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CHAPTER 6
TRANSISTOR CIRCUITS

Authors: AlC Robert J, Widlar

Abstract: The basic differences between common emitter, common base,
and common collsctor amplifiers are explained and justified, Bilasing
circuils are given, and the effects of temperature on transistor eir-
cuits are shown, Temperature compensation and bias stabilization
techuiques are covered, Small-signal, direct=coupled, and power
amplifiers are described; practical circuits and coupling methods

are given, Furthermore; the special problems assoclated with high-
frequency operation are considered, and typical tuned and untuned
(video) amplifiers are discussed. Both sine-wave and non-sinusoidal
oseillators are treated, The latter category includes blocking os-
ciliators, sawbooth generators, and multivibrators, Finally, the
operation of the transistor as a switching device, rather than as

an amplifier, is analyzed,
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INTRODUCTION

The previous chapter's have been deveted to the physn_cs of semi-
conductor devices, This chapter will discuss their use in practical
circuits, The transistor will receive the greatest attention because
of its obvious importance., Nonetheless, other devices will be men-
tioned in conjunction with transistor circuits.

Frequently in the analysis of transistor circuits, transistors
are compared with vacuum tubes. Although the transistor, like the
vacuum tube, is a three terminal amplifying device, it does have many
peeculiarities, Among these are:

(1) The transistor is not strictly a voltage amplifier.
The input impedance is often guite low sc an appreelable current
must be supplied by the driving source,

(2) The voltages and impedances encountered with tran-
sistors are considerably lower.

.(3) The transistor has a far greater temperature sengi-
tivity than the vacuwmm tube, Hence, a considerable portion of
its circuitry may be devoted to temperature compensation,

(L) The transistor has more internal feedback which means
that the input characteristics are affected by the load impedance and
the output characteristics are affected by generator impedance,

These and other differences limit the value of vacuum tube-
transistor analogies, Therefore, they will be avoided in this
chapter, ' '

BASIC AMPLIFIER CIRCUITS

Before going into transistor circuitry, the basic amplifier
circuits will be discussed.— These are the common base, common
emitbter, and common collector configurations shown in Figure 6,1,
In each of these eircuits biasing potentials are provided to
reverse bias the collector-base junction (about 20 volts) and
forward bias the emitter-base junction (about 0.5 volt). In all
cases amplification takes place because the input signal varies
the forward bias on the emitter=base junctlon whlch causes vari-
ations in the collector current.

Common Emitter, Perhaps the most straightforward of these
circuits is the common emitber amplifier. The input signal is
applied between the emitter and base; it varies the forward bias
on the emitter junction. The resulting variations in collector
current cause an outpub voltage to be developed across the load
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Figure 6,1, Basic Amplifier Circuits and Approximate
Characteristics,

resistance, Only the base current flows in the input circuit, and
it is small compared to the collector current so a current gain will
be realized, The voltage gain of the common emitter amplifier can
be high because small changes of input voltage across the forward
biased emitter junetion can produce large changes in collector
current, The changing collector current can then produce a compara-
tively large voltage swing across the load if its impedance is
sufficiently high, Current gains of 50 and voltage gains of 200

are nobt uncommon in practice.

As can be seen from Figure 6,2, the collector current of a
common emitter stage is primarily determined by the base current
and not too greatly affected by collector voltage. The collector
current is affected somewhat because increasing collector voltage
widens the collector depletion region and decreases base width,
This increases the current gain and, consequently, the collector
current, ,This effect is not too great so the output resistance
(Ro= 54— ) of a common emitter-amplifier is moderately high,
On the other hand, the base current changes rather rapidly with
base voltage, Hence, the input resistance (Rw = ;?I ) is
moderately low°
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Common Base, In the common base configuration the input signal
is applied to the emitter and the output is taken from the collector.
The base is the common terminal, An a,c. signal applied to the input
will.vary the emitter~-base voltage and, therefore, the collector
current, The changes in collector eurrent will be slightly less
than the corresponding changes in emitter current = differing, of
course, by the base current, Hence, the current gain will be slightly
less than one, If the changing collector current passes through &
high impedance load, relatively large variations in collector voltage
will result. It follows, then, that the voltage gain of the common
bage smplifier ean be large, Current gains of 0,98 and voltage gains
greabter than 200 are not unusual with the configuratien,
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Figure 6,2, Common Emitter

The input resistance ( f# = %) of the common base
amplifier is considerably less than that of a common emitter
amplifier as can be seen from Figure 6.3, The change in emitter
current for a given change of emibter-base voltage is greater
than the change in base current, The emitter current is approxi-
ma’sely equal to the base current times the common emitter current
gain so the input resistance is about equal to the common emltter
input resistance divided by this current gain,

The effect of base width on common base current gain is
minimal, Although significant changes in common emitter current
gain are produced by varying collector voltage, they are reflected
as comparatively small changes in common base current gain, Since
the collector current is affected less by collector voltag& in the
common base configuration, the output resistance ( o—--~$~ ) is
much higher, It turns out that the common base outputb re51stance
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is about equal to the common emitter output resistance times the
cormon emitter current gain, In other words, since the effect
of collector voltage on the common base characteristics is se
small, the output resistance is nearly equal to the resistance
of the reverse biased collector junction alone,
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Figure 6,3, Common Base

Common Collector, With the common collector configurabion, the
input signal is applied to the base, and the load is comnected to
the emitter, As before, the amplifying action takes place when the
input signal varies the forward bias on the emitter-base junction,
A changing base current will vary the emitter current and produce
an a.c, voltage across the load. The emitter current will be consid-
erably greater than the base current 30 the circuit will have a rather
high current gain - slightly greater than that of a common emitter
amplifier, The voltage gain, however, will be somewhat less :than
unity,.

Considering the circuit shown in Figure 6.4, if the base current
is increased by an inereased input voltage, the emitter current will
also rise, This will raise the voltage drop across the load resistance.
In addition, the larger base current will also increase the emitter-
bage voltage. Now from Figure 6.4 it can be seen that the increase
in input voltage required to produce this effect will be egual to
the voltage change across the load plus the increase in emitter=base
voltage, Hence, the change in output voltage will be less than the
change .in input voltage, differing by the change in emitter-base
voltage, Since the emitter-base voltage will be small in comparison
to the output voltage, the woltage gain will be only slightly less
than one., Current gains of 50 and voltage gains of 0,99 are practical
with this circuit,
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Figure 6.4, Common Collector Amplifier

The input resistance ( = —3—_%’;) of the common collector
amplifier is spproximately equal to the product of the current gain
and the load resistance. The output voltage is nearly equal to the
input voltage, so for a given a.cs input voltage, the load current
and; consequently, the base current will depend on the load resistance.
As the load resistance is decreased, the base current must inecrease,
For very low load resistences the input resistance will be equal to
that of a common emitter amplifier, while for high load resistances
the inpub lmpedance may be several megohms., The latter case is
illustrated in Figure 6.5. ‘
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Figuré 6.5. Common Collector

Similarly, the output resistance ( /o= j Ve) is about equal to
the source resistance divided by the current gain, If the base is fed
by & constant voltage source (low impedance) a change in emitter voltage
will be felt entirely across the emitter base junction., Hepce, small
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changes in emitter voltage will produce large changes in emitter current
so the output impedance will be low, This is shown in Figure 6.5. On
the other hand, if the base is fed from a constant current source (high
impedance) changes in emitter voltage will not produce any great changes
in emitter current, In this case, the output resistance is equal to that
of a common emitter amplifier; and the outpubt characteristic curves will
be similar to those of a common emitter stage. For intermediate values
of source resistance, a change in emitter voltage will be felt almost
undiminished on the base through the forward biased emitter junction.
This change in base voltage will vary the base current in inverse
proportion to the generator resistance, The resulting variations in
emitter current will, in turn, be proportional to the current gain,
Further analysis will show that the outpub resistance is roughly

equal to the source resistance divided by the current gain,

This interaction between the input and output cirecuits is not
confined to the common ecollector configuration, It is present to a
lesser degree in both the common emitter and common base circuits,
This phenomenon is the result of internal feedback within the
transistor, It will be discussed further in a later section,

Conclusions. The common emitter amplifier exhibits both a
voltage and a current gain; it has the highest power gain of all
three configurations, As a result, the common emitter amplifier
is used where high gain per stage is required, In addition, the
moderately low input impedance and the moderately high output
impedance of the common emitter amplifier do not create too much
of an impedance mismabch when several stages are cascaded without
impedance matching devices. These characteristics favor the use
of the common emitter in most general purpose applications,

The power gain of the common base amplifier is between that of
the common emitter and common collector amplifiers., The current
gain of this type approaches unity, but the voltage gain can be
quite high. The low input impedance and high output impedance of a
common base stage necessitates impedance matching if the stages are
to be cascaded but are sometimes useful in special cases,

Near the maximum operating frequencies of a transistor, the
gain of the common base amplifier is about equal to that of the
common emitter amplifier., However, the common base stage has the
additional advantage that neutralization is not required. Consequently,
the common base configuration is most frequently used in high frequency
amplifier circuits,

The common collector amplifier has the lowest power gain of the
three types, The current gain is high, but the voltage gain is less
than one, The common collector amplifier is essentially a common
emitter stage with 100 percent negative voltage feedback, Therefore,
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the signal distortion will be small even at high levels if it is driven
by a low impedance source,

The common collector configuration finds most frequent application
as a high impedance input stage, a driver where low cutput impedance is
required, and as a power amplifier where large voltage swings are needed
with a minimum of distortion,

BIASING METHODS

The blasing of transistor circuits is not as simple as that of
vasinm tube cireuits, In most cases, some form of bias stabilization
or bemperabure compensation is required, The problem with transistors
is that the collector current tends to increase rapidly with temperature,
There are two principle causes of this temperature instability: the
increase of the reverse saturation current of the collector junction
with temperature and the decrease in emitter junction impedance with
increasing temperature, The current gain freguently increases with
temperature and adds to the problem,

Reverse saturation cuorrent is the current that flows across the
reverse biased collector junction. It is produced by thermally generated
mincrity carriers thal are swept across the junction so it will increase
with temperature, Figure 6.6 shows the increase in reverse saturation
current with temperature for typical germaniwm and silicon transistors,

The saturation current is only troublesome at high temperatures,
For example, if the germanium transistor in Figure 6.6 is biased to
a collector current of 1 ma, it can be seen that the saturation current
will contribute little to the tobtal collector current until a temper-
ature of about 50°C is reached, However, at higher temperatures the
saturation current becomes an appreciable portion of the collector
carrent, When this happens, the bias must be decreased with increasing
tempergture in order to maintain the collector current constant, This
compensation is effective until the saturation current becomes equal
to or greater than the quiescent collector current, At these higher
temperatures, the input circuif loses control of the collector current
since the saturation current is independent of the emitter junction
bias, Therefore the transistor ceases to function as an amplifier,
This places an upper limit of about 90°C on germanium transistors,
The lower saturation current of silicon transistors permits operation
up to about 175°C,

