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1 FULL-WAVE RECTIFICATION

Two types of full-wave rectifier circuits are shown in Figs. 1-1 and 1-2. The circuit in
Fig. 1-1 uses only two diodes, but its ‘pab;er must be supplied from a transformer with a cen-
te-r—tapped secondary winding. When the transformer output voltage is positive a\t/\tll_e\é/og. as
shown in the figure, D, is forward biased and D; is reverse biased. During the negative\mf—_
cycle of transformer output, D, is forward biased and D, is reverse biased. The result is a load
waveform composed of continuous positive half-cycles of the diode input waveform,i. e. , full-
wave rectification.

Because center-ta g%d transformers are usually more expensive and require much more
space than Qddi@ iodés, the bridge rectifier shown in Fig.1-2 is the circuit most fre-

quently used for full-wave rectification.

D; N
ta =
7 b —
Rpitlo .
i
“§ + © jRL Vo
‘V’
— —M+
L d
D>
Fig.1-1 Full-wave rectifier circuit using . Fig. 1-2 Full-wave bridge circuit.

two diodes and a center-tapped
transformer.

To understand the sction of this circuit, it is necessary only to note that two diodes con-
duct simultaneously. For example, during the portion of the cycle when the transformer po-
larity is that indicated in Fig. 1-2, diodes D, and D, are conducting, and current passes from
the positive to the negative end of the load. The conduction path is shown in the figure. Dur-
ing the next half cycle, the transformer voltage reverses its polarity, and diodes D, and D,
send current through the load in the same direction as during the previous half cycle.

The principal features of the bridge circuit are the following ; The currents drawn in both
the primary and the secondary of the supply transformer are sinusoidal, and therefore a
smaller transformer may be used than for the full-wave circuit of the same output; a trans-
former without a center tapyis used; and each diode has only transfcrmer voltage across it on

the inverse cycle. The bridge circuit is thus suitable for high-voltage applications.
\___./



2 COMMON EMITTER CIRCUIT

2.1 Principles of Common Emitter Circuit \ &
¢

An npn transistor is shown in Fig. 2-1 with a load resistor (R, =10k{}) in series with the
collector terminal. A collector supply voltage (V-=20V) is provided with a polarity that re-
verse biases the collector-base junction. A base

o Feet iV
current Iz is also provided via Rp, and this results

in a forward bias (V) at the base-emitter junc-
tion.

A signal voltage V, having a source resistance
R, is capacitor coupled via C, to the transistor
base. The output is derived via another capacitor

C, connected to the transistor collector. Both ca-

pacitors are open circuit to direct currents, but of-

O

fer a very low impedance to AC signals. If the sig-
nal source were direct connected instead of capaci- Fig-2-1  Common emitter circuit.
tor coupled, there would be a low resistance path from the base to the negative supply line,
and this would affect the circuit bias"conditions. Similarly,an external load directly connected
to the transistor collector might alter the collector voltage.

Assume that Rgis selected to give a base current of Iz=20 pA. Also, let the DC current
gain factor of the transistor be 8=750. Then

Io=~pI; )
=50X20X10"°'=1 mA

The voltage drop across Ry is Ic Ro=1 mA X 10k2=10V, and the collector to emitter voltage
Vepis Vee— e Ry) =20V—10V=10V.

The circuit dc conditions have been established as I;=20 pA, Ic=1mA, V=10V, Ve
=20V,

If Ve is increased until 1, =25 pA,

Io =B I
=50X25X107°=1. 25mA

The voltage drop across Ry is Ic Ry=1. 25mA X 10kQ=12.5V, and Veg=Voc—1Ic R,=
20V—12.5V="7.5V.

When [gis 20 pA, Vep=10V, and when Igis 25 pA, Vez=7.5V.

Hence, for an increase in Jzof 5 pA, Vg decreases by 2.5V (i.e., V¢z changed by the

2



same amount as the voltage change across R.).

Similarly, if Vg is decreased until Jzis 15 pA, Ic becomes=50X15X10"¢=0. 75 mA and
Ie Re=0.75 mAX10 kk=7.5 V. Thus, Vz=20V—7.5V=12.5V. Therefore, for a 5-pA
decrease in Iz, Vs increases by 2. 5V. '

The variation in base-emitter voltage could be produced by the AC signal V,. This might
require a signal amplitude of perhaps +10mV. If V,=410mV produces V,=+2. 5V, the sig-
nal may be said to be amplified by a factor of

V./V,=2.5V/10mV =250
or circuit amplification=250.

