



















































































































































































































































































labeled the negative half-cycle because the input voltage is
negative during this period. This negative voltage causes the
input driving current (in solid blue) to flow downward through
R1 and RS to ground. The component of negative voltage now
developed at the top of R1 must be subtracted from the positive
voltage already applied there by the voltage-divider action at the
junction of R4 and R5. Since the upper terminal of Rl is con-
nected directly to the base of transistor X1, this over-all decrease
in positive voltage at the base during the negative half-cycle
will oppose and thereby restrict the flow of emitter-base cur-
rent ( in solid green).

Any such reduction in the emitter-base biasing current will
cause a much larger reduction in the emitter-collector current
through the transistor. The latter may be looked upon as the main
electron stream through the transistor. A reduction in this cur-
rent, as it flows through load resistor R3, causes the posifive
voltage at the top of R3 (and consequently at the collector) to
rise. To satisfy yourself that a reduction in collector current
causes a rise in collector voltage, suppose the collector current
were cut off entirely. Under this condition, there could be no
voltage drop whatsoever across R3, so both of its terminals
would necessarily assume the full positive voltage of the bat-
tery or power supply.

When the collector voltage rises during the negative half-
cycles, electrons will be drawn toward this point from any ex-
ternal circuit connected to it. This accounts for the upward
movement of the driving current (in solid blue) through biasing
and driving resistor R6. The component of positive voltage now
created at the top of R6 adds to the positive biasing voltage
already existing at the base of X2 as a result of the voltage-
divider current through R5 and R4.

The resulting increase in positive voltage at the base of X2
acts to encourage, or increase, the flow of emitter-base biasing
current through X2 (in solid green). In turn, the emitter-
collector current also increases and, in so doing, creates a
larger voltage drop across load resistor R8. The amount of this
voltage drop must of course be subtracted from the power-supply
voltage to determine the instantaneous value of collector voltage.
Thus, you can see that as the collector current rises, the positive
collector voltage drops in value.

This drop in collector voltage is simultaneously “passed” to
the output circuit through capacitor C3 and, via the feedback
network, back to the emitter of transistor X1. Physically this
is accomplished by electrons being driven into each external cir-
cuit, as shown in Fig. 4-5. This occurs because excess electrous
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are momentarily pouring out of the collector but cannot im-
mediately flow downward through load resistor R8; therefore
they choose any alternate path available.

Consequently, during this negative half-cycle a feedback
current (in dotted blue) flows to the left, through resistor R9,
and into feedback capacitor C4. An equal number of electrons are
driven away from the left plate of C4 and downward through
emitter resistor R2. The downward movement through R2
places a small component of negative voltage at the emitter of X1,
which must be subtracted from the positive voltage normally
existing there as a result of the two transistor currents flowing
upward through R2. Any reduction in the positive voltage at
this point (previously identified as the “emitter biasing voltage”)
will increase the electron current flowing from emitter to base
through the transistor (the “biasing” current of the tran-
sistor).

Since the negative portion of the signal had originally reduced
the biasing current through transistor X1, this feedback action
must be classified as negative because it opposes the signal action
and thereby lowers the total gain available from the transistor.

Recall earlier that when the negative portion of the signal
was applied to the base, less collector current flowed. As a result,
an entirely independent negative-feedback action occurs simul-
taneously across emitter resistor R2. The deerease in both the
emitter and collector currents flowing upward through R2
lowers the voltage drop across R2 and also reduces the positive
voltage at the emitter (the emitter biasing voltage). This change
in the bias conditions of the transistor will tend to increase the
biasing current flowing from emitter to base. Thus the biasing
current is acting in opposition to the negative signal at the base
because, during this same negative half-cycle, the signal is trying
to reduce the flow of this current through the transistor.

The common name for this particular negative feedback is
degeneration. One drawback is that it reduces the gain available
from the transistor.

Actions During Positive Half-Cycle

During the positive half-cycle shown in Fig. 4-6, the following
changes in current directions and voltage polarities occur:

1. The signal current (in solid blue) flows upward through R1,
developing a component of positive voltage at the base.
As a result, more emitter-base biasing current (in solid
green) flows through the transistor.

2. The emitter-collector current (in solid red) is correspond-
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ingly increased, causing a driving current (in solid blue)
to flow downward through resistor R6. The latter develops
a small component of negative voltage which alters the bias
of transistor X2 in such a manner that less base-emitter
biasing current now flows through the transistor.

3. In turn, the collector-emitter current through X2 also de-
creases, and as it falls, the positive voltage at the collector
rises.

4. The higher positive voltage draws electrons toward the
collector from any external circuit connected to it. This ac-
counts for the reversal in flow of the output and feedback
currents.

5. Since feedback current is drawn toward the collector, it
must flow upward through emitter resistor R2. As it does, it
creates a small component of positive voltage at the top
of R2. Now the emitter biasing conditions of X1 are altered
in such a manner that less base-emitter biasing current flows
through X1. Since the positive portion of the applied signal
is simultaneously trying to increase this biasing current,
the feedback can again be identified as negative.

6. Negative feedback known as degeneration also occurs across
resistor R2 during this half-cycle. The signal increases
the two currents through transistor X1, but in flowing up-
ward through R2, the now higher currents will increase the
positive voltage at the emitter. In an NPN transistor, a more
positive emitter will reduce the currents through the tran-
sistor.

Filter Currents

Emitter resistor R7 for transistor X2 is bypassed with filter
capacitor C5, so that degeneration does not occur across R7. The
fluctuations from half-cycle to half-cycle in the current going
into the emitter of X2 are in a sense “absorbed” by the filter
capacitor. As a result, a constant current flows upward through
R7 throughout the entire cycle. Likewise, the voltage it develops
across R7 is constant rather than fluctuating. The capacitor is
able to smooth out the current by delivering extra electrons to
the emitter during the negative half-cycles and receiving extra
electrons (from the current flowing up through R7) during the
positive half-cycles. The filter current which flows between
the lower plate of C5 and ground follows the movements of elec-
tron flow on and off the upper plate. For instance, extra electrons
are drawn into the transistor from the upper plate of C5 during
the negative half-cycles, so the filter current flows up from
ground into the lower plate. During the positive half-cycles, the
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upper plate of C5 “recharges” by receiving additional electrons
from R7, so the filter current flows down from the lower plate
of C5 to ground.

Resistor R5 in the voltage-divider circuit is also bypassed
with a filter capacitor, C6. This is necessary because the driving
currents for the two transistors (both in solid blue) flow through
R5 in opposite directions. Without this capacitor, the voltage
each current would develop across R5 would oppose the other
voltage. Two separate filter currents flow side by side between
the lower plate of capacitor C6 and ground. While the driving
current through resistor R1 draws a filter current downward
from C6 during negative half-cycles, the driving current through
R6 is drawing its own filter current upward from ground into
C6.

Summary

There are two electron currents which flow through the aver-
age transistor and the amount of each is closely regulated by the
voltage at the base and emitter terminals. These are the biasing
or controlling current, which flows from base to emitter (or
emitter to base in NPN transistors) ; and the main electron stream
(called collector-emitter current, or more commonly, the col-
lector current), which flows from emitter to collector in NPN
transistors.

The amount of biasing current which flows from emitter to
base is regulated by the instantaneous voltages at the emitter
and base. The voltage at the collector, like the voltage at the
plate of a pentode amplifier, has an almost insignificant effect on
the amount of collector current which flows.

The voltage at the base of transistor X1 is the algebraic sum
of three voltages (one fixed and two variable). The fixed voltage
is that developed across R5 by the voltage-divider current.
The variable voltages are the ones developed across Rl—one by
the downward flow of base-emitter current, and the other by
the signal current.

The instantaneous voltage at the emitter of transistor X1
is the algebraic sum of three voltages, all variable. Two of them
are pulsating direct currents and are the two transistor currents
—namely, the emitter-base and emitter-collector. The one which
is alternating is the feedback current (shown in dotted blue)
that flows up and down through resistor R2.

The instantaneous voltage at the base of transistor X2 is the
algebraic sum of three independent voltages. The one fixed
voltage is developed across resistor R5 by the voltage-divider
current. One of the two variable voltages is developed across
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driving resistor R6 by the amplified signal current, which actually
flows in two directions through the resistor. The second variable
voltage is developed across this same resistor by the emitter-base
biasing current (in solid green)—a pulsating direct current
which flows downward through R6.

The voltage at the emitter of X2 is the sum of two fixed
voltages; therefore, it can probably be described as a “pure”
direct voltage. The two fixed voltages which contribute to it
are those developed across emitter resistor R7 by the base-emitter
and collector-emitter current through the transistor. Both cur-
rents pulsate through the transistor; but thanks to the filtering
action of capacitor C5, they are “pure” DC when flowing
through R7.

COMPLEMENTARY SYMMETRY PUSH-PULL
AMPLIFIER

Figs. 4-7, 4-8, and 4-9 show three different conditions in the
operation of a push-pull amplifier using the complementary
symmetry of an NPN and a PNP transistor. This feature permits
using the push-pull connection to drive a speaker without the
necessity of an output transformer. Both are classed as power
transistors, because of the relatively large collector current
each must deliver for driving the speaker.

Fig. 4-7 shows the currents which flow in this circuit under
static conditions only (while no signal voltage is being amplified).

Fig. 4-8 has been labeled a negative half-cycle, because the
signal current (in solid blue) flows in such directions through
driving resistors R1 and R4 that it makes the bases of the two
transistors negative. (The bases are their input points.)

