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Test methods for characterizing the transient response
of waveform recorders are presented, together with
typical test results. The methods, based on the use
of a precision, prograJmlable step generator developed
at NBS, are suitable for recorders having up to 10
bits of resolution and 100 MHz bandwidth.
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Introduction
Waveform recorders are subject to a number of types of
errors which can limit t heir ability to accurately
characterize transient signals [1, 2, 3, 4] .
Principle among these are dynamic 1inearity errors,
i mpulse response and settling time limitations,
transient thermal errors, and time base jitter.
An
automated measurement system based on a precision
programmable step generator has been developed for
characterizing such errors in waveform recorders
having up to 10-bits of resolution, and bandwidths on
the order of 100 MHz.
The test system is designed to output prograJmlable
voltage pulses, with one well -defined transition per
period, the beginning and terminating levels of which
are designated V1 and V2. (The transit ion from V2 to
v1 is less well characterized, and is not relied upon
for most measurements.)
Either single shot or
repetitive pulses can be generated, with the
repetition rate and duty cycle program-mable over many
orders of magnitude .
The initial and final levels
defining the steps are each programmable within the
range of ± 1 V for a 50 0 termination and within
± 5 V for a high impedance load. Voltage steps within
these ranges settle smoothly, with no overshoot, to
within 0.1% of full scale range in less than 15 and
19 ns, respectively, for small load capacitance. The
corresponding 10-90 percent transition durations are
approximately 6 ns and 7 ns .
The voltage step
waveform has been characterized by independent means,
and has been shown to approximate a simple exponential
response. At high values of output capacitance, the
more slowly rising waveform becomes sufficiently close
to an ideal exponential that it can be used f or
dynamic measurements of linearity errors.

Fig . 1.

Block diagram of test system.
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Fig. 2.

Simplified diagram of step generator .output
circuit.

description can be found 'i n reference [5]. Two output
ranges are provided:
a ±5 V range from output H,
intended for high impedance loads, and a ±1 V range
from output L for 50 o 1oads. When output L is used,
the 50 n terminating resistor shown in the figure is
actually the input impedance of the test device;
otherwise, a 50 n coaxial termination is used. The
precision step is generated by switching the current
source from position 1 to 2.
After switching, a11
act 'ive e 1ement s are i so 1a ted from terminal 1.
Consequently, the transition is essentially an
exponential waveform determined by the 125 n output
resistance and the total capacitance between terminal
H and ground.

System Description
A block diagram of the complete test system is given
in figure 1. Overall control is provided via the IEEE
488 bus, for which an internal listener interface has
been provided. The waveform recorder under test is
also interfaced to the controller via this bus . To
minimize load capacitance, the output circuit of the
step generator has been designed as a small hand-sized
package which connects directly to the input terminals
in the same fashion as many sampling heads for
sampling oscilloscopes.
The generator's power and
control signals are provided by a separate support
package via a flex ibl e umbilical cable.

As
was
previously mentioned,
high ly
accurate
exponential waveforms are produced by the generator at
higher leve 1s of output capacitance. These waveforms
are readily obtained by shunting output terll)inal H

A functional diagram of the output circuit of the step
generator is shown in figure 2,
A more detailed
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with high quality capacitors contained in smal l
in- line encl osures which can be connected directly to
the output terminal H.

duration. For this instr ument , the maximum and rms
errors are 1.3 and 0.46 LSB. In both cases, the ideal
max imum and rms error limits are 0.5 and 0.29 LSB,
respectively.

Dynamic Linearity Testing

Dynamic l inearity measurements of this type include
errors resulting from ideal quant ization uncertainty
and time base jitter, as well as differential and
integral linearity errors.

Exponential waveforms having transit ion durations of
0. 55 IJS or longer are available for dynamic linearity
testing using external capacitors . The deviati on of
these waveforms from the true exponential response has
been determined using a sampling voltage t racker [6]
to measure the waveforms , and then fi tting an ideal
model of the form Y = A1 - A2 eBt to the data using a
non 1in ear least- squares curve fitting routine. The
errors in these waveforms, as indicated by t he
residuals of the curve fitting process, are less than
0.05% as shown in Tab le 1.
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Fig. 3.

Dynami c linearity errors of 10- bit, 60 MHz
recorder with exponential input signal having
27.5 us t r ansition duration. '
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Dynamic linearity measurements are made in
way by di git iz i ng the exponential waveforms
Once t he waveform
recorder under test.
recorded , the l inearity errors are computed
residuals of the curvefit.

Fig. 4.
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has been
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Dynamic linearity errors of 8-bit, 200 MHz
recorder with exponential input signal having
0.55 IJS transition duration.
Step Response Measurements

Measurements of step, i npulse, and frequency response,
as well as transition duration and settling time can,
in principle , al l be made dir ectly using the step
generator , simply by recording the response to a step,
and calculati ng the desi red parameters from the
recorded data. In practice, however, twO points must
be taken into consideration. First, the sampl ing rate
of t he t est recorder limits the effective bandwidth of
Because of aliasing errors which
the measurement.
resu lt when us i ng a wideband input step, th i s
l imitation makes it impossible to characterize the

Results of two dynamic linearity tests, one performed
on a 10-bit, 60 MHz (sampling rate) recorder and the
other on an 8-bit, 200 MHz unit , are presented in
figures 3 and 4. The first shows the linearity errors
(residuals) of t he recorder tested with a waveform
having a 27 . 5 IJS transition duration . The maximum and
rms errors are 1.5 and 0.42 least significant bits
(LSB) , respectively. Figure 4 shows the errors wi th
an exponenti al input having a 0.55 IJS transition
353
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Fig. 5.

