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INTRODUCTION

In a study of conventional oscilloscopes, the
various circuits of the instrument fall into
general groupings: the power supply, cathode-ray
tube, trigger circult, sweep generator, horizontal
amplifier and the vertical amplifier.

Each performs an important function. Combinations
of individual contributions determine instrument
performance.

The power supply converts some form of available
power (depending on the type and location of the
instrument) to DC operating potentials for all the
active circuits of the oscilloscope. Regulation
holds most of these potentials to narrow tolerances,
guaranteeing precise circuit performance. A power
supply might also contain filament power for
vacuum~-tube circuits, overload protection and
facilities for adapting the instrument to various
local power conditionms.

The cathode-ray tube (CRT) displays light on a
two-dimensional phosphor screen. It conveys
intelligence in the form of alphanumerics, picture
images or graphs. Graphical presentations offer
an analytical approach: Actual measurements taken
with a graticule along the "X" and "Y'" screen axis.

The CRT electron gun 1s sealed inside an envelope.
A vacuum minimizes collisions between free gas
particles and the electron beam. High-voltage power
supplies create controllable electrostatic fields
which accelerate free electrons from the heated
cathode to form an electron beam. The beam of
electrons then transit an electron lens which
converges or focuses the beam on a phosphor screen.
When the high-velocity electrons collide with
phosphor atoms at the focal point, photons of light
emit towards the viewer.
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Varying the electrostatic fields between a set of
"X" and "Y" deflection plates positions the light
source on the screen. Thus the electron beam
creates a display anywhere within the viewing screen
area., Since electrons have an extremely small mass,
they can be deflected or scanned over the entire
screen area millions of times per second. This
permits the viewer to observe changing phenomena in
real time.

The CRT must not unduly load either the vertical or
horizontal amplifier nor require a greater dynamic-
deflection range of voltage than the amplifiers can
supply. In practice, the CRT and deflection
amplifiers are designed together for maximum
performance and efficiency.

Input signals take a wide variety of shapes and
amplitudes, many unsuitable as sweep~initiating
triggers. For this reason a trigger circuit
converts these signals to pulses of uniform
amplitude and shape. This trigger circuit makes it
possible to start the sweep with a pulse that has a
constant size, eliminating variations of the sweep-
circuit operation caused by changing input signals.
The operator now uses either slope of the waveform
to start the sweep, selects any voltage level on
the rising or falling slope of the waveform, and,
in some instances, eliminates selected frequenciles
of the input signal with ease and repeatability.

The sweep generator produces a sawtooth waveform
for processing by the horizontal amplifier which
then deflects the CRT beam. The sweep generator
produces a sawtooth waveform, with the proper rate-
of~rise, amplitude and linearity, suitable as a
time-measuring reference.
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Primarily, the horizontal amplifier converts the
time-base ramp, developed in the sweep generator,

to deflection voltage for the horizontal CRT
deflection plates. The resulting trace is the
reference for Y-T displays (voltage plotted as a
function of time). In those instruments offering
X-Y capabilities (where both X and Y inputs are
dependent variables) the horizontal amplifier reacts
to the external (X) input as a linear amplifier.

It exhibits a frequency response comparable to that
of the vertical amplifier. Additionally, the
horizontal amplifier provides DC~level and amplifier
gain controls which permit positioning of the
horizontal trace and sweep magnification (expansion)
respectively. The latter facility extends
instrument sweep speed without imposing additional
sweep-rate requirements on the sweep generator.

The vertical amplifier determines the useful
bandwidth and gain of the instrument. Vertical
amplifiers take three general forms: a fixed
vertical, a complete vertical in a plug-in form or
a fixed main vertical amplifier preceded by a
plug-in preamplifier.” Selection of plug-ins
allows a range of characteristics. An additional
type of instrument takes the drive directly to the
CRT plates without passing through any type of
amplifier,

The general-purpose oscilloscope provides a faithful
display of an input voltage. For meaningful results,
displayed waveforms contain few aberrations and these
but a few percent of the total waveform amplitude.
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VERTICAL AMPLIFIERS

Vertical amplifiers meet requirements briefly
summarized below:

1. Buffer the signal source (probe) and the
CRT.

2. Provide various modes of operation such as:
direct or AC coupling, multiple trace, and,
perhaps, selectable differential modes.

3. Finally, the amplifier faithfully
reproduces voltage waveforms within
specified risetime-bandwidth-amplitude
limits.

Why these items are important and how they are
accomplished by Tektronix is what this book is about.

An oscilloscope graphically displays signals of
interest, as shown in Fig. 1-1. Here periodic
rectangular pulses appear superimposed on a grid
called the graticule. Equal divisions divide the
graticule X and Y axes. Fig. 1-1 shows ten major
horigontal (X) divisions and six major vertical (Y)
divisions. Small markings along the center lines
describe minor division dimensions at 20% of a major
division.

The horizontal base is calibrated in units of time
per division; the vertical in units of voltage per
division, For example, if each vertical increment
is 0.5 volts and horizontal is 0.5 milliseconds
per division, then Fig. 1-1 depicts a 1l-volt pulse
train with pulses recurring each millisecond.

Accurate information from both horizontal and
vertical circuits creates faithful reproductions of
the input waveforms. To accomplish this an
oscilloscope generally requires the basic blocks
shown in Fig. 1-2.
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Fig. 1-3. CRT sections.

Cathode-ray tubes present a reactive load to
deflection amplifiers. CRT construction and applied
voltages cause a beam of the electrons, emitted by
the CRT cathode, to form. The beam forms during
electron travel from cathode to phosphor-coated
faceplate. Energy contained in this concentrated
mass of electrons striking the faceplate or screen
is partially converted to light. Deflecting the
beam vertically (Y) and horizontally (X) graphically
reproduces waveforms. Deflection may be either
electrostatic or electromagnetic. Since very few
oscllloscopes use magnetic deflection, this book
covers electrostatic deflection only.

Two pairs of plates mounted at right angles, as
shown in Fig, 1-3, deflect the beam when energized.
Leads from each plate penetrate the CRT envelope
for connection to external excitation sources. The
beam in the CRT shown passes first between the
vertical deflection plates, then the horizontal.

A CRT and power supply alone function as a crude
oscilloscope. Fig. 1-4 shows such an arrangement.

riorizontal plates connect to D1-D2 and vertical
plates to D3-D4. D1, D2 and D4 connect to a common
voltage, shown as ground. D3 connects to a signal
source represented by the three-position switch.
Applying zero volts to D3 centers the beam.
Throwing the switch to +V attracts the beam toward
D3. Repelling occurs with -V appliéd to D3.



Connecting either D1 or D2 to a signal source
results in horizontal deflection.

A vertical deflection system like this one has one
advantage -- simplicity. Unfortunately, there are
disadvantages. Some are:

Low sensitivity.

Signal source loading.

Nonlinearity.
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Fig. 1-4. A vertical system utilizing the CRT
only.
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One needs a means of measuring deflection. Assume
a vertical scale inscribed on the CRT faceplate.
Scale increments begin at the center extending three
divisions up and three divisions down. One needs
to know the deflection semsitivity to calibrate the
scale; i.e., how many scale divisions each volt
deflects the electron beam. If divisions were
scaled one centimeter apart (a representative
dimension) the ratio cm/V expresses deflection
sensitivity. 0.1 cm~per-volt represents a general
deflection sensitivity. This restricts practical
direct measurements t¢ one volt minimum signal.
Deflection sensitivity and screen diameter fix the
maximum measurable level.

Inserting a probe and an amplifier increases
deflection sensitivity and isolates signal source
and CRT. The deflection plates appear as capacitive
circuit components. Connected directly this
reactance might drastically change monitored circuit
characteristics. The probe ~ vertical amplifier -
CRT combination presents a high impedance to the
circuit under test, allowing measurements to
represent nominal circuit conditioms. This vertical
deflection system by including an amplifier implies
voltage gain. Vertical amplifiers can increase
deflection sensitivity. Further, the amplifiers
contain calibrated step control of gain and
attenuation extending input deflection sensitivity
from, perhaps, 0.04 div/V to 100 div/V in several
steps.

Division~per-volt terminology usually requires
calculation for meaningful observations. Tektronix,
therefore, uses deflection factor to conveniently
express sensitivity. Deflection factor is the
inverse of deflection sensitivity and is listed as
volts-per-division (V/div): The CRT was earlier
assigned a deflection sensitivity of 0.1 div/V.

This is a deflection factor of 10 V/div. Including
an amplifier increased vertical-deflection
sensitivity to 100 div/V -- in terms of deflection
factor, 10 mV/div. Rather than say the input
sensitivity is selectable in eight steps from

0.04 div/V to 100 div/V, one states the steps, in
terms of deflection factor, as from 25 V/div to

10 mV/div. Each observed division of CRT deflection
now reads directly.



Almost all oscilloscopes use push-pull vertical and
linearity horizontal amplifiers. Push~-pull CRT drive combats
improved deflection nonlinearity. This is because single-

ended drive develops a zero-volt equipotential

surface near the grounded plate, while push-pull
aéjda ]+e deflection centers the zero-volt equipotential

F“:H{_ L . surface between plates.

1A= =
_ul¥;2>":t:
T._"=** Consider a single-ended system with a positive

I Wis——=—

Y-LZ=Zi=— signal voltage applied. An electron approaching
lo the plates encounters positive equipotential
surfaces; axial velocity therefore increases. Assume
this results in two divisions of deflection above
center.

Nonlinearity shows upon application of an equal-
amplitude opposite-polarity signal. An electron
now decelerates as it approaches the deflection
plates due to negative equipotential surfaces
encountered. The beam then deflects further below
center, perhaps by one division, than in the case
above. Nonlinearity to this degree is unacceptable.

Push-pull voltages applied to both D1-D2 and D3~D4
eliminate nonlinearity of single-plate drive.
Equal signal voltages of opposite polarity appear
on the plates. Deflection voltage develops across
the plates but the zero-volt equipotential surface
remains centered between plates. An electron
approaching the deflection plates encounters a
surface approximating anode voltage. It then
experiences neither acceleration nor deceleration.
Deflection signals cause equal radial velocity
either side of center.
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Each type of CRT does exhibit characteristic
nonlinearity. However, dramatic improvement results
from push-pull drive. Compare the graphs of

Fig. 1-5 to contrast the linearity between push-pull
and single-~ended deflection. These graphs are of
the same tube type under nearly identical conditioms.
Even the linearity characteristics vary between
drives. Push-pull suffers a low percentage of
compression; single-ended creates unacceptable
expansion.

CRT design holds deflection-plate rest potential
to specific limits. This calls for deflection
amplifiers designed to operate around these levels.

The voltage gradient between CRT cathode and aquadag
(dag) creates the restrictive deflection-plate
operating levels. Fig. 1-6A 1s a cut-away CRT which
includes the equipotential surfaces in the post-
deflection-acceleration (PDA) region. Gradients
develop between the cathode and the low-voltage end
of the helix. The deflection plates set in an area
bisected by the 1600-to-1700-volt equipotential
surface. To prevent severe distortion of surfaces
in the PDA region, external deflection-plate leads
should connect to a voltage source equal to the
internal voltage environment -- in this case between
1600 and 1700 volts. Deflection amplifiers

driving these deflection plates maintain quiescent
deflection-plate voltage 1600 to 1700 volts above
the CRT cathode.

Operating amplifiers above 1.5 kV 1s a bit
unreasonable. This among other reasons, is why
operating voltages are as shown in Fig. 1-6B.
Operating with the cathode below ground reduces the
positive operating level, required by the deflection
plates, to a reasonable value.
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Fig. 1-7. Oscilloscope vertical controls.

Fig. 1-7 is a representative oscilloscope with all
controls, other than vertical, blanked out. The
instrument illustrated includes basic front-panel
vertical~amplifier controls: Vertical POSITION,
INPUT SELECTOR, VOLTS/CM selector and the VARIABLE
contrel.

Adjusting the vertical-POSITION control moves
the CRT display up and down along Y axis.
Centering the vertical POSITION and restricting
the input to zero volts centers the vertical CRT

display.

The INPUT SELECTOR allows the operator to choose
either of two input connectors. It further extends
his choice to a direct connection (DC) or capacitive
coupling (AC) from input connector to vertical
amplifier.
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VOLTS/CM and VARIABLE mount on concentric shafts.

The VOLTS/CM selector is shown as an input
deflection-factor selector. One selects, in nine
calibrated steps, input deflection factors between
0.05 V/cm and 20 V/cm. This is the deflection factor
at the input connectors. The continuocusly adjustable
VARIABLE provides between-step, uncalibrated,
deflection-factor control: With the VOLTS/CM set

to 1, the VARIABLE may set input deflection factor

at any point between 1 V/cm and approximately 2 V/cm.
This control slips into a detent at the extreme
clockwise position allowing calibrated input
deflection factor. Placing the VARIABLE in detent,
one reads deflection factor as indicated by the
VOLTS/CM selector. These controls and connectors are
a part of circuits generally located in the vertieal

preamplifier.

Subdividing vertical amplifiers into preamplifiers
and main amplifiers helps simplify concept
development. Two tests separate vertical
preamplifiers and main vertical amplifiers: (1)
Circuits which contain front-panel controls most
commonly occur in preamplifiers, and (2) a vertical
circuit into which a connector could be inserted to
allow preamplifier plug-in capability is a main
amplifier,

The main-vertical-amplifier tag evolved from main-
frame vertical amplifier. The advent of plug-in
capability required a vertical-amplifier separation
—- one portion removable and the other a permanent
part of the oscilloscope main frame, thus the tag:
main frame vertical. Common usage shortened the
name by dropping "frame."

The vertical preamplifier acts upon signals appearing
at the input connector. It then converts the signal
to push-pull. Vertical preamps also provide gain as
selected with the volts-per-division selector.
Preamplifier gain is that necessary to provide a
constant deflection factor at the preamplifier
output. A push-pull signal of 100 millivolts-per-
division is representative. The main vertical
amplifier then is a push-pull amplifier of fixed
gain. Amplification is as needed to match the
constant input deflection factor to that of the CRT.
An internal gain calibration frequently constitutes
a part of the main vertical amplifier.
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Gain in this book refers to voltage gain. Since
oscilloscope vertical amplifiers are basically
voltage—-actuated devices, gain in terms other than
voltage has little direct meaning. A simple
expression, output voltage divided by input voltage,
defines voltage gain. Substitute deflection factors
for voltages in the gain ratio to determine required
amplifier gain. As an example, assume the CRT
deflection factor is 20 V/div and the VOLTS/DIV
selector sets at 1 V/div, Ratio-g%—%ég%% expresses
the required vertical-amplifier gain. Overall
vertical-amplifier gain may be unity, less than unity
or greater than unity.

One seldom refers to gain directly when describing
the characteristics of a vertical amplifier. He
does describe input deflection factor such as: the
VOLTS/DIV selector of Fig. 1~7 allows selection of
input deflection factors between 0.05 VOLTS/DIV and
20 VOLTS/DIV or, as used earlier, as an expression
of amplifier sensitivity. This partially describes
the limits or capabilities of the instrument.

Bandwidth expands oscilloscope descriptions.
Bandwidth, applied to a specific vertical amplifier,
defines the frequency limits of calibrated input
deflection factors. That is, a one-volt input
signal, to a vertical amplifier set at one volt-per-
division input deflection factor, deflects the CRT
one division only if the signal frequency is

within the capabilities of the vertical amplifier.
Oscilloscope bandwidth specifications express
frequency capabilities of the vertical amplifiers.

One type of Tektronix instrument is advertised as

a DC-to-10 MHz oscilloscope. In the same
advertisement, under vertical characteristic summary:
bandwidth DC-coupled, DC to 10 MHz. AC-coupled, 2 Hz
to 10 MHz. This specification should have the same
meaning to everyone.

However, an oscilloscope vertical amplifier must
also be capable of faithfully reproducing complex
waveshapes, and this requires good transient response
characteristics. Stated another way, we need to have
a linear phase-versus-frequency response.
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Fig. 1~8 graphically shows the described bandwidth.
One constructs a graph of this type by applying, to
the vertical amplifier input, signals of varying
frequency but constant amplitude. He then plots
displayed amplitude versus input frequency. The
solid line of Fig. 1-8 represents a bandwidth of
DC-to-10 MHz. Displayed signal voltage remains
essentially the same between 0 Hz (DC) and 1 MHz.

Refer to this as 0-dB attenuation. As the input
frequency increases (input voltage held constant)
the displayed signal amplitude decreases, reaching
70.7% of zero~hertz (DC) voltage at 10 MiHz.

Refer to this point as 3-dB attenuation. The upper-
and lower-frequency 3-dB-down points define

bandwidth.

VOLTS

No lower-frequency 3-dB point appears

0dB (100%)

3dB

\‘ 1248

MKz

FREQUENCY —————

Fig. 1-8.

-+

10MHz  20MHz

Bandwidth curve.
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on the solid line graph. This is characteristic of
direct-coupled instruments. Thus, one frequently
refers only to the upper-frequency limitation:
"This is a ten-megahertz scope.”

A precise description of an AC-coupled instrument
must include the lower-frequency 3-dB point. The
dotted line on Fig. 1-8 follows the slope of low-
frequency response. 3-dB attenuation occurs at 2 Hz.
Midfrequency and high frequency remain as for
direct-coupling. 2 Hz is a low frequency and the
majority of general-purpose oscilloscopes must
respond to DC. Therefore, the upper 3-dB-down
frequency (F,) receives greatest attention.

The bandwidth curve of Fig. 1-8 has neither square
corners, nor does 1t actually achieve a flat top.
Beginning at the lower (2 Hz) 3-dB point, the curve
ascends from 70% of maximum to exceed 99% at 20 Hz.
Response continues to ascend until reaching maximum,
then descends again dropping to 99.5% at 1 MHz.

Fig. 1-9 expands the upper frequency portion of

the curve between 1 MHz and 10 MHz. This curve
indicates that one experiences voltage display
errors of discrete frequencies above 1 MHz: 0.57 at
1 MHz, 1.5% at 2 MHz, 5.5% at 4 MHz, 127 at 6 MHz,
20% at 8 MHz and 30% at 10 MHz (Fg). This is why
some use the "thumb rule of 5:" .That the scope
bandwidth should exceed the highest frequency to be
measured by five. The error at 207 of cutoff (Fg)
is less than 2%. If one were satisfied with a

3% display error he could economize by using a scope
whose F, exceeded maximum measurement needs by 3.

Incidentally, the curve of Fig. 1-9 applies to most
oscllloscopes. One need only appily F_ to the upper
3-dB point of his instrument and assign percentage
values to the listed frequencies: 8 MHz is 80% of
Fc’ 6 MHz is 607 of Fc' . . .and 1 MHz is 10%Z of Fc'
USing the chart to cofrect for display errors gives
an accurate amplitude measurement of sinewaves.

One might wonder why he pays for frequency response
he is not using. Why not provide him with a scope
with a flat response between frequencies

which then drops abruptly to zero? This would give
him accurate displays within the specified frequencies
and reject all frequencies above and below these
limits.
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Actually he uses all of the bandwidth he buys. The
proposed abrupt response considers only frequency
not time delay or phase shift. Phase relationships
come into play during reproduction of nonsinusoidal
waveforms. Even persons concentrating exclusively
on frequency domain areas seldom, if ever, encounter
a pure sinewave. An aberration of interest or a
circuit distortion, such as clipping, creates complex
waveforms. Accurate display of these waveforms
depends upon vertical-amplifier phase-gain
characteristics.

One method of performance evaluation applies periodic
rectangular waveshapes (squarewaves) to the vertical-
amplifier input. This allows one to demonstrate
frequency and phase response of a vertical system.

Fig. 1-10 shows three cycles of a periodic
rectangular wave., There are two theoretical methods
of constructing a squarewave: the transient-voltage
and sinewave method. In terms of transient-voltage
method, the voltage of Fig. 1-10 remains set from
Tp to T; at -2 volts; changes abruptly at T; to

+2 volts; remains at +2 volts until Ty suddenly
changes to -2 volts; the level remains at -2 volts
until T3, and so on.

Fig. 1-10. Squarewaves.
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VOLTAGE

0 TIME

Fig. 1-11. The addition of successively higher-
order harmonics to a fundamental
sinewave to produce a close
approximation of a squarewave.

The sinewave method follows the assumption that a
squarewave contains a number of frequenciles,

frequency Fig. 1~-11 shows the reproduction of a symmetrical

components squarewave. It shows three frequency summations
guperimposed on an "ideal" squarewave. First the
fundamental sinewave establishes the basic rate.
Next the third harmonic algebraically adds to the
fundamental. Finally, the fifth harmonic adds to
the waveform resulting from the first and third.
This waveform only begins to resemble a squarewave.
The corners are rounded and the top is not flat.
Each additional harmonic sharpens the corners and
flattens the top.

PLUS These harmonics bear both proper phase and amplitude
relationship. As the fundamental frequency begins
[*%*f*j in a positive direction, all harmonics must also
ascend. And at the completion of one fundamental
PLus cycle, as the fundamental intercepts zero amplitude
vaﬁﬂfb from the negative, so must all harmonics. The
fundamental completed 360°; the 3rd harmonic, 1080°;
PLus the 5th, 1800°; and so on through the odd-order
harmonics.

Amplitude relationships must also be maintained.
The 3rd harmonic is 1/3 of fundamental amplitude,
the 5th is 1/5 and soon . . . .

A squarewave allows one to evaluate vertical
amplifiers. For example, assume a '"perfect"”
squarewave input appears on the CRT with rounded
corners. Fourier analysis predicts higher harmonics
sharpen the corners, therefore, the vertical amplifier
suffers high-frequency attenuation.
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waveform Fig. 1-12 locates frequency information on one pulse.
contains Notice that both the corners and vertical pulse
frequency excursions contain high-frequency information. Notice

information also the rounded pulse corners and vertical slopes.
Properly extending an amplifier's frequency response
preserves pulse corners, vertical slopes and ''flat"

tops.
time Time-domain studies are concerned with the transit
domain time from one voltage level to another. When
discussing time-domain methods one encounters the
step term step funetion. This waveform results when a
function voltage "steps' from one level to another,

Fig. 1-13 illustrates the two forms of the step
function. In Fig. 1-13A the voltage sets at a
level then abruptly changes to and remains at a
more positive level. Fig. 1-13B illustrates a
transit to a more negative voltage. Both figures
imply a single change in voltage.

Repetitive signals are generally more practical than
single events, Thus, one finds periodic rectangular

pulses as pulses used as step functions. Fig. 1-14 shows such
step a pulse. To consider pulses as step functions,
functions pulse duration must be long compared to voltage

level transit time.

LOW~-FREQUENCY

/ INFORMATION

A

Z. Y

H1GH-FREQUENCY
INFORMAT ION

Fig. 1-12. A summary of the low- and high-
frequency information found in a
squarewave,
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Fig. 1-13, Positive-going and negative-going
step functions.
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Fig. 1-14. Positive and negative step
functions.

VOLTAGE ——»

TIME ———

Fig. 1-15. Pulse shape.

How well vertical amplifiers reproduce ideal step
functions is a measure of performance. Step functions
of Fig. 1-14 are ideal, voltage transition occurs in
zero time. Applying the "ideal" step to a vertical
amplifier results in a display having rounded corners
and a slope to voltage excursions. Fig. 1-15 shows
such a response.
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The term rigetime refers to voltage-level transition
time. Risetime applies to either positive or
negative step response. However, a displayed
negative excursion is popularly termed falltime.

One measures risetime along a portion of the slope
only. Initial and final portions of an excursion
make close measurement arbitrary, at best. Risetime
refers to only the middle 80% of a step function.
Fig. 1-16 illustrates proper oscilloscope risetime
measurement. This figure indicates risetime as the
transit time between 10% of maximum voltage and 907%
of maximum voltage.

Applying a step function to an RC network results in
risetime dependent upon network time constant. The
leading edge follows an RC curve, such as shown in
Fig. 1-17. Risetime resolves to 2.2 RC:

10% of maximum occurs in 0.1 RC and 90% in 2.3 RC,
the difference is 2.2 RC.

Risetime (typ) = 2.2 RC.

v

Epp——, -\

VOLTAGE ————=

pe— —
RISET IME FALLT IME

Fig. 1-16. Pulse measurement.
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A>

A2

Cascaded RC amplifier response to

an ideal step.

Fig. 1-18.
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A solitary RC circuit response is fairly easy to
visualize. But, how does a cascade of RC amplifiers
react to an approximation of the ideal step?

Ultimate risetime occurs later, rises slower and
assumes a new shape. Fig. 1~-18 shows these effects.
Consider each amplifier increment:

Input —— The amplifier input step has zero
risetime, both 10%Z and 90%Z points
occur at Tp.

Al ~— Qutput risetime follows the curve of
a universal time constant, Risetime
increases and a small delay occurs.
The step reaches 10% at 0.1 RC
ascending to 90% 2.2 RC later. This
is the input to A2.

A2 -- A2 receives an input with a varying
change-of-voltage-per-unit-time. The
output, developing across an RC
network, ascends to 10%Z at a different
s.pe rate, A small curve develops.
£ - reater time also lapses between 10%
and 90%.

A3 -~ The 107 point here occurs still later
and risetime (t,) agaln increases.
At this output the curve between
minimum amplitude and 107 begins to
resemble the curve between 90% and
maximum amplitude. This condition
continues with each stage contributing
an increase in time delay and risetime.
And with each stage the upper and lower
step halves approach mirror-image
shapes. After an infinite number of
stages the step in fact assumes a
mirror-image shape.

Al2 -- Here there is a considerable delay
between Ty and the 10% point.
Risetime has noticeably increased
and response appears to be
symmetrical about the 50% point.
The curve between minimum and 10%
approximates the curve between 90%
and maximum. This approximates a
gaussian step response.
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Fig. 1-20. System risetime results from
individual amplifier risetimes:

2 = 2 2 4 2
tr trl * tr2 trS
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Fig. 1-19 compares a gaussian and an RC step
response of equal risetime. The RC step rises
abruptly, at an almost linear rate, from zero to 107%.
Rate of rise then changes, requiring as much time
from 90% to 99% as from zero to 90%.

On the other hand, gaussian responses rise from zero
to 10% more slowly, assuming an almost linear slope
between 10% and 907%, then ascend the last 10% in a
curve equal to the first 10%.

Oscilloscope vertical-amplifier step response, except
for a few specialized types, falls between the RC and
the gausslian. Gaussian responses receilve more
detaliled treatment later. For now, realize that a
true gaussian amplifier is impossible. Vertical
amplifiers do, however, very closely approach a
gaussian response.

When an ideal step function passes through amplifiers
in cascade, each amplifier contributes to risetime
deterioration in a predictable manner. Fig. 1-18
showed this pictorially but failled in indicating
predictability. Refer to Fig. 1-20 and assume the
following conditions: An ideal step-function applied
to a vertical input passes through two cascaded
amplifiers and is displayed on a CRT. One predicts
displayed risetime by applying the formula:

= 2 2 2
tp = \/Erl + tpgt t tyg
where:

= displayed risetime of the amplifiers
and CRT.

tp7 = risetime of the preamplifier
operating alone.

tp

tpo = risetime of the main amplifier alone.

ty3z = CRT risetime.

For example, assign values:
tp7 = 3 microseconds
tpg = 4 microseconds

tpz = 10 nanoseconds
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risetime
must be
less than

‘ test device

|
Il vertical
|

(3 x 1006)2 + (4 x 107%)2 + (10 x 1079)2

(9 + 16)10712

tp = /25 x 10-12 = 5 x 107° seconds

Displayed risetime resulting from an ideal step
function is about 5.0 microseconds.
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One now might ask, how can an oscilloscope user
measure risetime? To do so the oscilloscope
vertical amplifier must have a risetime much less
than the device being measured. Suppose one wishes
to display a given waveform. He also requires the
displayed waveform to be within 2% of the input
waveform. Fig. 1-21 indicates oscilloscope
performance for the required result. For example,
29 (Y axis) intercepts the graph slope at the ratio
of 5 (X axis). This tells an operator that to
observe a 50-nanosecond risetime waveform,

with 2% accuracy, his oscilloscope must have
10-nanoseconds risetime or less.

Fig. 1-21 was calculated from the square root of
the sum of the squares equation. A modification of
this formula allows one to determine true risetime
of a circuit under test:

2 - 2 2 2
tpa® = tpg® = ted” T tro

where:
ty, = Amplifier risetime (amplifier under test).
tod = Displayed risetime.
tpg = Risetime of the squarewave generator
(or other source).
tpp = Oscilloscope vertical-amplifier risetime.

Using these calculations one moves from "{ideal"
restrictions to reality. Fig. 1-22 shows a

possible condition. A squarewave generator develops
the step function with risetime, trg. The amplifier
under test increases risetime as does the vertical-
amplifier system. All devices contribute to risetime
displayed, tpd. Thus an operator must know the
risetime of the step-function source and his
oscilloscope from the probe tip. He then substitutes
the known and measured values into the formula for
true risetime of the amplifier under test.
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One note of caution about oscilloscope risetime.

One Tektronix oscilloscope type, specified at 7 ns,

‘ actually meets a performance of 6 ns or better when

w it leaves the factory. On the other hand, instrument
x[ risetime can be considerably degraded without user

“‘ awareness. Whether due to conservative specifications
}‘ or eroded performance, the calculations may be in

‘ll error. Measure your instrument performance.

! Vertical amplifiers have so far been considered from
i two standpoints, risetime and bandwidth. A definite
| risetime- relationship exists between risetime and bandwidth.

E bandwidth This is expressed as a constant, K, equal to the

} product risetime-bandwidth product: ty - bw = XK. K = 0.35
|

in the case of RC amplifiers. X results from a
combination of the risetime formula and the -3 dB
frequency formula:

i t = 2.2 RC

[ r

[ and or RC =

F, = 1
4 27RC 21Fa

substituting,
tp = 2.2

1 ) 2,2 0.35

2n¥,) ~ 2nF, ¥,

F,=0.35

trfo

r

If one considers Fc as bandwidth then:

ty * bw = 0.35

The above derivations apply only to an amplifier
whose bandwidth is RC limited. Cascading a number
of such amplifiers or proper compensation in a
single-stage amplifier results in an essentially
gaussian gaussian response. In this case the risetime-
circuits bandwidth product also partially describes the
amplifier.

A true gaussian response resolves to typ ° bw = 0.32.
Because of several factors oscilloscope amplifiers
don't meet the requirement for true gaussian response.
"Gaussian' circuits are thus essentially gaussian.
Empirical products, arrived at through years of
research, define these 'gaussian" circuits. For a
gaussian response, tp * bw = 0.35 to 0.45. Higher
products indicate least risetime. However, overshoot
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accompanies the risetime reduction. A product of 0.45
results in about 5% overshoot and when ty * bw = 0,35
there 1s little, if any, overshoot in the step
response. Tektronix usually establishes the product
at X = 0.35, sacrificing risetime for minimum
overshoot.

Fig. 1-23 compares relative bandwidth rolloff to
step response. The bandwidth rolloff of Fig. 1-23A
approximates gaussian. Step response, symmetrical
about the 50% poilnt, exhibits fastest rise without
overshoot.