With the common emitter configuration, the effect of the reverse
saturation current is even more serious, If the base is open circuited,
the minority carriers swept across the collector junction will cause a
charge unbalance in the base and will forward bias the emitter junction.
Hence, additional earriers will be ihjected into the base and will con-
tribute to the collector current., The collector current will then be
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equal to the saturabion current times the current gain. Since the
current gain is quite small at very low collector currents, the
collector cuteff current will be slightly greater than the saturation
current at low temperstures, As temperature increases, the saturation
current will increase sharply, and the current gain will increase

with the eollector eurrent., Therefore, the collector cutoff current
will increase more rapidly than the saturation uarrent alone, This

is shown in Figure 6,6,

If the base is shorted to the emitter, the collector cutoff
current will be only slightly larger than the reverse saturation
current, Most of the excess charge in the base will then be drained
of I through the base terminal so the forward bias on the emitter
Junebion will be reduced, This will significantly reduce the
collecbor current,

Constant Voltage Biag, Figure 6,7 illustrates a possible biasing

“cirecuit, A constant d,c, bias voltage is applied to the emitter=base

junction. This method has the advantage that there is a low d.c,
registance between the emitter and the base, Therefore, the excess
charge produced in the base by the reverse saturation current will
be drained off and multiplicabion of the saturation current by the
emitter junction will be minimized.

Nonetheless, this method is entirely unsatisfactory. The
zollector current will increase steadily with temperature over the
entire operating range of the transistor,

The forward bias lowers the emitter junction barrier so that
current carriers can diffuse across the Jjunction, As temperature is
increased, thermal motion is more rapid so a greater number of
carriers can diffuse across the junction if the barrier height
remains the same, The result is that the emitter current and, conse-
quently, the collector current will increase steadily with temperatura
for a given emitter=base bias, This phenomenon manifests itself over
the enbire temperature range of the device, Hence, to maintain a
constant collector current, the forward bias voltage must be decreased
with inecreasing tempersture, This is shown in Figure 6.7. It can
be seen from the figure that the bias must be decreased linearly with

3nereasing temperature until the reverse saturation current becomes

appreciable, Then the bias must be decreased more rapidly to compen-
sate for the increased saturabtion current in addition to the changing
emitter junction resistance, '

. Temperature sensitive elements are available that will drop the
biasing volbtage as temperature increases, These will be discussed
later, , -
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Figure 6,7, Emitter-Base Bias Voltage Required for Constant
Collector Current with Increasing Temperature,
Constant Current Bias. A transistor can also be biased by
supplying a constant current to the base, This could be accomplished
by forward biasing the base through a large resistance from a high
voltage (for example, the collector supply voltage). Such a circuit
is shown in Figure 6,8, The emitter-base resistance of the transistor
will be very much smaller than the biasing resistor so changes in
the emitter-base resistance will have little effect on base current,

Although it is much better than
constant voltage bias, constant current
] Vae  Dbias is still unsatisfactory for two
reasons, First, the d.c. current gain
of a transistor usually increases with
g;u Re temperature, Consequently, if the base
current is constant, the collector current
will increase with temperature. Second,
the collector current will increase
uncontrolled as the collector saturation
: current rises, Since the base current is
constant, the saturation current must cross
the emitter junction, As a result, the total
increase in collector current produced by
the saturation current of the collector
Figure 6,8, Comstant Junction will be equal to the saturation
Current Bias. © current times the current gain. This
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causes instability even at low temperatures,

Coliector Feedback Bias, It should be obvious that some form
of bias stabilization is required to keep the collector current
constant over any appreciable temperature range. One methed of
bias stabilization is collector feedback bias. As shown in Figure
6,9a, the base current is supplied through a resistor connected
to the eollector., Therefore, if the collector current increases,
the collector voltage will drop, reducing the bias current propor-
tionally., This feedback action tends to maintain the collector
current constant,

Another circuit empleoying collector feedback bias is shown
in Figure 6,90, This circuit has the advantage that the external
emitter-base resistance is reduced. The saturation current of the
collector junction will pass through the external resistance rather
than oross the emitbter junction., Thus, multiplication of the
saturaticn current by the emitter junction is minimized., This
resistance does, however, lower the input resistznce of the amplifier
which might be detrimental in some cases,

~ VCC

~Vee

B %ﬁc
R'Mﬁ’W/
|
a-’“:

Figure 6,9, Examples of Collector Feedback Biasing.

A characteristic common to both these circuits is that negative
feedback is introduced by the collector-base resistance, This will
lower the stage gain, but it will reduce distortion and stabilize
the gain. The feedback can be eliminated, if desired, by tapping
the Teedback resistance at a suitable point and connecting a large
capacitor between the tap and ground. This will prevent feedback
of the a.c, signal but will not affect the d.c. feedback,
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Collector feedback bias is only effective when there is a large
d.c. resistance in the collector circuit. If the collector load
were a transformer primary winding with a low d.c. resistance,
inereases in the collector current would not change the collector
voltage so the stebilizing action could not take place.

Emitter Feedback Biag, Another method of bias stabiligation
is ilTustrated in Figure 6,10, This is emitter feedback bias. As
shown in Figure 6,10a, the base is forward biased from a constant
voltage source; a resistor is included in the emitter lead, The
voltage developed across the emitter resistor opposes the forward
bias applied to the base, .Thus, if the emitter current increases,
the voltage drop on the emitter resistor will increase thereby
reducing the bias on the emitter-base, junction, This action
stabilizes the emitter current against changes. The collector
current will also be stabilized since it is very nearly equal to
the emitter current,

One of the advantages of emitter feedback bias is that the
base is fed from a constant voltage source so very little of the
collector saturation current will cross the emitter junction,

In addition, the circuit can be used when the collector load has
a low d,c. resistance since stabilization is provided by the
emitter resistance.

It is desirable to make the emitter resistance as high as
possible to realize stable operation, However, the voltage drop
across the emitter resistance does reduce the effective supply
voltage and causes a loss of supply voltage. For this reason,
there are practical limitations on the size of the emitter
resistance, “Vee : ~Vea

Re

, $¢ =

Figure 6,10, BExamples of Emitter Feedback Bias,.
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The base bias voltage can also be supplied from the collector
supply through a voltage divider. This is shown in Figure 6,10b,
The resistance of this divider should be as low as possible - without
excessive shunting of the 1nput signal - to approximate a constant
voltage source, If the base is fed from a high resistance divider
(neariy constant current) the desirable effects of the emitter
resigbor will be nullified because the base current will remaln
ngarly constant regardless of the emitter voltage drop.

Emitter feedback biasing will produce degeneration of the a.c.
signal, unless the emitter resistance is by-passed as shown in
Figure 6,10b, The by-pass capacitor prevents a,c, voltages from
sppearing agross the emitter resistor,

Conelugions. The biasing circuits discussed thus far are
compared in Figure 6,11, The curves are for gemmanium transistors.,
In each case, the bias was adjusted to give 1 ma collector current
at room temperature,

Constant voltage bias is unsatisfactory since the collector
current is very unstable even over a restricted temperature range.

With constant current bias the collector current is reasonably
gonstant at low temperatures, but rises rapidly at junction temperatures
above 40°C, Nonetheless, even if a circuit is to be operated at a
nearly constant temperature, constant current bias will not give
complebely satisfactory results, The collector current is directly
proportional to the common emitter current gain, and this can vary
greatly with age and from transistor to transistor., Thus, constant
current bias is suitable only for experimental work,

Coliector feedback bias provides adequate stabilization for
nost commereisl applications, but its use is restricted to circuits
where the collector load has a relatively high d.c. resistance,

It carnot be used in transformer coupled stages, For this reason,
ecllector feedback bias is usually limited to resistance coupled,
aundio=frequency amplifiers, With collector feedback bias, the
eollector current can be made nearly independent of the transistor
characteristics, This is done by using a low resistance divider to
feed the base from the collector,

Emitter feedback bias is about the best general-purpose biasing
method. The stability of this method is evidenced in Figure 6,11,
As with tollector feedback bias, the collector current can be made
nearly independent of transistor parameters by using a sufficiently
high emitter resistance,” This is highly desirable for interchange—-
abiliby of transistors, Emitter feedback bias is not too frequently
used in power amplifiers since the emitter resistance can cause an
excessive loss of power, Other biasing techniques are generally used
in power stages. These will be discussed in the next section,
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The biasing of common base and common collector stages is similar
to that of common emitter stages, In Figure 6,12a, the biasing used
is identical to the emitter feedback bias described previously., The
base is fed from & voltage divider connected to the collector supply,
and a resistor is included in the emitter lead., If the collector current
should rise, the voltage drop across the emitter resistor will increase
and lower the bias current. The only difference with this circuit is
that the input signal is fed to the emitter, and the base is by-passed
to ground, .

Another common base eircuit is given in Figure 6,12b, Here, the
base 1s fed from a voltage divider connected to the collector, Hence,
when the collector current increases, the collector voltage will drop
and will lower the forward bias on the base. This is identieal to
the collector feedback bias circuit for a common emitter stage,

Common collector biasing circuits are given in Figure 6,13, The
arrangement in Figure é.13a is the same as the collector feedback
circuit given in Figure 6.9a, The circuit in Figure 6.13b employs a
combination of collector and emitter feedback, When the emitter current
increases, the increased voltage drop across the L,7K resistor lowers
the voltage supplied to the volbtage divider supplying the base as with
collector feedback; and the increased voltage drop across the 1K
resigior opposes the forward bias as with emitter feedback,

. Thermistor Compensation, The themmistor is a resistor with a
large, negative temperature coefficient, That is, its resistance
will decrease quite noticeably as temperature increases, If a
thermistor is used as part of a voltage divider supplying bias to
8 transistor, as shown in Figure 6.14a, the bias will be reduced as
temperature increases, This compensates for the tendency of the
collector current to inerease with temperature, It can be seen from
the plet in Figure 6,11 that this compensation is not exact, The
temperature coefficient of the thermistor is not matched to that of
the transistor. Hence, over part of the temperature range the
eompensation is too great while over other parts it is not enough,
If the thermistor were not shunted with a resistor (Figure 6.1ha), the
compensation at low temperatures would be far too great, At low
temperatures when the resistance of the thermistor is high, Ry will
determine the voltage division ratic of the bias network and fhere
will be practically no compensation, As temperature increases, the
resistance of the thermistor becomes comparable to that of Ry and
the bias voltage decreases with inereasing temperature. At medium
temperatures this compensation is too great until the collector
saturation current becomes appreciable, Finally, the rapidly increasing
saturation current causes a net increase of collector current in spite
of the thermistor, ’
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Recently, positive temperature coefficient, silicon thermistors
have been-made with thermal characteristics closely resembling those
of a silicon transistor, When these elements are used in conjunction
with feedback circuits, almost exact compensation is realized., An
example is shown in Figure 6,15,

Ve

g

+ 1

L7

Figure 6,15, Example of Temperature Correction Using
a Pogitive Temperature Coefficient
Thermistor in Conjunction with Feedback,

Dicde Compensation, An ordinary junction diocde can be used to
compensate transistor bias, In Figure 6,14b, the transistor bias
voltage is developed across the forward-biased diode (D). The
forward resistance of the diode varies with temperature in the same
‘manner as does the impedance of the emitter-base junction of the
transistor, If the current through the diode is large compared to
the base current of the transistor, the diode alone will determine
the bias voltage. This system will provide almost perfect compen-
sabion as long as the saturation current is small., This is evidenced
by the graph., If the transistor is to be operated at higher tempera-
tures, some auxiliary means of compensatigm will be necessary.

