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Part

Ad Reading Material

Chapter 1

TRANSISTOR AMPLIFIERS

The advent of electronics is reckoned from the discovery that' the current in a vacuum
diode can be controlled by introducing a third™ electrode s which makes the triode an exceedingly
ef fective amplifierd The possibilities inherent in electronic circuits™ were greatly expanded by
the invention of the transistor in 1948. Since then a wide variety of semiconductor devices has to

D su pplanted vacuwm tubes in most ap plications.

a large extent

Both vacuum tubes, which are discussed in Appendix A, and transistors are nonlinear
devicesl and their operation in any circuit is determined by graphical analysis using the
description of ™ their electrical properties given by currentbvoltage characteristicsd The analysis
differs in detail for voltage-controlled devices such as the triode and field-ef fect transistor
com pared 10" currentbeontrolled devices such as the Junction transistor, but is not dif ferent in

principled Furthermorel in either case it proves possible to develop useful equivalent6eircuit

re presentations which are most satisfactory for circuit analysis.

1 -1 THE OPERATING POINT

1-1.1 Load Lines

The operation of a FET"' as an amplifier is examined most easily with the aid of the
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elementary amplifier circuit employing a p6channel FET shown in Fig. 1 — 1. In this circuit
the drain is maintained at a negative potential with respect to the source by the battery V,,
while'™ the gate is biased positively by the gate bias battery V,.d Variations in gate voltage
resulting from an input signal AV produce changes in the drain current which are observed as

a voltage signal AV, across the load resistor R;.

Figure 1 =1 Simple péchannel FET amplifier
The circuit is analyzed using™ Kirchhoff’s rules in the usual way except thatl since the
current6voltage properties of the FET are nonlinear, the solution must be carried out

graphicallyd The voltage equation around the output circuit is

Vi — LR, +V, =0 1-D
which may be put in the form
Via \}
I, = R, EV‘“ a1-2

Equation (1 — 2) plots as""

a straight line on the drain characteristics of the FET and has
intercepts at I,=0, V, =V, ,and V, =0, I,=V fR,d It isl in factl the current-voltage
characteristic of R; and is called the load 6lined

The load line together with the drain characteristics of the FET represent two relations in
the two unknowns V,, and I,. By plotting'"" the load line on the drain characteristics as in
Fig. 1 - 2, the drain current corresponding to each gate voltage is given by the intersection of
the load line with"'* the characteristic curve for that gate voltage.

The operating point is the intersection of the load line with the characteristic curve
corresponding to the gate bias voltage. As '’ the gate voltage varies in accordance with an
applied input signall the drain6current excursions move back and forth along the load line so
that Eq. (1 —2) is satisfied at every instant. In Fig. 1 - 2, for example, an input signal of 0.

[15]

4 V causes the drain current to change by’ approximately 0. 6 mA and results in"""’ an output

signal of about 6 V. That is, the circuit amplifies the input signal by a factor of O%:ZIS. o]
Note that the input power is very small because the gate current is negligible. In contrast,
the output power, which is equal to the product of the change in drain current times the
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71

change in drain voltage''’, may be quite appreciable. This power is derived from the drain

supply batteryl V1 and is controlled by the valveflike action of the gate.

Figure 1 = 2 Operating point is the intersection of load line with gate bias curve.
1 - 1.2 Source Bias

A separate gate bias battery is economically impractical in most circuits. Instead", gate

bias can be obtained by inserting a resistor in series with the source, Fig. 1 — 3.

Figure 1 = 3 Practical néchannel FET amplifier using source bias.
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The gate potential is set by a voltage divider connected to the drain voltage sourced Then
the current through the source resistor Ry results in a gate bias of the proper polarity and
magnitude to maintain the gate junction under reverse bias. A useful feature of this circuit is
that if , for example, a change in ambient temperature increases the drain current, the voltage
drop across the source resistor increases the gate bias, which"”' tends to return the drain
current to the original value. That is, the drain current and the operating point are stabilized

[20) external influences.

against
Note that the source resistor is shunted by a large capacitor to prevent ac signals caused by
ac drain currents in the source resistor from"*" appearing in the gate circuit. Also, capacitors