Overshoot appears in Fig. 1-23B. 1In this figure
upper frequency response falls off too steeply to be
gaussian. Step response rises above then returns to
100% voltage level. This is called overshoot.
Frequently associated with overshoot, a damped
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Fig. 1-23. Bandwidth versus frequency.
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slow rise

phase
shift
linear

oscillation may appear along the top of the wave.
A few percent overshoot can represent an acceptable
level when optimizing a system for least risetime.

In Fig. 1-23C, the frequency-response curve falls
off too slowly. The corresponding step response
takes undue transit time.

The gaussian rolloff expresses step-~function
response because of frequency-phase relationships.

A circuit must impose two related phase
characteristics for optimum step response: A
linear shift with frequency or all frequencies
equally delayed. Reactlve components which
attenuate also affect a phase shift. Impedances
with gaussian attenuation shift phases linearly with
frequency.

PHASE
SHIFT

FREQUENCY

Fig. 1-24, Phase shift linear with frequency.

DELAY

FREQUENCY ~—

Fig. 1-25. Delay constant with frequency.
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Fig. 1-24 shows phase shift-frequency relationship
necessary for gaussian response. For optimum step
response all frequency components must be equally
delayed (Fig. 1-25). 1In other words, the frequency
components of a pulse transiting a gaussian network
experience phase shift increasing linearly with
frequency. Also, all pulse-forming frequencies
arrive at the termination simultaneously.

Now that a vocabulary has been established, a much
more compact statement will summarize the amplifier
description. Completely describing a linear
amplifier by means of steady-state sinewave testing
requires two plots:

1. Amplitude versus frequency, and,
2. Phase versus frequency.

Theoretically, given the amplitude and phase
characteristics, one can calculate step response.

The most common input for amplifier testing is the
step signal. This describes a linear amplifier by
means of the time response to any input signal.
Complete step response contains all of the
information that amplitude and phase plots contain.

Theoretically, given a complete step response one
can calculate the amplitude and phase
characteristic. The tool used to deduce one
information set from the other is the Fourier
transform. Frequency response (amplitude and phase
versus frequency) is the Fourier transform of an
impulse response. The impulse response is basically
the time derivative of the step response.
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The step response of an amplifier with abrupt
upper-frequency rolloff contains both preshoot and
overshoot. Fig. 1-26A.

Nonlinearity of the phase characteristic adds
distortion. Fig. 1-26B shows three types of phase
characteristics. These are plotted in terms of
phase and delay:

a., Ideal,

b. Insufficient delay of high frequencies,

¢. Peaks, or excessive delay at high
frequencles.

Fig. 1-26C approximates the step response resulting
from nonideal phase characteristics.

AMPL 1 TUDE

JfHata

FREQUENCY ——»

(A) GEBBS PHENCMENON
a

b ‘¢=:9‘A////"\§A_

A3 a

b

FREQUENCY ——»=

DELAY T

PHASE ¢

FREQUENCY

(B) PHASE CHARACTERISTICS

b c

{C)} RESULT OF NONL!NEAR PHASE CHARACTERIST!IC

Fig. 1-26. Frequency response -- step-response
interdependence.
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These interrelationships can also be demonstrated
by shifting and attenuating the harmonic content of
a squarewave.

Fig. 1-27 shows three of many frequency components
contained in a squarewave. The fundamental
completes one cycle between Ty and T4; during the
same interval the 3rd harmonic completes three
cycles; the 5th completes five and so on through all
odd harmonics. This relationship must be maintained
for squarewave reproduction. Should the fundamental
be shifted 90° (T7) the third harmonic must shift
270° and the 5th 450°. 3 x 90 = 270, 5 x 90 = 450,
Further, to maintain this phase relationship all
frequency components must be delayed equally: If the
fundamental is delayed 5 ps, then all harmonics

must also be delayed 5 us.
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Fig. 1-27. Equal group delay.
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Unequal group delay.

Fig. 1-28.
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Pulse nomenclature.

Fig. 1-29.
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Fig. 1-28 represents the results of unequal delay.
High frequencies transit the network faster than
low frequencies. High-frequency energy appears to

- arrive at the output before Tp. A distorted output

waveform results. In this figure the output
waveform was approximated using only a few odd
harmonics to show aberrations preceding the main
output pulse.

These requirements for linear phase shift or flat
delay apply to all waveshape reproduction.

Apply the nomenclature covered to the simulated
display of Fig. 1-29. Risetime measurements occur
along the leading edge of the pulse, falltime at
the trailing edge. The terms risetime and falltime
become ambiguous on an inverted pulse. Therefore,
risetime is always measured along the leading edge.
Pulse width and pulse-recurrence time are both
measured at the 507 amplitude points.

This illustration includes fast and slow deviationms.
Fast deviations appear as baseline and top
aberrations. Droop (tilt) indicates slow deviations.
In this case the vertical amplifier apparently
imposes unequal frequency delay: High frequencies
transit faster than low, creating preshoot.
Overshoot also results since unequal group delay
makes linear phase shift impossible. Droop is also
an unequal group delay indicator. Droop shows
excessive low-frequency delay. The baseline
ringing, like overshoot, occurs during nonlinear
phase shift/frequency relationships.
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VERTICAL |
PROBE AMPLIFIER T 4_..___:3i1___
- L
POWER
SUPPLY
SWEEP HOR) ZONTAL
TRIGGER GENERATOR AMPLIFIER
Fig. 2-1. Vertical amplifier.
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INPUT CIRCUITS AND
COMPENSATED ATTENUATORS

The first vertical circuits to affect an input
signal are the input selector and input attenuator.
Fig. 2-2 shows an input selector, attenuator and
input amplifier block.

The INPUT SELECTOR determines lower-frequency
bandwidth. Placing the input selector to AC
capacitively couples signals, appearing at input
connector Jl, to the input attenuator. Switching
to GND opens J1 and grounds the attenuator input.
DC, the position shown, directly connects the
attenuator to J1.

switching Fig. 2-3 shows improved switching logic. As an
logic operator switches from DC to AC he grounds the input
attenuator temporarily. This action discharges

INPUT SELECTOR

INPUT
CONNECTOR

J1

{

t

I

I
o : w0

| GNDO
= |

I

|

INPUT
ATTENUATOR

—_—— e | =

Fig. 2-2. Input-selector switching.

INPUT
CONNECTOR 0.1uF

ND. INPUT

J1
G
o—t =0 ATTENUATOR
i Dcf

Fig. 2-3. Improved input-selector switching.
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input
charge
current

input attenuator capacitance, reducing the quantity
of C, charge current which must flow through the
attenuator networks.

Some consider the input circuit charge current
negligible ~- not so! There have been instances of
switch contact destruction. Consider the effects
of the following sequence: An oscilloscope user
checks or sets the level of the -150 volt supply.
The input selector is set to DC. He then decides
to measure ripple content of the +150 volt supply.
To do this he removes the probe from the -150 volt
supply, switches to AC and connects the probe to
the +150 supply.

Cp in Fig. 2-2 initially charges toward 300 volts.
The input attenuator contains -150 volts charge
and +150 appears at input connector J1.

In Fig. 2-3, charge current is reduced by half. When
the input selector moves from DC to AC it contacts
GND, removing stored charge in the input attenuator.
C, charges to the applied voltage.

The user certainly can reduce charge current by
placing the input selector to GND between
measurements. The circuit in Fig. 2-3 removes this
memory burden.

C, charge current flows through the attenuator in
both cases. The vertical amplifier reacts during
charge time as though a signal were applied. At
best, this causes a measurement delay while the
display follows the changing input charge signal.
Further, C, could have retained an additive charge
from some previous measurement. This is because C,
is an open circuit in input selector positions
other than AC. Adding a resistor to the circuit in
Fig. 2-3 from the AC contact to the attenuator would
close the loop in any input selector position.

Fig. 2-4 includes resistance R, which closes the C,
charge path. C, charges to the input voltage
through R, with DC or GND selected. Selecting AC
shorts R, to prevent unnecessary attenuation of
input signals. This accomplishes two purposes:
First, it reduces the charge current through the
attenuator and the switch contacts; second, Cp,
cannot contain an unknown captive charge.
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Fig. 2-4. Providing C, an additional charge
path.
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Fig. 2-5. Input circuit of a vertical system.

Oscilloscopes have a fixed input RC. The attenuator
changes the input deflection factor (volts per
division) but not the input RC. Maintaining a
constant RC eliminates probe recompensation with
attenuation changes.

One must couple the signal of interest to the
vertical-amplifier input. Simple test leads work
for some low-frequency applications. Generally,
use of an oscilloscope probe results in greater
convenience and accuracy. Assume the probe is
connected to J1 of Fig. 2-4 and the selector switch
positioned to DC.

Fig. 2-5 represents circuit equivalents of the probe
and vertical-amplifier input. The probe body
consists of a resistor shunted by a variable
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attenuation
ratio

compensation

capacitor. A single capacitor represents distributed
cable capacitance. An RC network appears to the
right of J1. This parallel circuit is the fixed-
input time constant of the vertical amplifier.

Lumping fixed cable and vertical-amplifier input
capacitance evolves the circuit of Fig. 2-6. 1In
this figure V;, represents the signal of interest;
V, the vertical-amplifier signal; Rp, probe
resistance; Cp, probe capacitance; R;, vertical-
amplifier input resistance; C;, vertical-amplifier
input and cable capacitance.

Fig. 2-6 is a compensated voltage divider as long
as time conmstant R;C; equals time constant .
and C; form a capacitive divider creating voltage
division across the capacitors equal to the division
+ R{
across R, and R;. Ratio __EE_—_ defines basic

DC attenuation. and C; form a capacitive divider

of the same ratio so that the resultant time constants

equal, RyC, = R;C;.

An adjustable Cp allows one to adjust the probe

time constant to match a specific vertical-amplifier-
input time constant. This probe compensation must
take place each time one connects the probe to an
oscilloscope since input capacitance varies between
instruments. Examples of input-time-constant
specifications are listed below:

1 MQ x 15 pF
1 M@ x 20 pF
1 M@ x 24 pF
1 M@ x 33 pF
1 MQ x 47 pF.

The listing shows a wide variation of input RC
between different type oscilloscopes. Oscilloscopes
of one type also vary, but to a much lesser degree.
For a specific vertical amplifier one need
compensate the probe once only. An input attenuator
must be designed and calibrated to meet this
criteria.

Compensated voltage dividers create a number of
misunderstandings. Therefore, one needs to imbed
the concepts of compensated voltage dividers in his
mind., Fig. 2-6, the equivalent probe-scope input
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circuit, contains the basic compensated voltage-
divider components. And probe compensation offers
an oscilloscope user a vehicle for demonstrating
the effects. of voltage~divider compensation.

Some say that a compensated voltage divider presents
a constant impedance. No! Impedance ratio remains
constant, but total impedance changes with frequency.
Compensating a voltage divider sets up an impedance
ratio independent of frequency.

Input voltage (V;,), Fig. 2-6, develops across an
impedance (Zp) which changes with frequency. The
impedance of the probe (Zp) and of the input (Z;)
also changes but when compensated, the ratio
remains constant. This occurs when the RC time of
one network matches the RC time of the other

network: qup = R;C;.

If Rp =9 M2, R; = 1 MR, Cp = 2.2 pF and C; = 20 pF,
then R,C, = R;C;.

v, o 1
Rp < ;_Cp
>V
o
RI b3 ::CL

Fig. 2-6. Equivalent input circuit of a
vertical system.
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Fig. 2-7 demonstrates the effects of probe
compensation. To compensate his probe one connects
to a squarewave source, such as the calibrator
output on most oscilloscopes. These pulses may be
much slower than the vertical amplifier system.
Compensate the probe by adjusting for fastest
risetime without overshoot. Accurate measurements
are now possible whether they be pulses or high-
frequency sinewaves -- within the instrument
risetime-bandwidth limits.

Overcompensation shows as overshoot in the
calibrator waveform. Both narrow pulses and
discrete high frequencies appear larger than life.

Rounded calibrator waveforms indicate
undercompensation. Narrow pulses and high~frequency
sinewaves suffer excessive attenuation.

Notice that neither the sinewaves nor narrow pulses
change shape. This is one of the dangers. Overall
waveshape does not necessarily indicate proper probe
compensation.

The probe offered a logical circuit point to
describe compensated voltage dividers. Mentally
disconnect the probe and consider input attenuators
alone. The input attenuator consists of selected
voltage dividers controlled at the front panel by
the VOLTS/DIVISION selector. The VOLTS/DIVISION
selector is calibrated in terms of deflection
factor at the input connector. To expand the
discussion of input attenuator functions, assume
the following vertical-amplifier conditioms:

1. 33 pF x 1 MQ specifies the fixed time
constant at the input connector.

2, DC selected by the INPUT SELECTOR.

3. 10 millivolts per division is the basic
input deflection factor.

4. The VOLTS/DIVISION selector steps in a
1-2-5 sequence; 0.01, 0.02, 0.05, 0.1,
0.2, 0.5, 1, 2, 5, 10 and 20 V/div.
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X1

distributed
capacitance

X2

The above assumptions relate to Fig. 2~8. To the
right of the attenuator block is the grid RC of
input amplifier, V1. Rl and Cl remain in the
circuit at all times. They always form a part of
the attenuator network. All network switching,
however, takes place in the attenuator block.
Placing the VOLTS/DIV selector to 0.0l switches the
attenuator to X1. Selecting X1 attenuation directly
connects the top of Rl to the input. Distributed
capacitance (Cg) forms an appreciable portion of
the input RC, and specified at the input: 1 MQ
must shunt 33 pF. RIl meets the resistive
requirement, but Cl contributes only 3.3 pF. Cyg
then must appear as 31.7 pF:

RC; = 1 M2 x 33 pF; R1 = 1 MQ; C1 = 3.3 pF;
33.0 - 3.3 = 29.7 pF.

Consider distributed capacitance a component in all
vertical-amplifier input circuits.

Selecting 0.02 VOLTS/DIV switches the attenuator to
X2 voltage attenuation. Fig. 2-9 shows the X2
attenuator schematic. Signal voltage applied to Jl
appears at the top of C20, R21 and C21l. 50%Z of the
input voltage develops at the grid of VI.

Basic attenuation consists of R21, R22 and Rl.

500 k, total resistance of parallel network R22-Rl,
matches the resistance of R21. Resistance, thus
voltage, division 1is equal. 1 MQ appears from Jl
to ground.

|- {NPUT SELECTOR 4| |- NPUT AMPL I F | ER—am{

VOLTS/DIV

1
1
i
t
I
L

.01

INPUT
CONNECTOR

J1

Fig. 2-8. X1 input attenuation.
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Fig. 2-9. XZ input-voltage division.

Cl and parallel distributed capacitance (Cd) shunt
the lower divider leg. One adjusts C21, across R21,
to match the upper leg RC to the lower leg RC.

Input RC = 33 pF x 1 MQ. Switching to X2
maintained input resistance but altered capacitance.
C20 shunts this network providing adjustment for
33-pF total input capacitance. Although C4 changed
due to stray capacitance at the input lead, the
input C altered mainly from the series effect of C21
with C4 and Cl:

c21(cg + C1)
= Cca+cy+cl

C20 shunting the attenuator thus raises total input
shunt capacitance to the standardized value:
c; + C20 = 33 pF.

Moving the VOLTS/DIV selector through its range
step-selects additional attenuator networks of
appropriate ratios. All of the attenuator networks
use the same concept: Simple RC voltage dividers
which maintain a set ratio to one another and
present to the input a resistance of 1 MQ and a
capacitance of 33 pF.
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X100

component
quality

Fig. 2-10 contains circuitry resulting from a
VOLTS/DIV selection of 1.0. The operator switched
in the X100 attenuator. The basic divider consists
of: R202, paralleled by Rl, in series with R201.
€202, Cg and Cl shunt the lower resistive leg
forming a capacitive voltage divider with C201.
Adjusting C201 compensates the voltage divider.
Adjusting C200 matches total input capacitance to
other attenuator positions.

Input attenuator parts must be of high quality.

They are not only close tolerance resistive or
capacitive values, but also must contribute small

and predictable amounts of alien components.
Resistors contain capacitance or inductance or both.
Capacitors also contain resistance or inductance or
both. These components should be as pure as possible
for use in the input attenuator. Quantity production
requires physical repeatability and predictability
which usually calls for purity compromises.
Therefore, capacitors add L and R, and resistors add
L and C.

Interconnecting and component leads are inductors.
Long leads or those with a bend impose more
inductance than short straight leads. Leads also
contribute capacitance, dependent upon conductor
spacing.

VOLTS/DlvV
1 )

P — = — — Lo 1 INPUT
i X AMPLIFIER
" i I
. I X100=1V/DiV 1
o —O—o— , |
i
= R201 _fczm : "
990k 7 1.5-7
RC, =33pF(1M2) oleo . ___
* c200 _| N
4,5-25 7" |
]
>
R202$ 1 c202 Carn RIS e
10.1k3 270 ' M 3.3
|
i |
_ 4 l

Fig. 2-10. X100 input-voltage division.
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Capacitance develops between switch terminals and
contacts, between circuit-board strips and so on.
Any connection, in fact, is a potential capacitor.
The relatively slow effect is hook. Hook is a small
dip, of short duration, on the flat top of a
displayed step, immediately following the leading
edge. The capacitance variation that causes hook
usually results from dielectric alterations during
transit time. Dielectrics involved can be
attenuator capacitors, active device input
capacitance, terminal stand-off insulation, or that
of a circuit board. Terminals or circuit boards

are the most common offenders. This dielectric
modification occurs during the step-transit time.
Following pulse or step transition, the dielectric
returns to normal, creating a discharge current with
a time constant much slower than the input-step
risetime. The discharge current develops a voltage
across the output, which subtracts from the input
level. Tektronix corrects for hook at the attenuator
by component selection, circuit layout and circuit-
board construction.

Selected components, careful layout and quality
assembly reduces stray reactances to a practical
tolerance for instruments of medium risetime., As a
rule-of-thumb, which will have several exceptions,
assume instruments with risetimes of 10 ns or

longer contain simple attenuators as shown in

Figs. 2-9 and 2-10., Verticals in the 7-10 ns range
may contain input attenuators as in Figs. 2-9 and 2-10,
or the attenuators may reflect the techniques of the
"faster" instruments.

"Fast" instruments react to stray components of
sometimes obscure origins, such as the paint on
components. Vertical amplifiers capable of
reproducing steps of 7 ns or less have extra parts
which counter component-induced distortion. This
distortion takes two forms: Rolloff, due to
changing input capacitance, and overshoot (ringing),
caused by adding inductance.

Varying input capacitance is the input amplifier's
response to a fast step. This "negative-input-
resistance characteristic" receives treatment in
the next chapter. At the input attenuator the
change takes the form of additional capacitive
current. Seriles-peaking networks provide one
solution.
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Fig. 2-11. X2 attenuator with series peaking.

Fig. 2-11 shows series-peaking network L21 and R23
added to a X2 attenuator. This circuit is taken
from a preamplifier with an overall risetime of
about 2 ns. L21 and R23 maintain a delicate balance
between signal and regenerative currents.

Input voltages which change levels in a few
nanoseconds demand maximum capacitive current from
the attenuator. The grid of V1 also draws
additional capacitive current. However, during
signal transit, L21 presents maximum opposition to
signal-current flow. R23 then establishes total
attenuator signal-current flow. If R23 signal-
current reduction equals the current drawn by V1,
the attenuator achieves a voltage division of 2.
This only results from delicate part selection and
placement. Components involved are L21, R23, C20,
C21, C4 and the capacitive change in the V1 grid
circuit. Should the components be improperly
proportioned the input either rings or degrades
risetime.

Precise RLC responses are very complex. For this
reason only basic ideas explain peaking-network
action here. R23 shunts the peaking coil. For
explanatory purposes a small resistor shunting the
coil has the same effect as a large series
resistor. A series RLC circuit responds to a step
function in one of two basic ways: It develops a



overdamped

underdamped

51

pulse of current, or it rings. Overdamped response
(a current pulse) occurs when the L-to-C ratio is
small and the series resistance is correspondingly
large. Underdamped response (ringing) results from
a large L-to-C ratio and a small series resistance.
Curves of Fig. 2-12 show circuit current relative
to L, C and R values.

Since damping is the same, a small resistance
shunts L21 rather than a large series component.
Keeping R23 small negates effects on all but the
"fast" signals,

The overdamped response current only occurs in
attenuator reactances. 1 MQ resistance shunts the
reactive leg, so when the reactive current drops to
zero, total signal current flows through the 1 MQ
resistance.

In the case of Fig. 2-13, L21 and R23 separate C;
from Cy during signal transitions. C; consists of
qulescent input capacitance modified by V1 negative

____‘
ol
S
FSE
)

OVERDAMPED UNDERDAMPED

Fig. 2-12. Comparison of overdamped and
underdamped response.
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Fig. 2-13. Alternate location of XZ-attenuator
series peaking.
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input characteristics and, possibly, circuit-board
dielectric loss. L21 and R23 probably do not retain
the values listed in Fig. 2-11. L and R values must
combine with circuit capacitance to form an
underdamped response.

RLC appear as part of the input attenuator only when
the changing capacitance is an appreciable percentage
of the capacitive divider. Increasing attenuation
reduces the need for peaking. This is because
component capacitance shunting the grid line becomes
larger. The preamplifier from which Fig. 2-11 was
taken has an RLC network in the X2, X5, X10, X20 and
X50 voltage dividers. The X100, X200 and X500 have
none, neither of course does the Xl.

Fig. 2~14, the X100 divider, includes no LR network.
Two capacitances, C200 and C202 are much larger
values than counterparts, C20 and Cg, in the X2
attenuator. The smaller value of C201 makes this
necessary. Series capacitance C201 establishes
total divider capacitance. Therefore, C200 must be
large enough to set the input RC equal to the X1 RC
at J1. C202 added to Cg should approximately
compensate the divider at the midrange setting of
C201: RI1Cl = R2C2.

Changing capacitance at the grid line, or due to C201
dielectric deviations, represents too small a
percentage of the total capacitance to consider a
peaking network necessary.

R203 loads the circuit to damp oscillations. This
ringing results from stray inductances, inherently
a part of the capacitors, resistors and attenuator
wiring. R203 adds but 1/2% error to the voltage
divider.

Eliminating attenuator components reduces production
costs and stray reactances. There are two major
techniques used to eliminate networks: Stacking and
amplifier-gain switching.

Stacking reduces only production cost. Stacking
input attenuators reduces the total number of parts
required for a given range of input deflection
factors. The representative VOLTS/DIV selector
(shown in Fig. 2-15A) and information so far
presented, leads one to believe each switch position
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is a separate attenuator circuit. This ll-position
selector indicates 10 RC voltage dividers. (X1 is
not considered a voltage divider.) There are not
necessarily 10 networks. Five networks, eliminating
a number of parts but adding a slightly more

complex switching system, provide the same result as
10.

o

O
= R201 S d €201
990k § j;ro.2-1.5
€200 ‘ GRID
4.6-7.0 paAe 1 — vy
L C202 52 R202 . Cd R1
Ixm 10.1k T ™
1
-1.

Fig. 2-14. The X100 attenuator of a '"fast"
preamplifier.

( VOLTS/DIY

J
(A)
VOLTS/Div NETWORK STACKED WITH

0.01

0.02 (#) X2

0.05 (2) X5

0.1 {#) X10

0.2 (+) X10 () X2
0.5 () X10 (#) X5
1.0 {#) X100

2.0 (#) X100 () X2
5.0 (#) X100 () X5
10.0 {(#) X1000
20.0 (:) X1000 (#) X2

(B)

Fig. 2-15. Stacked-attenuator switching logic.
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Stacking cascades, by switch selection, voltage
dividers to multiply attenuation ratios. Fig. 2-15B
lists a stacking program. The first column lists
selected input deflection factors; the second,
primary attenuators selected; and the last column,
the selected cascaded attenuator. For input
deflection factors 0.01 VOLTS/DIV through 0.1
VOLTS/DIV only primary attenuators appear.
Selections 0.2 VOLTS/DIV through 20 VOLTS/DIV
utilize X2 and X5 attenuators in cascade; of this
group 1 VOLTS/DIV and 10 VOLTS/DIV utilize primary
attenuator selections alone.

Symbols (3) and (X) both appear in Fig. 2-15B.
These symbols are interchangeable and either may
appear on a schematic diagram. Read X2 as an
attenuation of 2; and :2 as a voltage division of 2.

Compare Fig. 2-15B and Fig. 2-16. Fig. 2-16
illustrates a stacked X20 or +20 input attenuator.
Fig. 2-15B indicates attenuation results from
selection of 0.2-VOLTS/DIV input deflection factor.
Each attenuator network presents 1-MQ2 input
impedance. Therefore, connecting the X2 network
across R102 shunts the same as R102 connected to the
grid of V1. Rl does parallel R22. Both X10 and X2
attenuators then load as though connected in the
circuit alone. Proper voltage division occurs:

1. 200 millivolts at J1 develop 20 millivolts
at junction R101-R102.

2. 20 millivolts across the X2 attenuator
develop 10 millivolts at the grid of V1.
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Stated in terms of deflection factor:
1. 200 millivolts/division at JI1.

2. 20 millivolts/division input to the X2
attenuator.

3. 10 millivolts/division at the grid of V1.

Selecting 0.5 VOLTS/DIV substitutes a X5

attenuator. Input voltages now receilve an
attenuation of 50. Concepts remain the same for all
stacked configurations.

compensation One compensates these dividers in switch positions
that place single networks in the circuit. From
Fig. 2-15B, these positions of the VOLTS/DIV
selector would be: 0.02, 0.05, 0.1, 1.0 and 10.
Selecting stacked positions creates the need for
compromise adjustment. Unfortunately, stacking
limits minimum input capacitance. The electro-
mechanical effects of each stack adds capacitance.

YOLTS/DIV

Rl ctor |
900k$ 3-v27!

1
3
I
1
1
1
X2 !
i
]
|
]
I

R21 c21 J,Z’
0 VI

500ke 4 .5-257—
GRID

20 f
¢ R102 _LC102 ,_5_77‘—
11k 47 o
R1

R22 A
™ Tcd M ]‘ 3.3

Fig. 2-16. X20 or :20 stacked attenuator.
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gain
switching

input
attenuator

VOLTS D1V DEFLECTION FACTOR YQLTS/DIV
—E_ /\ 20mv, SOmv, .1, .2, .5,
- L 2.5,010

INPUT
ATTENUATOR
+1

10
100

T~ 20my, SOmv, .1

‘/A\ 20my, 50mV

PHASE
INVERTER

MAIN
VERTICAL
AMPLI(FIER,

Fig. 2-17. Preamplifier switching logic.

Amplifier-gain switching, mechanically ganged to

the input attenuator, provides the present solution
for numerically reducing input attenuator networks.
Fig. 2-17 shows in block form the switching logic
necessary to drive a phase inverter at a constant
deflection factor. Blocks labeled Input Attenuator,
Input Cathode-Follower and Selected-Gain Driver
mechanically gang to the VOLTS/DIV selector.
Deflection factor at the input jack is from 20
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millivolts to 10 volts per division, step-selected
in a 1-2-5 sequence. The three input dividers
reduce the nine input deflection factors to three:
20 millivolts, 50 millivolts and 100 millivolts.
Selecting cathode-follower gain of 1 or 1/5 gives
an input deflection factor to the selected-gain
driver of 20 and 50 millivolts per division. The
selected-gain driver can now have a constant output
deflection factor.

Wafer switches contribute significantly to total
capacitance, even to the simplest input attenuators.
Stacking compounds the difficulty. Stray inductance
increases due to wiring complexity as well as stray
capacitance.

The device which reduces stray reactances the most
is the seldom used turret attenuator., Fig. 2-18 is
a photograph of one type of Tektronix turret
attenuator. The body of the turret holds voltage-
divider components. These parts need have very
short leads thereby reducing inductance. Rotating
the turret body moves voltage-divider parts and
associated connectors to the single set of switch
contacts. No method yet devised contributes as

few reactances as the turret attenuator.

Fig. 2-18. Turret attenuator.
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Turret attenuators at present just don't lend
themselves to quantity production. For this reason
only a few Tektronix instrument types contain
turret attenuators.

Modern oscilloscopes have a constant input RC. The
input attenuator consists of compensated voltage
dividers, Deflection factors change in one of three
basic methods:

1. Selecting one of a group of compensated
voltage dividers.

2. Program selecting stacked compensated
voltage dividers.

3. Amplifier-gain switching combined with
one of the above techniques.
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FOLLOWERS

Followers consist of three basic circuit
configurations: Cathode followers, source
followers and emitter followers. Follower circuits
might appear in any stage of oscilloscope circuitry.
Basic follower characteristics justify such wide
usage. Characteristics necessary to achieve
uniform frequency response over a wide range of
input frequencies and amplitudes are indigenous to
followers:

1. Low input capacitance (high input
impedance).

2. Low output impedance.

3. Linear amplification.

4. Gain stability.

5. Can handle large input voltage swings.

Additionally, there are peculiar characteristics of
followers that are made use of:

6. Gain is less than one but can be made to
approximate unity.

7. No signal inversion.
8. AQuiescent level is easily set.

9. Supply voltage fluctuations are greatly
attenuated at the output.
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(A)

(8}

Fig. 3-1. Follower symbols.

circuit Circuit symbols, as shown in Fig. 3-1, apply to

symbols followers. (A) symbolizes a unity gain amplifier.
However, one might interpret (A) to indicate phase

CF, SF and inversion unless the initials CF, SF, or EF appear

EF abbrevi- within the triangle. CF abbreviates cathode

ations follower; SF, source follower; and EF, emitter
follower. On the other hand, symbol (B) is
exclusive to followers. This symbol indicates
noninverted unity gain. Both symbols appear in
block diagrams through this book.

low input Any discussion of follower circuitry in wideband

capacitance  amplifiers utilizes the terms impedance transfer or
isolation. These terms generally apply to all

low output R characteristics but specifically consider the first
two: low input capacitance (another term for high
input impedance) and low output resistance.

Fig. 3-2 illustrates the principle of placing a
follower between a large resistive output and a

risetime large capacitive input to improve risetime. Risetime

improvement (bandpass) of an amplifier is a function of the
product of resistance and capacitance. 2.2 RC
defines circuit risetime. Follower amplifier A2
shunts the large output resistance of Al with a small
capacitance. A2 also presents to A3 a small R, to
shunt the large input capacitance of A3. The
resultant risetime is less than connecting Al directly
to A3.
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Followers are not restricted to interstage

isolation. They also function as output amplifiers
or, as shown in Fig. 3-3, input amplifiers. The
followers' high input impedance shunts the
attenuator very little, allowing passive device
values to set input impedance at J1. Of the three
basic follower configurations, cathode followers
currently appear most frequently as input amplifiers.

Fig. 3-4 shows a cathode follower. In this figure,

a pulse applied to the grid develops at the cathode

with corners rounded and attenuated. Consider first
the signal attenuation. Attenuation implies

>V

A2
FOLLOWER

T

[o
7
LARGE

—e

|
l
|
|
|

Fig. 3-2. Isolation block diagram.

| VERTICAL PREAMPLIFIER |

INPUT
AMPLIFIER

VERTICAL

AMPLIFIER

o INPUT
< ATTENUATOR

Fig. 3-3. Vertical-amplifier block diagram.

Fig. 3-4. Cathode follower.
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WHERE: ¢, = LB
kw1

Fig. 3-5. Equivalent CF circuit (1).

