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PREFACE

Basic Electronics, is written for men and women of the U. S. Navy and
Naval Reserve whose duties require them to have a knowledge of the
fundamentals of electronics. Electronics concerns itself with the emission,
behavior, and effect of electrons in vacuums, gases, and semiconductors.
Technically speaking, electronics, is a broad term extending into many fields
of endeavor. Today, electronics projects itself into Navy life at every turn. It
facilitates a means of rapid communications, navigates ships, helps control
engineering plants, aims guns, drops bombs, and performs logistic functions.
It is, therefore, important to become well informed in all areas of basic
electronics, in order to be able to qualify for any of the many applicable
rates or ratings.

Volume I covers general information concerning naval electronics
equipments, testing devices, safety procedures, basic transistor and electron
tube circuits, and electronic communications. The reader should understand
the concepts treated in Volume I before an attempt is made to study the
more advanced subjects treated in this volume.

Volume II treats dual trace oscilloscopes, the operation and application
of pulse forming and pulse shaping circuits, microwave devices such as
skystrons, magnetrons, phantastrons, resonant cavities, waveguides, and
duplexers. A detailed coverage of microwave receiving, transmitting and
indicating systems is also presented.

The final chapter presents a discussion of number systems and logic
circuits. This material is intended as introductory, and for men and women
of some ratings, it will be necessary to refer to manuals which present a more
in-depth discussion.

As one of the basic Navy training publications, this book was prepared
by the Naval Education and Training Production Development Center,
Pensacola, FL. Technical assistance was provided by the Electronics
Technician School, Great Lakes, IL.
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THE UNITED STATES NAVY
GUARDIAN OF OUR COUNTRY

The United States Navy is responsible for maintaining control of the sea
and is a ready force on watch at home and overseas, capable of strong
action to preserve the peace or of instant offensive action to win in war.

It is upon the maintenance of this control that our country’s glorious
future depends; the United States Navy exists to make it so.

WE SERVE WITH HONOR

Tradition, valor, and victory are the Navy's heritage from the past. To
these may be added dedication, discipline, and vigilance as the watchwords
of the present and the future.

At home or on distant stations we serve with pride, confident in the respect
of our country, our shipmates, and our families.

Our responsibilities sober us; our adversities strengthen us.

Service to God and Country is our special privilege. We serve with honor.

THE FUTURE OF THE NAVY

The Navy will always employ new weapons, new techniques, and
greater power to protect and defend the United States on the sea, under
the sea, and in the air.

Now and in the future, control of the sea gives the United States her
greatest advantage for the maintenance of peace and for victory in war.

Mobility, surprise, dispersal, and offensive power are the keynotes of
the new Navy. The roots of the Navy lie in a strong belief in the
future, in continued dedication to our tasks, and in reflection on our
heritage from the past.

Never have our opportunities and our responsibilities been greater.
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CHAPTER 1
DUAL TRACE OSCILLOSCOPE

A general overview of basic oscilloscope
operation has been presented in Volume I, chap-
ter 3. This chapter will examine the dual trace
oscilloscope. Dual trace operation permits view-
ing of two independent signal sources as a dual
display on a single cathode-ray tube (crt) screen,
This operation affords an accurate means of
making amplitude, phase, or time displacement
comparisons and measurements between two
signals,

A dual trace oscilloscope should not be con-
fused with a dual beam oscilloscope. Dual beam
oscilloscopes are those which produce two sepa-
rate electron beams on a single scope, which
can be individually or jointly controlled. There
are multibeam scopes used for specialized appli-
cations that have more than two separate beams.
Dual trace refers to a single beam in a crt that
is shared by two channels,

OBTAINING THE DUAL TRACE

There are two methods by which the single
beam is shared. The first method of obtaining
a dual trace is called the CHOP MODE, Fig-
ure 1-1 shows a simplified block diagram of the
dual trace section, using the chop mode,

The output d.c. voltage reference on each
of the amplifiers is adjustable. Therefore, the
beam will be deflected by different amounts on
each channel, if the voltage reference is dif-
ferent at each amplifier output., The output vol-
tage from each amplifier is applied to the de-
flection plates through the gate. The gate is
actually an electronic switch; in this applica-
tion, it is commonly referred to as a BEAM
SWITCH. The switch is controlled by a high fre-
quency multivibrator in the chop mode. That is,
the gate selects one channel’s output and then the
other at a high frequency rate, which is 100
kHz in most oscilloscopes. Since the switch-
ing time is very short in a good quality oscil-
loscope, the resultant display is two horizontal
dashed lines, as shown in figure 1-2A,

Dashed line A is the output of one channel
while line B is output of the other, The trace
goes from left to right due to a sawtooth wave-
form applied to the horizontal plates. A more
detailed analysis shows that the beam moves from
1 to 2 while the gate is connected to the output
from one channel, Then when the gate samples
the output of the second channel during time 3-4
(assuming channel 2 is at a different voltage
reference), the beam is at a different vertical
location, The beam continues in the sequence
5-6, 7-8, 9-10, 11-12 through the rest of one
horizontal sweep., When the chopping frequency
is much higher than the horizontal sweep fre-
quency, the number of dashes will be very large.
For example, if the chopping occurs at 100 kHz
and the sweep frequency is 1 kHz, then each
horizontal line would be comprised of 100 dashes.
This display would then look like a series of
closely spaced dots as shown in figure 1-2B. As
the sweep frequency becomes lower in respect
to the chopping frequency, the display will show
two apparently continuous traces. Therefore, the
chop mode is used at low sweep rates (low time
per division settings). When signals are applied
to the channel amplifiers, the outputs are changed
in accordance with the input signal, The resultant
pattern on the screen gives a time basepresenta-
tion of the signal of each channel as shown in
figure 1-3., Part A shows the chopped traces
without signals; B depicts the signals into the
two channels; and C is the resultant display.

The second method (ALTERNATE MODE) of
obtaining a dual trace function uses the technique
of gating between sweeps as shown in figure 1-4,

The gate samples onechannelforonecomplete
sweep and the other channel for the nextcomplete
sweep. The gate selection is controlled by the
sweep circuitry shown in the block diagram of
figure 1-4. At slow sweep speeds, one ‘trace
begins to fade while the other channel is being
gated. Consequently, this mode is not used for
slow sweep speeds. Because the chop mode will
not operate satisfactorily at high speeds and the
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alternate mode is deficient at low speeds, both are
used on dual trace oscilloscopes to complement
each other.

CONTROLS

Because the settings of the controls on the
front panel change the operation of an oscillo-
scope, it is imperative that the user have an
understanding of the effects of these controls,
(Many of these controls function identically to
those on the single trace triggered oscilloscope
previously discussed.) The controls in the fol-
lowing discussion are illustrated in figure 1-5.
It should be noted that this is a drawing for
clarity, and is not intended to illustrate any
particular type of dual trace oscilloscope.

CRT CIRCUITRY CONTROLS

The ON-OFF switch controls the application of
primary power to theoscilloscope. Onmanyoscil-
loscopes, this switch is part of another control
such as the INTENSITY control or GRATICULE
control. (The graticule is theoverlyinggridonthe
face of the crt.) Figure 1-5 shows the ON-OFF
switch as a part of the GRATICULE control. Some
oscilloscopes have a lamp near the ON-OFF switch
that illuminates to indicate the power on condition.

The GRATICULE control varies the graticule
illumination intensity. The best setting depends
on ambient light conditions and the specific use
of the oscilloscope.

Adjustment of the INTENSITY or BRILLIANCE
control varies the brightness of the spot or
trace. Internally, this control varies the bias
of the crt.

A small clear spot or trace is obtained by
setting the FOCUS control, while a trace of uniform
width across the entire screen is dependent on
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the setting of the ASTIGMATISM (ASTIG) control.
Since the INTENSITY, FOCUS, and ASTIGMA-

TISM controls interact, they must be adjusted
in relation to one another to obtain a uniform
trace with maximum resolution at the desired
intensity.

VERTICAL SECTION CONTROLS

The input coupling switch determines the type
of voltage that will be applied to the vertical

3

channel. Figure 1-6 shows the basic coupling net-
works in AC, DC, and GROUND positions,

The capacitor in the AC position blocks the
d.c. component of the input, so only a change
in voltage is coupled to the vertical deflection
circuits. The input to the vertical channel is
directly coupled in the DC position, A third
position (GND) is used to ground the vertical
amplifier input and open the input signal path
between the input jack and the amplifiers.

