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will be able to:

I Show how feed back can produce
instability in op-amp circuits.

2 Sketch and explain typL'.. 1 jar"/
frequency and phase/frequency
response graphs for uncompensated
and compensated operational
amplifiers.

3 Define: loop gain, loop phase shift,
phase margin.

4 Discuss compensation methods for
stabilizing op-amp circuits, and
calculate component values for
compensating circuits.

5 Explain how the bandwidth of an
op-amp circuits is affected by closed-
loop gain.

6 Define: Gain-bandwidth product,
slew rate, full-power bandwidth.

7 Determine the bandwidths of
var joLLa op-orno circH ys rising:
frequency response graphs, gain-
bandwidth product, and slew rate.

8 Explain how stray and load
capacitance can affect on-amp circuit
stability, sketch appropriate
compensating circuits.and calculate
suitable component values.

9 List precautions that should be
observed to ensure op-amp circuit
stability,
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Introduction
Signals applied to operational amplifiers experience phase shifts as
they pass from input to output. These phase shifts are greatest at
high frequencies, and at some particular frequency the total loop
phase shift (from the inverting input terminal to the output and
back to the input via the feedback network) can add up to 3600.
When this occurs. the amplifier circuit can go into a state of
unwanted oscillation. The conditions that produce oscillation are
that the loop voltage gain be greater than or equal to unit y when
the loop phase shift approaches 360 0 . Measures taken to combat
instability include the use of capacitors and resistors to reduce the
total phase shift. Most operational amplifiers have compensating
components included in the circuitry to ensure stability.

15-1 Operational A mplifier Circuit Stability

Loop Gain and Loop Phase Shift
Consider the inverting amplifier circuit and waveforms in Fig. 15-
1(a). The signal voltage voltage (t') is amplified by a factor R9/R,,
and phase shifted through - 180°. The circuit is redrawn in Fig. 15-
1(b) to illustrate the fact that the output voltage (L'.,) is divided by
the feedback network to produce the feedback voltage (t').

For an ac voltage Id at the Op-amp inverting input terminal [in
Fig. 15-1(b)], the amplified output is t'0 = A,r. as shown. The
output is divided by the feedback factor [B = R 1 /(R 1 + R 2)], and fed
back to the input. An additinnul -1801 of phase shift can occur
within the op-amp at high frequencies, and this causes t' to he in-
phase with u0 , as illustrated. Thus, the feed back voltage can be
exactly equal to and in phase with the voltage (L') at the invctng
input. In this case, the circuit is supplying its own ac input
voltage, and a state of continuous oscillation exists.

Because of the feedback network, high-frequency oscillations can
occur in many operational amplifier circuits, and when this
happens the circuit is termed unstable. Measures taken to combat
circuit instability are referred to as frequency compensatiorL

Two conditions normally have to be fulfilled for a circuit to
oscillate; the loop gain must be equal to or greater than 1. and the
loop phase shift should equal 360°. The loop gain is the voltage
gain around the loop from the inverting input terminal to the
amplifier output, and back to the irnut via the feedback network.
The loop phase shift is the total phase shift around the loop from
the Inverting input terminal to the amplifier output, and back to
the input via the feedback network.

The gain from the Inverting input terminal to the output is the
op-amp open-loop gain (A t). For the feedback network, the gain
from the amplifier output back to the input is actually an
attenuation. So,

loop gain = (amplifier gain) x (feedback network attenuation)



L'.

(a) Inening amplifier

Bu. = A, L'

R

(h) Inverting arnpiilier oscillating

Figure 15-1
Because an inverting amplifier
consist- of an operational
amplifier and a feedback network,
the circuit can SUppi) its Own ac
input (1' derived from vs). and a
stare of contiuous oscillations
can occur.
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Assuming that the feedback network is purely resistive, it adds
nothing to the loop phase shift. The loop phase shift is essentially
the amplifier phase shift. The phase shift from the inverting input
terminal to the output is normally -180°. (The output goes
negative when the input goes positive, and vice versa.) At high
frequencies there is additional phase shift caused by circuit
capacitances, and the total can approach 360 0 . When this
occurs, the circuit is virtually certain to oscillate. Most currently-
available operational amplifiers have internal compensating

components to prevent oscillations. In some cases, compensating
components must be connected externally to stabilize a Circuit.

Uncompensated Gain and Phase Response
A straight-line approximation of the gain/frequency response
graph for a typical operational amplifier without any compensating

components is shown in Fig. 15-2. Note that the overall open-loop
voltage gain (A 1) initially falls off (from its 100 dB level) at 6
dB/octave (-20 dB/decade) from f,, (pole frequency #1). From 421

the rate of decline is 12 dB/octave (-40 (113/decade), and from
the fall-off rate of A, Is 18 dB/octave (-60 dB/decade).

The phase/ frequency response graph in Fig. 15-2 shows that the
phase shift (l) Is approximately -45° at f

' 
- 135° at 2 , and -2251

atf. This open-loop phase shift is in addition to the"he -180 1 phase
shift that normally occurs from the op-amp Inverting Input
terminal to the output. Thus, the total loop phase shift (°) at 2 Is

(-45° -180°) = -225°; atf 2.o1 =(-135° 18O 0) -315°; and at f .o =
(-225° -180°) = -405°.
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As already discussed, oscillations occur when the loop gain is
equals or exceeds 1 and the loop phase shift is 360 1 . In fact, the
phase shift does not have to be exactly 360° for oscillation to
occur. A phase shift of 330° at AB = 1 makes the circuit unstable.
To avoid oscillations, the total loop phase shift must not be
greater than 315° when A B 1. The difference between 360° and
the actual loop phase shift at A 0 B = 1 is referred to as the phase
margin (a,,). Thus, for circuit stability, the phase margin should be
a minimum of,

= 360° - 315° = 45°

voltage gain
/

-6 dB/tave

10ap	 13 \

	

Ie

18 dB/,>tave

I'
100	 1 k	 10 k	 io k	 1

1 ,1, 2	 lj3

S:gTh3 1
- -- 6 reqioncy

Compensated Op-amp Gain and Phase Response
The open-loop gain/frequency and phase/frequency responses for
two Internally compensated operational amplifiers are shown In
Figs. 15-3 and 15-4. The 741 frequency response graphs in Fig. 15-
3 shows that the gain starts at 100 dB and falls by 20 dB/decade
over most of Its frequency range. The phase shift remains -90° or
less for most of the frequency range. The open-loop gain falls off to
1 (0 dB) at a frequency of approximately 800 kHz. The 741 Is
known as a general purpose operational amplifier for use In
relatively low frequency applications.

The AD843 frequency response In Fig. 15-4 shows an open-loop
gain of 90 dB at low frequencies, falling off at 20 dB per decade to
34 MHz at A, = 1. Instead of the open-loop phase shift, the phase
margin Is plotted versus frequency. The phase margin Is close to
90° over much of the frequency range, starts to become smaller
around 3.4 MHz, and falls to approximately 40° atf = 34 MHz.

Figure 15-2
The tFee 'taes of an op-amp
nf-rp 3I) circuit each ha its own

gain ti-equeni v repone with a 6
dB ce as e a!/-off. and its own
pha 'hi frequency response
s' tb a rndomum phase shift of
;Q'. Thee re'pon-es combine to

e the o era/I op-amp A5 If and
.1 responses.
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Figure 15-3
Approximate gain/frequency and
phase/frequency responses for a
741 op-amp.

Figure 15-4
Approximate gain/freqenc', and
phase-margin/frequenc. response
for an A0843 op-amp.
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Amplifier Stability and Gain
From Eq. 13-3, the overall voltage gain of an amplifier with
negative feedback is.

1
ACL

A
and the loop gain is,	 AB —s-

ACL

So, the loop gain (A,R equals 1 when

ACL A

This is one of the conditions required for circuit oscillation. To
determine If oscillation will occur In a given circuit, It is necessary
to first find the frequency at which ACL A , then determine the
op-amp phase margin at that frequency.
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Example 15-1
The inverting amplifier in Fig. 15-5 is to be investigated for stability. Determine
the frequency at which the loop gain equals 1 and estimate the phase margin
if the operational amplifier is: ai one with the gain/frequency characteristics in
Fig. 15-2, )b) a 741, (c) an AD843.

Solutio	 R 'SOkOn

(a) Refer to the A,/f and (11 graphs reproduced in Fig. 15-6 (from Fig. 13-2).

R	 560 LO
Aci 

= R. = 1.8k0
IkO

=311
R3

or,	
'C: = 2O log 3ll
	

]SkO

50dB

Figure 15-5
Draw a horizontal line on the frequenc y response graph at	 =	 - = 50 JE3.	 Inert	 arnpIiter r:r(u..t

Fig. 15-6). Draw a vertical line \\ here the horizontal line intersects the 	 E\arnple 75-1.

graph. The frequency at this point is identified as f-

t,	 150 kHz logarithmic scale)

From the Of graph, the op-amp p1ase shift at 1. is,

9	 -165

The loop phase shift is,

= 9-180=-165-180°

= 345:

and,	 o = 360° - o. = 360'- 345°

= 15°

Because the phase margin is less than 45°, the circuit is likely to be unstable.

(b) For a 741

A horizontal line at 50 dB on the frequency response in Fig. 15-3 gives,

2	 1.D kHz and 990

01	 -90°-180
= -270°

and,	 o, = 3600 -270'

900 (stable circuit)
(c) For an AD843

A horizontal line at 50 dB on the frequency response in Fig. 15-4 gives,

90 kHz

arid,	 90° (stable circuit)
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Figure 15-6
,\ /1 and Of charicterictics fo the
op amp iri E. 15-lta).

A circuit with the frequency response in Fig. 15-6 and with ACL
50 dB was shown to be unstable. If the amplifier had A 1 = 70 dB
reconsideration shows that it is stable. That is, an amplifier with a
high closed-loop gain is more likely to be stable than one with the
lower gain. Low gain amplifiers are more difficult to stabilize than
high gain circuits. The voltage follower (with a closed-loop gain of
1) can be one of the most difficult circuits to stabilize.

Some Internally compensated op-amps are specified as being
stable to closed-loop gains as low as 5. In this case, external
compensatin g components must be used with lower gain circuits.

Practise - Problems
15 -1.1 Investigate the stability of an inverting amplifier with a closed-loop

gain of 60 dB if the operational amplifier is; (a) one with the
gain/frequency characteristics in Fig. 15-2, (b) a 741, (c) a AD843.

15-2 Frequency Compensation Methods
Phase-Lag and Phase-Lead Compensation
Lag compensation and lead compensation are two methods often
employed to stabilize op-amp circuits. The phase-lag network in
Fig. 15-7(a) Introduces additional phase lag at some Io; frequency
where the op-amp phase shift Is still so small that additional
phase lag has no effect. It can be shown that at frequencies where
X >> R2, the voltage v2 lags v by as much as 90 0 . At higher
frequencies where X 1 << R no significant phase lag occurs, and

r



5 1 2	 Electronic Devices and Circuits 4th ed.

the lag network merely introduces some attenuation. The effect of
this attenuation is that the A 0/f graph is moved to the left, as
illustrated in Fig. 15-7(b). Thus, the frequenc y j ) at which A B =
1 [for a given closed-loop gain (A1)] is moved to a lower frequency

(f), as shown. BecauseL2 is less than f1 the phase shift atf is

less than that at 1 , and the circuit is likely to be stable.

R	 C

c,I
1'.

0-	 —o

p

I(CI1lt1OI1 nt\rk	 (Cl I cad compensation ntsork

f	 f

Effect p f Ian	 npcit:itiofl	 (d) Effect of lead compensation

The network in Fig 15-7(c) introduces a phase lead. In this
network, when Xc. i >> R 1 , the voltage v2 leads v. This phase lead
cancels some of the unwanted phase lag in the operational
amplifier B/f graph, [see Fig. 15-7(d)], thus rendering the circuit
more stable. Phase-lag and phase-lead networks are both used
Internally to compensate op-amp circuits. Both types of circuit can
also be used externally.

Manufacturer's Recommended Compensation
Most currently-available operational amplifiers contain internal
compensating components. and do not require additional external
components. Some have internal compensating resistors, and
need only a capacitor connected externally to complete a
compensating network. For those that require compensation, IC
manufacturers list recommended component values and
connection methods on the op-amp data sheet. An example of this
Is Illustrated In Fig. 15-8 for the LMI08.

When selecting standard value compensating capacitors the next
larger values should be used. This Is termed over-compensation and
it results In better amplifier stability, but it also produces a smaller
circuit bandwidth.

Fi,'u.e l5-
-\	 . o . I, a	 s nit Inc lou . an

per-loop OIn, '0 hat
ho p'h ohere .'\B = 1 is

nail :,,r in 't a hilt y. A pie-
lead aetcs irk arwt .Is phase lag.



Cf >	 - -
— R, + R,

pF

Figure 15-9
Op-amp circuit for Ex. 15 -2.
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(4 Phase tag compensation

120 -

83	
pF

60 t

	

ge	 0pF\ Figure 15-8

	

gain ()	
-	

lanufriurer,	 recommended
compensation me:hod andI	 -	 --	 gain/frequency response for the

20	 --	 -	 ---- -	 .	 LM108 op-amp. (reproduced

L	 - -	 --	 ith permission of National Semi-
conductor Corp.)

1	 10	 :00 1 k 10 k 100 k 1 N

-- fruency (nz)

(c) Approximate gain frequencs response

(h) Alternate phase tag compensation

Example 15-2
The inverting amplifier in Fig. 15-9 is required to amplify a 200 mV input h\ a

factor of 4.5. Determine suitable component values.

Solution
Because the LM108 has a very low input bias current (see Appendix 1-14), it

should be treated as a BIFET op-amp.

Select	 R2 = 1 MD

R 1MQ
R =-=

ACL	 4.5

= 222 kO (use 220 kO standard '.aiue)

= R 1 IIR2 = 220 kOhl MO

180 kO (standard value)

R 1 x3OpF	 220k0x30pf
From Fig. 15-8	 C=	 =

	

R,+R,	 220k0±1MQ

= 5.4 pF (use 10 pF standard value
for over-compensation)

Connect C1 between terminals 1 and 8, as shown in Fig. 15-9.

R



(a) ln erting amplifier \ ith Miller-
effect compensation
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Miller-Effect Compensation
Miller effect (discussed in Section 8-3) involves connecting a
capacitor between the output and input terminals of an inverting
amplifier. Miller-effect compensation of an op-amp circuit is vety
simple, and it is often the only external method available for
stabilizing a circuit where the op-amp is internally compensated. A
capacitor (C1 ) is connected across the feedback resistor, as shown
in Fig. 15-10(a) and (b). The capacitor value is calculated to have
an impedance equal the feedback resistor value at the desired
signal cutoff frequency ().

Xcf Rf atf2 	 (15-1)

This reduces the closed-loop by 3 dB at the selected frequenc y . So
long as the op-amp is stable at this frequency, the circuit will not
oscillate. The op-amp used should have an upper cutoff frequency
much higher than f2.

Example 15-3
Calculate a suitable .\li)ler-eOect capacitor to stabilize the urci:it in Fiq, 15-
1Oii ,u f, = 35 LHz.

Solution

From Eq. 15-1, 	
= 2	 = 2n': 35kH x 68 kO

6' pE use 68 pF standard valuei

Practise Problems
15 -2.1 The components of the lag and lead compensation network in Fig.

15-7 are: R 1 = 6.8 L-Q, R = 3900, and C 1 = 500 pF. Calculate the
approximately phase lag and phase lead at a frequency of 50 kHz.

15-2.2 Calculate a suitable Miller-effect capacitor to stabilize the circuit in
Fig. 15-10(b) atf2 = SO kHz.