2009

Fig. 3-6. Equivalent CF circuit (2).

voltage~divider action and that is just what happens.
The voltage applied to the grid develops across Ry
and the internal impedance of V1.

Fig. 3-5 depicts a cathode-follower model. A
theoretical voltage generator, or source, drives the
control grid. Grid voltage (Vg) develops across a
voltage divider consisting of external cathode load
(Rx) and internal tube impedance (ry). Formulas
included in Fig. 3-5 define gain as a voltage-
divider ratio. They also show that output impedance
at the cathode terminal results from Ry paralleling

Tk

Active device parameters such as amplification
factor (u) and plate resistance (rp) must be
considered. Because transconductance (gm) applies
to any active device, it appears more often in this
book than any other dynamic parameter.

Using parameters u and gm, one builds the cathode-
follower model shown in Fig. 3-6. This figure
assumes u = 30 and gm = 5000 umho. The voltage
source applies grid voltage, modified by u, across
voltage divider ry and Ry. Both models (Figs. 3-3
and 3-6) develop gain of 0.8, indicating active
parameter interdependence.
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Usually satisfactory approximations result from
using transconductance alone. Discarding p in the
gain formula of Fig. 3-6 leaves the resistance ratio
only. Gain now resolves to 0.83, sufficiently
accurate for most circuit analysis.

Parameter gm establishes output impedance as shown
in Fig. 3-7. Output circuits connect to the junction
of Ry and ry. Therefore, output impedance (R,)

cannot exceed the value of ry ‘3& . High gm devices

present a smaller R, to output circuits than low gm
devices.

Plate current affects gm, causing questionable gain
stability of the circuit shown in Fig. 3-8, For
small signals this circuit might be satisfactory.
But large signal gain stability does not exist
because of the large change in platé current. The
circult as shown experiences 65% plate current
change. Plate current and gm relate directly and
gain is a function of gm:

R = RkH ry = 1670

IF gm = 5000umho, r'k'E L 2009

Fig. 3-7. CF output impedance.

+B

+1V 3
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I

k &
AR 1672
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-l

Fig. 3-8. CF signal current.
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»BB
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10, BmA

Fig. 3-9. Plate voltage determines output level.

Fig. 3-10. Positive grid return equivalent to
negative cathode return.

Fig. 3-9 represents an improvement. Notice that
output DC levels, output impedance and gain are the
same as in Fig. 3-8. An adjustable plate return
sets the quiescent output DC level. Plate current

is determined by self-bias, R;y and the negative
cathode supply voltage. The positive signal
excursion now causes only 87 change in plate current.
This percentage reduces further when both Ry and the
negative return increase. For example, if Ry were

2 kQ returned to a -18.5 V supply, an input signal of
1 V would cause 4% plate-current change. The
external components free the circuit to act as a
constant-current device. Fig. 3-10 functions the
same as the circuit in Fig. 3-9 except the cathode
resistor returns to ground.
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A method of current driving an active device, so
popular it has a name, is shown in Fig. 3-11. This
is a longtail circuit. The name derives from the
large cathode resistor. Ratio of ri to Ry is such

that output impedance is-éﬁ—and gain is ;—%—I .

One volt signal causes less than 3/4% change in
plate current, stabilizing transconductance.

The cathode returns to -150 volts through 30 kQ.
Operating characteristics demand cathode potential
of +1.5 volts at quiescence. 5.05 mA then flows
under no signal conditions. Increasing grid
voltage 1 volt increases cathode current by 0.03 mA
or a total of 5.08 mA plate current.

This small change hardly affects gm. Notice that
gain approaches unity. The longtailed cathode

follower meets most of the follower requirements.

Fig. 3-12 shows a longtail configuration returning
Ry to ground. Concepts remain as explained.

+1v
oy ﬂ fo S —
R
g
1M

=150V

Fig. 3-11. Longtail cathode follower.

Fig. 3-12. Longtail CF with cathode returned
to ground potential.
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Fig. 3-13. Interelectrode capacitance.

Fig. 3-14. Input capacitance.

The presentation assumed only resistive components
acted upon signals, yet reactive elements exist in
any clrcult. Reactive components within the tube,
grid-to-plate and grid-to-cathode capacitance, are
of greatest concern. The effect of these capacitors
depends upon circult design. Fig. 3-13 identifies
triode capacitances.

How much a capacitor affects a signal is determined
by the signal voltage across the capacitor. C

and V1 plate return to a low-impedance voltage
supply. Cathode follower design then innately
reduces the effect of Cgp’ although still a circuit
component.

If unity gain could be realized, capacitance from
grid to cathode could be ignored. With no voltage
difference across the capacitor, equivalent
capacitance 1s zero. Equivalent grid capacitance
then is Cy% multiplied by one minus voltage gain:

[Cq = Cak (1 - Ay)]. Another reduction is
il{ustrated in Fig. 3-14. Capacitance, filament-to-
cathode and plate-to-cathode, appears in series with
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Cgk. Assume cathode follower input capacitance
falls between less than one picofarad and two

picofarads.
output Capacitance, associated with cathode-follower output,
impedance rapidly charges through the low-output impedance.
provides This capacitance affects the performance of "fast-
charge path rise" amplifiers and as such receives attention later
for output in the chapter. Ignore, for now, cathode-follower

capacitance output capacitance.

Vertical amplifiers having a frequency response of

typical DC to ten megahertz or so contain cathode followers

circuits as developed. Fig. 3-15 through 3-20 are examples
of typical oscllloscope circuits using concepts
presented.

Fig. 3-15 shows a palr of cathode followers driven
push-pull. These longtailed circuits function to
breakup parallel capacitive networks.

V6 and V7 operate independently to act as a kind of
coupling clrcuit. R6é and R7, in conjunction with
the positive grid potentials, longtail V6 and V7.
DC levels and signal amplitudes applied to the
output amplifier approximate values applied to V6
and V7 grids.

Both the preamplifier and main vertical output
amplifiers are plate loaded. A longtailed cathode
follower presents much less input capacitance and

+225

QuUTPUT
AMPLIFIER

CI\ PREAMP F

Fig. 3-15. Main vertical input amplifier.
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output impedance than a plate-loaded amplifier.
Placing the cathode followers between the plate-
loaded amplifiers then improves risetime. The small
input capacitance of V6 and V7 shunts the
preamplifier output, while the relatively large
input capacitance of the output amplifier rapidly
charges and discharges through the small R, of V6
and V7.

Series peaking coils may appear in the output leads
of V6 and V7.

Fig. 3-16 depicts a cathode-follower circuit, used
to improve bandwidth (risetime), which includes a
balance control within the longtail network.

Driven push-pull, V1 and V2 operate independently.
Grid DC and signal levels originate within the
preamplifier. The cathode followers merely couple
preamplifier voltages to the driver amplifier,
elevated by a DC level representing self bias.

R4 serves to reduce the positive supply voltage to
the correct operating level at V1 and V2 plates.

R4 is common to V1 and V2 plate current. Push-pull
signal currents flow in V1 and V2 and these equal-
amplitude opposite-phase currents maintain a constant
drop across R4. A capacitor bypassing R4 is thus
superfluous.

One sets R3 for a vertically centered CRT display.
Most main vertical amplifiers consist of cascaded
direct-coupled push~pull stages. Any imbalance at
the input, amplified, deflects the CRT as a signal.
This is the correct action for DC measurements.
Quiescently however, the CRT display must center.
Placing a ground at input connector J1, one adjusts
R3 to compensate for: An unbalanced preamplifier,
small differences between V1 and V2, and unbalanced
conditions of following stages.

Changing R3 changes V1 and V2 plate currents in
opposite quantities. Plate current and gm track.
Therefore, adjusting R3 affects small changes in
cathode-follower gain in opposite quantities.

Breaking up capacitive networks to improve high-
frequency response or risetime sums up the purpose
of the circuit in Fig. 3-17.
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Fig. 3-16. Main vertical input amplifier.

+225V

DCRIVER

AMPLIFIER VERTICAL

Fig. 3-17. Preamplifier output amplifier.
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V1l and V2 drive, both signal and DC level, originates
in the phase inverter; this is a direct-coupled
push-pull cathode-follower stage. The circuit is
longtailed by Rl and R2 grid levels and cathode
return supply. Amplitude of drive is also a factor
in longtailing, and this circuit is a case in point.

Voltage drop across Rl and R2 is much less than
circuits thus far presented but consider the signal
magnitude. A typical deflection factor is 100 mV
(push-pull) per division. Translated to one grid,
50-mV signal drive to V1 results in one-division
vertical deflection at the CRT., 500 mV deflects

10 divisions, but causes less than 1% change in VI
or V2 cathode current.

Preamplifiers are frequently plug-in units.
Interconnecting plugs have an appreciable
capacitance. High-impedance drive, such as the
output of the phase inverter, charges and discharges
this capacitance slowly enough to cause risetime or
high-frequency deterioration. Placing a cathode
follower between the two improves conditions.
Capacitance of the interchassis connector is driven
by a small output impedance, and the high impedance
of the phase inverter drives a very small
capacitance. Ll and L2 series-peak to improve high-
frequency response.

The push-pull longtailed cathode follower shown in
Fig. 3-18 drives a capacitive load. This circuit
includes beam-position indicators as an operator
aid.

Cathode followers V1 and V2 provide a low-impedance
charge path for the capacitance presented by the
vertical deflection plates. Rl and R2, cathode
return supply, and grid voltages longtail V1 and V2.
Network R3, Bl, B2, R4 and R5, shunts longtailing
but this network imposes negligible loading.
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Located on the front panel, neon lamps Bl and B2
indicate relative vertical displacement:

Both lamps off, display centered.
Up lamp (Bl) on, display deflected above center.
Down lamp (B2) on, display deflected below center.

+450V

+290V +225V

[m
P\\\J $ 14k
MAIN +100¥

VERT ICAL
INPUT AND
ORIVER

AMP
//////// e RZ

S 14k

PREAMP

Fig. 3-18. Output amplifier.

Under no signal conditions, with the trace centered,
neither neon fires. Cathodes of V1 and V2 are not
quite positive enough for firing potential across the
glow tubes. Positioning the trace upward raises V1
cathode and Bl fires. Positioning the trace below
center raises the cathode of V2 and B2 fires.
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Fig. 3-19. AC coupled follower.
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Frequently one needs to observe small AC voltages
superimposed on a relatively high DC level. An
AC-coupled vertical amplifier allows one to monitor
only the small AC component at low input deflection
factors. Fig. 3-19 represents a preamplifier capable
of amplifying small AC signals.

Positioning SW1 to HIGH GAIN AC ONLY, as shown,
routes input amplifier signals to the X10 amplifier;
then via cathode follower V4 to the phase inverter.
Throwing SW1 to LOW GAIN AC OR DC directly connects
the input amplifier and phase inverter.

The X10 amplifier increases small signal voltages to
amplitudes appropriate to the phase-inverter input
deflection factor. But, these signals suffer a
frequency-dependent phase shift; and the quiescent
DC level at both contacts of SWIC should equal.

X10 amplifier compensation appears in longtailed
cathode-follower V4 circuitry. This circuit has
several functions:

1. Isolates the high-impedance X10 amplifier
and phase inverter.

2. Matches the input-amplifier output DC level.
3. Broadband input coupling.

4. High-frequency compensation.

5

. Low-frequency phase compensation.

Switching from high gain to low gain one should
observe very little vertical trace movement. To
accomplish this the quiescent output of the X10
amplifier and input amplifier must closely match.

AC coupling (Cl) allows a ground return for the grid
of V4. Stabilized by longtailing the self-biased
operating point for V4 equals the output DC level of
the input amplifier.

Cl couples low frequencies and Tl couples high
frequencies around Cl. Cl is both hero and villain.
It must have a voltage rating high enough to prevent
breakdown and enough capacitance to pass low
frequencies. These requirements determine physical
construction of Cl, Shunt capacitance to the chassis,
due to physical properties and placement of Cl1,
deteriorates high-frequency response. The primary of
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Tl is in series with Cl and as shunt capacitive
current increases, transformer action increases. The
circuit suffers very little high-frequency signal loss.

Both amplitude and phase compensation are shown. L1
and the input capacitance of V4 develop series peaking
for high-frequency amplitude compensation. Low-
frequency phase compensation depends on the time
constant of RC network, Cl, Rl and R2. One adjusts

R2 for optimum presentation, such as pulse train
symmetry.

One frequently sees, in equipment designed a few
years earlier than this writing, triode-connected
pentodes as cathode followers. Consider these devices
as high-gm triodes.

The active device in Fig. 3-20 is a pentode. Cathode~
follower-~connected pentodes function as described for
triodes, keeping in mind the difference in tube

characteristics. For example: 1% =—§E-’ but p in a

pentode is so large that formula :rﬁ?if is
meaningless. Therefore, assume the signal voltage
across divider rk and Ry equal to control-grid signal

voltage.

The circuitry of Fig. 3-20 makes use of the screen-
grid to improve signal-to-noise ratio at low signal
levels.

Ganged switches SW1A and SW1B select high-gain or low-
gain amplification. SW1l (positioned as shown) in the
LOW GAIN position sets the input deflection factor to
50 millivolts per division. That is, a 50-millivolt
control-grid signal results in one division deflection
at the CRT. Placing SW1 to HIGH GAIN increases input
gensitivity by a factor of ten. The high~gain
amplifier has an input deflection factor of 5
millivolts per division AC only.

In low-gain operation both AC and DC are amplified.
Putting high-impedance decoupling networks in the
screen circuit, such as R2-Cl, degenerate DC signals
at the cathode. Therefore, the screen grid returns
to a low-impedance regulated supply. The supply has
ripple and transients, which reflect into the
cathode as signals. In the low-gain mode these
signals are too small to notice.
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Fig. 3-20. Pentode cathode follower with
switched screen grid decoupling.

Increasing the sensitivity (switching to high gain)
means a smaller voltage may be monitored, but it
also means that the screen grid-induced signals
become objectionable. A large decoupling network
returned to a higher supply results in a clean
signal.

Cathode~follower circuits are a good medium for
presenting protective and corrective devices.
Protection frequently provides for either operator
error or component failure. Corrective devices
compensate for unusual or unwanted circuit parameters.

Some circuits correct for undesirable characteristics
of active devices that are not apparent or
objectionable until very small amplitude signals must
be amplified. As an example, control grid current
exists in any electron tube, In tubes employing
unipotential cathodes, both positive and negative
grid currents flow. Positive grid current consists
of electrons emitted by the cathode and intercepted
by the control grid. Negative grid current results
when a heated negative control grid emits electrons
to the cathode, adding to the effects of gas
molecules and leakage current between the control
grid and other tube elements.
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Fig. 3-21. Control grid current versus bias.

Fig. 3-21 graphically illustrates grid current versus
grid bias voltage. The horizontal axis extends from
a few volts negative through zero to a few volts
positive. The vertical current axis extends from a
small negative quantity (grid-to-cathode flow)
through zero to a small positive quantity (cathode-
to-grid flow). At extreme negative bias a small
negative grid current flows.

Reducing bias toward zero, negative grid current
increases then decreases, intercepting the

horizontal at a low negative-bias level. Incremental
axis values vary between tube types and to a

smaller degree between the same type of different
manufacture. Generally, the grid-current grid-bias
intercept occurs at less than -1.5 volts.

Magnitude of negative control grid current is so
small that it is sometimes ignored. When an amplifier
must amplify low-level signals (1 to 20 millivolts),
this grid current can no longer be neglected.

5 nanoamps of grid current through Rl of Fig. 3-22
raises the grid potential to a level of 5 millivolts.
A solution, returning Rl to a negative 5 millivolt
supply, results in zero volts from grid to ground.
Negative grid current continues to flow developing
positive grid voltage (Fig. 3-23). When negative
grid current develops a voltage across Rl equal to
the voltage at the wiper of R4, zero volts appears
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between control grid and ground. One checks the
setting of R4 by shorting the control grid of V1 to
ground. R4 is properly set when the short
application and removal causes no displayed vertical
deflection.

Positive grid current can be used to advantage. To
set up conditions, suppose an operator is measuring

ripple on a 500-volt DC power supply. His
instrument in X1 attenuation, he inadvertently

+

g — OUT

Fig. 3-22. Negative grid current.

[

O-—— ATTENUATOR

-150v -150v

Fig. 3-23. Input-amplifier grid-current
adjustment.
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Fig. 3-24. Grid limiting.

Fig. 3-25. Neon-lamp clamping.

leaves the input selector at DC. Refer to Fig. 3-24.
Positive grid current in this circuilt prevents a
catastrophic failure. 500 volts to an input-
amplifier grid requires more power than the tube or
associated components safely dissipate. However,
grid limiting due to positive grid current and R2
maintains tube current at a safe value,

C2 bypasses R2 so the network does not affect normal
signal inputs. C2 provides a current source for
discharge of C,%x which accumulates a charge during
any voltage drop across R2.

Fig. 3-25 shows protection from excessive negative
as well as positive excursions at an input-amplifier
grid. Excessive potential fires Bl. Until this
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Hon"

voltage is removed Bl holds the control grid to
voltage for Bl. Bl extinguishes upon removal of

excess input voltage.

Protective circuits incorporated as part of an input
amplifier frequently protect following stages

(Fig. 3-26). Keep in mind the high probability of
direct coupling to following stages. Excessive CF
output voltage can result in following stage part
damage.

Dl and D2 clamp to prevent large output-voltage
excursions. Interruption of V1 conduction, such as
open filaments, allows the output DC level to seek
the -150 volt level to which R; returns. D1 turns
on to clamp as negative output voltages extend below
ground potential. Large positive signals turn D2
on. D2 clamps when output-signal excursions exceed
+5 volts. Dl and D2 allow a voltage "window" of 5
to 7 volts.

Semiconductor junctions (diodes) require a "turn-on"
or forward bias dependent upon chemical make-up.

Once turned on these devices maintain a voltage drop
across the junction approximating turn-on potential.
Assume that turn-on and diode voltage drop are equal.
The list below includes semiconductor type and
junction voltage drop:

1. Gallium Arsenide (GaAs) 1-V turn-on.
2. Germanium (Ge) 0.2-V turn-on.

3. Silicon (Si) 0.6-V turn-on.

+5V

0z
(Si)

O-——— ATTENUATOR

0

- OUT

01
(s1)

-150

Fig. 3-26. Diode protection.
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Although these values are not precise, they suffice

for the purpose of this book.

All following

discussions consider the above as true conditionms.
Further, all semiconductors in this book are
identified as: GaAs, Ge, or Si, when applicable.

Diode D1, of Fig. 3-26, conducts when cathode voltage
reaches ~0.6 V; then clamps at -0.6 V; and turns off
when cathode voltage becomes more positive than -0.6 V.
Negative signals may vary from quiescence, +1.5 V to
-0.6 V -- a maximum negative voltage change of 2.1 V.

Clamping circuitry allows &4.l-volts positive-voltage
changes. The cathode of D2 returns to +5 V.
Therefore, when V1 output rises to +5.6 V, D2 turns
on. This represents 4.1 volts more positive than
quiescence. OQutput voltage then extends from -0.6 V
to +5.6 V, or a "voltage window" of 6.2 V.

A positive clamp (D2) in the circuit creates the
Assume a positive 10 volts

D2 clamps as V1 cathode passes
+5.6 volts and, since a positive bias condition

need to protect V1.
appears at V1 grid.

exists, tube current

increases sharply.

Positive

tube elements must dissipate excessive power.

Fig. 3-27 includes a protective circuit which reduces

electrode power-dissipation requirements.

Components

D3, C8 and R8 function to reduce plate voltage during

overload conditions.

+200V +100V

Fig. 3-27.

Diode protection.
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Fig. 3-28. Input amplifier.

At quiescence both V1 plate current and D3 current
flows through R8 developing about +100 V plate
voltage. €8 filters diode noise. Protective action
begins when D3 disconnects. Assume again +10 volts
at the control grid: D2 clamps causing a large plate
current increase. This increased tube current drops
more than 100 volts across R8, disconnecting D3.

For each mA increase in plate current, plate voltage
drops 20 volts. Tube parameters change drastically,
but tube power (EI) remains at a safe level.

The longtailed input amplifier of Fig. 3-28
incorporates most of the protective and corrective
concepts covered.

Grid resistor Rl returns to a negative voltage source.
With R4 properly adjusted, negative grid current
develops zero volts from V1 control grid to ground.

Positive grid current through R2 limits during large
positive input excursions. Bypass capacitor Cl acts
as a current source to discharge input capacitance.

Neon glow lamp Bl fires to maintain grid-to-cathode
difference at a maximum of 50 to 60 volts.

Diode D2 protects the driver amplifier by clamping
when positive signal excursions reach +5.2 volts.
The driver amplifier includes a negative clamp.
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Longtailed cathode followers, as described, have two
major disadvantages:

1. They do not follow negative-going signals
with the same fidelity as positive-going
signals.

2. High voltage is required.

Output capacitance charge time is restricted only by
internal impedance (ry) for positive signal swings.
Therefore, positive signal swings are at a gm
determined rate. On the other hand, charge time for
negative signal swings is determined by external
cathode resistance. RC time for negative and
positive signal swings can differ by hundreds of units.
There is no cure for single-ended longtailed
amplifiers. The negative slope always exceeds
positive risetime. However, the negative slope should
be linear for a wide range of signal amplitudes. To
do this the longtail must provide a constant current
over the range of signal amplitudes,

One solution makes Ry dynamic. (Fig. 3-29). A
pentode substitutes for Ry. Pentodes operate with a
very high plate resistance. This extends the

negative supply many hundreds of volts and makes the
constant-current characteristics extremely flat. 5-mA
longtall current flows during both positive and
negative Input excursions. During positive excursions
output capacitance charges through rx of the cathode
follower. Negative signals reduce follower conduction,
but 5~mA longtail current continues to flow. The
quantity of longtall current now flowing as cathode
current is available to charge Cp. The circuit is
very successful but requires rather high voltage
supplies.

Transistors have characteristics very similar to
pentodes (Fig. 3-30). Ql determines total circuit
current and adjusting base voltage sets the output DC
level to near zero volts. Supply voltages are low
and constant-current characteristics are excellent.

Another solution 1s possible when driving a cathode-
follower stage push-pull. The longtail is passive
but an additional current source charges output
capacitances (Fig. 3-31).
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Fig. 3-29. Dynamic longtail using an electron
tube.
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Fig. 3-30. Dynamic longtail using a
transistor.
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Fig. 3-31. Cathode followers with feedback.
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Fig. 3-32. Output amplifier with feedback.

V1l and V2 are push-pull driven cathode followers.
Assume a positive step waveform applied to the grid
of V1. A step of opposite phase but equal amplitude
drives V2. Full cathode current and load capacitance
determine V1 following rate. Time constant R2(p
normally controls V2 following rate. However, V1
plate goes negative at V1 cathode rate and this
signal couples to V2 cathode. Coupling capacitor

Cl is large compared to Cj so load capacitance
quickly charges, allowing V2 cathode to swing
negative at the signal rate. C2 develops no charge
since the stage has unity gain viewed from cathode
or plate and the in-phase signals change at the same
rate. Action is the same with phase reversal except
the negative-going current source (plate of V2)
assists V1 cathode.

In Fig. 3-32 the concept just discussed is shown as
a preamplifier output stage, essentially a
push~pull cathode follower with high-frequency
balancing networks.
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Full cathode current and load capacitance determine
the rate at which a cathode follower follows a
positive-going signal; so adjusting R3 controls
high-frequency response, thus the name HF PEAKING.

A small Miller-effect, due to plate loading is
present. For this reason cathode followers
frequently drive this stage.

Miller-effect, a degenerative signal fed to the

grid from the plate by the grid-to-plate
interelectrode capacitance, increases the input
capacitance to an amplifier. Usually considered a
disadvantage, Miller-effect can be utilized to
improve overall response of an amplifier. It 1is one
method of combating ''megative-input resistance
characteristics." These negative" properties, to
which a longtailed follower is especially prone,
distort input waveforms.

Under some conditions, a follower (cathode, emitter,
or source) rings when a high-amplitude "fast" step
is applied. This explains the name ''mnegative-input
resistance characteristic." The major effect upon
vertical amplifiers occurs at the input amplifier.
Capacitance at the grid changes during signal tramsit,
upsetting the input attenuator compensation. Input
capacitance is greater during "fast" signal changes
than "slow." The cure increases quiescent
capacitance so that input capacitance remains the
same for all input waveforms.

Earlier the point was made that CF gain reduced Cyx
because of the reduced voltage across the
capacitance: Cy; = C,x(1 - Ap), 1if Ay = 0.95, then
only 5% of the input voltage develops across Cgk-
Cgk is only 5% of listed value.
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Fig. 3-33 and 34 show an initial Ay of 0.5. Cok
then is 50% of listed value. This is the change of
input capacitance that affects compensation of the
input attenuator. Total circuit reaction is rolloff.

From the standpoint of "megative-input resistance"
the explanation takes a different tack but states
the same thing.

Understanding properties of a '"negative-input"
requires, initially, application of current-voltage
relation for a charging capacitor (Fig. 3-33).
Capacitances involved are those making up input-
capacitance of a cathode follower. Assume a
"perfect" step applied. The input rises from a
quiescent level to its peak voltage (Vpk) in zero
seconds (Tp). Output cathode voltage rises from
quiescence to V7 at the input rate. Amplitude of
voltage V7 depends on the values of the capacitive
voltage divider, Cyk and Cg.

Full-step amplitude appears at the grid while a
portion develops across Cr. The initial voltage
difference, positive bias, creates an increased
plate-current demand (Fig. 3-34). This increased
current charges Cy toward grid potential but also
flows through Cok -

Input capacitance charging current (I,) originates
in the signal source flowing through internal source
impedance R;. This reactive current develops a
voltage across R; which adds to the grid voltage,
which increases Ip, which increases Iy, which
increases the drop across R;, which . . . . Even if
grid clamping occurs, initial regeneration distorts
the input waveform.

Since the current flows through C,%, label it
reactive: I, and since the effect of I, reduces
input impedance, give it a negative sign.

The initial exponential rise from V7 toward peak,
across Cf, indicates a resistive component. This
resistance has a relationship to Rk and rk which
decreases with I, increases. Give this resistive
element a negative value also.

If both a negative reactive current and a negative
resistance are indicated, then an RC equivalent
represents the effect.



Fig. 3-33. Cathode-follower input
capacitance.

Fig. 3-34. Negative input characteristic
current.
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Fig. 3-35. Input capacitance.

Refer to Fig. 3-35, a schematic of equivalent input
circuits. These three equivalent circuits are the
basis for illustrating compensation concepts. (A)
shows input capacitance lumped into one component,
Cg. (B) and (C) illustrate the change in effective
input capacitance (Ceff) with signal transit time.

At low frequencies, where -I, flows and exhibits
capacitive phase shift, Cg and -C;, add:

Ceff = -Gy = 1.9 pF,

Higher frequencies cause less -I, phase shift until
the current appears resistive. At this point Cg
defines total input capacitance:

If Cg = 2.4 pF and -C;y = 1.9 pF,
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then:
Ceff = =Ciy + Cg = -1.9 + 2.4
Cerf = 0.5 pF at low frequencies,
and:

Coff = Cg =.2.4 pF at high frequencies.

The information given leads one to think that a
designer should either increase grid-signal losses
or make input capacitance flat over the input
bandwidth, This is a fair approximation of
compensation techniques: Grid-signal losses are
introduced, or Cgff is made to appear constant at
all frequencies, or the techniques are combined.

Two methods, shunt RC compensation and Miller-effect
degeneration, prevent -I, flow in R;. These methods
thus maintain input capacitance constant.

Shunt RC compensation appears in the grid circuit.

RsCe the Fig. 3-36 includes compensation components shown as
source for Ce and Rp. RpCp equal the predicted value of
~Ip -(R{yCin). When the "negative' components demand

current, the compensating components demand equal-
amplitude "positive" current. -I, then flows in a
"positive" direction through R,C, to charge -C;,.
None of the reactive current flows in R;, therefore
capacitive source loading, Cg, is flat.

N
i
c -1 '
S:[ R x )
o in
= RC = -C. (-R.)
[elN n in

Fig. 3-36. Shunt RC compensation.
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Fig. 3-37. Compensation using Miller effect.

Plate~compensation (Miller-effect) also contains -I,
within the grid circuit, causing a constant input
capacitance. Fig. 3-37 shows the plate circuit
functioning as the source for -I,. Here a signal,
out-of-phase with the input, develops across . A
portion of this signal energy couples back through
the Miller capacitance as -Iy. Again, no current
flows in R; so Cg can represent input capacitance to
all signals.

C is Interelement capacitance which is supplemented
in a few cases by an additional shunt capacitance.

C has a component value which changes with plate
gain: If the plate were to do the impossible and
follow input signals 1:1, no voltage difference would
appear across C,, and no current would flow. C
would be some infinitely small value. In earlier
descriptions C,, returned to signal ground, +B.

Input sighals across C caused reactive current
flow. Current quantity depended upon the component
value of Cypp, and the voltage across it. Imposing
plate gain, as in Fig. 3-37, increases the voltage
across Cgps therefore the current quantity. To

input circuiltry, capacitance appears to increase
with gain. One expresses shunt Miller capacitance

by the formula: C; = C,, (1 + Ap); 1f C p were 3 pF,
and Ay were 10, then Cp would be 11. This is the
concept used to compensate for "negative input
characteristics."
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A change in cathode current causes a voltage change
across , which in turn creates feedback current
from plate to grid. Plate risetime determines plate
signal amplitude or Ay. For slow rise signals

sets gain. However, shunts during fast rise
signals reducing gain toward zero. Feedback current
and input capacitance decrease with risetime., This
is in keeping with -I, demand.

Initially the cathode waveform follows the input
step. During this rapid change, qi shunts
preventing plate gain thus feedback current.” When
the cathode begins to ascend exponentially, plate-
current rate-of-change reduces, developing a plate
signal across Ry. Plate-to-grid feedback now
becomes -Ig. Ry gain characteristics are
exponential, as the cathode, providing feedback
current that satisfies -I, demand. Here also, no
reactive current flows in R; so Cg represents a
fixed input capacitance.

From a frequency standpoint Cp shunts Rp more at
high frequencies than low. Gain decreases
exponentially with frequency. C; then increases
low-frequency input capacitance, decreasing with
frequency so that effective input capacitance will
be flat at all frequencies.

Stray inductive components can resonate with
changing input capacitance causing overshoot
(ringing). A small suppressor resistor in series
with the grid signal imposes losses. These
resistors in values of 10 to 50 ohms damp the
regenerative power.

None of the methods function perfectly and
individual characteristics overlap. Therefore, one
may expect to find individual or combined methods.

Generally one finds in slowest rise circuits a
suppressor resistor, then in decreasing risetime
order: plate compensation, plate compensation
combined with a suppressor, shunt RC compensation
and shunt RC combined with plate compensation.

""Negative-input-characteristics" compensation
appears 1in many amplifier configurations whether
the active device be electron tube or semiconductor
Fast-rise input amplifiers always use compensation.
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The circuit of Fig. 3-38 uses Miller-effect to
compensate negative-input characteristics. A small
voltage out-of-phase with the input signal develops
across R5 at low frequencies. Capacitance, plate-
to~-grid, couples this degenerative signal to the
control grid preventing oscillations. Shunting of
R5 by C5 increases with frequency, reducing plate-
signal amplitude. Quantity of feedback increases
with plate-signal amplitude. Degeneration, thus,
capacitance due to Miller-effect develops most at
low frequencies, decreasing with an increase in
frequency. The result is equal input capacitance
at all frequencies. Or, negative current flows from
plate to grid rather than through input circuit
components.