The VOLTS/CM SWITCH selects different
settings on an input attenuator network, When the
setting of the VOLTS/CM switch is changed, the
amount of attenuation of the input signal is varied,
and the amplitude of the display is changed.
The gain of the vertical amplifiers is adjusted
during calibration so that each position of the
VOLT/CM switch will provide a vertical de-
flection of a specified amount for a given signal
strength, For example, in the 1 volt per centi-
meter position (fig. 1-5), each centimeter that
the display covers, vertically, representsonevolt
(the graticule is usually divided into divisions
of one centimeter).

The VARIABLE AMPLITUDE control (gener-
ally a part of the VOLTS/CM switch, see fig.
1-5) provides another means for varying the
amplitude of the display. This control varies
the gain of the vertical amplifiers, If the VAR-
IABLE control is not fully clockwise, the verti-
cal deflection will be less than what is specified
by the VOLTS/CM position.

The VERTICAL POSITION (SHIFT) control
affects the vertical location of the display. This
is accomplished by varying the d.c. potential
between the vertical deflection plates.

The BALANCE (BAL) control is normally
a screwdriver adjustment which, when properly
adjusted, prevents shifting of the trace as the
VARIABLE AMPLITUDE control is adjusted.

The SET GAIN control is a screwdriver
adjustment that varies the gain of the vertical
amplifiers. When it is properly adjusted with the
VOLTS/CM switch inthe CAL position, the amount
of vertical deflection will be correct for the other
VOLTS/CM settings.

If a X10 switch is incorporated, it switches
in an additional amplifier stage that has a gain
of 10, This increases the amplitude of the signal
applied to the vertical deflection plates by 10,
The frequency response will usually be much less
in this position and should not be used unless
absolutely necessary.

An INVERT switch reverses the phase of the
voltage applied between the vertical deflection
plates. This can be used to superimpose two
signals that are actually 180° out of phase.,
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Figure 1-4,—ALTERNATE made.

The MODE switch determines the channel that
is being gated to the vertical deflection plates.
Usually, the following modes are available: CHAN-
NEL 1 ONLY (CHAN 1), CHANNEL 2 ONLY
(CHAN 2), ALTERNATE (ALT), CHOP, or ADD,
In the CHANNEL 1 ONLY mode, the beam switch
remains connected to channel 1 and the oscillo-
scope behaves essentially as a singletracescope.
The CHANNEL 2 ONLY mode applies the voltage
on channel 2 only to the vertical deflection
system. When switched tothe ALTERNATE mode,
the oscilloscope requires high horizontal sweep
speeds for signal comparison. One channel will
appear on the screen during one sweep and the
other channel output will appear during the other
sweep. For low sweep speeds, the CHOP mode,
which presents both channels during the same
sweep, is used. In the ADD mode, the signal
voltage on channel 1 is algebraically added to the
signal voltage on channel 2, Consequently, a single
trace, which represents the sum of the two chan-
nels, is displayed.

The TRIGGER SOURCE selector control al-
lows either channel input to trigger either sweep
trace. A common example of the use of the
control is the selection of channel 1 or channel 2
as the trigger or synchronizing source for the
horizontal sweep. However, some oscilloscopes
have two independent horizontal sweepswhichcan
be triggered in any combination from channel 1
and channel 2, i.e., sweep A, as shown in fig-
ure 1-5, can be triggered by either channel and
sweep B can be triggered by either channel. In
other oscilloscopes, a composite signal of A
and Bcan be selected to trigger the sweep circuits,

TRIGGERING AND HORIZONTAL
SECTION CONTROLS

The setting of the TRIGGER SELECTION
switch to the INTERNAL (INT) position makes
it possible to obtain the trigger pulse internally
from the vertical amplifiers. The channel that
does the triggering is selected by the setting of
the TRIGGER SOURCE selector as just described.
By switching the TRIGGER SELECTION switch
to EXTERNAL (EXT). the trigger can be obtained
externally from whatever source is being applied
through the external trigger jack. Some units
(as shown in fig, 1-5) also have a LINE position
from which can be obtained a low amplitude
60-Hz line voltage which can also be used for
triggering. These positions are somztim=s call-
ed TRIGGER MODES.

The TRIGGER COUPLING switch usually has
three positions: DC, AC, and HIGH FREQUENCY
AC (HFAC). The DC position provides direct
coupling to the trigger circuits, whereas the AC
position incorporates a coupling capacitor to block
any d.c. component, The HIGH FREQUENCY AC
position has a high pass filter which passes only
those trigger signals that are above a certain
frequency.

The position of the TRIGGER SLOPE switch
determines whether the sawtooth sweep will be
initiated on the positive going portion or on the
negative going portion of the signal to be dis-
played. In figure 1-7, the positive going portion
occurs from time A to B and the negative going
portion occurs from time B to C.
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The TRIGGER LEVEL (mounted with the
TRIGGER SLOPE of fig., 1-5) determines the volt-
age level required to trigger the sweep. For
example, in the INTERNAL TRIGGER mode, the
trigger is obtained from the signal to be dis-
played, therefore, the setting of the TRIGGER
LEVEL will determine the point of the inputwave
form that will be displayed at the start of the
sweep.

Figure 1-8 shows some of the displays for
one channel that will be obtained for different
trigger levels and trigger slope settings. The
level is zero and the slope is positive in diagram
- A, while diagram B also shows a zero level but
a negative slope selection. Diagram C shows the
effects of a positive trigger level setting and
positive trigger slope setting, while diagram D
displays a negative trigger level setting with a
positive trigger slope setting, Diagrams E and F
have negative slope settings. The difference is that
E has a positive trigger level setting while F has
a negative trigger level setting.

The automatic function of the trigger cir-
cuitry allows a free running trace without a
trigger signal, but when a trigger signal is applied,
the circuit reverts to the triggered mode of
operation, and the sweep no longer free runs.
This provides a trace when no signal is applied.

Synchronization is also used to cause a free
running condition without a trigger signal, Syn-
chronization is not synonymous with triggering.
Triggering refers to a certain condition which
initiates an operation., Without this condition, the
operation would not occur. In the case of the
triggered sweep that was just presented, the
sweep will not be started until a trigger is ap-
plied and each succeeding sweep must have a
trigger before a sweep commences, Synchro-
nization means the causation of an operation or
event to be brought in step with a second opera-
tion. A sweep circuit which uses synchronization
instead of triggering will cause a previously
free running sweep to be locked in step with the
synchronizing signal. The TRIGGER LEVELcon-
trol setting must be increased until synchroniza-
tion occurs; but until this time, an unstable pat-
tern appears on the crt face.

The A TIME BASE circuitry produces a saw-
tooth waveform that is applied to the horizontal
deflection plates on the crt in order to obtain a
sweep. The rate of the sweep is changed by the
TIME/CM switch., For a given setting of the
TIME/CM switch, and with the VARIABLE TIME
control set to the CAL position, the movement of
the beam from left to right across one centi-
meter (the graticule is divided into centimeters)
occurs in the time specified by the TIME/CM
switch setting, The VARIABLE TIME control
varies the rate of the sweep so that any sweep
speed in between those set by the TIME/CM
switch can be obtained. Most oscilloscopes have
a B TIME BASE circuitry which has a TIME/
CM and VARIABLE TIME control which is similar
to the A TIME BASE circuitry. The HORIZONTAL
POSITION or X SHIFT control adjusts the hori-
zontal position of the trace in both the A and B
TIME BASE.

There is normally a screwdriver adjustment
called SET CAL which varies the sweep rate.
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This is adjusted to obtain the exact time per
centimeter sweep rate that is indicated by the
TIME/CM setting.

Many oscilloscopes have a X10 switch in the
horizontal amplifier section. Just as in the verti-
cal section, this switch adds another amplifier,
In the sweep mode, the sawtooth voltage change
will be 10 tim=s greater than that required for
a complete left to right deflection. As a result
only one-tenth of the entire sweep will be visable
on the screen,

The heart of sweep circuit control is the
DISPLAY switch. In the EXTERNAL (EXT) posi-
tion of this switch, an external signal must be
applied to the external horizontal input jack in
order toobtain horizontaldeflection, The relation-
ship between the type of waveform applied to the
external jack and the Y input jack will determine
the resultant display. Two examples are time
base presentation, like those obtained when using
internal sweeping, and lissajous patterns.