15-3 Op-amp Circuit Bandwidth and Slew Rate

Low Cutoff Frequency
Operational amplifiers are direct-coupled internally, so where they
are employed In direct-coupled applications, the circuit lower
cutoff frequency (j,) is zero. In capacitor-coupled circuits, the lower
cutoff frequency is determined by the selection of coupling
capacitors. The circuit high cutoff frequency If) is, of course,
dependent on the frequency response of the operational amplifier.

High Cutoff Frequency
In Section 13-7 it Is shown that for a negative feedback amplifier,

(b) N on n vcrting al-np Ii Per .

MiIIer-effect cornpensa:iun

Figure 15-10
\liller-effect frequency compen-
sation for amplifier cIrIuiN.
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the high cutoff frequency occurs when the amplifier open-loop
gain approximately equals the circuit closed-loop gain:

Eq. 13-26,	 A0

So. the circuit high cutoff frequency If,) can be found simpl y by
drawing a horizontal line at A, ACL on the op-amp open-loop
gain/ frequency response graph. Because the op-amp low cutoff
frequency is zero (as explained above). The circuit bandwidth is.

BW =f2-f1

=-f2

Consequently, the op-amp high cutoff frequency is often referred to
as the circuit bandwidth.

The frequency response graphs published on manufacturer's
data sheets are typical for each particular t ype of operational
amplifier. Like all typical device characteristics, the precise
frequency response differs front one op-amp to another. All
frequencies derived front response graphs should be taken as
typical quantities. The process of determining circuit cutoff
frequency front 	 op-amp frequenc y response graph is
demonstrated in Example 15-4.

Example 15-4
Determine the typical upper cutoff frequency for the inverting amplifier in Fig.
15-11 when the compensating capacitor (C1) value is; (a) 30 pF, (b)3 pF. The
A1f graph for the LM108 is shown in Fig. 15-12.

120

Solution

A	
R, -- 100 M100

G R7 - 1 kQ

= 100 = 40dB

occurs at	 Act = 40 dB

(a) For C1 = 30 pF:
Draw a horizontal line on the AIf graph at A = 40 dB.

Where the line cuts the A/f charactersl;c for C 1 = 30 pF
read,

80

60
oltage

gain (dB)
40

20

R

R3

kQ

Figure 15-11
Arnp!iiier circuit fly F\npie -

t2	 8 kHz

(b) For C1 = 3 pF:
Where the A = 40 dB line cuts the Au/f characteristic
for C1 = 3 pF read,

'2	 80 kHz

o F----+---	 '	 -
1	 10 100 1 k 10 k 100 k 1 N

- fr&rjency (Hz) -
S kHz SO kHz

Figure 15-12
Straight line approximation of
LM 108 ain'frequency response.
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Gain-Bandwidth Product
The gain-bandwidth produce (GBVv), or unity-gain band u'fdth. of an
operational amplifier is the open-loop gain at a given frequency
multiplied by the frequency. Referring to the A,/f response for the
741 reproduced in Fig. 15-13, it is seen that at	 = 10. the
frequency isJ	 80 Hz. Thus.

GBW = A1(0) X 	 104x 80 Hz

= 8 x iU

Similarly , at A = 10, f 	 80 kHz. again giving GBW = S x iO.
Also, at A ,,(,) = 1, 800 kflz. once more giving GBW = 8 x 05
This last determination explains the term unity-gain bandu'idth,
because the GBW is simply equal to the frequency at which A 1 , = 1.

Because the high cutoff frequency for an op-amp circuit occurs
when the closed-loop gain equals the open-loop gain, the circuit
upper cutoff frequency can be calculated by dividing the gain-
bandwidth product by the closed-loop gain:

GBW
A =

A	
(15-2)

It is important to note that Eq. 15-2 applies only to operational
amplifiers that have a gain/frequenc y response that falls off to the
unitv-ain frequency at 20 dB/dccade. Where the A/f response
falls off at some other rate. Eq. 15-2 cannot be used.

(dE)i

10- 100

A, 11 —

103
voltage
gain	 102

1 -
1	 10	 100 1	 10 is 100 k1 M

f (b)	 f(c)

frequency (Fz) -

Example 15-5
Using the gain-bandwidth product, determine the cutoff frequencies for the
circuit in Ex. 15-4 (reproduced in Fig. 1 5-1 4), when the compensating
capacitor is (a) C, = 30 pF, (b) C, = 3 pE.

Figure 15-13
The gain-bandwidth product
(GB WI for an operational amplifier
can be used to determine the
cutoff frequency for any given
dod-loop gain.
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Solution
(a)For C1 = 30 pF:
Referring to the LM108 A. [graph er C	 30 pF in Fig. 15-12,

CBW —fat \=1

800 kHz

GM V 800 kHz
Eq. 15-2,	 C =	 = _____

-ACI	 1(x

8 kHz

(b)For C1 = 3 pF:
Referring to the L\1108 .\, f giaph for C	 3 pF in Fig. 15-12,

at A, = 20dB = 10, 1 800 LHz

CBW = lx 1 = 800 kHz  10

= 3 \F1z

CSb 8MHz
Eq. 15-2,	 t	 -- - =

-	 -\

= 30 kHz

Full-Power B W and Slew Rate
The A/f response graphs. upper cutoff frequencies. and 6I3W
specified on op-amp data sheets normally refer to the operational
amplifier performance as a small-signal amplifier. In this case, the
measurements are usually made for output amplitudes not exceeding
100 mV peak-to-peak. Where an amplifier circuit has to produce a
large output voltage, the op-amp full po[L'er bandwidth Vd must be
used. The AD843 onerational amplifier, for example, is specified as
having a typical unity gain bandwidth of 34 MHz for an output
amplitude of 90 mV p-to-p, and a typical full power bandwidth of
3.9 MHz when the output amplitude is 20 V p-to-p.

The op-amp slew rate (SR) (see Section 14-9) can be used to
calculate the full-power bandwidth for a given output amplitude.
For a sinusoidal voltage waveform, the fastest rate-of-change of
voltage occurs at the point where the waveform crosses from its
negative half-cycle to its positive half-cycle, and vice versa. This is
illustrated in Fig. 15 15(a). It can be shown that the voltage rate-
of-change at this point is,

AV/At = 2rf V0 (volts/second)

R iooa -

kQ

Fji,'ure 15-13
\ri'phrier I rrUt for E\mp 'i 	 -

(a) Sine	 ae maximum
rate-of-change

(b) Sine wa\ e distortion
caused by the stew rate

Figure 15-I5
The maximum rate-of-change of the waveform is limited by the The op-amp dew-rate limits the
maximum slew rate of the op-amp used. Where the waveform upper cut off frequenr;v of an op-

amplitude or frequency is higher than the limits imposed by the amp circuit, and limits the output

slew rate, distortion will occur as illustrated in Fig. 15-15(b). 	 amplitude at a given frequency.
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The SR can be equated to the sine wave rate-of-change.

	

SR27rfV	 (15-3)

where f1, is the slew-rate limited frequency. or full-power
bandwidth, and is the peak level of the circuit output voltage.
Equation 15-3 can be used to determine the full-power bandwidth
of an op-amp circuit for a given output voltage amplitude.
Sometimes Eq. 15-3 gives an f value greater than that determined

front 	 A 1 /fgraph or the 013W product. In these cases, the circuit

bandwidth is still dictated b y the A/f graph or the GBW product.

Example 15-6
i3O Calculate the full-power band y, idth for an AD643 op-amp circuit(Fig. 15-

16), given a 1 V peak input and Op-amp slew rate of 250 V/ps.
(b) Determine the maximum peak output \oltage obtainable from a 741 op-

amp circuit with a 100 kHz signal frequency. (SR = 0.5 V/ps for a 741.)

Solution
(a)For theAOB-73:	

R. + R,	 39 LO + 4.7 k	
xlv

R.

= 9.3 V

-	 SR	 250\•.ps
From Eq. 15-3.	

= 2n\'.,	 2a\9.3\'

4.2 MHz

(b) For a 741:	
SR	 0.5 Vis

From ELI. 15-3,	 v 
= 2 nf = 2 ax 100 kHz

= 0.79 \!

Practise Problems
15-3.1 Determine the typical upper cutoff frequency for an inverting

amplifier with a closed-loop gain of 15 using a 741 op-amp. TheAIf

graph for the 741 is shown in Fig. 15-13.

15-3.2 Using the gain-bandwidth product, calculate the cutoff frequencies
for an inverting amplifier with a closed-loop gain of 30 when the op-
amp used is (a) 741, (b) anAD843.

15-3.3 Calculate the full-power bandwidth for an LF353 op-amp circuit, with
a 14 V peak-to-peak output voltage.

15-4 Stray capacitance Effects

Stray capacitance (Cx) at the input terminals of an operational
amplifier effectively Introduces an additional phase-lag network in

Figure 15-16	

47 kQ

Arnplit7er Circuit for Example 15-6.
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C,

Figure l5'i
.111	 otune

. '.tIiiIit	 " . n	 1' .in'p 1o( hit	 y

00(15101 .'' ' rn.4 p3c.g'

in	 fit.'

Figure 15-18
Use of MiIle-ef7eta compensation
for stray capacinnce at the input
terminals of an op-amp.
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the feedback loop. (see Fig. 15-17), thus making the op-amp circuit
unstable. Stra y capacitance problems can be avoided by good
circuit construction techniques that keep the stra y to a minimum.
The effects of stray capacitance also depend upon the resistor
values used in the feedback network. High resistance values make
it easier for small stray capacitances to produce phase lag. With
low-resistances, small stray capacitances normally have little effect
on the circuit stability.

R

(a) So.	 na:ncc i() at aTnp1iter input 	 ib ( 	 and 0'.	 CIIC', re'.i'.HIlIse

Analysis of an RC phase lag circuit shows that the capacitor
voltage lags the input voltage by 450 when the capacitor
impedance IX) equal the series resistance (R) Also, when X. = 10
R. the phase lag is approximatel y 10°. and it is this 100 of
additional phase lag that might make the circuit oscillate it its
phase margin is alread y close to the minimum br stabilit y . If the
phase margin is known to he large at the frequenc y where A 1 , H =

Ac1 (the frequency at which the circuit is likely to oscillate), the
stray capacitance might be unimportant. Where the phase margin
is small, for circuit stability the op-amp input stray capacitance
should normally he much less than.

C =	
1	 (15-4)

2f(1O1

where R is the equivalent resistance in series with the stray
capacitance. In Fig. 15-17, R = R3 + ( R 1 + r5)tR2.

From Eq. 15-4 it is seen that (as already mentioned) the larger
resistor values the smaller the stray capacitance that can produce
circuit instability. If the signal source is disconnected from the
circuit. R becomes equal to (R2 + R3 , which is much larger than )R.3

+ (r + R 1 ) . R21. In this situation, extremely small stray capacitance
values can make the circuit unstable.

Miller-effect compensation can be used to compensate for stray
capacitance at an op-amp Input, as shown in Fig. 15-18. To
eliminate the phase shift introduced by the stray capacitance the
division of the output voltage produced by C and C 2 in series
should be equal to the division produced by R 1 and R2. Therefore.

X - R1

X 2 	 R2



Solution
Stra capacitance:

Eq. 13-4,	
C2 fl!\ 10cr	 RJR

2 n x 800 kHz x 10 (6000 +1 kO)H10 kO]

= 14.4 pF

VI

500 0
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This gives.	 C2 R2 CS R1
	 (15-5)

Note that Eq. 15-5 does not allow for r or R., in Fig. 15-17. Where

is not very much smaller than R 1 . it must be added to R 1 . Also,

resistor R. 1 could he bypassed with another capacitor to reduce the
total series resistance.

Example 15-7
Calculate the op-amp input terminal stra y capa(:itance that might CaUSe
instabilit\ in the circuit of Fig. 13-l9 if the amplifier cutoff frequency is 800
kHz. .lso, determine a SUiit1E)1e \li Iler-etfect compensating capacitor value.

Con i pen saf ion:
C (r, + R.)

Eq.	 C = _____ =
-	 R.

= 2.3

14.4 pF x (6000 + 1 kO)

10 kO

Figure 15-19
Op-amp amplifier circuit for
Eampie 13-7.

Practise Problems
15-4.1 Determine the op-amp input stray capacitance that might cause

instability in an inverting amplifier with R 1 = 1.8 kO, R = 560 kQ,
and f2 = 600 kHz; (a) when the signal source is open-circuited, (b)
when r5 = 600 0, and R 1 and R, are reduced by a factor of 10.

15-4.2 Determine a suitable Miller-effect compensating capacitor value for
the circuit in part (b) of Problem 15-4.1. -

15-.5 Load Capacitance Effects
Capacitance connected at the output of an operational amplifier is
termed load capacitance (C1 ). Figure 15-20 shows that C1 is in
series with the op-amp output resistance (r1 , so CL and r0

constitute a phase-lag circuit in the feedback network. As in the
case of stray capacitance, another 10° of phase lag introduced by
C1 and r0 could cause circuit Instability where the phase margin is
already small. The equation for calculating the load capacitance
that might cause instability is similar to that for stray capacitance:

1
CL =f
	 (15-6)



I-C,

Figure 15-20
I o.id (apa( itdn( C at an 01)-doll)

output (00 1 due instabIlIty us
,,itlO(itR )I1 aUdit OOI phi-

he lf.(j()5( k fl\ifi.

(a) Use of R to reduce phase lag (h) Miller-effect compensation for Cr

Figure 15-21
Compensation methods (or load
capacitance.

1).
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In Eq. 15-6f is the frequencvat which A L, B = ACL. 11'r. is reduced.
Eq 15-6 gives a larger CL value. Thus. an op-amp with a IOW output
resistance can tolerate more load capacitance than one with a higher
output resistance.

One method often used to counter instabilit y caused by load
capacitance is shown in Fi g . 15-2U a ) . A resistor (R), usually
ranging from 12 0 to 400 0. is connected in series with the load
caracitance. The presence of R (with R2 connected at the op-amp
o' .tput) can severely reduce the phase lag produced b y r and C1:

however, R. also has the undesirable effect of increasing the
circuit output impedance to approximately the resistance of P5.

rM

(c) Inverting amplifier with combination 	 (d) Noninverting amplifier with R C2

of R, and C2 for CL compensation	 combination for CL compensation



(a) Noninverting amplifier with
load capacitance (CL

-	 (b) Amplifier compensated with
R, and C2
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A Miller-effect capacitor (C) connected across feedback resistor

R2 may be used to compensate for the load capacitance, [see Fig.
15-21(b)]. In this case. C2 introduces some phase-lead in the
feedback network to counter the phase-lag. The equation for
calculating a suitable capacitance for C2 is, once again, similar to

that for stray capacitance;

C2 R2CL r- (15-7)

A modified form of Miller-effect compensation for load
capacitance is shown in Fig. 15-21(e). An additional resistor ( R v) is

included in series with CL to reduce the phase lag. as discussed.
But now, I2 is connected at the junction of R. and CL, so that

(because of feedback) R. has no significant effect on the circuit
output impedance. Also, C2 is connected from the op-amp output
terminal to the inverting input. With this arrangement. Eq. 15-7 is
modified to.

C, R, cL (rO - -R)	 (15-8)

It should be noted from Equations 15-7 and 15-8 that, as for
stray capacitance, smaller resistance values for R2 give larger. more
convenient, compensating capacitor values.

ExainrIe 15-8
Calculate the load capacitance that might cause instability in the circuit of Fig.
1 5-22(a) if the amplifier cutoff frequency is 2 MHz and its output resistance is
25 Q. Also, determine a suitable compensating capacitor value for the circuit
as modified in Fig. 15-22 (b) with a 0.1 pF load capacitance.

