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Slewing Induced Distortion: Part 2a

Phase I: Total Harmonic Distortion Tests for SID

by Walt Jung
Contributing Editor

T THE OUTSET of this study we really

did not know what form of test
methods we would need to completely
identify, isolate and quantify slewing
induced distortion (SID). Granted, it is
readily observable on an oscilloscope
(when gross), but to what degree will a
percentage of "x" distortion be related
to so many V/pS? Or will total harmonic
distortion (THD) and intermodulation
(IM) tests be shown to be related to
slew rate? To each other?

Now that seems like a long time ago,
actually. I have observed a pattern all
through the course of my testing which
correlates slew rate to measured THD in
every instance where slewing is appar-
ent. Hardly an isolated phenomenon, SID
effects could be observed in all but one
or two cases out of the several dozen IC
types tested. Once I gained experience
with the testing techniques, performance
of devices which were tested late in the
study could be reliably predicted from
examining their specs.

As you will see when we get to phase
II tests, a further correlation can be
made between slew rate/THD tests and two
tone 1/1HF IM tests. Once again, as I
gained experience device performance
could also be reliably predicted for IM
tests, from either the THD results or
the data sheet spec (if sufficiently de-
tailed).

Although it's perhaps somewhat prema-
ture, I noticed in all cases that the
THD tests seemed to stress an amplifier
much more vigorously. I gathered similar
data from both tests in relation to slew
rate, but the THD tests were much more
demanding of an amplifier. THD showed up
faults more readily, and gave generally
higher percentages of distortion. This
is somewhat surprising, but probably
most welcome to many, because the THD
test method is so much simpler to use.

For the above reasons the bulk of the
data I gathered in my study (and that
presented here) is based on THD. It is
clear to me that SID can be reliably de-
tected by THD analysis, and that the re-
sults correlate well with other methods.

Block Diagram

The THD test system is relatively simple
and consists of the equipment of Fig.I-l,
There -are two signal sources: a function
generator supplying fast rise time
square waves, and a low distortion sine
wave source. The square wave source is
used to observe the slew rate of the
unit under test (U.U,T.), in conjunction
with the oscilloscope.

The sine wave source provides the high
purity sine wave for THD tests, and may
or may not also contain the THD analyzer,
Although in concept other gear could as
well be used, the Sound Technology
equipment conveniently supplies the re-
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quired resolution, range, and accuracy
in a single package.

Pertinent details of test set-up specs
are as follows: the sine wave source and
analyzer should have a residual distor-
tion of =0.002% over the range of 100Hz
to 10kHz, and as low as feasible up to
100kHz. The object is to make high reso-
lution, extended range THD measurements
at full output voltage levels, from
100Hz to 100kHz. The set-up must have
extraneous or spuriously induced noise
residuals of less than 100dB referred to
full scale, for good repeatability and a
high confidence factor.

The distortion products from the ana-
lyzer must also be made available for
monitoring, by one channel of a dual
trace scope, during THD tests. This en-
ables the characteristic third harmonic
distortion rise to be identified, pin-
pointing SID.

The square wave source should generate
a variable frequency in the range of 1
to 100kHz, but will most often be used
at- 10kHz, It must produce *10V square
waves into a 500 termination with a rise
and fall time of less than 100nS, pref-
erably 50. The square wave should be
free of overshoots, ringing or other fi-
delity shortcomings, as it will be used
to measure devices under test. I used a
Heath 1G-1271 function generator, but
many others are also satisfactory.

To begin a THD measurement on a de-
vice, we must first measure for slew
rate using the square wave source and
scope. Now at this point we must make
quite clear what is done, and just how
slew rate is measured in detail. Even if
it seems simple, bear with me. We have
pitfalls to avoid, as well as important
subtleties to note.

First of all, a measurement of slew
rate must be just that, a measurement of
the amplifier's output in a slew limited

operating mode. At low output levels the
output waveform from an amplifier should
resemble Fig.I-2a, which shows exponen-
tial rise and fall (characteristics of
an RC time constant). In the low signal
level range (1-2V) this shape will be
observed, but as we approach full out-
put, the output waveform will taken on a
linear rise and fall time, with ramplike
slopes, as in Fig.I-2b,

This slew rate limited condition is
best measured at full rated voltage
swing; for standard op amps this equals
$10V. The peak amplitude swings must not
be allowed to clip, as this may invali-
date the reading(s). If there is any
doubt whatsoever concerning possible
clipping (clipping of a square wave is
not always obvious), switch the function
generator momentarily to triangle or
sine, waveforms with peaks which will
readily display clipping.

Now t6 be accurate in measurements,
the scope (plus probe, if used) must be
a wideband model, with less than 50nS
risetime and 10mHz or more of bandwidth,
It must also have an accurately cali-
brated time base (as well as vertical
deflection), since slew rate is being
measured as voltage change per unit of
time.

In the course of testing op amps, many
different slewing waveforms will be not-
ed. The waveform of Fig.I-2b is ideal
and is drawn here for reference (if you
find one, let me know). Note that both
the up (+) and down (-) ramps of the
waveform are smooth, constant slopes and
precisely symmetrical. There are no ab-
errations such as overshoots or ringing.