When temperature compensation is used, it is important to
locate the temperature sensitive element close to the compensated
transistor. This is necessary because the transistor may become
noticeably hotter than its surroundings, particularly if power is
being dissipated in the unit.
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SMALL SIGNAL AUDIO AMPLIFIERS

The transistor is basieally a non-linear device: the input
and output impedances, as well as the current gain, vary with
ecallector current, However, when the signal level is low, these

changes w311l be small so some definite magnitude can be assigned

to the impedances and the gain, Then, the transistor can be con-
sidered to be a linear amplifier., In this section it will be

- -agsumed that this condition is satisfied. Furthermore, only low-
“Prequency operation will be considered so the deleterious effects

of junction capacitance and transit time can be neglected,

Single-stage amplifiers —— common emitter, common base, and
commen collector —— were discussed previously., This section will
be primarily concerned with methods of coupling, or cascading,
these basic amplifiers to realize higher gains than might be possible
with a single stage,

Although specifying the voltage and current gain of an amplifier
is frequently useful, the determination of these values becomes
somewhat complex with cascaded amplifiers, These two terms can be
combined into one —= the power gain which is the product of the
voltage and current gains, The power gain gives an absolute measure
of amplifier performance, The input to an amplifier, be it from
a high-impedance erystal mierophone or a low-impedance pickup, is
at a certain power level, This signal must be amplified to supply
power to a load whether it is a set of headphones or a large motor,

From the preceding discussion it follews that it is desirable
to produce maximum power gain per stage, the voltage or current
gain alone being of minor significance, To do this, it is neces-
sary to match impedances through the amplifier, Any mismatch will
result in a lower gain per stage.

Transformer Coupling. From an electrical viewpoint, the |
simplest way to couple two stages is with a transformer. The
output of one stage is fed to ithe input of the following, as
shown in Figure 6,16, The transformer provides isolation of d.c.
voltages and impedanee matching.

Transformer coupling h#s the advantage that very little d.c.
power is wested: the d.e. resistance of the transformer primary
is small compared to the load impedance., As compared with resistive
coupling, equal results can be obtained with half the supply voltage,
Nonetheless, a transformer does have certain disadvantages: for
example, comparabtively high cost, limited bandwidth, and large phase
shifts at high frequencies. Size is not a particular disadvantage
because miniature transformers can be fabricated to operate at the
low power levels of transistors,
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A two-stage, transformer-coupled audio amplifier is shown in
Figure 6.17, Input and output tvr’ans»formers‘9 as well as an inter-
stage transformer, are used, The input transformer mist match the
souree to the 1000 impedance (1000-N-) input of the common emitter

~amplifier, The interstage transformer must match the low impedance

input of the second stage to the medium output impedance (15,000
of the first stage., The third transformer matches the load to the
second transistor output.

It should be noted that maximum power gain for each stage can be
realized because each transistor can be made to work into an optimum
load impedance by appropriate adjustment of the transformer turns ratio,
For this reason, the common emitter configuration is most frequently
used because it is capable of a higher gain per stage since it has
both current and voltage gain, W

In Figure 6.17 two methods of bias feed are shown., Both stages
use emitter feedback resistors, and the base bias is supplied from
a voltage divider, In the first stage the bias is applied directly
to the tramsistor; the transformer is connected to the base via a
eoupling eapacitar which prevents shunting the d.c, bias, In the
second stage the transformer is comnected directly to the base, and
the bias voltage is fed through the transformer primary from the
voltage divider, A bypass capacitor is required across the voltage
divider to prevent loss. of the inpubt signal across the divider
resistance, Generally speaking, the latter method is more
satisfactory because the voltage divider resistance does not shunt
the input signal; however, the two circuits are equivalent as far

‘as biasing is concerned,

If the emitter resistance is not bypassed, the output current
flowing through the emitter would produce a voltage across this
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Figure 6,17, Two=Stage, Transformer‘Coupled Anplifier

I1lustrating Methods of Bias Feed,
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resistance which would oppose the input signal being applied between
the base and emitter, Also, the signal developed across the resistor
would not appear in the output, giving an additional loss.

Because of the low d.c., resistance of the transformer primary it
is necessary to employ effective bias stabilizatien with transformer
coupled amplifiers, The increased collector current caused by increased
temperature will not materially reduce ds.c. collector voltage, so the
power dissipation of the transistor will increase as the square of
“the collector current, The increased power dissipation will increase
 heating and collector current, causing ultimate destruction of the
transistor if precautions are not taken,

A decoupling network is shown in the collector supply between
the two stages, Although this is not necessary for a two-stage
amplifier it is usually required when there are three or more stages,
This network attenuates any low-frequency being fed back through the
collector supply. Lack of adequate decoupling usually results in
instability and low-frequency oscillations (motor boating).

R-C COUPLED AMPLIFIERS

Ancther method of cascading several stages is resistance-capacitance
coupling. This scheme is illustrated in Figure 6,18, Direct current
voltage is fed to the collector of the first stage (Q;) through a
resistor (R@)o Variations in the collector current of Q) develop a
signal voltage across the collector resistor, This signal is coupled
to the base of the following stage (Q2) through a capacitor (Cg), and
bias is supplied to this second stage through the resistor By

It should be recognized that the purpose of the coupling network
is to deliver the signal power, generated in the collector circuit of
Q1, to the bage of Qp, therefore it is necessary that the shunt resistance
of R, and R}, be high compared to the input impedance of Q2 to prevent loss
of power in these elements, Also, the capacitance reactance of C. should
be small compared to the input impedance of Qo at the lowest frequency

to b 1lified,
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Figure 6,18, Example of R-C Coupling,
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There is a 1limit on the maximum value of collector resistance (Rg).
Because the d.c. power must be supplied to Q1 through this element, too
high a resistance will limit collector current and, therefore, the

- maximum current -swing of the transister,

Figure 6,19 illustrates some of the limitations of the r—c¢ coupled
amplifier, The loadlines of both an r-¢ coupled amplifier and a trans-
former coupled amplifier, both operating with a collector supply voltage
of 5v and quiescent current of 0,3 ma, are plotted, Referring to the
-loadlines of the r—e¢ amplifier, the d.c. loadline is determmined by
the collector resistor, This loadline determines the statie conditions
of the transistor as all possible combinations of static collector
voltage and current lie on this line, The impedance presented to the
eollector is considerably lower for an a.c, signal. The a.c. load
impedance consists of the parallel combination of the collector resistor
and the base resistor and input impedance of the following stage, This
‘results in a separate, lower-impedance, a.¢, load line, This load line
must pass through the operating point as shown in the figure, It can
be seen that the voltage swing is restricted, but this in itself is
not too serious because the voltage swing requirements for the input
of the following tramsistor are small,

The bias stabilization requirements of an r.¢c. coupled amplifier
are not as stringent as with transformer coupling because of the
comparatively large d.c. resistance in the collector circuit, Thermally
generated inecreases in collector current will also decrease collector
voltage; hence, the collector dissipation will not increase too rapidly
with collector current, In fact, if the collector resistance is
sufficiently high, the collector dissipation will, decrease with
inereasing d.c. collector current, All this aside, thermally induced
changes of collector current will shift the operating point which is
undesirable so some degree of stabiligzation is still required.

An -exemple of a two-stage, r-c coupled amplifier is given in
Figure 6,20, Collector feedback bias stabilization is employed on
the first stage. The voltage divider supplying bias to the base of
the first transistor is fed from the transistor collector, so an
imsreased collector current will lower the ferward bias by decreasing
the eollector voltage, The second stage uses emitier feedback bias
gtabilization, A volbage divider from the negative collector supply
forward biases the second transistor, and a resistor in the emitter
eircuit provides bias stabilization by decreasing base to emitter
voltage when the collector current increases. The emitter resistor
is bypassed with a lﬁu%ﬁ capacitor to prevent degeneration at signal
frequencies,

The input signal is coupled into the amplifier through a 547

capacitor, amplified by the first stage, and coupled into the secbnd
sbage through another 5{? capacitor. This capacitor couples the
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15000~ *{mpedance of the collector circuib to the 1000a input impedance
of the following transistor, Because of this mismatch the maximum
gain of Q) is not realized, The second transistor amplifies the
gignal further, and it is finally coupled out from the collector
circuit of this stage through still another coupling capacitor, The
gain of the second stage will depend wpon the impedance of the load
to be driven by the amplifier. If the lcad impedance is very much
~@Fferent from the collector impedance of Q2 the power gain of the
stage will be reduced, Also, as shown in Figure 6,19, the voltage
swing of the amplifier will be restricted by low impedance loads,

Resistance-capacitance coupling is generally used where wide-
band frequency response is needed or where the amplifier is to be
employed within a negative feedback loop (because of the lower phase
shift per stage of r-c¢ coupled amplifiers as compared to transformer
coupled amplifiers)., Also, in some cases, r-c coupling is less
~egxpensive then transformer coupling. However, the realizable gain
per stage is lower with r-¢ coupling and it is only practical between
stages with input and output ipedances in the same order of magnitude
because large impedance mismatches produce excessive loss of gain.
Morsover, r-¢ coupling cannot be used on high-level stages because
the nenlinear imput characteristies of the transistor cause charging
of the coupling capacitor and a shift in operating point - but this
will be discussed further along with high-=level amplifiers.