Solution

Load capacitance:

Eq. 15-6,	 C = ______ = -
27T1(10r0 )	 2nx2 MHz xlOx25Q

= 318 pF

Compensation:

CL(rO+R)	 0.1 pFx(250+250)
Eq. 15-8,	 C, = ______	 =

R,	 10 k
= 500 pF (standard value)

Practise Problems
15-5.1 Calculate the load capacitance that might cause instability in the

circuit in Ex. 15-7 if the op-amp output resistance is 20 0.
Determine a suitable Miller-effect compensating capacitor value.

15-5.2 The circuit is Problem 15-5.1 is modified as in Fig. 15-21(c) with R

5 R. and CL = 0.5 pF. Calculate the required C 2 value.

Figure 15-22
Circuits for Example 15-8.
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15-6 Circuit Stability Precautions

Power Suppli Decoupling
Feedback along supply lines is another source of op-amp circuit
instability. This can be minimized by connecting 0.01 pF high-
frequency capacitors ti-om each supply terminal to ground (see Fig.
15-23). The capacitors must he connected as close as possible to
the IC terminals. Sometimes larger-value capacitors are required.

4- k", -

Figure li-23
' t,% keep

reotor aIue to a	 - urn, ue

r.	 on1poflenN !s:a- .	'upply
-	 he r(( Q(flrreI(

terminal to gb -	 ii keep Pe

-	

g'naIour(e nr::

Stability Precautions
Tue following precautions should be observed for circuit statailily:

1. Where low-frequency performance is required. use an internally
compensated op-amp. Alternativel y , use Miller-elTect
compensation to give the lowest acceptable cutoif frequency.

2. Use small-value resistors in the feedback network, if possible,
instead of using the largest possible resistor values.

3. With an op-amp that must be compensated. use the methods
and components recommended by the /C nianufacwrer.

4. Keep all component leads as short as possible. and Lake care
with component placement. A resistors connected to an op-
amp input terminal should have the resistor body placed close
to the input terminal.

5. Use 0.01 1iF capacitors (or 0.1 pF capacitors if necessary) to
bypass the supply terminals of op-amp (or groups of op-amps)
to ground. Connect these capacitors close to the ICs.

6. Always have a signal source connected to a circuit being tested.
Alternatively , ground the circuit input. With an open-circuited
Input, very small stray capacitances can cause instability.

7. Do not connect oscilloscopes or other instrument at the op-
amp input terminals. Instrument input capacitance can cause
instability.

8. If a circuit is unstable after all of the above precautions have
been observed, reduce the value of all circuit resistors (except
compensating resistors). Also, reduce the signal source
resistance if possible.
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Chapter-IS Review Questions

Section 15-I
15-1 Show how feedback in an op-amp inverting amplifier can

produce instability. Explain the conditions necessary for
oscillations to occur in an op-amp circuit.

15-2	 Show how feedback in an op-amp noninverting amplifier
circuit can produce instability.

15-3	 Define: loop gain, loop phase shift, phase margin.

15-4 Sketch typical gain/frequency response and phase/
frequency response graphs for an uncompensated
operational amplifier. ldentil the pole frequencies and
rates of fall of voltage gain, and show the typical phase
shift at each pole frequency.

15-5 Sketch typical gain/frequency response and phase/
frequency response graphs for a compensated operational
amplifier. Briefly explain.

15-6	 Derive an equation for the open-loop gain of an
operational amplifier when the loop gain equals 1.

Section 15-2
15-7 Sketch a lag compensation circuit. Explain its operation

and show how it affects the frequency and phase
response graphs of an operational amplifier.

15-8 Sketch a lead compensation circuit. Explain its operation
and show how it affects the frequency and phase
response graphs of an operational amplifier.

15-9	 Show how Miller-effect compensation can be applied to
an op-amp circuit. Briefly explain.

Section 15-3
15-10 Define bandwidth, gain-bandwidth product, and full-

power bandwidth for an operational amplifier. Explain
the circuit conditions that apply in each case.

15-11	 Define slew-rate, and explain its effect on the output
waveform from an operational amplifier.

Section 15-4
15-12 Discuss the effects of stray capacitance at the Input

terminals of an operational amplifier. Explain the
precautions that should be observer to deal with input
stray capacitance problems.

15-13 Show how Miller-effect compensation can be used to
counter the effects of op-amp Input stray capacitance.

Section 15-5
15-14	 DISCUSS the effects of op-amp load capacitance.
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15-15 Show how op-amp Instability due to load capacitance
can be countered by means of: an additional resistor,
Miller-effect compensation, a combination of both.

Section 15-6
	15-16	 List precautions that should be observed for operational

amplifier circuit stability . Briefly explain in each case.

Chapter-IS Problems

Section 15-1
15-1 Investigate the stability of the circuit in Fig. 15-11, if the

1,M] 08 is replaced with an op-amp that has the gain/
frequency and phase/ frequency responses in Fig. 15-2.

15-2 Investigate the stability oft he inverting amplifier circuit in
Fig. 15-10(a) if the op-amp used Is (a) a 741. b) an AD843.
Use the response graphs in Fig. 15-3 and 15-4.

15-3 Investigate the stability of an amplifier circuit with A 1 =
70 dB if the op-amp has the gain/frequency and phase/
frequency responses in Fic. 15-2.

Section 15-2
	15-4	 The phase-lag network in Fig. 15-7(a) has: R 1 = 8.2 kO, R2

= 470 0. and C 1 = 3300 pF. Calculate the approximate
phase lag at 7.5 kHz and at 750 kHz.

	

15-5	 The phase-lead network in Fig. 15-7(c) has: R 1 = 5600. R2

= 27 kO, and C 1 = 1000 pF. Calculate the approximate
phase lead at 6 kHz and 300 kHz.

15-6 If the circuit in Fig. 15-22(a) uses an LMI08 op-amp.
determine suitable compensation capacitor values. Refer
to the LMI08 information in Fig. 15-8.

15-7 Calculate a suitable Miller-effect compensating capacitor
to stabilize the circuit in Fig. 15-19 at an 80 kHz cutoff
frequency.

15-8 The circuit In Fig. 15-10(b) is to be stabilized at f2 = 50
kHz. Determine the value of a suitable Miller-effect
compensating capacitor.

Section 15-3
15-9 Determine the bandwidth of the circuit In Fig. 15-10(a) If

the op-amp has the gain/frequency response graph in
Fig. 15-2. Also, determine the bandwidth of the circuit In
Fig 15-10(b) if the op-amp is  741.

15-10 Find the upper cutoff frequency for the circuit In Fig. 15-
19 If the op-amp Is (a) a 741. (b) an AD843. Use the
response graphs In Fig. 15-3 and 15-4.
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15-11	 Using the gain-bandwidth product, determine the upper
cutoff frequencies for the circuits in Problem 15-10.

15-12 Use the gain-bandwidth product to determine the upper
cutoff frequencies for the circuits in Figs. 15-10(a) and (b)
if they both have LMI08 op-amps with C1- 30 pF.

15-13 The circuits in Examples 14-5 and 14-8 use 741 op-amps.
Use the gain-bandwidth product to determine the upper
cutoff frequency for each circuit.

15-14 If the circuit in Fig. 15-11 has the 1,111 08 replaced with

an LF353, use the gain-bandwidth product to determine
the upper cutoff frequency.

15-15 Calculate the full-power bandwidth for an amplifier using
741 op-amp if the output voltage is to be (a) 5 V peak-to-
peak. (b) 1 V peak-to-peak.

15-16 Recalculate the full power bandwidth in each case in
Problem 15-15 if the 741 is replaced with an LF353.

15-17 Calculate the full-power bandwidth for the circuit in
Example 14-5 tithe peak output is to be 2 V. Also.
determine the maximum peak output voltage that can be
produced by the circuit at the cutoff frequenc y calculated
in Problem 15-13.

15-18 Calculate the slew-rate limited cutoff frequency for the
circuit in Example 14-8 if the peak input is 20 mV. Also,
determine the maximum peak output voltage at the
circuit cutoff frequency calculated in Problem 15-13.

Section 15-4
15-19 A Circuit as in Fig. 15-10(a) with C1 removed has a cutoff

frequency of 600 kHz. Determine the op-amp input stray
capacitance that might cause instability: (a) when the
signal source is open-circuited. (b) when a 300 U signal
source Is connected.

15-20 Determine the input stray capacitance that might make
the circuit in Fig. 15-10(b) become unstable when a 300 U
signal source is connected. Assume that the circuit cutoff
frequency is 30 kHz and that Cf is removed.

15-21 Calculate the Miller-effect capacitor value required to
compensate for 250 pF of input stray capacitance in the
circuitry of Problem 15-19(b).

15-22 Calculate the Miller-effect capacitor value required to
compensate for 90 pF of stray capacitance in the circuit of
Problem 15-20.

15-23 An inverting amplifier (as in Fig. 15-19) uses a LF353 op-
amp, and has: r = 600 U, R 3 = 220 kU, R2 = 2.2 MU, f2 =
18 kHz. Calculate the Input stray capacitance that might
make the circuit unstable; (a) when the signal source is
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connected, (b) when the signal source Is open-circuited.

15-24 Repeat Problem 15-23 when R 1 and R2 are each reduced
by a factor of 10.

Section 15-5
15-25 Determine the load capacitance that might cause

instability In the circuit in Fig. 15-10(a) with Cf removed,
if the circuit cutoff frequency is 600 kHz, and r0 = 100 Q.

15-26 An Inverting amplifier (as in Fig. 15-19) uses an op-amp
with a 300 1) output resistance, and has; R 220 kO, R2
= 2.2 MO. Calculate the load capacitance that might
make the circuit unstable.

15-27 Calculate the Miller-effect capacitor value required to
compensate for a 0.1 j.iF load capacitance in the circuit of
Fig. 15-10(a) if f2 600 kHz.

15-28	 Calculate the Miller-effect capacitor value required to
compensate for the load capacitance in Problem 15-26.

15-29 Determine the load capacitance that might cause
instability in the circuit in Fig. 15-22(a), if the cutoff
frequency Is 400 kl-Iz, and the op-amp has r0 = 150 0,

15-30 The circuit in Problem 15-29 Is rearranged as In Fig. 15-
22(b) with R = 10 r0 . Calculate the required C2 value to
compensate for a 5000 pF load capacitance.

Practise Problem Answers
15-1.1	 30, 90°, 90°
15-2.1	 -48.5',41.5o
15-2.2	 82 pF
15-3.1	 50 kHz
15-3.2	 27 kHz, 1.13 MHz
15-3.3	 296 kHz
15-4.1	 0.05 pF, 34.5 pF
15-4.2	 0.5 pF
15-5.1	 995 pF, 2 pF

15-5.2 6000 pF
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Introduction
A sinusoidal oscillator usually consists of an amplifier and a
phase-shifting network. The amplifier receives the output from the
network, amplifies it, phase shifts It by 180°, and applies It to the
network input. The network phase shifts the amplifier output by a
further 180°. and attenuates it before feeding It back to the
amplifier input. When the amplifier gain equals the inverse of the
network attenuation, and the amplifier phase shift equals the
network phase shift, the circuit is ampliMng an input to produce
an output which is attenuated to become the input. The circuit is
generating its own input signal, and a state of oscillation edsts.

Some signal generators produce square or triangular waveforms.
These normall y use nonlinear circuits and resistor/ capacitor
charging circuits.

16-1 Phase Shift Oscillators

Op-Amp Phase Shift Oscillator
Figure 16-1 shows the circuit of a phase shfr oscillator, which
consists of an inverting amplifier and an P' phase-shifting
network. The amplifier phase shifts its input b y -iou', and the RC

phas:-lcad network phase-shifts the amplifier output by a +180°,
a total loop phase shift of zero. The attenuated feedback

signal fat the amplifier input) is amplified to rduce the output.
In this condition the circuit is generating its cYvn input signal,
con s equently . It is oscillating- The output and feedback voltage
va\efornIs in Fig. 16-1 Illustrate the circuit operation.
For a state of oscil½t!n to be sustained in any sinusoidal

osciiator circuit. certain c l , Jitions, known , the Barkhausen

criteria, must be fulfilled:

'The 1cp gain must be equal to (or greater than) one.

The loop phase shift must be zero.

The RC phase-lead network In Fig. 16-1 coii of three equal-
value rcslstors and three equal-value capacitors. Resistor R1

functions as the last resistor in the RC network and as the
amplifier input resistor. A phase-lag network would give a total
loop phase shift of -3601, and so It would work just as well as the
phase lead network.

The frequency of the oscillator output depends upon the
component values In the RC network. The circuit can be analyzed
to show that the phase shift Is 180 1 when

= /6 R

This gives an oscillation frequency.

1I .-_---	 (16-1)
-, 2irRCI6

p ',ill as phase shifting the amplifier output, the RC network
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attenuates the output. It can be shown that, when the required
180 0 phase shift is produced the feedback factor (B) is always
1/29. This means that the amplifier must have a closed-loop
voltage gain (A 1) of at least 29 to give a loop gain (B A 1 ) of one:
otherwise the circuit will not oscillate. For example, if the amplifier
output voltage is 10 V, the feedback voltage is,

Vf = B = 10 V/29

To reproduce the 10 V output. L'1 must be amplified by 29.

v0 =Ac,vj=29\(bOv/29)

= by

If the amplifier voltage gain is much greater than 29, the output
waveform will be distorted. When the gain is slightly greater than
29, a reasonably pure sine wave output can be expected. The gain

is usually designed to be just over 29 to ensure that the circuit
oscillates. The output voltage amplitude normally peaks at ± ( Vc -

I V), unless a rail-to-rail op-amp is used (see Section 14-9).

jr.verti,oa
rplifier -----

tR , I

Tir.	 of

- -
phMe sftr

Circuit Design
Design of a phase shift oscillator begins with design of the
amplifier to have a closed-loop gain just greater than 29. The
resistor values for the RC network are then selected equal to the
amplifier input resistor (R), and the capacitor values are
calculated from Eq. 16-1. In some cases, this procedure might
produce capacitor values not much larger than stray capacitance.
So, alternatively, the design might start with selection of
convenient capacitor values. Equation 16-1 Is then used to
calculate the resistance of R (and R 1). Finally, R2 is selected to give
the required amplifier gain.

Figure 16-1
- phase hfi oscillator (0050K of
so nernng amplifier and .n
phae Kfting feedback network,
The RC netoork attenuates the
oJ:put and phase shifts it by
180. the amplifier amplif

i
es the

network output and phase thifts
it through a further 7800.
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Example 16-1
Using a 74? op-amp with a ± 10 V supply, design the phase shift oscillator in
Fig. 16-2 to produce a 1 kHz output frequency.

Solution

Select	 100 X	 = 100 x 500 n,\

= 5OpA

V)= ±(10V-1 V)

±9V

i',	 ±9V
1)

A( . 1	 29

= ±0.31 V

v	 0.31 V
R = —i— =

J	 50JA

= 6.2 kO (use 5.6 kO standard value

R, Act
162 kO (use 180 kQ to give Ac > 29)

R 1 = R, = 180 kO the dc path through R1
is interrupted by C)

R = R 1 5.6 kO

From Eq. 16-1,	 C=
2 7TRfV6 2 7T x 5.6 kO x  kHzxV6

0.01 pF (standard value)

Although the 741 op-amp used In Ex. 16-1 Is likely to be quite
suitable for the particular circuit, some care should always be
taken when selecting an operational amplifier. It should be
recalled (from Ch. 15) that when a large output voltage swing is
required. the op-amp full-power bandwidth is involved. This must
be considered when selecting an operational amplifier for an
oscillator circuit.

BJT Phase Shift Oscillator
A phase shift oscillator using a single BJT amplifier is shown in
Fig. 16-3. Once again, the amplifier and phase shift network each
produce 1800 of phase shift, the BlTampllfles the network output,
and the network attenuates the amplifier output.