In practice you more often see wave-
forms such as Figs.I-2¢, I-2d, and I-2e,
There are all undesirable for various
reasons. Exactly why is covered below
under the discussion of various devices.

In making a slew rate measurement,
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Fig.I-1: Block diagram, THD test setup.
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Fig.I-2: Visual waveform differences,
and aberrations.

carefully adjust the starting position
of the waveform so that the beginning of
the slewing interval is aligned with the
left graticule marker (see Fig.I-3a).
Then adjust the signal level until the
vertical deflection is exactly 20V p-p.
Slow down the time base to ensure you
measure the 20V between the flat portion
of the square wave, and not any peaks,
dips, or other bumps which can occur
near the (+) (-) transitions.

With the waveform adjusted in ampli-
tude for the exact rated output, then
again speed up the time base for a con-
venient display of the slewing ramp (for
instance, 1uS/div) and recheck the be-
ginning of the slew interval for the
horizontal calibration point, Then read
the slewing time interval, At, as the
time from slew beginning to the crossing
of the peak voltage.

You may have some difficulty if there
are overshoots or other distortions. In
these cases extrapolate the end point of
the slew rate to where it would first
cross the peak deflection. This may be
necessary at either the beginning or end
of the slew interval.

Measure both (+) and (-) slew rates
(which may well be different) and note
their rates in V/uS. Two examples are
shown in Figs.I-3a and I-3b; in cases
where they are different, note this ac-
cordingly.
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Fig.I-3: Measuring slew rate.

The unity gain test circuit of Fig.,
I-4 was used in all but a few cases for
meéasuring slew rate. Slew rate is meas-
ured with Rx open, in a unity gain in-
verting mode with x1 (unity gain) com-
pensation for the device being tested
(if an externally compensated unit).

Thus, the slew rate given with a devicés
data is the actually measured (not data
sheet) slew rate. Supply voltages are
+15V within 0.1%, unless otherwise not-
ed. Special cases of compensation are
noted on the data which follow, as well
as corresponding slew rates.

From the block diagram (Fig.l) you
can observe that the drive to the U.U.T.
comes through the buffer amp. Normally
this creates no problem in measuring
slew rate, as the 318 is one of the
fastest slewing devices available (over
60V/uS on the unit used) and will thus
create little additional error if the
slew rate of the U.U.T. is less than 15
or 20V/uS. In the case of a high speed
device (>20V/uS), the square wave can be
applied directly to the U.U.T. at a *10V
level (shown dotted).

The buffer amplifier, shown in Fig.l5,
is necessary to elevate the output level
of the Sound Technology 1700B up to 10V
50 as to be capable of driving unity
gain op amp circuits to full output. Its
10dB gain gives some reserve output ca-
pability beyond $10V (or 7V RMS).

The Al device is of critical impor-
tance, as any THD or noise generated in
this stage will be seen as an ultimate
resolution limit, if greater than that
of the Sound Technology. The device used
here must outperform all others being
tested.

Fig.I-6 illustrates the performance of
the 318 device used for the buffer amp
in all tests. The lower curve here is
the basic residual THD of my 1700B, from
100Hz to 100kHz, The rise in THD above
30kHz is due to SID in the 1700B's os-
cillator, by the way.

A 318 used in the buffer essentially
duplicates this curve, but with slightly
higher THD readings, due mostly to the
noise of the device, not actual distor-
tion. The 318 actually has less distor-
tion than the oscillator, but since they
cannot be separated, the composite curve
becomes the new reference residual dis-
tortion level, The 518 was also evaluat-
ed in this circuit and yielded results
comparable to the 318 in terms of speed
and low distortion, but with slightly
higher noise, as reflected in its curve.
Either device is usable for the buffer
function, but the 318 is preferred for
its lower noise floor and thus greater
potential resolution.
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Fig.I-4: Test circuit for slew induced distortion, 1000 .o 1o
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As noted in the conditions, I used
no filtering in the THD measurements,
due to the 100kHz range. Quite often
wideband noise limited the ultimate ac-
curacy of THD measurements at low fre-
quencies, but for the sake of consis-
tency all measurements are wideband,
even in view of this apparent sacrifice,
Ultimate THD below 1kHz is hardly likely
to be SID, so this is not a serious com-
promise.

The importance to SID detection of the
extended range (1kHz through 100kHz)
cannot be over-emphasized. This measure-
ment must be done to lend any validity
to conclusions. Single frequency spot
THD measurements, which have been re-
ported as "uncorrelated,’ are a gross
oversight at best, and are simply not
comprehensible as an objective analysis.
The goal is to paint a picture of rate-
sensitive distortion, and extended range
THD is the means.

As you can note from the Fig.I-4
U.U.T. test circuit, we use the invert-
ing mode at unity gain unless otherwise
specified, and at the device's full rat-
ed (%10V) output. The use of inverting
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mode eliminates contamination of meas-
urements due to common mode distortion
which appears in the non-inverting con-
nection. The unity gain compensation
gives the worst possible case for slew
rate, the one most likely to generate
SID.