The transistor current and voltage variations have no effect on the supply voltage
So, when assessing the AC performance of the circuit, Vcc can be treated as'a  circuit.
The coupling capacitor C, also becomes a short circuit to AC signals. Redrawing the circuit of
Fig. 2-1 with V¢cand C, shorted gives the AC equivalent circuit shown in Fig. 2-2.

In Fig. 2-2 the circuit input terminals are the base and the emitter, and the output termi-
nals are the collector and the emitter. Thus, the emitter is common to both input and output,
and the circuit is designated common emitter, or sometimes grounded emitter. It is also seen

from the figure that resistors Ry and R, are in parallel with the circuit input and output ter-

minals, respectively.
\ﬁ'ﬂ

2.2 Common Emitter h-Parameter Analysis

The h-parameter equivalent of the common emit-

s Sudininltash 2y
ter circuit in Fig. 2-1 is shown in Fig. 2-3. Figure 2-
3 is drawn simply by replacing the transistor in the

common emitter AC equivalent circuit (Fig. 2-2) with

its h-parameter equivalent circuit. When an external

emitter resistance (Rg) is included in the circuit, as Fig. 2-2  Common emitter AC

. . . . equivalent circuit.
shown in Fig. 2-4 (a?, the h-parameter equivalent cir- 4

cuit becomes that of Fig. 2-4 (b).

[ransister h parameter
/cqm\.ulcnl cireunt

-

Fig. 2-3 Common emitter h %\rameter eq§valent circuit.
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Fig. 2-4 CE circuit with emitter resistance and h-parameter equivalent circuit.

(a) CY¥ circuit with emitter resistance  (b) h-parameter equivalent circuit for CE circuit with Rg
The current directions and voltage polarities shown in Figs. 2-3 and 2-4 (b) are those
that occur when the input signal goes positive. The h-parameter circuits could be analyzed
rigorously to obtain exact expressions for voltage and current gains as well as input and out-
put impedances. However, with a knowledge of the circuit operation and of typical h-parame-
ter values, approximations may be made to quickly produce useful and reasonably accurate

expressions for calculations of circuit performance.
2.3 Input Impedance

Looking into the device base and emitter terminals (Fig. 2-3), 7, is seen in series with
#. V.. For a CE circuit g, is normally a very small quantity, so that the voltage fedback (g,
V,) from the output tq the input circuit is much smaller than the voltage drop across r..
Thus,
Z ==y (2-1)
A typical value of 7, is 1. 5k,
When an external emitter resistance is connected in the circuit (Fig. 2-4), the calculation
of Z; becomes a little more complicated.
V:=I,re.+1.Rg (again ignoring . V,)
=I,re+Re (I,+1.)
=], 7‘b¢+RE I,+R; ,BIb
=I, [re+Re A+ ]
and
vV, V,
Z.-=T=I—b

Therefore,
Zi=rw+Rs (1+8) 2-2
An examination of Eq. (2-2) shows that it is possible to look at a CE circuit with an ex-
ternal emitter resistance and very quickly estimate its input impedance. For example, in Fig.
4



2-4 (a), if Re=1kQ, r,=1.5 k2, and =50, Z is calculated as 52.5 kQ.-
Equations (2-1) and (2-2) give the input impedance to the device base. The actual circuit
input impedance is Rjp in parallel with Z; [see Figs. 2-3 and 2-4 (b)]. Therefore,
Z'./=Rs// Z, - (2-3)

2.4 Output Impedance

Since output voltage variations have little effect upon the input of a CE circuit, only the
output half of the circuit need be considered in determining the output impedance. Looking
into the collector and emitter terminals, a large resistance (r.) is seen. Thus,

‘ ’ Z~r, (2-4)

Z, is the device output impedance. The actual circuit output impedance is Z, in parallel
with R,.