First thoughts about this circuit (in comparison to the op-amp
phase shift oscillator) would suggest that a BJT amplifier with a
voltage gain of 29 is required. An attempt to design such a circuit

flo

lso..

0.01 pF -0,01 F 0.01 pF

	

-1	 )I	 )H

	

C	 C	 C

	

R	 R
3.6	 5.6 kO

-1-

Figure  16-2
Phase shift oscillator circuit for
Example 16-1.
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Figure 16-3
Phae si:i oci/Iator using an
inverting BIT amplifier and an RC
ieedh:kns'rk.
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reveals that in many cases the amplifier output is overloaded by
the phase shift network, or else the network output is overloaded
by the amplifier input. The problem can be solved by Including an
emitter follower in the circuit. However, the circuit can function
satisfactorily without any additional components if the transistor
is treated as a current amplifier, rather than as a voltage amplifier.
In this case, circuit analysis gives,

1
(16.2)

29R	
(16-3)and,	 hfjp =23+	 + 

R

inrtg

 FR,ERc t
ifier 	I

V0

J/

'R-Z C	 C	 C

R	 R

phase shift netrk ..

The circuit oscillates only if the BJT current gain Is equal to (or
larger than) the minimum value determined from Eq. 16-3. With R

= Rc. a minimum h of 56 Is required to sustain circuit oscillation.
With R = 10 R, fe(min) must be greater than 300. The output
waveform is likely to be distorted if hf, is substantially greater than
the calculated llje(mjrz)• Because h varies widely from one transistor
to another, R should be partially adjustable to minimize
distortion. Note that in Fig. 16-3, the amplifier Input resistance (Z)
constitutes part of the last resistor In the phase shift network.

Circuit Design
BIT phase shift oscillator design should be approached by first
selecting R equal to or greater than the estimated amplifier Z1.

Then, RC Is selected equal to R, C Is calculated from Eq. 16-2, and
the rest of the component values are determined for the circuit dc
conditions. The Impedance of CE should be much lower than he/(1
+ hp,) at the oscillating frequency.
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Practise Problems
16-1.1 Using a BIFET op-amp with rail-to-rail operation, design a phase

shift oscillator to produce a 6.5 kHz, ± 12 V output.

16-1.2 Design a BIT phase shift oscillator, as in Fig: 16-3, to produce a 9XJ
Hz waveform with a 10 V peak-to-peak amplitude. Assume that the
BIT has hf01)	 60 and h•e	 1.5 M.

	

16-2	 Colpitts Oscillators

Op-Amp Colpitt.c Oscillator

The Co1ptts osciilatorcircuit show in Fig. 16-4 is similar to the op-
amp phase shift oscillator, except that an LC network is used to
produce the necessary phase shift in the feedback voltage. In this
case, the LC network acts as a filter that passes the oscillating
frequency and blocks all other frequencies. The filter circuit
resonates at the required oscillating frequency. For resonance.

X1, = CT

where X([ is the total capacitance in parallel with the inductor.
This gives the resonance frequency (and oscillating frequenc y) as,

1
f =	 .	 ( 16-4)

2 (L C)

Capacitors C 3 and C, are connected itt series across L , so,

C 1 C2
CT	 (16-5)

Consideration of the LC network shows that its attenuation
(from the amplifier output to input) is clue to the voltage divider
effect of L and C 3 . This gives.

X13
B=

XL) - X1

It can be shown that the required 1800 phase shift occurs when

Xc2 = X 3 - X1

and this gives,
B =-=-

Xc2 C1

As in the case of all oscillator circuits, the loop gain must be a
minimum of one to ensure oscillation. Therefore,

B = 1



Figure 16-4
A C)rrs oci1Iaor COfl5!5t of i'
inverting amp/ifler and an LC
phaseshiring feedback net work.
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Cl
or,	 Aciminj = -

C2	
(16-6)

When deriving the above equations, it was assumed that the
Inductor coil resistance Is very much smaller than the inductor
impedance; that is, that the coil Q factor (oL/R) is large. This must
be taken into considered when selecting an inductor. It was also
assumed that the amplifier input resistance is much greater than
the impedance of C 1 at the oscillating frequency. Because of the
inductor resistance and the amplifier input resistance, and
because of stray capacitance effects when the oscillator operates at
a high-frequency. the amplifier voltage gain usually has to be
substantially larger than C3/C2.

R,
err f er rAAAri

I -CL _ 2T

L	 r'rk

Circuit Design
Colpitts oscillator design can commence with selection of the
smallest capacitor (C) much larger than stray capacitance, or with
selection of a convenient value of L. To keep the amplifier input
voltage to a fairly low level, the feedback network is often designed
to attenuate the output voltage by a factor of 10. This requires
that C 1 1C2 10. (It should be recalled that large ACL values require
larger op-amp bandwidths.) Also, X 2 should be much larger than
the amplifier output Impedance. Using the desired oscillating
frequency, L can be calculated from Eq. 16-4. Amplifier input
resistor R 1 must be large enough to avoid overloading the feedback
network, (R 1 >> X 1 ) . Resistor R2 isdetermined from A 1 and R1.

Example 16-2
Design the Colpitts oscillator in Fig. 16-5 to produce a 40 kHz output

frequency. Use a 100 mH inductor and an op-amp with a ±10 V supply.

VI
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Solution
1	 1

From Eq. 16-4,	 C7 
=4 n i CL 4 n	 (40 LHz) 2 x 100 rnH

= 153.8pF

For C. 10 C,	 C7 1007 = 10  153.8 pF

1538 pF (use 1500 pF standard value)

1	 1
From Eq. 16-5,	 C, =	 =

-	 (1/C 7 ) - ( 1,C 7 (	 ( 1/15 8.3 pF) - (li15 00  pF)

= 177 pF (use 180 pF standard value)

1	 1
x, =	=

2nfC 2nx4O kHz x 180 p

= 22 kQ

>> Z0 of the amplifier

1	 1
=	 =

2 ufC 7	2 nx1O kHz x 1500 pF

= 2.65 kO

R 7 >>X1-7

Select	 R7 = 10 X- 7 = 10  2.65 kO

= 26.5 kO (use 27 LU standard value)

From Eq. 16-6,
C7 1500 p

A -
C,	 180 pF

= 8.33

R, = A 1 .1 R 1 = 8.33 x 27 kO

= 225 kO (use 270 kO standard value)

R3 = R 7 ))R, = 27 kU))270 kO

= 24.5 LU (use 27 kO standard value)

The op-amp full-power bandwidth	 must be a minimum of 40 kHz when v
±9Vand Ac1 = 8.33.

from Eq. 15-2,	 1 = .4(7 x , = 8.33 x 40 kHz

= .333 kHz

from Eq. 15-3,	 SR = 2 ii f, L,, =- 2 n x 40 kHz x 8 V

= 2 V/ps

Oko

p

00 Il	

Alfi

C-	 C

orT 1 soT

-4-

Figure 16-5
Cu/pitt	 o:iI!ator circuit fer
b.imple 16-2.



Figure 16-6
Colpitts oscillator using an
inverting BIT amplifier and an LC
feedback network.

(b) Practical circuit
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BJT Co!pitfs Oscillator
A Colpltts oscillator using a single BIT amplifier is shown in Fig.
16-6(a). This is the basic circuit, and its similarity to the op-amp
Colpitts oscillator is fairly obvious. A more complex version of the
circuit is shown In Fig. 16-6(b). Components Q 1 , R 1 , R2, RE, and CE
in (b) are unchanged front but collector resistor Rc Is replaced
with inductor L 1

1
 A radio frequency choke (RFL1 Is included In

series with Vcc and L 1 . This allows dc collector current ('s) to pass,
but offers a very high impedance at the oscillating frequency, so
that the top of L1 is ac isolated from V and ground. The output
of the LC network ( L 1 . C1 , C2) is coupled to via C to the amplifier
input. The circuit output voltage (v0) is derived from a secondary
winding (L) coupled to L 1 . As in the case of the B..JT phase shift
oscillator, the transistor current gain is important. Circuit analysis
gives Eq. 16-4 for frequency, and for current gain.

hfe(min) = a	 (16-7)
C2

(a) Basic circuit

Practise Problems --
16-2.1 Design a Colpitts oscillator circuit to produce a 12 kHz, ±10V

output. Use a 741 op-amp.

16-2.2 Design the oscillator in Fig. 16-6(a) to produce a 20 kHz, 6 Vp-to-p
output Use a 10 m inductor and assume that the BJT has h
26 0 and hie 1.5 M.
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16-3 Hartley Oscillators

Op-Amp Hartley Oscillator
The Hartley oscillator circuit is similar to the CoIpts oscillator,
except that the feedback network consists of two inductors and a
capacitor instead of two capacitors and an inductor. Figure 16-7(a)
shows the Hartley oscillator circuit, and Fig. 16-7(b) illustrates the
fact that L 1 and L2 tnav be wound on a single core so that there is
mutual inductance (fl between the two windings. In this case, the
total inductance is.

L=L1 +L2 +2M	 (16-8)

AA

Figure 16-7

Hrt fey o	 Ilati r f irr 	 an
op-amp ,1OIfl

IC leedba(.k rietv 0..

frb.n	 fwj:k

— —	 (b(LandL,wound
(a) Oscillator Circuit 	 on a sinlc core

Oscillation occurs at the feedback network resonance frequency

1
f	 (16-9)

C.	 r!(ts 

The attenuation of the feedback network is

X1,

XL) - Xc,

It can be shown that the required 1800 phase shift occurs when

Xe2 = X 1 - X('j

The loop gain must be a minimum of one, giving:

=—	 (i6-iO)

Design procedure for a Hartley oscillator circuit Is similar to that
fo' a Colpltts oscillator.
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Example 16-3
Design the Hartley oscillator in Fig. 16-8 to produce a 100 kHz output

frequency with an amplitude of approximately ±8 V. For simplicity, assume

that there is no mutual inductance between 11 and L...

Solution
v0 -f 1 V = ±(8 V + 1 V)

±9 V

Xi :>> Z. of the amplifier

X1,=lkQ

lkQ

2n1	 2TTxlOOkHz

= 1.59 mH (use 1.5 mH standard value)

L,1.5mH
L 

10	 10

= 150 pH (standard value)

L T = + L, = 1.5 mH ± 150 pH (assumingM = 0)

= 1.65 mH

C1 =4 
77 1 P I	 4 TT 2 x (100 kHz) 2 x 1.65 mH

= 1535 pF (use 1500 pF with additional parallel
capacitance, if necessary)

Cr >> stray capacitance

X 1 =2rrfL 7 =2TTx100 kHz X150PH

= 94.2 0

R1 >>XLI

Select	 R, = 1 kO (standard value)

From Eq. 16-10,
L2	 L5mH

ACL(m,,U	
L 7	 1 5OpH

= 10

R. = Ac R 1 10 x 1 kO

= 10 kO (standard value)

R3 = R 7 ll R2 = 1 koIllo kO

= 909 0 (use 1 kO standard value)

select

select

From Eq. 16-9,

RI

R3	 -VEE

Cr)1

L1
150pit	 1SmH

Figure 16-8
Hartley oscillator circuit for
Example 16.3.
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The op-amp full-power band'a idth (f,) must be a minimum of 100 kHz hen

±8V and A ct =

from Eq. 15-2,	 12 =Act x 1 = 10  100 kHz

= 1 MHz

from Eq. 15-3, 	 SR = 2 n f i, = 2 Ti x 100 kHz x 8 V

= 5 V ps

BJT Hartley Oscillator
Figure 16-9 shows the circuit of a Hartley oscillator using a BIT

amplifier. The basic circuit in Fig. 16-9(a) is similar to the op-amp
Hartley oscillator, and its operation is explained in the sante way
as for the op-amp circuit. Note that coupling capacitors C2 and C4

are required to avoid dc grounding the transistor base and
collector terminals through L 1 and L2.

In the practical BIT Hartley oscillator circuit shown in Fig. 16-
9(b) L 1 , L2, and C 1 constitute the phase shift network. In this case,
the inductors are directly connected In place of the transistor
collector resistor (Re). The circuit output is derived from the
additional inductor winding (L. The radio frequency choke (RFt)
passes the direct collector current, but ac isolates the upper
terminal of 1 1 from the power supply. Capacitor C 2 couples the
output of the feedback network back to the amplifier input.
Capacitor C. at the LIfT collector in Fig. 16-9(a) is not required in
Fig. 16-9(b), because L2 is directly connected to the collector
terminal. The junction of L 1 and 1.2 must now be capacitor coupled
to ground (via C) instead of being direct coupled.

(a) Basic circuit

RFC

^A'
J	 Figure 16-9

)	 Hartley oscillator consisting of a

Q	
BIT inverting amplifier and an LC
feedback network.

R R

(b) Practical circuit
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Practise Problems
16-3.1 A Hartley oscillator circuit using a 741 op-amp is to produce a 7

kHz, ±10 V output. Determine suitable component values.

16-3.2 Analyze the BiT Hartley oscillator in Fig. 16-9(b) to determine the
oscillating frequency. Some of the componentvalues are: L 1 =

4.7 mH; C = 600 p1, C2 = C3 = 0.03 pF. The mutual inductance
between L, and L is 100 pH.

16-4 JVein bridge Oscillator

The Wein bridge is an ac bridge that balances only at a particular
supply frequency. In the Wein bridge oscillator(Fig. 16-10), a \Vein
bridge circuit is used as a feedback network between the amplifier
output and input. The bridge is made up of all of the resistors and
capacitors. The operational amplifier together with resistors R3 and

R4 constitute a noninverting amplifier. The feedback network from
the amplifier output to its noninverting input terminal is made up
of components C 1 , R1. C2 and R2.

Fcedbak	 I I \onincfliflg amp]! Sc:	 -

fcc
voI:a50

Vi

At the balance frequency of the Wein bridge, the feedback voltage
Is in phase with the amplifier output. This (in-phase) voltage is
amplified to reproduce the output. At all other frequencies, the
bridge is off balance; that is, the feedback and output voltages do
not have the correct phase relationship to sustain oscillations.
The Barkhausen requirement for zero loop phase shift is fulfilled in
this circuit by the amplifier and feedback network both having zero
phase shift at the oscillation frequency.

Analysis of the bridge circuit shows that balance Is obtained

when two equations are fulfilled:

-= &+.	 (1611)
R4 R2 C1

Figure 16-10
The I Vein bridge oscillator circu
uses an operatunal amplifier and
a Wein bricle u, hich balances at a
particular frequency.



1-V"	 + 1's	 - i\ —1 si

= ±10v

R7 = R and C

R3 - 2 R4

C 7 	 1000 pF (standard ', aloe

C2 = C = 1000 pF

Solution

brA 1 = 3

also,

select,

C.

I I

R
1.0

R3

3301
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1
afl(1,	 27rf =	 (16-12)

(R 1 C 1 R2 C2)

If R 1 C = R, C2, Eq. 16-12 yields,

1
f = -	 ( 16-13)

2,T R, C1

For simplicity, the components are often -e1ected as. R 1 = R2 and
C = C. causing Eq. 16-11 to give,

R3 = 2 R4	 (16-14)

In tIii ce. the amplifier closed-loop gain k .Ac1 =

Sometimes it is preferable to have an amplifier voltage gain
substantially greater than 3, then the rclationship between the
componr Ill values is determined by Equations 16-11 and 16-12.

Desiut at a \Vein bridge oscillator can be commenced by selecting
a current level for each a rut of the bridge. ['his should he niuch
larger than the op amp input bias irrrnt. Resistors R and R 1 can
Then 'DC calculated using the c 'a i iii at ed out put voltage andd the
closed-loop gain. After that, the other component values can be
determined Iroiti the above equal ions.

