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Abstract—An equivalent-timie sampling and digitizing system is de-
seribed, together with test methods for characterizing its dynamic per-
formance. Time-base errors, linearity errors, step response parame-
ters, harmonic distortion, and frequency respo‘nsé are considered, and

" typical measurement results are included. The system is capable of state
of the art measurements for signal frequencies up to 200 MHz.

1. INTRODUCTION

ANY applications arise in waveform metrology in
X which accurate measurements of repetitive wave-
- forms are required. These include the characterization of
precision reference waveforms such as voltage steps,
ramps and the like, the measurement of settling times for
D/A converters, S/H amplifiers, operational amplifiers,
ete., and characterization of the many new arbitrary
waveform generators now being marketed, For these ap-
plications, accurate measurements are required in the na-
nosecond time domain. ‘Often however, real-time sam-
pling instruments, i.e, waveform recorders, lack the
requisite accuracy, sampling rate, or bandwidth. An
equivalent-time sampling approach, based on the so- ~called
amplmg voltage tracker (SVT), has shown considerable
promise for making such measurements [1], [2]. How-
ever, little published data exist to indicate the perfor-
mance limits of SVT’s. In this paper, techniques for char-
acterizing the performance of SVT’s will be presented,
along with typical performance data.

The SVT is an equivalent-time sampling and digitizing
system which uses a high speed latched IC comparator as
the sampler. In on¢ implementation, illustrated in Fig. 1,
the latched comparator is operated in a feedback loop to
repetitively sample the input signal at a given instant on
the waveform and generate a dc level equal to the average
sampled voltage. (As noted later, other implementations
are also possible for the feedback loop.) Digitization is
accomplished simply by measuring the dc level with a
precision DVM. The process is repeated at sucessive de-
lays determined by a precision time delay generator, until
the entire waveform has been characterized. A complete
SVT system based on the IEEE-488 bus, is shown in Fig.
2.
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Fig. 1. Basic circuit of the sampling voltage tracker.
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Fig. 2. Block diagram of a complete SVT system.

The performance of the SVT itself is difficult to char
acterize because it is capable of state of the art accuracy
at radio frequencies (to 200 MHz). Furthermore, SVT’s
share many of the difficult characterization problems that
are associated with transient waveform recorders. These¢
include the following.

1) Time-base errors, i.e., fixed errors due to nonlin-
earities in the time base used to generate the sample
commands (strobe pulses), and time-varying errors
due to phase noise between the signal and the time
base which generates the sample delays.

2) Static linearity errors and harmonic distortion (i.e.
dynamic linearity errors), associated primarily witl
the comparator.

3) Step-response parameters, including transition du
ration and long- and short-term settling time.

4) Bandwidth and frequency responsc.

Techniques for measuring these parameters are describe
in' the following sections, together with typical measure-
iment results. All tests were performed with input signals
within the range of + 1 V, with a 50-Q terminating
impedance. The: measurement results confirm that the SV1
can satisfy some difficult measurement requirements
which are otherwise difficult or impossible to fulfill.
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II. LiNEARITY

Static Linearity

atic linearity measurements are made by inputing
wn, programmable dc voltages to the SVT, recording
SVT readings and performing a linear regression of
orm ¥ = ax + b on the results. The residuals of the
e the static linearity errors. Typical results are given
Fig. 3. The estimates & and & give the actual
¢ offset and gain of the SVT.

Dynamic Linearity

“Pynamic linearity errors (or harmonic distortion) are
sured by sampling and recording high purity sine
es, and fitting an ideal sine wave to the records. The
uals of the fit in this case include not only the am-
de linearity errors but also errors due to nonlinearities
e time base. (The errors due to the time base are min-
zed by an averaging technique which is explained later
the section on the time base errors;) The algorithm used
the nonlinear curve fitting is based on Taylor’s series
rization, sometimes referred to as Newton’s method.
4 shows typical plots of the linearity errors thus mea-
d at two input signal amplitudes (at a frequency of 50
7). The rms linearity error or total harmonic distor-
versus frequency, expressed as a percentage of the
s value of the fitted sine wave, can be found in the
ormance summary, Table I. Note that the errors gen-
y decrease as a percentage .of the applied signal, at

t signal, which was minimized by heavily filtering the
tput of a commercial generator, contributed an insig-
cant amount to these errors.