Z'a:T‘cz//RL ) (2-5)

Since ., is typically 1 MQ and R, is usually very much less than 1 M2, the circuit output
impedance is approximately R;. Using this information it is possible to tell the approximate
output impedance of a CE circuit just by looking at it. If R, in Figs. 2-3 and 2-4 is 10 kQ},then

the circuit output impedance is approximately 10 kQ.
2.5 Voltage Gain

Voltage gain=A,=V,/V,
From Fig. 2-3, V,=I. R and V;=1, r,.. Therefore,
I.R, I. R, —PBR,
v:Ib T5e =I—bx;‘:=T
The minus sign indicates that V, is 180° out of phase with V; (When V, increases, V, de-
creases, and vice versa. ). Knowing the appropriate h- parameters and R,, the voltage gain
of a CE circuit can be quickly estimated. Using typical values such as R,=10 k, #=50, and
re=1.5kQ, a typical CE voltage gain is —330.

(2-6)

With an external emitter resistance (Rz) in the circuit,
V.=Iire+I. Rg
=Iyre+Ry (I,+1.)
=Iyre+Rel, A1+8)
=1, [re+R: A+5)]

and .
_L: I. R, _ _l@ R, -
A=V =T, ntR: AFB ] 7nTRe ATA) - @D
Usually R (1+8) >r., so that
Av%_RL/RE

Using this expression, the voltage gain of a CE circuit with an external emitter resistance
can easily be estimated. If in Fig. 2-4 R.=10 kQ and Rz=1 k{2, the circuit voltage gain is ap-

5



3 CLASS B AMPLIFIERS

3.1 Principles

A class B amplifier is one in which the operating point is at an extreme end of its charac-
teristic, so that the quiescent power is very small. Hence either the quiescent current or the
quiescent voltage is approximately zero. If the signal excitation is sinusoidal, amplification
takes place for only one half of a cycle. For example, if the ﬁuieéé;hq ouiput circui_t) current
is zero, this current will remain zero for one half of a cycle.

If V=0 in Fig. 3-1, the quiescent current is Io==0. From
the definitions given above, this zero-bias circuit is a class B
amplifier. Similarly, the emitter follower in Fig. 3-2 (a) oper-
ates in class B. Let us assume that the transistor output char-
acteristics are equally spaced for equal intervals of excitation.
For such an idealized transistor the dynamic transfer curve (i¢

versus ¢g) is a straight line passing through the origin (Fig. 3-

2 (b)). The graphical construction from which to determine
the collector-current waveshape is indicated. Note that for this
class B circuit the load current 7.~ is sinusoidal during one Fig. 3-1 The circuit of a
half of each period and is zero during the second half cycle, In  simple transistor amplifier.
other words, this circuit behaves as a rectifier rather than as a power amplifier,

Dy nanic

transfer
i, characlervisue g,

|

o

?‘i, odw ? iy

1

E xcitition

E— ;
e

i b
Fig.3-2 (a) An emitter follower with zero bias operating as a class B amplifier

(b) Graphical construction for determining the output current waveform



The foregoing difficulty is overcome by using the complementary emitter-follower OP
AMP ocutput stage, which is repeated‘in Fig. 3-3 for convenience. This configuration is called
a class B push-pull amplifier. For positive values of the sinusoidal input v;, T, conducts and
T, is OFF (i;=0), so that i, is the positive half sinewave of Fig. 3-2 (b). For negative values
of v;, T is nonconducting (i;=0), and T'; conducts, resulting in a positive half sinusoid for
i,, which is 1SO° out of phase with that ShéW’ﬁf‘i{Q\P\ig. 3-2 (b). Since the load current is the
difference between the two transistor emitter currents,

1=1,—1, (3-1)

Consequently, for the idealized transfer characteristic of Fig. 3-2 (b), the load current
is a perfect sinusoid.

The advantages of class B as compared with class A operation are the following: It is
possible to obtain greater power output, the efficiency is higher, and there is negligible power
loss at no signal. For these reasons, in systems where the power supply is limited, such as
those operating from solar cells or a battery, the output power is usually delivered through a
push-pull class B transistor circuit. The disadvantages are that the harmonic distortion may
be higher and the supply voltages must have good regulation. The power output circuit in
most modern IC amplifiers is the complementary emitter-follower push-pull stage.