An am-motive design approach is to 'aart by selecting it
coflvetilCnt value tor the smallest capacitor in the circuit. The
other cimiponcnt values ore then calcul uci trout the cqtl,itions.

Example 16-4
Design theWein bridge oscillator in Fig. 16-11 to produce a 100 kHi * 5,

output. Design the amplifier to hose .i locd-loop gain of I

1	 1
From Eq. 16-13,	

R7 - 2 a I	 = 2 ax 100 kHz x 1000 pF

- 1.59 kO (use 1.5 kO standard value)

C
I01X3 pi
	

R

I 5 LII

R, - R 7 = 1.5 kO

select,	 R4	 R = 1.5 kO (standard value)

Figure 16-11
We,n bridge oscillator circuit for
cxample 76 4.



(a) Phase shift oscillator with
amplitude stabilization

(b)

-44441-1	 R5

 Use of adjustable resistor
for distortion control

Figure 16-12
The output amplitude of a phase
shift oscillator can be limited by
using diodes to modify the
amplifier gain.
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R3 = 2 R4 = 2 x 1.5 kC)

= 3 kQ (Use 3.3 kO standard value)

The op-amp must have a minimum full-power bandwidth f of 100 kHz

when v0 ±9V and A =3.

from Eq. 15-2,	 f2 = ACL x I = 3 x 100 kHz

= 300 kHz

from Eq. 15-3,	 SR = 2 nf i = 2 it x 100 kHz x 9 V

5.7 V/ps

Practise Problems'
16-4.1 Resistors R1 and R, in Fig. 16-11 are switched to (a) 15 kQ and (b)

5.6 M. Calculate the new oscillating frequency in each case.

16-4.2 A Wein bridge oscillator using an op-amp is to produce a 15 kHz,
±14 V output. Design the circuit with the amplifier having A 7 = 11.

16-5 Oscillator Amplitude Stabilization

Output Amplitude
For all of the oscillator circuits discussed, the output voltage
amplitude is determined by the amplifier maximum output swing.
The output waveform may also be distorted by the amplifier output
saturation limitations. To minintize distortion and reduce the
output voltage to an acceptable level, ampLitude stabilization

circuitry must be employed. Amplitude stabilization operates by
ensuring that oscillation is not sustained if the output exceeds a
predetermined level.

Diode Stabilization Circuit for a Phase Shift
Oscillator
The phase shift oscillator discussed in Section 16-1 must have a
minimum amplifier gain of 29 for the circuit to oscillate. Consider
the oscillator circuit in Fig. 1 6-12(a) that has part of resistor R2

bypassed by series-paral1'l connected diodes. When the output
amplitude is low, the diodes do not become forward biased, and so
they have no effect on the circuit. At this time, the amplifier
voltage gain is, A 1 R2 1R1 . As always for a phase shift oscillator,

ACL is designed to exceed the critical value of 29. When the output
amplitude becomes large enough to forward bias either 1) 3 and D2,

or D. and 1)4 , resistor R4 is short-circuited, and the amplifier gain
becomes, ACL = R5 /R 1 . This is designed to be too small to sustain
oscillations. So, this circuit cannot oscillate with a high-
amplitude output, however It can (and does) oscillate with a low-
amplitude output.
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In designing the amplitude stabilization circuit, the inverting
amplifier is designed in the usual manner Nvuli one important
difference. The current (') used in calculating the resistor values
must he selected large enough to lonvard bias the diodes into the
near-linear region of their characteristics. This usuall y requires a
minimum current around 1 mA. Resistor R 3 is calculated using.

V0/ 29
R 1 
=(

16-15)

and R is determined as.

R2 = 29R 1	(16-16)

The diodes should become lor\var(l biased just when 01c output
voltage is at the desired nuLxiinuIn level. At this time, 1 produces it
voltage drop of 2 1 aeioss R

2V
"O.	 R4	 (16-17)

and,	 iR. =	 -

The resultant eonlpcuent values should give (R. + Rj/R, slightly
greater 11at1 29, and R/ R less than 29.

Some distortion the \vavelortn can occur !)/H is
much larger than 29. however, attempts to make the gain (lose to
29 can cause the circuit to stop oscillating. Makin a port i on of R-,

adjustable, as il]ustrated in Fig. 16-12(b). provides for gain
adjustment to give the best possible output waveform. Typically . R0
should he approximately 40% of the calculated value of R. and R
should be 800,16 of R This gives a ±20% adjustment of RH

The diodes selected should he low-current switching devices. The
diode reverse breakdown voltage should exceed the circuit supply
voltage, and the maximum reverse recovery time (L.,.) should be
around one-tenth of the time period of the oscillation frequency,

T
t m,,) = -	 ( 16-18)

Example 16-5
Design the phase shift oscillator in Fig. 16-13 to produce a 5 il-li, ±5 V
output waveform.

Solution

Select	 I	 1 mA when	 = 5 V

v/29 5 V/29Eq. 16-15,	 R1
I	 lrnA

S 170 Q (use 150 0)



R

Figure 16-13
Amp!itude-coct rolled phase shift
cilitr Cira't for Lx. 16-5.

Figure 16-14
Wein bridge oscillator with its
output amplitude stabilized by a
diode circuit that modifies the
amplifier gain.
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Eq. 16-16,	 R, =29R 1 = 29x1500

4.4 kO

2V	 2x0.7V
Eq. 16-17	 R4 = 

- ----= 1 mA

= 1.4 kO (use 1.5 kO standard value)

R =R 7 R4 =4.4kQ-1.5 Qk

= 2.9 kO

R = 0.4 R = 0.4 x 2.9 kG

= 1.16 0 (use 1 kO adjustable)

R- = 0.8 R = 0.8 x 2.9 kG

= 2.32 kO (use 2.7 kG standard value)

R 3 	R, = 4.4 kG (use 4.7 kG standard value)

R =R 7 = 1500

From Eq. 16-1,	
C = 2 nRfx'6 = 2 nx 150 Ox 5 kHz  Y6

= 0.087 pF (use 0.082 1.F standard value)

Diode Stabilization Circuit for a JVein Bridge Oscillator
Figures 16-14. and 16-15 show two output amplitude stabilization
methods that can be used with a Wein bridge oscillator. These can
also be applied to other oscillator circuits, because they all operate
by limiting the amplifier voltage gain.

The circuit in Fig. 16-14 uses diodes and operates in the same
way as the amplitude control for the phase-shift oscillator.
Resistor R. becomes shorted by the diodes when the output
amplitude exceeds the design level, thus rendering the amplifier
gain too low to sustain oscillations.

FET Stabilization Circuit for a J5'ein Bridge Oscillator
The circuit in Fig. 16-15 is slightly more complex than the diode
circuit, however, like other circuits, it stabilizes the oscillator
output amplitude by controlling the amplifier gain. The channel
resistance (rm) of the p-channel PET (Q 3 ) is in parallel with resistor
R4 . Capacitor C3 ensures that 9 3 has no effect on the amplifier dc

conditions. The amplifier voltage gain is,

R3 + R4llrDS
ACL =
	

(16-19)
R411 rDS

The PET gate-source bias voltage Is derived front 	 amplifier ac

output. The output voltage is divided across resistors R. and R6.



(.
Figure 16-I5
V. em()( i(l.iiimr	 the

J)mJ I . nip/ill) lie Id lu/tied ía a
It,i	 not r i/led re'etan( e

un Mt.
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and rectified by diode D 1 . Capacitor C4 smoothes the rectified
waveform to give the PET dc bias voltage (V-,j. The polarity shown
on the circuit diagram reverse biases the gate-source of the p-
channel device. When the output amplitude is low, V is low and
this keeps the PE'F drain-source resistance (r1 ) low. When the
output gets larger, V is increased causing r 1 to increase. The
increase in r1 reduces A. thus preventing the circuit from
oscillating with a high output voltage level. It is seen that the PET

is behaving as a voltage variable resistance (\VR).

Desiç'n of a PET Stabilization Circuit
To design the PET amplitude stabilization circuit, knowledge of a

possibly suitable PET is required: in particular, the channel
resistance at various gate-source voltages must be known.

Suppose the circuit is to oscillate when r1 = 6 kti at Vc,, = 1 V.
and that the peak output is to be = 6 V. Resistors R5 and R.
should be selected to give V = 1 V when VO(Pk) = 6 V. allowing for
V. across the diode. Capacitor C, smoothes the half-wave rectified
waveform, and discharges via R6 during the time interval between
peaks of the output waveform. The capacitance of C4 is calculated
to allow perhaps a 10% discharge during the time period of the
oscillating frequency. The voltage divider current (1 5) shu1d be a
minimum of around 100 iiA for satisfactory diode operation.

C 3 is a coupling capacitor; its impedance at the oscillating
frequency should be much smaller than the r of the PET.
Resistors R. 3 and R4 are calculated using Eq. 16-19 to give the
required amplifier voltage gain when r = 6 kQ.

Example 16-6
Design the FET output amplitude stabilization Circuit in Fig. 16-16 to Iirnitthe
output amplitude of the Wein bridge oscillator in Example 16-4 to ±6 V.

Assume that the r115 = 500 (1 at V. = 1 V, and 800 0 at V 5 = 3 V.



C discharge voltage,

= 0.1 'cc = 0.1 x  V = 0.1 \•

1	 1
C4 discharge time, T 

=	 = 100 kHz

= lops

V.,
I- —	 1 200 pA

R

JT	 200pAx10ps
c4=-	

0.1V

= 0.02 pF standard value)

r
X 13 = - at the oscillating frequency
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Solution

Select

for Ac1 =

Select

R

	

	 200p

= 21.3 kO (u
s e 22 k0)

r 	 at l.. ,, = 1 \'

6000 (use 560 0)

R4l]r1,. = 360 0 11 600 0

2900

R, = 2 (R4 ltr) = 2 x 290 0

= 640 0 (use 680 0)

I. 200 pA hen	 = 6 V

- 1 V
R, , =----

= 5 LO (use 4.7 kOi

Figure 16-16
Wein bridge oscillator circuit for
Example 16-6.

000

5 k

C

1000 p1

C3	
2 iT fr/10 = 2 7T x 100 kHz  5000110

= 0.032 pF (use 0.03 pF)

should be a low current switching diode with a ç << T.

Practise Problems
16-5.1 An op-amp phase shift oscillator is to produce a 3.3 kHz, ±7 V

output. Design the circuit to use diode amplitude stabilization.

16-5.2 Modify the Wein bridge oscillator circuit in Ex. 16-4 to stabilize the
output amplitude to ±5 V. Use the diode circuit in Fig. 16-14.
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16-6 Square Wave Generator
A square wave generator can he constructed by adding a resistor
and capacitor to an inverting Schmitt trigger circuit (see Section
14-10). Figure 16-17 shows the circuit, which is also known as an
astable rnultii'ibrator. The operational amplifier together with
resistors R2 and R. constitute the inverting Schmitt trigger circuit.
Capacitor C 1 controls the voltage at the Schmitt input, and
resistor R 1 charges and discharges C 1 from the Schmitt output.

The circuit waveforms in Fig. 16-17 illustrate the square wave
generator operation. \Vhen the output is high (at the op-amp
output saturation level). current flows through R, charging C1
Positively until 1'1 equals the Schmitt UTP. The Schmitt output
then switches to the op-amp negative saturation level. Cur-rent
now commences to flow out of the capacitor via R, causing t' to
decrease until it arrives at the LTP of the Schmitt circuit. this
point, the Schmitt output switches to its positive level once again,
and the cycle recommences.

Design 01 this very simple square wave generator involves design
of the Schmitt trigger circuit, and determination of suitable R 1 and
C 1 values for the trigger voltage levels and the required charge and
discharge times. Selecting the UTP and LTP very much smaller
than the op-amp output levels keeps the voltage drop across R1
approximately constant. This means that the capacitor charging
current is also maintained fairly constant, and so the simple
constant-current equation can be used for the capacitor:

I1 xt='1

	

	 (16-20)
AV

In Eq. 16-20. I is the average charging current to the capacitor
(through R 1 ), t is the charging time (see Fig. 16-17), and AV is the
capacitor voltage change between the UTP and LTP, as illustrated.
Charging current 1 should be selected much larger than the op-
amp Input bias current; then R1 and C1 are calculated.
Alternatively, a convenient value of C 1 can first be selected. The
level of 1, Is then determined from Eq. 16-20.



1.0
Ii V

I,
74 1
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FI_	
i

lOkO

Figure 16-18
Square vd e 'erierator (,rcuit (cr
Eurnpfr' 7 6 -
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If a Schmitt trigger circuit with a large difference between the UTP

and LTP is used, the capacitor changing equlion' is.

(16-21)

Example 16-7
Design the square wave generator in Fig. 16-18 to produce a 1 kHz square

wave with an amplitude of approximately ±14 V. Use a 711 Op-amp.

Solution
+ 1	 14 V	 1 \

±15V

VR3 = VIP = -UP <<

Select	 VR3	 0.5 V

Se l ect	 1,	 100 x	 = 100 \ 00 nA

= 5OpA

==9--Y
1, 50 p

= 10 kO (standard

R
=-----=-

	

2	 50 p

= 270 kQ (standard vaje)

Ti	 1

— 2 - 21 - 2 x 1 kHz

= 0.5 ms

i^V = UTP - LTP = 0.5 V- (-0.5\

=1v

Select	 C1 = 0.1 pF (conven i ent value)

C, AV 0.lpFxlV
From Eq. 16-20,	 1, =	 = 0.5 ms

= 200/.iA

	

tRl(ave)	 14V

yR	 14V
R1 =	 =

I	 200pA

= 70 kO ( use 68 kO standard value)

David A. Bell, Solid State Pulse Circuits 4th ed., (1997) p.33.
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Practise Problems
16-6.1 The square wave generator designed in Example 16-7 is to be

modified to make the output frequency adjustable. Determine the
maximum and minimum values for R 1 to produce a frequency range
of 500 Hz to 5 kHz.

16-6.2 A Schmitt trigger circuit with ±0.8 V trigger points and a ±9 V
supply is to be used in a 9 kHz square wave generator (as in Fig.
16-17). Determine suitable R 1 and C1 values.

16-7 Triangular Wave Generator

Integrator
The circuit in Fig. 16-19 is an integratoc its output amplitude can
be shown to be directly proportional to the area of the input pulse
(amplitude x time). The circuit is sirniar to an op-amp inverting
amplifier, except that capacitor C 1 replaces the resistor usually
connected between the output and inverting input terminals. As
in the case of the Inverting amplifier, the op-amp inverting input
terminal remains at ground level (a virtual ground) because the
noninverting input is grounded. The output voltage depends upon
the capacitor charge:

V0 = V1

If the capcitor charge is V = 0. then the output is V0 = 0. If V
-1 V (negative on the right, as illustrated). V. = -1 V. If V = +I V

(positive on the right). V. = +1 V.
The circuit Input, current is,

V.
Ii

R1

With V1 constant, I Is a constant current flowing into C 1 . The
capacitor constant current charging equation can be used to
calculate the capacitor voltage:

=
or,	 V. 	 (16-22)

In Eq. 16-22, t Is the time duration of I, or the Input pulse width,
as illustrated In Fig. 16-19.

When the Input voltage is positive (+V1), I Is a positive quantity
flowing through R 1 and Into C1 In the direction shown on the
circuit diagram. This causes C 2 to charge, positive on the left,
negative on the right, as Illustrated. With the Input voltage
constant, I Is a constant current, and V. increases constantly In
a negative direction, as shown. When the polarity of the Input
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voltage is reversed (to -V). the direction of I is reversed, and the

charging direction of C 1 is also reversed. Thus, Vr, commences to
grow in a positive direction. So. a square wave input to the
integrating circuit produces a triangular wave output, as
illustrated.