One might argue that the high feedback
of the unity gain connection can mask
the level of SID, but in practice this
is not the case. As it turns out, if
slewing distortion is present it be-
comes woefully apparent without great
efforts at detection. In certain cases,
higher stage gains are set up by reduc-
ing the feedback around the U.U.T. by
means of Rx. Noise gains higher than
that of two for the standard case are
illustrated in the table.

Test circuit input and feedback resis-
tors are 10k, to minimize the loading of
both the buffer and the U.U.T, If addi-
tional distortion were to be generated
due to U.U.T. output stage non-linearity
or loading effects, it would be diffi-
cult to separate from SID. Thus minimal
loading is used, to maximize sensitivity
to SID (only) detection.

I am certainly aware that both the in-
verting-only connection and the minimal
loading stipulations for this test are
somewhat unrealistic, in a practical
sense. However, as the two forms of dis-
tortion which we eliminate by these are
to be covered in a separate study, I be-
lieve these procedures are much more de-
finitive in isolating SID. Indeed, to
test otherwise it would be difficult (if
not impossible) to positively identify
the distortion source(s).
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Fig.I-5: Buffer amplifier.

Test Results

A good way to begin discussing test re-
sults is to examine slew induced THD at
various levels in a popular IC type (the
741), See Fig.I-7.

Since slew rate is a measure of the
output rate of change, it follows that
either frequency or peak amplitude can
be used as the variable (with the other
held constant) to examine its nature.
Fig.I-7 shows the peak amplitude and
frequency relationship and the resultant
THD, for a 0.5V/uS slew rate device.

As might be expected, the 7V RMS (or
+10V) output level curve shows the worst
distortion, as it occurs lowest in fre-
quency. At lower levels of 2V and 1V RMS
the distortion curve retains the same
general shape, but is pushed upward in
frequency. This curve shape is a classic
one, and also one which we can immedi-
ately recognize as resulting from SID.
It will recur repeatedly throughout this
study, for almost every device examined.

The curves are so similar in shape
that you can predict the 1% THD inter-
cept point from the ratio of amplitudes,
almost exactly. Pr instance, the 7V RMS
curve crosses at 8kHz, the 2V RMS curve
at 25kHz. These ratios (7/2 and 25/8)
are nearly the same. This also holds
true for the 2V and 1V RMS curves, as
well as many others, as we will see in

due course.
It might be argued that reducing the

output level of a low slew rate device
(such as the 741) will allow it to be
used in audio circuits, such as for ex-
ample the 1V RMS curve (a typical line
level). However, the device can still
generate serious distortion on signal
peaks at high frequencies, as is evident

by the 2V curve.and will be further dem-

onstrated by the IM tests. Bear in mind
also that this is a unity gain condi-
tion: higher gain (more practical) cir-
cuits blacken the picture much more
severely.

Fig.I-8 shows the variability of slew
rate and resultant THD for samples from
three different 741 vendors. The slew
rates are 0.5, 0.8, and 1V/uS; the re-
sulting curves are similar to those of
Fig.I-7 in general, although in this
case all are taken at *10V out. We must
expect such variability in IC op amps.

A dramatic demonstration of how SID
can limit audio frequency performance is
contained in the data of Fig.I-9. These
curves represent measured performance of
the 0.5V/uS slew rate 741 sample, which
is a device close to the "typical” slew
rate spec. These data demonstrate just
how such a device would perform in typi-
cal higher gain circuitry.

*
Al=LM318 (PREFERRED)
OR ADS5I8

The lower of the three curves (#1)
shows the same data as contained in Fig.
I-7 (for 7V RMS), repeated here for ref-
erence, The second curve is for a noise
gain of 12, while the third curve is for
a noise gain of 102.

While curve #1 is certainly poor per-
formance if considered alone, it is
"good," relatively speaking. The op amp
feedback mechanism here is attempting to
reduce the strong third harmonic being
generated due to slewing.

Curve ##2 and 3, which are taken with
progressively less feedback, therefore
show much higher distortion, due to less
correction. These two curves, particu-
larly #3, show performance which can
hardly be considered adequate for any
audio use of reasonable quality.

Note the data are only plotted up to
8kHz; distortion would be even worse
above 10kHz, Curve #3 appears to indi-
cate a decrease in distortion above SkHz,
This is misleading, since the distortion
is still being generated, but the har-
monic product percentage is reduced by
the rolloff of the amplifier, due to its
3dB bandwidth of 10kHz for this feedback
condition, In reality distortion is even
worse than is evident here.

While this example is rather gross in
terms of performance, it is not at all
uncommon to see 741 (or comparable slew
rate capability devices) specified for
audio use. This should only be done if
the output signal levels are maintained
to very small peak levels perhaps a fac~
tor of 10 (or more) below the conditions
of Fig.I-9 and if the required band-
width(s) are narrow and/or the gains low
(high feedback factors),
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