Fig. 4-9 has been labeled the positive half-cycle, because the
signal current causes positive voltages to exist at the two bases.

Identification of Components

The following components perform the indicated functions in
this circuit:

R1—Voltage-divider and biasing resistor.
R2—Voltage-divider and biasing resistor.
R3—Emitter stabilizing resistor.
R4—Voltage-divider and biasing resistor.
R5—Voltage-divider and biasing resistor.
R6—Emitter stabilizing resistor.
Cl—Input capacitor.

C2—Input capacitor.
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C3—Emitter bypass capacitor.
C4—Emitter bypass capacitor.
L1—Voice coil of the speaker.
X1—NPN power transistor.

X2—PNP power transistor.

M1—Battery or power supply.
M2—Battery or power supply.

Identification of Currents

During the static period depicted by Fig. 4-7, no signal cur-
rents are flowing in this circuit; but the following electron
currents, all pure DC, will flow:

1. Voltage-divider and biasing currents for both transistors
(dotted green).

2. Base-emitter current through both transistors (solid green).

3. Collector-emitter current through both transistors, (solid
red).

During the period of dynamic operation depicted by Figs. 4-8
and 4-9, the following additional electron currents will come into
existence:

4. Input signal current (solid blue).

5. Fluctuations in the two base-emitter currents (also in solid
green).

6. Fluctuations in the currents through the two voltage-divider
circuits (also in dotted green).

7. Fluctuations in the two collector-emitter currents (also in
solid red).

8. Current through the speaker voice coil (dotted red)

9. Two emitter filter currents (dotted red).

Details of Operation

Being fairly straightforward the three electron currents
shown in Fig. 4-7 for the static period of operation can be easily
explained. The voltage-divider current (dotted green) flows con-
tinuously counterclockwise, upward through the two battery
power supplies and to the left through resistor R2. Next it heads
downward through resistors R1 and R4, then to the right through
resistor R5, where it re-enters the positive terminal of the bat-
tery M2.

Electron current will flow around the base-emitter closed-
loop circuitry of any transistor, in accordance with the voltage-
biasing conditions at the base and emitter. Transistor X1, an
NPN, has an initial negative voltage applied to its emitter from
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the negative terminal of battery M1l. Because of the voltage-
divider current action at the junction of resistors R1 and R2,
however, a less negative voltage is applied to its base.

The voltage polarities around the circuit loop consisting of
M1, R2, and R1 may be estimated qualitatively by recognizing
that the voltage at the right terminal of resistor R2 will have
the same voltage as the battery M1 (—22.5 volts). The voltage
at the left terminal of R2 (this is the voltage applied directly
to the base of X1) must be somewhat lower than this value
(meaning somewhat less negative) because the voltage-divider
current flows to the left through this resistor. Recall that the
terminal from which electron current leaves a resistor is always
more positive (or less negative) than the terminal at which it
enters the resistor.

Since the junction of resistors R1 and R4 is connected directly
to ground, the voltage at this point must always be zero. The
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Fig. 4-7. Current conditions in the complementary symmetry push-pull
amplifier—static operation with no signal currents.
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junction of the two batteries is also grounded. As the voltage-
divider current continues around this closed loop, it moves into
a region of progressively higher positive voltages. The junction
of R4 and R5 is positive with respect to ground, and the right
terminal of R5 will always be at the full +22.5 volts of the
battery.

Under no-signal conditions, the base-emitter current for both
transistors (solid green) also flows continuously in a counter-
clockwise loop. Its path might be considered to begin at the
ground point between the two batteries. From here it flows
upward through M1 and resistor R3, into the emitter and out the
base of X1. Heading downward through R1 and R4, it goes into
the base and out the emitter of transistor X2, then through R6
and into the positive terminal of M2. Here, it flows through M2
back to the reference point or reference voltage which we call
ground.

This base-emitter current of a transistor is usually called
the “biasing” current, and it controls closely the amount of
collector current (meaning collector-emitter current) which
flows through the transistor. This phenomenon is the basis for
the descriptive statement that transistors are “current-controlled”
devices—in contrast to vacuum tubes, which are considered to
be “voltage-controlled” devices.

The amount of this base-emitter biasing current is itself closely
controlled and regulated by the voltage values at the base and
emitter. Under no-signal conditions such as are depicted in
Fig. 4-7, the voltage at the base of X1 is negative. In fact, it is
the sum of (1) the negative voltage produced at the junction of
R1 and R2 by the voltage divider current, and (2) the negative
voltage caused at the upper end of resistor R1, by the base-
emitter current flowing downward through R1.

The latter voltage may be more easily visualized by recogniz-
ing the current path which includes battery M1, resistor R3, the
resistance of the junction between emitter and base within the
transistor, and resistor R1 as another voltage divider. Start-
ing at the negative terminal of battery M1, the voltage has
its maximum negative value. Proceeding counterclockwise
around this loop, the voltage at each point becomes progressively
less negative until the ground point at the lower end of resistor
R1 is reached, where the voltage is zero.

Under the assumption that the two transistors will conduct
identical amounts of biasing current during this no-signal con-
dition, the same amount of base-emitter current (in solid green)
continues to flow through resistor R4, the resistance of the
junction between base and emitter within transistor X1, resistor
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R6, and battery M2. This loop constitutes another voltage
divider, the voltage again becoming progressively more positive
(i.e., less negative) as this electron current proceeds around
the loop. Electrons move in the direction indicated because they
flow inescapably away from more negative and toward more
positive voltages.

Thus the “biasing” voltage at the base of transistor X2 is
positive and is the sum of two separate components of positive
voltage, both produced across resistor R4 by the two currents
which flow downward through it.

The voltage at the emitter of transistor X1 is negative and
is the sum of two separate components of negative voltage. These
are produced at the upper terminal of resistor R3 by the two
electron currents (the base-emitter current, in solid green; and
the collector-emitter current, in solid red) flowing upward
through R3.

The voltage at the emitter of transistor X2 is positive, and
is the sum of two separate positive voltages. Both exist at the
lower terminal of resistor R6 as a result of the same two elec-
tron currents—the base-emitter and collector-emitter currents
which flow upward through it.

The path for the combined collector currents (under these
no-signal conditions) might be considered to start at ground
(the reference point) between the two batteries, and to flow up-
ward through M1 and R3 into the emitter and out the collector
of X1. Next it heads downward to the collector of X1, through
X1 and out the emitter, then upward through R6 to the positive
terminal of M2. This electron current is finally returned to
ground by flowing through M2 to its negative terminal.

Operation Under Dynamic Conditions

Once these three static currents have been visualized, you
will be in a much better position to understand how this circuit
operates when a signal is being amplified. Three additional
currents come into existance. Also, the three currents previously
discussed will now be changed from pure to pulsating DC. These
pulsations represent the variations in the audio-frequency signal.

During the negative half-cycle depicted by Fig. 4-8, a signal
voltage of negative polarity is applied to the left plates of
capacitors C1 and C2. This negative voltage drives electron cur-
rent (in solid blue) onto the left plates of these capacitors.
In turn equal amounts of electron currents are driven away from
the right plates. The current driven away from C1 flows down-
ward through resistor R1 to ground and, in so doing, develops an
instantaneous component of negative voltage at the upper
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terminal of R1. This component of negative voltage adds to the
negative voltage already existing at that point as a result of the
two currents which flow through R1. The increase in negative
voltage at the base of X1 (or any other NPN transistor) will
decrease the base-emitter biasing current flowing through the
transistor. This, in turn, decreases the collector-emitter current
through X1.

Unlike the collector current through transistor X1 the col-
lector current through transistor X2 increases during negative
half-cycles. The reasons why it does may be summarized briefly,
as follows:

1. The input signal current (in solid blue) flows upward
through resistor R4 to ground. The component of negative
voltage it creates at the lower terminal of R4 must be
subtracted from the positive voltage already existing at
that point as a result of the two voltage-divider actions
previously described. The net result is a reduction in the
positive voltage at the base of transistor X1.

2. A reduction in positive voltage at the base of any PNP
transistor will always increase the flow of biasing current.
Therefore, more base-emitter current flows through tran-
sistor X1.

3. The increase in biasing current causes a companion in-
crease in collector-emitter current, which is also the load
current.

It should be obvious that this additional collector current
for X2 cannot all be drawn through X1, since the collector current
through X1 is decreasing during this negative half-cycle, as pre-
viously explained. Consequently, the extra collector current for
X2 is drawn upward from ground and through the voice coil of
the speaker. This current (in dotted red) will set up magnetic
lines of force which will draw the speaker diaphram in one
direction only, such as to the right in Fig. 4-8. The complete
path of this current is through the voice coil, then into the
collector and out the emitter of X2 upward through resistor
R6 to the positive terminal of battery M2. Flowing through the
battery to its negative terminal, the current re-enters the common
ground, which provides a ready return access to the voice coil.

