministic tim aper does not address these errors.
base distortion [1]-[6]. These correction techniques usually de-Thjs paper examines the nature of the sampled waveform er-
pend on resampling the recorded waveform to produce a ngys that arise from timebase quantization. A unique method of
waveform that represents the signal sampled uniformly. Heggyrecting the sampling process is described that significantly
we present an alternative correction method that does not rgdyces the errors in the calculated rms amplitudes of such sam-
on recalculation of the waveform if the quantity of interest is thﬁled waveforms and results in a normal error distribution. This
root-mean squared (rms) amplitude of the sampled signal. mqgified sampling technique requires only a very small change
Not all instruments have the type of timebase error discuss@dhe way that sample times are calculated and no change in the
in this paper, although most equivalent-time types do. The fg{xsjc design of the quantized timebase.
lowing describes the type of timebase error under discussionTimebase quantization errors were encountered at the Na-
The timebase on many instruments uses a clock circuit thgjna) Institute of Standards and Technology (NIST) during the
runs independent of the signals being sampled. This clock Q@fevelopment of a high accuracy sampling voltmeter [11]. The
cuit usually has a smallest time resolution unit that can be prQtsT wideband sampling voltmeter (WSV) measures the rms
grammed. This time unit is the quantization resolution of ﬂ"&nplitude of periodic signals by sampling the signal’'s wave-
timebase. If the instrument makes a measurement that requiis, using equivalent-time sampling. The design for this time-
base and how it interacts with the signals being sampled are de-
scribed in Section Il. Results from a simulation model of the
Manuscript received May 4, 2000; revised March 17, 2001. e Joltmeter indicated the differences between the correct error
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Fig. 1. Example of timing relation between quantized time, ideal sample time, quantized sample times, quantization error, and sample intervals.

the improvements possible by use of the modified quantizatisample sequence will have two sample intervals ¢,(r) and
scheme as described in Section V. (m + 1) x #(r), such that

t
m <
- tb(T)
wherem is the integer number of quantization intervals in the
ideal sample interval antlis the fractional ideal sample-interval
gquantization factor. Fig. 1 shows an example of the relation be-
The NIST WSV adjusts the sampling rate to be an integgeen the quantized times, the ideal sample times, and the quan-
multiple of the signal frequency. However, because the timebaggd sample intervals.
is quantized, the actual sample times are not precisely uniformlyjs ¢ is close to 0.5, then, in general, the quantized sample in-
spaced. The following is a simplified description of the way thgsryals will alternate between the two quantized sample inter-
sample times are generated to help the reader understand DgW. Occasionally, two sample intervals of the same size will
the time quantization process interacts with the signal frequengycur together. Fof close to 0.5 the sequence of quantization
and results in an error in the measured rms value. errors will be negatively correlated. Howeversifs very close
The timebase generator makes use of a voltage ramp, a t6f or 1, the pattern is different. Then, the quantization intervals
erence DAC, and a comparator. Because of the large frequeagy primarily of one size with an occasional interval of the other
range covered by the voltmeter, 10 Hz to 200 MHz, multiplsize. In these cases, the sequence of quantization errors will be
ramp slopes are used. Twenty-two slopes are used altogethesitively correlated. Thus the pattern of quantization interval
three are used to cover each decade of frequency. During ieéetermined by.
measurement process, the frequency of the input signal is dewhen used as the timebase for measuring the rms value of
termined and used to select the fastest ramp such that for enginewave, the errors caused by this quantization process vary
signal period the ramp voltage changes by less than the DAC fwith the value of§. Since the value of is a function of the
scale voltage range. The ramp start time is synchronized wibriod of the signal being measured, the errors in the rms mea-
the input signal. The ideal sample intervais calculated by di- surement vary with the signal frequency. The rms measurement
viding the signal period by the number of samples to be takefrors can become large if the quantization errors are correlated
over one period. Selecting a start delay and adding multiplgéth the signal being measured. Since this timebase increases
of the ideal sample interval generates the ideal sample timgse probability of having correlated quantization errors relative
From the known slope of the ramp the reference voltage cas-a random error process, the probability of large measurement
responding to each sample time is determined and roundecktfors is increased at select frequencies.
the nearest DAC level. This rounding is the cause of the time-For purposes of this paper, the important features of the time-
base quantization and from the computations the timebase quasise being described are first that the quantization resolution
tization error for each sample time is known. For each sampi¢ the timebase remains fixed for a range of input signal fre-
time the DAC is set to the corresponding voltage level andquencies, and second that the sampling process is adjusted to
sample strobe is generated when the comparator detectsttiesignal frequency. This type of timebase process is hereafter
ramp crossing the DAC voltage level. The signal amplitude géferred to as a ramp timebase. In examining the errors caused
each sample time is measured and the signal’s rms value is ¢glthis timebase error process, itis important to keep in mind the
culated as the rms of all the measured sample values. differences in its behavior relative to the behavior for a random
The time intervals are quantized by the resolution of the reffmebase error process. First, for the ramp timebase the quan-
erence DAC. The weigh® (in volts) of the least significant bit tization errors are not random. Rather, they are a function of
(Isb) of the DAC and the ramp slopg(in volts per second) de- the measurement and signal parameters. Thus, averaging repeat
termine the timebase resolutiag(r); therefore, the smallest measurements can not reduce the size of these errors caused by
time interval that can be realized for the selected slops this process. They cause a bias in the measured values. Second,
given byt,(») = @/r. The actual time intervals are limited tothe probability distribution of the errors in the measured quan-
multiples of this unit of time. Since the ideal sample times atéies is changed. These effects are examined using a simulation
rounded up or down to the nearest quantized time, the quantizeddel.