Direct Coupled Amplifiers, The characteristics of the transistor
and also the availability of PNP and NPN types makes this device well
suited for direct coupled amplifiers, Several configurations for
directb-coupling transistor stages are shown in Figure 6,21, Figure 6.21a
shows a common collector stage coupled directly to a comnon emitter
stage, The emitter current of Qj passes through the base of Q2 with
the imput resistance of Uy acting as the load for Q; and the voltage
7y acbing as the collector supply. In Figure 6.,21b a two-stage
common ecollector amplifier is shown. Again the output current of the
first stage is the input current of the second and the voltage source
(Vi) has been connected to act as a collector supply for both stages.
Pigures 6,21 (¢ through e) illustrate the use of both NPN and PNP
transistors, Figure 6.,2le is of particular interest because it
elearly shows that there is no intrinsic 1imit on the number of stages
that can be cascaded, It can be seen from the figure that the collector
eircuit of the intermediate stages is in series with the input circuit
of the following stage and a voltage source. The transistors and
volbtage sources must be connected so there is a path for current flow
around this loop in such a direction as to. forward bias the base-

-emitter junctions and reverse bias the collector junctions.

One thing that should be immediately apparent in these circuits
is that temperature stability can become quite a problem, An increase
in temperature will cause increases in collector current in all the stages,
but the cocllector current increase of the first stage will be amplified by
successive stages which will result in intolerable increases in the final
gstages, if precautions are not taken, Therefore, the circuits, as shown
in Figure 6,21 are not practical,
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ature, reducing the bias on Q at

Figure 6,22 illustrates a practical two-stage common emitter,
direct—coupled amplifier, Diode compensabion is employed on the
first stage. The voltage across Dy will vary inversely with temper-

%igher temperatures, The input
signal is developed across Rz which delivers the bias voltage to Q.
The resistor Ry produces the bias on the compensating diode from
the scollector supp]go A resistor (Ry) is placed on the input of
Q2 (base to emitter) to prevent forward biasing of Qo by its own
reverse saburation current when Q7 is cut off, The diode (Do) is
a genep diocde, The voltage regulating qualities of this device
are used to prevent signal variations of the collector-supply
volbtage, This diode takes the place of a bypass capacitor whigh
would not be effective at very low frequencies, However, a capacitor
gould also be employed for additional bypassing at high frequencies.

Although temperature compensation alone is usually adequate for
two-gtage amplifiers, some form of feedback must be employed if more
stages are used or if a wide range of temperabures is to be encoun-
tered, Figure 6.23 indicates how this might be accomplished, The
cireult of Figure 6,23 uses diode compensation, three local feedback
loops, and overall feedback, The purpose of the feedback is not
only to improve d.c, stability but also to decrease nonlinear
distortion, ‘

The first stage employs diode compensation as did the previous
clreuits however, the emitter resistor (R } also provides bias
sbabilization, In addition, the output voltage (across Rp) is
fed back to the imput stage via. Ry. As the conduction of any
of the transistors increases, regardless of the cause, the voltage
across Hp will increase. A portion of this increase will be
coupled back across R3 through Ry, decreasing bias on the first
stage, This degeneration is also present for the signal so the
overall gain is reduced and distertion decreased. The second
transistor (Q2) is comnected in the common-collector configuration.,
The load of this stage (R5, R4, and the input impedance of Q3)
gerve as an emitter resistor and provides local feedback on the
gtage, The third stage (Qg) also incorporates an emitter resistor
for local feedback, The input resistor (R5) is connected between
the base and emitter across Ry so that the voltage variations
across Ry might be felt in the input circuit of Q3. In addition
to providing bias stabilization, the local feedback loops also
improve the transistor input characteristics, thereby reducing
distertion in the previous stages resulting from driving a non-
linear impedance,

In this circuit the zemer diode (Dy) serves to keep signal
variations out of the supply voltage.
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Figure 6,22, Temperature Compensated D-C Amplifier,
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Figure 6,23, Temperature Compensated D-C Amplifier with
Feedback to Improve Linearity and Stability,




The use of direct coupled amplifiers along with NPN and PNP
transistors can be extended further to make many useful and interesting
circuits, One of the most outstanding of these is the complementary-
symmetry amplifier shown in Figure 6,24, This amplifier is most
frequently used as a power amplifier, bub its operation will be
introduced here, ;

The input signal is fed to both Q; and Qp, but these transistors
hawe opposite polarity: one is an NPN and the other PNP, On the
positive half ecycles of the input signal, Q) will conduct while Qb
is cub off, As the collector current of Q; passes through the base
of Q3, this transistor will alsc conduct, reproducing the positive
half ecycle of the input signal across RL, On the negative half of
the input signal Qp becomes forward biased and conducts, and Ql
cubs off, This causes Q to conduct and impresses some portion of
T2 across the load, reproducing the negative half cycle, When the
input signal is zero, no current passes through By so the output is

~also zero,

The eireuit as shown in Figure 6,24 is somewhat simplified, Some
form of bias stabilization is required. Also it is generally desirable
to smploy negative feedback to equalize the gain of the upper and lower
channels, ﬁbweVerg the techniques discussed previously can be applied
here so thesa points will not be discussed further,

In establishing some relative merit for direct coupling, it can
be said that it has many advantages over both transformer and r-c
coupling., It is frequently used in low frequeney signal amplifiers
and also in wide band amplifiers using large amounts of negative feed-
back, The absence of any reactive components (capacitors and inductors)
gives the d.c., amplifier a favorable position as regards low-frequency
phase shift, The elimination of coupling components may permit redue-
tions in equipment size -- particularly in the case of high-power cir-
cuits, However, some of the limitations of r-¢ coupling are also ‘
present with direct coupling, In particular, the direct coupling
of stages does not permit impedance matching so maxinim gain cannot
be realized, Nonetheless, higher gains than with r-c coupling are
possible because none of the signal is lost in a collector resistor,
Moreover, the absence of the collector resistance eliminates the
inefficient use of d.c. power as in r-e¢ amplifiers,

POWER AMPLIFIERS

Thus far low-level amplifiers have been considered, The signal
levels involved have been assumed to be low enough so that operation
of the transistor could be considered linear, If this condition is
satisfied, some definite value can be assigned to the transistor
parameters; such as input impedance, output impedance, and current
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Figure 6,24, Single-Ended, Push-Pull Class B Amplifier,
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gain, Moreowver, the nonlinear distortion produced in the amplifier could
be neglected, When the signal amplitude is increased, as in a power gm-
plifier; this is no longer true: the input impedance will vary with the
instantaneous input voltage, and the current gain will vary with instanta-
neous input voltage, and the current gain will vary with instantaneous
eollector current., Because of these nonlinearities, the amplifier will
produce distortion and care must be taken in the design of dreauitry to
keep the distortion at a minimmm while producing a large output signal.

The Output Circuit, Before going into the drive requirements of
power tramsisters and the reduction of nonlinear distortion, the gener-
ation of power in the ocutput ecircuit will be related to the maximum
ratings of the transister,

As was mentioned, the output impedance of a transistor does not
determine the optimum load impedance for a power amplifier, Instead,
it is the maximum ratings of the deviee that must be considered, 1In
order to produce & large power output, it is necessary to have a large
voltage and current swing, so the collector reverse breakdown voltage
and the maximum collector eurrent will be limiting factors, Moreover,
in the operation of the amplifier, power will be dissipated into heat,
g0 the maximum permissible power dissipation must be considered,

Anplifier Circuits., The discussion of low-frequency power ampli-
fiers will be limited to two typess the single-ended, class A ampli-
fier aud the push-pull, class B amplifier, Other types (push-pull
class A and class AB) will require only simple modification of the
given information,

A single-ended, class A amplifier is shown in Figure 6.,25a, The
trensistor is blased to some quiescent collector current, and the
input signal varies the collector current about this point, For
maximmm oubtpubt power the eollestor current varies between zero and
twlice the gulescent value while the collector voltage varies between
zero and twice the supply voltage, The collector characteristics
of a transistor are shown in Figure 6,25b, The loadlines (Ry, Ry,
and Rg) represent three different values of collector load for the
transistor in Figure 6,25a, Ry is the optimum load resistance
because it allows the maximum voltage and current swings, The load-
line, Ry, represents the result of too low a load impedances the
full current swing can be realized, but the voltage swing is restricted,
The loadline, Rg, illustrates the effect of too high a load impedances
the full voltage swing can be realized, but the current swing is
resiricted,

It can be seen from Figure 6.25b, that with an optimum load
impedance, the available power output at a given supply voltage (Vo)
will be determined by the quiescent collector current: the larger
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the quiessent collector curremnt, the larger the current swing., How-
ever, the magnitude of the quiescent current is limited by the maxi-
mwan permissible-power dissipation of the transistor., The maximum
theoretical power oubput of a class A amplifier is equal to one-
half the zere=signal power dissipation, which indicates an overall
collector c¢ircuit efficiency of 50%., This theoretical figure can
only be appreached in practice, Efficiencies in the order of LO-L5%
can be realized with transistor cirecuits,

One disadvanbage of the class A power amplifier is that large
amoants of d.ec, power are consumed, even under no-signal conditions,
This is particularly undesirable with amplifiers operating from
batteries. The push-pull c¢lass B amplifier, illustrated in Figure
6,26k, overcomes this limitation, Power is drawn from the d.e;
eireuit only when there is an oubput signal., With reference to
the ¢ireuit, it is evident that neither transistor is monducting
under zero—signal conditions, as no forward bias is provided, How-
ever, when a signal is applied, the transistors will conduct on
alternate half ecycles, Hence, each transistor amplifies half the
input signal and remains noneonducting during the other half,

The loadline for the push-pull amplifier can be represented
using the composite characteristic curves shown in Figure 6.26a.
To draw these curves it is necessary to align the two individeal
curves so that the eollector voltages correspond at the supply
voltage, as shown in the figure, The loadline must then pass
through zereo collector current at this peint of correspondence,
With. the push-pull class B amplifier, the output power inecreases
with decreasing load resistance: the maximm voltage swing will
be very nearly equal to twlce the supply voltage regardless of the
load resistance, so a smaller load will give a larger current swing
and a higher power outpub, The minimwum load resistance, and there-
fore the maximum power oubpub, is limited by the peak current or
maximimm power ratings of the transistor - whichever would be exceeded
first,

The theoretical, maximum efficiency of a class B amplifier is
78,5%, -Ideally, the efficiency is independent of load resistance
because, as the power output is increased or decreased by changing
the load resisbance, the inpubt power will change proportionally,
This eondition is closely approximated in transister amplifiers,
and efficiencies greater than 65% are not difficult to realize
over a wide range of load impedances, The maximum, average-power
dissipation of the output transisters does not occur at maximum
power oubpub with class B amplifiers. It occurs at somewhat less
than full oubput where the oubpub efficiency falls to approximately
50%, This must be taken into consideration with the permissible
dissipation of the transistor,
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In comparing the output eircuits of the class A and class B ampli-
fiers, it can be said that the letter is more conservative from the
standpoint of power drain, both because of its higher efficienay and
because of its low stendby current., The advantages of the class A
emplifier arise from the economy of using only one transistor and also
from the less stringent control of transistors required to reduce
distortion to a given level, It should be obvious that the character-
istics of the cutput transistors of a class B amplifier must be closely
~mateched to produce an acceptably low distortion level, This task is
diffieult, and often some form of negative feedback is required,