In the A SWEEP position of the DISPLAY
switch, internal sweeping occurs as determined
by the A TIME/CM controls.

Some oscilloscopes have a B SWEEP position
on the DISPLAY switch so that either the A sweep
or the B sweep can be used. In many oscillo-
scopes, the B sweep is used only fur the functions
of B INTENSIFIED BY A and A DELAYED BY B,

In the B INTENSIFIED BY A (B INT A)
position of the DISPLAY switch, the B sweep is
applied to the horizontal deflection plates and a
rectangular pulse equal to the rise time of the
A sweep is added to the unblankingpulsefrom the
B sweep. This will cause the beam to be deflect-
ed at the B sweep rate and intensified a greater
amount during a time equal to the A sweep.
The A sweep time should always be shorter than
the B sweep time., The segment of the B sweep
which will be intensified will be determined by
the setting on the TIME DELAY MULTIPLIER,
The settings on the TIME DELAY MULTIPLIER
multiplied by the B sweep TIME/CM setting deter-
mines the amount of time that will elapse between
the initiation of the B sweep and the initiation
of the A sweep. An example is shown in figure 1-9.

Waveform A represents the A sweep, while
waveform B represents the B sweep. The input
signal to one of the vertical channels is repre-
sented by waveform C., Waveform D is the com-
posite unblanking pulse, which is the addition of
a pulse of a time duration equal to the rise time
of waveform B and a pulse of a tims duration
equal to the rise time of waveform A. As was
stated in the preceeding paragraph, the start of
waveform A is determined by the setting of the
TIME DELAY MULTIPLIER, Varying the setting
of this control will change the portion of the
input waveform that is intensified. Figure 1-9E
shows the resultant display.

The A DELAYED BY B (A DELY B) mode
display occurs only during the duration of the A
sweep. Again the B sweep must be longer than
the A sweep and the start of the A sweep in
relation to the B sweep is determined by the
TIME DELAY MULTIPLIER. In this case the beam
is swept by the A sweep and only that segment
of the input signal which occurs during the time
of the A sweep will be presented on the crt,
since the crt will be unblanked once during the
A sweep. Figure 1-10 shows the typical waveforms
when operating in the A DELAYED BY B mode.

Waveform A is the A sweep and waveform
B is the B sweep. The input signal applied to a
vertical channel is represented by waveform C.
The unblanking pulse is shown by waveform D.
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The resultant display (waveform E) is that por-
tion of the input waveform that occurs during the
A sweep as represented by time (t) in the diagram.
This mode of operation is especially useful in
displaying an extremely small portion of a com-
plex waveform or for viewing only the rise time
of a rectangular wave.

When in dual trace operation and operating
in the B INTENSIFIED BY A mode, the wave-
forms of both inputs will be intensified. In the
A DELAYED BY B mode, a segment of both
channels will be displayed. These conditions are
shown in figure 1-11,

OPERATION

Applications of triggered oscilloscopes will
be covered in this section as well as the basic
characteristics and operation of dual trace
oscilloscopes.

N
.\

AYAVAN

\ J

179.526
Figure 1-10.—A DELAYED BY B maode.

Figure 1-12 is the block diagram of a typical
dual trace oscilloscope without the power sup-
plies. The circled letters in the block referto the
waveform designations to therightof the diagram.,

The waveform to be observed (waveform A)
is fed into the channel A vertical amplifier
section. The VOLTS/DIV control sets the gain of
the amplifier. In a similar manner waveform B
is applied to the channel B vertical amplifier
section, The beam switch determines the channel
as described previously under ‘“‘OBTAINING THE
DUAL TRACE”’, Assuming that the CHOP mode
is selected, the output of the beam switch is
shown by waveform C. The waveform is fed
through the delay line and vertical output ampli-
fier to the vertical deflection plates of the
cathode-ray tube. The purpose of the delay line
will be explained presently. But, first, the time-
base generator will be described.
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TIME-BASE GENERATOR

Just as in the single trace oscilloscope,
the time-base generator or sweep generator
develops a sawtooth wave (waveform D) that
provides the horizontal deflection voltage. The
rising or positive going part of this sawtooth is
linear, That is, the waveform rises through a
given number of volts during each unit of time,
This rate of rise is set by the TIME/DIV con-
trol. The sawtooth voltage is fed to the time-
base amplifier. This amplifier includes a phase
inverter so that the amplifier supplies two output
sawtooth waveforms simultaneously. One of them
is positive going (waveform E), while the other
is negative going (waveform F), The positive going
sawtooth is applied to the right-hand horizontal
deflection plate and the negative going sawtooth
goes to the left-hand plate, As a result, the
cathode-ray beam is swept horizontally to the
right through a given number of graticule divi-
sions during each unit of time, The sweep rate
is controlled by the TIME /DIV control.

DELAY LINE

In order to maintain a stable display on the
screen, each sweep must start at the same point
on the waveform being displayed., This is ac-
complished by feeding a sample of the displayed
waveform to a trigger circuit that produces a
negative output voltage spike (waveform G) at a
selected point on the displayed waveform. This
triggering spike is used to start the run-up por-
tion of the horizontal sweep. Since the leading
edge of the waveform to be displayed is used to
actuate the trigger circuit, and since the trig-
gering and unblanking operations require ameas-
urable time, the actual start of the trace on the
screen is lagging the start of the waveform to be
displayed. This difference is approximately .14
usec. in many oscilloscopes. Time interval t
represents the difference in figure 1-12, Inorder
to display the leading edge of the input wave-
forms, a delay, Q, is introduced by the delay
line in the vertical deflection channel, after the
point where the trigger is obtained. The delayed
vertical signal is shown by waveform H and a
push-pull version of waveform H comes from the
vertical output amplifier. To reemphasize the pur-
pose of the delay line; it is to retard the ap-
plication of the observed waveform to the vertical
deflection plates until the trigger and time-base
circuits have had an opportunity to initiate the
unblanking and horizontal sweep operations, In
this way the entire waveform can be observed,
even though the leading edge of the waveform
was used to trigger the horizontal sweep.

UNBLANKING

The unblanking operation alluded topreviously
is the application of a rectangular unblanking wave
(waveform I in fig. 1-12) to the grid of the crt.
The duration of the positive part of this rec-
tangular wave corresponds to the duration of the
positive going part of the time-base output
(waveform D), so that the beam is switched on
during its left-to-right excursion and is switched
off during its right-to-left retrace.

For the input signals shown in figure 1-12,
the waveform at many points will be different when
operating in the alternate mode. Figure 1-13
depicts the waveforms in the alternate maode.
Two sweeps are shown since it requires two
sweeps to display the information of both channels
in this mode. Notice that the unblanking voltage is
removed in waveform I during the retrace. The
trigger pulse (waveform G) is obtained from the
same channel regardless of which input is being
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Figure 1-12,—Basic dual trace oscilloscope.
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Chapter 1—DUAL TRACE OSCILLOSCOPE

179,529
Figure 1-13,—ALTERNATE mode waveforms
as applied to figure 1-12,

sampled. The input channel that triggers the sweep
depends on the front panel settingof the TRIGGER
selector. It can be seen from waveform C that
during the first entire sweep one channel is
sampled and during the next sweep the other
channel is sampled as was described in the
section on methods of obtaining a dual trace,

The presentation of -a basic dual trace oscil-
loscope as described here is close to actual
operation. A few operations have been simpli-
fied because of the complex circuitry involved.
As a result there are some slight deviations from
what will be found in actual oscilloscopes.

ACCESSORIES

The basic dual trace oscilloscope has one gun
assembly and two vertical channels, However
there are many variations., The horizontal sweep
channels vary somewhat from equipment to equip-
ment, Some have one time base circuit while
others have two, and these two are interdependent
in some oscilloscopes while others are indepen-
dently controlled. Also, most modern general
purpose oscilloscopes are modular contructed.