During the positive half-cycles depicted by Fig. 4-9, a similarly
long series of events (which will be discussed later) increases
the collector current through X1 and decreases the collec-
tor current through X2. This increase in collector cur-
rent through X1 cannot be accepted by X2 during this same time
period. Therefore, the current is driven through the speaker

103



INPLT COLLECTOR-EMITTER

SIGNAL -
clRRgNTs _ BAEEMITTER o P
(DECREASES) c
o
INPUT
\ FILTER
I CURRENTS
= CURRENT
Y| THROUGH
VOICE COIL
S ®
-'_. .4 (XX} /o N
[ ] L]
H® -7
Ji i :
L]
VOLTAGE Atfoeee _l o0t ‘/L :
DIVIDER 1] ‘ o £ Tl
AND @ Y ’ = @ L '\} 4 -i'
BIASING sooodme < . o
CURRENTS MV \‘ ;7., o ¥l EXCESS x2
. A < [l collecror
. s || CURRENT
Y \ = M RETURNING
> : * || THRouGH
" wes < il erounD
4 .
° °
_Iw_l ° ooo.oo.-oooot'
@ BASE - c
gggg’&@ @ COLLECTOR -
EMITTER
(INCREASES) CURRENT

{INCREASES)

Fig. 4-8. Operation of the complementary symmetry push-pull amplifier—
negative half-cycle.

voice coil and into the ground connection. Thus, current flows
through the voice coil in one direction during negative half-
cycles, and in the opposite direction during positive half-cycles.
This causes the resultant magnetic lines of force in the voice
coil to change direction every half-cycle. As a result, the per-
manent magnet (and speaker diaphram connected to it) will be
alternately attracted to and repelled by the voice coil during
each cycle. The back-and-forth movements of this diaphragm set
up the air vibrations we know as sound waves.

To consider all the current and voltage changes which occur
during a positive half-cycle of operation, we should start with
the input signal. As long as its polarity is positive, electrons
will be drawn onto the right plates of C1 and C2. As it flows
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upward through resistor R1 and downward through resistor R4,
this electron current places small components of positive voltage
at the upper terminal of R1 and the lower terminal of R4. These
voltage components are added to the voltage already existing
there as a result of the two voltage-divider actions previously
discussed (the ones associated with the currents in solid and
dotted green).

This signal current flow through the two resistors makes
the normally negative voltage at the top of R1 less negative, and
the normally positive voltage at the lower terminal of R4 more
positive. As a result, the two currents flowing through transistor
X1 (the base-emitter biasing current and the collector-emitter
load current) increase, and the two flowing through transistor
X2 decrease.

Thus, by application of a small audio-frequency signal at
the input point of this circuit, it is possible to cause a fairly
heavy flow of alternating current at the same frequency through
the speaker voice coil. This circuit is classed as a power
amplifier because much more audio-frequency power is delivered
to the output (speaker) than is consumed in the input circuit
(resistors R1 and R4). As an example, the speaker might be
delivering one or more watts of audio power, whereas only a few
milliwatts are being consumed in input resistors R1 and R4.
Several important facts about transistors make this phenomenon
possible:

1. In a transistor, a change of only a fraction of a volt in the
voltage difference between base and emitter will cause
a small change in the amount of biasing current and a much
larger change in the amount of collector load current.

2. This fraction of a volt required can be developed at the
transistor base by causing a current as small as a fraction
of a milliampere to flow through an input resistor such as
R1 or R4.

Moreover, the collector-emitter load current flowing through
these power transistors may be hundreds of times greater than the
signal current flowing up and down through input resistors R1
and R4.

Because of the voltage changes across these two resistors
while the signal current is flowing, the amount of voltage-divider
current (in dotted green) will be disturbed slightly. During the
negative half-cycles (Fig. 4-8), the voltage at the junction of R1
and R2 is made more negative; consequently, the smaller voltage
difference between the two terminals of resistor R2 will draw less
current through R2 from the negative terminal of the battery.
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Fig. 4-9. Operation of the complementary symmetry push-pull amplifier—
positive half-cycle.

During the positive half-cycles, this junction is made less negative
and now the opposite is true—a larger voltage-divider current
will be driven through R2 by the greater voltage difference across
its terminals.

By similar reasoning, it can be shown that the voltage-divider
current flowing through the lower network (consisting of R4, R5,
and M2) also fluctuates with the applied signal voltage. Here,
however, it increases during the negative and decreases during
the positive half-cycles.

For this reason, the voltage-divider current (in dotted green)
has been shown as two separate currents—flowing in two separate
networks—while a signal is applied. Any difference in amount
between these two currents will automatically be compensated for
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by a flow of electron current through the common ground con-
nection between the junction of power sources M1 and M2, and
the junction of resistors R1 and R4.

Likewise, any difference in amounts between the base-emitter
currents through the two transistors will be compensated for by
an appropriate flow of electron current (in solid green) through
this same common ground connection. During the positive half-
cycles (when more base-emitter current flows through X1 than
through X2), this current will flow through ground from left to
right—that is, from the junction of resistors R1 and R4, toward
the junction between the two batteries. Conversely, it will flow
through ground from right to left during the negative half-cycles,
when the base-emitter current through X2 exceeds that through
X1

Filter Currents

Emitter resistors R3 and R6 are bypassed by filter capacitors
C3 and C4, respectively, to prevent loss of signal strength from
that type of negative feedback known as degeneration. In order
to forestall degeneration, the filter currents shown in dotted
red must be able to flow freely between C3 and C4 to the nearest
ground point. The voltage on the upper plate of C3 must always
be identical to the one at the emitter of X1. Since this is a
negative voltage, the accumulated charge on the upper plate of
capacitor C3 can be conveniently represented as a “pool” of
electrons. There will be a continual flow of electron current
driven upward through resistor R3 by the negative terminal of
battery M1. (This is the point of most negative voltage in the
entire circuit.) If no collector current could escape into the
transistor, the upper plate of capacitor C3 would soon acquire
enough electrons that its voltage would equal the full negative
battery voltage. At that time, the upward flow of electron
current through R3 would cease. However, since transistor X1
is being operated under what are called Class-A conditions, some
collector current flows throughout the entire cycle. Therefore
the negative voltage on the upper plate of C3 will never attain
the full negative voltage power source M1.

During the positive half-cycle such as in Fig. 4-9, the biasing
conditions of transistor X1 cause an increase in the collector
current. In turn, the electrons which make up this current are
drawn quite easily from the electron pool on the upper plate
of capacitor C3, and an equal number flows upward from
ground to the lower plate. This is the essence of capacitor action

. . it is how capacitors will appear to “pass” an alternating
current.
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When the capacitor has sufficient size, or capacity, the
quantity of extra electrons demanded by the transistor collector
current during the positive half-cycles is such an infinitesimal
percentage of the total number of electrons stored in the capaci-
tor that the voltage does not change appreciably from half-cycle
to half-cycle.

This is how a filter capacitor avoids the loss in signal strength
known as degeneration. If emitter resistor R3 were not bypassed
with a filter capacitor, then the increased collector current
during the positive half-cycles would have to be drawn directly
upward through R3. This would make the voltage difference,
or “drop,” across R3 larger, and would lower the negative
voltage at the upper terminal of R3. Since the emitter of X1
is connected directly to this point, this lower negative voltage
would constitute a change in the biasing conditions of the tran-
sistor, and would ultimately reduce the collector current flowing
through the transistor. This would nullify at least part of the
original increase in collector current, and would constitute a
loss in the amount of amplification the circuit delivers. This is
degeneration.

The voltage on the lower plate of capacitor C4 is always
identical to the positive voltage at the emitter of transistor
X1, since they are connected together. It is convenient to visualize
a positive capacitor voltage as a pool of positive ions, out of
which a continual flow of electrons will move upward and
through resistor R6, toward the higher positive voltage of power
source M2. If no collector-emitter current flowed through X2,
the positive voltage on the lower plate of C4 would eventually
equal the +22.5 volts of the battery at the lower terminal of
M2. Instead, the continual inflow of collector-emitter current
from X2 keeps it at a lower positive value.

Assuming capacitor C4 has sufficient size, or capacity, the
quantity of excess electrons which flow onto its lower plate from
the collector-emitter current during the negative half-cycles
(Fig. 4-8) is such an infinitesimal percentage of the total number
of positive ions already stored there that the voltage across
capacitor C4 does not change appreciably from half-cycle to half-
cycle.

If C4 were not in the circuit, or if for any reason the filter
current between it and ground were prevented from flowing, then
degeneration (loss of signal strength) would occur across R6.
The increased collector-emitter current through X2 during nega-
tive half-cycles would flow directly through R6 and thereby
increase the voltage drop across this resistor. The lower positive
voltage now produced at its lower terminal and at the emitter
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would be a fundamental change in the biasing conditions of the
transistor. The resultant decrease in collector-emitter current
would nullify part of the original increase in this current and
thereby lead to some loss in amplification.
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Chapter 5

DETECTOR CIRCUITS

Like their triode vacuum-tube counterparts, transistors can
be employed to detect, or demodulate, a modulated RF carrier
signal and thereby develop an audio voltage. The first circuit
discussed in this chapter is for a PNP transistorized detector.
Crystal diodes are also employed as detectors in many transistor
receivers. The second circuit discussed in this chapter is for
an IF amplifier and diode detector, with AGC applied to the IF
amplifier.

PNP DETECTOR CIRCUIT

Figs. 5-1 and 5-2 show two successive audio half-cycles in the
operation of a transistor detector. The necessary components of
this circuit include:

R1—Voltage-divider resistor.
R2—Voltage-divider and base-bias resistor.
R3—Emitter stabilizing resistor.
R4—Collector load resistor.

C1—IF tank capacitor.

C2—IF filter capacitor.

C3—Emitter bypass capacitor.

C4—IF filter capacitor across load resistor R4.
C5—Output coupling and blocking capacitor.
T1—IF tank transformer.

X1--PNP transistor.

M1—Battery or other power supply.