=(m+8) <m+1, 1)

IIl. RAMP QUANTIZATION
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Fig. 3. Example of quantization errors (dark diamonds) and cumulative sum
qlgantization errors (gray squares) showing correlation of quantization errors and

Fig. 2. RMS measurement error for ramp quantization (gray squares)lgﬁge cumulative sum values.

nonnormally distributed, and rms measurement error for random quantizat
(dark diamonds) is normally distributed.

Il. SIMULATION MODEL

2
/
A simulation model of the NIST WSV was developed to ex- 1
amine the effects of timebase errors on the rms measurement
process. The simulations allowed either a truly random time- i} /
base quantization or the nonrandom ramp-dependent quantiza- 2
tion patterns. The random time base errors used a uniformly s W
distributed random timebase error of amplitub@.5¢, (). For *
both timebase error types, the resultant rms measurement errors
were determined for a large number of input signal frequencies,
phases, and other parameters. Fig. 4. RMS measurement error for ramp quantization plus random dither of
Fig. 2 shows the cumulative normal distribution plots of the5s Isb amplitude gives normal distribution.
rms measurement errors for both timebase error types. For this
plot, the rms measurement errors are sorted, the inverse norguantization errors from the first sample to sample”,(5).
probabilities of the sample number in units of standard devig@this quantity is given by
tion are plotted on the vertical axis, and the rms error values '
are plotted on the horizontal axis. Thus, if the errors are nor- ) J
mally distributed this plot will show a straight line. The plot Cold) = Z s 2
for the random timebase errors is a straight line showing that =t
the errors in these rms measurements are normally distributetiereq; is the timebase quantization error for time sample
The line for the ramp-timebase errors is not straight. The linghis quantity plays an important role in the modified quanti-
deviates significantly from a straight line before reachia® zation scheme that reduces this effect. The ramp-quantization
standard deviations. Thus, about 5 percent of the errors are gigscess holds the magnitude of each quantization egréo
nificantly larger than would be expected from a normally didess than half the timebase resolution, ile;} < 0.5¢,(r). If
tributed random error mechanism. Conversely, almost 95 péfie quantization errors were random the standard deviation of
cent have an error significantly less than expected. C,(j) would be proportional tq/j #,(r). Fig. 3 shows a plot of
Since many of the errors for the ramp-quantization timebaég () for a frequency with large error wheées close to 0. Be-
are less than expected, is there some way of modifying the quaause the quantization errors are correlatéd; ) become large
tization error patterns to take advantage of this and eliminate ¢wmpared td, (+) much more quickly than would be expected
large errors? The next section shows how this can be done @meé random model.
how it should not be done. One not-so-good way to break up this correlation is to add a
random dither to the ideal sample times before quantizing them.
Fig. 4 shows the cumulative error distribution for rms measure-
ments taken with a uniformly distributed random time dither of
IV. M ODIFIED RAMP QUANTIZATION amplitude+0.5¢,(r) added to each ideal sample time before
being quantized. The resultant distribution is now normal but at
Looking at the timebase quantization, errors associated witte expense of being larger.
the largest rms measurement errors shows that these errors afebetter way of breaking up this correlation is to restrict the
associated with positively correlated quantization errors. Thesiee of the cumulative sum of quantization erra®$(;). This
result from the fractional quantization fact®being close to 0 can be accomplished by adding the cumulative sum of previous
or 1. A useful quantity for understanding how this correlatioarrors,C,(j — 1), to the ideal sample time before quantization.
affects the measured rms values is the cumulative sum of fFige value ofC,(0) is taken to be zero. The new set of values for

inv. normal prob. in std. dev.
(=]

-4 -2 0 2 4
rms errors in mV per V
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> Fig. 7. Predicted rms error range for ramp quantization (maximum-upper
/ solid line, minimum-lower solid line) and measurement rms error for ramp
1 quantization (dark diamonds), and for CSL quantization (gray squares).