That is, most of the vertical circuitry is con-
tained in a removable plug-in unit and most of
the horizontal circuitry is contained in another
plug-in unit, The main frame of the oscilloscope
can then be adapted for many applications by
designing a variety of plug-in assemblies, This
modular featureprovides muchgreaterversatility
in a single oscilloscope. For instance, the dual
trace plug-in module can be replacedwith a semi-
conductor curve tracer plug-in module if it is
desired to analyze transistor characteristics.
Other plug-in modules available with some oscil-
loscopes are high-gain wide bandwidth amplifiers,
differential amplifiers, spectrum analyzers, phy-
siological monitors, and other specialized units,
Therefore, the dual trace capability is a function
of the type of plug-in unit that is used with some
oscilloscopes.

In order to derive maximum usefulness from
an oscilloscope there must be a means of connect-
ing the desired signal to the oscilloscope input,
Aside from cable connections between an equip-
ment output and the oscilloscope input there are
a variety of probes available which facilitate
monitoring of signals at any point desired in a
circuit., The more common types include; 1:1
probes, attenuation probes, and current probes.
Each of these probes may be supplied with several
different tips to allow measurement of signals
on any type of test point, Figure 1-14 shows
some of the more common probe tips.

In choosing the probe to use for a particular
measurement, one must consider such factors
as circuit loading, signal amplitude, and scope
sensitivity.

The 1:1 probe offers little or no attenuation
of the signal under test and is therefore useful
for the measurement of low level signals, How-
ever, circuit loading with a 1:1 probe may be
detrimental: the impedance at the probe tip is
the same as the input impedance of the oscil-
loscope.

An attenuator probe has an internal high value
resistor in series with the probe tip. This gives
the probe a higher input impedance than that of
the oscilloscope, providing the capability of meas-
uring high amplitude signals that wouldoverdrive
the vertical amplifier if connected directly to
the oscilloscope. Figure 1-15 shows a schematic
representation of a basic attenuation probe. The
9-megohm resistor in the probe and the 1-
megohm input resistor of the oscilloscope form:
a 10:1 voltage divider,
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Figure 1-15.—Basic attenuation probe.

Since the probe resistor is in series, the
oscilloscope input resistance whenusing the probe
is 10 megohms. Thus, using the attenuator probe
with the oscilloscope will cause less circuit
loading than using a 1:1 probe,

Before using an attenuator probe for meas-
urement of high frequency signals or for fast
rising waveforms the probe compensating capa-
citor (C1 in fig. 1-15) must be adjusted accord-
ing to instructions in the applicable technical
manual, Some probes will have an impedance
equalizer in the end of the cable that attaches
to the oscilloscope. The impedance equalizer,
when adjusted as per manufacturer’s instructions,
assures proper impedance matching between

probe and oscilloscope. An improperly adjusted
impedance equalizer will result in erroneous
measurements especially when measuring high
frequencies or fast rising signals.

Current probes utilize the electromagnetic
fields produced by a current. The probe is de-
signed to be clamped around a conductor without
having to disconnect the conductor. The current
probe is electrically insulated from the con-
ductor, but the magnetic fields about the con-
ductor induce a potential in the current probe
proportional to the current through the con-
ductor. Thus the vertical deflection of the oscil-
loscope display will be directly proportional to
the current through the conductor.
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CHAPTER 2

PULSE FORMING AND PULSE
SHAPING CIRCUITS—PART |

Pulse circuits in electronic equipments ac-
complish timing functions by producing a variety
of voltage waveforms such as square waves,
trapezoidal waves, sawtooth waves, rectangular
waves and sharp peaks, Although all these cir-
cuits are generally classified as timing circuits,
the specific function performed may be one of
timing, waveshaping, or wave generating,

TRANSIENT AND
NONSINUSOIDAL VOLTAGES

Waveforms associated with timing circuits
are produced by combinations of active devices
such as diodes, transistors, or electron tubes
and passive devices such as capacitors, resis-
tors, or inductors. The exponential charge and
discharge characteristics of capacitors and in-
ductors make these components extremely useful
in timing circuits because of their effects on
transient and nonsinusoidal voltages.

Any momentary change in voltage must be
considered a transient voltage, whether it be a
single change or one which occurs at fixed or
indeterminate intervals of time., Voltage wave-
forms such as sine waves, square waves, trape-
zoidal waves, sawtooth waves, rectangular waves,
and peaked waves are all periodic in nature since
the change occurs at fixed intervals. A sine
wave, however, is not considered to be atransient
voltage since the voltage is changing continuously,

For the purpose of circuit explanation, there
are two ways of analyzing transient and non-
sinusoidal voltages. One is to consider that the
transient waveshape is a momentary voltage,
which is followed after a certain interval by
another similar change. The other is to assume
that the waveshape is the algebraic sum of many
sine waves having different frequencies and ampli-
tudes, The second method is more useful in
most cases, For example, in the design of an
amplifier, this type of analysis is necessary
because the amplifier cannot handle a transient
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without causing distortion unless it is capable
of passing all the sine wave frequencies con-
tained within the transient.

Figure 2-1A illustrates a square wave with
the voltage plotted against time. In terms of
rapid voltage change analysis the square wave
illustrated can be considered as a voltage that
remains unchanged at +50 volts until t;, when
it suddenly drops to a =50 volts. It remains
at this value until t2, whenitabruptly increases
back to +50 volts and remains at this value
until tg, etc. (As can be seen, this type of
analysis has a rather limited usage.)

Using the algebraic sum method, the wave-
form can be analyzed by determining what sine
waves are required to produce it. The sine wave
that has the same frequency as the complex
periodic wave iscalledthe fundamentalfrequency.
The type and number of harmonics (multiples
of the fundamental frequency) included in the
complex waveform are dependent on the shape of
the wave, in this case a square wave. A perfect
square wave consists of the fundamental fre-
quency plus an infinite number of odd harmonics
(3rd, 5th, etc.) which cross the zero reference
line in phase with the fundamental,

Figure 2-1B graphically illustrates a funda-
mental frequency (A) combined with its 3rd
harmonic (B). The resultant waveform (C)
slightly resembles a square wave, Figure 2-1C
shows the results of algebraically adding the 5th
harmonic (D) to the resultant wave (C). Notice
that the sum of waves C and D result in wave
E which has steeper sides and a flatter top.
With the addition of the 7th harmonic (F), as
shown in figure 2-1D, the shape of the composite
waveform more nearly resembles thatof a square
wave, Thus, as more and more odd harmonics
are added the shape of the composite waveform
more nearly approaches that of a perfect square
wave,
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Sawtooth waves like square waves can be
constructed from a series of sine waves. A
sawtooth contains both odd and even harmonics,
with the odd order harmonics (3, 5, 7, etc.)
crossing the reference line in phase with the
fundamental and the even harmonics (2, 4, 6,
etc.) crossing 180° out of phase with the funda-
mental,

Figure 2-2A, B, C, and D show the results
of algebraically addingharmonics to a fundamental
in order to produce a sawtooth waveform. Fig-
ure 2-2D depicts the resultant wave of all har-
monics up to the seventh algebraically added.
It closely resembles the superimposed sawtooth
waveform.

A peaked or triangular wave can also be
constructed from a number of sine waves., Fig-
ure 2-3 illustrates the harmonic composition of
a peaked wave. Notice that it consists of odd
order harmonics only. The phase relationship
between the harmonics and the fundamental in the
peaked wave is different than in the square wave.
All odd order harmonics in the square wave
crossed the reference line in phase with the
fundamental. In the peaked wave, the 3rd, 7th,
11th, etc. harmonics cross the zero reference
line 180° out of phase with the fundamental,
while the 5th, 9th, 13th, etc. harmonics cross the
reference line in phase with the fundamental.
As can be seen in figure 2-3C, the addition of
each harmonic produces a composite wave with
higher peaks and steeper sides.

RC AND RL SHAPING CIRCUITS
Shaping circuits are used to change the shape

of applied nonsinusoidal waveforms, Shaping cir-
cuits may be either series RC or RL circuits,

SAWTOOTH

/
17 \
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P~ P \\\‘ ’74\_/ i
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L7 PARMONIC \
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Figure 2-2,—Analysis of a sawtooth wave,
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Figure 2-3.—Analysis of a peaked wave,

These circuits electrically perform the mathe-
matical operations of integration and differentia-
tion and are called INTEGRATORS and DIFFER-
ENTIATORS.