Figure 16-19
An integrator (rcuit uro(..
triangular tua eorm rutpu
a square wa',e flput.

Integrator Combined R'irh Schmitt Trigger
Figure 1620 shows an integrator combined with a noninvorting
Schmitt trigger circuit. (see Section 14-10). As will be explained.
this combination constitutes a triangular ri'ai'eforrn generator. The
Schmitt trigger output is applied to the integrator input, and the
integrator output functions as the Schmitt circuit input. The
wavefoims illustrate the operation of the circuit.

-

t

tor

= 
U - - - -

During the time from instant t1 to instant t2. the Schmitt output

Is positive (at +V0 ), and the Integrater output is changing at a
constant rate in a negative-going direction. The output change is
AV: from V0 to -V0. The Schmitt circuit Is designed to have upper
and lower trigger points (UTP and LTP) equal to the desired levels of

+V0 and -V. Thus, when the Integrator output arrives at the LTP,

Figure 16-20
I rangu tar oa setnro 

of a nonn.
Schmitt tri p,ger cfrcuO .nC fl

integrator, The Schmitt Out pU

the integrator input, and the
integrator output i,apphen
Schmitt input.
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the Schmitt output (the integrator input) switches from + oI sa t ) to
The integrator input is now a constant negative voltage, so

that the integrator output direction is reversed. From E. to t. the
integrator output increases linearly from -V0 to +V0. that is from
the Schmitt LTP to its IJTP. At the LJTP the Schmitt output reverses
again, causing the integrator output to reverse direction once
more. The cycle repeats again and again producing a triangular
waveform at the integrator output terminal.

The frequency of the triangular output wave can be varied by
altering the charging rate of capacitor C. This is done by making
R 1 adjustable, so that I can be increased or decreased. Reducing
the resistance of R 3 increases the level of J and causes C 1 to be
charged faster. This reduces the time (t) between +V0 and -\', and
thus increases the output frequency. An increase in the resistance
of R1 reduces 1, increases c and results in a lower output
frequency. The output amplitude of the triangular wave can be
varied by altering the Schmitt UTP and LTP. This can be done by
making one of the Schmitt resistors (R2 or R3) partially adjustable.

Circuit Design
A waveform generator is normally designed to produce a specified
output amplitude and frequenc y. This means that the Schmitt
Circuit trigger points must be equal to the required positive and
negative output peaks of the triangular wave, (see Section 14-10).
Also, the integrator has to accept the Schmitt output as its input,
and its capacitor charging time should equal half the time period
of the specified output frequency. Resistor R1 might he made
partially variable to precisely set the output to the required
frequency.

Example 16-8
Design a triangular waveform generator to produce a ±3 V, 500 Hz output.
Use 741 op-amps with a ±9 V supply.

Solution
Integrator design:

1 \ = ±(9V- 1 V)
= ±8V

AV = +V0 -(-V0 ) = 3 V-(-3V)
= 6V

11 >> 'B('ax) for the op-amp
select,	 1,= 1 mA

V	 8V
R1 = -- = -

J	 lmA

= 8 kO (use 8.2 kO
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2f	 2xSOOHz

= 1 rns

1 1 t	 1 mAx 1 ms
Irom Eq. 16-22.	 C 1 =

6V

= 0.16 pF (use 0.15 stondard alijei

Sch rn it design

select,	 1,= 1 mA

UTP	 3V
R =	=

-	 12	 1 mA

= 3 kO lose 3.3 k0

V	 &V
R = -- =

-	 1 mA

= 8 kO (use 8.2 kQ

C.

Figure 16-21
Trian'ia .. . . (Qffij	 nerator
de5irT. ed -	 -

Practise Problems
16-7.1 A triangular waveform generator circuit as in Fig. 16-21) has the

fotlossing component values: R7 = 4.7 kG, R. = 3.9 kG, R 3 = 22

kG, C, = 0.05 pF. it the supply is V = ±12 V determine the
amplitude and frequency of the output.

16-7.2 Design a triangular wave generator to hae t' = 2.5 V, and an
output frequency adjustable from 200 Hz to 400 Hz. Use 741 op-
amps with V = ±15V.

16-8 Oscillator Frequency Stabilization
Frequency Stability
The output frequency of oscillator circuits is normally not as
stable as requ i red for a great many applications. The component
values all have tolerances, so that the actual oscillating frequency
may easily be 10% higher or lower than the desired frequency.
However, by making a capacitor or resistor partially adjustable, the
frequency of most oscillator circuits can be set fairly precisely.
Such adjustments may not be convenient in production circuits.

A further problem Is that component values vary with the
changes in temperature, and this causes changes in oscillating
frequency. The component temperature changes might be due to
variations in the ambient temperature, or the result of component
power dissipation. A well-designed circuit (of nv tvne'i normally
uses as little power as possible to avoid component heating and to
reduce the power supply load. Oscillator frequency stability can be
dramatically improved by the use of piezoelectric crystals.
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Pieo Electric Crystals
If a mechanical stress is applied to a wafer of quartz crystal. a
voltage proportional to the pressure appears at the surfaces of the
crystal. (see Fig. 16-22(a)]. Also, the crystal vibrates, or resonates.

when an alternating voltage with the natural resonance frequency
of the crystal is applied to its surfaces, [Fig. 16-22(b)]. All materials
with this property are termed piezoelectric. Because the crystal
resonance frequency is extremely stable, piezoelectric crystals are
used to stabilize the frequenc y of oscillators.

Figure 16-22

	

I	 A	 piezoelector crystal under

+	 + +
It al ,o Ohrate, ^^ hen an ac voltage

a) (rsai with mechanical stre	 hI Crvtal with alternating voliayc

Quartz crystals for electronics applications are cut from the
natural material in several different shapes. The cr ystals are
ground to precise dimensions, and silver or gold electrodes are
plated on opposite sides for electrical connections. The crystal is
usually mounted inside a vacuum-sealed glass envelope or in it
hermetically -sealed metal can. Figure 16-23 shows a typical cstal
contained in a metal can enclosure. Crystals are also available in
surface-mount and other t ypes of enclosures,

Crystals Equivaleiit Circuit
'ihe electrical equivalent circuit for a crystal is shown in Fig. 16-
24(a). The crystal behaves as a series RLC circuit (R,, L5 , C) in
parallel with the capacitance of the connecting terminals (C,). The
series RLC components are referred to as the motional resistance

)1), the rnotionalinductance(L.). and the rnotionalcapac(tance(C5),

because they represent the piezoelectric performance of the crystal.
Cr is sometimes referred to as a parasitic capacitance. Because of

the presence of c. the crystal has a parallel resortancefrequency
(J) when Cr resonates with the series circuit reactance, as well as
a series resonancefrequericrj (f5), when L5 and C resonate. At series
resonance the device impedance is reduced to R, and at parallel
resonance the impedance is very high.

Figure 16-24(b) shows that, like all RLC circuits, the impedance
of the c'mystal equivalent circuit is capacitive below the series
resonance frequency and inductive above J. At frequencies greater
than f, , the series RLC circuit becomes inductive until it resonates
with the parallel capacitance atf. The impedance of the complete
circuit then becomes capacitive (with increasing frequency) as the
reactance of C,r is reduced. The two resonance frequencies (f and

I,) are very close together.
A measure of the quality of a resonance circuit is the ratio of

reactance to resistance, termed the Q faclor. Because the resistive
component of the crystal equivalent circuit is relatively small,

[100 kHz 1

Figure 16-23
Electronic crystal contained in a
metal (Tan.
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crystals have very large Q factors. Crystal Q factors range
approximately from 2000 to 100 000, compared to a maximum of
about 400 for an actual LC circuit. Resonance frequeic ics of
available crystals are typically 10 kl-lz to 200 MHz.
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When a series LRC cir ult is operating at its resonance trequenc V

the inductive and capacitive react,in( es Cancel each other, and the
power supplied is dissipated it) the resistance. It the power
dissipation increases the tt'mperitlht' of a ei'stal, the reoiiam
frequency can drift by a small amount. Most ('i'stals maintain
their frequency to within a few c ycles of the resonance frequency
at 25 C C. For greater frequetu v stability. cr'stals are sometimes
enclosed in an insulated, hcrnotat icahlv controlled, crystal oi''n.

Cry stals Control of Oscillators
The frequency of an Oscillator tnav he stabilized by using a crystal
operating at either its series or parallel resonance frequenc y . The
circuit is then usually referred to as a crystal oscillator.

In many circuits the crystal is connected in series with the
feedback network. The cistal offers a low impedance at its series
resonance and a high impedance at all other frequencies, so that
oscillation occur only at the cr ystal series resonance frequency.
The Pierce oscillator in Fig. 16-25 would appear to be such a
circuit, however, it actually operates as a Colpitts oscillator.
Capacitors C 1 and C2 are present at the input and output of the
inverting amplifier [compare to Fig. 16 6(a)!. A Colpitts oscillator
also has an inductor connected between the amplifier input and
output. In Fig. 16-25 the crystal behaves as an inductance by
operating at a frequency slightlY above f. (see Fig. 16-24).

The circuit in Fig. 16-25 is often used as a square wave generator
or clock oscillator for digital circuit applications. In this situation,
ilie amplifier gain is made as large as possible, so that Q 1 is driven
between saturation and cutoff to produce a square wave output.

Figure 16-26 shows one method of modifying a \Vein Bridge
oscillator for frequency stabilization. The crystal is connected in



Figure 16-26
Use of a serie-conneted crystal
to stabilize the frequency of a
tVein bridge oscillator Circuit.
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series with C 1 and R, and in this situation It offers a low
resistance at its series resonance frequency J), and a relatively
high Impedance at all other frequencies. Feedback voltage from the
output via C 1 and R 1 is severely attenuated at all frequencies
except f,, so the circuit can oscillate only at fl .

A crystal-controlled \Vein bridge oscillator circuit is first designed
without the crystal. A crystal is selected with f5  equal to the
desired frequency. Then, the circuit is modified by subtracting the
crystal series resonance resistance (R 5 ) from the calculated value of
the series resistor, (R 1 in Fig. 16-26). AlternatIvely, circuit design
could start by selection of a crystal. R 1 is then made larger than R,

and R2 = (R 2 + Re) . C 1 and C9 are calculated fromf, and R2.

The crystal power dissipation must be kept below the specified
maximum. Too much power can overheat the crystal and cause
drift in the reonance frequency. Also, like other devices, too much
power dissipation can destroy a crystal. Typical maximum crystal
drive powers are 1 mW to 10 mW, but manufacturers usually
recommend operating at 1/10 of the specified maximum.

The dc insulation resistance of crystals ranges from 100 MO to
500 MD. This allows them to be directly connected into a circuit
without the need for coupling capacitors. Care must be taken in
any crystal oscillator circuit to ensure that the crystal does not
interrupt the flow of a necessary direct current.

The typical frequency stability of oscillators that do not use
crystals is around 1 in 10. This means, for example, that the
frequency of a 1 MHz oscillator might be 100 Hz higher or lower
than 1 MHz. Using a crystal, the frequency stability can be
improved to better than 1 in 106, which gives a ±1 Hz variation in
the output of a 1 MHz oscillator.

Example 16-9
Redesign the \Veirr bridge oscillator in Example 16-4 to use a 100 kHz crystal
with R, = 1.5 k).

Solution

select	 R7 =r2R'=2x1.5kQ
= 3 kQ (use 2.7 kO standard value)

R. = R 1 + P, = 2.7k0 + 1.5 kQ

= 4.2 kO (use 3.9 kQ standard value)

From Eq. 16-13,	 C1 
2fR2	 2 7T  100 kHzx3.9 k 

408 pF (use 390 pF standard value)

R4	 = 3.9 kQ (standard value)

R3 = 2 R4 = 2 x 3.9 kO

= 7.8 kO (use 8.2 kO standard value)
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Example 16-10
The Pierce oscillator in Fig. 16-27 has a crystal with i = 1 .\Hz and R =700
Q. Calculate the inductance offered by the crystal at the Crcuit oscillating
frequency. Also, estimate the power dissipated in the crstal.

Solution
C x C.	 1000 pF x 100 pF

eq. 16-5,	 C. =
+ C.	 1000 pF ± 100 pF

= 90.9 pF

at resonance,	 =

2rriL =
2 rr t C

1	 1
or,	 L

f 12	
=

2C 1 	 (2 nxl 1011z\909pF

= 279 pH

1 MO + 10 k - :000

5 pA

P. = .0.707 ) R = 0.707 x 5 pA 	 000

= 9 nW

Practise Problems
16-8.1 A 40 kHz crystal with R5 = 3 kO is to be used with the Colpitts

oscillator in Fig. 16-5. Determine the necessary circuit modi1icatns.
and estimate the peak power dissipation in the crystal.

16-8.2 A Pierce oscillator (as in Fig. 16-27) has a crystal with L = 500 pH at
= 1 MHz. Select suitable capacitor values and calculate the

minimum amplifier voltage gain.

16-8.3 Design a 50 kHz, crystal controlled,Wein bridge oscillator to use a
crystal with R5 = 2 M. The available supply voltage is V = ±12 V.

Specify the op-amp bandwidth.

Chapter-16 Review Questions

Section 16-1
16-1 State the Barkhausen criteria for a sinewave oscillator, and

explain why they must be fulfilled to sustain oscillations.

16-2 Draw the circuit diagram of an op-amp phase shift
oscillator. Sketch the circuit waveforms, and briefly explain
the oscillator operation.
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16-3 Write the oscillating frequency equation for a phase shift
oscillator. Discuss the phase shift network attenuation
and the amplifier gain requirements.

16-4 Sketch the circuit diagrain for a phase shift oscillator that
uses a single-stage BIT amplifier. Briefly explain the circuit
operation.

Section 16-2
16-5 Draw the circuit diagram of an op-amp Colpitts oscillator.

Sketch the oscillator waveforms, and briefly explain the
circuit operation.

16-6 Write the frequenc y equation for a Colpitts oscillator.
Discuss the phase shift network attenuation and the
amplifier gain requirements.

16-7 Sketch circuit diagrams for a Colnitts oscillator using a
single-stage BJT amplifier. Briefly explain the circuit
operation.	 -

Section 16-3
6-8 Draw the circuit diagram of an op-amp Hartley oscillator.

Sketch the oscillator waveforms, and explain the circuit
operation.

16-9 Write the frequency equation for a Hartley oscillator.
Discuss the phase shift network attenuation and the
amplifier gain requirements.

16-10 Sketch circuit diagrams for a Hartley oscillator using a
single-stage BJT amplifier. Briefly explain the circuit
operation.

Section 16-4
16-11 Draw the circuit diagram of an op-amp Vein bridge

oscillator. Sketch the oscillator waveforms, and explain the
circuit operation.

16-12 Write the frequency equation for a Wein bridge oscillator.
Discuss the phase shift network attenuation and the
arnplifiei gain requirements.

Section 16-5
16-13 Show how the output amplitude of a phase shift oscillator

can be stabilized by means of a diode circuit. Explain the
circuit operation.

16-14 Sketch a diode amplitude stabilization circuit for a Wein
bridge oscillator, and explain its operation.

16-15 Draw a PET circuit diagram for stabilizing the output
amplitude of a \Vein Bridge oscillator. Explain the circuit
operation.

In
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Section 16-6
16-16 Draw the circuit diagram of a square wave generator that

uses an Inverting Schmitt trigger circuit. Sketch the circuit
waveforms, and explain its operation.

Section 16-7
16-17 Sketch an op-amp Integrating circuit together with the

circuit waveforms. Explain the circuit operation.

16-18 Draw the circuit diagram of a triangular waveform
generator that uses an integrator circuit and a
noninverting Schmitt trigger Sketch the waveforms and
explain the circuit operation.

16-19 Discuss how the output amplitude and frequency can be
made adjustable in a triangular wave generator.