I% should be noted that the previous discussion covered only
common-emitter amplifiers, This is not meant to imply that other
types are not used; however, as far as the output circuit is con-
cerned, common-emitter and common-collector amplifiers are identical.
The difference lies in the input ecircuit. The output characteristics
of the common-base circuit are slightly different, but the same con-
siderations apply, Again, with the common-base circuit, the main
difference lies in the drive circuits,

. Drive Requirements, It has already been stated that no particular
valve can be assigned to such parameters as the input impedance and
current because of variations with signal level, Nevertheless, under
ceftain conditions these parameters can be assigned a nominal value
if operation is sufficiently linear,

In eoupling the driver to the output stage the objective is
not to transfer maximum power; but instead, the driver should be
matched to the output stage in such a way as to produce minimum
distortion, This point is clearly illustrated in Figure 6,27 which S
gives the transfer characteristics of a common~base amplifier, 'f
Figure 6,27a shows that the voltage transfer characteristics of a ‘
common=base amplifier are extremely nonlinear: that is, if a sine
wave voltage were @pplied to the input of a common-base amplifier,
the cellector current would not be a sine wave — an appreeciable
amount of distortion would be generated, Hewever, if a current

- sine wave were applied to the input, it can be seen from Figure
6,276 that the collector current would be a sine wave; and very
1ittle distortion would be generated, Hence, it is desirable to
drive the common-base amplifier from a high-impedance source.

This behaviour can be explained with the help of the simplified
equivalient circuit of Figure 6,28, The reason for the nonlinearity
in the voltage transfer characteristics is the variation in the input
impedance with instantaneous signal voltage; therefore the inmput
current will not vary linearly with input voltage., The current
transfer characteristies, on the other hand, are linear because
the output current is equal to the product of the input current
and -the alpha current gain (<=<) which is always very nearly equal
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to one, In Figure 6,28, the driver is represented by a constant voltage
source with its internal impedance in series (R,), If this internal
impednace is high compared to the low input impedance of the transistor,
the current flowing into the emitter will depend on the source voltage
and the internal impedance: the fluctuations of input impedance in

the transistor will produce very small changes in the total impedance
~seen by the voltage source, so the input current will have the same
waveshape as the source woltage. If, however, the driver impedance

is low compared to the input impedance, fluctuations of the latter
guantity will produce appreciable changes in the total impedance seen
“by the woltage source; and the input current will depend not only on
the source veoltage and internal impedance, but also on the input
dimpedance which is not constant, In this case the input current

does not have the same waveshape as the source voltage, and distortion
is produced,

This argument shows that it is undesirsble to match the driver
impedance to the input impedance of the output stage., Instead, it
is desirable to have the driver impedance very much higher than the
input impedance, This makes for inefficient transfer of power
between the driver and output stage, Moreover, the low (unity)
eurrent gain of the common-base amplifier puts excessive current
“demands on the driver, For these reasons, the common-base config-
uration is not used frequently as a limear power amplifier,

In the case of a common-emitter amplifier, both the voltage
and current transfer characteristics are nonlinear toc some extent =
although the nonlinearity is not as great as with the common-base
eonfiguration., The base input characteristies in Figure 6.29a, how-
ever, do resemble those of the common base connection: the input
impedance decreases with increasing input voltage. A given change
in base voltage will be more effective in producing a change in base
current at higher input voltages., Nevertheless, this effect is not
80 pronounced in the voltage transfer characteristies because of the
fall-off of commoneemitter (o<g ) current .gain at high current levels,
This fall-off explains the nonlinearity in the current-transfer plot
(Figm“e 6029(3)o

Because of the nonlinearity in both the voltage and current
transfer characteristiecs, it cannot be stated whether a high or low
impedance -driver will produce the lowest distortion, Nevertheless,

~a comparison of the two plots will show that the voltage character-
istic has an increase in slope at high collector currents while the
current characteristic has a decrease in slope at high collector
currents. It would seem; therefore, that some intermediate value

of driver impedance would produce the lowest distortion., This is
indeed the case, and because of this it is possible to have a reason-
able impedance match between the driver and the output stage consis-
tent with low distortion., The common-emitter amplifier will therefore,
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~make efficient use of driver power; moreover, both the driver and the
oubput stage will have a much greater power gain as compared to the
cormon base amplifier, For these reasons the common emitter ampli-
fier is commonly used in power amplifiers,

The common-collector power amplifier can be considered to be a
common-emitter stage with 100% negative voltage feedback, applied in
such a way as to increase the apparent input impedance and linearize
the woltage transfer characteristic. It is clear, thereforé, that
the wommonscollector amplifier should be driven from a low-impedance
source, One disadvantage of this eonfiguration is the large voltage-
“swing requirement that must be met by the driver: the negative
feedback reduses the voltage gain to less than unity. Driven from
a gonstant voltage source, the common-emitter emplifier has a very
low distortion; but if it is driven from a comstant current sourece,
its operation will be identical to that of a common-emitter ampli-
fier, :

The above results can be summarized as followss the common-
base power amplifier should be fed from a constant-current (highe
impedance) source, and the common-collector amplifier should be
fed from a econstant-voltage {low-impedance) source, Moreover, the
former will tend to maintain a constant current through a varying
load impedance in its output cirecuit so it can be considered to have
a high impedance output, while the latter will try to maintain a
constant output voltage across a varying load so it can be consid-
ered a low impedance source, Both these configurations have a low
power gain when driven properly and put excessive current or voltage
requirements on the driver, Therefore, they are not too frequently
used in practics.

The common-emitter power amplifier has a high power gain, In
addition, for minimwm distortion, the driver is very nearly matched
to the output stage so there is a reasonable efficiency in using
the driver power, This configuration is the most practical for use
as & power amplifier so the major portion of the circuits given will
be confined to the common—emitter cireuit,

Driver Coupling. The driver can be r-¢ coupled to a class A
output stage as shown in Figure 6.30a, However, because some signif-
icant amount of power must be generated in the driver, this method
is frequently too inefficient, Furthermore, the nonlinearity in the
transistor imput resistance can cause charging of the coupling
capacitance at high signal levels, which will shift the operating
point of the transistor, Hence, r-¢ coupling is used only in low-
power amplifiers, such as driver stages, '

An example of an r-c¢ coupled, class B amplifier is given in
Figure 6,30b, Diodes must be included in the input circuit to prevent
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sharging of the coupling capacitors by the half-cycle conduction of
the output transistors, A small, forward bias is applied to the
output transistors, as with any class B stage, to minimize "cross-
over distortion” when the conduction shifts from one transistor to
the other, As with class A amplifiers, the use of r-c coupling is
guite limited, )

The usual method of ecoupling the driver to the oubtput stage is
“transformer eoupling. A transformer allows a good efficiency in
the driver stage as well as glving any desired impedance ratio, A
driver transformer alsc eliminates the necessity of a phase-inverter
in push-pull cireuits,

A practical class A amplifier is shown in Figure 6,31, The
driver stage is transformer coupled to the output transistor. The
output transistor is operating with a split loads that is, half
the load is in the emitter and half in the collector circuit., This
combines the advantages of common collector with common emitter by
applying 50% negative feedback, Amplifiers of this type can be
built to deliver powers greater than 5 wabts using germanium tran-
sisbors,

A transformer coupled, class B amplifier is shown in Figure 6.32,

A ¢lass A amplifier is used as a driver, The ocutput stage has a -
small forward bias to minimize crossover distortion., This bias is
temperature compensated with a germanium diode, Negative feedback

is applied to the emitter of the driver from the secondary of the
output transformer to minimize the distortion cauvsed by inequalities
in the oubtput transistors, Class B amplifiers with oubtputs as high
as 200w can be bullt using available transistors,

Direct coupling can also be used to couple the driver to the
output stage, bub this method presents the same impedance-mismatch
problems as are experienced with r-c coupling, Also, there is the
problem of d.c, instability arising from temperature effects, Direct
coupled power amplifiers are used, however, where it is desirable
to eliminate the size and weight as well as ‘the frequency and phase
shift limitations of the transformer., An example of a direct-coupled
power amplifier, the class B complementary-symmetry amplifier, has
already been-given (Figure 6,24), This circuit uses complementary
- {matched PNP, NPN) power transistors which are difficult to obtain
“eemrercially so this wireuit has enly limited uses, Ancther circuit,
the quasi complementary amplifier, (Figure 6,33) has a direct-coupled,
push-pull output stage and uses only PNP power transistors, In this
circuit, the transistors (Qy, Qp, Qg, and Q) are not conducting
under no-signal conditions so there is no voltage across the load.

A negative input signal on the base of Q3 drives this transistor (Q3)
and, consequently, Q3 into conduction; and the negative half of the
signal appears across the load, A positive signal, epplied at the

6=42




202RRQ — 1

LaRANG

F—
LA

e

Figure 6.31,

:

Class A Power Amplifier,

R

[ R/ X

L RQLORA

|
0

Figure 6,32,

Class B Power Amplifier,
6=43




same point, drives the NPN transistor, Q, into conduction. When Qj
conducts, @2 will also conduct and the pesitive half of the signal
will appear across By. The upper (Q3 and Ql) and lower (Qh and Q2)
channels are not symmetrical, but the application of 100% negative
feedback eliminates signal wmbalance, - The upper channel uses tweo

PNP transistors in the common-collector commection. The input signal
is applied to the base of Q3, and its enitter is connected to the
input (base) of Qo The emittsr of Q. goes to the load. The collec~
tors of both Q3 and Q) are brought tc signal ground at the negative
terminal of Vy, Because of this common collector commection, the
volbage gain of the upper channel is very clese to one, The lower
channel uses & NPN and a PNP transistor cascaded in common emitter
connecbion, The inpub signal is connected to the base of Q, and

its collector is direct coupled to the base of Qy, The collector

of Qy is connected to the load, The voltage gain of cascaded common-
emitber stages is normally very much greaber than one, but 100%
negative feedback is applied to this channel by connecting the
emitter of Q) %o the output rather than to signal ground. The
feedback reduces the volbage gain of this charnnel to slightly less
than one; therefore; the voltage gain of both the upper and lower
chamnels is nearly equal; and they are electrieally balanced, Signal
is fed to the amplifier by the class A driver, Q5° If it is assumed
that Q5 is operating at its maximum swing, it can be seen that the
bases of Qy and Q will alternately be connected to the negative
battery (through By) when Q: is nonconducting and to the positive
batbery when Qs is saturated,