III. TiME-BASE ERRORS
Fixed Errors (Nonlinearity)

Nonlinearities in the time base cause displacements of
ie sampling instants, which in turn cause apparent am-
ditude errors proportional to the derivative of the signal
ing meaured. To the extent that the nonlinearities can
duced over the time interval of interest with a moving

rage digital filter of reasonable window length, their
ffects can be minimized, and their values estimated, by
loying the following signal averaging techmque A
ch purity sinewave s1gnal is input to the SVT, digitized
d stored. The input is then advanced (or delayed) in-
mentally with respect to the trigger signal, and another
(_:ord is taken. This process is continued s times. The
sult is m records of the same signal; however, the time-
se errofs are phase shifted from record to record with
spect to the phase of the sinewave itself. The records
then realigned in phase and averaged point-by-point.
thé incremental phase shift equals the sampling period,
en the resulting averaged record will have residual er-
15 (due to time base) that are equivalent to those which
uld remain after filtering the time base errors with a
Moving average digital filter of window length m. (If the
icremental phase shift is n times the sampling period, the

r signal levels. The total harmonic distortion of the -
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TABLE 1

de 1 10 20 50 100 200 300 MHz

Linearity Erroxr

1 V (peak) 0.002 0.03 D0.06 0.08 0.39 1.4 4.2 9 8

50 @V (peak) 0.06 0.12 0.20 0.2 0.7 1.3 EY
Gain Error 0 - 0.006 0.02 9.30 0.7 -0.3 -4.5 E
Bandwidth (3 dB) 600 MHz

Step Rebponse

» Transition Duration (10-90 %) 600 Ps

« Settling Time (-1 to +1 V step)
0.1y & ns

0.02 ' 20 ns

* Long Term Settling Error (0-1 us)

-1 to +1 V Step * 0.4 g
Time Base Linearity Error
100 ns epoch <2 ps rms

Time Base Phase Noise, > 1 Hz <10 ps ‘peak

window will span n X m sample periods, but will include
only m samples.) On the other hand, the true amplitude

errors remain unchanged by this averaging process.
Therefore, the time-base errors can be estimated by sub-

tracting the averaged data record in which the time-base
errors have heen filtered out, from the nonaveraged rec-.

ords, and dividing the results by the derivative of the sig-

nal. (Regions near the cusps of the sinewaves where the
derivative approaches zero must, of course, be avoided.)
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Fig. 5

. Timg-base linearity crrors for (a) and (b): two diffeient time bases.

@) Results from ten different data sets are overlaid in.each plot. In (a),
the linearity errors are buried in noise. The rms value of the average of
the ten data sets for this time base is 1.7 ps. Horizontal scale is 10 ns

per division.

The results of such measurements are given in Fig. 5 for
two different time bases. In both cases, the period of each
record was 100 ns (two cycles of the 20-MHz test signal),
the sampling interval was 1 ns, and in notation used
above, m = 9 and n = 4. Therefore, the total time epoch
spanned by the 10, i.e., m + 1, shifted records is 100 ns
+ m X n X 1ns = 136 ns. The error data obtained from
all 10 records are overlaid in the plots giving up to 10
estimates per sample pomt for times in the middle of the
range. The errors shown in Fig. 5(a) have an rms value
of 7 ps over the 136-ns epoch and appear to be essentially
random, indicating the limits of repeatability from run to
tun, These random errors can be reduced by averaging the
ten plots. For the data plotted in Fig. 5(a), the rms value
of the average is 1.7 ps, however, clear patterns are still
not observable in the averaged data. The data for the
poorer time base given in Fig. 5(b) is included as an ex-
ample of results when the linearity errors are more evi-
dent.

B. Time-Varying Errors

Another significant source of time base errors results
from phase noise between the sample commands and the

input signal. The high frequency phase noise component:

produce jitter in consecutive samples; however, the larg

time constant and integration period of the feedback loo}

tend to filter out the amplitude noise resulting from these:
components. On the other hand, the low-frequency com-
ponents of phase noise can cause relatively slow varia-
tions in the sampled amplitude which is actually tracked
by the feedback loop, requiring excessively long mtegra-
tion periods for adequate filtering. Phase noise in the sig-
nal being measured, the trigger signal, and the delay gen-
erator can all contribute to the overall error. Errors dueto
phase noise are readily determined, however, by observ-
ing the integrator’s nnrnnt signal on an oscilloscope. With
the delay set to sample the input ‘waveform at a point,
where the rate of change is high, amplitude fluctuations:
resulting from phase noise are easily observed with the:
oscilloscope set for high sensitivity and ac coupling. The.
observed peak amplitude is the product of the peak phase.
displacement expressed in units of time, and the time rate
of change of the input signal at the nominal sample in-
stant. The equivalent timing uncertainty measured in this
way is less than 10 ps (peak) when low phase noise input
signals are used.
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IV. STEP-RESPONSE PARAMETERS
Transztzon Duration (Rise Time)

Transition duration is measured by determining the du-
n between the 10- and 90-percent points of the re-
ed response to a step of much faster rise time. The
ured transition duration for the SVT is approxi-
fiitely 600 ps.