Step response of 10- bit, 60 MHz recorder,
measured using equivalent time method
(0.98 ns I sample).

Fig . 6.

frequency response with reasonab le accuracy.
The
second point is that the input step i tself has finite
equivalent bandwidth (see Table 1), and for very fast
recorders, its frequency response may not be flat
enough to ignore .

1.0

The sampling rate limitation can often be over.come by
extracting equivalent time sampling data from a single
record, provided that the repetition rate of the input
step is selected appropriately, as follows. Set the
ratio of the sample rate, fs, to the step repetit ion
rate fr , so that (N-~. ) < (fs/fr) < N, where N is
some integer, thus not allowing fs and fr to be
phase locked.

w

c
~ 0.5
z
~
c
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With the step generator, this is accomp 1i shed using an
external, programmable frequency synthesized source.
If, under these conditions, every Nth samp l e 1s taken
from the record of length M, then the resulting M/N
data points wil l represent equivalent time samples of
the original waveform.
The exact repetition rate
needed to obtain one complete period sampled in
equivalent time can be calculated, given a choice of
N, from
·
fr

= (f5 I N)

Impulse response calculated from step
response data of figure 5.

0

Fig. 7.

200

Fr equency r esponse cal culated from impulse
response data of figure 6. The bandwidth
(3 dB point) thus measured i s 17 MHz vs.
15 MHz claimed by the manufactur er.

17 MHz}, and settling with apparent undershoot of
approximately 8 LSBs.
Equivalent time samp l i ng was
used for all measur ements except settling time, with
an equivalent sampling i nterval of 0.98 ns.

(N/M + 1).

Note that N/M is the reciprocal of the number of
samples that wil l be in the final record, so that this
ratio determines the number of equivalent time samples
in one period of the input step. I t can be seen from
this relationship that the measurement bandwidth is
directly proportional to the record length.
The
interval between the equivalent time samples is given
by
~t = N(l/fs - 1/Nfr).

To illustrat e . the utility of such data in predicting
the response of a particular waveform recorder \'tlen
digitizing real-world signals, figure 9 presents an
example in which a double exponential waveform is
considered.
The figure shows an ideal waveform
(0 .125/10 IJS rise/fall time) together with the
response error predicted by convolving it with the
measured impulse response. Oi start ion, caus fng error
in the peal< value on the order of 7 LSBs, is plotted
in f igure 9- b. To arrive at an overall estimate of
the errors which would 1i kely occur when digitizi ng
such a candi date waveform. the dynamic linearity
errors, as presented in figure 3, should also be
included.

Problems imposed by the limited bandwidth of the step
generator can be overcome to some extent, by
mathematically deconcolving i ts response from the
recorded response of the waveform recorder under test
(7]. The ability to accurate ly measure the input step
using independent , equival ent time techniques makes it
possible to at least double the effective bandwidth of
measurements made with the step generator.
In a
future paper, the application and results of deconvolution techniques will be presented.

Testing of Transient Thermal Response
I t is cortmon practice to calibrate waveform recorders
using static measurement methods.
These data are
used, if deemed necessary, to correct the ac t ual data
obtained when transient waveforms are recorded.
In
fact , such a process is used in the self calibration

Some typical test results are given in f igures 5- 8 for
a 10-b it, 60 MHz recorder.
These p1ots give, in
order, recorded step response, impulse response ,
frequency response (showing the computed 3 dB poi nt at
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routi nes of several corrmercial recorders .
Unfortunately, even for very slow events, the waveform
recorder will li kely respond differently to transient
signal levels than to de levels, primarily because of
internal transient thermal imbalances ·which can have
rat her long time constant s. Because these effects are
related to signal power , they are nonl inear and thus
cannot be represented simply by a transfer function .
The magnitude of these effects are easily measured
with the step generator however, by first recording
one half cycle of a low frequency square wave, and
then subtracting from it the record of a de signal
having the same value as the recorded level of the
square wave. If transient therma 1 errors are present,
they will appear in the resulting difference between
the two records. Figure 10 shows the results of such
a test in wh i ch a 500 Hz squar e wave of nearly full
scale ampli tude has been used. The recording of the
upper 1eve 1 of the square wave has been subtracted
from a recor ding of the equivalent de level. Note the
initial overshoot of about 30 us duration, fo l lowed by
the long, slowly decaying tai 1. The peak errors are
12 LSBs.
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Expanded view of step response of 10-bit ,
60 MHz recorder, showing 8 LSB undershoot and
settli ng time of appr oximately 6 ~s to 1 LSB .

Conclusions
The step response test system that has been described
is capable of accurately measur ing many error
parameters that are important in assessi ng the overall
transient response of waveform recorders.
Fast,
accurate settling, together with the programmability
of step levels , duty cycles, and repetition rates
provides the means needed to measure and separate both
linear
and nonlinear effects ,
and to provide
i nformation relevant to both the t ime and f r equency
domains.
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Additional work under way in this area includes the
development of a f aster generator test head, with a
goal of a 2 ns transition duration and settling to
0.1% in 8 ns.
This capability woul d permit the
measurement of 10-bit recorders having bandwidths as
high as 350 MHz.
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Ideal double exponential input waveform with
0.125/10 ~s rise/fall time (a) , and predi cted
response error (b) .
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Transient thermal response of 10-bit, 20 MHz
recorder.
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