3.2 Efficiency

In Fig. 3-3 the peak load voltage is V,,=1, R,. The power output is

1V,

P= 2 (3-2

The corresponding direct collector current in each transistor under load is the average value
of the half sine loop of Fig. 3-2 (b). Since I,.=1,/= for this

waveform, the dc input power from the supply is

~

- Vcc

P;=2 L"—:CE (3-3)

The factor 2 in this expression arises because two transis-
tors are used in the push-pull system. vio—of

Taking the ratio of Egs. (3-2) and (3-3), we obtain for
the collector circuit-efficiency

_P =z vV,
77=P.- X100= 1 VCCX 100 percent (3-4)

If the drop actoss a transistor is negligible compared with
the supply voltage, then V,&V.. Under these conditions,

Eq. (3-4) shows that the maximum possible conversion effi-

- Vcc

Fig.3-3 Aclass B
push-pul} amplifier.

ciency is 25m="78. 5 percent for a class B system compared with 50 percent for class A opera-
tion. This large value of 7 results from the fact that there is no current in a class B system if

there is no excitation, whereas there is a drain from the power supply in a class A system

8



even at zero signal. We also note that in a class B amplifier the dissipation at the collectors is
zero in the quiescent state and increases with excitation, whereas the heating of the collectors
of a class A system is a maximum at zero input and decreases as the signal increases. Since
the direct current increases with signal in a class B amplifier, the power supply must have

good regulation.
3.3 Dissipation

The dissipation P¢ (in both transistors) is the difference between the power input to the
collector circuit and the power delivered to the load. Since I,,=V., /Ry
- _2 VecVa Vo
P.=P,—P= *r R, 2R, (3-5)

This equation shows that the collector dissipation is zero at no signal (V,,=0),rises as V,, in-

creases, and passes through a maximum at V,=2Vc/n. The peak dissipation is found to be

2V¢

PC(mx)zgz—Rf—i (3-6)

The maximum power which can be delivered is obtained for V,=Vc or

2
=_LC N
Pmax“— ZRL (3 7)
Hence

PC(mnx)Z%meNO' 4me (3‘8)

If, for example, we wish to deliver 10W from a class B push-pull amplifier, then Pcoms =4W,
or we must select transistors which have collector dissipations of approximately 2W each. In
other words, we can obtain a push-pull output of five times the specified power dissipation of
a single transistor. On the other hand, if we paralleled two transistors and operated them
class A to obtain 10W out, the collector dissipation of each transistor would have to be at
least 10W (assuming 50 percent efficiency). This statement follows from the fact that P;=
P/7=10/0. 5=20W. This input power must all be dissipated in the two collectors at no sig-
nal, or Pc=10W per transistor. Hence at no excitation there would be a steady loss of 10W
in each transistor, whereas in class B the standby (no-signal) dissipation is zero. This example

clearly indicates the superiority of the push-pull over the parallel configuration,



4 THE DIFFERENTIAL AMPLIFIERS

4.1 Symmetrical Emitter-coupled Difference Amplifier

The circuit of Fig. 4-1 is an excellent DIFF AMP if the emitter resistance R, is large.
This statement can be justified as follows; If V5=V, =V, then we have V=V —V,=0
and V,=A¢ V. However, if R,=cc, then, because of the symmetry of Fig. 4-1, we obtain
I.,=1,=0. Since I,<I.,, then I,&I,;, and it follows that V,=0. Hence the common-mode
gain A, becomes zero, and the common-mode rejection ratio is infinite for R,=o0 and a sym-
metrical circuit,

We now analyze the emitter-coupled circuit for a finite value of R,. A.can be evaluated
by setting V5, =V, =V; and making use of the symmetry of Fig. 4-1. This circuit can be bi-

sected as in Fig. 4-2 (a). Using the approximate h-parameter model, the value of A. is given

by

_ —B R,
A=RET (1+8) 2R, ' (4-1)
Similarly,the difference mode gain A, can be obtained by setting V5, =—V5; =V /2. From the
symmetry of Fig. 4-1 we see that,if V5= —V,, then the emitter of each transistor is ground-

ed for small-signal operation. Under these conditions the circuit of Fig. 4-2 (b) can be used
to obtain A,. Hence

A4=V—S=—2—' RoFr, (4-2>
provided rl R.<1.