Direct-coupled power amplifiers are particularly applicable in
high-fidelity systems, The elimination of the output transformer can
reduce cost considerably while equivalent cireuit performance is main-
tained, ‘

Gonglusions, There is mush te be said for transistor power ampli-
fiers, their high (near theoretical) efficiency being only one advantage.,
Furthermore, transistor amplifiers can operate directly from standard
doe, systems (6, 12 and 28V), thus eliminating the need for power con-
verters, Also, their small size permits reduction in equipment sigze,
However, they are not wibthrout Iimitations: one is that the beta cut-
off fregueney of many alloy-junction power transistors is near the high
end of the audio frequency bands a second is the restricted temperature
range of germmanium transistors which imposes severe 1imits on collector
dissipation above about 70°C, Both of these limits have been appreciably
extended with gilicon transistors employing a diffused-base structure,
but at the present time the cost of these units is quite high,

HIGH-FREQUENCY AMPLIFIERS

There are two Important limitations to the high-frequency perform-
ance of g transistors the first is the finite transit time for current
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carriers crossing the base;, and the second is the collector-junction
capacitance, The transit time effeect is reflected in the alpha cut-
off frequency (faico) rating of the device, This is an absolute limi-
tations that is, there is no way to design around; or compensate, for
this frequency restriction., On the other hand, the collector capaci-
tance can be tuned out or compensated for to some extent,

An equivalent cireuit can be used to approximate the character-
isties of a transistor., These circuits do not deseribe transistor
performance but only approximate it over the useful frequency range
for purposes of eircuit analysis. Figure 6.34 gives one possible
equivalent cirecult convenient for analysis of common emitter circuits,
The capacitance shunbing the input circuit (Cble) repregsents the alpha
cuboff frequeney limitations, while the ecollector juncbion capacitance
is shown as Gb1@° It can be seen that Cplc provides a feedback path
between the output and input cireuits in addition to shunting the out-
put cireuit (Gbﬁe is very much greater than Cpl.). This feedback path
frequently necessitates the use of neutralization in tuned amplifiers.,

Video Amplifiers. High-frequency amplifiers will be divided into
two groups: video amplifiers which are intended to cover a wide band
of frequencies from about 10cps to about 10meps, and tuned amplifiers
which employ rescnant circuits and cover a relatively narrow frequency
range.

The appearance of transistor video circuits is quite similar to
the low-frequency amplifiers already discussed, Common base, common
emitter, and common collector stages are possible, Because of the
wide band of frequencies to be passed, it is necessary to use either
direct or r=c coupling as it is generally impossible to build trans-
formers with the required bandwidth., In order to cascade single-stage

- amplifiers and realize any gain, then, there must be a reasonable

impedance mateh between the input and output impedances of successive
stages sinece there is no means available for matching, For this reason,
video amplifiers almost always use the eommon-emitter configuration
except, pessibly, in the input or output stages where there is some
special impedance requirement., Hence, the discussion will be confined
to this eircuit,

‘In common-emitter amplifiers the beta cutoff frequeney is of
interest; it is related to the alpha cutoff frequency by
. , Beo = Focco (1<)
where ¢ is the low=frequency alpha current gain, From this equation

‘it can be seen that the beta cutoff frequency is considerably lower

than the alpha cutoff frequency, How much lower will depend on the
low-frequency alpha current gain; therefore, transistors with excep-
tionally high current gain are not. generally desirable,
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Figure 6,35 shows the characteristics of a common-emitter video
amplifier that has its upper limit determined by the beta cutoff
frequency, Lowering the load resistance below the optimum value
reduces gain but does not raise the upper frequency limit. However,
the insertion of a compensating induector will increase the maximum
frequency, because the coil raises the effective load impedance at
higher frequencies,

As a rule, alloy-junction transisters and some grown-junetion

. transistors suffer from this type of frequency limitation, These

transistors do not have an accelerating (drift)field across the base
region so the transit time is comparatively large.

Transistors that have their maximum frequeney imposed by
collector=junction capacitance can be compensated to some extent
as shown in Figure 6,36, In this case lowering the load resistance
will increase the bandwidth in addition to reducing gain because
the shunt impedance of the output capacitance will not be comparable
to the load resistance until a higher frequency is reached, On
this basis, gain can be traded evenly for bandwidth, Moreover,
compensation will extend the maximum frequency in either case
because, in this case, the compensating inductor will form a low-Q
parallel-resonant circuit with the output capacitance and effectively

remove it from the cipguit over a limited frequency range.

Transistors having a graded base giving a drift field, such as
diffused junction and some grown junction transistors, have their
high-frequency performance limited by eollector-cutput capacitance.
However, in most cases, the maximum frequency of these devices is
considerably greater than those without the drift field,

Another circuit worth mentioning is shown in Figure 6,37, This
is a video amplifier using a tetrode transistor. The same consider-
ations apply here as did in the previous disecussion. The only
unusual feature of this circuit is that a cross-base bias must be
supplied to the transistor to electrically reduce the junction area,
Bias of the correct polarity is applied as shown in the figure,

As was pointed out; video amplifiers are very much like direct
or -2 coupled, low-frequency amplifiers except that high-frequency
transistors must be used, There are, nevertheless, other points
that should be considered, First, the cuboff frequency is raised
by inereasing the collector voltage. The incredsed voltage widens
the collector depletion region and, therefore, reduces output
capacitance, Furthermore, the depletion region extends into the—
base so base width and, consequently, transit time is reduced, '
Secondly, both the input and output impedances are considerably
lower at high frequencies, This is an important point where stages
are to be cascaded, '
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Tuned Agplifiers, In a tuned amplifier; the major frequency
limitation is the alpha-cutoff frequency since the collector junction
capacitance can be made part of the resonant circeuit in the collector,
This cepacitance, nevertheless; does provide a feedback path and in
some cases neutralization must be provided for stable operation,

Impedance transformation is no problem with tuned circuits as is
‘shown in Figure 6,38, so in tuned amplifiers impedances are usually

‘matched to realize maximum gain, This, of course, is imperative

with the eommon-base comnection because the entire gain arises from
the difference between input and output impedances, The matched-
impedance power gain of the common emitter configuration is higher
+than both common collector and common emitter so this connection is
generally preferred, However, at frequencies near the alpha-cutoff
of the transistor, the difference between the common emitter and
commen base commections becomes small; and the latter is frequently
used in the interest of circuit stability,

With present day transistors, the collector-junction capacitance
is small enough so that a common emitter amplifier can be operated
without neutradization, But in this case the stage cannot be designed
for maximem gain and still be stable, Neutralization permits operation
with maximum gain; however, circuit adjustment will be more eritical
and transister interchangeability will be poorer. Nevertheless, one
neutralized stage is roughly equivalent to two unneutralized stages.

Figure 6,39 illustrates the difference between neutralized and
unneutralized r-f amplifiers. In the neutralized stage, double-
tuned transformers are used, Moreover, the low-impedance input
(base) of the transistor as well as the collector are tapped down
on the tuned eircuits to prevent loading which would reduce effective
Q. The primary winding in the collector circuit is tapped; and a
signal that is 180° out of phase with the collector voltage is fed
back to the base through the neutralizing capacitor (C,). This
signal cancels that which is fed back to the base through the
collector-junction capacitance, Because of variations in parameters
from wit to unit of the same type, this circuit may become unstable
with a particular transistor requiring readjustment of the neutralizing
capacitance,

In the unneutralized stage (Figure 6,39b), single-tuned trans-
formers ars used; and the transformers are not tapped for optimum
performance. This reduces stage gain, but at the same time it
permits operation without neutralization., This, however, requires
careful design to achieve a certain degree of stability with a mini-

mum loss of gain,

As was mentioned before, the common-base commection is used
at frequencies near the alpha cutoff frequency of the transistor
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where the difference between common-emitter and common-base power
gain becomes small, A common-base V.H.F., amplifier is shown in
Figure 6,40, The circuit is straightforward, and it infrequently
requires neutralization, Careful design should be used to conserve
all possible gain because the transistor is operating close to its
maximan frequency, and the available gain is low,

In most r-f receiving eguipment, it is desirable to incorporate
some form of automatic gain control (8080Go)o The easiest way of
accomplishing this is to vary the transistor bias, but there are
many effects that must be considered. If the collector current is

~reduced below some optimum value, the power gain will be reducetd,
This can be accomplished by changing the d.c., bias, However, a
change in bias will also effect the input and output impedances of
the device, If the circuit is adjusted so that all the impedances
are matched for maximum gain, this impedance shift will alse con-
tribute to the gain reduction which will add to the a.g.c. control
of the stage, Care must be taken so that the change in impedance
does not cause instability.

Conelusions, The previous section showed that high-frequency
operation is more dependent on transistor characteristics than it
is on circuitry, The circuit used for a particfilar application does
not change greatly as the frequency is advanced. However, at higher
frequencies, more care must be taken in insuring d.ec., stability of
the transistor, Steps taken to increase the operating freqiiency
of a transistor usually decrease the maximum power dissipation so,
even in low=power circuits, transistors are operating near this limit,

OSCILLATORS

An oscillator, as referred to here, is an electronic device
that generates an a,c., signal of some kind, Oseillators will be
divided into two general categories: sinusoidal oscillators which
generate a single~frequency sine wave and nonsinusoidal oscillators,
such as blocking oscillators, multivibrators, and sawtooth generators,
whieh generate some particular nonsinusoidal waveform,

Sine-Wave Oscillators., An oscillator contains an amplifier and
a positive feedback path of some sort, A sinusocidal oscillator must
also have some frequency-sensitive element - such as a resonant tank,
a quartz crystal, or a phase shift network which determines the fre-
quency of oscillation, In order for the oscillator to function, the
amplifier must be capable of supplying the power lost in the load and
various circuit elements as well as its own input power,

Several oscillators using a resonant tank as a frequency-deter-

mining element are shown in Figure 6,41, The first two use an addi-
tional winding on the resonant tank to supply the feedback which
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maintains oseillation, The remaining cirecuits use a tapped (either
capacitive or inductive) tank to obtain the correct feedback between
the input and output,