To understand the principles of integration
and differentiation, it is helpful to review the
operation of low pass and high pass filters,

Figure 2-4 illustrates an RC circuit with a
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100-volt, 1-kHz applied sine wave. With acapaci-
tance of 0.0318 microfarads and a frequency of
1 kHz, the capacitive reactance will be 5 kohms.
This means that at a frequency of 1 kHz, there
will be equal voltage drops across the resistor
and capacitor of 70.7 volts, The phase angle
between the reference (I) and the applied voltage
will be 45° as shown in figure 2-5. In terms of
discrimination, 1 kHz will be the cutoff fre-
quency. The cutoff frequency may be defined as
that frequency where the phase angle is 45°, or
that frequency where the voltage drops across
the reactive and resistive components are equal.

Now assume that the applied frequency is
variable; when the frequency is increased to
5 kHz, the capacitive reactance will decrease
to a value of 1 kohm and the phase angle will
now be 11.3°% Since the phase angle dropped
below 45° to 11.3°, the voltage across the capaci-
tor decreases to 19.6 volts and increases to
98 volts across the resistor.

Conversely, if the frequency applied to the
circuit decreases to 500 Hz, the reactance offered
by the capacitor would increase to 10 kohms
and the phase angle would be 63.5° The voltage
across the capacitor now increases to 89.5 volts
and the voltage across the resistor decreases
to 44.6 volts, Thus, high frequencies are being
attenuated by the circuit or it can be said that
the circuit is discriminating against high fre-
quencies,

It can be seen from the foregoing discussion
that if the output were taken across the resistor,
then the reverse would be true. That is, the
circuit would now attenuate or discriminate
against the low frequencies and pass the high

C I
%0.0313 uf

100V OuUTPUT

lkHz

5K

1.37(179)
Figure 2-4.,—Low pass filter,
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Figure 2-5.—Vector diagram,

frequencies, in other words, act as a high pass
filter. In either case, 1 KHz would be the cut-
off frequency.

INTEGRATION

Figure 2-6 shows a pure square wave applied
to a series resistive circuit, If the values of
the resistors are equal, the voltage drops across
each each resistor will be equal. From the one
pure square wave input, two pure square waves
of equal amplitude will be produced. The re-
sistance of the resistors will not affect the phase
or amplitude relationships of the harmonics con-
tained in the square wave. However, if the same
square wave is applied to a series RC circuit
as shown in figure 2-7, the action is not the same,

RC Integrator

The RC integrator is used as a waveshaping
network in radio, television, radar, and com-
puters, as well as many other special electronic
applications.

Since the harmonic content of the square
wave is odd multiples of the fundamental fre-
quency, there will be significant harmonics as
high as 50 or 60 times the frequency of the
fundamental and the capacitor will offer a re-
actance of different magnitude to each harmonic,
This means that the voltage drop across the
capacitor for each harmonic frequency present
will not be the same. To low frequencies, the
capacitor will offer a large opposition providing
a large drop across the capacitor, To high fre-
quencies, the reactance of the capacitor will be
extremely small causing a small voltage drop
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Figure 2-6.,—Application of square waves to
series resistive circuit.
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Figure 2-7,—Application of a square wave to
series RC circuit.

across the capacitor, If the voltage component of
the harmonic is not developed across the re-
actance of the capacitor, then it must be devel-
oped across the resistor, (Kirchoff’s voltage
law must be observed).

It must L2 remembered that the reactance
offered to each harmonic frequency will not only
cause a change in the amplitude of the harmonics,
but will also cause a change in the phase of
each individual harmonic frequency with respect
to the current reference. The amount of phase
and amplitude change taking place across the
capacitor is dependent upon the capacitive re-
actance, which is a function of the capacitance
and the frequency. The value of the resistance
offered by the resistor must also be considered
because it controls the ratio of the voltage drops
across itself and the capacitor.

Since the amplitude and phase angle of each
harmonic is changed, the output when taken across
the capacitor will look quite different from the
input. The square wave applied to the circuit
is 100-volts peak at a frequency of 1 kHz. The
odd harmonics will be 3 kHz, 5 kHz, 7 kHz,
etc. Table 2-1 shows the value of the reactance
offered to several of the harmonics and indicates
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Table 2-1,—CHANGE IN Xc WITH EACH

HARMONIC.,

HARMONIC| Xc R

Fund. 159k 25k
3rd 53k 25k
5th 31.8k 25k
7th 22. 7k 25k
9th 17. 7k 25k
11th 14. 5k 25k

179,535

the approximate value of the cutoff frequency.
It can be seen from the table that the cutoff
frequency lies between the fifth and seventh
harmonics. That is, at some point between these
two values, the capacitive reactance will equal
the resistance. Therefore, all of the harmonic
frequencies above the fifth will not be effectively
dropped across the output capacitor, and the
absence of the higher order harmonics will cause
the leading edge of the waveform developed
across the capacitor to be rounded. An example
of this effect is shown in figure 2-8,

To satisfy Kirchoff’s voltage law, the har-
monics not effectively developed across the
capacitor must be developed across the re-
sistor. If the waveform across both the resistor
and the capacitor were added graphically, the
resultant would be an exact duplication of the
input square wave, Note the pattern of the voltage
waveform across the resistor.

Increasing the capacitance (decreasing the
capacitive reactance) will change the output wave-
forms as shown in figure 2-9, NOTE: The same
effect could be obtained by increasing the re-
sistance. Thus, when the output is taken across
the capacitor, the circuit acts as an integrator
and the degree of integration that takes place
will be dependent on the RC time of the circuit.
If the RC time is short in comparison to the time
duration of the pulse, little or no integration
takes place and the output waveform will resemble
the input waveform. However, as the RC time is
increased (made longer in comparison to the
time duration of the pulse) the degree of inte-
gration increases as can be seen by studying
figures 2-8 and 2-9. Eventually, a point will be
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Figure 2-8,—Partial integration,

reached where there will be little or no output
(complete integration). This usually occurs when
the RC time is increased to a value of 10 times
that of the time duration of the pulse,

INTEGRATOR WAVEFORM ANALYSIS.—It
is not necessary to actually compute and graph
the waveforms that would result from a longtime
constant (10 times the pulse duration), a short
time constant (one-tenth of the pulse duration),
and an intermediate time constant (some time
constant between the long and the short). Instead,
the capacitor output voltage will be plotted by
using the universal time constant chartshown
in figure 2-10,

Capacitor charge will follow curve A in fig-
ure 2-10, while resistor voltage change follows
curve B, On discharge, the reverse will be true,
capacitor voltage follows curve B while resistor
voltage follows curve A. Thus, knowing the RC
time of the circuit and the amplitude of the applied
voltage, ER and Ec may be accurately plotted
for any given instant of time. In figure 2-11, a
pulse of 100-microseconds duration at an ampli-
fude of 100 volts will be applied to the circuit
composed of the0.01-pf capacitor and the variable
resistor, R, The square wave appliedis a symmet-
rical square wave., The resistance of the variable
resistor will be set at a value of 1,000 ohms,
The time constant (TC) of the circuit is given by:
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Figure 2-9,—Integration,

TC = RC

Substituting values:
TC =1x10® x 1 x 102
TC 10 microseconds

Since the time constant of the circuit is 10 micro-
seconds, and the pulse duration is 100 microsec-
onds, the time constant is short in comparison to
the pulseduration. The capacitor will charge expo-
nentially through the resistor. In five time con-
stants, the capactor will be, for allpracticalpur-
poses, completely charged. At the end of thefirst
time constant the capacitor willbe charged to 63,2
volts; at the end of the second, 86.5 volts; at the
end of the third, 95 volts; at theend of the fourth,
98 volts; andfinally atthe end of the fifth time cori-
stant (50 microseconds) the capacitor is fully
charged. At 100 microseconds, the input voltage
drops to zero and the capacitor starts to discharge.
The capacitor discharge path is through the resis-
tor. Thus, the capacitor will follow the sametype
of exponential curve on discharge as it followed on
charge, and it is considered tobe fully discharged
after 5 TC. Therefore, at the end of 200 microsec-
onds, the inpui voltage againrisesto 100 volts and
the whole process will repeat itself. This is shown
graphically in figure 2-12,
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Figure 2-11,—RC circuit used to plot curves in
figures 2-12, 13, and 14.

To change the time constant, the variable
resistor in figure 2-11 will be increased to a
value of 10,000 ohms. The time constant will
now be equal to 100 microseconds.