! external dc voltages that

are included at the input and output to isolate the amplifier from*
could change the operating point.
The operating point is determined by writing the equation for the load line from'’ the de
voltage drops in the output circuitl
V, — IR, —V, — IR =0 1-3
Since, however, the gate bias voltage is not known, in contrast to the simpler circuit

previously analyzed, another relation is required. This is found from the dc voltage drops

around the input circuitl

VddRZ

R+ R Ve LR=0 -4

Both equations may be put in the same form. The load line is, from Eq. (1 - 3),

Vi s N
“R+R R+R -5
and the bias line, from Eq. (1 —4), is

I,

B VR, , N
=R+ ROR R (1-6)

s

1,

Note that Eq. (1 = 5) is similar to Eq. (1 = 2), and that Eq. (1 - 6) has the same form.
These expressionsl together with the currentévoltage characteristics of the FET. represent
three relations in the three unknownsl V,1 I,1 and V,,, and are solved graphically.

The bias line, Eq. (1 = 6), is a straight line on the transfer characteristic, Fig. 1 - 4,
and the intersection gives the drain current and gate voltage immediately. The drain voltage is
then found from the intersection of the gate bias curve with the load line plotted on the drain
characteristics. Thus the operating point is completely determined.

An input signal applied to the gate results in corresponding changes in the drain current,
as shown by the transfer characteristic in Fig. 1 - 4. As™in the previous circuit, drain signal
currents through the load resistor produce an output signal. This is illustrated graphically in
Fig. 1 - 4 by plotting the ac load line on the drain characteristics. The ac load line is simply

250 account for the

the dc load line, Eq. (1 = 5), with the source resistor set equal to zero to
shunting action of the source bypass capacitor at signal frequencies.
Note that a sinusoidal input signal results in a sinusoidal output signal of larger amplitude.
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Figure 1 = 4 Intersection of bias line with transfer characteristic yields operating point of
source6bias amplifier.

The output waveform is not an exact amplified replica of the input signal, however, because of
curvature in the transfer characteristic. This distortion is minimized by proper circuit design
and suitable choice of the operating point. Note also in Fig. 1 — 4 that an increase in gate
voltage produces a decrease in the output voltage. This means that the circuit introduces a 180°
phase shift between input and output signals.

A simpler version of the circuit in Fig. 1 — 3 eliminates resistor R,. Quite satisfactory
operation is achieved, but because the source resistor must then usually be made small to obtain
the correct gate bias, the circuit is not quite so stabilized against shifts in operating point

[26]

accompanying changes in-""- ambient temperature or supply potentiald In either circuit it often

27

proves more convenient to find the operating point by a ,cut6and6try7 process™’ rather than
by resorting to'**' the graphical technique. This is done by first choosing a reasonable value for
the gate biasl V1 and estimating I, from the drain characteristicsd This value is used to
calculate V, from the bias characteristic, Eq. (1 = 6), to compare with the original estimate.

If the two agree'”1 the operating point is determinedT if notl a revised estimate for V., is
taken and the process repeated”’. Usually two or three trys™ are sufficient to attain
satisfactory agreement.

It is inconvenient to measure electrode voltages with respect to the source in circuits
employing source bias. This is particularly true when more than one transistor is used in a
circuit. Rather™', usual practice is to refer all potentials to a common point called ground.
The ground point is considered to be electrically neutral so that, for example, the ground
points of two separate circuits may be connected with no influence upon"**’ the operation of
either circuit. A typical use of the circuit symbol for the ground point in Fig. 1 — 3 is at the
junction of the lower input and output terminals and the bottom end of the source resistor.
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1 - 1.3 SmallBignal Parameters

Very frequently the signal amplitudes applied to an FET amplifier are small compared
with the full range of voltages covered by the drain characteristics. In this situation graphical
analysis of FET performance is inaccurate because the drain characteristics are not given with
sufficient precision. A more satisfactory procedure is to replace the FET with an equivalent
circuit which can be studied by conventional circuit analysis. After the operating point is
determined graphically, small departures about™" the operating point caused by small signals
are treated by assuming that the FET is a linear device. According to the drain characteristics,
drain current depends upon both the gate voltage and the drain voltage. Therefore, a small
change in drain currentl Al,l away from the operating point may be written