Suppressor resistors, as R3 in Fig. 3-39, oppose
current flow, minimizing the quantity of negative
current. Suppressor resistors, used alone at the
input amplifier, generally indicate narrower bandwidth
than instruments employing plate compensation.

Currently popular shunt RC compensation is shown in
Fig. 3-40. C3 and R3 act as a current source for
negative input components. The positive-current
demand of R3C3 equals the negative-current demand

of -=(RinCin).

INPUT
ATTENUATOR

R1

Fig. 3-38. Plate compensated input amplifier.



Ce
R3
47
2%

INPUT
ATTENUATOR
R1
Fig. 3-39.

w | [ ]

R2

Input amplifier with suppressor.

ATTENUATOR

ci R1

+12

1.2pF
R3 | 02
1.2k
Dt

Fig. 3-40. Input-amplifier shunt RC
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Fig. 3-40 incorporates many of the cathode-follower
concepts presented:

Cl shunts grid resistor R1l, providing input-
voltage~divider compensation.

C2 bypasses grid-limiting resistor R2.

C3 and R3 compensate for negative-input
characteristics.

Neon lamp Bl protects against grid-to-cathode
overload.

Diodes D1 and D2 clamp to protect the input
circuit of the selected-gain driver.

R4 1s a dropping resistor. V1 self biases
about 1,5-volts positive., Cathode current
through R4 allows one to adjust the voltage
at the collector of Ql.

Ql dynamically longtails V1. One adjusts base
bias for near zero volts to the selected-gain
driver.

Fig. 3-40 is the basic circuit of a switched-gain
input amplifier. Chapter 2 pointed out how input
deflection factor was extended by two methods:
"Stacking' attenuators or, to reduce input
capacitance, gailn switching amplifiers in calibrated
steps.

Fig. 3-41 is a block diagram of switching logic
necessary to drive a phase inverter at a constant
deflection factor. Blocks labeled Input Attenuator,
Input CF and Selected-Gain Driver mechanically gang
to the VOLTS/DIV selector. Deflection factor, at

the input jack, 1s from 20 millivolts to 10 volts

per division selected in a 1-2-5 sequence. The input
dividers reduce the nine input-deflection factors to
three: 20 millivolts, 50 millivolts and 100
millivolts. Selecting cathode-follower gain of 1 or
1/5 gives an input-deflection factor to the selected-
gain driver of 20 or 50 millivolts per division. The
selected-gain driver can now have a constant output-
deflection factor. The circuit concepts of interest
are those of the input cathode follower.



VOLTS/DIV

DEFLECTJON FACTOR YOLTS/Div

'[: /—\ 20mv, Somv, .1, .2, .5,

1, 2,5, 10

INPUT
ATTENUATOR
1

+100

‘/_\ 20my, Somv, .1

20my, 50my

PHASE
INVERTER

MAIN
VERTICAL
AMPLIFIER,

Fig. 3-41. Switched-gain amplifier.
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Fig. 3-42. <1, 5 input-amplifier cathode
circuitry.

Assuming unity gain, deflection factor at Ql's
collector equals the factor at V1's grid.*
(Fig. 3-42).

Signal voltage at the top of R6 or R7 drives the
selected-gain driver. With SW1B positioned as
shown, a deflection factor of 20 mV or 50 mV exists
at the collector of Ql. Selecting 100 mV/div at
Ql's collector places SW1B in the down or 5
position. Since R6 and R7 is a 5:1 divider, drive
to the selected-gain driver is 20 mV/div.
Deflection factor out of the input cathode follower
is either 20 or 50 millivolts.

*Unity gain provides convenient figures. A more
realistic figure, considering actual CF gain and
drop across R4, is 80%Z of V1 grid signal (Ay = 0.8
at collector Ql).
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C6 makes R6-R7 a compensated voltage divider.
Distributed capacity shunts Ql and R7. With SW1B
positioned as shown, no additional capacitor is
necessary -- C6 is shorted. With SW1B in the down
or +5 position, C6 shunts R6 requiring an adjustment
for proper capacitive voltage division.

No quiescent voltage difference should exist between
the :1 and 5 positions of SW1B. With the input
jack grounded, one switches the VOLTS/DIV selector
through its range and should observe no vertical CRT
deflection. If a quiescent voltage appears across
R6, switching from 1 to +5 appears as a signal to
the following stages. Amplified, it vertically
deflects the CRT trace.

The quiescent levels result from V1 self-bias
resistive values, and adjustable longtailing. V1
self-bias determines the voltage at the top of R4.
Ql, controlling total cathode current, sets the
voltage drop across R4. Ql base-voltage adjustment
sets the collector level to the proper operating
point for following direct-coupled stages. Returning
the junction of R6-R7 to a variable voltage allows
one to adjust for no-voltage difference across R6.
voltage return for R7 approximates Ql nominal
collector level. At quiescence, with voltage levels
adjusted, no discernible deflection results from
actuating SWI1B.

C4 compensates R4. One must consider R4 as part of
the resistive network across which an input signal
develops. The capacitance across R4 compensates as
in the other voltage-divider networks already
discussed.
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grid
circuit

negative R

protection

controls

For a complete input amplifier, combine the components
of Fig. 3-40 and 3-42.

Fig. 3-43 depicts the input stage of a broadband
vertical preamplifier. A low-resistance network
shunts the cathode resistor which reduces gain to
50%.

Begin circuit analysis with the grid circuit. Grid
resistors Rl returns to an adjustable negative-
voltage supply, consisting of R8, R9, R10 and the
-15 volt supply. One adjusts R10 for a voltage
equal to the drop across Rl which results from
negative grid current (current created when the
heated control grid emits electrons).

Grid limiting develops across R2. C2 bypasses R2,
rapidly charging input tube capacitance.

R11l, R12 and Cl2 compensate for negative-resistance
input characteristics. R11l is a suppressor, Plate
signals across R12 develop Miller-effect. Cl2
bypasses R12 to reduce degenerative feedback at high
frequencies.

Bl and D1 are protective devices. Bl ignites during
signal overloads and Dl clamps negative excursions
at about 0.2 volts below ground.

Location of controls VARIABLE VOLTS/DIV (R6) and
Gain (R5) in the cathode circuit of V1 complicates

LOW-Z
REGULATED

+15V

+1.3¥

[ 2N
20k

L0068

o

R11

ATTENUATOR 24k

R6
™ <
- VARIABLE| 220

4 RS 2y VOLTS/0)
TR105 100K

25k Y13 @8

—

RY o1 GAIN 1 100
100 (Ge) R3S
2.2k

]

PHASE
INVERTER

RAS 1.y

v 550 T
=15V

=15y

Fig. 3-43. Constant output impedance CF.
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+15V

+1.3Y

+b J1L

350 L PHASE
v +1.5V THVERTER

+h.3v "o
100

I RS

14
2.2k N

3309 1Y

~15v

Fig. 3-44. Constant output Z CF, simplified.

this amplifier. These controls usually appear in
one or more later amplifier stages, frequently the
phase inverter. In this case, placing Gain and
VARIABLE controls at the input amplifier improves
overall vertical response.

R6 extends to the front panel providing the operator
a continuously variable uncalibrated between-step
deflection—-factor control. Adjusting R5 Gain
calibrates. One adjusts R5 with R6 set to the least
resistance between the wiper of R6 and the connection
with R5. (The lower extreme as shown in Fig. 3-43).
For the variable (R6) to be most useful, no vertical
deflection should occur when one moves R6 through

its range.

Preventing quiescent current flow through resistive
network R4, R5, R6 and R7 allows one to use the
VARIABLE without deflecting the vertical display.
When a current flows through R6, moving the wiper of
R6 creates a voltage change at the phase-inverter
input. Following stages amplify this voltage change,
vertically deflecting the CRT. V1 plate supply, R4
return, R7 return and adjustment R12 set circuit
conditions for zero current through network R4, R5,
R6 and R7. Under no signal condition, one then
varies R5 or R6 without causing vertical deflection.

Refer to Fig. 3-44, a simplification of Fig. 3-43.
Applying equal voltage to the four terminals prevents
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Rk = 200 Q

Rr 208 @ at
maximum gain

quiescent current flow through R4, R5, R6 and R7:
Both R4 and R7 return to +1.3 volts. Wipers of RS
and R6 rest at 1.3 volts. Zero current is then
demanded.

R4 and R7 return to a fixed supply. Self-bias of
V1 sets R5 wiper potential. By adjusting V1 plate
return, one changes V1 tube parameters forcing a
self-bias equal to the return voltage for R4 and R7.

Current originating in the phase inverter develops
a voltage across R1ll and R12. This causes the same
potential to appear at the wiper of R6 as at other
terminals. Setting the wiper of R12 more than 1.3-
volts positive demands all phase-inverter current
flow through R11 and R12 rather than R4, R5, R6 and
R7. R1ll and R12 are high resistances to prevent
signal shunting.

External cathode resistance remains constant at all
settings of R5 and R6. Total plate current flows
through R3 under no-signal conditions. R3 functions
as a longtail. However, signal voltages cause
currents to flow through all cathode~circult resistors.
These shunt currents create a total Ry of
approximately 200 ohms. Signal voltages develop
across a divider consisting of rk and Ri. Wideband
stability depends upon this ratio remaining constant.
The circuit configuration shown maintains Rxg

constant at all settings of Gain and VARIABLE controls.

100% of the CF signal develops at the wiper of RS5.
R5 setting establishes signal percentage across R6
and R7. Because of resistors Rll and R12, varying
R6 affects no shunting. R5 is not so obvious. Set
for maximum gain, the wiper of RS rests at the R5 to
R6 connection: R4 and R5, paralleled by R6 and R7,
shunt R3. At nominal gain R5 is centered: One-half
R5 appears in each parallel leg shunting R3.
Minimum-gain setting causes R5, R6 and R7, paralleled
by R4, to shunt R3. Total Ry does approximate 200
ohms over the total range of RS.

Fig. 3-45 develops equivalent circuit cathode
resistance. Assume ri is 200 ohms. Fig. 3-45A
shows the desired equivalent circuit: Input signals,
modified by u, develop across divider Ry and rk.

Fig. 3-45B solves for maximum gain Ri: Resistive
network R4, R5, R6 and R7 is an equivalent shunt
resistance of 230 ohms which parallels R3. Ry
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resolves to 208 ohms. Nominal gain results in 204
ohms Rg (Fig. 3-45C). Lowest resistance Ry

occurs at minimum gain: Rg = 196 ohms (Fig. 3-45D).
Referred to nominal gain, Ry varies from 2% at

maximum gain to 4% set at minimum.

This CF circuit presents a low resistance to the
phase inverter, as is required. The phase-inverter
input resistance does, however, change with Gain
and VARIABLE adjustments.

!
$ % e
v N 200
i(u + 1) -—»vout=0.5v1
SRy

(A) EQUIVALENT CIRCUIT

v
o
R3 Rg Rk
2.2k 230 208

(B) MAXIMUM GAIN SETTING

v
o
&
2
gzzk s 3
R6 : 225 204
R7 = = =

(C) GAIN CENTERED

100
R3 350

R5 R6
2.
2k v

R4 R
330 150

(D) MINIMUM GAIN SETTING

3-45.

Fig.

Equivalizing cathode resistance.
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RS
500
Tk R3 RS RE
2000 2.2k 500 3500
R4 R7
= 3300 1500

Fig. 3-46.

500
31220 5008

1300 :

Nominal-gain phase-inverter input
resistance.

RS 4R6
son 1758
4R5 4R6
T 3 509 1750
2000 2.2k R4 R
3300 1508

Fig. 3-47.

1

347:{
‘.L‘

W{Z

>

3258

Phase-inverter input resistance,
variable centered.
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Fig. 3-46 shows input resistance as 130 ohms, with
gain changes R6é in calibrated position and R5 centered. Input
input R resistance changes with gain settings from a minimum

of 100 ohms to a maximum of 150 ohms. 100 ohms

represents high gain; 150 low gain.

VARIABLE Assume nominal gain. Actuating the VARIABLE
changes increases then decreases phase-inverter input
input R resistance. Input resistance varies from 130 ohms

through 170 ohms to 120 ohms. 170 ohms occurs with
the VARIABLE centered (Fig. 3-47).

Many of the cathode-follower concepts are not
peculiar to tube-type circuitry. Source or emitter
followers exhibit similar characteristics modified
by active-device peculiarities.

Emitter follower (EF) symbols and terms are those
common to all followers: high input impedance, low
output impedance, minimized Miller-effect
capacitance, and longtalling to stabilize and
emphasize all characteristics. Differences, however,
exist.

Terms such as Zow and %igh can be misleading when

input Z they refer to impedance values. Impedances of an
lower than emitter follower when compared to source followers
CF or SF or cathode followers are of a different magnitude,

much lower. For example, the input impedance of an
EF is high compared only to other tramsistor
configurations. Input impedance is neither high
enough nor stable enough to meet input-amplifier

EF never requirements. The loading on an input-attenuator
used as network would be too great. Cathode followers and
Tnput source followers are for this reason the only
amplifier followers used as preamplifier input amplifiers.

Emitter followers may be used in all other circuits
of a vertical amplifier.

the tube and Another difference appears during basic operating
FET are on considerations. The electron tube and some fileld-
devices effect transistors (FET) are normally on devices

while a transistor is normally off. That is, with
transistor is zero bias, plate or drain current flows. However,
an off device a transistor turns off with zero blas applied.
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forward
bias

alpha
beta

FORWARD-BIASED JUNCTION VcE (SAT)
ACTIVE | CUT=-IN/CUT-QFF SAT
Si 0.6 0.5 0.6 0.2
Ge 0.2 0.1 0.2 0.1

Fig. 3-48. Semiconductor operating voltages.

e
*i@Ti—’

Fig. 3-49. Transistor current (electron) flow.

Congider the transistor as a device in one of three
states: on, off, or saturated. Fig. 3-48 lists the
active bias conditions assumed in this book for
either silicon or germanium transistors. These are
not absolute values but satisfy circult analysis
approximations.

Applying forward bias to a transistor, 0.6 V for
silicon (Si) or 0.2 V for germanium (Ge), causes
emitter current flow. Fig. 3-49 indicates current
distribution. Emitter current (I,) flows into the
NPN transistor and divides, forming base current (Ip)
and collector current (I,), which flow in the
external circuits. Ip and I, flow into the PNP
transistor and combine to form I,. 1In either type
transistor a percentage of Ip flows in the base
circuit, establishing the input impedance of an
emitter follower: I} increases with I,.

The percentage of I, flowing in the base and
collector circuits sets two transigtor parameters,

alpha (o) and beta (B). u==—%g and B z-%i. Since

e
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8 = —O

T+8 and B = 1 - a° One
sometimes sees o represented by % parameter, hfb:
and B by Afe. This book will not use h parameters.

terms are common, o =

o and B tell a great deal about a transistor. A
B indicates low B indicates a relatively large quantity of base-
relative current flow. Stated differently, a low 8 indicates
input Z a relatively low input impedance. Since I} is a
percentage of I, then the Iy quantity depends upon
I, quantity. This implies emitter impedance affects
base input impedance. It does. R, = BRg where
Rr is total emitter impedance. Conversely, external
circuits which impede Iy reflect into the emitter

circuit %-times: 100-ohm base circuit load appears

in the emitter as Bo ohms.
a fairly a remains a fairly constant parameter while B8 may
constant change significantly. A large dynamic emitter

current can cause & to change a few percent, but if

a changes slightly B varies drastically: Assume 10-mA
emitter-current change causes o to drop from 0.98 to
0.96. The difference between 9.8-mA and 9.6-mA I,
might go unnoticed. However, B changed from 49 to

28!
. o
Initially: g = I-o
8 0.98 _ 0.98
1-0.98 0.02
B = 49
o)
Changed to: B = 1-a
8 = 0.96 _ 0.96
1 -10.96 0.04
g = 28

B is only one factor determining output impedance (R,)
of an emitter follower. Additional terms used are:
Ry, base spreading resistance;
Ry, reflected base resistance;

Teg, dynamic emitter resistance;
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base
spreading
resistance

reflected
resistance

estimated
Ry

dynamic
emitter
resistance

Ry, transresistance resistance; and

Rg, external emitter resistance.

Base spreading resistance (Rp) exists in the
transistor as a result of the manufacturing process.
This resistance is a physical component which
opposes the flow of base current. It takes a value
between 1 @ and 1 kQ depending upon transistor

type. Assuming 250 @ gives a fair low-frequency
approximation. Ip flows through Ry as a series
component.

I3 represents only a portion of I,, therefore only
a portion of Ry opposes emitter current. The value
of reflected resistance {Ryp) 1is the quotient of Ry

and B:
Rr =_%=

Rp =_§b. If 8 were 50 and Rp were 250 @,
250 _
50

5.

One seldom knows the value of R;. For purposes of
circuit analysis, assume between zero { and 10 Q as

the value of E%L

Fig. 3-50 shows base spreading resistance as viewed
from the base level. Viewed from the emitter this
resistance appears as Ry as shown in Fig. 3-51.
Dynamic emitter resistance (rg) also appears as the
remaining series portion of transresistance
resistance (Rg).

Dynamic emitter resistance is gm-determined, as
internal cathode impedance. However, a formula one
should commit to memorg makes rp, approximations

_ .26 x 10~
_.—__E;____
This formula, which applies to all transistors used
as linear amplifiers, is derived from the general
equation for current through a PN diode junction:

v

simple: 1, , where Ie 1s emitter current.

I=1 -5 -1
a .
KT/q
Where:
I = Quiescent or net diode current
Ig = Saturation current

Natural log base

Applied forward voltage
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k = Bolzmann's constant = 1.38 x 10™!ferg/K
T = Absolute temperature, K
q = Electron charge = 1.602 x 10~!% coulomb
If V exceeds kT/q by 5, the equation simplifies to:
\'i
I = I, 77
8
KT/a

(kT/q at room temperature is 26 mV).

Substituting the simplified formula into the
forward-conductance formula yields Tg.
Differentiating the original current equation for
small increments of dynamic conductance results in
conductance gm.

Fig. 3-50. Base spreading resistance.

Fig. 3-51. Transresistance (R;) components.
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I v
AL _dI _ "8 kT/q _ _ _ 1
AV dv kT/q I,
e

=L

gm = %T/q
KT/

r, = —T—i

Since kT/q at room temperature is 26 mV,

_ 26 x 1073

r, =
e
Ie

All of which shows that Ry is predictable and small,
developing for emitter followers high gain and low

output impedance. To demonstrate this, assume
B =50, Ry = 250 @, and I, = 1 mA.

-3
Rt = Rp + Tg =-§i+ 26 ’I‘elo
Ry = 234285254 26 = 30 a.

Ry appears in series with external emitter resistance
(Rg) for signal development, and in parallel with Rp
to present output impedance. Fig. 3-52 shows the
emitter-follower basic circuit, equivalent circuit,
and formulas. Gain times the base signal develops
across Ry. Gain depends upon the resistance of Ry
and Rt. When Rp exceeds Ry by 10 or more, gain
approaches unity and Ry expresses output impedance.
Further, Ry decreases with an increase in emitter
current, indicating an advantage to longtailing.

longtailed Fig. 3-53 shows an NPN silicon transistor connected
emitter as a longtailed emitter follower. The collector
fol lower returns to positive 10 volts and the base to ground.

The emitter circuit contains turn-on voltage for

the device. 39.4 volts across Ry demands
approximately 4-mA emitter current. This is all the
information needed for analysis:

Vin Rp
VO Ry + Ry
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R, "R, +Rr

Re =R ¥ 1

_ 26 x 103 _
Te = 4 x 103 02 F

I
o
+
H

Arbitrarily add 3.5 @ for R, to round Ry to 10 Q.

In this case Ay = 1 and R, ® Rg = 10 Q. I is high
enough and Ry large enough for unity gain and low
output impedance. Assuming R, low is justified
since the base driving circuits are unknown.

ce
BASE

N EMITTER
BIRy + RS A+
Rg COLLECTOR
R
3
GAIN = A, . =
W TR TR,
Rin = B(RE "R
- pY
Rt = (Rt + s) IN PARALLEL WITH Ry

Fig. -3-52. Common collector.

R
-0.6V
B ou™

10k

-40

Fig. 3-53. Longtailed EF.
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+10V
R = RERt
[ F{E+Rt
Rt=Rr+ e
R, + R

R =B Db
r B

. 3
r o= 2+ 1077 . 2.6Q
e I

e
R. = 1kQ

Fig. 3-54. Input components appear in the
emitter output.

+12v Q3

Fig. 3-55. Emitter follower providing low-
impedance base supply.

input Source impedance of base driving circuits can be
source important since this opposition to base current
impedance appears in series with Ry. Therefore, source

affects impedance added to Ry and dividea by B constitutes
output Ry at the emitter. Should this raise Ry appreciably,
impedance both gain and output impedance are affected.

Fig. 3-54 shows an emitter follower with equivalent
source impedance included in the base lead. About
9-mA I, flows, resulting in less than 3-Q rgp. Ry )
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now depends upon B and Rg. R, and possibly galn will
be a result of these factors. Assign B a value of
50. If R were 100 @, then Ry would increase by 2 Q.
This is hardly enough to worry about. One could
safely assume an Rt between 5 and 10 Q. However,
were Rg 1 k@2, Rt then appears as about 25 Q. Gain

is about 0.98 and Ry, has increased appreciably.

To show how one determines emitter-follower action

in an operating circuit, consider Fig. 3-55. Emitter
follower Q1 functions as low-impedance voltage
source, providing base voltage for grounded-base
amplifiers Q2 and Q3. This circuit also provides
thermal compensation.

Q2 and Q3 as grounded-base amplifiers require a low-
impedance base supply voltage. 1In this case theg,
also require an adjustable return. Ql reduces the
value of voltage divider R1, R2 and R3 by B, keeping
the initial Rg of Q2 and Q3 low and preventing large
Rp variations during adjustment of base voltage.

Temperature compensation results from all transistors
being silicon and mounted near one another. Since
the transistors share thermal environment, they
experience equal base-emitter voltage changes.
However, Ql is a PNP transistor. Should I,

increase due to temperature, Ql emitter voltage
drops, decreasing the forward bias on Q2 and Q3
which counteracts temperature-induced current demand
in Q1 and Q3.

One analyzes the circuit of Fig. 3-55 by first
"Thevenizing" the base circuit of Ql. This gives

an equivalent resistance returned to an equivalent
voltage. The equivalent voltage is base voltage
which, raised one diode junction (0.6 V for silicom),
is Q1 emitter voltage. Q2 and Q3 base voltage is

Ql emitter voltage. And dropping this voltage one
junction resolves Q2-Q3 emitter voltage. 1In other
words, Ql base voltage and Q2 or Q3 emitter voltage
are equal.
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Assuming R2 set to midrange, one breaks voltage
divider R1l, R2 and R3 as shown in Fig. 3-56: The
base connects to the junction of a 10.25 k@ and a
520 @ resistor. Voltage at the resistive junction
and the shunt value of the resistances give the
Thevenin equivalent circuit. Rgy is 500 @ returned
to +15 equivalent volts. Add 0.6 V to assign
emitter voltage.

Now that the drop across R4 is known, solve for Ig
and ro. Ry, consists of Rg and Ry divided by B.

In this case Ry is Rp. Use a conservative B, say
50, and Ry is 16. The value Rp/8 is arbitrary.

Any value between 1 2 and 10 Q2 may be used. 6 is
chosen merely to give an even power of ten to the
sum: Ry, + r,.

R, 1s Ry¢. One might think the shunting of R4 should
be considered. Don't waste the time! R4, 470 times

larger than Rz, changes output resistance less than
the R, approximation error.

+75V 75V

R4

RY + $R2
10,2500 , Ry,
Ve ww equiv 5008
Q! +15v Q1
1R2 £ R3

5209

R, =4+6+ 10 =202 = Ro

Fig. 3-56. Circuit equivalent with R2
centered.
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+75V +75v

+75Y
+16.2V
+12V

—— = 13.49Q

= 60

R = 60 + 13,40 + 40 = 23.40 =R
t [

Fig. 3-57. Circuit equivalent with RZ set to
maximum.

For consistency, hold reflected base spreading
resistance at 6 Q for all settings of R2, and B at
50, Fig. 3-57 represents the equivalent circuit for
maximum positive Vpg. Ry and the equivalent
voltage to which it returns are larger values.
Longtailing holds I, and, therefore, r, fairly
constant. Rgp (Rp) reflects a few additional ohms
into the emitter, representing the increase in R,
over the midsetting of R2.
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minimum
positive

+75V +75V

R1 + R2
10,5000
+7 5V —AAN—

Q1 +13.6V

+12V —AN—

2700

e 9.1
_ 26 - 1073
T = 6.7 + 103 =4
R
tho. 5 3

Rt =60 + 5.30 + 40 = 15.3Q = Ro

Fig. 3-58. Circuit equivalent with R2 set to
minimum.

Continuing the reasoning, Fig. 3-58 shows the
circuit with R2 set to minimum. Here again,
because of longtailing, Ry determines the change
in R,.

0

Rp also represents Rg for Q2 and Q3. Keeping Rg
small is a basic requirement for grounded-base
amplifiers, Fig. 3-59 includes a formula which
indicates Rg should be large. This is true if one
ignores wanted signal degeneration. Temperature
increases cause a decrease in emitter-to-base
voltage -- an increase in forward bias. TI;, thus
I3, increases until the drop across Rp raises Vgp
to the nominal bias level. Unfortunately, wanted
signals suffer the same degeneration as thermal
noise. This is the reason for the PNP-to-NPN
configuration shown in Fig. 3-60.

Temperature increases cause Vgg of Q2 and Q3 to
decrease, perhaps 2.5 mV/°C, which increases emitter-
current demand. A signal is born! But, Q1 Vgg also
decreases and the increased emitter current through
R4 develops a more negative base voltage for Q2 and
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Q3. Q2 and Q3 emitter currents return to quiescence.
Desirable signals are not coupled into the feedback
loop, therefore suffer no degeneration.

Emitter followers also perform as impedance
signal transformers in signal paths. This occurs in
amplifier oscilloscope preamplifiers where the input amplifier
is a cathode follower. Cathode followers have the
required high input impedance and a relatively low

Fig. 3-59. A large Rp minimizes I, changes,
due to Vgp variations.

+75Y v

R4
+75v 91K

+15.6V

+5.6V

Fig. 3-60. Providing the thermal compensating
effects with an emitter follower.
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vacuum tube
gm decreases
with age

changing rx
changes Ry

output impedance. Unfortunately a vacuum tube
changes parameters during aging. Transconductance
decreases at an unpredictable rate, increasing
cathode follower output impedance. The increase in
ry could negligibly decrease CF gain and yet
seriously decrease overall gain of a following
transistor amplifier.

In Fig. 3-61A the common-emitter amplifier receives

V;, via the CF. XQ— defines stage gain. With

Vin
certain values a selected collector load resistance
gives the gain desired. CF longtailed,
gm = 5000 pmho, B = 50, and~%@-+ e = 6 Q. Low-
frequency gain remains at the desired level only so
long as gm (ry) remains constant. This is because
ry reflects into the emitter circuit, imposing
degeneration as an unbypassed emitter resistor.

Refer to Fig. 3-61B. The CF voltage source applies
base voltages through its internal impedance. Rp
(1/gm) reflects into the emitter as a portion of Ry.
Rt in this case constitutes total emitter
degeneration of 10 i. During the operating life of
the tube transconductance decreases. The longtailed
CF appears a fairly constant voltage source whose
internal impedance increases with age. After many
operating hours, perhaps 1000 to 2000, r; increases
5 or so times. The circuit then changes to that
shown in Fig. 3-61C. R; increases 2-1/2 times,
reducing gain accordingly.

Using emitter-follower coupling (Fig. 3-62) affects
8 multiplication: <Cathode follower rj changes 500%,
R, of the emitter follower changes 300%, however, Rg¢
of the common-emitter amplifier changes but 1 Q.

And Ry values before and after aging are less than
without the EF.
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A) CATHODE FOLLOWER QUTPUT R IS RE

(B) NEW TUBE EQUIVALENT RB

1

an
=1k

(C) OLD TUBE EQUIVALENT RE

Tube parameters increase Rp after

Fig. 3-61.
many operating hours.

1
— = 200 to 1k
gm °

V.
2009 to 1kQ R = 108 to 308

Fig. 3-62. EF coupling reduces common-emitter
input impedance.
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EF PHASE
INPUT CF ORIVER AMP INVERTER

+

s
E ATTENUATOR

Fig. 3-63. An emitter follower used to reduce
impedance and as a negative clamp.

Fig. 3-63 depicts an emitter follower used as
described. Ql also functions as a negative clamp.

V1, a longtailed cathode follower, applies input
signals slightly attenuated to the base of Ql.
Longtailed emitter follower Q1 functions as a very

low-impedance signal source driving the phase inverter.

V1l self-bias, 2.5 volts, appears at the anode of D1
and base of Q1. Both are germanium. D1 clamps to
prevent excessive positive excursions and Ql clamps
during excessive negative excursions. Cathode
excursions which exceed +5 V turn D1 on. D1 then
clamps the output at +5.2 volts to prevent reverse
breakdown of Ql.

Reverse breakdown is not necessarily harmful.
Drawing small current just puts the device in
another mode of operation. However, most vertical
circuits like the input cathode follower draw large
current quantities. This increases the power
dissipated by the junction beyond tolerable limits.
Thus the clamp, which prevents reverse-breakdown.

Ql conducts, collector-to-base, as a diode when
base voltage drops 0.2 volts below ground. This
most often happens during tube substitutionm.
Removing V1 causes -150 volts to appear at the base
of Q1. Ql base-collector diode turns on, dropping
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the voltage across the CF longtail resistance.
The Q1 clamp protects the phase inverter, an NPN,
from reverse breakdown.

Interchassis connections create capacitance. Emitter
followers are therefore frequently used as
preamplifier output amplifiers. The push-pull
amplifier of Fig. 3-64 drives the main vertical
amplifier as a low-impedance source. Emitter current
through Rl and R2 longtail Ql and Q2.

R3 and Cl carry the name High-Frequency Balance.
Without R3 and C1, Q1 and Q2 operate as independent
amplifiers. This is fine 1if both the input and
output signals are truly push-pull. An unequal
reactive load on either base or emitter lead, or

for that matter in any stage from the phase-inverter
to the CRT, causes an unequal phase shift. Cross
coupling R3 and Cl balances the phase shift. One
adjusts R3-Cl for minimum necessary phase shift --
for best CRT step-function display.

Emitter followers experience ''megative-input-
reslstance characteristics.'" The conceptual effects
of capacitances, ilmpedances and transconductance are
as explained for cathode followers. The same
compensation concepts apply: suppressor resistor,
shunt RC, and '"Miller-effect" -- degenerative feedback
from collector to base In a transistor.

+67.5

R3
2 SR 10k 27

9.1k -3
DRIVER
AMPLIF | ER

R2

S
$9.1k 7 525

+67.5

Q2

Fig. 3-64. Push-pull emitter followers.




