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WALT’S TOOLS AND TIPS

Op-Amp Audio

Mymarmazing Input Errors

or this second December issue,
F the column looks at a number of

op-amp issues regarding their use
in high quality audio circuits. For now,
this wraps up the series on this topic.
As noted below, this final 1998 install-
ment also marks my departure from
this regular monthly column, in order
to partake in a new project.

Op-amps and audio: Recalling the im-
perfect op-amp gain stage model
printed in the Sept. 1 column, we will
first review it with regard to the error
sources, V1-V5 (Fig. 1). There is an
errata note for the OP177 data sheet
circuit originally referenced. It was
Figure 3 on early revisions, but Fig-
ure 24 now.

In the first two parts of the series,
we discussed using buffers (both IC
and discrete), along with their role in
minimizing output-to-input power-re-
lated errors. This error source is sym-
bolized by V5, with the dotted cou-
pling indicated. With the use of an
appropriate U2 buffer or load-im-
mune op amp Ul, we’ll consider V5
errors negligible, and then move on to
the others.

The remaining errors are V1-V2
and V3-V4, four in all. But note that
these are paired error sources, so if
you understand how to deal with one
of the pair, you also can deal with its
twin. In essence, these pairs reduce to
two basic types of error sources, each
with distinet minimization solutions.

V1-V2 source-impedance-related er-
rors: V1 and V2 are ac errors, and they
are proportional to the impedances
seen at the op amp’s (+) and (-) inputs
(again as indicated by the dotted cou-
pling). Understanding a very basic
semiconductor distortion mechanism
is helpful here.

A byproduct of semiconductor
manufacture is the fact that often, the
junction capacitance is a nonlinear
function of applied voltage. Applied ac
(audio) modulates this capacitance,
which gives rise to even-order har-
monic distortion. You can see the ba-
sis of this by studying various transis-
tor data sheet C/V curves. Note that
it doesn’t matter if such junctions are
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within a discrete transistor or an IC,
the result is the same.

For audio circuits, taking various
steps can help to minimize distortion
due to this nonlinear capacitance. One
is to bias the capacitance to a high dc
voltage. Another is keeping the ac sig-
nal swings small. A third stepisto
choose devices with less raw capaci-
tance (and therefore, less sensitivity),
and, finally, operating with low source
impedances. |

In op-amp circuit configurations, it
1s important to note this input stage
distortion mechanism applies to non-
mverting-mode operation, such as in
Figure 1, where the applied common-
mode (CM) voltage is highest. And, in
terms of susceptible device '
categories, by and large it is
found in op amps using junc-
tion-isolated FETs (JFETS).
Note also that it is not a fac-
tor in inverting mode cir-
cuits, since by nature these
don’t see CM voltage.

Within JFET-input op-
amps there are actually two
such capacitors present, cor-
responding to V1 and V2 er-
rors. They are directly in the
signal path, with one appear-
ing at each input terminal, i.e., the
gate of the FET input devices. The ca-
pacitance is formed as part of the
manufacturing process. It electrically
appears between the corresponding
input and one supply rail, or ac com-
mon (for p-channel FET amplifiers
the rail is typically —Vg).

In Figure 1, source resistance Rg
and the internal nonlinear capacitance
of Ul form a low pass filter at some
high frequency—usually well above
the audio bandwidth. However, this
seemingly innocuous relationship
doesn’t fully reveal what can happen
in sensitive, low-distortion circuits, or
if Rg 1s high. Or, worse yet, when the
op amp has appreciably higher input
capacitance (as it might in the case of
large-junction, low-noise input tran-
sistors). All these factors exacerbate
the distortion generation.

Normally it is an audio rule-of-
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thumb to use low feedback resistances
to minimize noise contribution. In Fig-
ure 1, the feedback source resistance
(Re(-) = Rp Il Ryy) is <1 kQ, but the in-
put Rg may be higher, so the amplifier’s
Rg(+) and Rg(—) aren’t necessarily
equal. In practice, given the very-low-
distortion capability of today’s op amps,
(THD+N of -100 dB or better), it is eas-
ily possible to see distortion effects due
to mismatched Rg(+).

Fortunately a neat distortion solu-
tion is at hand, involving profitable
use of the op amp’s basic nature. Any
such op amp always has two similar
nonlinear capacitances, and with the
input devices matched, it can be as-
sumed the capacitors are the same.
So, the distortion effects can be bal-
anced and nulled, if within the exter-
nal circuit, Rg(-) 1s made equal to
Rg(+). Or, more precisely, when the
total impedance seen looking out of
the (-) input is made equal to that at
the (+) input.