A graph of the input (ejn) and outpat
(ec) waveforms is shown in figure 2-13. The
long sloping rise and fall of voltage is because
of the capacitors inability tochargeanddischarge
rapidly through the 10,000-ohm series resistance.

At the first instant of time, one hundred
volts is applied to the intermediate time constant
circuit. One time constant is exactly equal, in
this circuit, to the duration of the input pulse.
After one time constant, the capacitor will charge
to 63.2% of the input voltage (100 volts). There-
fore, at the end of one time constant (100 micro-
seconds) the voltage across the capacitor isequal
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Figure 2-13.,—Waveshape when TC =100 usec,

to 63.2 volts. However, as soon as 100 micro-
seconds has elapsed, and the initial charge onthe
capacitor has risen to 63.2 volts; the input volt-
age suddenly drops to zero, where it remains for
100 . microseconds. Since the discharge time is
100 microseconds (one timeconstant), the capaci-
tor will discharge 63.2% of its total 63.2 volt
charge—to a value of 23.3 volts. During the next
100 microseconds, the input voltage will increase
from zero to 100 volts very rapidly. The capaci-
tor will now charge for 100 microseconds (one
time constant). The voltage available for this
charge is the difference between the voltage
applied (100 volts) and the charge on the capaci-
tor (23.3 volts), or 76.7 volts. Since the capaci-
tor will only be able to charge for one time

constant, it will charge to 63.2% of the 76,7
volts, or 48,4 volts, The total charge on the
capacitor at the end of 300 microseconds will
be 23.3 volts plus 48.4 volts or 71,7 volts,

Notice that the capacitor voltage at the end of
300 microseconds is greater than the capacitor
voltage at the end of 100 microseconds. The
voltage at the end of 100 microseconds is 63.2
volts, and the capacitor voltage at the end of 300
microseconds is 71,7 volts—an increase of
8.5 volts,

The output waveform in this graph (fig. 2-13)
is the waveform realized after many cycles of
input signal to the integrator. The capacitor
charges and discharges in a step-by-step manner
until, finally, the capacitor will charge and dis-
charge above and below a fifty volt level as
shown in figure 2-13. The fifty volt level is
governed by the amplitude of the symmetrical
input pulse,

If the resistance in the circuit of figure
2-11 is increased to 100,000 ohms, the time
constant of the circuit will be 1,000 microseconds.
This time constant is ten times the pulse dura-
tion of the input pulse. It is, therefore, a long
time constant circuit.

The shape of the output waveform across the
capacitor is shown in figure 2-14, The shape of
the output waveform is characterized by a long
sloping rise and fall of capacitor voltage.,

The universal time constant chart must be
consulted to determine the value of charge on
the capacitor at the end of the first 100 micro-
seconds of the input signal. On the time constant
chart, the percentage of voltage corresponding
to 1/10 (100 microseconds/1000 microseconds)
of a time constant is found to be 9.5 percent.
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179.542
Figure 2-14,—Waveshape when TC =1000ssec.
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This is accomplished by projecting a line up-
ward from the 1/10 of a time constant point
on the base to where it intersects with the
capacitor charge curve, From this point, another
line is drawn at right angles to the first and the
percent of charge may be read from the scale
at the left of the chart.

Since the applied voltage is 100 volts, the
charge on the capacitor at the end of the first
100 microseconds will be 9.5 volts., At the end
of the first 100 microseconds, the input signal
will fall suddenly to zero; and the capacitor
will discharge, It will be abletodischarge for 100
microseconds. Therefore, the capacitor will dis-
charge 9.5% of its accumulated 9.5 volts, or
0.9025 volts, The loss of the 0.9025 volts will
result in a remaining charge on the capacitor of
8.5975 volts, At the end of 200 microseconds, the
input signal will again suddenly rise to a value
of 100 volts, The capacitor will be able to charge
to 9.5% of the 91,4025 volt difference (100 volts-
8.5975 volts = 91,4025 volts), or to a value of
8.6832 volts plus the initial 8,5975 volts. This
will result in a total charge on the capacitor
at the end of the first 300 microseconds of
17.2807 volts (8.6832 volts plus 8.5975 volts).

Notice that the capacitor voltage at the end
of the first 300 microseconds is greater than
the capacitor voltage at the end of the first 100
microseconds. The voltage at the end of the first
100 microseconds is 9.5 volts, and the capacitor
voltage at the end of the first 300 microseconds
is 17,2807 volts—an increase of 7,7807 volts,

The capacitor charges and discharges in a
step-by-step manner until, finally, the capacitor
will charge and discharge above and below a
fifty volt level.

RL Integrator

The RL integrator is used as a waveshaping
network in various types of electronic equipments
such as radio, radar, television and in other
special electronic applications. It is also used
as an analog in performing the mathematical
function of integration in computers.

The RL circuit, shown in figure 2-15 may
also be used as an integrating circuit, To obtain
an integrated waveform from the series RL cir-
cuit, the output must be taken across the re-
sistor, The characteristics of the inductor are
such that at the first instant of time in which
voltage is applied, the current flow through the
inductor is minimum; and the voltagedrop across
it is maximum, Therefore, the value of the vol-
tage drop across the series resistor at the
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Figure 2-15.—RL integrating circuit,

same instant (first instant) of time must be
negligible because there is negligible currentflow
through it, However, as time passes, current be-
gins to flow through the circuit, and the voltage
developed across the resistor begins toincrease,

Thus, the circuit is unable to respond to the
sudden changes in input voltage and the output
waveform will be an integrated version of the
input waveform,

DIFFERENTIATION

The RC differentiator is used to produce a
pip or peaked waveform, for timing or synchro-
nizing purposes, from a square (or rectangular)
shaped input signal; to perform the electrical
analog of differentiation for computer applica-
tions; and to produce specifically distorted wave-
shapes for special applications, such as trigger
and marker pulses.

Differentiation is the direct opposite of inte-
gration, In the RC integrator, the output is taken
from the capacitor. In the RC differentiator, the
output is taken across the resistor, This, of
course, means that when the RL circuit is used
as a differentiator, the differentiated output is
taken across the inductor.

The RL differentiator is used to distort an
applied waveform (such as a square wave) into
a peaked wave for the purpose of providing trigger
and marker pulses, It is also used to electronically
perform the mathematical function of differentia-
tion in computers, and for separating the hori-
zontal sync in television receivers.

An application of Kirchhoff’s law shows the
relatiohship between the waveforms across the
resistor and capacitor in a series network. Since
the sum of the voltage drops in a closed loop
must equal to applied voltage, the graphical sum
of the voltage waveforms in a closed loop must
equal the applied waveform, Figure 2-16 shows
the output taken across the variable resistor.
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Figure 2-16.— RC circuit as differentiator.

With the variable resistor set at 1 kohm and a
capacitance value of 0.01 microfarad, the time
constant of the circuit will be 10 microseconds.
Since the input waveform has a duration of 100
microseconds, the circuit is a short time con-
stant circuit.

In the short time constant circuit at the
first instant of time, the voltage across the
capacitor is zero; and the current flow through
the resistor will cause a maximum voltage to be
developed across it. This is shown at the first
instant of time in the graph of figure 2-17.

As the capacitor begins assuming a charge,
the voltage drop across the resistor will begin
to decrease. At the end of the first time constant,
the voltage drop across the resistor will have
decreased by a value equal to 63,2% of the applied
voltage. Since there are 100 volts applied, the
voltage across the resistor after one time constant
will be equal to 36.8 volts., After the second time
constant, the voltage across the resistor will be
down to 13.5 volts. At the end of the third time
constant, ep will be 5 volts, and at theend
of the fourth time constant, 2 volts, At the end
of the fifth time constant, the voltage across the
resistor will be very close to zero volts, Since
the time constant is equal to 10 microseconds, it
will take a total of 50 microseconds for the
capacitor to be considered fully charged.

As shown in figure 2-17, the slope of the
charge curve will be very sharp and after 5
time constants the voltage across the resistor
will remain at zero volts until the end of 100
microseconds. At that time, the applied voltage
suddenly drops to zero, and the capacitor will
discharge through the resistor. At this time, the
discharge current will be maximum, causing a
large discharge voltage drop across the resistor,
This is shown as the negative spike in figure
2-17, Since the current flow from the capacitor,
which now acts like a source, is decreasing ex-
ponentially, the voltage across the resistor will
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Figure 2-17.,—Waveform when TC=10 usec.

also decrease, The resistor voltage willdecrease
exponentially to zero volts in five time constants,
All of this discharge action will take a total
of 50 microseconds.