Identification of Currents

The following separate and distinct electron currents are
at work in this circuit. The actions occurring in this or any
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circuit cannot be understood until the movements of these cur-
rents are clearly understood.

IF tank current (solid blue).

Base-emitter biasing current, a direct current which
pulsates at the intermediate frequency (solid green).
Voltage-divider current (dotted green).

Two intermediate-frequency filter currents (dotted blue).
Collector-emitter current (solid red).

Audio filter current (dotted red).

0=

S P

Details of Operation

The intermediate-frequency input current (in solid blue)
oscillates in the tank circuit consisting of C1 and the primary
of transformer T1. This IF tank current induces a similar current
in the secondary winding. With this secondary current there will
always be associated the so-called secondary voltage, also known
as “back electromotive-force” (back emf). Once during every
cycle of this intermediate-frequency current, the upper terminal
of the secondary winding will be driven to a peak of negative
voltage. When this happens, the transistor will conduct the
maximum base-emitter biasing current because, in the PNP
transistor, electrons invariably flow from the base to the emitter
against the direction of the emitter arrow). Hence, a more nega-
tive base voltage will naturally increase this flow.

Between each negative peak of induced voltage there will be
an equal-sized peak of positive voltage. On these positive peaks,
the transistor will conduct the minimum base-emitter current.
Since this current always flows in the same direction through the
transistor, the voltage alternations which were induced across
the secondary winding of T1 are converted into current pulsations
through the transistor.

The complete path of this base-emitter biasing current, which
is shown in solid green and which pulsates at the intermediate
frequency, begins at the negative terminal of battery MI1. It
flows to the left and upward through resistor R2 and the second-
ary winding of T1. Then it heads to the right into the base of
the transistor and out the emitter and downward through re-
sistor R3, to the common ground connection, where it has free
access to re-enter the positive terminal of the battery.

In addition to the pulsations which occur at the basic inter-
mediate frequency, this base-emitter current also varies in
amount according to the modulation carried by the carrier signal.
Fig. 5-3A shows a fairly conventional graphical representation
of the so-called modulated carrier signal, or waveform. Many

112



hundreds of even thousands of the carrier cycles will occur during
one audio cycle, and their strength will periodically rise and
fall in accordance with the modulation imposed on the carrier at
the transmitter. These variations in carrier strength make up
what is commonly known as the “modulation envelope.” As is
customary in waveform diagrams of this type, the modulation
envelope has been indicated on Fig. 5-3A. This so-called “modu-
lation envelope” in such diagrams is nothing more than a
convenient graphical device which relates the relative strength
of individual cycles of the carrier signal and, of course, points
up the fact that the strength of these carrier cycles varies in
accordance with the audio modulation imposed on the carrier at
the transmitter.

Each pulsation of base-emitter current causes one cycle of
IF filter current to flow through filter capacitor C2 to ground.
During the negative peak portions of the secondary induced volt-
age across T1, maximum base-emitter current flows through the
transistor X1. Inevitably some electron current is drawn from the
upper plate of capacitor C2, and in turn the same quantity of
electrons is drawn onto the lower plate. On the positive peak
portion of secondary induced voltage, the base-emitter current
is reduced to minimum. During these half-cycles of IF, the filter
current flowing on either side of capacitor C2 heads downward
again to ground.

The amount of base-emitter biasing current which flows through
any transistor is determined by the two important biasing volt-
ages, (at the base and emitter) and, of course, the difference be-
tween them. The voltage at the base of transistor X1 is
determined primarily by the flow of voltage-divider current (in
dotted green) upward through battery M1, to the left and
upward through resistor R2, and downward through R1 to the
common ground. From here, it has easy access back to the
positive terminal of battery M1. The resulting voltage at the
junction of resistors R1 and R2, being less negative than the
power-supply voltage, will cause a flow of electron current
across the junction between base and emitter. The amount of this
so-called biasing current controls, or regulates, the flow of
electron current from collector to base, within the transistor.
(Once this current crosses the difficult “reverse” junction from
collector to base, it flows fairly easily from base to emitter, and
exits from the transistor at the emitter terminal.)

This second current through the transistor is usually called
merely the collector current, and will be from 25 to 100 times
larger than the biasing current (frequently referred to merely
as the “base” current). The collector current, shown in solid
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red, begins at the negative terminal of battery M1. From here
it flows upward through resistor R4, then downward through the
transistor from collector to emitter, continuing downward
through emitter resistor R3 to the common ground, where it can
return to the positive terminal of the battery.

MODULATION MANY IF CYCLES
ENVELOPE :

| |
TT 1 N
>¢ \ | / \

N
(A) Modulated m

1
Q
IF carrier. ! T
| l
Yy’ y
71/ UM LY R
T
|

Lu”
|
I

PO&TNE

NEGATIVE
BASE VOLTS

7
L
¥
N\
N
§§
pa
L
{

ROUGH

(]

B) Base and emitter vot.mss AT
) voltages. /gf‘mm

T N N——FucTuaTiNG

WMJRGEATE&SE

IF PULSATIONS

CURRERT

(C) Collector current.
0

NAUDIO PULSATIONS
IN COLLECTOR
CURRENT

Fig. 5-3. Waveform diagrams for the transistorized detector.

In flowing downward through R3, the collector-emitter current
will develop across R3 a voltage of negative polarity at the upper
terminal and positive polarity at the lower terminal. The negative
voltage polarity at the upper terminal of R3 becomes the second
of the two important biasing voltages of the transistor.

Resistor R1 and capacitor C2 together constitute a “long-
time constant” filter—one whose time constant is longer than the
duration of a single intermediate-frequency cycle. Consequently,
a negative voltage will appear on the upper plate of capacitor
C2. This negative voltage, which remains unchanged between the
individual IF cycles, has been indicated by the blue minus signs
on C2. (A negative voltage stored on a capacitor plate can be
most conveniently represented as a group or pool of electrons,
the symbol for which is one or more minus signs.)
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In Fig. 5-2, which represents a “Peak” half-cycle of audio
voltage, the single minus sign on the upper plate of C2 indicates
the negative base voltage which would correspond to a modulation
peak. Fig. 5-3A tells us that during a modulation peak, the
individual IF cycles have their maximum value, or strength. Each
such cycle drives the transistor base to a3 negative voltage of
such value that maximum base-emitter biasing current is per-
mitted to flow through the transistor. This extra quantity of base-
emitter biasing current must flow through resistor R2. In so
doing, it lowers the negative voltage at the upper terminal of
R2, because of the increased voltage drop across the resistor.
The reduced negative voltage at the junction of R1 and R2 is also
the voltage applied to the base. Thus, during the modulation
peak of Fig. 5-2 a smaller negative biasing voltage is applied
to the base of the transistor. As a result, the base-emitter
biasing current which flows continuously through the transistor
is reduced.

During the modulation trough of Fig. 5-1, the individual IF
cycles reach smaller peak values and thereby reduce the base-
emitter current during each cycle. Since this current must flow
through resistor R2, the decreased voltage drop across R2 makes
the voltage at the junction of R1 and R2 more negative. This is
one of the two transistor biasing voltages, and it causes a general
increase in the continuous flow of base-emitter current through-
out the entire cycle.

The voltage which appears on the upper plate of capacitor
C2 marks the first appearance of an audio voltage when a carrier
signal is being modulated. It varies between two negative
values, as indicated in Fig. 5-3B, and consequently regulates the
flow of the two currents through the transistor so that they
pulsate at an audio rate. The transistor currents also have
pulsations, which occur at the intermediate frequency, as shown
in Fig. 5-3C, and are filtered out by capacitors C2 and C4. These
IF filtering currents have been shown in dotted blue.

Since the collector current varies, or pulsates, at the audio
frequency being demodulated, an audio voltage is developed
across collector load resistor R4. This audio voltage is coupled
to the next amplifier stage by capacitor C5, which also serves
to “block” the fixed negative voltage of battery M1 and thereby
keep it from reaching the next stage. Fig. 5-1 depicts circuit
conditions leading up to a modulation trough. Here the collector
current is increasing, and this extra current is drawn from the
left plate of C5. This action draws an equal amount of electron
current onto the right plate from the external circuit beyond C5
which recognizes this surge of electrons as a positive voltage.
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Under the conditions leading up to the modulation peak of
Fig. 5-2, the collector current is decreasing. Thus, the excess
electrons being driven through resistor R4 from battery M1 will
flow onto the left plate of C5, driving an equal number off the
right plate and through the external circuit. The external circuit
beyond capacitor C5 recognizes this surge of electrons through
it as a negative voltage.

The combination of emitter resistor R3 and filter capacitor
C3 is deliberately chosen to have a longer time constant than the
duration of one cycle of the lowest audio frequency being de-
modulated. Consequently, even though the collector-emitter cur-
rent is pulsating as it comes through the transistor, it is prevented
from flowing through R3 in pulsations and thereby developing an
audio voltage across R3. Instead, the additional collector current
which flows during the modulation trough is shunted momen-
tarily onto the top plate of capacitor C3, and an equal quantity of
electrons flows harmlessly from the lower plate into ground.
This is one half-cycle of audio filter current. If there were no
capacitor, this extra collector current would have to flow
immediately through resistor R3, and, in so doing, would cause
an additional component of negative voltage at the upper terminal
of R3. Since this is one of the two important biasing voltages
of the transistor, a more negative voltage at the emitter would
restrict or reduce the flow of both currents through the tran-
sistor, just when they were trying to increase. This would be de-
generation.