Section 16-8
16-20 Describe a piezoelectric crystal as used with electronic

circuits. Sketch the crystal equivalent circuit and
impedance/frequency graph. Explain the behaviour of
electronic crystals.

16-21 Show how piezoelectric crystals are employed for oscillator
stabilization. Explain.

Chapter-16 Problems

Section 16-1
16-1 Design a phase shift oscillator to have a 3 kHz output

frequency. Use a 741 op-amp with Vcc = ±12 V.

16-2 A phase shift oscillator is to use three 0.05 jiF capacitors
and an op-amp with Vcc = ±9 V. Design the circuit to havef
= 7 kHz. Select a suitable operation amplifier.

16-3 Redesign the circuit In Problem 16-1 to use a single-stage
B,JT amplifier. Use a 2N3904 transistor with Vec = 15 V.

16-4 The phase shift oscillator circuit In Fig. 16-1 has the
following component values: R 1 = 3.9 kfl, R2 = 120 k[), R 3 =

120 kfl, R = 3.9 kfl. C = 0.025 jiF. Calculate the circuit
oscillating frequency.

16-5 Determine new capacitor values for the phase shift
oscillator in Problem 16-1 to switch Its frequency to (a) 700
Hz, (b) 5 kHz.

Section 16-2
16-6 U,ii-,g a 741 op-amp with Vcc = ±10 V. design a Colpltts

oscillator to have a 30 lcIIZ occillating frequency.

16-7 Design a Colpltts oscillator to havef = 55 kIIz, and to u a
20 rnH Inductor and a 741 op-amp with V = ±18 V.
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16-8 The Colpitts oscillator circuit in Fi g. 16-4 has: R 1 = 18 kü,
R9 180 kO, R3 = 18 kft L = 75 mH, C 3 = 3000pF, and C2=
300 pF. Calculate the circuit oscillating frequency.

16-9 Design a 20 kHz Colpitts oscillator using a 10 mM Inductor
and a single-stage BJT amplifier. Use a 2N3904 transistor
with V	 20 \7

Section 16-3
16-10 Design a 6 kHz Hartley oscillator circuit to use a 741 op-

amp, and an inductor with L = 10 inH and I,, = 100 rnH.

16-11 Calculate the oscillating frequency for the Hartley oscillator
in Fig. 16-7 if the components are: R 1 = 3.3 kQ, R2 56 kU,
R3 = 3.3 kfl, L 1 = 3 roil, L2 = 50 mH, and C 1 = 1500 pF.

16-12 An op-amp Hartley oscillator has two inductors with L 1 = 5
mH. L2 = 40 mH, and a total inductance ci LT = 50 mH.
Determine the capacitor value to give f 2.25 kHz. Also,
calculate the required amplifier volta ge gain.

Section 16-4
16-13 Design a 15 kHz Vein bridge oscillator to use an op-amp

with Vcc = ±14 V. Specify the operational amplifier.

16-14 A Wein bridge oscillator uses two 5000 pF capacitors and a
741 op-amp with Vcc = ±12 V. Complete the circuit design
to produce a 9 kHz output frequency.

16-15 The Wein bridge oscillator In Fig. 16-10 has the following
components: R 3 = R2 = R4 = 5.6 kO, R3 = 12 kO, C 1 = C2 =

2700 pF. Calculate the oscillating frequency.

16-16 The oscillator in Problem 16-15 has its capacitors changed
to 0.05 pF. and resistors R 1 and R2 are adjustable from 4.7
kO to 6.7 kO. Calculate the maximum and minimum
output frequencies.

Section 16-5
16-17 The phase shift oscillator In Problem 16-1 is to have its

output amplitude stabilized to ±7 V. Design a suitable diode
amplitude stabilization circuit.

16-18 Design a diode amplitude stabilization circuit to limit the
output of the Wein bridge oscillator in Example 16-4 to a
maximum of ±4 V.

16-19. Design a 3 kHz Wein bridge oscillator using a diode circuit
to stabilize the output to ±10 V. A ±20 V supply is to be
used, and a suitable op-amp is to be selected.

16-20 Modify the circuit for Problem 16-19 to use a PET
stabilization circuit, as In Fig. 16-15. Use a FET with r
2000 at V=3V, and r600Uat V=5V.
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Section 16-6
16-21 The square wave generator circuit in Fig. 16-17 has the

following quantities: R 1 = 33 kl, R2 = 56 kG, R3 = 2.2 kG.
C1 = 0.15 pF, Vcc = ±12 V. A rail-to-rail op-amp is used.
Determine the output amplitude and frequency.

16-22 Design a square wave generator circuit (as in Fig. 16-17) to
produce a 3 kHz. 9 V output. Select a suitable op-amp.

16-23 A square wave generator circuit is to use a B!EET op-amp
with Vcc = ±18 V. Design the circuit to produce air
frequency adjustable from 500 Hz to 5 kHz.

16-24 Modify the circuit designed for problem 16-22 to make the
output adjustable front 	 kHz to 3.5 kHz.

Section 16-7
16-25 Design a triangular waveform generator to produce a 1 V.

1 kHz output. Use 741 op-amps with V,, = ±12 V.

16-26 Modify the circuit designed for Problem 16-25 to make the
output adjustable from 500 Hz to 1.5 kHz.

16-27 Determine the amplitude and frequency of the output from
a triangular waveform generator (as iii Fig. 16-20) that has
the following components and suppl y voltage: R. = 10 kG.
R2 = 3.9 kG. R. 3 = 22 kG. C, = 0.5 pF, Vcc = ±12 V.

16-28 Determine the output frequency range from the circuit in
Problem 16-27 if R, is replaced with a 4.7 kG resistor in
Series with a 10 kG potentiometer.

Section 16-8
16-29 The oscillating frequency of the Hartley oscillator circuit in

Fig. 16-8 is to he stabilized by means of a 100 kHz crystal
with Rs = 700 Q. Deter-mine the necessary modifications.
and estimate the peak power dissipation fit 	 crystal.

16-30 Select suitable capacitor values for a Pierce oscillator (as in
Fig. 16-27) that uses a 3 MHz crystal. The crystal has L =
390 pH at the oscillating frequency.

16-31 A 200 kHz crystal with R5 = 700 0 is used in the \Vein
bridge oscillator circuit in Fig. 16-26. Design the circuit
using ACL 3 for the amplifier. Assume that V- = ±15 V
and that the output is limited to ±5 V.

Practise Problem Aiijvers
16-1.1 10kQ,10kQ,330k0,1000pF

16-1.2 V0- = 18V, R, = (56 kG + 2.2 kG), R, = 27 kG, R = 3.3 kG,

(R - Z 0 ) = 1.8 kG, R = 3.3 kG, C = (0.15 pF))2000 pE), C.	 75 pF
16-2.1 12 kG, 120 kG, 12 kG, 0.01 pF, 220 mH, 1000 pF, ±12 V

16-2.2 Va-=15V,R,=(68kQ+8.2kQ),R247kG,Rc=4.7k0,R=

4.7 kG, C, = 0.06pF, C2 = 6000 pF , C = 0.05pF, C1 = 3 p
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±12 V, 1 kG, 10 kG, 1 kG, 2.2 mH, 22 rnH, 0.02 pF

66,3 kHz
10.6 kHz, 28.4 kHz
10 kG, 2.2 kG, 27 kG, 2.2 kG, 1000 pF, 5000 pF
220 0, 5.6 kG, 1.5 kG, 2 kG, 3.9 kG, 220 0, 0.082 pF

1.5 kG, 2.2 kG, 1.5 kG
12 kG, 150 kG
0.1 pF, 2.7 kG
±1.42 V, 6.13 kHz
(6.8 kG -- 10 kG pot.), 0.5 pF, 2.2 kG, 12 kG

Crystal in series with R 1 = 22 kG, 2.8pW

270 pF, 62 pF, 4.4
3.9 kG, 5.6 kG, 560 pF, 560 pF, 12 kG, 5.6 kG, 150 kHz

562

16-3.1
16-3.2
16-4.1
16-4.2
16-5.1
16-5.2

16-6.1
16-6.2
16-7.1
16-7.2
16-8.1
16-8.2
16-8.3
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Objectives
You will be able to:

1 Sketch transistor series regulator
circuits, and explain their operation.

2 Show how regulator circuits may be
improved by the use of error
amplJiers. additional series-pass
transistors, preregulation etc., and
how the output voltage may be
adjusted.

3 Design transistor series regulators
circuits to fulfil a given specification.

4 Analyze transistor series regulators
to determine source effect, load
effect, line regulation, load
regulation, and ripple reduction.

5 Sketch operational amplifier series
regulator circuits, and explain their
operation.

6 Design op-amp series regulators
circuits to fulfil a given specification.

7 Sketch and explain the basic circuit
of a 723 IC voltage regulator, and
design circuits using 723 ICs.

8 Sketch IC regulator block diagrams,
and determine external component
values for various applications.

9 Sketch the block diagram and
waveforms for a switching
regulator, and explain its
operation.

10 Sketch circuits and waveforms for
step-down, step-up, and inverting
converters, and explain their
operation.

11 Design LC filter circuit for various
switching converters.

12 Show how an IC controller circuit is
used with switching converters.
and calculate values for the
externally-connected components.
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Introduction
Almost all electronic circuits require a direct voltage supply. This is
usually derived from the standard industrial or domestic ac supply

by transformation, rectification, and filtering. The resultant raw dc

is not stable enough for most purposes. and It usually contains an

unacceptably large ac ripple waveform. Voltage regulator circuit are
employed to render the voltage more constant and to attenuate
the ripple.

Unregulated power supplies and Zener diode regulators are
discussed in Chapter 3. Zener diode regulators are normally used

only where the load current does not exceed 25 mA. A transistor
operating as an emitter follower circuit may be connected to a
Zener diode regulator to supply larger load currents. The regulator
circuit performance is tremendously improved when an error

amplifier is included, to detect and amplify the difference between
the output and the voltage reference source, and to provide
feedback to correct the difference.

A variety of voltage regulator circuits are available in integrated
circuit form.

17-1 Transistor Series Regulator

Basic Circuit
When a low-power Zener diode is used in the simple regulator
circuit described in Section 3-6, the load current is limited by the
maximum diode current. A hi gh-power Zener used in such a
circuit can supply higher levels of load current, but much power is
wasted when the load is light. The emitter follower regulator
shown in Fig. 17-1 is an improvement on the simple regulator
circuit because it draws a large current from the supply only when
required by the load. In Fig. 17-1(a), the circuit Is drawn In the
form of the common collector amplifier (emitter follower) discussed
In Section 6-6. In Fig. 17-1(b). the circuit is shown in the form
usually referred to as a series regulator. Transistor Q j is termed a

series-pass transistor.

(+1 Vfif

Do RL

(a) Emittcr follower voltage regulator (b) Series voltage regulator circuit

Figure 17-1
To supply a large output current
from a Zener diode voltage

V 
regulator, a transistor (Q is
connected as an emitter follower.
This converts the circuit into a
series voltage regulator.
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The output voltage ('/) from the series regulator is (Vi - VBE. and
the maximum load current (1j(,na)1 can be the maximum emitter
current that Q, is capable of passing. For a 2N3055 transistor
(specification in Appendix 1-8), I could approach 15 A. When I is
zero-, the current drawn from the supply is approximately (I +

where I., I is the minimum collector current to keep Q1
operational. The Zener diode circuit (R, and D) has to supply only
the base current of the transistor. The series voltage regulator is,
therefore, much more efficient than a simple Zener diode regulator.

Regulator with Error Amplifier
A series regulator using an additional transistor as an error
amplifier is shown in Fig. 17-2. The error amplifier improves the
line and load regulation of the circuit, (see Section 3-5). The
amplifier also makes it possible to have an output voltage greater
than the Zener diode voltage. Resistor R2 and diode D1 are the
Zener diode reference source. Transistor 92 and its associated
components constitute the error amplifier, that controls the series-
pass transistor (Q 1). The output voltage is divided by resistors R3

and R, and compared to the Zener voltage level (V7). C 1 is a large-
value capacitor, usually 50 pF to 100 pF, connected at the output
to suppress any tendency of the regulator to oscillate.

Rr	

/k :	
+

Jo;	

+	 R
'

-	 -

When the circuit output voltage changes, the change isamplified
by transistor 92 and fed back to the base of Q1 to correct the
output voltage level. Suppose that the circuit is designed for V0 =

12 V, and that the supply voltage is V = 18 V. A suitable Zener
diode voltage in this case might be V = 6 V. For this V level, the
base voltage of 92 must be, VB2 = V + VBE2 = 6.7 V. So, resistors R.

and R4 are selected to give V,32 = 6.7 V and V0 = 12 V. The voltage at
the base of Q 3 is, V.,V0 + V 1 = 12.7 V. Also, Vpj = V - '17rn =
V. The current through R 1 is largely the collector current of 92.

Now suppose the output voltage drops slightly for some reason.
When V. decreases, V,5 decreases. Because the emitter voltage of

92 is held at V, any decrease in V appears across the base-
emitter of Q2. A reduction in VBE2 causes 'C2 to be reduced. When

1C2 falls, VRI is reduced, and the voltage at the base of Q 1 rises (V,3,

= V - VR)) causing the output voltage to increase. Thus, a decrease
In V0 produces a feedback effect which causes V0 to increase back

Figure 1-2
alt ue réultr c;rLu;t

an error amplifier. The error
nmplificr improves the regulotor
line and load regulation, and give;
art output voltage greater than
the Zener dade voltage.
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toward its normal level. 'Faking the same approach, a rise in V0

above its normal level produces a feedback effect which pushes
down again toward its normal level.

When the input, voltage changes, the voltage across resistor R.

changes in order to keep the output constant. This change in
is produced by a change in C2. which itself is produced b y a small
change in V. Therefore, a ssipplv voltage change (V5) produces a
small output voltage chan ge (V). The relationship between AV,
and A V , , depends ttporl the amplification of the error aniplifier.
Sinilarly , when the load current (II) changes. 1 ,3 1 alters as
necessary to increase or decrease 1 Ei ,The Im variation is produced
by a change 'C2 

which. atice again, is the result of an output
voltage variation

Series Regulator Performance
The performance of a series regulator without an error amphuler

tFffi. 17- 1) Is similar to that of a Zener diode regulator. (see Section
3-6), except in the case of the load effect. The series-pass transistor
tends to improve the regulator load effect by a factor equal to :lue
transistor

The error amplifier in the regulator In Fig 17-3 (reproduced from
Fig. 17-2) improveS all aspects of the circuit performance b y an an
amount directl y related to the auiuplihier voltage gain (A.). When \'
changes 1)y	 the (}tltput barge is.

v	 (17-1)
°A

if V5 Is produced by a variation i t ,, the ac suppl y voltage, the
power supply source effect is reduced b y ii factor of A. AV, might
also be the result of an Increase or (ecrease In load current that
causes a change In the average level of the dc supply voltage. Thus.
the load effect of the power suppl y is reduced by a factor of A.

Now consider the effect of supply voltage tipple on the circuit in
Fig. 17-3. The ripple waveform appears at the collector of transistor
Q,. If there was no negative feedback, it would also be present at
Q 1 base and at the regulator output. However, like supply voltage
changes, the Input ripple is reduced by a factor of A 0 when it
appears at the output. The ripple rejection ratio is calculated as
the decibel ratio of the Input and output ripple voltages.

Example 17-1
The supply voltage for the regulator in Fig. 17-3 has V = 21 V on no load,
and V5 = 20 V when 'ae = 40 mA. The output voltage is V. = 12 V, and
the regulator has an error amplifier with a gain of 100. Calculate the source
effect, load effect, line regulation and load regulation for the complete po\ver
supply. Also determine the ripple rejection ratio in decibels.