AL, = k AV, + k, AV, 1-7
where AV, and AV are small changes in the electrode potentials and %, and %, are constantsd

The ratio AIf AV, can be identified as the reciprocal of an equivalent resistance called the

drain resistance,

N Al
Ta N AV(I'A‘

1-8

Similarlyl the ratio AIfAV, gives the change in drain current resulting from a change in
voltage in the gate circuit. It has the dimensions of conductance and is called the mutual

transconductancel

Al (
En = Avg_\' 1- 9)
The total change in drain current is, from Egs. (1 - 7), (1 - 8), and (1 - 9),
I\
A, =g, 8V, . AV, 1 -10
d

Consider now that the small departures about the operating point are ac signals, so that

Eq. (1 —10) becomes
iy = 8uUy ~ — Uy a1-1D

This expression may be interpreted as the circuit
equation for a current generator in parallel with a
resistor, as in Fig. 1 — 5; summing the currents
at the upper node yields Eq. (1 - 11) directly.
Figure 1 - 5 is the ac equivalent circuit of the
FETd Note that it has the configuration of the
Norton equivalent circuit discussed in Chap. 1,
which is consistant with the constantécurrent Figure 1 =5 FET ac equivalent circuit

properties of the FET drain characteristicsd

The mutual transconductance and the drain resistance are called the small signal parame-
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ters of the FET. The mutual transconductance is just the slope of the transfer characteristic at
the operating point, and the drain resistance is the reciprocal of the drain characteristic at the
operating point. Typical values of small signal parameters given in Table 1 — 1 show that the
several different types of FETs are comparable. A rather wide range of parameters may be
achieved by suitable choice of the FET design, however. Actually, since the FET is a
nonlinear device, the magnitudes of the small signal parameters depend upon the dc drain
current as well, Fig. 1 - 6. For this reasonl it is usually necessary to evaluate g, and r,
graphically at the operating point. According to Fig. 1 — 6 quite appreciable variations in the
small signal parameters can be obtained by selecting the operating point. This is important in
the design of FET circuits having specific performance requirements.

Table 1 — 1 FET small signal parameters

Ems

ras ¥
Type 10~ ° mho
205484 néchannel FET 2000 50,000
2C5268 pbchannel FET 1700 15,000
2C3797 néchannel MOSFET 2300 40,000
(depletion)
3C157 pbchannel MOSFET 2000 17,000

(enhancement)

Figure 1 = 6 Variation of small6signal parameters of type 2C5268 J6channel FET with drain

current.
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It is illustrative to analyze the simple FET amplifier in Fig. 1 — 3 by means of the ac
equivalent circuit technique. According to Fig. 1 — 5, the equivalent circuit of the amplifier is
obtained by replacing the FET with a constant6current generator in parallel with a resistor,
Fig. 1 — 7e. Note that the gate terminal is not connected to the remainder of the equivalent
circuitd This is a consequence of the very high input resistance of the reverse6biased gate
junction. This circuit ignores the capacitance of the gate junction, however, and is only
accurate at frequencies low enough that™*" its capacitive reactance can be neglected. This

matter is treated more extensively in Chap. 7.

Figure 1 -7 (e) ac equivalent circuit of FET amplifier in Fig. 1 - 3, and
bW simplified version assuming capacitive reactances are negligible.

Similarly, it is usually assumed that the capacitive reactances of the coupling capacitors
and the source bypass capacitor are negligible at signal frequencies of interest™. This leads to
the simpler equivalent circuit shown in Fig. 1 — 7W In spite of these approximations, the
circuit in Fig. 1 — 7b proves to be a useful representation of the actual amplifier for many
purposes.

The output signal may be written down immediately as™ the voltage drop across the
parallel combination of the load resistance and the drain resistancel

R,

U, = = &V
“r,+ R,

a-12

The ratio of the output signal to the input signal™" is called the gain of the amplifier. Since the
gate voltage is equal to the input signal, the gain is
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