From Egs. (4-1) and (4-2) it is seen that the CMRR=A,/A. increases without limit as
R,—>co, as predicted above. There are, however, practical limitations on the magnitude of
R, because of the quiescent dc voltage drop across it; the emitter supply Vg must become
larger as R, is increased, in order to maintain the quiescent current at its proper value. If the
operating currents of the transistors are allowed to decrease, this will lead to higher r,, values

and lower values of 8. Both of these effects will tend to decrease the common-mode rejection
ratio.

4.2 Differential Amplifier Supplied with a Constant Current

Frequently, in practice, R, is replaced by a transistor circuit, as in Fig. 4-3, in which R,
R;,and R; can be adjusted to give the same quiescent conditions for T'; and T, as the original

circuit of Fig. 4-1. This modified circuit of Fig. 4-5 presents a very high effective emitter re-
10
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 proximately constant current source, subject to the

sistance R, for the two transistors T, and T',. Since R,
is also the effective resistance looking into the collec-
tor of transistor T, R.is hundreds of kilo-ohms even
if R, is as small as 1 k.

We now verify that transistor T's acts as an ap-

condition that the base current of T';is negligible. Ap-
plying KVL to the base circuit of T;, we have

R
L R4V =Vot (Vge—Vp) IT{—-Z_RT (4-3) - VEe
. . ' ’ Fig.4-1 Symmetrical emitter
where V,is the diode voltage. Hence coupled difference amplifier.
1 _ 1 VR, VoR,
IO~IS——R3 Rl +R2+R1+R2 VBE3 (4"4)
If the circuit parameters are chosen so that Ve
VoR, _
Rl +R2“"VBE3 (4 5) v
then
_ VR,
L,'—R3 R,+R) (4-6)

+
Since this current is independent of the sig- _

L - VEee

nal voltages V,; and V,;, then T; acts to supply
the DIFF AMP consisting of T, and T, with the
constant current I.. Fig- 4-2 Equivalent circuit for a symmetrical

The above result for I, has been rendered in-

dependent of temperature because of the added

differential amplifier used to determine.
(a) the common-mode gain A, and
diode D. Without D the current would vary with (b) the difference gain A4

temperature because Vgg; decreases approximate-

ly 2.5 mV/°C. The diode has this same temperature dependence ,and hence the two variations
cancel each other and I, does not vary appreciably with temperature. - Since the cutin voltage
Vb of a diode has approximately the same value as the base to-emitter voltage Vzg; of a tran-
sistor, then Eq. (4-5) cannot be satisfied with a single diode. Hence twe diodes in series are
used for V.

Consider that T, and T, are identical and that 7', is a true constant current source. Under
these circumstances we can demonstrate that the common-mode gain is zero. Assume that V;
=V,;=V,,s0 that from the symmetry of the circuit, the collector current I, (the increase over
the quiescent value for V,=0) in T, equals the current I ;in T',. However, since the total cur-

rent increase I;+1I.,=0 if I,=constant, then I,=I,=0 and A.=V,,/V,=—1I, R./V,=0.

4.3 Practical Considerations

In some applications the ciioice of V,, and V,; as the input voltages is not realistic because

11



the resistances R, and R,, represent the output
impedances of the voltage generators V,, and
V. In such a case we use as input voltages the
base-to-ground voltages V,, and V,, of T, and
T;, respectively.

The differential amplifier is often used in
dc applications. It is difficult to design dc ampli-
fiers using transistors because of drift due to
variations of 8, Vg, and Icpo with temperature.
A shift in any of these quantities changes the
output voltage and cannot be distinguished
from a change in input-signal voltage. Using the
techniques of integrated circuits,it is possible to
construct a DIFF AMP with T, and T, having

Fig. 4-3 Differential amplifier with

constant-current stage in the

emitter circuit. Nominally, Rs =Rs;.

almost identical characteristics. Under these conditions any parameter changes due to temper-

ature will cancel and the output will not vary.

Differential amplifiers may be cascaded to obtain larger amplifications for the difference

signal. Outputs V; and V,; are taken from each collector (Fig. 4-3) and are coupled directly

to the two bases, respectively, of the next stage.

Finally, the differential amplifier may be used as an emitter-coupled phase inverter. For
this application the signal is applied to one base, whereas the second base is not excited (but

is, of course, properly biased). The output voltages taken from the collectors are equal in

magnitude and 180° out of phase.
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