After 200 microseconds, the action begins
again, The output waveform taken across the
resistor in this short time constant circuit is
an example of differentiation. With the square
wave applied, the output is composed of positive’
and negative spikes., These spikes approximate
the rate of charge of the input capacitor,

The output across the resistor in an RC cir-
cuit of intermediate time constant is shown in
figure 2-18. The value of the variable resistor
has been increased to 10 kohms. This means
that the time constant of the circuit is equal
to the duration of the input pulse (100 micro-
seconds). For clarity, the voltage waveforms
developed across both the resistor and the capaci-
tors are shown. At all times, the sum of the
voltages across the resistor and capacitor must
be equal to the applied voltage.,

When a pulse of 100 volts in amplitude is
applied for a duration of 100 microseconds, the
capacitor cannot respond quickly to the change in
voltage, and all of the applied voltage is felt
across the resistor, Figure 2-18 shows the
voltage across the resistor, er, to be 100volts
and the voltage across the capacitor, ec, to be
zero volts at this time., As time progresses, the
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Figure 2-18.,—Waveform when TC = 100 jusec.

capacitor will charge. As the capacitor voltage
increases, the resistor voltage will decrease.
Since the time that the capacitor is permitted
to charge is 100 microseconds (equal to one
time constant in this circuit), the capacitor will
charge to 63.2% of the applied voltage at the
end of one time constant, or 63.2 volts. Because
Kirchhoff’s law must be adhered to at all times,
the voltage across the resistor must be equal
to the difference between the applied voltage
(100 volts) and the charge on the capacitor
(63.2 volts), or 36.8 volts,

At the end of the first 100 microseconds, the
input voltage suddenly drops to zero volts, a change
of 100 volts, Since the capacitor is not able to
respond to so rapid a voltage change, the 100-
volt change must occur across the resistor, The
voltage across the resistor must, therefore, re-
verse polarity and attain a magnitude of -63.2
volts, The capacitor now acts as a source and
the sum of the voltage across the two components
is now zero.

During the next 100 microseconds, the capaci-
tor discharges. To maintain the total voltage at
zero, the voltage across the resistor must de-
crease at exactly the same rate. This exponential
decrease in resistor voltage is shown in figure
2-18. Since the capacitor will discharge 63.2% of
its charge (to a value of +23.3 volts) at the end

of the second 100 microseconds, the resistor volt-
age must decrease to a value of -23.3 volts in
order to maintain the total voltage at zero volts,

At the end of 200 microseconds, the input
voltage again rises suddenly to +100 volts. Since
the capacitor cannot respond to the 100-volt
increase instantaneously, the 100-volt change
takes place across the resistor. The voltage
across the resistor suddenly rises from -23.3
volts to +76.7 volts, The capacitor will now
begin to charge for 100 microseconds, thus de-
creasing the voltage across the resistor. This
charge and dischargge action will continue for many
cycles, Finally, the voltage across the capacitor
will rise and fall, by .equal amounts, about a
positive fifty volt level. The resistor voltage
will also rise and fall, by equal amounts, about
a zero volt level.

If the time constant for the circuit in fig-
ure 2-16 is increased to make it a long time
constant circuit, the differentiator output will
appear more like the input. The time constant
for the circuit can be changedby either increasing
the value of capacitance or resistance. In this
circuit the time constant will be increased by
increasing the value of resistance from 10 kohms
to 100 kohms, This will result in a time constant
of 1000 microseconds. This time constant is ten
times the duration of the input pulse. The output
of the long time constant circuit is shown in
figure 2-19,

When a pulse of 100-volts amplitudeis applied
for a duration of 100 microseconds, the capacitor
cannot respond instantaneously to the change in
voltage and all of the applied voltageisfelt across
the resistor. As time progresses, the capacitor
will charge and the voltage across the resistor
will be reduced. Since the time that the capacitor
is permitted to charge is 100 microseconds, the
capacitor will charge for only 1/10 of one time
constant, or to 9.5% of the applied voltage (as
found using the universal time constant chart).
Because Kirchhoff’s law must be observed, the
voltage across the resistor must be equal to the
difference between the applied voltage and the
charge on the capacitor (100 volts - 9.5 volts),
or 90.5 volts,

At the end of the first 100 microseconds of
input, the applied voltage suddenly drops to zero
volts, a change of 100 volts, Since the capacitor
is not able to respond to so rapid a voltage
change, the 100-volt change must occur across
the resistor. The voltage across the resistor
must therefore reverse polarity and attain a
magnitude of -9.5 volts., The sum of the voltage
across the two components is now zero.
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Figure 2-19,—Waveform when TC =1000 usec,

During the next 100 microseconds, the capaci-
tor discharges. To maintain the total voltage at
zero, the voltage across the resistor must de-
crease at exactly the same rate as the capacitor
discharge. This exponential decrease in resistor
voltage is shown in figure 2-17 during the second
100 microseconds of operation, Since the capacitor
will now discharge 9.5% of its charge (to a value
of +8.,6 volts) at the end of the second 100
microseconds, the resistor voltage mustrise,ina
positive direction, to a value of -8.6 volts in order
to maintain the total voltage at zero volts,

At the end of 200 microseconds, the input
voltage again suddenly rises to +100 volts, Since
the capacitor cannot respond to the 100-volt
change instantaneously, this step-by-step action
will continue until stabilization, After many cycles
have passed, the capacitor voltage varies above
and below the positive fifty volt level by equal
amounts and the resistor voltage varies above
and below the zero volt level by equal amounts,

The RC networks which have been discussedin
this chapter may also be used as coupling net-
works. Normally, when an RC circuit is used
as a coupling circuit, the output is taken from
across the resistor and a long time constant
circuit is used. Thus, the output waveform will
closely resemble the input waveform as shown
in figure 2-19,
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If a pure sine wave is applied to a long time
constant RC circuit (R is much greater than
XC), a large percentage of the applied voltage
will be dropped across the resistor, and a small
amount of voltage will be dropped across the
capacitor,

RC OSCILLATORS

An RC oscillator uses a circuit consisting
of resistance and capacitance to control the
frequency of oscillations, This type of oscillator
is used in the audio and low radio frequency
range where tuned LC circuits are relatively un-
stable, difficult to construct, and economically
unfeasible, It also offers a greater tuning range
than the LC type for a specific capacitance
range, so that fewer parts are needed to cover a
given range of frequencies. There aretwoclasses
of RC oscillators which will produce a sine wave
output, the BRIDGE and the PHASE-SHIFT. There
are a number of circuit variations ineach of these
classes; however, the basic principles of operation
are the same,

The bridge circuitoscillator uses two amplify-
ing devices to shift the phase 360 degrees (from
input to output) and a bridge network to control
the frequency of operation., Normally, the bridge
circuit oscillator will also incorporate an ampli-
tude control circuit which is used to control the
linearity and stability of the output signal.

The phase-shift oscillator usually consists
of a single amplifying device and a series of
phase-shift networks composed of resistive and
capacitive elements, The amplifying device pro-
duces an initial 180° phase shift in the signal
and then the phase-shift networks are used to
produce an additional 180° phase shift to produce
an output which has been shifted 360°with respect
to the input and thus, is in phase with the input.
A portion of this output is then applied to the
input in order to sustain oscillations (regenera-
tive feedback).

To provide a sinusoidal output signal, the
RC oscillator must operate as a class A linear
amplifier with regenerative feedback. Thus, the
overall efficiency is low. As a result, this type
of oscillator is generally used for laboratory
and test equipments, rather than as a power
oscillator,

Stability of the RC oscillator in the audio
range is generally much better than that of a
comparable LC circuit because the LC circuit
requires a large inductor which is susceptible
to disturbance from stray fields and is dif-
ficult to shield adequately for maximum stability.
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THE WIEN BRIDGE
OSCILLATOR

When the output of a linear amplifier is
applied to its input, a feedback loop is produced.
If the feedback is out of phase with the input
(negative feedback) the amplifier output will be
reduced. If the feedback is in phase (positive
feedback) the amplifier can oscillate. The fre-
quency of osciallation for positive feedback can be
controlled by using a frequency selective network
in the feedback loop, such as the Wien bridge.
When negative feedback is applied to the emitter
or cathode circuit of an amplifier, it produces
a degenerative effect which reduces the output
and improves the amplifier response (this is
called INVERSE FEEDBACK). By use of the
impedance bridge circuit a differential input can
be used to provide oscillation at the desired
frequency, with amplitude and waveform control.