The decrease in collector current during the modulation peak
of Fig. 5-2 would likewise cause a smaller voltage drop across R3
and, in turn, a less negative voltage at the emitter. As a result,
both currents through the transistor would increase, just when
they were supposed to decrease. This would be another half-cycle
of degeneration. When a large enough filter capacitor is con-
nected across R3, the excess electrons stored on its upper plate
during the previous half-cycle will not be drawn off the top
plate, and will flow down through R3 to ground, along with the
regular flow of collector current. While this action is occurring,
the filter current below C3 will be drawn upward from ground,
toward the capacitor. This constitutes the second half-cycle of
filter action.

AMPLIFIER WITH AGC DIODE

Figs. 5-4 and 5-5 show two successive half-cycles of a single
radio-frequency cycle of operation for a fairly typical IF ampli-
fier and detector circuit. The diode also provides automatic
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Fig. 5-4. An IF amplifier with AGC diode—negative half-cycle during a
period of normal signal strength.

gain control (AGC), frequently called automatic volume control
(AVC).

A fairly common intermediate frequency in broadcast receivers
is 455 kilocycles per second. (In electronics terminology, “per
second” is understood and so is omitted, and “kilocycles” is abbre-
viated to ke.) An intermediate frequency is normally much lower
than the original carrier or radio frequency, and as such is some-
what easier to handle—meaning that the circuits which amplify
it are less susceptible to losses from parasitic oscillations,
radio-frequency interference (RFI), and other such disturbances.
At the same time, a frequency as high as 455 kilocycles per second
is high enough to be classed as a “radio frequency,” so that
tuned circuits of reasonable size can be put together which will
resonate at the basic frequency, with many attendant advantages
of signal strength gain, frequency selectivity, etc.

The components which make up this completed circuit are as
follows:
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R1—Voltage-divider and biasing resistor.
R2—Voltage-divider and AGC resistor.
R3—Voltage-divider and audio-output resistor.
R4—Emitter stabilizing resistor.
Cl—Input tank-circuit capacitor.
C2—Output tank-circuit capacitor.
C3—RF bypass capacitor.
C4—Audio-output capacitor.
C5—Emitter bypass capacitor.

C6—IF neutralizing capacitor.

C7—AGC capacitor.

T1l—Input IF transformer.

T2—Output IF transformer.

X1—PNP transistor.

M1—Crystal diode.

M2—Battery or other DC power supply.
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Identification of Currents

There are a great many separate electron currents flowing
in this circuit. Each current should be clearly identified in
your mind before you can hope to understand the movements, and
more important, the functions performed by these currents. First,
there are the usual three currents which will flow in the average
transistor circuit under “static” conditions, irrespective of
whether a signal voltage or current is actually being amplified.
These static currents are:

1. Voltage-divider current (dotted green).
2. Base-emitter current (solid green).
3. Collector-emitter current (solid red).

In addition to these static currents, several additional cur-
rents come into existence when a signal voltage or current is
being amplified. These currents include:

4. Input signal current (solid blue).

5. IF tank current in both the input and output tank circuits
(also in solid blue).

. Output secondary current (also in solid blue).

. IF neutralizing current (dotted blue).

. Unidirectional diode current (dotted red).

. Emitter filter current (also in dotted red).

. AGC current (solid green in Figs. 5-6 through 5-9).

SOOI

Details of Operation

The movements of most of these currents can be understood
from Figs. 5-4 and 5-5. In order that the actual generation of
an audio frequency current and voltage can be visualized how-
ever, it is helpful to resort to additional circuit diagrams, of a
type which will depict audio rather than intermediate-frequency
half-cycles. Also, the generation of an automatic gain-control
current and voltage can best be visualized by using extra dia-
grams to show how circuit conditions change as the signal
strength does (signal fade or buildup). Figs. 5-6 through 5-9
depict these current and voltage changes. These extra diagrams
are necessary because of the three widely separated frequencies
that are always involved in the demodulation of an RF or IF
carrier signal, and then in the development of a DC voltage
which will be proportional to the strength of the original carrier
signal. The latter may consequently be used to provide automatic
control of the transistor gain and thus of the volume of the audio
signal being delivered by the speaker.
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These three frequencies are:

1. The carrier or intermediate frequency—in this case, 455,000
cycles per second.

2. The modulation frequency which is carried by the IF
carrier and which, after demodulation, becomes the audio
frequency from the speaker. A good average audio frequency
in the “listening” range of frequencies is represented by
the key of middle C, whose pitch is 256 cycles per second.

3. The frequency at which signal fades or buildups will
occur because of anomalous propagation conditions. Fades
and buildups occur independently of each other, so it is
inaccurate to imply that such a thing as a single whole
cycle of signal fade and signal buildup exists. It is more
accurate to consider individual half-cycles, such as either a
fade or a buildup, and to understand within what length of
time such an event must occur. A signal fade or buildup
may require several seconds or minutes to complete itself.

The time of one IF cycle of operation is always equal to the
reciprocal of the frequency, in this case 1/455,000 second.

Thus, one half of one cycle will require slightly longer than
one millionth of a second to complete itself. This is about the
length of time required for the actions occurring in the tank
circuits of Fig. 5-4. In the tank circuit consisting of the secondary
winding of T1 and capacitor C1, the electrons which make up the
tank current or circulating current have moved upward through
T1 and are amassed on the upper plate of capacitor C1. Thus
the voltage across the entire tank circuit has its maximum
negative value at the end of this first half-cycle. The amount, or
value, of this tank voltage exists to a lesser and lesser degree
across portions of the secondary winding. Halfway down this
coil, the instantaneous negative voltage at that point will be half
of what it is at the top, and so on.

The base of the emitter is connected directly to a point that
is quite far down on the secondary winding. This is done for
impedance-matching purposes. The concept of impedance match-
ing is a difficult one to visualize qualitatively. Impedance, like
resistance, is a ratio between an existing voltage and the curent
which this voltage will set in motion. The concept of impedance
also represents the ratio of a change in an existing voltage across
a circuit, to the change in current through this same circuit as
a result of this voltage change.

A transistor connected in a common-emitter configuration
such as this one, is said to have a very low input impedance.
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This means that the ratio between a change in input voltage and
the resulting change in current flow is low. In other words,
only a small change in voltage will cause a substantial change in
current. As always, in discussing and using the term “impedance,”
it is not merely helpful but actually mandatory that we under-
stand exactly which voltage and which current we are talking
about.

The input impedance of a transistor refers to the amount of
change in voltage necessary between emitter and base in order to
produce the desired change in base-emitter current through the
transistor. The voltage difference between base and emitter is
one of the fundamental biasing conditions of a transistor, and
you have seen that this voltage difference is normally only a
small fraction of a volt. For the desired fluctuations in base-
emitter current to occur, it is only necessary to vary this existing
base-emitter voltage difference by the tiniest fraction of a volt.
Thus, a circuit in which a very small voltage change causes a
substantial current change is a “low-impedance” circuit.

It will be helpful to remember the Ohm’s-law relationship
between resistance, voltage, and current whenever the impedance
of a circuit is under discussion. Impedance, like resistance, is
nothing more than a measure of opposition to the flow of electron
current. For this reason, it can always be expressed mathemati-
cally as a ratio between voltage and current, just like resistance.

Transistors which are used in common-emitter configurations
like this one are considered to have a high “output impedance.”
The output impedance of a transistor is again a means of express-
ing a ratio between a particular voltage and current. In an
output circuit, we are interested in knowing what effect a change
in collector voltage will have on the amount of collector-emitter
current. Normally, it has relatively little effect. In this respect,
the transistor is quite comparable to the pentode vacuum tube,
where the plate voltage has only a small effect on the amount
of plate current. As a result, the plate circuit of the pentode
is considered to have a high output impedance.

For the transistor we can conclude, if we keep the Ohm’s-law
relationship in mind, that the output impedance is high by recog-
nizing that an average change in the voltage at the collector will
produce only a very small change in the amount of collector cur-
rent. The important biasing conditions of a transistor are the
voltages at the base and emitter. The difference between these two
voltages exercises an overriding influence on the amount of
the two currents which flow through a transistor.

Returning to the input circuit, it is necessary to use only a
small portion of the voltage developed across the tank circuit
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consisting of capacitor C1 and the secondary winding of T1. This
is why the inductor is tapped across only a small portion of its
length. One might well ask why a tuned circuit is used, when the
tank voltage it develops is much higher than is necessary or than
can be used for amplification. The answer is that a tuned circuit
provides the important feature of selectivity, or discrimination
between signals of different frequencies. Depending on its
values of inductance and capacitance, a highly tuned circuit
will oscillate strongly at one particular frequency and will
“reject” all others including those close to its own frequency
of oscillation.

The selectivity of a tuned circuit varies in accordance with
the @ of the coil which is part of that circuit. @ in this usage
refers to “quality”—unlike in Coulomb’s law, where Q
refers to the “quantity” of electric charge.

The Q of a coil is the ratio between its reactance and resistance
and is written arithmetically as:

2nfLL
Q R
where,
Q is the coil “quality,”
f is the frequency of operation in cycles per second,
L is the coil inductance in henrys,
R is the coil resistance in ohms.

This relationship tells us that by increasing the inductance,
L, in a coil without changing its resistance, R, we can greatly
increase its @ and thus improve the selectivity of the tuned circuit
of which the coil is a part.

