


bility of modern instrumentation.
This is partly true. The tube sound
is often more subtle than the oscil-
loscope display. Low level harmon-
ics are not visible, but are audible.
Distortion meters do not consider
individual harmonics, but our ears
do. Standard audio tests do not tell
the whole story.

Russell Hamm moved beyond
the Total Harmonic Distortion
measurement and developed a test
that separated different types of
microphone preamplifiers: triode,
pentode, transistor, and opera-
tional amplifier. This test meas-
ured and plotted the percentage of
each harmonic as a function of
overdrive.

The harmonic character of these
preamplifiers, Figures I through 5
[1], are quite different, virtual fin-
gerprints of the various technolo-
gies and their respective circuits.
The triode curves, Figure 1, show
significant second harmonic gener-
ated by the bias shifting in the cou-
pling capacitor created by grid con-
duction. The pentode curves,
Figure 2, show the grid conduction
delayed by the plate load curve go-
ing through the saturation region
well below the knee into the high
plate resistance region. The semi-
conductor preamp curves, Figures
3 through 5, show no equivalence
to grid conduction. The operational
amplifier, Figure 5, shows the
rapid rise in distortion created by
high gains and substantial feed-
back.

The second harmonic provides
punch in contrast to the blanket of
the third harmonic [1]. Conse-
quently, these Figures show that
the triode, Figure 1 initially pro-
vides a blanketed punch that fades
into a lot of punch. The pentode is
primarily blanketed with a little
punch. Semiconductors vary from
quite blanketed to completely
blanketed.

The next remarkable feature is
the generation or rather the lack of
high order harmonics. The high or-
der harmonics, especially odd ones,
put a discordant edge on the signal.
A prime source of high order har-
monics is feedback. Although feed-
back corrects for amplifier errors,
it also attempts to correct for power
supply limits. The feedback slams
the output against the power sup-
ply rails and creates sharp corners
that translate into high harmonics.

Figure 6.Complete Tube Emula-
tor for a 12AX7.

This is quite evident in operational
amplifier based preamplifier, Fig-
ure 5. A transistor amplifier pat-
ent, in an attempt to sound like
tubes, has reduced the extent of
feedback to avoid these problems
[6]. Tubes, being more natural am-
plifiers, need less feedback and
consequently do not generate as
much of these high, harsh, discor-
dant harmonics.

Tubes, particularly triodes pro-
duce significant seccnd harmonics,
Figure 1. The second harmonic has
two sources: the non-linearity of
tube characteristics and the inter-
action of the coupling capacitor and
the grid-to-cathode diode [7]. The
non-linear characteristics are the
plate resistance and the gain. The
plate resistance and the gain pro-
duce harmonics at all signal levels.
These harmonics are superseded
by those created by the interaction
of the coupling capacitor, grid-to-
cathode diode, and clipping. The
grid-to-cathode diode charges the
coupling capacitor when the grid
conducts. The resulting change in
charge creates an offset that shifts
the bias from quiescent conditions.
This bias shift alters the duty cycle
of the resulting waveform. A duty
cycle which is not 50-50 produces
even harmonics. The two harmonic
sources plus the low feedback com-
bine to produce harmonics that oc-
cur over a wide range of input. This
range is far wider than found in
typical transistor or semiconductor
designs. By comparison then, they
distort too fast.

The grid conduction plus the
unique plate characteristics give
triodes the soft clip characteristic.
Triode plate resistance is unique
because the plate current sweeps
upward with increasing plate volt-

age. Other devices, pentodes and
all semiconductors, have a sharply
rising current in the saturation re-
gion that then bends over into a
constant current region. The triode
plate characteristic insures that
for moderate-to-high impedance
circuits the grid conduction always
limits the negative excursion of the
plate for any reasonable load line.
This contrasts with pentodes and
semi-conductors which saturate
for small loads. This is evident in
the pentode preamplifier which
has the second harmonic rising
substantially later than it rises in
the triode preamplifier.

THE TRIODE TUBE
EMULATOR

The full triode emulation circuit,
shown in Figure 6, has all of the
needed features: grid, plate, and
cathode terminals, grid-to-cathode
conduction, grid-to-plate capaci-
tance, gain, and the non-linear net-
works. The gain is created by two
operational amplifiers such as the
dual op amp, OPA2604. This op-
erational amplifier has a sufficient
gain-bandwidth product, about 10
MHz, to simulate audio tube cir-
cuits. The grid terminal drives the
negative input of the first op amp
to produce the needed inversion,
while the second op amp creates
the feedback for the first. R1 deter-
mines the proportion of distortion
in the voltage gain. R2 then deter-
mines the voltage gain.

The choice of voltage gains is lim-
ited by the selection of the grid con-
duction components. The grid
drive circuit cannot produce so
much grid-to-cathode voltage that
the first operational amplifier goes
into negative saturation, yet a
large output voltage swing is desir-
able. Thus, there is an engineering
choice between the diode voltage
drop, the power supply voltage,
and the gain.

The reason why the tube emula-
tor does not behave as its opera-
tional amplifier is that operational
amplifier is kept out of negative
saturation by the grid-to-cathode
diode and the positive saturation
effects are not transmitted by an
output resistance that becomes ef-
fectively infinite. Of course, this re-
quires that the tube emulator plate
supply be at or below the op amp
saturation level.
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