Figure 6.4la shows a common-emitter amplifier with a resonant
tank in the output circuit, Oscillation is maintained by coupling
part of this signal back to the transistor input, Figure 6,.41b shows
a gimilar circult exeept that the transistor is connected in the common~
base¢ configuration., In Figure 6.41lc that portion of the tank between
the emitbter and ground acts as the emitter load for the transistor-
while that portion between the emitter and base supplies the transistor
drive, Figure 6.41d is identical to Figure 6.41c except that a capac-
itive tap is used on the tank, The circuits in Figure 6.4le and f are
identical except that a capacitive tap is used on the former and an
inductive tap is used on the latter, That portion of the output volt-
age across the lower portion of the tank appears between the emitter
and the base to supply transistor drive,

The a.e, performance of all these eircuits is the same., The
only reason that one cirecuit would be preferred over ancther would
be to simplify the d.c. circuitry or to put one particular transistor
terminal at a.c. ground {e.g. whichever terminal is comnected to the
transistor case),

The circuits shown in Figure 6.41 are not self starting, When
power is applied to the circuits no current will flow because the
transistors are cut off, A small emitter to base bias must be applied
to sbart operation. Figure 6,42 illustrates a method of supplying a
starbting bias to the circuit of Figure 6.41b. The woltage dropped
across Hy appears between the emitter and base of the transistor to
provide forward bias., If the bleeder current through Ry is made
greaber than the normal base curremt, this bias will remain after
oscillation has starteds and it can be adjusted for class A operation
of the eseillator, If the bleeder current is of the same magnitude
as the base current which is in the opposite direction, there will
be very little voltage dropped across Rp; and the operation will be
essentially elass B, If the bleeder current is made still smaller
and if By is sufficiently large, the base currenmt will charge the
capacitor and the emitter-base junction will become reverse biased,
permitting current flow only at the peak of the inmput cycle, Even
higher values of R and Ry will cause blocking or "squeegeeing" which
will result in intermittent operation or pulsing of the oseillator,

At frequencies above the alpha cutoff frequency a transistor
still has some gain, This gain is low so the transistor is not
too useful as an amplifier, but it can still funection as an oscil-
lator. Generally speaking, a transistor can be made to oscillate
considerably above its cutoff frequency,
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Bven at moderately high frequencies the phase shift within a
transistor due te transit time effects becomes appreciable., This
phase shift alters the frequency of osecillation slightly., Because
the transit time will vary with temperature, collector voltage, etec.,
frequency instability may be encountered with transistors operating
at higher frequencies,

There are no special requirements for high-frequency operation,
However, because available power gain is usually low, particular care
should be taken to match impedances and minimize circuit losses, Near
the frequency limit of the tramsistor the emitter imput may appear
inductive, It is advisable to tune this out, One method is shown
in Figure 6,43, 7

Sine-wave oscillators can be built using only resistance-~capac~
itance networks, An example is the phase-shift osecillators in
Figure 6,44, In the circuit of Figure 6.44a, the output of is
fed through a r-e network which shifts the phase 180°, The 180°
phase shift will occur at only one frequency so the oscillations
will be sinuscidal as long as the feedback voltage does not become
so great as to overdrive Q;, The resistance of Ry should be low
compared to the input impedance of the transistor so that changes
in the labter quantity do not affect the oseillation freguency,

The emitter resistor, R;, is left unbypassed to reduce distortion
in @ and to increase the apparent input impedance of the transistor.

Because of the low impedance of the r—c network needed to
obbain frequency stability, the output circuit may become so heavily
loaded that oseillation is not possible, Hence, a common collector
stage is sometimes added to drive the low impedance network as shown
in Figure 6.44b, This stage has no phase shift so it does not affect
the operating frequency. Qo does reduce the collector load on @
and so it increases the gain of this stage,

The phase~shift oscillator is only useful at low frequencies
where the gain of the transistors is high. The feedback circuit is
lossy and does not provide impedance matching so it will not operate
unlegs there is enough gain available,

Nonsinugoidal Oscillators. A nonsinusoidal oscillator, as the
name implies; is a generator of nonsinusoidal a.c, voltages, This
class includes pulse generators, square-wave generators, sawtooth
generators, etc., The period, or basic frequency, of these circuits
is usually determined by the time constants of R-C and/or R-1 circuits
rather than by resonant elements,

Blocking Oscillators, The circuit of a transistor blocking
oscillator aleng with pertinent waveforms is shown in Figure 6,45,
A pulse transformer is used to obtain feedback from the transistor
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output {collector) circuit to the input (base) circuit, A .r.c.
combination is used to determine the basic operating frequency
(repetition rate), Operation is as follows:

When power is applied, the forward bias voltage on the transistor
through R will cause conduction. The increase of collector current
through the transformer primary will induce a voltage in the secondary
in such a direction as to increase the transistor drive. This process
is cumulative so the transistor rapidly switches into saturation.

Assuming that the collettor current is constant for the duration
of the output pulse = although it may either inerease or decrease
depending on the mode of operation - the phenomenon responsible for
maintaining an induced secondary voltage during the Yon" portion of
the blocking~oseillator operation will be investigated.

After the transistor has been switched to the "on" condition,
the large base-drive current will begin to charge the capacitor,
When this happens, the base current will deerease because more and
more of the secondary voltage is being dropped :across the capacitor
leaving less available for base drive, This action does not affect
the collector current because the transistor is drivem :far into
saburation and the input circuit no longer has control of collector
current, The flux setup in the transformer core due to secondary
current opposes the flux established by the primary current so the
decreasing secondary current causes an increase in net core flux,
which maintains the secondary voltage. Hence, the transistor will
conduct until the base drive voltage has dropped to the point where
the input circuit regains control of the collector current, At this
point the decreasing base volbtage decreases the collector current
which decreases the base woltage further through the action of the
Lransformer, Again the process is cumulative and the transistor
quickly switches off,

After conduction has ceased, the charge stored in the capacitor
holds the transistor in the nonconducting state until this charge is
drained off through the resistor, R, When this happens, the transis-
tor will beginm conducting, and the cycle will repeat,

During the "on" portion of the cycle, energy is stored in the
magnetic field of the transformer, When the transistor is switched
off, this energy is dissipated by the "inductive kickback" voltage
as shown in the figure, If there is no damping resistance across one
of the windings, this inductive voltage swing will become excessive,

One particularly effective way of reducing this voltage to a
negligible value is the use of a diode across one winding, The diode
is nonconducting on the useful portion of the output pulse, but it
conducts on the backswing rapidly dissipating the energy of the
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~magnetic field in its forward resistance.

Sawbooth Generators., The blocking oscillator can be conveniently
used in a sawbooth generator cirecuit as shown in Figure 6.46, The large
emitter current flowing during the econducting portion of the blocking
oscillater cycle is used to charge a capacitor, After operation of the
bloeking oscillator ceases, the capacitor discharges slowly through a
large resistor producing a nearly-linear sawtooth., When the capacitor
discharges to the point where the emitter becomes positive with respect
te the base; the transistor again conducts; and the cycle repeats,

A step-up ratio in the blocking oscillator transformer of about
3 te 1 provides adequate current drive while producing enough secondary
voltage to allow the capacitor to charge nearly to the supply veltage,
The capacitor discharges until the emitter voltage drops to about 0.1
volt less than the fixed, base supply voltage., When this happens, the
transistor will become forward biased; and the circuit will recycle,
The sawbooth can be made nearly linear by adjusting the fixed base
voltage so that enly a small portion of the discharge is used; or by
returning the discharging resistor to a positive voltage rather than
to ground,

Another scheme used for linearizing the sawbooth is shown in
Figure 6,46b, In this cireuit the constant-current characteristics
of the common-base configuration is used to provide a constant discharge
current for the capacitor,

The transistor, Qo, is forward biased by the application of a
positive voltage to the emitter, The current flowing will be practically
independent of transistor parameters because the resistor, Ry, is made
large in comparison to the emitter-base impedance of Qo. The resulting
collector current will be equal to the emitter current times the d.c.
alpha current gain of the transistor which is always very close to
wnity. Since the eollector current of Q2 is used to discharge the
timing capacitor, this discharge will be extremely linear, The period
of the oubtpub wave can be adjusted with Rp which varies the emitter
current of Qs and, therefore, the discharging current of the capacitor,

It is also possible to build a sawbooth generator using negative-
resisbance devices such as the avalanche transistor or the PNPN diode
or transistor; but these schemes are generally less satisfactory because
the devices mentioned are not, as a rule, capable of supplying the
large capacitor discharge currents, At any rate, this will be discussed
further in the section on special devices,

Freeeﬁupnin;”mnltlvibratcrso The output of a free running multi-
vibrator is normally an asymmetrical rectangular wave, Such a circuit

is shown in Figure 6.47. During operation, the transistors, Q; and Qp,
are albternately driven into conduction by a regenerative switching

6-62




EMITTER CURRENT

o
l&e' [’

EMITTER VOLTAGE

—— —/I/_
a, Basic Sawtooth Generabor,

-V -/5V
N N

1

20200

+4v

b, Linear-Sawtooth Generator,
Figare 6,46, Sawtooth Generator Circuits,
6-63




—Ve

K, is Ry 5 o /?&

" By

Qi : = Qa’k

o
-Ve CoLLECTOR oF (Ha.
© | BASE oF P
o)
Ve . S | COLLECTOR OF @ |

Figure 6,47. Asymmetrical Multivibrator Including
Waveshapes,

6=-64




a@ti&n, The period and asymmetry of the output wave form is controlled
by adjusting the time constants of the R=C circuits in the feedback net-
work,

Assuming that the transistor Q; is conducting the action is re-
generative so Q) rapidly switches into cutoff and Q, switches into
conduction, This condition will prevail until Gy discharges to the
negative supply voltage through RBQ and Q; again begins conduction.