The “output impedance” of the transistor collector is also
“matched” to an appropriate point on the primary winding of
output transformer T2. The pulsations of collector current flow-
ing upward through the lower portion of this primary winding
will sustain an oscillation of tank-current electrons throughout
the entire tank circuit. The exact phase relationships between
these two currents have been discussed in greater detail in a
preceding chapter on the Hartley oscillator. The cases are
similar, because in a Hartley oscillator, current is drawn through
a small portion of an inductor and, by autotransformer action,
in turn supports an oscillation in the entire tank circuit.

The appropriate phase relations between the collector current,
tank current, and tank voltage have been depicted in Figs. 5-4
and 5-5. In Fig. 5-4, while the collector-emitter current (in
solid red) is increasing in the upward direction through the
lower part of the primary winding of T2, it induces another
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current to flow at an ever-increasing rate in the downward
direction through the entire primary winding. This induced
current supports the tank current (in solid blue) and is essen-
tially in phase with it. The tank current flows downward through
the primary winding of T2 during the negative half-cycle of
Fig. 5-4, and this accounts for the negative voltage shown on
the lower plate of capacitor C2 at the end of this negative
half-cycle.

During the positive half-cycle of Fig. 5-5, the collector cur-
rent is still flowing upward through the lower portion of the
primary winding of T2, but is now decreasing. Autotransformer
action will now cause an induced current to flow in the same
upward direction through the entire winding, but at an increasing
rate. This induced current supports the main tank-circuit oscil-
lation, which can be seen flowing upward through the winding in
Fig. 5-5 and delivering electrons to the upper plate of capacitor
C2. So, at the end of this positive half-cycle the upper plate
of capacitor CZ exhibits a negative charge or voltage.

Probably the most important feature of a tuned tank circuit
is that a relatively small amount of replenishment or support
can set a sizable amount of electron current in oscillation and
maintain it in oscillation. Thus, the current flow induced by
the pulsations of collector current is intrinsically quite small
in comparison with the amount of tank current which it main-
tains in oscillation.

This large tank current induces a current (solid blue) at the
same frequency in the secondary winding of T2. Whenever
alternating current flows through an inductor, an alternating
voltage (known by such names as “induced emf,” “counter emf,”
or “back emf”) must exist across the inductor terminals. Its
instantaneous polarity is always related directly to the direction
in which its associated current flows, and also depends on whether
this current is increasing or decreasing. (For a fuller discussion
of the phase relationships existing between applied and induced
voltages and current, refer to the introductory chapter of the
book on oscillators in this “Basic Electronics” series.)

The Principle of Neutralization

Neutralization is a technique used for coupling some of the
energy from an output circuit of a tube or transistor back to its
input circuit for the express purpose of preventing the circuit
from breaking into self-sustained oscillations. It is a form
of negative feedback between output and input, and is provided
to counteract the effects of positive feedback which may be
inherent in the tube or transistor. Let us examine the nature

124



of this positive feedback which is inherent within transistors,
and then see how capacitor C6 provides the desired negative
feedback to neutralize the positive feedback.

The normal flow path for collector current in the PNP tran-
sistor is into the collector and out the emitter. In Fig. 5-4, you
can see the increase in collector current following this path.
However, there is inevitably some capacitance between the
interior of a transistor and the external wires which lead up
to it. Because of these inherent capacitances, the increase in
collector current flowing through the base and toward the
emitter in Fig. 54 will drive some electron current away from
the base and into the external circuit leading up to the base.
This current (in dotted red) flows in a direction that makes the
transistor base more negative. This follows from the universal
fact that when electron current is moving through a conductor,
the terminal or point from which the electrons move is more
negative than the point towards which they move.

In Fig. 5-5 the decrease in the collector current passing
through the base again exerts a capacitive effect on the electrons
within the wire leading up to the base, this time drawing them
toward the base. Since these electrons are being drawn through
the entire external circuit between base and ground, they de-
velop a component of positive voltage at the base.

Both of these current actions in the circuit external to the
base are classified as positive, or regenerative, feedback be-
cause they tend to reinforce the very conditions which caused
them. During the negative half-cycle of Fig. 5-4, this component
of negative voltage at the base further increases the two currents
through the transistor. The resulting additional increase in
collector current will make the component of negative voltage at
the base still more negative, and so on. During the positive
half-cycle of Fig. 5-5, the small component of positive voltage at
the base decreases the two currents through the transistors.
Because of the capacitive effect, the resulting additional decrease
in collector current will make the component of positive voltage
at the base still more positive.

These positive-feedback actions can be nullified or neutral-
ized by causing another current to flow side by side in the ex-
ternal base circuit with this positive feedback current, but in
the opposite direction. This is the neutralizing current, shown
in dotted blue, and it can be obtained from the appropriate side
of the secondary winding of T2. (A connection to the wrong end
of the coil would give more positive feedback and probably lead
to self-sustained oscillations.) In Fig. 5-4, the top of the secondary
winding of T2 is assumed to be at a positive voltage as indicated
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by the blue + sign. This voltage is “coupled,” via neutralizing
capacitor C6, to the base of the transistor. Thus, a component of
feedback current is drawn toward the transistor base at the same
time the undesired feedback current is being driven away
from the base.

In Fig. 5-5, when the top of the secondary winding of T2
is negative, electrons are driven to the left, through capacitor
C6, and thus flow away from the base at the same time the un-
wanted feedback current is flowing toward it. In this fashion,
neutralization automatically and continually compensates, during
each cycle, for the positive feedback caused by inherent capaci-
tances within the transistor.

The Demodulation Process

Diode M1 in this circuit is a unidirectional device (one
that permits current to flow in only one direction through it).
Electrons can flow with relative ease against the direction of
the arrow (to the left, in other words), but only with very great
difficulty can they be made to flow in the opposite direction.
This inherent property makes the diode a useful rectifying device
for the demodulation of a modulated signal. When the top of the
secondary winding of T2 has a positive voltage induced on it
(such as during the half-cycle of Fig. 5-4), electrons (in dotted
red) will flow up from ground, through resistor R3 and the diode.
This current flow creates a positive voltage at the top of R3,
as indicated by the red plus signs on capacitor C4.

During alternate half-cycles as in Fig. 5-5, the top of the
secondary winding of T2 has a negative voltage induced on it, so
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Fig. 5-6. AGC portion of the circuit in Figs. 5-4 and 5-5—modulation trough
during a period of weak signal strength.
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no current flows through diode M1 in either direction. The posi-
tive voltage on the upper plate of capacitor C4 persists throughout
this positive half-cycle, because of the “integrating” action of
the long time-constant RC combination consisting of R3 and C4.
Any RC combination is a long time-constant combination to a
particular frequency if the resistance in ohms multiplied by the
capacitance in farads is more than five or six times greater than
the time required for a single whole cycle of current movement to
occur at the particular frequency. This is in accordance with the
time-constant formula:

T=RXC
where,
T is the time constant of the combination in seconds,

R is the resistance in ohms,
C is the capacitance in farads.

If an unmodulated carrier signal were being received, every
RF cycle would have the same strength, and the voltage on the
upper plate of C4 would be essentially DC. When a modulated
signal is being received the strength of the individual RF' cycles
is not constant. Rather, it varies in accordance with modulation,
and so does the voltage on C4. When a strong RF cycle is being
received (this happens during a modulation peak), the induced
voltage across the secondary winding of T2 will be higher. Thus,
more electron current will be drawn upward through R3 and the
diode. This means that a higher positive voltage will exist
across R3 and on the upper plate of C4.
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Fig. 5-7. AGC portion of the circuit in Figs. 5-4 and 5-5—modulation peak
during a period of weak signal strength.
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When a weak RF cycle is being received (this happens during
a modulation trough), the induced voltage across the secondary
winding of T2 will be lower. Now, less electron current will be
drawn upward through R3, and a lower positive voltage will exist
across R3 and on the upper plate of C4. Since the strength of
the individual cycles of RF depends on the amount of modulation,
the voltage produced at the top of resistor R3 is an audio-
frequency voltage.

Figs. 5-6 and 5-7 show two successive half-cycles of the
audio voltage as it appears for the first time, immediately after
demodulation, in a typical receiver. Circuit components in these
figures have been numbered to correspond to their counterparts
in Figs. 5-4 and 5-5. The radio-frequency currents have not been
shown in Figs. 5-6 and 5-7. These illustrations depict one entire
audio cycle, consisting of a modulation trough followed by a
modulation peak, while a weakened carrier signal is being re-
ceived. The audio currents are shown in dotted red, the same as in
Figs. 5-4 and 5-5. The AGC current (so labeled, and shown in
solid green) flows in either direction along part of the same
path used by the voltage-divider current (in dotted green in
Figs. 5-4 and 5-5). During a modulation trough, when a low
positive voltage exists on the upper plate of C4, the AGC current
is drawn to the left, through resistor R2, by the higher positive
voltage stored on the upper plate of C7.

During a modulation peak as in Fig. 5-7, this AGC current
is drawn to the right, through resistor R2, by the higher positive
voltage now stored on the upper plate of capacitor C4.

The intrinsic amount of positive voltage stored on the upper
plate of AGC capacitor C7 does not change during a single audio
cycle, even though electrons flow onto it during a modulation
trough (Fig. 5-6) and out of it during a modulation peak (Fig.
5-7). The reason is that the combination of resistor R2 and
capacitor C7 forms a long time-constant to the lowest audio
frequency likely to be encountered. This means these components
are large enough that their product is several times the period
of a single low-frequency audio cycle. When these components
are made large enough, the amount of electrons which flow
through R2 on successive half-cycles will be insignificant, com-
pared with the number of positive ions already stored on the
upper plate of C7. Thus, by appropriate choice of the sizes of these
two components, a DC voltage can be developed on the upper
plate of C7 that does not vary with the modulation represented by
the audio signal.