ettling Time

he measurement of fast settling performance at high
racy is especially difficult because of the lack of ref-
ce waveforms having the requisite characteristics. The
reference waveform sources available for much of
s work appear to be those developed by one of the au-
rs for use in characterizing the transient response of
iveform recorders [3], [4]. From these two generators,
ly programmable steps are available having settling
s of <4ns to 0.2 percent (full-scale range) accuracy,
61s to 0.1 percent, and <25 ns to 0.02 percent. These
lues, although not ideal, are nevertheless suitable for
lishing rather tight bounds on the settling perfor-
ce of the SVT. Figs. 6- 8 present plots of the wave-
s from these generators as measured with the SVT.
short and long term settling performance derived from
se plots is summarized in Table 1.

V. BANDWIDTH AND FREQUENCY RESPONSE

The accurate measurement of frequency response, i.e.,
in versus frequency, is also difficult in this case due to
¢ lack of adequate reference waveforms. A direct mea-
rement of frequency response requires sinewave sources
sonable spectral purity and accurately known amph—

. Commercially available sources are not adequate in
ese respects at the frequencies of most interest, say,
m 10 to 200 MHz. On the other hand, indirect mea-
rements hased on time-dorhain data [5] require very high
rformance step generators, preferably with transition
rations on the order of 300 ps or less. Measurements

p generator with 600-ps transition duration [6]. The
quency response was computed from the discrete-tire
pulse response which was in turn calculated from the
p response [5]. The results are given in Fig. 9. In Fig.
a), the dashed plot is of the frequency response of the
mposite step generator-SVT system. The solid plot is
in estimate of the actual frequency response of the SVT
sclf, obtaincd by dcconvolving the equivalent response
the input step. For this computation, the input step was
Nodeled in terms of an ideal single-pole response whose
ndwidth was estimated from independent risetime mea-
rements. The bandwidth of the SVT response thus es-

present. This is more evident in Fig. 9(b) in which the
in errors, i.e., the deviations from unity gain, are plot-
. In this gra_ph, the vertical axis has a split logarithmic
Scale to enable the representation of sign information. The
tlashed curve in Fig. 9(b) represents the gain error of an

ated by deconvolution is 640 MHz, and some peaking -
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ideal single pole filter with a bandwidth of 640 MHz. Note
that the peaking holds the gain errors to within 1 percent
up to about 250 MHz.

VI. CONCLUSIONS
The results of the measurements described in this paper
indicate that the SVT is capable .of state-of-the-art time-
domain measurements of repetitive RF signals. In addition



960

L0G FREQUENCY SPECTRUM

N T [T
o i AN L
8 e 5
E 8.7
! H 1
z 8. 6|
z o ]
g
I e.4q
E o3 \
g 8. X
14 8.2 ( \\\/
a.1 P
HOT 1] | 3
Bl T T
FREQUENCY IN GHZ
@)
RELATIVE GRIN ERROR
e
z £ .
Yo e —
£ LT \
& +8. 1 L 3
B e )
o B8 Ko
g ~4
¥ - =
n) 4
z ~t.e P
el ~o1 4
& aee NG —~4
4
e
~1008.8 V) H68

FREQUENCY IN MHZ
(®)

Fig. 9. (a) Frequency response detived from measured step response {5],
based on cquivalent time sampling rate of 10 GIfz. The dashed plot is
for the composite step generator-SVT system. The remaining plot is the
response of the SVT itself, estimated using deconvolution. (b} Gain error
of the SVT, computed from the estimated frequency response. Dashed
line represents ideal gain error from single pole filter with 640-MHz cut-
off frequency.

to the applications noted earlier, the system should also
prove useful for accurate rms voltage measurements in the
1-100 MHz region, since the gain errors are small and
repeatable, and the linearity errors are low. Accuracies
approaching those of ac-dc thermal transfer instruments
should be attainable.

‘With the exception of time base errors, the performance
specifications listed in Table I are limited primarily by the
SVT’s comparator. As improved comparators become
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available, the overall performance of the SVT can be ex
pected to improve as well. In addition, other circuit coy
figurations can be used to minimize some of the compa;
ator’s limitations. For example, the comparator can b
operated in a single ended contiguration rather than ¢
differential input configuration shown in Fig. 1. While th
introduces some other complications, it relieves the co
parator of common mode voltages, and leads to shortgy
transition duration, and possibly other improvements
well. Finally, a more compact system can be realized 4y
substituting an up-down counter and D/A converter fg
the integrator in the feedback loop. This configuratis
would produce an equivalent time tracking A/D cop
verter, eliminating the need for the DVM, and increagin:
the system’s operating speed.
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