120

step
response

Longtailed emitter followers follow positive and
negative steps at different rates. Cathode followers
react more faithfully to positive voltage transitiomns
than negative transitions. And this becomes more
pronounced with longtailing. Emitter followers have
similar reactions except the direction of current
flow, thus reaction to positive and negative steps,
depends upon transistor type.

NPN emitter followers, like cathode followers,
follow positive step functions more faithfully than
negative. PNP emitter followers react in opposite
manner, reproducing negative step functions more
faithfully than the positive step.

Capacitance charge time generally restricts the
step response of any amplifier. Fig. 3-65 includes
a simplified NPN emitter follower. The input
signal consists of a positive step function followed
sometime later by a negative step function. Refer
to the positive transition as risetime (tr) and the
negative transition as falltime (tpe). Output typ
appears equal to the input. Outpu te, however,
considerably exceeds input tpe. The output waveform
effectively graphs C, charge rate. This is
determined by components C,, Ry and Rg.

C, represents total output capacitance which
includes EF open-circuit output C, lead C,
connector C and following-stage input C. Ry is the
total external emitter-load resistance. R; remains
the active device transresistance.

Fig. 3-65. NPN emitter followers react faster to
rising steps than to falling steps.
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Fig. 3-66. PNP emitter followers react faster
to falling steps than rising.

ty = 2.2 RC defines response. C in the formula is
C, for positive or negative step response. R
changes: For positive steps put the value of Ry in
the formula while Ry is the value for negative step
response.

Co 1s not large, probably between 8 and 20 pF.
During ty charging current flows as emitter current.
Only Rt limits charging current quantity. NPN
emitter followers then increase risetime very little.

Current flows into the emitter of NPN transistors.
Emitter current cannot contribute to the charge of
Co during ty. Cp, charges by drawing current from
the negative supply through Rg. Rp, always a much
larger resistance than Ry, accounts for the
difference between tp and tf.

Longtailing establishes tr. The total current
available sets the charge rate of C,. During t
(NPN) the maximum current is that provided by tﬁé
longtail., Circuit falltime will probably be linear
(ramp-like) but longer than risetime.

C, charging rate also determines PNP step response
(Fig. 3-66). However, emitter current flows out
of the PNP causing opposite polarity response
compared to NPN devices.
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push-putl

Positive step functions reduce emitter current
forcing C, to charge toward the positive supply
through Rg. This of course increases tp.

tf input and output appear equal. Emitter current
charges C, negative, again only Ry opposes C,
charge current.

This unequal response is one reason that a vertical
signal is converted to push-pull one or two stages
after the input amplifier. If one views the
single-ended output from an impedance standpoint,
the difference in transit time indicates output
impedance changes with step polarity. Push-pull
amplifiers tend to maintain output impedance
constant between terminals. However, push-pull
circuits can create design problems for the
inclusion of controls, particularly those that should
return to the chassis.

An example of this 1s the switched-gain amplifier
mechanically coupled to the input attenuator.

Fig. 3-67 is the input amplifier driving the
switched-gain amplifier. Q1B operates with zero
emitter volts at quiescence, or center-screen.
Therefore each attenuator position can return to
chassis ground and switching causes no vertical CRT
displacement. V1 and QlA function as a longtailed
input follower which sets and maintains Q1B emitter
voltage at zero volts quiescent operation.

Analyze the voltage setting and temperature
compensating of QlA by first examining other input
components.

R1A and R1B return V1 grid to ground and form a
constant portion of the input attenuator.

R1A, R3, C3A and C3B oppose the negative input
characteristics of CF V1. RI1A restricts the
quantity of current drawn by the negative resistance
of V1. C3A and B form with R3 shunt compensation
causing flat input capacitance to all frequencies
and pulses. C3 results from circuit-board
construction. R2 connects to conductor strips each
of which is one capacitor plate. Circuit-board
base material is the dielectric. Dielectric
variations with frequency add to the input
capacitance change. Including a connector near both
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ends of R2 creates the second capacitor plate.
Returning C3A and B to ground through R3 stabilizes
the capacitance, and selecting resistance correctly,
the network performs as shunt RC compensation for
negative-resistance characteristics.

C2 bypasses grid-limiting resistor R2 to rapidly
charge or discharge V1 input capacitance.

R4-C4 in the plate of V1 develop Miller-effect even
though gain is low:

tp (2.2 RC) is 66 microseconds or Fg, i#%z, is 5.3 kHz.

protective Bl, D1 and D2 are protective devices: Bl protects
devices V1 against input voltage overloads. Should grid-to-
cathode voltage exceed ignition for neon tube Bl,
it fires. Bl regulates grid voltage until removal
of the excessive input voltage. Assume Bl protects
against grid-to-cathode arc due to negative
voltage -- reasonable grid current through R2 limits
positive grid voltage.

?_ ATTENUATOR

"

SWITCHED
GAIN
AMPLIFIER

b e m e me e = = = = o ATTENUATOR

Fig. 3-67. Cathode follower with longtail
providing temperature compensation
to the following stage.
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Fig. 3-68. Longtail temperature compensation.

D1 protects QlA. Should cathode voltage exceed
+12 volts D1 clamps. This prevents base-to-
collector breakdown of QlA.

D2 functions during warmup of V1. V1 cathode must
heat before V1 consumption equals the current
delivered by QlA. QlA thus charges C5 toward the
~12 volt supply. This causes the grid to appear
more and more positive, demanding current from a
cold cathode. D2 prevents this by turning on and
clamping one diode junction below ground, holding
positive bias at about 0.6 volts.

speedup C5 bypasses R5 to "speedup" the development of
capacitor fast-rise signals at the base of Q1B.

V1l self-bias, V1 gm, R5, R6 and the conduction of

QlA set the base, thus emitter, operating level of
Q1B. Further, due to the high impedance at the
collector of QlA compared to R5 and R6, almost the
entire cathode voltage develops across QlA. These
truths permit the circuit simplification of Fig. 3-68.
This figure includes partial Q1B emitter circuitry.
The emitter connects to a switch which may be
positioned to any one of several resistors. Each
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resistor returns to ground and the emitter sets at
zero volts. This is the desired quiescent condition:
An operator actuating the switch causes no vertical
deflection. A voltage at the emitter appears as a
signal whose amplitude depends upon the emitter
resistance selected. Following vertical circuits
amplify this signal to deflect the CRT. Grounding

the preamplifier input jack and vertically centering
the CRT trace should develop zero volts at the emitter
of Q1B.

QlA collector current, through R5 and R6, sets Q1B
operating point. The voltage at the top of R5-R6
results from the self-bias of V1. QlA collector
current drops a voltage across R5-R6 setting Q1B
base voltage. One adjusts R9 in the base circuit

of QlA for proper base voltage. Since self-bias
varies between tubes and with tube aging, this is an
empirical adjustment. To check this adjustment
switch through the range of the VOLTS/DIV selector.
No vertical deflection should occur with the
vertical input grounded and the CRT trace vertically
centered.

Small power-supply variations do not change Q1A
base voltage. This is because QlA base and emitter
components return to the same power supply and the
drop across R8, R9 and R10 is regulated. Should

the -12 volt supply change, the change occurs at the
bottom of R7 and R10, and at the top of R8 due to
the zener diode. Equal-voltage changes at both ends
of the voltage divider demand an equal change at the
base. Forward bias remains constant, thus collector
current, thus the drop across R5-R6.

Capacitor Cé returns to -12 volts to prevent power
supply fluctuations from appearing as signals at
base of QlA. Any -12 volt change also develops at
the wiper of R9. C6, therefore, need not charge to
a new level. If C6 returned to ground any voltage
change at the wiper of R9 would depend upon C6
charging to the new level. This would develop a
signal at QlA collector, deflecting the CRT
accordingly.

The longtail-configuration temperature compensates
Q1B. QlA and Q1B share temperature environment —-—

the same case. Equal temperature-induced bias changes
occur in QlA and B. QlA amplifies the temperature
signal by -1, returning Q1B to the correct operating
point.
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Temperature compensation is necessary to maintain

a stable display. A temperature-induced voltage,
with Q1B uncompensated, develops at the emitter of
Q1B causing a slow CRT display drift, up or down.

In this case, an upward drift indicates a temperature
increase and downward drift, a decrease.

In-phase equal-amplitude thermal signals appear at
the base~emitter of QlA and B. An out-of-phase
thermal signal develops at the collector of QlA.
For this signal to cancel the thermally induced
signal, Q1A must amplify by 1. This is the reason
for equal QlA collector and emitter loads.

Assume temperature increases to develop one-mV
forward-bias increase. Center-screen voltage at Q1B
emitter ascends from O to +1 mV. The same change
develops at QlA. To increase QlA emitter voltage

1 mV, emitter current through R7 must increase

2.4 yA (1 = %). If B = 50, 2.35-pA collector current
flows. Collector current through R5, Ré and rj drops
an additional 1 mV; making Q1B base 1 mV more
negative; which returns Q1B emitter to 0 V. One
need not consider B to determine collector current.
Part tolerances impose sufficient error that one can
consider emitter current and collector current equal.

R7 sets total emitter current, therefore determines
the collector resistance needed for desired voltage
gain. 2.4 pA through R7 develops 1 mV. The
collector-voltage drop resulting from this current
depends upon collector resistance. 422-ohms
collector load gives the desired unity gain. RS,

R6é and rz sum to 422 ohms. Include rg (é;; since

total collector current flows as CF plate current.
Don't consider the cathode as signal ground. A
portion of the collector signal appears at the
cathode whose amplitude 1is represented by rx
returned to virtual ground.

Single-ended control circuits, represented by the
partial circuitry of QlB, have been proven in
thousands of Tektronix scopes. QLA compensates for
the major disadvantage, thermal drift. Keep this
in mind while considering a seemingly unrelated
development -- the FET.
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Semiconductor manufacturers in the recent past
developed field-effect transistors (FET) suitable
for use in Tektronix instruments. Generally one
considers these devices as direct substitutes for
triodes. Numerous economies result: Initial cost,
reliability, size, weight and heat. Heat savings
here refer to elimination of tube filaments. FET
displacement of tubes is very attractive for new
design.

The FET source follower replaces the CF as an input
amplifier. However, FET thermal reactions come
into play. Current through the FET decreases as
temperature increases. This is opposite to
transistor temperature reaction.

A model of a source-follower input amplifier appears
in Fig. 3-69. Ql is the source follower longtailed
by Q2. Ql and Q2 are encapsulated in the same case
so that Q2 temperature compensates the circuit.
Setting R4 establishes total current initially
through R2, Q2, Rl and Ql. Ql self-bias

develops the voltage at the top of RIl.

I:
Sji

ATTENUATOR ) ORIVER
5 AMP
- D1 \
+0. 6V
-12v R1

<500

oV

505

Fig. 3-69. Source-follower input amplifier.
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Longtail current through Rl sets the output level,
shown as zero volts. During temperature increases
Ql conduction decreases, decreasing self-bias.

When the voltage at the top of Rl moves negative so
should the output voltage. But, Q2 decreases
conductivity with Ql, current through Rl decreases
maintaining zero volts output.

Preventing output-voltage changes with temperature
is good. It does not, however, allow direct
connection of the single-ended transistor control
amplifier, as the preceding example, since there
is no temperature compensation of the control
amplifier. Coupling the source follower to the
advantageous single-ended control amplifier poses
a problem. Fig. 3-70 illustrates one solution.

Emitter followers, Q3 and Q4, couple voltages to,
and temperature compensate, the input transistor
(Q5) of the switched-gain amplifier. Q3 and Q4
appear to have a complementary connection. They
don't function as the classic complementary emitter
follower and, therefore, will not carry the name.

Q4 performs several functions: Sets Q5 operating
level, temperature compensates Q5, couples signals
from DC to several Hz, and provides Q3 emitter
current.

Q3 is a broadband emitter follower whose bandwidth
exceeds 100 MHz.

Q2 sets the base voltage of Q4. Q4 elevates this
voltage one silicon junction to establish the
operating point for Q5. Fig. 3-70 shows center-
screen nominal-temperature voltages. Q4 and Q5
share a heat sink. Q4 experiences the same
temperature changes suffered by Q5. Thermal bias
changes also equal. However, Q4 is a PNP device
whose base voltage does not vary with temperature.
Q4 emitter voltage then becomes more negative as
temperature increases and more positive as
temperature decreases. This action cancels Q5
thermal-bias reaction, holding the emitter to
correct operating levels.

The selection of Q4 depends upon a PNP transistor
whose temperature characteristics match those of
NPN Q5. Everything has a price. The cost here
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low-frequency
consider-
ations

was frequency response. Emitter follower Q3
provides the circuit bandwidth. Cross coupling
extends the low-frequency response of Q3 and
stabilizes input capacitance at the base of Q4.

First consider circuit reaction to signals from DC
to 5 Hz, eliminating components of little
consequence in this frequency range: D4, D5 and R8
protect Q4 against collector-to-base breakdown,
maintains Q3-Q4 emitter current, and holds Q5 base
and Q2 drain voltages at reasonable levels. Should
Ql and Q2 be removed from the circuit, R8 functions
as the base return for Q4. Silicon diodes D4 and

D5 clamp at +1.2 V thus preventing reverse
breakdown of Q4. The clamping also prevents drastic
circuit changes by containing Q3 and Q4 current
changes to about 6% and holding Q5 emitter voltage
at about +1.2 V. Effects upon temperature
compensation and active~device power dissipation are
negligible with Q2 in or out of the circuit. Further,
the voltage across D4 and D5 represents a reasonable
drain voltage for Q2 when it is replaced.

D2 and D3 clamp when signals exceed -1.2 volts to
protect Q5 against reverse breakdown.

Diodes, connected as D2-D3 at the base of a PNP
transistor, protect preceding or following devices
but not the PNP. Imagine D2 and D3 open: Negative
base signals cause positive collector signals moving
the base-collector junction toward forward bias.

An input signal of about -2.5 volts forward biases
this junction and current flows from base-to-collector.
This is merely normal forward biased diode action.
Negative signals of this magnitude do represent
reverse breakdown for the following NPN directly
coupled to the emitter of Q4.

C5, C6, C7, C8 and R1l4 react at frequencies higher
than those now considered. Using only the remaining
components simplifies the initial circuit analysis.
Refer to Fig. 3-71.

First determine quiescent conditions: Q3 and Q4
both have turn-on potential. Q4 elevates the zero-
volts input one junction setting the voltage across
R11, R12 and R13. 10% of the voltage develops
across R1l. One silicon junction below this base
voltage is Q3 emitter voltage. These voltages
create Q4-emitter-current demand. 2.4 mA must flow
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Fig. 3-71. Operating bias circuitry.

through R11l and 4.3 mA through R10. The current sum
flows as Q4 emitter, thus collector current. 6.7 mA
establishes Q4 collector voltage at ~1.3 V. This
current stabilizes Q3 and Q4 as longtail current by
changing little during maximum signal-voltage
variations.

The effects of voltage divider R11-R12-R13 cause Q4
collector-voltage change. A positive l-volt signal
reduces the voltage across R11-R12-R13, reducing
current demand. This current change of about

0.03 mA per volt adds to Q3 emitter-current change.
The voltage divider develops 907 of Q4 emitter
voltage at the base, therefore, emitter of Q3.
Decreasing the voltage across R10 decreases Q3
emitter current 0.0667 mA. Summing Q3 and voltage-
divider current changes, indicates Q4 collector
current changes about 0.1 mA.

Negative signals increase Q4 collector current.
The voltage divider draws more current and Q3
emitter current increases to drop an additional
0.1 volt across R10 for a -1 volt input.
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capacitance
stabili-
zation

Consider now the effects of the circuit configuration
upon bandpass. Q4 alone couples signals from DC to

a few Hz as a longtailed emitter follower, with R1l,
R12, R13, R10 and Q3 functioning as the longtail.
Setting quiescent conditions establishes circuit
reaction at the very low end of the bandpass. Due
mostly to input capacitance, Q4 frequency response
deteriorates at fairly low frequencies. Emitter
follower Q3 functions at low frequencies to stabilize
Q4 input capacitance.

Fig. 3-72 includes circuit components necessary for
capacitance stabilization at the base of Q4. The
voltage source and its internal resistance (Rs)
represent input circuitry. Signals above a few Hz
couple through C5 to the base of Q3. Signal driving
Q3 has two effects: Emitter current becomes constant,
eliminating Q4 Miller-effect, and Q4 input

capacitance discharges through C7.

Miller-effect results from Q4 collector-voltage
changes. This adds to input capacitance. CC5
couples a portion of the input signal to the base of
Q3. Each signal increment reduces emitter—-current
change. As frequency increases, greater percentages

R12, R13
28k
R11
2.9k
& grr
c7.1
005‘[
L
._Cl

Fig. 3-72. Low-frequency signal circuit
stabilizes input capacitance.
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of the input voltage appear at Q3 until Q3 and Q4
emitters change equal amounts. When this occurs,
emitter, thus collector, current 1s constant
regardless of signal amplitude. Input capacitance
is therefore no longer increased by Miller-effect.

Input capacitance yet exists at the base of Q4.
This capacitance, however, quickly charges or
discharges through C7 and the low emitter impedance
of Q3. Cross coupling fails to eliminate input
capacitance but does stabilize it to a constant
value. C7, empirically selected, is listed at a
nominal value.

Selection of C7 depends to a degree upon coupling-
circuit time constant at the base of Q3. This time
constant should be long to couple low frequencies.
There is a problem: Physically or electrically large
components contribute reactive shunts.

Returning R1l1l to the emitters increases the time
constant by effectively increasing input R. Signals
coupled through C5 develop across R12 and R13
paralleled by Rll; an equivalent resistance of 2.8 kQ.
If R11 were returned to ground, the coupling RC time
constant would be C5(2.8 k) = 0.28 x 10~3 seconds.

- 1 - 3 .
Fo = 5058 s 153 = 0-57 x 10% = 570 Ha.

Returning R11l to the emitter increases R, thereby F,,
by 10. At low frequencies, 100% of input voltage
develops at the base of Q4 and 90% at the base of Q3.
C5 still drives 2.8-kQ equivalent resistance but this
resistance returns not to ground but to 90% of signal
voltage. For one-volt signals C5 need couple but

0.1 volt -- or only 36-pA signal current need flow

through c5: 2:1 .Y

2.8 kq - 06 wA. Since 36 uA develops
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=

Fig. 3-73. (6 extends Q3 input time constant.

full signal voltage at the base of Q3, apparent input
R is 28 kQ:

E ___l_____
= ——— 2= = 3
R 1 36 x 10-5 28 x 10° Q.
T = C5 (28 x 10-3) (2.8 x 10~3) seconds.

Fo = = 0.57 x 10° = 57 Hz.

-1
21(2.8 x 1073)

To prevent low-frequency phasing problems Q3

should react to even lower frequencies. Extending
low-frequency response must not include increasing
the physical or electrical size of C5. This is the
purpose of Cé6.

See Fig. 3-73. C6 shunts R11l and R12 of voltage
divider R11-R12-R13. Q4-emitter signal voltages
develop across the series circuit C6-R13.
Therefore, C6 charge current adds to that demanded
by R11-R12; and both currents are in phase with
signal voltages. Signal voltages which develop
across R13 via C6é increase apparent input
resistance at the base of Q3.
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The -3 dB point for C6-R13 is 11.4 Hz. 70% of this
input-signal voltage develops across R13, boosting
the signal amplitude at the base of Q3. More of Q4
emitter voltage now develops at the base of Q3.
Since Q3 equivalent base resistance returns to
97.2% of signal voltage, C5 need provide 10-uA
signal current to develop l-volt signals at the base
0.028

.7 = 2020 -6
of Q3: I 2.8 kO 10 x 107° A
T S
R = Tg 5 106 = 100 ko
F,=-—i— ~16 H
e~ 21 C5 Ry z-

All of which indicates that C5 couples signal energy
to the base of Q3 at less than 20 Hz. Q3 then
functions as signal-driven emitter follower
maintaining Q4 input capacitance at a low value.

To this point Q4 coupled all signals to the switched-
gain amplifier. When one increased input signal
frequency and Q4 faltered, Q3 forced proper emitter-
follower action. This "bootstrapping' by Q3 works
for a portion of the bandpass until, at higher
frequencies, Q4 becomes just another passive device.

Consider Q4 a passive device at frequencies above

1.5 MHz. At this frequency C5 couples full signal
voltage, C6 is a short circuit and C7 continues to
fix Q4 base capacitance. The last two components

now come into play.
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Fig. 3-74 is the complete schematic including C8
and R1l4.

C8 bypasses R10 providing a coupling path from Q3
emitter to the base of Q5. Rl4 attenuates signals
little if any.

R14 emitter-loads to damp oscillatioms. As with
conventional complementary emitter followers, high-
amplitude fast-rise signals develop negative-input
resistance characteristics of Q3-Q4. Since C8
bypasses R10, Rl4 represents total emitter-to-emitter
impedance. R1l4 resistance is sufficient to damp
oscillations yet small enough to have negligible
effect upon desired signal amplitude.

Although of a different magnitude than cathode
followers, emitter followers are high-input
impedance, low-output impedance devices. They are
found in any circuit of an oscilloscope vertical
amplifier except the front end or preamplifier input
stage.

A source-follower general description uses the old
familiar phrases: High-input impedance and low-output
impedance. These words describe any follower.
Comparatively, source-follower (SF) input impedance
exceeds that of the cathode follower or emitter
follower. SF output impedance also exceeds that of
the other followers.

Source-follower characteristics result from field-
effect transistor parameters. These describe a high-
input-impedance semiconductor. Oscilloscopes for
years have been solid state except for those circuit
points requiring high-input impedance. The FET then
becomes attractive as a tube replacement. Some of
the advantages are:

High-input impedance
Solid-state reliability

No microphonics

Excellent aging characteristics
Small size

Power-supply demand reduced.

Field-effect transistors fall into two general
categories, junction (FET) and insulated gate (IGFET
or MOSFET).
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CHARACTERISTICS TUBE JUNCTION FET INSULATED GATE FET
INPUT  IMPEDANCE HIGH HIGH VERY HIGH
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Fig. 3-75. Electron tube vs field-effect

transistor.

Only junction field-effect tramsistors, at this
writing, appear in Tektronix vertical amplifiers.

Fig. 3-75 compares tube, FET and IGFET,
characteristics. The FET matches or exceeds the tube
in every category except one, overload sensitivity.
Under IGFET the word umpredictable expresses today's
FET preference.

A FET is a resistance whose conductivity is voltage
controlled. Majority carriers travel the chanmnel
which consists of "n" or "p'" material. The majority
carriers enter the channel at the source and exit at
the drain.

Fig. 3-76 is an "n'" channel. Electrons, ''n'-material
majority carriers, flow from the negative voltage

at the source through the channel to the positive
voltage at the drain. Only voltage polarity determines
which is the drain and which is the source end of

the channel. Drain current (Ip) always flows from
source to drain in '"n" channels.

Majority carriers are holes in "p'" channels.

Therefore '"p" channels function as described for "n"
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channels. Just remember to reverse polarity: Ip

always flows from drain to source in a "p" channel.

Fig. 3-77 illustrates a very simple but important
point: A voltage gradient develops along the

channel channel. The channel is nothing more than a
voltage resistance without polarity. But if one could
gradient reach into the device he would measure voltage

differences along the channel, becoming more positive
as he neared the drain ("n" channel). If drain
current flows a voltage gradient must develop:

E = IR.

+V

DRAIN (D)

f
!

URCE ($)
IDT
-V

Fig. 3-76. FET channel.

Y

Y

Y

+v

oV

]
S

i

Fig. 3-77. Drain current develops voltage
gradient across the channel.
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gate

dep leted
region

channel
resistance
increased

Keep the voltage gradient in mind while completing
the FET model. A gate is the final terminal needed.
Picture the channel as a bar of '"n" material with
connectors at either end. Now join two smaller
pieces of '"p" material at either side of the bar,
centered along its length. Add connectors and label
the terminal gate. Fig. 3-78 is such a model.

This figure shows an intrusion into the channel
called a depleted region. When the "p" and "n"
material join a change occurs at the junction. Free
electrons in the channel £ill "p'"-region holes.
Right at the junction a barrier forms preventing
further combination of holes and electrons. Around
the junction is a small area almost devoid of free
carriers., Increasing the depleted area is the
operating principle of an FET. This also explains

why a junction FET is called a depletion-mode device.

Returning gate and source leads to ground and the
drain lead to a low-impedance supply allows zero-
bias analysis (Fig. 3-79). The emitter follower
functions as a low-impedance drain-voltage supply.
Setting emitter voltage slightly positive causes
drain current to flow. Since the gate and source
leads are shorted, gate-to-source voltage (Vgg) is
zero., Ip indicates drain current under this
condition.

Initial drain-voltage (Vp) application caused
Yp"-material holes to move toward the gate terminals,
but channel holes cannot cross the junction. Current
flows only when carriers flow continuously through
the entire circuit, This also applies to electronms.
Channel electrons move away from the junction, but
the gate (p) provides no free electrons to cross

the junction.

Channel electrons pulled from the area near the
gate leave this region completely free of carriers.
The original small depleted area enlarges as shown.
A depletion region conducts poorly. Enlarging this
region then reduces the effective channel cross
section, increasing channel resistance.

Notice that the depletion region skews toward the
drain. Drain current develops a channel-voltage
gradient creating this shape. Ip flows through a
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length of "n'" material, between the source

connection and the nearest gate-junction edge. The
resultant voltage drop, representing reverse bias,
pulls the depletion region toward channel center.
Reverse bilas increases along the channel, pulling

the depletion region further into the channel. Gate-
to-drain voltage (Vgp) of course represents maximum
reverse bias.

Increasing drain voltage (Vp) increases Ip and the
depleted area up to a point. Raising Vp above this
point affects no Ij increase. This point carries

the name pinch-off (V,). The depletion region appears
to reach into the channel and '"pinch-off" any change
in drain current.

/ULPLETEU AREA

G

Fig. 3-78. Field-effect transistor model,
n channel.

DEPLETED AREA

Fig. 3-79. Voltage gradient increases area
depleted.
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Fig. 3-80. Ip increasing with Vp.

The FET models in Fig. 3-80 show the effects of
increasing Vp. 1In (A) 1 volt at the drain draws
1-mA drain current, creating a depletion region
enlarged at the drain end. Increasing Vp 2 volts
(B) increases Ip by 0.6 mA and the depletion area
extends further into the channel. Raising V
another 2 volts to 5 increases Ip only 0.1 mA.

The depletion regions almost touch. Vp increases,
above 5 volts, draw no more than 1.7 mA through the
channel. This then is pinch-off voltage (Vp).

Pinch-off occurs when the bias from drain to gate
causes maximum depletion-region growth. Remember,
Vp is a value of drain-to-gate voltage (Vpg).
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A curve of this action appears as Fig. 3-8lA. Vj
increases, between 0 and 5 volts, increase Ip. Above
5 Vp, Ip changes little. When a voltage change

across a device causes a current change in the device,
the device has a predictable ohmic value. For this
reason, call that portion of the curve below V

the ohmic region. Above Vp, Ip remains constant

with changes in Vp indicating infinite dynamic
resistance.

Drain-current nomenclature also changes above Vp.
With gate and source shorted, Ip above Vp is
considered saturated channel current: Ipgg.

Resistance in question appears as the FET drain-to-
source resistance (rds). The rgg curve, related to
Fig. 3-81A, is plotted in Fig. 3-81B. Large s
values result from self-bias created by the voltage
gradient between source and gate. FET curves thus
resemble those of a triode with a large unbypassed
cathode resistor.

OHMIC REGION OHMIC REGION

j
*1

P R

|
1

IDSS '“r — 7‘?—‘
4

0.5 | —
) 4

!

0 6.0 8.0
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ID VERSUS \/D WITH V 0 s CURVE

Gs =
(A (8)

Fig. 3-81. Ohmic and pinch-off regions.
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Fig. 3-82. Gate-to-channel breakdown, V;g = 0.

Fig. 3-83. Back-bias controlling-current flow
in an n-channel FET.

Do not dismiss an FET as analogous to a tube,

whether triode or pentode. This is a semiconductor.
For example, increasing Vp far above Vp causes gate-
to-channel breakdown. Ipgs of Fig. 3-82 remains
constant as Vpp increases until reaching gate-to-
channel breakdown voltage (BVg;gs). The Ip curve now
ascends toward infinity. Operating an FET into BVggg
usually destroys the device.
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Drain-to-gate bias (Vpg) controls channel cross-
section area at the drain end of the channel. Gate-
to-source bias (Vgg) sets channel-current demand

for a given Vp. Therefore small voltage changes at
the gate cause relatively large Ip changes.

The model of Fig. 3-83 controls Ip with Vgg. Here
the source returns to ground, the drain to a set
low-impedance voltage supply and gate voltage

varies. Initial V;g restricts Ip little. Applying
greater negative voltage increases the depletion
area, subtracts from channel area, thereby opposing
I,. This continues until the device reaches pinch-
off voltage. V, occurs when drain-to-gate bias
reaches the same value as with the 0-V;g drain curve.

Since one most often measures voltage to ground or
the source, V, specifications list Vp and Vgg
voltages at some small Ip flow. Many consider that
driving the gate to Vp achieves cutoff. This for
most practical measurements is true. A junction

FET cannot be cut off or a voltage gradient across
the channel would not develop. However, only
nanoamperes or microamperes of Ip flow at Vp (cutoff).

Displacement current establishes basic input
capacitance at the gate. Assume gate voltage, in
the model of Fig. 3-83, swings from minimum negative
to maximum negative then back to minimum negative.
The depleted area swells then shrinks with gate-
voltage changes. Depletion region carriers move
with the region. This is displacement current. The
name and effect are those of a capacitor dielectric.
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drain
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Plotting drain current versus drain voltage at
various gate-voltage steps develops drain-
characteristic curves. Fig. 3-84 drain
characteristics resulted from a photograph of a
Tektronix curve-tracer display. Pinch-off occurs
at 6 volts. Only when V;g = 0, do V, and Vpg equal,
However, Vp is always 6 V;p for this particular
device. ansider Vp values for V;gs settings other
than zero:

At Vp, when Vgg o, Vp = +6

Vgs = -0.5, Vp = +5.5
Vos = -1.0, Vp =+5.0
VGS = —1.5, VD = +4.5
Vgg = -2.0, Vp = +4.0.

Experimenters have difficulty pinpointing V, and
circuit analysts sometimes need to know gm of a
given device. A transfer curve provides
information for both.

Fig. 3-85 is such a curve. Determining Ipgs is
simple and plotting other Ip points are easy enough
until V;g approaches V. 1Ip changes little near Vp,
destroying confidence in the final V, point.
However, lay a straight edge at the €DSS intercept

PINCH-OFF
REGION

VGS =-.5

OHMIC
REGION

ID
(mA)
4

Fig. 3-84. Drain characteristics of FET.
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Fig. 3-85. Drawing a tangent to the transfer
curve establishes gm and Vp.

p -CHANNEL FET

Fig. 3-86. Comparison of an n-channel FET and
a p-channel FET.

PIOTTing and draw a line, tangent to the curve, to intercept
gm and Vp Vgs. The tangent intercepts at onme-half Vp. The
slope of the line is gm.

Fig., 3-86 compares '"n'"- and '"p''-channel FET's. These

FET's operate alike. They are "on' devices operated
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toward cutoff. Stated differently: An FET, either

"p" or "n" channel, performs when reverse-biased.