When power is first applied to the circuit, one of the transistors
will conduet harder because of a eircuit dissimilarity or a random
noise voltage and this transistor will switeh into conduction, There-
fore, it can be seen that the circuit will be self starting,

The conducting time of each transistor can be adjusted independently
by controllihg the time that the other transistor is cut off, This
factor is solely dependent on the R=C time constant in the transistor
base circuit, Therefore, even though the components have the same
nominal value, the output of this oscillator is not, generally, a
symmetrical square wave,

The Monostable Multivibrator, The monostable and the bistable
multivibrators cannot be considered oscillators, in any strict sense,
because they are not free running. Nevertheless, their similarity
to the free-running variety justifies a discussion of these circuits
here,

The monostable, or one-shot, multivibrator will be discussed
first, This circuit is designed to produce a rectangular output
pulse of known durstion when excited by a trigger pulse, (The shape
of the input pulse as long as its amplitude, is sufficient). Because
of the many schemes available for direct-eoupling transistors, there
are many possible mionostable multivibrator circuits. Several are
given in Figure 6.48,

In the first circuit a two-stage, direct-coupled amplifier is
used., In the stable condition, both transistors are conducting, and
the collector voltage on Q2 is low., A positive input pulse will
reduce conduction of Q) which, in turn, will reduce conduction of
Q2. The collector voltage of Q2 will then rise, and this positive-
going change will be coupled through the feedback capacitor, Cg, to
the base of Q1 reducing its conduction further, Thus, both transis-
tors are regeneratively switched off, This condition will prevail
until Cr charges through Ry, and the base voltage of @, becomes
negative which will cause &1 and, therefore, Qp to conduct., The
collector voltage on Qp will drop, and this megative~going drop
will be coupled back to the base of switching both transistors
back into conduction dntil the arrival of another positive input
pulse,
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The Yon" state will only be stable if one of the transistors is
in saturation, Then a definite trigger amplitude is required for
operation, and triggering from random noise voltages is prevented,

The circuit in Figure 6.48b is somewhat different, In the
stable state, Q1 is conducting so that its collector woltage is
less negative than the emitter voltage of Q. Therefore, Qo will
be nonconducting., When a positive trigger pulse arrives, @ conducts
less so its collector voltage and, consequently, the base voltagée of
Q2 becomes more negative, Qp will then begin to conduct, and its
collector voltage will drop, This positive going change will be
felt back on the base of Qy through Cp; re-enforcing the input
signal and cutting off Q. Qp then goes into full conduction, The
cireuit will remain in this unstable state until Cp discharges through
Ry and Ry, The multivibrator will then switch back to the stable
state, and wait for another positive input pulse,

The circuit shown in Figure 6.48¢ is another variation., The bias
resistors are adjusted so that Q2 is conducting and Q; is nonconducting.
When a trigger is applied, Qp will conduct; and a signal will be coupled
through Cf cutting off Qp, The feedback loop is campleted by the
resistor; Ry, which is common to the emitters of both transistors.,

When Q2 cubs off, the voltage across Ry will drop allowing Qp to switch
into the conducting state, When Cp charges, the circuit will recycle,

The Bistable Multivibrator, The bistable muitivibrator, or "flip
flop", will remain in either of twe stable states until excited by a
trigger pulse, There is no internal timing in this circuit, and output
is entirely dependent on the input pulse rate, The schematic of a
bistable multivibrator is given in Figure 6,49, It will be shown
that the two stable states are Q) conducting With Qp cut off and Q1
cut off, Moreover, it will be seen that the mhltivibrator can be
switched between these states with a trigger pulse properly applied
to the device,

If @y is conducting, the emitters of both transistors will be
at some negative woltage because of the drop in resistor, RZO Further-
more, the collector of Qi will be at nearly the. same potential as its
emitter, The base of Q) will then be at some potential less negative
than its emitter because it is being fed through a voltage divider
from the eollector of Q. "Therefore, Qo will be nonconducting and the
collector potential of Qp will be nearly equal to the supply voltage,
It is this high collector voltage on Qo that supplies the conducting
bias to Qp through the voltage divider, The eircuit will remain in
this state indefinitely because the charging or discharging of capac—
itors does not determine the bias levels of the transistors,

This situation can be disturbed by impressing a trigger pulse
on the eircuit in such a way as to cut off Q) or drive Qo into
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Figure 6,48, Illustrating Use of Protective Diode with
' Inductive Loads,

6-68




TRIGGER I NPVT

ST

O__, s e v PR o oo

“ Q4 ColLECTOR

O_Q_,__._”w«__ —_— - - — o — —— o —— —

e T & CollEcToR

N N N N N

TRIGGER INAT

Figure 6,49, Circuit of a Bistable Multivibrator
Including Waveshapes,

6-69




conduction, One such trigger arrangement is shown in Figure 6.49.
Positive trigger pulses are fed in across the common emitter resistor.
These positive pulses will not affect Q; because it is already conduc-
ting, However, the emitter of Q, will become sufficiently positive so
that it conducts, When this happens, the ecllector voltage of Q» will
drop, removing the forward bias on Qp; and the multivibrator will switch
states,

It can be shown in a similar manner that the next positive pulse
will switch the "flip flop® back to its original state,

A negative trigger can aiso be used because it will cut off the
conducting transistor causing its eollector voltage to rise and drive
the obther transistor into comduetion,

The switching time of the bistable multivibrator is an important
consideration as the repetition frequency of the trigger pulses increases.
In order to reduce switching time, “speed up" capacitors (Cy and Qz)
are shunbed across the base voltage dividers,.  These capacitors are
small so they couple the rapid, switching signal without attenuation
while not disturbing the guiescent, d.c, level,

Although the circuit in Figure 6,49 is typical, many variations
are possible, For example, the trigger signal may be applied to the
transistor base through triggering diodes, or to the collectors in a
similar msnner,

Moreover, for improved high-frequency performance, special cir-
culbs may be employed to prevent saturation of the transistors. This
latter detail will be covered in the following section,

Transistor Switches, The transistor makes an efficient switch,
When in the conducting state, it presents a very small resistance
and ean pass large currents with a voltage drop of a few tenths of
a volt, In the nonconducting state, it presents a high resistance,
and only a small leakage current flows,

When the transistor is saturated, the low resistance of the
collector circuit is referred to as the collector saburation

resistance., Its value is given by the slope of the collector

saturation curves., For the transistor described in Figure 6.46a,
this value is in the order of 0,1 ohm, Using an expanded seale

for the saturation region shows that the collector-current curves

do not merge in the saturation region (Figure 6.46b), This expanded
scale more accurately deseribes the saturation characteristies and
is frequently useful in switching circuits where large currents
mist be passed,
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The "off" current of a transistor can be divided into two components,
The first is the result of thermally-generated carriers within the semi-
eonductor. This current is the reverse saturation current of the col-
lector junction., This current will not depend on collector voltage,
except at very low voltages when the reverse junction potential is not
high enough to sweep across all the carriers or at high reverse.poten-
tials where carrier multiplication will occur., The second current
gomponent is surface leakage current, This current arises from resis-
tive leakage across the junction due to the presence of contaminating
agents on the semiconductor surface., This component, being resistive
in nature, does depend on collector voltage, These two components
produce the characteristic shown in Figure 6,47,

The variation of collector junctionisaturation current with
temperature can easily be calculated; howéver, the surface leakage
cemponent cannot, Hence, no fixed relationship between:cutoff current

‘and temperature can be established; and manufacturers data must be

consulbed, Nenetheless, in the absence of more accurate data, an
approximation ear. be used: the collector cutoff current will double
for every 109C rise in temperature,

The power dissipation of a transistor in the "on" or "off® state
is small, In one case the collector current can be quite large but
the collector voltage is small, In the other case the collector
voltage is large but the current small, In switching between those
states the dissipation will increase; and, even though the time
involved is small, this ean result in damage to the transistor if
it does not have the necessary peak power capacity, This is partic-
ularly true when inductive loads are switched off or capacitive loads
are swibched on, With inductive loads, such as a relay, a diode can
be used to absorb the energy in the collépsing magnetic field, thus
protecting the transistor from voltage surges-and sustained current
during switching, This is illustrated in Figure 6,48,

High-Speed Switching., Because of the high frequency limitations
of transistors, it is only reasonable to exgeect that some restriction
will be imposed on switching speed, Referring now to Figure 6.49,

when an input signal is applied to a transistor, base current flows

irmediately; but the corresponding increase of collector current is
delayed because of the carrier transit time across the base region,
After the collector current does begin to rise, some finite time will
be required for it to reach its final value both because of the
irregular diffusion rate of current carriers crossing the base and
because of the collector junction capacitance,

The delay time (td) is shown to be the time between the application
of the input signal and the point where the collector voltage reaches
10% of its final value, The rise time is the time taken for the
collector voltage to go from 10% to 9% of its final value,
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In this case it is assumed that the transistor is driven into
saturations that is, the input signal is of such a magnitude that
the collector voltage drops below the base voltage; and both the
emitter and eollector junctions become forward bitased, When this
-happens, both the emitter and collector inject minority carriers
into the base region, The base will then become charged with excess
current carriers as shown in Figure 6,50,
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Figure 6,50, Injected Carrier Density in Base Region for
Normal and Saturated Operation,

When the turnoff signal arrives, the excess charge must be
drained from the base before the collector current can fall which
produzes a delay in the output waveform. This delay is defined as
the storage time (tg), Because the base is not abruptly cleared of
charge and also because of the collector junction capacitance, an
additional increment of time (tg) is required for the transistor to
switch off, The fall time is defined in Figure 6.49,

In high-speed switching cireuits, the switching time can become
appreciable compared to the pulse duration., It is therefore desirable
to keep these time lags at a minimum, One method suggests itself
almost immediately: if the collector is kept from going into satura-
tion; it is obvious that the storage time can be reduced. The most
direct method of accomplishing this is to use a diode clamp to prevent
the collector voltage from dropping below a particular value, Such a
circuit is illustrated in Figure 6.5la., This circuit suffers from
the disadvantage that the collector current in the "on" state can
vary over a wide range. "When the collector woltage is held at some
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the current gain will vary
A eollector current variati
under these conditions.

of By and Rp, Hence, when
gollector will be at a high
the voltage drop across Rps
saburation,

current values,

times but at the expense of

voltage when the tran sistor

where Dy prevents collector

transient to quickly charge

variation of base current drive will depend on circuit design, bub

Tn all the circuits mentioned thus far,
reduced by shunting a capacitor across the series, base re
capacitor will provide a large base drive to charge an
base region during switching,

reduced, This is illustrated in Figure 6,52
the eollector current will already have started switching by the time
the collector voltage begins to change sO the slow initial
not appear in the voltage waveform, A similar situation is present
The final portion of the charge curve
for the collector junction capacitance is eliminated by the clamp

cireuit thus reducing the fall time.

when the transistor cubs off.

of 5 volts below the collector supply voltage,

value by a clamp circuil, the eollector

bage drive current and the

earrent will depend on the

alpha current gain, The maximum possible

considerably with aging and temperature,
on of ten to one would not be unusual

the transistor i
er voltage than the base by the
and it is impossible for it to

, A circuit that does not suffer from this 14mitation is shown in
Figare 6.51b, A feedback circuit is used, When the colle
drops below some design value, the diede will conduct and prevent any
further increase of base current by limiting the voltage a

ctor voltage

t the junction

s in the "on" condition, the

amount of
go into

the switching time can be

sistor, This

d discharge the
but it will not affect the steady-state

Another technique is available for reducing the rise and fall

output amplitude, If the collector is

clamped to prevent the collector voltage from reaching the

supply

cuts off, the switching time will be

With the clamp circuit,

rise does

Figure 6,52 illustrates a typical high speed transistor switch,

saturation, Do provides the cuboff clamp

or discharge the base region.

ment in pulse shape (particularly the reduction of storage
evident from the accompanying waveforms,
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