The voltage stored on an AGC capacitor such as C7 will
always adjust itself to the average value of the trough and
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peak voltages on the upper plate of the audio-output capacitor—
in this case, C4. This average value will remain the same unless
the over-all strength of the RF carrier changes because of propa-
gation anomalies, which cause what are known as signal fades or
buildups. Figs. 5-8 and 5-9 depict two successive audio half-
cycles during a period of excessive carrier-signal strength, or
what is called a signal buildup. All the radio-frequency tank
currents shown in solid blue in Figs. 5-4 and 5-5 will become
proportionately stronger during such a period. As a result,
more audio current will be drawn upward through R3 and diode
M1 during both a modulation peak and a modulation trough. This
is depicted by the additional dotted red lines in Figs. 5-8 and 5-9.
This additional current flow increases the trough and peak
voltages stored on C4 and so, increases their average value.

The voltage stored on capacitor C7 is “replenished” by the
voltage stored on C4. During a signal buildup, when both the
audio modulation trough voltage (Fig. 5-8) and the audio modu-
lation peak voltage (Fig. 5-9) are increased, their average value
is also increased. Consequently, the positive voltage on the
upper plate of C7 must increase to this average value. This
important action is accomplished by the AGC current shown in
Figs. 5-6 through 35-9. During a period of normal or unchanging
signal strength such as are shown in the two half-cycles of Figs.
5-4 and 5-5, an AGC current will flow, at the audio frequency,
back and forth between capacitors C7 and C4, through resistor
R2. The amount of current flowing to the left during each modula-
tion trough will be exactly equal to the amount flowing to the
right during the next modulation peak. Because of this, the
positive voltage stored on C7 is maintained at the average value
of the high and low positive voltages on C4.

When signal strength is increased by a signal buildup, both
the high and low positive voltages will be increased in value.
When this happens, the two half-cycles of AGC current flowing
through resistor R2 will become “unbalanced.” In other words,
more electrons will flow away from C7 during the modulation
peak of Fig. 5-9, and fewer electrons will flow into C7 during the
modulation trough of Fig. 5-8. This condition of current unbal-
ance will continue until the AGC voltage stored on C7 becomes
sufficiently positive to just equal the average value of the
trough and peak voltages on C4.

The circuit actions involved in achieving automatic gain
control in a transistor circuit are fundamentally similar to
those in vacuum-tube circuitry. These principles have been dis-
cussed with greater detail in the chapter on automatic volume
control in the book about detector and rectifier circuits in
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this “Basic Electronics” series. Also, waveform diagrams appear-
ing in that book may help to clarify the meaning and significance
of terms such as modulation trough, modulation peak, signal fade,
and signal buildup. The most important difference between AVC
circuitry using tubes and transistors is that in tube circuitry a
negative AVC voltage normally is developed whereas in the
example of this chapter, the AVC voltage developed on capacitor
C17 is positive instead.

How AGC Voltage Controls Transistor Gain

In this type of circuit, the AGC voltage controls, or regulates,
the transistor gain by exercising some control over the base-
emitter current which flows through the transistor. Since this
is a PNP transistor, any positive component of voltage applied
to the base of the transistor will decrease the base-emitter
current (called “biasing” current). Its quantity depends on the
biasing conditions (meaning the biasing voltages) at the base
and emitter. As was pointed out earlier in this chapter, a certain
negative voltage is applied to the emitter of X1 (as a result
of current flow through resistor R4), and a slightly higher
negative voltage is applied to the base (as a result of voltage-
divider action through R1, R2, and R3). The difference between
these two applied voltages is one of the fundamental biasing
conditions of the transistor (the most important one, in fact),
and it controls the amount of electron current flowing from
base to ermitter (the base-emitter biasing current).

The existence of a permanent positive voltage on the upper
plate of capacitor C7 will reduce the negative voltage created
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Fig. 5-8. AGC portion of the circuit in Figs. 5-4 and 5-5-—modulating trough
during a period of strong signal.
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at the base of the transistor by the flow of voltage-divider cur-
rent through R1, R2, and R3. The positive AGC voltage shown
on C7 is not a composite value of all the voltages at the base of
the transistor, but only the result of the AGC filter action
occurring between R2 and C7. You have already seen that four
other voltages exist at the base, each contributing in some small
degree to the amount of base-emitter biasing current flowing.
The AGC voltage makes a fifth one. These five voltages are:

1

The voltage resulting from voltage-divider current through
resistors R1, R2, and R3. This is a fixed, or DC, voltage which
is negative at the junction of R1 and R2, and consequently
negative at the base.

. The signal voltage, which is alternately positive and negative

at the intermediate frequency, and which therefore lowers
and raises the negative voltage at the base.

. The voltage resulting from positive feedback caused within

the transistor by capacitance between the internal elements
(B, C, and E) and the external wiring of the transistor (IF).
The voltage due to negative feedback from output circuit
to input circuit, through capacitor C6. (IF)

. The AGC voltage on C7. Although essentially a DC voltage,

it does vary if and when the signal strength of RF carrier
varies.

The combination of resistor R2 and capacitor C7 is chosen
so that their product will be a “long time-constant” when com-
pared with the duration of a single low-frequency audio cycle.
If the lowest audio frequency being amplified were 50 cycles per
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Fig. 5-9. AGC portion of the circuit in Figs. 5-4 and 5-5—modulation peak

during a period of strong signal.
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second, with a period of .02 second for each cycle, the R2-C7
combination would be a “long time-constant” combination to
this frequency if their product were more than five times longer
than this period—i.e., a tenth of a second or longer.

The Audio-Output Voltage

An audio-output voltage is developed across resistor R3,
by the pulsating DC which continuously flows upward through it.
This current (in dotted red) also flows through M1, and as a
result of the demodulation process previously described, its
pulsations occur at the audio frequency. The arrow pointing
into R3 indicates that this is a potentiometer, or variable resistor,
with which any desired fraction of the total voltage may be tapped
off for amplification by the next succeeding audio-amplifier
stage. Potentiometer R3 thus constitutes a manual volume con-
trol for the receiver in which it is installed.
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INDEX

A

Acceptor atoms, 8-10
AGC diode, 117-132
operational details, 120-124
AGC voltage, controlling gain with, 130-132
formation of, 127-130
Alpha factor, of transistor, 26
Amplifier, current, transistor as, 20-21
direct-coupled, 81-88
base-emitter current, 85-86
biasing current, 83, 84-85
collector-emitter current, 83
degeneration prevention, 87-88
filter currents, 87-88
operational details, 82-86
voltage-divider current, 83
push-pull with complementary symmetry,
98-109
base-emitter current, 101-102, 107
biagsing current, 101-102
collector current, 102, 103-104
degeneration prevention, 108-109
dynamic operation, 102-107
filter currents, 107-109
operational details, 99-102
signal current, 102-103, 104-105
static operation, 99-102
voltage-divider current, 99-101, 105-107
RC pled with n ive feedback, 88-98
base-emitter current, 90-91, 92, 94, 96
base voltage, 97
biasing current, 91-97
collector-emitter current, 91-92, 94, 95
collector voltage, 94-95
emitter voltage, 97, 98
feedback current, 95, 96
filter current, 96-97
operational details, 90-96
signal current, 93-94, 95
static operation, 90
thermal runaway prevention, 91-92
voltage-divider current, 90
Amplifier circuits, 76-109
Arsenic, addition to germanium, 10-11
Atom, aceeptor, 8-10
donor, 10-11
germanium, 7-8
Audio amplifier
Class-A, 75-81
base-emitter current, 77
biasing current, 76-77
collector-emitter current, 78
d ation, prevention of, 81
operational details, 76-81
signal current, 78-79

Band, valence, 7-8
Base, elections in, 17-20
function of, 16

Base ductivity, of tr istor, 26-27
Base current, 16, 18
Base-emitter current Class-A audio ampli-
fier, 76-77
Colpitts oscillator, 60-61
common-emitter circuit, 31-32
effect on collector current, 38
negative feedback amplifier, 90-91, 92, 94,
96 .
PNP detector, 112-113, 116
push-pull amplifier, 101-102, 107
Base voltage, negative feedback amplifier,
97

Base width, 27-28
Basic configurations, 36
Beta factor, of transistor, 26
Bias
forward, dipole, 12
of emitters, 16
reverse, dipole, 12
of collectors, 17
Biasing current, Class-A audio amplifier,
76-77
direct-coupled amplifier, 83
Hartley oscillator, 53-54
negative feedback amplifier, 91-97
push-pull amplifier, 101-102
Boron, adding to germanium, 8-9