A forward-biased junction FET essentially ceases to
be an FET. Input impedance falls and drain current
bears no useful relation to input signals. This
might well raise a question: Since the gate
normally draws no current, and gate voltages control
channel depletion electrostatically, what happens if
an insulator be placed between gate and channel?

The answer: The device becomes an Insulated Gate
FET (IGFET). Gate voltages deplete the channel as
before with far lower gate leakage current (Iggg).
Now, however, ordinary metal serves as well as
semiconductor for gate material. Call this device

a depletion-mode IGFET.

The model of Fig. 3-87 is named MOSFET. This
stands for Metal-Oxide-Silicon FET, one of several
advertising names for IGFET's. MOSFET does
describe IGFET construction. The silicon channel
lays in substrate covered by insulation, a thin
oxide layer thermally formed on the semiconductor
surface. A layer of metal deposited on the oxide
forms the gate. Holes in the oxide provide source
and drain lead access to the channel.

IGFET gate voltages create effects which take place
near the semiconductor surface. The channel surface,
oxide insulator and metal gate form a capacitor.

Forward-biasing a properly designed IGFET enhances
channel conductivity. Fig. 3-88 illustrates an IGFET
which operates in the depletion and enhancement mode.
The lightly doped channel, a moderate conductor,
terminates in heavily doped regions at the drain and
source. Negative gate voltages deplete the channel.
Positive voltages enhance conductivity by inducing
charges into the channel, Since the input is a
capacitor, positive gate voltages cause equal
negative charges on the surface of the channel.

A concentration of electrons forms this negative
charge enhaneing the channel.
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GATE

SOURCE

OXIDE
MASK

SUBSTRATE

Fig. 3-87. Depletion-mode-only MOSFET
construction.

GATE

SOURCE

Fig. 3-88. Construction of an IGFET which
operates in enhancement and
depletion modes.




150

transfer
character-
Istics

GATE

SOURCE

LIGHTLY DOPED p-SUBSTRATE

(A)

L+

{B)

Fig. 3-89. Enhancement-mode-only IGFET.

The third type of IGFET works in the enhancement
mode only. Fig. 3-89A is a model of this type
IGFET. Channel '"p" material prevents current flow
between the heavily doped "n" source and drain. In
the absence of forward gate voltage no drain current
flows. One of the channel "pn" junctions, with the
gate open, 1s always reverse-biased regardless of
voltage polarity across the channel.

Forward bias, as shown in Fig. 3-89B, causes channel
conduction. Sufficient forward bias induces charges
into the channel, bridging source and drain. This

actually changes the '"p''-channel surface into an

"n" semiconductor.

IGFET transfer characteristics follow as the FET.
Fig. 3-90 shows relative characteristics. Notice
Ipgs relatiomships: Ipgg is maximum Ip for
depletion only devices and zero for enhancement-
mode only IGFET's.
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IGFET's do not at present appear in Tektronix
vertical amplifiers. Whether IGFET's will appear
in the future is pure conjecture. A number of
companies devote considerable developmental
activity to all types. Today junction FET's are
cheaper and more predictable.

Schematic IGFET symbols appear in Filg. 3-91.

FET OR DEPLETION ONLY
{GFET

DEPLET{ON AND I

IGFET /

ENHANCEMENT DSS

ENHANCEMENT ONLY
\GFET

IDSS

. AN
[ ] v
r

Fig. 3-90. Transfer characteristic
comparison.
D D
G G

S

N-CHANNEL
IGFET

S

P-CHANNEL
IGFET

Fig. 3-91.
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Cee

Fig. 3-92. The field-effect capacitance forms
part of SF input capacitance.

9 ]

GS

O

Fig. 3-93. Designating inter-element
capacitance.

Source follower terms differ but effects parallel
those of the other followers. Input impedance,
Miller-effect, output impedance and voltage gain
receive similar treatment. One component, however,
differs from other three terminal devices, 'gate-
to-channel capacitance (Cgp)." (Fig. 3-92.)

Field-effect is Cgzo. Gate voltages cause
displacement current within the semiconductor
material which defines Cgo. Signals applied to the
gate develop across C;o in series with a small
resistance. This resistance is the parallel value
of drain-to-gate and source-to-gate channel

resistance. Cgo must then be small to prevent signal-

source loading. Incidentally, this presents an FET
design problem: High transconductance requires a
large gate, but low input capacitance requires a
small gate.
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C;c constitutes a portion of input capacitance
(Cias)' Interelement capacitances combine to appear
as C;ag. Flg. 3-93 labels these capacitances. Cpg,
drain-to-source capacitance, adds to output
capacitance rather than input. Gate~to-drain (Cgp)
and gate-to-source (CGS) capacitances shunt Cgp.

The sum Cgp, Cpg and C;po is Ciss with drain and

source shorted.

Source-follower configuration changes C;gs somewhat.
Returning the source to ground through a resistor
and the drain to Vpp (apparent ground) slightly
modifies C;gg. Stray capacitance and Cpg shunt the
source resistor, thereby appearing in series with
Css. This reduces Cpg apparent value from gate to
ground, reducing input capacitance. Cj;p remains
constant since it returns to apparent ground at the
drain.

C;p is the Miller-effect coupling capacitor. Adding
a resistance between drain and Vpp causes Cgp to
increase (1 + AV) times. The effect carries the name
reverse capacitance (crss)' Listing C,go with a
specific value "ss' indicates source and gate shorted.

Fig. 3-94A shows the equivalent input circuit of a
source follower whose drain returns to apparent
ground. The signal generator works into a
capacitive load equal to C;,o. On the other hand,
loading the drain changes input C as indicated in

(B) COMMON SOURCE (NPUT C

Fig. 3-94.
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Fig. 3-94B. C; consists of Cjgg less Cgp. Cpgg,
which is Cgp varied by gain, shunts C; as the
generator load. Miller-effect occurs as in
electron tubes and transistors. An FET merely has
less capacitance to be affected.

follower Voltage gain is also similar. See Fig. 3-95. The

gain source-follower reaction to an input step

similarities reproduces an output with slightly rounded corners
and some signal loss. Rounded corners result from
reactive components first presented. Signal loss
indicates some form of voltage division.

The input step develops across external resistance
Rg and internal channel resistance rg in series.

voltage Voltage galn can never be more than the ratio of Rg
gain less  to total resistance. However, a large Rg and a
than unity small ry, result in small signal losses. Assume

0.8 or better as longtailed-source~follower gain.

longtailing Longtailing has the obvious advantage of providing
large Rg values but there 1s another. An FET is a
square-law device. Operating in the ohmic region
causes rg to vary according to square-law. Current
driving an FET by longtailing maintains operation in
the pinch-off region which may not reduce but holds
rg constant.

Fig. 3-95. AVz r—r@
8
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R =——>—— {F R,> r_, R =r_ AND
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1 WHEN OPERATING ABOVE V_.
& gm p

Fig. 3-96.
Rg and r, also determine output impedance. Like rj
inverting transconductance approximates rg. And if
1 s
Rg be large, R, = rg z-g;;. Fig. 3-96 indicates

this. However, if Rg fails to exceed rg by ten,

R, must be considered the parallel value of Rg and
rg. An FET has fairly low gm (somewhere between
500 and 3000 pmhos). Higher-gm devices occur as
design and manufacturing techniques improve. While
considering FET circuit description in this book,
assume 2000 umhos, an rg of 500 Q.
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Passive components of the SF input amplifier appear
at first identical to those of a CF. As a case in
point refer to the input amplifier of Fig. 3-97.
R1l, R2, R3, D2 and C2 appear in the same
configuration here as in a CF input amplifier. RI1,
R3, D2 and Cl react in a similar fashion. R2,
however, limits when Dl1A or D1B is on, rather than
utilizing leakage current (Iggs).

Rl returns the gate to ground. And it forms a part
of the input-attenuator voltage divider.

Cl serves as a current source which rapidly charges
and discharges input capacitance. Input capacitance
would otherwise charge through R2 slowing SF
reaction to 'fast" signals.

R2 prevents a low-resistance shunt of the circuit
under test during conduction of D1A or B.

D1A serves as a current source which reduces Ql-
gate-current demand. Applying a signal, +12.6 volts
or more, to the gate of Q1 forward biases the gate-
drain junction. This is not necessarily harmful

to Ql. Current flows from drain to gate as in any
semiconductor diode and is limited by R2. However,
heavy current from drain-to-gate slows the recovery
time of Ql. D1 has much less forward resistance
than Ql therefore excess positive inputs draw most
of the current through D1A and very little through
Ql. 1In the X1 attenuator position D1 in series
with R2 shunts the circuit under test.

D1B protects Ql. Positive voltages at the gate of
Ql can draw current from the drain or source or

both. This does no damage, Ql merely becomes a
forward-biased '"pn" junction. However, moderate
current flow into the channel from the gate

destroys an 'n'-channel FET! D1B turns on when input
voltages exceed -15.6 volts, clamping V, so that

Vpg fails to reach BVg,. The voltage "window"
between clamps is as large as Ql can handle since
Vpp = +12 V and Vgg = -14 V.

Tying the case of D1 to the source of Ql reduces
input capacitance. Stray capacitance associated
with D1 must return to some reference for its
effect to be predictable. Returning this
capacitance to the source reduces the wvoltage
across the capacitance, reducing effective gate
capacitance.
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R3 longtails and D2 clamps to protect the emitter
follower. D2 prevents the voltage at the EF input
from exceeding -0.6 V, resulting from signals or
the removal of Ql.

The emitter follower functions as an impedance
transformer. In this case the transistor phase
inverter receives drive from 5 or 10 Q@ rather than
500 Q@ or more at the output of Ql,

Equal impedance at each phase-inverter input

terminal is often as important as low-impedance

drive at the active terminal. One terminal of the
phase inverter is shown at ground. This is apparent
ground. Both terminals return to an equal quiescent
bias and, ideally, to equal input impedance. One
method to accomplish this is to bias the undriven
terminal of the phase inverter with circuits identical
to the signal-drive chain. Fig. 3-98 is appropriate.

<

INPUT

O7—] ATTENUATOR 0.6V

o]

PHASE
INVERTER

-14v

+12v +i2v

A 25
TRIGGERS 5k y

BALANCES S

SRI6
T’Z.BK

Y =
-1

5V

* CASE SHARED WiTH INPUT SF Q1

Fig. 3-98. Balancing the phase-inverter input
terminals.
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Of the same FET type, Ql and Q2 share temperature
environment. Identical emitter followers drive the
phase inverter, therefore one sets Q2 gate voltage
for a quiescent null across the phase-inverter
input terminals. Now the phase inverter receives
not only equal zero-signal voltages but equal low~-
impedance drive.

R10, R1ll, R12 and R13 in the gate circuit of Q2
allow one to adjust Q2 gate voltage between -1.1 V
and +7.0 V. This 1s sufficient range to compensate
for any parameter differences between Ql and Q2.

Cl0 filters any transients which might appear at the
gate of Q2 and slows power-supply fluctuation effects.
All of which holds Q2 output constant so that the
undriven terminal of the phase inverter represents
apparent ground.

Longtail R16 1s shunted by another balancing network.
This network balances SF output resistance. Although
R16 and Rg for the input SF (R3) equal, R1lé returns
to =15 V and R3 returns to approximately -14 V. A
trigger pickoff circuit, not shown, develops Vgg

for Ql. Trigger-pickoff part tolerances cause V..
variation between units, and part replacements cause
some variation. The result is an off-center zero-
signal CRT display. With the signal input grounded,
one adjusts Rl4 for a centered display.

Drain current controls gm; 7;; is rg; rg has the

greatest control of Ry; and longtailing sets drain
current.

To show how R1l4 adjustments balance R,, keep the
above facts in mind and assume three conditions for

Ql Vgg:

1. Vgg = -13V
2. Vg = -14V
3. Vgg = -15 V.

Under condition 1, Ql draws 4.6-mA Ip. Q2 source
voltage, set equal to Ql, establishes the voltage
drop across R16 creating a demand for 5.4 mA.
Apparently, Q2 draws 0.8 mA more Ip than Ql.
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Under condition 2, 5 mA flow through R3 and R16
draws 5.4 mA.

Under condition 3, both resistors draw 5.4 mA.

If the current through R16 flowed as Q2 Ip, Ql and
Q2 Ry would differ for conditions 1 and 2, but not
3. However, R1l4 and R15 shunt part of the longtail
current so that Q2 Ip matches Q1 Ip.

4.5 mA is shunted with R14 set to +12 V, leaving
about 1 mA to flow as Q2 Ip. Moving the wiper
toward ground reduces shunt current which of course
increases Ij for Q2. Zero-shunt-current demand
occurs at some resistance value slightly above
ground.

Cll with R15 decouple to prevent unwanted signals
at the emitter-follower input.

Circuit complexity and high voltages usually

identify amplifiers modified for source-follower
instead of cathode-follower operation. This keeps
total amplifier modifications to a minimum. Fig. 3-99
is an example. Q1 and the BALANCE source follower
replace cathode followers. Following circuits,
including emitter-follower drive to the phase-
inverter, remain unchanged.

Rl forms a portion of the input attenuator and
returns the gate of Ql to ground.

R2 is a limiting resistor, bypassed by Cl.

C2A, B and C are circuit-board strips circling
connection terminals. This stabilizes the circuit-
board dielectric, and returning C2 to the source,
reduces input capacitance.

R3 ties the case of D1 to the source for the same
reason -- stabilizes and reduces input capacitance.
Capacitance from case to chip of D1 exists.
Returning the case to a reference fixes the
capacitance. And returning the case to the source
reduces signal voltage across the device, thereby
reducing capacitance.
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Protective circuit D1, D2 and R4 prevent gate-to-
channel breakdown in Ql. Applying negative gate
voltages which approach gate-~to-drain breakdown
(Bvss) actuates this protective circuit. Zener
diode D2 conducts through R4 to regulate the anode
of D1 at -20 V. Dl clamps when gate voltage exceeds
-20 V.

Signal voltages develop across rgs, R5 and R6.
Because of resistive values most of the input
voltage develops across R6 to appear at the base of

Q2.

Positive voltage across Rl, exceeding about 4 V,
causes both gate-limiting and source-clamping.
Clamping and limiting interact. Assume a fairly
"slow" positive-going signal develops across Rl:

The signal appears at the gate and source of Ql.

Ql source follows the input ascension until the
R5-R6 connection raises 3.2 volts above quiescence.
D3 now turns on because of +5.6 anode volts and

+5 cathode volts. D3 clamps the base of Q2 and the
source of Ql. As Ql gate voltage continues to rise,
the gate-channel diode becomes forward-biased.
Limiting current flows through D3, R5, the source-
to-gate channel resistance, and R2. The drop across
R2 limits gate current.

Notice that during excess voltage application input
resistance decreases. The shunt across the circuit
under test consists of Rl paralleled by R2, gate-
source resistance, R5 and D3. For slow voltage
changes R2 approximates the additional load.
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The BALANCE source follower and emitter follower
are the same type active devices, set to the same
operating point as Ql and Q2. Thus the phase-
inverter drive is quiescently balanced. The input
voltages and impedances equal at quiescence. Input
signals appear at the phase-inverter terminal via Q2.
The other phase-inverter terminal remains biased at
the quiescent level; therefore is an apparent
ground. There is an exception: Thermal (source-
follower) signals appear at both input terminals.
They are of equal amplitude and phase, therefore
cancel. This 1s why active devices and circuit
configurations match.

Fig. 3~100 shows the BALANCE circuit. Q4 longtailed
by R8 divides Q3 output impedance B times, just as

Q2 divides Ql output impedance. R9 and R10 equal R5
and R6 in the source of Ql. These matched components
allow one to adjust Q3 gate voltage for a quiescent
center-screen display.

+225v 1oV
T D
R14
RIS 4.7M o g 03
500k S—MA-
b N +39y
BALANCE %ine 4 o
RI6 .
S MY RITS ca
ot LI RIS 2,263 .01 c3 R
470k s -
SR1Z ¢ I 8k
T1.8M R102 = TO PHASE
! = 1503 INVERTER
! ,
-150v
-150v +1.44
R S
56k &
M ”

~150v

Fig. 3-100. Phase-inverter balance circuit.




164

+225V

R16  RI3

. $500k 470k
COARSE

-150V

=150V

(A)

+225V

+150v Rth

380k

=
[
+
[
@
3
=
B

2.2k
=150V oy

l

1

|

th Rin
380k 2.0k

i RiZ ? . RIT .
-150v B 2.2k -
RI1

-0.87V
- «©
+225¥
R16
t 250k +38Y R Ren
th 450k
R13 t 125k RI3 rovw— Run
2,2k
250k >—j = >—? = -9V RN >—T =
RIZ RIZ 2.2k

y Ri1 -15‘0\/ RIT _[:_ -0.044v
-150Y _I_—’VW— -

|

{02}

Fig. 3-101. Balance-adjust equivalent
circuit,
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C3 bypasses Rg to prevent switching transients from
developing at the phase-inverter terminal. RI11 and
C4 filter transients in the gate circuit.

R11l in conjunction with R12, R13, R14, R15 and R16
establishes Q3 gate voltage. One sets this voltage
for a "balanced" condition: A centered CRT vertical
display at quiescence. To accomplish balancing,
ground the vertical input jack, center the vertical
POSITION control, and set R15 to mechanical center.
Now adjust R16 for an approximately centered
display; then set R15 for a display precisely
centered.

Although gate supply voltages are quite high,
adjusting R16 and R15 changes gate voltage in
fairly small increments.

Fig. 3-101 develops the coarse BAL~adjust circuit
equivalent including R11:
(A) 1is the circuit to be "Thevenized."

(B) shows that 2.01 k) returns to an
equivalent +0.87 V with R16 set to +225 V.

(C) shows that setting R16 to -150 V develops
an equivalent of 2.01 kQ returned to -0.87 V,

(D) evolves the COARSE centered equivalent.

3-101A 1is the circuit to be "Thevenized."

3-101B shows that 2.01 kQ returns to an
equivalent +0.87 V with R16 set to +225 V.

3-101C shows that setting R16 to -150 V develops
an equivalent of 2.01 kQ returned to -0.87 V.

3-101D evolves the COARSE centered equivalent.
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Now substitute the equivalent of Fig. 3-101D for R11,
R12, R13 and R16 in the original circuit. This
results in the Q3 gate circuit shown in Fig. 3-1024,
Fig. 3-102B and C illustrate R15 extremes. Moving
R15 from maximum positive to maximum negative
changes Q3 gate voltage less than a volt. The fine
BAL resistance is centered (Fig. 3-102D).

Centering both R15 and R16 creates the circuit
shown in Fig. 3-102E. Gate voltage sets 2.5
millivolts below ground. Assume this is
approximately zero volts, accounted for by part
tolerances and computation errors. Further, small
adjustments of R15 or R16, or both, zero the gate
voltage.

The latter part of the emitter-follower section
described an unusual emitter-follower configuration
which resulted from a cathode follower to source-
follower input-amplifier modification. Fig. 3-103
completes that input-amplifier schematic.

Input DC voltages develop across Rl, R2 and R3. (1l
and C2 compensate this voltage divider for optimum
pulse response. 98% of the input voltage develops
at the gate of QlA. Rl has negligible effect upon
voltage division. It imposes losses between
attenuator inductive components and C4 to prevent
ringing.

C4 discharges stray capacitance, shunting R3,
following gate limiting. R4 is the gate-limiting
resigtor. Because of such small gate current this
circuit uses a large limiting resistance, R4.
Therefore, circuits under test which develop
excessive voltages never work into a load greater
than R3 paralleled by R4,

D1 turns on, limiting negative voltages which exceed
QlA reverse-breakdown. When QlA gate voltage
becomes more than -12.6 volts, D1 turns on. DIl
draws current through R1, R2, R4 and R6. This
current added to that drawn by R3 loads the circuit
under test.
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Fig. 3-102. Equivalent BALANCE circuits.

ATTENUATOR

a4
b2

R2 1_C4 c2

20k 39 0.2- R4 ) —
1.5 L :%Tsy
.8k

-2y

R3
980k CRIVER

AMP

3

-11.5v
R8
5002
-12v
“12v

Fig. 3-103. Source-follower input-
amplifier modification.
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thermal
compensation

Positive-limiting initiates in the source of QIlA.
When source voltage exceeds +1.2 V, D4 and D5 turn
on, clamping the driver-amplifier input. Should
QlA gate voltage continue to ascend, the source-to-
gate junction becomes forward-biased. Turning this
diode on connects the input—-limiting circuit to
D4~-D5 through R7.

L1 slows clamping action, either D4-D5 or D2-D3,
during "fast" input voltages.

Cl discharges gate input capacitance upon removal
of signal~-voltage overloads, just as C4 discharges
stray capacitance across R3.

C3 is circuit-board capacitance. Returning C3 to
ground through R5 prevents "floating' capacitance.
These components then provide negative~input-
resistance compensation.

Negative-input-resistance characteristics receive
two treatments: Shunt RC and a suppressor. R5-C3
shunt compensate and R6 is the suppressor.

Q1 longtail configuration allows quiescent voltage
to develop at the driver amplifier and Q1B
connection, independent of temperature. One sets
Q1B collector to zero quiescent volts. R8, Q1B,
R7 and QlA form a voltage divider between the

-12 volt and the +12 volt supplies. 1If all divider
impedances remain constant, QlB drain voltage
remains zero. This is the reason for using
identical FET's in a common case: Ql channel
resistance changes with temperature. However, Q1B
channel resistance always equals that of QlA so
voltage division remains constant.
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Q1B drain voltage, or QlA longtail current, results
from the setting of ATTEN BAL, R11l. R11l allows
0.5-volt adjustment at Q1B gate from about -12 to
-11.5 volts.

Notice filter capacitor C6 returns to the -12 volt
supply. This reduces the amplitude of any -12 volt
power-supply fluctuations at the gate of QlB. Cé6
also need have a small voltage rating since the
source and gate return to the same supply.

Concepts presented in the follower series apply to

amplifier concepts yet to be presented, and should
be well understood before proceeding.

The following appendage is for those who work with
Tektronix instruments and are unfamiliar with FET
components.

Fig. 3-104 compares three-terminal active devices.

DRAIN COLLECTOR PLATE
BASE GRID
GATE
SOURCE EMITTER CATHOOE
n=-CHANNEL FET TRANSISTOR TRICDE

Fig. 3-104. Comparison of basic lead
terminology of FET, transistor,
and vacuum tube.
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Fig. 3-105. Tektronix FET utilization.
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Fig. 3-105 lists major reasons for using FET circuits
in production instruments.

Finally, Fig. 3-106 gives an FET basing diagram for

Tektronix part-numbered FET's.
G S
D G ) > o G D G 50
hlge] (e} ]»]
o 0 (oo
® e s ST6
i 2 4
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S
G S S S
oo o o G D
D{ o o b b{ o o |p G
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D
5 6 7 8
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cut 0
b — G D
o 0
S
— o O
6 SN c
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S — o
9 10 1%
*PLASTIC
T0-18 -- 1,2,3,4,8,10,11
T0-5 -- 5.6

ALL DRAWINGS ARE BOTTOM VIEWS EXCEPT 9

TEKTRONIX PN BASING NO | TEKTRONIX PN BASING NO { TEKTRONIX PN BASING NO
151-1001-00 9 151-1009-00 4 151-1018-00 10
151-1002-00 8 151-1010-00 4 151-1019-00 4
151-1003-00 4 151-10t1-00 4 151-1020-00 4
151-1004-00 3 151-1012-00 2 151-1022-00 1
151-1005-00 3 151-1013-00 4 151-1024-00 10
151-1006-00 3 151-1015-00 2 151-1025-00 1
151-1007-00 4 151-1017-00 7 151-1026-00

151-1008-00 [¢]

Fig. 3-106.

FET basing diagram.




172
J1 INPUT
PREAMP DRI VER %LPUT I |
AMP —_—
= L~ L~
TRIGGER
PICKOFF,
HORIZ
AMP
SHAPING
AND
GENERAT ION
Fig. 4-1. Shaping and generation circuits add

delay.
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TRANSMISSION LINES

When one considers a transmission line as a means of
conducting power between points, he may also consider
any 'black box" as a group of active devices cascaded
with short transmission lines. This approach to
electronics circuitry usually presents awkward
problems for both writer and reader. On the other
hand, a transmission-line approach gives the most
direct and simple justification for some circuit
components. Additionally, advantageous use of the
transmission-line propagation velocity recurs again
and again in vertical-amplifier design.

Power transits a transmission line at a rate
determined by the type of line. This rate can be
translated into time-per-unit length. Applying a
signal simultaneously to short and long transmission
lines of the same type, the signal out of the long
line appears delayed in time from the signal out of
the short line. 7Used in this fashion, the long
transmission line is called a delay line.

THE USER MAY OBSERVE THE ENTIRE WAVEFORM THAT
TRIGGERS THE HORIZONTAL SWEEP! This is one function
of vertical-amplifier delay lines.

A waveform will not travel from input jack to CRT

in zero time. Each lead is a transmission line with
a velocity factor and each amplifier requires time
to act. Circuits that generate, shape or switch add
the most delay.

See Fig. 4-1, Assume time zero occurs at the trigger
pickoff point. At Tp the vertical signal appears at
the CRT and a portion of the signal feeds the trigger
circuits. Switching, shaping, generation and
amplification take place before the horizontal sweep
begins. The first 80 nanoseconds of the waveform
cannot be observed unless the user selects a
horizontal sweep slow enough to display at least two
waveforms.
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Amplification takes time. Fig. 4-2 suggests an
improvement by cutting the time differential. But
the user still cannot observe the leading edge by
selecting a sweep speed which displays only one
waveform.

Inserting delay of the vertical signal between the
trigger pickoff point and the CRT solves the
problem. Fig. 4-3 shows vertical deflection
occurring 100 nanoseconds after horizontal sweep
start. A sweep speed may be selected that expands
the presentation to include only the leading edge
of the triggering waveform.

NOTE: 80-nanoseconds horizontal delay merely
illustrates delay and may or may not be
representative.

Delay lines appear most anywhere along the vertical
signal path, but the trigger pickoff must precede
the delay line.

Fig. 4~4 shows a line terminated at each end to
minimize reflections. Oscilloscopes are voltage
activated, so an advantage is sometimes gained by
terminating only one end for maximum power transfer
as in Fig. 4-5.

9 N T, 420

) 0
J1 INPUT
PREAMP DRIVER SBLPUT
AMP

HOR1Z
AMP

SHAP ING
AND
GENERAT ION

TRIGGER
PICKOFF

Fig. 4-2. Amplifiers impose less delay than
shaping and generating circuits.

e
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Fig. 4-3. Vertical signal delay allows
horizontal sweep to initiate prior
to vertical deflection.

Fig. 4-4. Terminated transmission line.

giiili

R=2
o

Fig. 4-5. Transmission line with single
termination.
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Fig. 4-6. An adjustable push-pull transmission
line with single termination.

Delay lines are driven push-pull and lumped-constant
transmission lines must have each section adjustable
to be effective (Fig. 4-6). Lumped-constant
transmission lines make delay lines of usable bulk
which have high impedances (1000-2000 Q). This
refers to the impedance across the line -- not from
one side to ground.

There are disadvantages:

1. The time and skill necessary to adjust each
section.

2. Lumped-parameter lines exhibit a bandpass
which drops abruptly at Fg.

Not much can be done to reduce the adjustment chore.
Optimum response requires precise proportioning of
L, C and R components in each section. Further,

the sections must match one another.

A lumped-parameter transmission line has a delay
determined by values of L and C used. Changing
either L or C changes line delay. For example:

In both the horizontal and vertical amplifier of
Fig. 4-7 a short lumped-parameter transmission line
couples the driver-amplifier signal to the output
amplifier. Capacitive components of both lines,
made variable, gang for opposing effects.

Maximizing Cy in the vertical, minimizes Cgy in the
horizontal. This gives a sort of teeter-totter time
relationship between horizontal and vertical systems,
allowing empirical phase adjustment. PHASING in
this case is a front-panel control.

The scope in Fig. 4-7 was designed for X-Y display.
Transient response is not considered of primary
importance and the line is short. This merely
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illustrates the relationship of L and C in a basic
lumped-parameter line.

The basic explanation of transmission-line
components follows the premise that these networks
simulate properly terminated smooth lines. This
states that Z, remains constant over the frequency
spectrum with no energy reflected. '"Gaussian"
response occurs only when velocity remains constant
with frequency. Failure to maintain phase shift
proportional to frequency ultimately distorts
transient response. Transient response also suffers
from any amplitude distortion as a function of
frequency.

Design of a lumped-parameter line represents the
effort to make each section appear resistive over a
broad frequency spectrum. The line-termination
impedance should always match the Z, of the lines.

Research in this area led to the development of

- 2
m-derived filters. ia_jgc_ establishes m where:
<]
we = 21F, = 1/,/LC
. = 21TFm

angular frequency of peak attenuation,

HORIZONTAL AMPLIFIER

DRIVER Co[Prastig

AP

VERTICAL AMPLIFIER

Fig. 4-7. X-Y phase adjustments.
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m-derived sections with m-derived
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Constructing lines from a chain or ladder of m-
derived sections, terminated by an m-derived half
section, virtually eliminates reflections as
frequency varies. The sections may be constructed

in either "T" or "n" configurationm.

Fig. 4-8 includes m~derived "T" models which
receive treatment in a number of texts. Fig. 4-8A
is the prototype model. The horizontal leg
represents total series impedance and the vertical
leg total shunt impedance. The counterpart appears
in Fig. 4-8B. This circuit can be realized with a
transformer having the proper amount of mutual
inductance between series elements. Fig. 4-8B also
contains the single-layer transformer which is the
prototype equivalent. If one were to remove one-half
of the series components and one-half of the shunt
components, he would have an m-derived half section
with exactly the characteristics of the original
Fig. 4-8C.

Fig. 4-8D shows a delay line consisting of a ladder
of m-derived sections terminated at either end by
m-derived half sections. From a frequency standpoint,
simple resistances, R, and R;, complete the
termination satisfactorily:

R? = (2

) (2 )

series m shunt m

From either end, the line appears to consist of

an infinite number of m-derived sections. This
fails as a close approximation for transient
response. Therefore, terminations include
reactances. These elements must then be carefully
adjusted for optimum observed step response.
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termination

bridged
T-coils

—

DELAY LINE
ZO = 12000

Fig. 4-9. Correcting for preshoot at the
termination.

When termination resistance (R,) equals line surge
impedance (Zp), the line is properly terminated.
Since Zy varies in a lumped-parameter line, Ry, must
change with Zp to properly terminate. Fig. 4-9
shows such a termination. At the lowest frequency
component of a step waveform, DC, the termination
functions as a pure resistance equal to Zp. AC
waveforms cause the termination to become reactive.
Ro drops by the shunt value C2 and C3. Calibrating
the reactances for optimum transient response
creates an Ry that varies with Zj.

L1, L2 and Cl represent m-derived half sections.
One finds the m-derived structure used for delay
lines, interstage coupling, and terminations. This
is because the configuration offers a solution to
the problem of delay variation with frequency.
Proper selection of m creates the characteristic of
constant group delay to quite high frequencies.

Bridged T-coils are an extension of m~derived
sections. Under optimum conditions, a T-coil

peaking network presents a constant resistance to

an infinite number of frequencies. It also delays
all frequencies linearly. A '"perfect' transmission
line presents a constant impedance to all frequencies.
A T-coil peaking network is, therefore, one section
of a lumped-parameter transmission line which
simulates the smooth transmission line.