With an equal source im-
pedance condition, the two
- sets of distortion components
generated by the nonlinear
~ capacitances match, or V1 =
' V2. Since this distortion is
CM to the op amp (not differ-
ential), it is rejected. A dis-
tinct operational “sweet
spot” occurs, with even-or-
der output THD going to a
minimum.

Therefore, to optimize
noninverting op-amp circuits against
V1-V2 errors, choose Ry and Ry so
their Thevenin equivalent value is
equal to Rg, which minimizes distor-
tion. Cp, if used, can upset exact
high-frequency balance. For such
cases, a compensating value can be
used, from pin 3 to ground.

Wondering about your favorite op
amp’s susceptibility to this distortion?
A good test for it is a noninverting
gain stage of 2X (with Rg(-) <1 kQ),
and Rgq switchable between <Rg(-),
=Rg(-), and >Rg(-).With V1-V2 er-
rors, THD+N plots vs. Rg can reveal
higher distortion for mismatches.!

Extrapolating JF ET-input op amps
to even more sensitive topologies
leads us to Sallen-Key active filters,
which, by definition, use noninverting
amplifiers (often unity-gain, JFET-
based followers). For absolutely low-
est distortion here, a mirror-image
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network “Zg(-)” can be used in the
feedback path, in lieu of a direct con-
nection. Zg(-) is simply a dummy RC
component set, to mimic the real Zg(+)
filter elements, as seen looking out
from the op amp’s (+) input.2 Other
JFET-input op-amp circuits also can
optimize Rg, as described below.

V3-V4 power-supply-related errors:
The two remaining errors are V3-V4,
which relate +V and -V supply-rail
noise to the amplifier inputs. These
power supply rejection (PSR) errors
are usually given in dB. Some might
think these errors straightforward.
But in real life, things are a bit more
complex. Let’s see why.

If you study a typical op-amp data
sheet, you’ll notice that there is a PSR
spec for both +Vg and —Vg, as well as
one for common-mode rejection
(CMR). But, close inspection reveals
that these are de specs. Over audio fre-
quencies, typical PSR behavior is
plotted, and it degrades with fre-
quency at 6 dB/octave. Common val-
ues are 100 dB or more of de PSR (or
CMR), dropping to 80 dB at 1 kHz.
Ironically, such popular audio op amps
as the 5532 and 5534 don’t provide
their users PSR and CMR curves!

Also, note that PSR will often be
poorer for one of the supplies, some-
times noticeably so. CMR and PSR are
related—both measuring front-end re-
sponse to signals common to the nor-
mal inputs, or via the rail(s) as a signal
source. It is typical to specify PSR for

symmetrically varying () supply volt-
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2. This example design applies all the concepts of the audio series, in an optimized gain-of-five
stage. In addition to minimizing V1-VS5 errors, it also eliminates thermal distortion and crosstalk

in output stage U2. Open-loop bandwidth of the first stage is set by local feedback, and is about

100 kHz.

ages. Unfortunately, real-world power
sources don't always vary neatly. So, a
realistic audio consideration would be
to analyze things in terms of the worst

PSR/CMR curve from the data sheet,
and use that data at various frequen-
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1. Depicted here is a noninverting op-amp gain stage with five error sources, V1-V5. Output
buffering or a load-immune op amp minimizes V5. V1-V2 are minimized by matching source
impedances, and V3-V4 are minimized by careful power-supply design.

cies. We'll assume an 80 dB/1 kHz PSR
error in an example calculation.

An error 80dB down may sound
good, until we add some mitigating
factors. In Figure 1, for example, the
5X noise-gain makes an 80 dB/1 kHz
error about 14 dB worse, or 66 dB/1
kHz, as referred to the output. And in
almost every case with conventional
op amps, this still gets worse by 6
dB/octave with increasing frequency.

Putting it in perspective with an
actual output signal, we’ll talk in
terms of op-amp input-referred er-
rors (since that’s where PSR errors
couple). Assume 1 V p-p output at 1
kHz, and an op amp gain-bandwidth of
10 MHz. This means that to produce
the 1 V p-p, the amplifier’s input sig-
nal will be 100 uV p-p. If the supply
rail sees a 1 mV p-p/1 kHz noise (for
whatever reason), this noise referred
at the amplifier input will be 0.1 uV p-
p. The ratio of the desired signal to the
noise 1s 60 dB—not such a good ratio.
Also, consider the possibility that
CMR or PSR could be worse than 80
dB, or the power-rail noise higher.
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MORE
SUPPLEMENTS

for our reatlers

January 25, 1999

Wireless/Communications
Some of the fastest growing
markets today are wireless
and communication systems.
Electronic Design will cover
the latest hot designs
with contributions from
Wireless Systems Design,
Embedded Systems
Development,
and EE Product News.