C

Charaecteristic curve of transistor, 21-25
operating point on, 24-25
Charge carriers, mobility of, 10
Charge distribution, PNP transistor, 13, 15
Circuit
amplifier, 75-109
common-base, 42-45
base-emitter current, 42
biasing current, 41-42
collector-emitter current, 42
current gain, 42-43
input impedance, 44
output impedance, 44
resistance gain, 43
voltage gain, 43
common-collector, 45-50
base-emitter current, 49
current gain, 47
input impedance, 49
operation of, 46-50
output impedance, 50
power gain, 49
voltage-divider current, 47
voltage gain, 48-49
common-emitter, 30-33, 36-41
circuit operation, 37-41
current gain, 38
current identification, 86-37
input impedance, 39-40
output impedance, 39-40
voltage gain, 38
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Cireuit—cont’d
PNP detector, 111-116
Class-A audio amplifier, 75-81
base-emitter current, 77
biasing current, 76-77
collector-emitter current, 78
degeneration prevention, 81
operational details, 76-81
signal eurrent, 78-79
Collector, function of, 16
reverse biasing of, 17
Collector-emitter current, 16, 18
Class-A audio amplifier, 78
Colpitts oscillator, 61
common-emitter circuit, 31-32
Hartley oscillator, 54
negative feedback amplifier, 91-92, 94, 95
PNP detector, 113-115, 116-117
push-pull amplifiers, 102, 103-104
Collector voltage, negsative feedback ampli-
fier, 97-98
Colpitts oscillator, 58-65
base-emitter current 60-61
collector-emitter current, 61
dynamic operation, 61-65
feedback, 56-57
static operation, 59-61
voltage-divider current, 59-60
Common-base circuit, 42-45
base-emitter current, 42
biasing current, 41-42
collector-emitter current, 42
current gain, 42-43
input impedance, 44
output impedance, 44
resistance gain, 43
voltage gain, 43
Common-collector circuit, 45-50
base-emitter current, 47
current gain, 47
input impedance, 49
operation of, 46-50
output impedance, 50
power gain, 49
voltage-divider current, 47
voltage gain, 48-49
Common-emitter circuit, 21-22, 30-33, 36-41
base voltage, 37
biasing current, 37-38
cireuit operation, 37-41
current gain, 38
current identification, 36-37
input impedance, 39-40
output impedance, 40-41
voltage gain, 38
Comp) tary sy try, 81-82
direct-coupled amplifier, 88
push-pull amplifier, 98-109
base-emitter current, 101-102, 107
biasing current, 101-102
collector currents, 102, 103-104
degeneration prevention, 108-109
dynamic operation, 102-107
filter currents, 107-109
operational details, 99-102
signal current, 102-103, 104-105
statiec operation, 99-102
voltage-divider current, 99-101, 105-107
Conductivity, base, of transistor, 26-27
Coulombs law, 81
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Current, base and collector, 16, 18
common-emitter circuit, 36-37
hole-, 9-10
negative, meaning of, 29-30
Current amplifier, transistor as, 20-21
Current gain, 36
formula for, 38, 42
Curve, characteristic, of transistor, 21-25

D

Degeneration, 44-48
negative feedback amplifier, 95-96
prevention of, 79-81
push-pull amplifier, 108-109
Demodulation process, 126-130
Density, electron, of base, 18
Depletion zone, definition of, 12
Detector circuits, 111-132
PNP, 111-116
operational details, 112-117
with AGC, 117-132
Diode, junction-, 11-12
Dipole, forward bias of, 12
reverse bias of, 12
Dipole charge layer, 12, 27
Direct led lifier, 81-88
base-emitter current, 85-86
biasing current, 83, 84-85
collector-emitter current, 83
degeneration prevention, 87-88
filter currents, 87-88
operational details, 82-86
voltage-divider current, 83
Donor atoms, 10-11
Drift velocity, electrons and holes, 10

Electron density, of base, 18
Electron-drift process, 7-8
Electron flow, principle of, 7-8
directions, transistor cireuits, 16-20
Electrons, in base of transistor, 17-20
mobility of, 10
size of, 28-29
Emitter, common-, 30-33
forward biasing of, 16
function of, 15-16
Emitter voltage, negative feedback ampli-
fier, 97, 98

F

Feedback, Colpitts oscillator, 62-63
Hartley oscillator, 56
negative, advantages of, 89
RC coupled amplifier with, 88-98
negative feedback amplifier, 95-96, 97
positive, 124-126
Filter currents, direct-coupled amplifier, 87~
88
long time-constant, 115-116
negative feedback amplifier, 96-97
push-pull amplifier, 107-109
Flow directions, electrons, through tran-
sistors, 16-20
Formulas, current gain, 38, 42
power gain, 40
voltage gain, 38, 43



Forward bias, dipole, 12

Forward biasing, emitters, 16

Free-running multivibrator, 65-74
discharging action, 70-T1
instantaneous current pulses, 70-72
operational details, 66-69
thermal runaway prevention, 73
voltage-divider currents, 66
waveforms, 72

G

Germanium atom, 7-8
Gain, of transistor, controlling with AGC
voltage, 130-132
typical, 36
Gain formulas, current, 38, 42
power, 40
voltage, 38, 43

Hartley oscillator, 51-58
biasing current, 53-54
collector-emitter current, 54
dynamic operation, 55-568
feedback, 56
static operation, 53-65
voltage-divider current, 54

Hill, potential, 12

Hole, definition of, 9-10
mobility of, 10

Hole, current, 9-10

Impedance
input, common-base circuit, 44
common-collector circuit, 49
common-emitter, circuit, 40
output, common-collector circuit, 50
common-emitter circuit, 40-41
Impedance matching, transformer, 121-123
Impedance values, typical, 36
Impurity content, semiconductors, 11
Input impedance, common-base circuit, 44
common-collector circuit, 49
common-emitter circuit, 40
Instantaneous current pulses, multivibrator,
70-72

J

Junction diode, 11-12
Junction transistor, 12-15

L

Law, Coulombs, 81
Law, Ohm’s, 40, 54
Load line, use of, 22-25

Mobility, of charge carriers, 10
Multivibrator, 65-74
discharging action, 70-71
operational details, 66-69
thermal runaway prevention, 73
voltage-divider current, 66
waveforms, 72

N

Negative current, meaning of, 29-30
Negative feedback
RC coupled amplifier with, 88-98

base-emitter current, 90-91, 92, 94, 96

base voltage, 97

biasing current, 91-97

collector-emitter current, 91-92, 94, 95

collector voltage, 94-95

emitter voltage, 97-98

feedback current, 95-96

filter current, 96-97

operational details 90-96

signal current, 93-94, 95

static operation, 90

thermal runaway prevention, 91-92

voltage-divider current, 90
Neutralization, principle of, 124-126
N-type semiconductors, 10-11

o

Ohm’s law, 40, 54
Operating point, on characteristic curve,
24-256
Operation, common-emitter circuit, 37-41
Oscillator
Colpitts, 58-65
base-emitter current, 60-61
collector-emitter current, 61
dynamic operation, 61-66
feedback, 56-57
static operation, 59-61
voltage-divider current, 59-60
Hartley, 51-58
biasing current, 53-54
dynamic operation, 55-58
feedback, 56
static operation, 53-55
voltage-divider current, 54
Oscillator circuits, 51-74
Output impedance, common-collector circuit,
50

common-emitter circuit, 40-41

P

PNP detector cireuit, 111-116

PNP transistor, characteristics of, 12-15

Positive feedback, 124-126

Potential barrier, 12

Potential hill, 12

Power gain, 36

formula for, 40

P-type semi-conductor, 8-10

Pulses, current, 70

Push-pull amplifier

compl tary sy try, 98-109
base-emitter current, 101-102, 107
biasing current, 101-102
collector currents, 102, 103-104
degeneration prevention, 108-109
dynamic operation 102-107
filter currents, 107-109
operational details, 99-102
signal current, 102-103, 104-1056
static operation, 99-102
voltage-divider current, 99-101, 105-107
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Q, of a coil, 123

R

RC-coupled amplifier
with negative feedback, 88-98
base-emitter current, 90-91, 92, 94, 96
base voltage, 97
biasing current, 91-97
collector-emitter current, 91-92, 94, 95
collector voltage, 97-98
emitter voltage 97, 98
feedback current, 95, 96
filter current, 96-97
operational details, 90-96
signal current, 93-94, 95
static operation, 90
thermal runaway prevention, 91-92
voltage divider current, 90
Regenerative feedback, 125
Resistance gain, 43
Reverse bias, dipole, 12
Reverse biasing, of collectors, 17
Runaway, thermal, prevention of, 73

s

Selectivity, tuned circuit, 123

Semiconductors, impurity content of, 11
N-type, 10-11
P-type, 8-10

Signal current,

78-79

common-emitter circuit, 31
negative feedback amplifier, 93-94, 95
push-pull amplifier, 102-103, 104-106

Size, of electron, 28-29

Space charge layer, 12

Symbols, transistor, 15-16

Symmetry, complimentary, 81-82

Class-A audio amplifier,
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T

Thermal runaway prevention, 73
negative feedback amplifier, 91-92
Transformer, impedance matching, 121-123
Transformer action, 79
Transistor, alpha factor of, 26
base conduectivity of, 26-27
base width, 27-28
beta factor of, 25
characteristic curve of, 21-25
operating point on, 24-25
circuits, electron-flow direections in,
16-20
gain, controlling with AGC voltage,
130-132
junction, 12-15
symbolism, 15-16
Transistors, as current amplifiers, 20-21
three basic configurations, 35
Transport factor, 25
Tuned circuit, selectivity of, 123

v

Valence band, 7-8
Voltage, AGC, formation of, 127-130
Voltage-divider action, common-emitter eir-
cuit, 37
Voltage-divider current, Colpitts oscillator,
59-60
direct-coupled amplifier, 83
Hartley oscillator, 54
multivibrator, 66
negative feedback amplifier, 90
push-pull amplifier, 99-101, 105-107
Voltage gain, 36
formula for, 38, 43

w

Waveforms, detector circuit, 115
multivibrator, 72
Width, base of transistor, 27-28