These circuits appear most frequently as amplifier
output loads. This improves bandwidth over an
RC-loaded amplifier developing the same gain. The

represents RC-amplifier frequency

1
formula. ST RC
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response. If input current remains constant, then
output voltage varies with output impedance.

Output voltage decreases to a 3~-dB point when the
output impedance decreases 30%. T-coil peaking
extends the frequency at which the 3-dB point occurs.

With selected values a T-coil peaking circuit
improves bandwidth by a factor of 2.74. Normally,

- . With optimum T-coil peaking
2nRC
F = 2.74 L or 2.74
c : 2nRC 27RC °

T-coils, as components, make up only a portion of a
T-coil circuit. Selected values of capacitance and
resistance, added to a basic T-coil, complete the
circuit. See Fig. 4-10. Here a coil, wound for
the proper amount of mutual coupling is tapped
halfway down its inductive length. A number of
electronic texts describe this coil under the title
"m-Derived Filters." Adding load resistance and
capacitance makes the circuit more complete

(Fig. 4-11). Rl and Cl have a direct relationship
to the total inductance of L1. Normally, Rl and Cl
values are known before determination of L1 and

one other dependent variable, a bridging capacitor.
The bridging capacitance depends upon the value of
Cl and the coupling coefficient of L1.

Fig. 4-10. Inductor tapped at electrical
center.

L1

Fig. 4-11. Basic T-coil components.
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series
peaking

Fig. 4-12 shows a completed T-coil circuit. With
properly proportioned components, T-coil (L1), load
capacitance (Cl), load resistance (R1), and
bridging capacitor (C2), the circuit defines an
all-pass network. The impedance of the section
equals Rl at all frequencies (ideal components).

Useful bandwidth improvements between 2.6 and 2.8
result from application of T~coil techniques.
Employing series peaking adds to the bandwidth
improvement factor. See Fig. 4-13. Addition of
L2-C3 improves bandwidth to a factor between 2.9
and 3.1. The LCR values must again properly
proportion.

Circuit drive occurs at one of two points. Fig. 4-13
shows input drive at the junction of L2-C3 and output
voltage taken across Cl. Fig. 4-14 illustrates the
alternate method. Input drive at Cl-L1 develops
output voltage across C3.

—
<

R1

I

Fig. 4-12. T-coil circuit complete.

o

Fig. 4-13. T-coil with inductive peaking
output taken across Cl.
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R1

+
|
|

Fig. 4-14. T-coil with inductive peaking
output taken across C3.

Fig. 4-15. Spiral-wound delay-line coax.

One encounters each of the circuits represented in
Figs. 4-12, 4-13 and 4-14 in oscilloscope vertical
amplifiers. The key to identification is coil
configuration and resistance. Capacitances can be
either components or distributed circuit capacitance.
In any case, treat T-coll peaking as a transmission
line terminated in its characteristic impedance.

The transmission-line people didn't give up on coax
delay lines. A superior delay line is manufactured
using coaxial cable. The delay per foot has been
increased by a factor of about 40, and the risetime
characteristics improved. This cable is definitely
not off-the-shelf or common coax.

The photo in Fig. 4~15 illustrates the method of
spiral winding or braiding the two inner conductors
in opposite directions about a common core.
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Advantages include adjustment elimination, space
and weight saving. Consider the following
description: 1l40-nanosecond delay, 4.3-nanosecond
i risetime, 10-cubic-inch size and a fractional-pound
weight! This is the package of Fig. 4-16.
|

Risetime does deteriorate with line length. Compare
the approximate values listed below:

Delay Time Risetime
170 ns 5.6 ns
195 ns 6.5 ns

Characteristic impedance is low, 93 Q each side.

Oscilloscopes using vertical delay enable the
operator to observe the leading edge of the waveform
that triggers the horizontal sweep. Either a
lumped-parameter or a fixed-tuned delay line may be
used., If a fixed-tuned delay line is used it will
be made of special coax and have a lower impedance
than the lumped parameter.

!
l

Delay lines also function to establish phase
coherence between parallel signal paths.

Unfortunately, no vertical-amplifier transmission
line meets all requirements of impedance and phase.
Several of the unfamiliar vertical circuits are
attempts to optimize the balance between amplitude
and phase distortion for better transient response.

evaluating Applying a complex waveform of known dimension as
vertical an input signal and observing the waveform dimension
i systems at the output, evaluates a vertical system.

Fig. 4-17 illustrates the use of a step waveform for
vertical evaluation. Fig. 4-17A shows the
unobtainable perfect system. A 'perfect" step input
results in a ''perfect" step output.




Fig. 4-16. Coax delay-line package.

(A) ’
OELAY LINE

8
> pELAY Ling —/

(o3}
>—————— DELAY LINE

Fig. 4-17. Delay-line step response.
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dribble-up Fig. 4-17B represents a result known as '"dribble-~up.”
This is amplitude distortion. A "perfect' step
drives the circuit. The resultant waveform steps
a small amount then takes considerable time to
reach full peak amplitude. Skin-effect, a
transmission-line characteristic, causes high
frequencies to be attenuated more than low frequencies,
Rather than compensate at the termination for
dribble-up, most vertical systems restore waveshape
by following stage amplification. These amplifiers
boost high frequencies and attenuate the lows to
achieve overall system response.

Dribble~up is characteristic of coaxial and
balanced shielded transmission lines. Naturally,
the effect becomes more pronounced as line length
increases. Therefore, delay lines constructed
with either of these cable types impose dribble-up.

This does not apply to "special" coax, the inner
conductors of which consist of a braided pair.
Braiding introduces additional reactive components
to what would have been a balanced shielded cable,
increasing the delay per unit length. This
| "special" line imposes a velocity problem common
to lumped-parameter transmission lines called
preshoot "preshoot."

Fig. 4-17C presents this distortion. The name is
derived from the illusion that the output circuit
appears to anticipate energy arrival. Early

” arrival and algebraic summing of higher-frequency

5 components cause preshoot. Higher-frequency

‘ components of the 'perfect' step transit the line
! at a greater velocity than lower-frequency

| components.

The lumped-parameter line distorts because of sharp
cutoff frequency (Fc), a characteristic smooth

lines do not present. Networks constructed of L
and C component sections in a chain or ladder pass
frequencies below, but not above, Fo. P, sets the
point of abrupt change in phase velocity and Z,.
Variations of Z, start considerably below Fg.
Equations for Z, and velocity appropriate for smooth
lines also apply to lumped networks only at
frequencies far below F,.
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T-coil use as delay-line termination helps eliminate
preshoot. Fast-rise instruments which use the
"special" coax delay lines develop preshoot as well
as dribble-up. Amplifier boost or attenuation
circuits correct dribble-up. Preshoot, however,
results from unequal group delay which should be
corrected as early as possible. Fig. 4-18 shows
T-coil peaking applied to the line termination. Here
three cascaded T-coil sections present an all-pass
constant-resistance load. The 93-Q terminating
resistors are a part of the main vertical amplifier.
None of the "T'" networks attenuate an input signal.
However, each section has an upper-frequency point,
determined by part values, where signal delay occurs.
Selection of component values causes section three to
add delay to the lowest frequency component
responsible for preshoot. Higher-frequency
components encounter additional delay by sections two
and three. All three sections delay the highest
frequency components passed by the vertical delay
line.

Inductors L1 through L4 and capacitors Cl through
C6 correct for phase shift and cause the
terminating impedance to equal Zp at all frequencies.

Complex terminations are not difficult to identify
because of proximity to the delay line. When
analyzing a circuit consider these terminations as
merely extensions of the delay transmission line.
Resistors, equal in value to nominal Z,, usually

= "T" NETWORK “T" NETWORK MT NETWORK

SECTION SECTION 2 SECTION 3
w‘ii’r

DELAY
LINE

-~

5

VM

' VERTICAL
INPUT

! AMPLIFIER

s
3
.

[
|
|
|
I
|
|
|
|
|
|

Fig. 4-18. Bridged T-coil compensation of
the delay-line termination.
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return the reactive termination to signal ground.
Then Fig. 4~18 is a transmission line terminated in
its characteristic impedance of 186 Q (two 93-Q
resistors in the main vertical block).

Sometimes the resistive termination is not obvious.
If one wishes to resolve the nominal termination
impedance he still considers the DC resistance only.
Fig. 4~19 illustrates a main vertical input amplifier
driven, push-pull, by a preamplifier via the delay
line. The main vertical input amplifier consists of
an emitter follower with a complex input network for
delay-line compensation and vertical-gain adjustment.

Typical push-pull drive is 100 millivolts per
division. R1ll, common to push-pull current, functions
as a bypassed resistor. 5 { approximates output
impedance. R9-R10 are large compared to output
impedance, so gain approaches unity,

Quite complex circuitry exists at the bases. All of
the LCR network compensates and terminates the delay
line. Termination for the delay line should match
its characteristic impedance. Characteristic
impedance for this delay line from one center
conductor to the other is 186 Q or from each center
conductor to virtual ground, 93 Q.

@10,
390

Fig. 4-19. Main vertical input amplifier.
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R3
30.1

DELAY RI 178 200 R1

750
LINE 750 $ea RA

178 200

188

R2
301

(A) (B)

) (D)

Base circuit resistance of 4-19
equal to delay line Z,.

Fig. 4-20.

R7 and R8, ganged, allow adjustment of vertical gain
or deflection factor. Notice that these controls
are not in the DC-current path. Adjustment at
quiescence does not cause a vertical shift at the
CRT.

Rl through R8, less R6, terminate resistively. R6
is a series dropping resistor for the preceding
push-pull stage, thus the junction of R4-R5 becomes
a common mode or virtual ground point. Fig. 4-20
step~-by-step simplifies the resistive network. DC
resistance matches the transmission-line surge
impedance (Z,).

T-coils as interstage coupling networks should be
treated as short sections of transmission line,
terminated in Z,.
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Fig. 4~21 shows a series-peaked T-coil in the plate
of V30. T-coll components consist of R35, L30,
T31, L40 distributed and stray capacitance.
Adjusting L30 proportions T-coil components.

The plate load for V30 is 1 kQ. Assume the plate
load consists of a transmission line terminated by
a resistance (R35) equal to Z,. Assume further
that, with L30 properly set, Z, remains constant
and resistive over the circuit bandwidth.

One adjusts L30 for optimum step response as seen
on the CRT.

+225v +225v

SCREEN
DECOUPL ING R37

25.6k

+170v

ca
1ouf T

@
by

"

a—
n
[N
o
<
%

T0
AC/DC -——

SWITCH

Fig. 4-21. Combination T-coil plate load.
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T-coil drive occurs at one end of the coil as well
as at the center tap. The impedance, Z,, equals

the terminator resistance. See Fig. 4-22, V2
drives a plate load of 1.2 k@ (R2). Capacitances
involved are V2 plate capacitance, shunt capacitance
at the Driver input terminal, and L1 distributed
capacitance. One empirically adjusts L1 for

optimum LCR proportioning.

PHASE
INVERTER

[

O;—1 ATTENUATOR

-150v

Fig. 4-22. Alternate T-coil connection.
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Fig. 5-1. Amplifier symbol.
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SINGLE-ENDED AMPLIFIERS

If the signal amplitudes to be measured by an
oscilloscope user always fell in the range of volts
or tens of volts, the CRT might be driven by a
single follower. The signal source could even

drive the CRT plates directly. However, users
require an oscilloscope to monitor millivolt
amplitudes. Volts-per-division defines CRT
deflection factors. Thus, a requirement for voltage
gain exceeding unity for a vertical amplifier.

Vertical amplifier stages usually have a fixed
sensitivity spoken of in terms of deflection factor.
Proper selection of input attenuators maintains
drive within the signal~handling capabilities of
the amplifiers. Holding stage sensitivity constant
allows the design to meet and maintain bandwidth
requirements.

Stabilized to an optimum degree, an amplifier stage
operation becomes almost independent of active
device parameter changes. All circuits, in this
chapter, are longtailed. Longtalling stabilizes an
amplifier to a sufficient degree to consider the
stage virtually independent of active device
parameter changes. Following this line of
reasoning one step further, one can assume that
basic amplifier concepts parallel, without regard
to active device type. The basic circuit
components should bear the same relationship to

one another whether the active device be tube, FET
or transistor.

The three terminal triangle of Fig. 5-1 represents
an amplifier. Input voltage, applied between the
(=) and (+) input terminals, causes a voltage to
develop at the (+) output terminal. The ratio
output voltage (V,) to input voltage (V;) expresses
voltage gain (Ap). These amplifiers may develop
unity, less than unity or greater than unity gain.
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amplifier
attempts to
maintain
input null

Triangular symbols represent any number of complete
amplifier stages. Polarity symbols relate terminal
functions to those of a single stage:

Input (-) represents a base, gate or control
grid effect.

Input (+) functions as emitter, source or
cathode terminal.

Output (+) dencotes the collector, drain or
plate.

Connecting the terminals to known circuit points
identifies amplifier configuration. Grounding the
(+) input terminal, as in Fig. 5-2, identifies the
symbol as a common emitter, source or cathode
amplifier. V;, at the (-) input, causes signal
current flow in the (+) input lead. This same
current appears to flow in the (+) output lead.

Series current in the output and (4+) input leads
also occurs in common base, or gate, or grid,
amplifiers. Fig. 5-3 shows this configurationm,
Signal voltage, applied to the (+) input lead,
creates (+) input current which also flows in the
output.

Both configurations react to signal voltages in a
like manner. Input voltages develop across the
input terminals to create signal current flow.
Current quantity and net polarity, for a given

'
<| <
o

Ay = v,

T

Fig. 5-2. Common emitter, common source or
common cathode amplifier.

<

AV:

<'°<

i

Fig. 5-3. Common base, common gate or common
grid amplifier.
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amplifier, depends upon signal deviation from input
quiescence. These amplifiers react to input
voltages by attempting to maintain quiescent

voltage across the input terminals. The action is

a current change of the net polarity and quantity
necessary to maintain signal voltage nulls across
the input terminals. An absolute null never happens.
How closely an amplifier approaches an input signal
null depends upon passive device configuration and
active device capabilities. However, all amplifiers
attempt to maintain quiescent voltage across the
input terminals.

The common emitter model of Fig. 5-~4 reacts as
described to zero, positive and negative signal

(A}

®)

)

Fig. 5-4. Common emitter, common source or Common
cathode signal current flowing through
R, and R; in series.
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voltages. Fig. 5-4A is zero signal volts condition.
This model includes gain determinates, input
resistance (R;) and output resistance (R,). Zero
V; develops no signal current demand. Voltage
between input terminals represents quiescence.

A + V; appears at the negative input terminal in
Fig. 5-4B. Input signal current (Ig{g) now flows
through R;. To maintain the null across input
terminals Igj{g must drop Vi across Rj. Igig flows
into the (+) input terminal and out the (+) output
terminal. Because this current flows through output
resistance (Rp) and develops output signal voltage
(Vo), gain computations now become exercises in
Ohm's Law:

Substitute in the original gain formula:
Vo = Isig Ro,
Vi = Igig B¢

Substitute in the original gain formula:

v
A=_Q
4 v;

Toig Ro
A, = Leig Ro
V" Tgig K¢
A=.&
VRi

The model in Fig. 5-4C includes the ratio R, to R;
as an expression of voltage gain. This drawing also
shows V; as negative.

The resultant signal current flows through R,,
developing V,; into the (+) output terminal out of
the (+) input terminal, through R; to ground,
developing V; across R;.
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Compare Figs. 5-4A, B and C for key points:

1. No current flows in the (-) input lead,
indicating high input impedance or low signal
source loading.

2. V, develops out-of-phase with V;.

3. Signal current quantity depends upon V;
amplitude and R;. E = IR.

4., The ratio of output voltage to input voltage
expresses true voltage gain. The same figure
results from the ratio R, to R;.

5. The resistive ratio expresses voltage gain
only because the amplifier tends to maintain
a voltage null across input terminals.

This is a very simple analysis method once you
identify components or functions. Identification
problems include, ground, net signal current, R;
and R,. Keep in mind that this method answers the
how and why of functioning amplifiers. It does not
satisfy the needs of new circuit design!

When 1s ground common? Response takes the form of
another question: To what? There are three ground
definitions:

1. Actual ground, the common power supply return,
most often the chassis. Actual ground
functions as the common for all voltages, AC
or DC.

2. Apparent ground, any point in the circuit
which presents a low impedance to actual
ground, thereby shunting signals to actual
ground. Power supplies and filter capacitors
represent apparent ground. For example, well-
regulated collector, drain and plate supplies
are apparent ground to both DC and AC signals.
And filter or by-pass capacitors, returned to
actual ground, establish apparent ground
points for AC.
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virtual
ground

net signal
current

3. Virtual ground is much less obvious than
either actual or apparent ground. Virtual
ground appears more because of signal drive
than any other factor. A virtual ground
example appears in Fig. 5-5. Two voltage
sources generate equal-amplitude, opposite-phase
signals. The generators work into a common
load, R;. Since equal-amplitude opposite-
phase signals develop across Ry, zero volts
sets half-way along the resistive length of Rj.
The midpoint of R; remains zero volts, virtual
ground, as long as the voltage ratio remains
and phases oppose. Virtual ground would
develop somewhere along Rz even if the signals
were unequal amplitude, but opposite phase, as
long as the amplitude ratio remained fixed.

Fig. 5-6 illustrates unequal-amplitude opposite-
phase signals developing virtual ground. The
voltage across Ry always exceeds the output of
G2 by 3. Therefore virtual ground sets 1/4 of
the resistive length of R; above the negative
connection. The voltage ratio remains 1/4:

10 v . 1o _ 1
10V+30V 40

40 V _ .40 _ 1
40 V+ 120 v~ 160 4

30 V _ .30 _1
30 V+90V 120 4

5V e 2 _1
5V +15v 20 4

Virtual ground occurs most frequently in the
differential amplifier family, (push-pull, phase
inverters and comparators) and fed-back amplifiers.
Actual and apparent grounds appear in all amplifier
configurations. The standard ground symbol
represents any or all signal grounds in simplified
models.

Net signal current is an artificial term which
permits the simple amplifier model to work. For
instance, current in longtailed amplifiers never
drops to zero and never changes direction of flow.
However, a measurable change in current does occur.
The change in amplifier current is net signal
current quantity. The quantity of change determines
the apparent (net) direction of signal current flow.
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= -5.6V =

+20V

Fig. 5-7. Common emitter amplifier with
simplified model.



201

Fig. 5-7 compares actual to net current flow.

Fig. 5~7A 1s the quiescent state. The signal
generator applies 0 base volts. Since this is an
NPN transistor, and Ry returns to a negative voltage,
the transistor is on. The emitter sets one junction
below the base, 0.6 V for silicon. Therefore the
device draws 5 mA emitter current at quiescence.
Assume total emitter current flows as collector
current. Collector current then drops 10 volts
across Ry. V, sets, quiescently, at +10 V. The
adjacent amplifier model represents this quiescent
condition: O V;, 0 V, and no current flow through

R; and R,.

+2 volts V; appear at the base in Fig. 5-7B.
Emitter current increases to maintain 0.6 volts
between base and emitter. This increased current
flows through R; dropping 14 volts. V, decreases
4 volts, from +10 V to 6 V. The adjacent model
shows this as a net current of 2 mA flowing into
the (+) imput terminal. Signal current flows from
ground through R;, developing V; across R;. This
current then flows out of the amplifier, through R,
to ground. A negative V, results. -4 volts V,
resulted from +2 volts V;.

Fig. 5-7C shows amplifier reaction to a negative
input. -2 volts V; drops emitter voltage to -2.6 V.
This represents an emitter current demand of 3 mA to
maintain 0.6 base to emitter voltage. 3 mA
collector current allows V, to rise to +14 volts.
The model shows this as a signal current phase
reversal. Current flows out of the (+) input,
developing V; across R;. WNet current flows from
ground, through Ry, into the (+) output terminal.

+4 volts V, results from -2 volts V.

Model net current began at zero, became 2 mA
positive, then 2 mA negative. Emitter current began
at 5 mA, increased to 7 mA then decreased to 3 mA.
Both show a change of 4 mA,

The description of Fig. 5-7 applies to NPN common
emitter, 'n" channel common source, and common

cathode amplifiers. Changing the active device to
PNP or "p" channel doesn't change the concept but

does change direction of active device current.
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Fig. 5-8. Common emitter amplifier with
simplified model.
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Fig, 5-8 demonstrates differences and similarities.
Active device current flows from collector to
emitter, opposite to the direction of flow in the
NPN device. For this device current decreases
rather than increases with positive V; and negative
V; causes an increase rather than a decrease in
emitter current. However, the output voltage
change remains the same.

The net model current changes the same, no matter
the active device type.

Firmly implant the idea that net current direction
can be contrary to actual circuit possibilities.
Acceptance of this concept eases understanding of
complex circuits in chapters to come.

If one were to apply information thus far presented
to Fig., 5-7 and 5-8, he would deduct an implied
definition of R{ and Rp: That Rg and R; equal as
do Rz, and Ry. This is a close approximation only
when the active device is a transistor and Ry is
large. Recall, from the follower chapter, that
input voltages develop across Ry or Rg or Ry in
series with an internal component Ry, or Iggs OF Tk.
R; consists of Ry in series with Rz, or Rg in series
with rgg, or Ry in series with rg. R; then varies
somewhat with active device configuration.

Consider first the common emitter amplifier as shown
in Fig. 5-9. This is the classic basic circuit, an
active device and a single passive device. The
circuit equivalent shows input impedance as BRg.

BASIC CIRCUIT EQUIVALENT CIRCUIT EQUATIONS

Vcc RL Ro

GAIN = AV= "R CR.

BASE COLLECTOR t

——o
R, =
RL T BRt
eRt uIE 3, RL
EMITTER

Fig. 5-9. Common emitter.
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Input voltages across this impedance cause device
current flow, from emitter to collector. an
equivalent current generator represents emitter—to-
collector effect. Ry 1s total external collector
load.

Assume Ry, is R, and only external components
determine Ry,. Internal collector impedance (rc)
exists, shunting R;. But, it is quite high compared
to Ry. Due to a number of reasons, among them
thermal noise, RJ, seldom exceeds 20 kQ.

The large value of r, indicates that changes in
collector current, voltage or impedance negligibly
affect emitter conduction. Ry defines emitter

conductance and, in this case, R;. Ay is %%, which
is RL.
R

The follower chapter presented ''transresistance-
resistance” (Rt). It consists of dynamic emitter
resistance, r, summed with reflected resistance, Rjp.

_ 26 .
Ry = r, R,. -E;?EKT-establishes rg. Rp, here, is
base-spreading resistance, Ry divided by beta.

To identify useful values for R; one needs a more
complete circuit. The simplified model of Fig. 5-10
serves this purpose. %%l=-%9—expresses voltage

7 T
gain. Rp = R, = 2.5 k . However, Ry alone is not
R;{. R; consists of Rg + R¢. One need, therefore,
to solve for Rg:

Rt = rg, + Ry,
- 26 _ 26 _
Iy = T, (mA) 5.8 - 9.3 @

Ry must include base resistance (Rp), as well as
base spreading resistance (Rp).

- REtRp _ 1 k@  Rp _ Rb
Ry B 50 T30~ 208 +5g

Rg = Ty + R, = 9.30 + 200 + 2.7 = 32.00Q

Estimate a value for<%2-not to exceed 10 Q. The

value 2.7, chosen here, causes the Ry sum to be an
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Fig. 5-10. Common enitter amplifier with more
realistic component values.

even number, 32, 0.7 would work as well. Should

T, +-§B-be 30,—%b-would have been ignored -- assigned

a value of zero.

Rg = 32 Q

R; = Rg + Rg = 532 Q
A, = Ro _ 2.5 k@
VR;  .332 kR
A = 4.7

Minimizing R, allows Ry to represent R, for useful
gain approximations. Current driving the emitter
(longtailing) reduces Ry but, more significant
reductions occur when low impedance circuits develop
signals at the base.

Longtailing implies large Ry and/or Iy values.
Doubling I, of Fig. 5-10 reduces Ry from 32 Q to
about 26 Q. This would increase gain to 4.75.
Doubling Ry and Ry would increase gain more than
doubling If.
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R
Fig. 5-11. Larger values of RE allow <= to

approximate voltage gain.

Fig. 5-11 shows gain approaching 5 by increasing Rg
and Ry, by 4. Gain of over 4.9 does approximate 5
closely enough for most purposes. However, lower
Ry, and V,, values are preferred.

RB prevents emitter circuit changes from affecting
gain to a greater degree. Rp reflects 20 Q into

the emitter in all examples given. The model of

Fig. 5-12A has a lower R: than the original circuit,
even though emitter and collector circuits are
identical. Base impedance cannot exceed the follower
output impedance. Follower configuration then
determines the ohmic value of Rg.

Emitter follower coupling, Fig. 5-12B, presents
minimum base resistance. 10 Q represents a nominal
output impedance. In this case ignore Rp:

Rt = 1o + Rp

t

i
(Yol
W
D

5

R, == = 0.7 0

Rt = 1, + R, = 10 @

Ap==2 =22 X _ g
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Cathode followers (Fig. 5-12C) present higher

output impedance.
not appreciably raise Ay.

The CF equivalent shown would

It still approximates 5.

However, cathode follower output impedance
increases with tube aging and filament power must

be provided.

The source follower allows solid-state continuity
and reliability, but reduces Rp less than other

follower types.

EF

1000

CF

5000

SF

Fig. 5-12.

N

Follower base drive reduces R..

=-2.0V

(A)

§:N)

)

= === = 10Q
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thermal
current

thermal
drift

Frequently one sees a cathode or source follower

and an emitter follower cascaded to drive a common
emitter stage. This presents the high impedance of
a CF to input circuits and the low output impedance
of an EF to the base of the common emitter amplifier.

Low impedance base drive aids temperature stability
in a somewhat indirect manner. For a given ratio of
R;, to Ry, resistances can be kept low. Figs. 5-11
and 5-12 are comparative examples. Assume an EF
drives the circuit in Fig. 5-12. Transistors are
thermally unstable devices. A portion of the emitter
current always consists of temperature-induced
current. At room temperature, low power germanium
devices contain from one to several pA thermal
current. Silicon devices contain only fractional uA.
This current increases with temperature. Thermally
induced current, in germanium types, approximately
doubles for each 10°C increase. Silicon doubles,
approximately, for each 6°C increase. Thermal
current change represents an unwanted signal. Thermal
signals show up as a slow change approaching DC, and
carry the name thermal drift. Capacitive coupling
contains thermal drift within a given stage. This
isolates operating-point changes and gives protection
against self-destruction to the individual stage.

Oscilloscope circuits most frequently amplify DC,
making direct coupling necessary. In this case
thermal signals are amplified just as the wanted
signals. Thermal conduction of one stage affects
all following stages of direct-coupled amplifiers.
One method of improving thermal characteristics uses
heat sinks to maintain device temperatures at a low
level. Passive component selection can combat the
effects of thermal agitation.

The large value Rg and Ry in Fig. 5-11 degenerate
thermal signals but the relatively high voltage
across the transistor aggravates temperature effects.
Rp reflects so much resistance into the emitter
circuit that Ry, and Ry have to be large so that the
ratio Ry to R; will approximate 5. This creates an
advantage. Temperature increases raise emitter
current which, in turn, increases the drop across
Rg, reducing forward bias. A portion of emitter

current flows as base current, Ig = %E-. Base

current flows through Rp further reducing forward
bias. Reducing forward bilas, of course, reduces Ig.
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This feedback action tends to maintain Igp constant
over reasonable temperature ranges.

Raising the resistance of Ry would increase
temperature stability, since smaller Iy changes
would affect larger bias changes. However, there
are disadvantages. To maintain voltage gain, R
must increase proporticnally. Increasing Ry and Ry
demands higher supply voltages. This tends to
nullify one semiconductor design advantage. Further,
the transistor must dissipate more power as the
voltage across the device increases:

P = EI = 33(27 x 10”3) = 89 milliwatts.

Finally, the large R; develops given output voltages
during small (thermal) current changes:

If AL, = 1 pA
then

AV, =1 uAR;=1x10° x 1 x 10% = 10 mV.
Developing the comparison backwards, the amplifier
of Fig. 5-12 develops but 2.5 mV for each uA of
thermal emitter current change. Quiescent power
dissipation (EI) is also less because of the voltage
across the device: P = EI = 8(2.8 x 1073) = 22 mW,
vice 70 mW. These are the major thermal advantages
of the amplifier of Fig. 5~12. Adding these to the
lower voltage supply requirements causes the circuit
of Fig. 5-12 to be preferred.

Determining transistor amplifier gain is fairly
simple: Let Ay =-§§-. R; can approximate Ry and
Rp can approximate Ri' Solving for Rt tests the
validity ofl&l=~§§—. To approximate Ry one assumes

R;
two constants for all transistor types: B = 50 and
- 26 _ . .
r, = T, (ud)" He also assigns a rather arbitrary
Rp : Ry
value to 5 between 0 and 10 Q. Finally he adds Nk

Rt = rp + R,. If Ry + R; changes Rp only slightly,
ignore Ry! Assume R; = Rg.

Assume Ry = R, when Ry is less than 20 k. This

will seldom be exceeded due to power supply and
thermal considerations.
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Common source amplifiers require some knowledge of
one device characteristic, transconductance (gm).
Fig. 5-13 shows the basic and equivalent circuits.
Input voltage, applied to the gate, causes current
flow through external source resistance (Rg), the
channel (rsd)’ and external load resistance (Rp) in
series. FET drain resistance (rgzg) is high,
comparable to r,, thus Rj consists of external
components only. Rp = Rp.

%% defines voltage gain here also. R; appears in

the source as the sum of Rg and rgg.

Knowing gm solves rgg. Trgd = E%?' If gm is

unknown, assign gm value of 2000 umhos -- an L)
of 0.5 kQ.
A
A =_0
14 Vi
Vo = LgigRy,
Vi = Igig (R + rds)
therefore
Ar, = IsigRL - Ry
4 Isig (Rg + rqs) Rg + 144
= RL
= Rg + r4s

Pentode common cathode amplifiers have some
characteristics of the semiconductors. See Fig. 5-14.
V;, applied to the control grid causes plate current
flow (Ip) through the cathode component and Ry in
series. Because of high plate impedance (r,)

external components make up R; which approximates R,.

R; 1s more complex. R; consists of both external
cathode resistance (Ry) and dynamic cathode
resistance, ry. Inverting transconductance (gm)
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solves rgx. Transconductance states the quantity of
plate current change caused by a given control grid
voltage change, with all other factors held
constant. The plate current (I,) change indicates
gm, or rk, is a plate component which we place in
the cathode. Ry, on the other hand, affects both
screen grid and plate circuit parameters. Plate
effieiency (n) modifies Ry so it can be considered
in series with the other plate components.

DRAIN

G (//i:::D GATI

vooRgtrgg

BASIC CIRCUIT EQUIVALENT CIRCUIT

Fig. 5-13. Common source.

CONTROL
GRID _

BASIC CIRCU{T

EQUIVALENT CIRCUIT

Fig. 5-14. Common cathode (Pentode).
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|t

GRID NO.1 VOLTS

Fig. 5-15. Average characteristics of 12BY7-A.