March 8, 1999

Digital Technology |
A large segment of our
readership specifies or design
with digital semiconductors.
Design application articles
solicited specifically for this
supplement will offer solid
advice on an array of digital
design subjects. Plus, the very
latest product information.

April 5, 1999

The Best Of Pease Porridge

Bob Pease’s column, Pease
Porridge is one of the best read
features in Electronic Design.
This supplement is the fourth
annual compilation of Bob’s
best columns, plus new com-
ments and updates to apprise
readers on how it all turned out.

June 28, 1999

Analog Technology
In spite of the digital
revolution, Analog Technology is
thriving. Besides traditional
analog applications, the increas-
iIng frequencies and smaller
sizes of digital circuitry require a
solid grasp of
analog principles. Analog
Technology Editor Ashok Bindra
provides expertise
In a staff-written report as well
as new contributed appliction
articles.
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Another subtle point is that the
PSR frequency-response corners for
the +Vg/—Vg rails may vary from one
another, and may also vary with re-
spect to the open-loop-gain corner.
Thus, the sample numbers used here
could be different in reality.

The example assumed a 10-MHz
gain-bandwidth op amp. But, if we
consider an op- amp with ten times
the gain-bandwidth (100 MHz), the in-
put signal reduces ten-fold, to 10 uV
p-p. With the same power-rail noise,
this tends towards an effect of PSR
errors of similar order (80 dB) being
much more serious. In practice, such a
higher gain-bandwidth op amp will
very likely also have greater PSR.

The main general point being made
is that real-world PSR and CMR er-
rors can be much worse than a casual
glance at a data-sheet curve may sug-
gest. In fact, a better way to look at the
topic of V3-V4 errors is to consider the
rails of an op amp simply as another
signal input, and proceed accordingly.
Good supply regulation and bypassing
will go a long way toward minimizing
and controlling these errors. In fact, it
isn’t unrealistic to set V3-V4 error
goals referred to a working op-amp in-
put signal of —100 dB (or better). This
will generally require some careful
supply regulation, since you can’t al-
ways count on an op amp providing 100
dB of V3-V4 error isolation over the
applicable frequency range. Current-
feedback types, for example, have typ-
ical PSR and CMR of 60-70 dB.

An optimized amplifier example: To il-
lustrate all of the error-minimization
and bandwidth-extension principles
discussed in this series, the circuit of
Figure 2 is offered. It can be recog-
nized as a cousin to a previous 0.5-A
line-driver/headphone amplifier.? It
also has similar thermal-distortion
suppression, as the Ul stage servos
out U2 thermal errors. Three distinct
feedback paths are used.

This line-driver circuit has an over-
all gain of about 5X, as set by the R1-
R2loop. U2is a dual current-feedback
amplifier, allowing 50 mA or more of
output while buffering U1.

Compensation for V1-V2 errors in
U1 (aJFET-input op amp) is provided
by R, set equal to Rg. With a variable
Rg such as a volume control, a nominal
gain value is used, in this case 2-3 k().

First-stage open-loop bandwidth

control is exercised in this circuit, as it
applies to U1 and the local feedback
loop Rp-R¢. For the values shown,
U1’s open-loop bandwidth is about
100 kHz. Were Rp open, the U1 stage
would function as a more-conven-
tional (narrow bandwidth) op-amp.

Control of V3-V4 errors is not inte-
gral to this amplifier, except for the lo-
cal bypassing shown. Tight regulation
of £Vg will aid this, and is recom-
mended for noise minimization.

Summary of audio op-amp series notes:
The discussions above wrap up our
look into various op-amp and circuit
issues which help determine high au-
dio performance. Over the years, I
have found all of these techniques use-
ful for improving audio circuits, and
hope you will also.

Some parting comments: This column
wraps up a two-year run of “Walt’s
Tools and Tips,” an experience I have
enjoyed immensely. I hope you have
as well, and I thank all those who have
contributed comments.

Over the next year (or more), I will
be embarking on a major new project.
Unfortunately, this will preclude the
time expenditure it takes to put to-
gether the kind of material I like in
this column. Therefore, I am taking a
column sabbatical for a period of time.
I hope to return to these pages some-
time soon to continue these analog-
oriented talks. Happy Holidays to all.
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