The Wien bridge oscillator is used as a
variable frequency oscillator for test equipment
and laboratory equipment to supply a sinusoidal
output of practically constant amplitude and
exceptional stability over the audio frequency and
low radio frequency ranges.

Circuit Operation (General)

The bridge circuit and feedbackloop are shown
in the simplified schematic (fig. 2-20). The
operation of the circuit is essentially the same
regardless of whether transistor or electron tube
amplifier circuits are used to provide the neces-
sary amplification; therefore, the general symbol
for an amplifier (triangular symbol) is used to
represent each stage of amplification in the
schematic,

In the actual circuit, R4 is a small incandescent
lamp with a tungsten filament, and is normally
operated at a temperature that gives automatic
control of amplitude (thermistors and varistors
are also used). Resistors Rl and R2 are of equal
value (as are capacitors Cl and C2), with R3
having twice the resistance of lamp R4 at the
operating temperature. The bridge is balanced
and the circuit oscillates at the operating fre-
quency (f,), as determined by the equation:

1
fo =7 wiCT

It can be seen by inspection that resistors
R3 and R4 form a resistive voltage divider
across which the output voltage of A2 is applied.
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20,160(179(A)
Figure 2-20.,—Simplified Wien-bridge
oscillator,

Since these resistors are not frequency re-
sponsive, the voltage at any instant from point
B (emitter/cathode of Al) of the bridge with
respect to ground is dependent upon the ratio
of R3 to R4 for any frequency which the ampli-
fier produces at its output, Components R1, C1
and R2, C2 form a frequency-responsive re-
active voltage divider between the output of A2,
the base/grid of Al (point A) and ground. Thus
the voltage across R2 is applied to the input of
the amplifier (between the base/grid and ground).
When the voltage between point A and ground is
in phase with the output voltage of A2, maximum
voltage will appear between the base/grid and
ground; therefore, maximum amplification occurs
and a large output voltage is produced by A2,
Two amplifier stages, -A1 and A2, are used to
produce a total phase shift of 360 degrees (180
degrees in each stage) to ensure that the voltage
at the output is in phase with the input. Thus
reactive networks R1l, Cl1 and R2, C2 are not
required to shift the phase to produce oscillation,
but are used to control the frequency at which
oscillation takes place.

The manner which these various feedback
voltages vary amplitude and phase are best shown
by graphic representation (fig. 2-21). The center
(dotted) vertical line (ordinate) represents the
frequency at which the oscillator operates. The
-fo and +fp vertical lines represent, respective-
ly, frequencies much lower than and much higher
than the operating frequency.

Curve A represents the negative feedback be-
tween point B of the simplified schematic and
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Figure 2-21.,— Phasing diagram,

ground., Since it is the same at all frequencies,
it is represented by the horizontal line across
the middle of the graph, Curve B represents the
positive feedback voltage existing between the
base/grid (point A) of Al and ground, or the
voltage across R2, At frequencies below the
operating frequency, the series reactance of C1
is large, and the voltage across R2 is reduced.
As the operating frequency is approached, the
reactance diminishes, and the voltage across R2
reaches a maximum at fo. As the frequency is
increased above fp, the parallel reactance of C2
shunts R2, effectively reducing the voltage across
R2, Thus, the voltage across R2 is reduced both
above and below fo and is maximum only at the
operating frequency. At this frequency, the posi-
tive feedback voltage (at the base/grid) is exactly
equal to (or slightly greater than) the negative
feedback voltage (at the emitter/cathode), and
amplification is at a maximum for Al and A2.
Now consider the phase of the output voltage
which is fed back to the input of Al, as shown
by curve C. Because of the phase shift produced
by R1, C1 a phase shift occurs above or below
the operating frequency. At the operating fre-
quency however, the phase change is zero, and
the output of A2 is exactly 360 degrees from the
input voltage because of the phase inversion
through the two stages of amplification. Thus,
below fo the phase angle leads and above

fo it lags. The out of phase voltage above
and below fp, together with the decrease in.
the regenerative feedback voltage applied to the
base/grid as compared with the degenerative
feedback applied to the emitter/cathode of Al
effectively stops oscillation at all frequencies
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except the operating frequency, where R1C1
equals R2C2,

Semiconductor Wien
Bridge Oscillator

The semiconductor Wien bridge oscillator is
shown schematically in figure 2-22, The opera-
tion of this circuit is similar to that of the basic
circuit described above, with the oscillation fre-
quency being at the frequency where R1C1 equals
R2C2 and with waveform linearity retained by
inverse feedback through R3 and R4. The bridge
arrangement can be seen by comparing the com-
ponents inside the dashed line with the bridge
of figure 2-20,

Voltage divider base bias is used, with R2
and R5 biasing Q1, and R7 and R8 biasing Q2,
Temperature stabilization is provided by DS1(R4).

The resistance of R3 and DS1 (R4) form the
resistive arm of the bridge across which the
output of Q2 is applied; a portion of this voltage
appears across DS1 (R4) as a negative feedback,
being in phase with the emitter voltage. DS1 (R4)
is an incandescent lamp. However, it could be a
thermistor with a positive temperature coeffi-
cient, When a lamp is used, it is operated at a
current which produces a temperature sensitive
point (where resistance varies rapidly with
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20.444
Figure 2-22,—Wien bridge oscillator using
PNP transistor,
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temperature); when a thermistor is used, it
is selected to have the desired temperature-cur-
rent characteristic. In either case, the bias
developed across this resistance is in opposition
to the normal (forward) bias, and produces a
degenerative effect., The feedback voltage is of
the same polarity as the degenerative bias and
increases the degeneration. Since the output of the
voltage divider is not frequency sensitive, the
feedback voltage is always constant regardless
of the frequency of operation. At frequencies
other than the frequency of operation the degen-
erative feedback predominates and prevents oscil-
lation. At the frequency of operation, which is
controlled by the bridge reactive arms consisting
of Rl, C1 and R2, C2 the positive feedback is
a maximum, This in-phase feedback signal is
applied to the base and is slightly greater than
the negative feedback at the balance point or
frequency of operation.

The amplified output of Q1 is developed
across collector resistor R6, and it is applied
by capacitor C3 and base resistor R7,whichform
a conventional resistance-coupling network (de-
signed for minimum phase shift), to the input
(base) of transistor Q2. The signal is further
amplified by @2, and the voltage developed across
collector resistor R10 is supplied as an output
through capacitor C5, and, as apositive feedback,
through C4 to the bridge network. Note that the
@2 emitter resistor, R9, is not bypassed and that
the circuit of Q2 is therefore degenerative. Note
also that R10, C4 and C5 are designed to provide
a minimum amount of phase shift, Thus, with a
highly degenerative two-stage amplifier and class
A bias, the output signal is essentially a pure
sine wave,

Since the coupling networks are arranged for
minimum phase shift, the phase shift requiredfor
regeneration is obtained from the inverting ac-
tion of the common-emitter configuration, with
each amplifier stage providing a 180-degree shift,
The feedback input signal is thus shifted 360
degrees in phase to produce a regenerative
feedback independent of circuit parameters. The
reactive portion of the bridge (Cl, C2 and R1,
R2) determines the frequency at which maximum
amplification (and feedback) occurs. DS1 (R4)
controls the degenerative feedback and also the
output amplitude; that is, when the input signal
to Q1 increases, more emitter current flows
through DS1 (R4) and the lamp or thermistor
resistance increases, producing a degenerative
voltage which opposes the input signal, and tends
to restore it to the original operating value by
reducing the amount of amplification through the
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feedback loop. This oscillator then, with amplitude
stability, temperature stabilization, and degener-
ative feedback to control the waveform, and with
an RC frequency-selective circuit todetermine the
frequency of operation provides a signalof excel-
lent stability and pure waveshape for test ap-
plications. In order to control the frequency,
either resistors R1 and R2 or capac