Both screen grid current (Igg) and plate current (I,)
flow through Ry. n is the percentage of cathode
current (I;) that flows as I,,. Called plate
efficiency, n relates to the alpha of a transistor.
Characteristic curves for a given pentode give the
necessary information to determine n. First
determine quiescent operating voltages, then apply
them to the curves. The curves give Iyo and Ip. Iy

I
is the sum of Igo and Ip: —.TE%.

Assume 80% for n. The tube curves reveal that most
pentodes yleld an n between 70 and 95%. 80% is a
good estimate for most circuit analysis. 80% n
states that Ry, to the plate circult, appears 25%
larger than its component value. For example,
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assume Ry, = 5 k@, n = 80%Z, gm = 10 m mhos, and

R = 2 k@. 1If, under these conditioms, I changes,
80% of the change flows as Ip and 20% at Ig2-
Assume I changes 5 mA:

I, =nlx= (0.8) 5 x 1073 = 4 ma
Igg=(1=-n) Ix = (0.2) 5x 107% = 1 mA

I drops 10 volts across Ry:
Vg = Ip Re =5x10"%3 x2x 103 =10V,
Considered in just the plate dimension, 10 volts

across Ry changes I 4 mA; therefore Ry must have a
resistance of 2.5 k.

E 10
R *T%x10°3 - 2.5 k@
Ry = mp +oK = TrrygeT + 25 x 103 = 2.6 ko
_ _ 5x10%
A "R~ 2.6x103 17

Fig. 5-15 shows a n of about 80% over a wide range
I I

of tube current: n = =
it

55

At -1.2 ng, Ip = 55 mA and Ig2 = 11 mA; n =€E = 837.
At -4.8 ng, Ip = 10 mA and Ig2 - 2.5 ma;
=....l_.0__.z807
12.5 o
Begides constant plate efficiency, Fig. 5-15 points
to the important relationship of gm and 1,. The gm
curve almost parallels Ip. If one varies he

varies gm., It follows that holding I, (thus gm)
constant stabilizes gain. Longtailing allows only
small changes in Ip (gm).
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longtailing

Fig. 5-16 is an example of longtailing. I; depends
upon grid voltage, R%; and cathode return voltage.
In this case Rg drops 150 volts establishing 4.6 mA
Iz. This longtail holds gm fairly ¢onstant during
signal processing. For example, 10 volts grid
change creates 6.5% I, change. Fig. 5-16 is the
first step in developing a X10 amplifier with 10 mv
input deflection factor. 10 divisions thus change
tube current less than 17.

Tube gm decreases with age. Longtailing minimizes
the gm change, extending the useful life of the
device. Longtailing also causes active devices of
the same type to operate with similar parameters.

Negative feedback or degeneration lmposed by
longtailing stabilizes the amplifier at the expense
of gain. Ry to R; expresses voltage gain. R, must
exceed 400 kQ for the circuit in Fig. 5-16 to
develop Ay = 10. To prove this, and "build" a X10
vertical amplifier, consider circuit configuration
then assume parameter values:

1. The amplifier will ultimately develop a gain
of 10 with an input deflection factor of
10 mv/div, AC only.

2. Ry, is R,.

3. Plate voltage sets the operating polnt for
the following direct-coupled amplifier.
Relatively low plate voltage affects
amplification (gm) far less than screen
voltage.

4, Grounding the suppressor isolates plate
circuit capacitance from other tube elements.

5. Screen grid voltage establishes basic gm.
Returning the screen to a fixed voltage
improves gm stability and reduces input
capacitance.

6. Assume some rule-of-thumb values:
r = 200 @, n = 80% and Ay = 10.
Under these conditions, what resistance
should R; be?

Be _ 33 ka
rk + K = 200 + 25— = 41 ke

]

R;

R, = 10 Ry = 410 kO
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-150v

Fig. 5-16. Longtail stabilization.

410 k2 is too large for at least two reasons:
Unreasonable voltage supply required and risetime
slow down. Also, the tube Ip must be considered
for Ry to be this large. If rp = 1.5 MQ

_p Rp _ (1.5 x 10%) 410 x 103 _
then Ry = L2 (1.5-0.41) 10° 350 ko

It

Since Ip = 3.7 mA and V? +25 V then,

IR+ 25= (3.7 x 1073) (0.55 x 10%) + 25
2060 volts.

B+

Output risetime must also be considered: t, = 2.2 RC,
assume output capacitance = 20 pF.

2.2 R;C, = 2.2 (0.410 x 10%) (20 x 10712)
18 us.

ty

Bon
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-150V

Fig. 5-17. Bypassing R7< reduces "'fast'" signal Ri'

Fig. 5-18. Sag develops as Ck assumes a charge.

Both B+ and t, are unacceptable. Reducing R; also
reduces the required R, value. Fig. 5-17 shows one
solution, Cy bypasses Ri. Cathode current,

resulting from control grid fluctuations, flows

from Cg, through the tube and R;. Ci offers little
opposition to even slow Iy changes. Therefore,

rk = R; and R;, = Rp. 1If rg = 200 Q, then Ry = 2.5 k@
This represents considerable improvement.

Diode D1 protects Cy. A 275-uF capacitor is large
electrically. To keep the physical size reasonable
the device has a low breakdown voltage. This is

acceptable during operation because cathode voltage
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changes little. However, during warm-up or tube
removal Cx charges toward -150 volts through Ry.

D1 clamps when the charge exceeds -0.6 V preventing
destruction of Cy.

Capacitor bypassing improves risetime at the expense
of a "flat-top." This long term response, sag,
restricts the pulse width that an amplifier
faithfully reproduces. In an individual stage, the
cathode, emitter or source affects the initial sag
slope more than any other circuit. Further, the
initial sag slope of each amplifier stage adds
directly giving an accurate prediction of total
amplifier sag.

Negative sag results when net current reduces due

to the charging of the bypass capacitor. Refer to
Fig. 5-18. The amplifier draws sufficient current,
through R;, to maintain a voltage null between input
terminals. Resultant current flowing through R,
sets output voltage (V,). This describes what
happens during transit of the input step. Gain
times V; develops as V.

Cy, during step transit, is an apparent ground.
However, Cj immediately charges toward V; at an
initial rate set by time constant, R;Cy. As Cp
assumes the new charge, voltage across R; decreases,
reducing net signal current, which in turn results
in output voltage reduction -- sag. The output
waveform decays, even though the input waveform
remains at the new level. Rate of initial output
decay follows the charge rate of Ci. Call this the
initial sag-slope, which establishes ultimate sag.

Output decay becomes slower after the initial slope.
More of the net current begins to flow through Ry.
Larger percentages of net current flows through Ry
as Cy charges. Eventually, C; reaches full charge
and total current flows through R; and R; in

series.

Ro

Ro - Vs
Gain is now ——— -, therefore V, = V; R+ Rg

R; + Rg

Interstage RC coupling and, in the case of pentodes,
screen grid decoupling contributes to output sag.
Initial sag-slope of each contributor adds directly
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pentode
sag

to determine output sag. Only Cy and R; determine
the initial slope contributed by the cathode:

100%
R, Cx

This states that an output pulse of any width,
immediately after reaching maximum amplitude, decays
100

R; Ck
however, describe the entire long-term pulse shape.
Ry determines whether the pulse has only a small
spike at the leading edge; or appears to develop
with considerable droop; or even continues to decay,
ramp-like, at the initial slope rate.

Cathode slope = = % sag/second.

at a rate of % per second. It does not,

Fig. 5-19 shows three possibilities:

1. Ry 0. There is no sag.

2. Rx = R;. The output decays from maximum at
the initial slope rate, then more slowly to
50%. This is because R; varies with time.
Initially, Ry = 0, since Ci shunts Rj. As Cj
charges, R; increases exponentially until
total cathode current flows through Ry. Now,

- Ro
A T
If Ry = Ry, V, decays to 50% of maximum.
Increasing Ry increases the percentage of
decay.

3. The initial sag slope represents total decay
when Ry is an open circuit.

Interstage coupling circuits also contribute additive
sag:

Coupling circuit slope = ;goéc = 7 sag/second.
Total % sag/second = cathode slope + coupling

slope.

% sag/second formulas apply to triodes, transistors
and FET's. Substitute, with semiconductors, r; or
r4s for ry. External component symbols also change
but circuit placement makes substitution obvious.

The screen grid complicates pentode sag
approximations for two reasons:
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Fig. 5-19. Ck and Ri independently cause the

initial sag slope, while the overall
sag effect depends upon RK'

1. Screen decoupling adds to the sag rate:

Screen slope = 1002 _ 4 sag/second

rg2 Cg2

where g2 =-%¥g§.and Cy2 = screen decoupling

capacitance.

Therefore total initial % sag/second =
cathode slope rate + coupling RC slope rate
+ screen decoupling slope rate.

2. Eta (n) states that a percentage of cathode
signal current flows a screen current. Thus,
even when no screen decoupling circuits appear,
screen signal current still contributes to the
charge rate of the bypass capacitor.

Fig. 5-17 includes no screen grid decoupling or
interstage coupling circuits. Compute the initial
cathode sag-slope twice. First ignore screen
current using 200 ohms as an approximation of rp;
then recompute after reducing rj by 50 ohms to
account for screen signal current:

100%
200 x 275 x 10-6

100%
5.5 x 102

1,820% per second, or,

1.8% per millisecond.

1.
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adjustment

5 100% =
: 150 x 275 x 10°°
100% -
4.25 x 1072

2,4007% per second, or,
2.497 per millisecond.

This is far too much sag for the amplifier being
"built." Increasing the R; C; time reduces the
initial sag-slope. Adding an adjustable resistor
in series with Cj increases R; Cp time and gives
gain calibration capability.

A gain adjustment completes the cathode circuit as
shown in Fig. 5-20. R3 added to ry sets R;
However, to estimate the effect of R3 it must be
put in the plate dimension: %$1= %9%-. R3 has a

maximum effective value of 600 ohms. If rzy = 200
and R; = rz + %?1 , adjusting R3 varies R; between
200 and 800. This is well within reason: R4 = Rj.
Ay =-§% ; 10 = é%g— . Incidentally, midrange

settings apply to most Tektronix circuitry, giving
a check on the accuracy of a gm (ry) estimate.

R3 affects the % sag/second. The true value of R3
must be added to ry, modified for screen current,
in the formula:

100% 1007

Cl (R3 + ry - 50) 0.127
780%/second = 0.8%/ms.

Cathode Slope

The cathode slope alone determines the sag. This is
because the plate couples directly to the follower
and there is no screen decoupling. The amount of
sag introduced by Cl and Rl is yet unsatisfactory.
Fortunately plate decoupling combats sag. As
originally used, plate decoupling circuits reduced
interstage coupling via the common voltage supply.
The purpose of the "decoupling circuit" of Fig. 5-21
is to overcome sag. Basically, R5 and C2 increase
R, with R;, keeping voltage gain constant for a
greater time.

Let R4 = Ry, RS = Ry, and C2 = Cg-
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1 1 1
Initial decoupling slope = (RLCd + RdCd) - RiCq

_1
RrCq

. . _ 100%
% positive sag/second ol vy

_ 100%
T (6 x 10°) (6.25 x 1076)

= 2.6%/ms sag.

.

INPUT
ATTENUATOR

i

AMPLIFIER
CF

Fig. 5-20. Cathode gain adjustment.
+100V
A

RS
16k

.—[ I

2
6.25F ] $R4

PHASE
INVERTER

-150V

-0.2v

Fig. 5-21. Slope compensation.
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plate
decoupling
overcomes

cathode sag

Plate decoupling seemingly overcompensates for
cathode sag. This is true as the cathode imposes
0.8%/ms negative sag. However, the coupling circuit
at the follower output contributes negative sag
which adds to the negative sag of V1. One adjusts
R8 to set the initial slope of the coupling circuit.
When coupling circuit slope, added to V1 cathode
slope, equals decoupling slope, the phase inverter
input is sag compensated: Let R7 + R8 = R,, and

C3 = Cp.

Coupling circuit slope =.%9%Z_= %/second sag.
ebe
Coupling slope = ?§7—%9%%7~E§
Max coupling slope (470 x 1o3§02%0.1 x 10-%
= 2%/ms
100%

Min coupling slope = (2.47 x 106) x 0.1 x 10-°

R

0.4%/ms

These calculations show that some setting of R8 will
give a negative coupling circuit slope, which added
to the cathode slope equals the positive decoupling
circuit slope. This does not take into account part
tolerances, V1 gm variation, or following stage sag.
R8 has sufficient range to account for these
variables; and, fortunately, one sets R8 empirically.

One adjusts R8 while observing a train of squarewaves
for minimum sag slope. The squarewaves must have
known qualities such as flat tops, about

20 milliseconds wide.

Flat top deterioration, or sag, and the compensation
techniques generally apply to any active device.

The relationships between transconductance, resistance
and capacitance remain whether the device be pentode,
triode or semiconductor.
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Flat top reproduction is important but sc¢ is minimum
risetime. Passive components at the output establish
the minimum possible risetime. R4, and ocutput
capacitance (C,) set this restriction in Fig. 5-21.
R4 is obvious. C, consists of several shunt

capacitances lumped together. V1 interelement
capacitance at the plate and follower input
capacitance, adds to stray and distributed
capacitance. Part selection, part placement and
assembly techniques combine to produce Cy. Rule-of-
thumb C, values, for tubes, vary between 8 pF and
more than 20 pF. These are very general values

listed only to give the reader a feel for output
capacitance values. Using these values one can
approximate the range of plate risetime possibilities:

ty = 2.2 R4C,.
1f C, = 8 pF, t,, 105 nanoseconds.
When C, = 20 pF, t, = 265 nanoseconds.

The output waveform rises no faster than the charge
time of C,. However, the charge rate also depends
upon the quantity of charging current available.

V1l gm establishes maximum current delivered to C,
for a given control grid voltage. Risetime then
depends upon two factors, active device parameters
and output RC. To account for this a tube "figure-
of-merit" defines the initial output slope.

figure of The gain-risetime ratio becomes the '"figure~of-merit"
merit for RC amplifiers:
Gain _ Ay _ 1
Risetime t,, 2.2R;Cp
When A =R
v R;
and t, = 2.2 RpCp
Rk 1, R
. = + K — K
and R; Ty o or i -
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oV,
v. 100 = — = — — — — —
1

1
R4 = R INITIAL SLOPE = =~
o R.C
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0
t 3
R
[=2°)

Fig. 5-22. Equivalent output circuit. RL<< Ib’

+100V
RS
16k
cz L1 +
6.25uF I 82-140uH
= R4 V2
6k
T T ===
! i
[
da 2l
V1 e B
m= 0.6
‘ ] 0.414
oV,
100$— ——— — — —
V. R4
_Rl_ CO 0.25
7 0
L1
INITIAL SLOPE = rlog% = % RISE/SECOND
m = L 10
— 0
R2C "
—_—
R,C

L

Fig. 5-23. Shunt peaking.
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Fig. 5-22 is the equivalent V1 circuit. The current
generator delivers charging current to Co as a
result of an ideal input voltage step. Output
voltage rises, initially, at a rate determined by
the current generator and Cp. Initially current
flows entirely in C,, then as output voltage rises,
Ry, shunts more and more current, developing an RC
response curve.

So far, the only risetime improvements one can imply
is to reduce Ri’ RO, Co and increase gm. However,
R; and R, have been justified in this circuit, and
there are practical limits to C, and gm. Overall
circuit performance and part availability dictate
compromises. These compromises sometimes justify
added circuit complexity to improve risetime.

Fig. 5-23 shows L1 added to the plate circuit as a
risetime improvement called shunt peaking. L1
substantially improves risetime compared to the
basic RC.

There are two things L1 does not do:
1. L1 does not change amplifier gain.
- R
AV_T?:_, andR0=R4.

2. Ll does not affect the figure of merit.
Ay _ L

t, 2.2 R;Cy'
and the gain desired sets total R;.

The tube fixes both gm and C,

Basic capacitor and inductor characteristics explain
why shunt peaking works. Applying a voltage causes
maximum current flow in C, and minimuwm current flow
in the inductor. Further, to charge C, as rapidly
as possible total generator current should flow
through C,. With or without L1 initial current
flows entirely in C,, but as V, rises it creates a
current demand through R4. Ll opposes any current
change in this branch, maintaining capacitive
charge current. Making L1 large enough slows the
shunting of R4 so much that C, voltage overshoots
the final V,.

L1l is shown as adjustable. One adjusts L1 for
fastest rise without overshoot. The graph and
equivalent circuit show the effects of L1 once
factor m is identified. Factor m travels under
other names such as: Q, the circuit Q when




Input X10 amplifier complete.

Fig. 5-24.
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Xr = R; or Q, the circuit Q at resonance when
1

2n LC °

time domain, use: m =

Fp = Since this discussion leans toward

R2C °

The graph shows that the initial slope cannot
exceed the original, with or without L1. When

Ll = 0 the curve follows the RC response as shown
earlier. Adding L increases factor m, causing
overshoot at m values over 0.25.

L1l can be adjusted to give an m of 0.25. Use values
already given: R; = 600 2, R, = R4 = 6 kQ and
assume C, = 12 pF.

m = L1/R,%C,

Setting L1 to min:

n 82 x 10~6

(6 x 103)2 x (12 x 10-12)
o = 82 x 1076

4.32 x 10~
m= 0.2

Setting L1 to max:

__140 x 10-°
"7 4.32 x 1070

m= 0.3
Keep in mind these figures result from an

approximation of C,. If C, were less m would
increase. For example:

If C = 10, L1 varies m from 0.24 to 0.4.
If ¢ = 12, L1 varies m from 0.2 to 0.3.
If C = 14, L1 varies m from 0.17 to 0.28.

Any of these capacitive values allow an m value of
0.25, resulting in fastest rise without overshoot.

The amplifier is almost "built." See Fig. 5-24.
This vertical amplifier utilizes the X10 amplifier
described.
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The basic deflection factor of the phase inverter

is 100 mV/div. This becomes apparent by mentally
placing the VOLTS/DIV selector to 0.1: The (-)

phase inverter input connects in a short circuit,

via the switching program to the input connector.
Higher VOLTS/DIV selections switch in some
attenuation. The (+) terminal connects to signal
ground for any selection between 50 and 0.1 VOLTS/DIV.

Selecting input deflection factors of 0.05, 0.02 or
0.01 volts/div signal grounds the (-) input terminal
and connects the (+) terminal to the preamplifier
output. Input signals now drive the grid of V1.
Selecting 10 mV AC couples signal voltages to the
grid of V1 without attenuation. A of 10 satisfies
the phase inverter deflection factor of 100 mV/div.
V1 correctly inverts the input signal since input
(+) rather than input (-) now receives signal drive.

V1l control grid circuilt includes an adjustable C.
This allows one to compensate the input voltage
divider of V1 to that of the phase inverter (-)
input.

V1 cathode, suppressor and plate circults are as
explained. V2 was but an amplifier triangle. R6

and quiescent control grid voltage longtail V2.

Plate current flows through a decoupling network
(R10, R11l and C4) shared by V1 screen current.

This arrangement prevents voltage changes at V2 plate
or V1 screen. Signals at the screen of V1 appear
inverted at the plate of V2 thereby canceling.

Cathode follower V2 improves circuit risetime by
isolating V1 plate components from the coupling
circuit consisting of C3, R7 and R8. Serles peaking,
R9 and L2, appears for the first time.

Serles peaking maintains capacitive charge current

to improve risetime. Circuits using shunt peaking
realize greater risetime improvement than with series
peaking. However, serles peaking is used here as a
simple method of improving risetime without affecting
the sag or low frequency adjustment. Phase inverter
input capacitance is that of concern, the greatest
portion of which consists of switch capacitance.
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V2 output capacitance (C,), L2 and phase inverter
input capacitance (C;), make up the series peaking
reactive components. Upon application of a voltage
step, L2 opposes any current flow through C;. Total
C; current must flow through R9. After the first
instant current flows through L2, increasing through
L2 and R9, at an L/R rate until L2 totally shunts R9.
L2, now drawing total current, still opposes any
current change, This current is charging current
for the phase inverter input capacitance.

Serles peaking circuits have an "m factor'" similar
to shunt peaking:

= Cp + C; and
= R9.

I o I )
1]
=
[+

For a comparison of shunt and series peaking refer
to Fig. 5-25. Notice that shunt peaking imposes no
step delay, while series peaking imposes a delay.
Both represent risetime improvement with shunt
peaking providing the least risetime.

SHUNT PEAKING

SERIES PEAKIN
0.5 6

0 PEAKING

t

RC

Fig. 5-25. Shunt and series peaking compared.
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Fig. 5-26. Input stage of the X10 amplifier.
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Using the information given consider the amplifier
of Fig. 5-26. V20 appears in a preamplifier with a
basic deflection factor of 50 mV/div. The AC-DC
switch on the front panel has a third position
labeled X10 AC. Selecting this position multiplies
sensitivity ~- divides deflection factors -- by 10.
Switching the three stage X10 amplifier into the
circuit decreases the input deflection factor to

5 mV/div.

The X10 amplifier must provide gain, degrading
risetime as little as possible. Selecting DC, this
preamplifier risetime, at the phase inverter output,
is about 6 ns. X10 amplification increases risetime
by only 2 or 3 ns. To accomplish this the X10
amplifier uses three low-gain, compensated stages.

The first risetime improvement circuit appears in
the grid of V20. L10, placed between switch
capacitance and V20 input capacitance, series peaks.
L10 has no effect upon the control grid DC level,
about +1.5 V.

The control grid voltage causes slightly more than
150 volts drop across R11l, longtailing V20. C10,
protected by D1, bypasses R1l.

Bypassing R11 gives the required gain determinate
at the expense of sag. V20 introduces sag at both
cathode and screen grid:

. _100% .

Initial k slope —-EE—EEB = gsag %/sec
. __100% \

Initial g slope = ;EE_EIE = sag %/sec

These slope contributions add, establishing the

plate compensation necessary. Cll, R12, R13 and

R14, the plate decoupling network, compensates for
100%

R12 il = Sa8 %/sec.

sag: Initial (+) slope =

Adjusting R14 negligibly affects sag. This is
because the sum of R13 and Rl4 considerably exceeds
R12 resistance at any setting of Rl4., R14 sets V20
plate voltage which in turn controls gm of the
following direct coupled amplifier.

The sag compensation formula ignored L11, listing
R12 as Ry. This is also true for gain calculation.
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For now, consider the T-coil (L11l) as a short
section of transmission line, terminated by R12.
Therefore, since Z, = R12, R12 = R,.

Use resistance ratio, R, to R;, as gain, assuming
ry = 200:

ay-Ro o Re_ 650 4 o

R; T} 200

One can ignore T-coil peaking while computing basic
gain. L1l with assoclated components affects output
risetime only.

One can assume that designing V20 to work into a
low resistance plate load represents a gain
sacrifice to improve risetime. If Ry, = R12 = 650 Q,
and C, = total output circuit capacitance = 12 pF
then,

tp = 2.2 R12 Cp = 2.2 (6.5 x 10%) x 1.2 x 10711
16 ns.

Recall that gm and C, control the initial output
slope:

Initial slope = Since R; = ry, then

1
R C,

. __100% _ 100% ~ 407
initial slope --;Z—zr—— (200) 12 x 10-12 40%/ns.

Reducing C, improves both characteristics. This 1is
one effect of L11.

L1l removes V30 (X3 amp) input capacitance (C;)

from the total output capacitance (Cy,) at the plate
of V20. Unfortunately, the detailed effects of L11
are far more complex, too complex for this book.

The reader must settle for a generalized description.

Fig. 5-27 shows V20 as a current generator
restricted to a quantity by R;. Generator current
develops V, across the complex LCR network, which
presents an impedance equal to R12. L11 and R12
represent themselves while C, is plate capacitance,
C; following stage input capacitance, and Cj, the
lumped capacitance of L1l. These component values
bear important relationships to the network.
Properly proportioned, the LCR components appear
purely resistive, equal to R12. A pure resistance
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T-coil imposes no phase shift or impedance change. The
T-coil should therefore reproduce a perfect step.
Part tolerances and unpredictable stray reactances
reduce T-coll effectiveness. One empirically
adjusts L1l for optimum LCR proportions by tweaking
for fastest displayed risetime within overshoot
limits of 1 or 2%.

L1]l improves risetime, over R12 C,, by at least 2:

ty' =-EL%J§L. Adding a series peaking coil, as in
Fig. 5-28 improves risetime by about 3:
(11 o 2:2 RC
r 3
‘
L1
Yl i
N c v _
Ri ]:0 . 4 RTZ-ZO
Ii

Fig. 5-27. Equivalent circuit of 5-26.

v
R C o R12 =2
s I o o
C.
1

Fig. 5-28. Series peaking reduces basic T-coil
risetime slightly.
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Fig. 5-29. Alternate T-coil drive.

V20 drives one end of L1l with output voltage taken
across capacitance at the centertap. The active
device drives the center tap in some configurationms.
Fig. 5-29 illustrates center-tap drive. The circuit
reacts the same in either configuration. Generally
speaking, the larger capacitance should connect to

the center tap. V20 output capacitance is

apparently less than following stage input capacitance.
This 1s not a rule, proved by the second amplifier
stage. (Fig. 5-30).

Drive at the centertap of L30 is not because of high
V30 output capacitance, but the need for series
peaking at the CF input. The T-coil circuit consists
of R35, L30, V30 output capacitance and stray
capacitance shunting the coupling network.
Capacitance from the body of C33 to chassis ground
makes up a large portion of output capacitance.

L30 isolates this capacitance from the plate of V30.
L40 prevents this stray from shunting CF grid
capacitance directly. L30 and L40 improve plate
circuit risetime characteristics as a combination
T-coil series-peaking network.
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Fig. 5-30. X10 amplifier second stage.
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T31 reduces the quantity of signal loss due to stray
capacitance (Cg) associated with C33. T31 is a pair
of wires wound, one or two turns, about C33. Signal
current flows through Cg, the quantity of which
depends upon input signal 'speed." Faster signals
demand greater Cg current. This current, however,
must flow through the primary of T31 which
transformer-couples signal power to the CF input.
Increasing Cg current only increases the power
coupled by T31l. T31 adds to the inductance of L40
for series peaking considerations.

R35 represents plate load value. Treat L30, T31,
and L40 as a short section of transmission line
properly terminated by R35. R35 is also R, to
slow-changing signals, which develop at the CF grid
via coupling network, C33, R40, R41 and Req'

Reg 1is the equivalent resistance of the CF bias
adjustment. Adjusting bias changes the return
voltage by several millivolts maintaining Req at
3.3 kQ.

One adjusts R41 for minimum sag. V20 and V30 plate
decoupling overcompensate for V20 and V30 sag
contributions, thereby presenting a range of
adjustment to R4l., The formula,-ﬁlggé-expresses

c ‘e
the percent of sag slope introduced by the coupling
RC, when R, = R40 + R41 + Rgq and Cp = C33.

To compute gain as the resistive ratio,—Bg , one

must first identify R, and R;. R, = R35 = 1 kQ.

R; identification remains. Factors that affect V30
R; are: V30 quiescent grid voltage and X10
amplifier gain adjustment.

V20 plate circuit includes a means of setting plate
voltage. V20 plate voltage is also V30 control grid
voltage. Only V30 reacts to the adjustments thus
the name, V30 1k adjustment. Quiescently setting
V30 grid voltage fixes V30 gm.

V30 grid voltage establishes gm quite predictably
for two reasons:

1. Eta (n), for a given pentode type, varies
little. Assume an n of 0.8 here.

2. R34 and R37 are precision resistors.
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Ip and Vg2 fix gm over a wide range of plate voltage.
One sets V30 grid voltage for 55 volts across
precision longtail R34. This sets Iy to 9.2 mA,
within the tolerance of R34 and the measurement.

80% n causes 7.35 mA I, leaving 1.85 mA to flow as
Ig2. Vg2 now results from the drop across R37,
another close-tolerance part.

The small gain-control resistance requires that gm
be predictable and repeatable. To show gain-control
effects, first simplify Fig. 5-30. C31 bypasses R34
making the top of R34 apparent ground. Notice that
C31 needs no protective diode because both C31 and
R34 return to ground. R33 and C30 cathode peak.

For now ignore C30. The gain adjustment consists of
R31 shunted by R32. Lumping these components results
in a resistance of 0 to 150 Q. 85 Q is the resistance
with R31 set to midrange. R30 insures cathode
degeneration, with R3l shorted, damping oscillationms.

Refer to Fig. 5-30 for the simplified model. Signal
currents flow through Ry which consists of R33,

R and R30. Continue to ignore C30. R{ = rg +—§& .

Assume R, set to midrange:

R30 + Ry + R33 10 + 85 + 2.7 _

R; = 1} + - =200 + ——FqTg— = 322
Since R, = R35 = 1 kQ then,
_ Ro _ 1000 _
Ay =g; =732 = 31

The cascade gain of the two stages = 10.0 (3.25 x 3.1).

Notice that all gain and quiescent calculations were
based on the same rule~of-thumb n and gm values for
all pentode amplifiers. Measurements were then made
in random samples of Tektronix instruments from which
these circuits were taken., Measurements varied less
than 5% from calculated figures even though tube
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types varied. Figs. 5-14 through 5-31 include at
least one of the following tube types: 6AU6, 6BH7,
12BY7 and 5654. Applying rule-of-thumb gm and n
values and the Ry, to R; gain ratio gives workable
results.

Cathode peaking techniques occur most frequently

in push-pull amplifiers. They also appear in
semiconductor circuits bearing the element name:
emitter or source peaking. The concept is the same
for all devices. V30 cathode peaking reduces Rg
during fast input voltage changes. During an initial
rapid voltage change, C30 shunting reduces R; by the
value of R33, thus increasing gain for a short
interval. V30 cathode peaking fails to meet the
classic description because it reduces R; by only 1%
or so. This peaking corrects for short-term rolloff
the equivalent time constant of which equals (R33) (C30).

Basically, cathode peaking consists of Ry bypassed
by a small capacitor, sacrificing gain for risetime.
Optimum risetime without overshoot results from
cathode peaking when the cathode time constant, RiCk,
equals the output time constant, RpCp. The
simplified model of Fig. 5-32 includes the components
of interest.

Ty = 200

R31R32

g ~ R31 + R32

Fig. 5-31. Gain determinants of 5-30.
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Fig. 5-32. RC amplifier gain-risetime components
identified.

The highest gain the model of Fig. 5-32 can

cathode achieve is—%Q-. This occurs when Cj bypasses Ry:
bypass AV=%'LRQ.-,R,,;=R;<+rk and when Ry = 0, AV=%°

R; also affects risetime. The output step can rise
no faster than the initial slope:

Initial slope = R;02° = %/second. When R; = r; the
0

initial slope =-;%9%é—. Beyond the initial slope,
2]

output R and C components restrict risetime:
typ = 2.2 R, C,. From these characteristics one can
evolve some related functions.

Since Ay =-§f—then R; represents a value of

attenuation. Assign 1 the value of least
attenuation and represent total attenuation by k.
ri + R _ 1 +.E§L
Tk Tl
Now consider that R, remains constant, and k
changes: If X = 1 attenuation is minimum or gain
is maximum., If k = 2 attenuation doubles -- gain

Minimum R; is rp. Therefore, k =
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halves. Assigning k = 2 states that ry and Ry
equal. This is