-1 / Note how the error with the CSL quantization, as,, drops
much more rapidly as a function of the number of samples,

3 and has a dependence on the number of cycles of the measured
- signal, which is not present in the ramp-quantization timebase
04 02 0 02 04 induced error.

rms errors in mV per V The functional dependence of the rms error versus signal
phase is the same for both timebase quantization schemes.
4f/hen plotted versus signal phase angle at the start of the sam-
pling interval, the error is a sinewave with a period of 18the
amplitude of this sinewave is called the phase maximum error,

Cy(7) will be betweent0.51,(r). Fig. 5 shows a simple feed-p\E This is the largest error possible for a given frequency

back computation that performs this operation without the ne%ile varying the signal phase relative to the sample interval
to calculate the cumulative sums. This quantization methoda{f1d holding the other measurement parameters constant

referred to as the cumulative-sum-limited (CSL) quantizatio§ecause the period of this phase dependent error is, 1186
scheme. The distribution of rms errors that results from the Usf/= .an be determined by simulating or measuring the rms
of the CSL quantlzanon_scheme is shown in Fig. 6. The MS Yrror for two signal phases separated by &ad calculating the
rors are now normally distributed and have a standard dev'at'%t-sum-square of the two error values. The values of PME
of about 1/25 of the standard deviation from the ramp timeba%‘rsus frequency were simulated and compared to PME values

The next section shows that this improvement was realizedrmaasured on the NIST WSV as described in the next section
the NIST WSV. ' ’

During the simulations each of the parameters that affect the
rms error was varied to determine their effects. The primary fac-
tors that determine the rms error caused by timebase quantizal he validity of the simulation model and the value of the CSL
tion are: the number of bits used in the timebase DAC; thequantization scheme compared to the traditional ramp-quantiza-
number of sampled’ used in the rms computation, the numbetion scheme are shown with measurements taken on the NIST
of cyclesn of the signal that are sampled; the quantization err¥SV. The DAC resolution for the WSV was reduced to 10 bits
for the first sample:, and the fraction of the DAC range thatfor this experiment to accentuate the errors. With the traditional
represents one signal period. For the data given above anddfp-quantization scheme, the rms errors become very large
much of this paper, the parameters are often chosen as 128 sai@und certain frequencies. One such peak occurs for signal fre-
ples, over one cycle of the signal, with the timebase DAC reguencies around 77 kHz. Fig. 7 shows the measured and simu-
olution set at 10 bits, the signal phase at 0 degrees, the initeied PME results for frequencies from 75 kHz to 80 kHz. The
quantization value as zero, and the fraction of the DAC ran§#o0 solid lines show the results of simulations of the rms error
that represents one signal period between 0.5 and 1.0. Base#®iAg the traditional ramp-quantization scheme. The top line
alarge number of simulations, varying each of these factors owéows the largest predicted PME for each frequency varying
a wide range, the rms error data were fitted to a functional reRll the other parameters. The lower line shows the smallest pre-
tion for each quantization method. The empirical relation for tHéicted PME for each frequency. Thus, if the voltmeter performs
dependence of the rms error for the ramp-quantization metH&€ same as the simulation model, the measured PMEs for ramp

inv. normal prob. in std. dev.

Fig. 6. RMS measurement error for CSL quantization is normally distribut
and much smaller than errors shown in Figs. 2 and 4.

V. EXPERIMENTAL VERIFICATION

is given as guantization should fall between the two curves. The series of
points with diamonds shows the measured PME for the NIST
ms,, = 17 % 2~ 5% 22 (3) WSV using the traditional quantization scheme. All values fall
! VN between the two curves predicted by the simulation model.

The CSL quantization scheme was implemented on the NIST
WSV. This was done by a simple software change to the sample
5.3 % 2-b x p0-82 o time computation. The lower curve of squares in Fig. 7 shows

N1 +146 x277.  (4) the measured PME using the CSL quantization scheme. These

and for the modified CSL quantization is given as

MScsLg =
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values are (as predicted by the simulation) much lower and
not show the presence of large deviations around certain f
guencies.
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