Solution

Eq. 3-20,	 Source Effect	 AV0 for (AV5 = 10%)



Figure .17-3
Voltage variations at the input of
a regulator with an error amplifier
are reduced by a factor equal to
the amplifier voltage gain.

A I A I',,
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V5	 10% of 21 V
Eq. 17-1,

100

= 21 rnV

	

Eq. 3-22,	 Load Effect = AV, 	 for

	

LW5	 21V-20V
Eq. 17-1,

1(X)

= 10 rnV

(Source Effect) x 100%
Eq. 3-21,	 Line regulation = 

21 mVxl00%

12V

= 0.175%

	

Eq. 3-23,	 Load regulation = (Load
	 Effect) x 100%

E0

10 rnVx 100%

12 V

= 0.08%

ripple rejection = 20 log (1/As ) = 20 log (1/100)

= - 40 dB

Regulator Design
To design a series regulator circuit (as in Fig. 17-3), the Zener diode
Is selected to have Vless than the output voltage. A Zener diode
voltage approximately equal to 0.75 V0 is usually suitable.
Appropriate current levels are chosen for each resistor, and the
resistor values are calculated using Ohm's law. Transistor Q 1 is
selected to pass the required load current and to survive the
necessary power dissipation. A heat sink (see Section 8-8) is
normally required for the series-pass transistor in a regulator that
supplies large load currents. As discussed, a large capacitor is
usually connected across the output to ensure amplifier ac

stability, (C 3 In Fig. 17-3).
The difference between the regulator input and output voltages is

the collector-emitter voltage of the series-pass transistor (Q), and
this voltage must be large enough to keep the transistor
operational. The minimum level of V (known as the drout

voltage) occurs at the lowest point in the ripple waveform of
(rectified and filtered) raw dc input. If V 1 is too small for correct
operation at this point, a large-amplitude ripple waveform appears
at the regulator output.
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Example 17-2
Design the vohage regulator circuit in Fig. 17-4 to prodUce C	 12\ and
1.	 = 40 mA. The SLJppI\ \ oltage is U , = 20 V.

Solution
Select,	 V1	 0,3 t	 O.5x12V

= 9 V

For 0., use a 1N75 7 Zener diode ith V.. = 9. 1 V isee Appendi\ 1 -4

For minimum fJ current.

5 elect	 l...	 C) m\

	

V , -\,.	 2\ ,r1•1 v

	= 2900	 2() C taridard vakie)	
.'	 :.

I ..	 1.	 L	 r) mA	 10 mA

	

I)(r i( stun tor Q —	 I?

I	 ... =
I-iiu,'e	 17-4

/,	 S V, - V	 I. .	 2(1 \/ - 12 V 'r	 011)\	 "•' r'''LJIi(ur	 U, [Ut	 Ur
-	 •-'	 Juuph 17-2

400 nA\

A1rrnirrg	 h 1	 50,

0mA

	

=	

S

= 1 mA

'C2 >
select,	 '(-I = 5 mA

R=581=(°')

1C2181	 5rnA+lmA

= 1.21 kO use 1.2 kO standard value)

I, =42'-IR2=5n1A+10rnA

= 15 mA

14 > > 'B 1 s,.

select,	 14 = 1 mA



+

I.
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R = \/+ flf = 
9.1 V ± 0. 7 \1

14	1 m

= 9.8 kO (use 10 kO SM nda ci Va i ie

R 
= 0 - R4 = 

i!_V - 9.8 V

14 1 m

= 2.2 LO (standard vaLue

Practise Problems
17-1.1 A 12 \' dc power supply has an 18 V input ( V5 ) from a rectifier and

filter circuit. There is a 1 V drop in V5 from no load to full load. if the
regulator has an error amplifier with A, = 70, calculate the source
effect, load effect, line regulation, and load regulation.

17-1.2 A voltage regulator circuit as in Fig. 17-4 has V5 = 25 V, and is to
produce V. = 15 V with	 = 60 mA. Design the circuit and
specify the series transistor. Assume hffl(rn,fl) = 100.	 - —

17-2 Improiizg Regulator Performance

Error Amplifier Gain
The performance of a regulator is dependent on the voltage gain of
the error amplifier. (see Eq. 17-1). A higher gain amplifier gives
better line and load regulation. So. an ything that improves the
amplifier voltage gain will improve the regulator performance. Two
possibilities to increase A, are: using as transistor with a high h

value for Q2, and using the highest possible resistance value for R1.

Output Voltage Adjustment
Regulator circuits such as the one designed in Example 17-2 are
unlikely to have \) exactly as specified. This is because of
component tolerances, as well as, perhaps. not finding standard
values close to the calculated values. Hence, some form of
adjustment is required to enable the output voltage to be Set to
the desired level. In Fig. 17-5 the potentiometer (R) connected
between resistors R3 and R4 provides output adjustment. The
maximum output voltage level is produced when the potentiometer
moving contact is at the bottom of R5 :	 4

R3 + R4 + R
Vmj=	

R	
5xV2	 (17-2)

4

Minimum V. occurs when the moving contact is at the top of R5.

Figure 17-5

	

R3 + R4 +	
t e o.a pot ent iorneterto provid'

Vmjn, =
	 +	

x VB2	 (173)	 rerJ!at0r output voltage adju t-

4	 5	
rneflt
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Example 17-3
Modify the voltage regulator dicuit in Ex. 17-2 (as in Fig. 17-6 to make V.

adjustable from 11 V to 13 V.

Solution
select	 = 1 mA

For V. = 11 V, (moving contact at top of R5)

=	 -	 = 11 V - 9((V
R 

	

L.	 1 MA

= 1.2 LU .standard value)

	

\/.	 9.8V
R4 +- R. = --- =

	

-,	 1 mA

9.8 LU

Fcr V0 = 13 V (moving contact at bottom of R)

1IV
I, becomes,	 14 =	 = ----	 -

	

-
R 3 - R4 — R 5	 1.2k0+9.8k0

= 1.18 mA

9.8 V
R. =	 =

-.	 14	 1.18mA

8.3 LU use 8.2 LU standard value)

* R4 
112k]

Q:	 ...R	 jc 1	 v,,
25 kO

R,
8.2 kO

Figure 17-6
Adjustable	 output	 regulator
circuit for Example 17-3.

= (R4 s- R) - R4 = 9.8 kU - 8.2 kO
= 2.6 LU use 2.5 kU standard value potentiometer

High Output Current Circuit
For the circuit in Fig. 17-6 to function correctl y , the collector
current of 92 must be larger than the maximum base current
flowing into Q1 . In regulators that supply a large output current.
IBI can be too large for 'c2 to control. In this case, an additional
transistor (93) should be connected at the base of Q, to form a
DarlingtonCirctdt (or Darlington Pair), as In Fig. 17-7. Transistor Q
is usually a high power BIT requiring a heat sink (see Section 8-8),
and 93 Is a low power device. The g3 base current is,

(17-4)
x hfE3

The current gain for the Darlington Is (hrEl x 14-3). and the level of
IB3 Is low enough that Ic2 may easily be made much greater than
I. Note resistor R6 In Fig. 17-7, which is Included to provide a
suitable minimum Q3 operating current when 'L is very low.

Darlington transistors consisting of a pair of (low-power and
high-power) I3JTs fabricated together and packaged as a single
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device are available. These are usuall y referred to as power

Darlinqtofls. The 2N6039 is an npn power Darlington with an
specified as 750 minimum. 18 000 maxitnum. Resistor R, in Fig.
17-7 is not required when a power Darlington is used.

Example 17-4
Modify the voltage regulator circuit in Ex. 17-2 to change the load current to
200 mA, Use a Darlington circuit (as in Fig. 17-7), and assume that h. = 20,

and that h, = 50. Specify transistor Q.

Solution
If 	I.(=,) +	 = 200 mA + 10 mA

= 210 mA

—	 — 210 riiA
'Bl(rnaO	 j.,	 200 I

= 10.5 mA

— 10.5 mA

50

= 0.21 rM

>

select,	 = 1 mA

=

	

+	 1 mA ± 0.21 mA

= 5.45 k'Q (use 5.6 kO standard value

select,	 4 = 0.5 mA

R	
VO±VBFI	 i2V--tJ.7V

6	
16	 0.5 mA

= 25.4 kO (use 22 kO standard value)

Specification for Q1,

= = 20V

= 210 mA

	

P0() = (V5 -	 x 4	 = (20 V - 12 V) x 210 mA

= 1.68W

\IE

Figure 17_7
.-\n additional tranntc. rQ.
connected at the hoe a' Q
constitute a Dar!ncon crctir
a/be's a voItae redu!atar to
supple a ho,-her Oij jJj t Currsnt.

' vs	 - 
L l's

:R,

1

Figure 17-8
Preregulation	 i n a r'Ci!ator
Refer to Fig. 17-8, which is a partiall y reproduction of Fig. 17-2. 	 votta

'
e vç prod;ces an oetput

Note that resistor R 1 is supplied from the regulator input, and 	 chane (AV, =
consider what happens when the supply voltage drops by I V. 111C2



/)

Pierce ji t-.

(b) PrcreeuLaior c	 eotcd
hciccri Input ed output

Figure /79

pre regulator	 I rrprrit e
the pu rtormanr e u'	 eilt iqe
rot'jjJitr.
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does not chance. the voltage across R remains constant, and the
1 V drop also occurs at the base of Q 1 and at the output of the
regulator. This does not happen. of course. Instead. 1c2 changes to
reduce the voltage across R and thus keep the Output voltage
close to its normal level. The change in 1C., is produced by a small
change in the output voltage. If R 1 is connected to a constant

Lo(tacje source instead of the input, the change in 1( would not be

required when V,; chaiiies. and consequently. the output vollage
change would not occur.

Now look at F18. 17-9(a) where R 1 is shown 'onnected to another
Zener diode voltae source (R7 and 1)). ""is an'angenlent is (ailed

a preregula(or. \Vhen V,-, changes, the change in t' that occurs is
negligible compared to Thus, virtuall y no change is required in

119 and V0 . A pretegulator substantiall y improves the line and the
load regulation of a regulator circuit.

The minimum voltage drop across R 1 should tvptca llv be 3 V.
(Small values of R. give low amplifier voltage ain.( Also, a
miflinluni of perhaps F) \ 15 required across 1- to keel) t tOas011ilhlV
constant current level through I). Fhe voltage \ j..) br 02 is
ttsuallv a relttvclv hiih voltage for a Zenc r clwche. It maybe
necessary to ue rwo diodes in series to give the desired \ olctge.

Figure 17-9(h) shows another pi'r.tlitor circuit that has R7

and D2 connected across transistor . This gac .11) I? supply

voltage of V 1 =

Example 12-5
Determine siiitahle (on)ponent sale tot a preiegu ater (fl t	 in Fig. F-
9(a) for the oltage rEiJratOr modified in E\. 1 	 1.

Solution
select	 V	 - 3 V

V

	

1 -	 1 rTh\	 0.21 ifl\

- 2, 5 kQ (use 2.' LQ standard \ alue

	

V1 = V	 CII + V51 + RI

-12 V 0.7V + 0.7 V + 3V

= 16.4 V (Use a h\966A \\ith V, - 16 \ \lternatiseb,
use a tt'2753 and a 7 N758 connected in
series. See Appendix 1-4)

> > 1 and J > 1. for Zener diode 1)

47 =3mA

R 
= 1'2 = 20V- 16V

2	
'R'	 5 mA

= 800 0 (Use 820 0 standard value)

select



con 4] r] I CUfl : r

Figure i'-10
A constant-current source can be
used as an alternative to a
preregulator Circuit to improve
regulator performance.

Figure 17-li
Use of a differential amplifier iQ5
and Q6 etc.,) improves the
regulator performance by
improving the gain of the error
amplifier, and by using D 2 as a
stable voltage reference source.

V,
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Constant Current Source
The constant-current source shown in Fig. 17-10 may be used in
place of resistor R 1 as an alternative to a preregulator circuit. This
arrangement passes all the required current to 93 base and 92
collector, but behaves as a very high resistance ( l / Jt J at the
collector of transistor 92. Consequently. it increases the en-or
amplifier voltage gain and results in a substantial improvement in
the regulator performance. To design the constant current source,

VcE4 should typically be a minimum of 3 V. The various voltage
drops and current levels are then easil y determined for component
selection.

Differential Amplifier
Figure 17-11 shows a regulator that uses a differential amplifier, or
dWèrencearnplUier, (see Section 12-8). In this circuit, Zener diode
D2 is the voltage reference source, and D 1 is used only to provide an
appropriate voltage level at the emitter of transistor Q2 . V, is
divided to provide V, and 17,36 is compared to V. Any difference
in these two voltages is amplified by 95 . Q6. Q2, and the associated
components. and then applied to the base of g3 to change the
output in the required direction.

The performance of the regulator is improved by the increased
voltage gain of the error amplifier. However, the performance is also
improved in another way. In the regulator circuit in Figs. 17-2 and
17-7. when 1c ,changes. the current through D 1 is also changed.

(' = + 1E2L This causes the Zoner voltage to change by a small
amount, and this change in V produces a change in output
voltage. In the circuit in Fig. 17-11, the current through the
reference diode (D) remains substantially constant because it is
supplied from the regulator output. Therefore, there is no change
in output voltage due to a change in the reference voltage.

Example 17-6
Design the differential amplifier stage for the regulator in Fig. 17-11. Use the

Q 7 1 Q,, Q3 stage already designed in Examples 17-2 and 17-4. The output
voltage is to be adjustable from 10 V to 12 V.
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Solution
= V82 = 9.8 V

select	 V15 = 3 V

VR9 =V5Vc5=98V3V

= 6.8 V

	

V, =	 + V815 = 6.8 V + 0.7 V

= 7,5 V (use a 1N755 Zener diode)

'C5 >> '82
select	 105 = 1 mA

	

R = V0 -V	 12V-9.8V
8	

'C5	 imA

= 2.2 1<0 (standard value)

'R9 2 x I( = 2 mA

	

V	 6.8V- 

2 m
= 3.4 1<0 (use 3.3 kO standard value)

J,, >> 185 and 1-, > (/ for the Zener diode)

select	 172 = 10 mA

R 
= V0-V12V-7.5V

2	
lOiM

= 450 0 (use 470 0 standard value)

14 >> 186

select	 14 = 1 mA

	

V66 =	 = 7.5 V

when V. = 11 V, (moving contact at the top of R5)

R = V0 -V =11_V-7.5V

/4 1 m

= 3.5 kQ (use 3.3 k 0 standard value)

	

-V	 11V-75V
14 becomes,	 14 

= V	 = 

	

R3	 3.3 mA

= 1.06 mA

	

V86	 7.5V

	

R4 + R5 =	 =

	

14	 1.06rr

= 7.07 kO

4Q22 kO

15 kQ

,4-	 IR9

6kO

Figure 17-12
Djf1crenial amplifier circuit for
Example 1 7-6.
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When V. = 13 V. (moving contact at the bottom of R5)

• 13V
14 becomes,	

= R, + R4 + R,	 3.3 kO + 7.07 kO

= 1.25 mA

V (	 7.5V
R =	 =

14 	 1.25 mA

= 6.25 kO (use 5.6 kU standard value)

R3 =(R4+R5)-R4=7.07k0-5.6k0

= 1.47 kO (use 1.5 kO standard value potentiometer)

Practise Problems
17-2.1 A voltage regulator circuit as in Fig. 17-6 uses a 6.2 V Zener diode.

Determine suitable resistor values for R3, R4 , and R5 to produce an
output adjustable from 9 V to 12 V.

17-2.2 A voltage regulator has an 18 V supply, a 10 V output, and a 150
mA load current. The circuit uses Darlington connected transistor•,
as in Fig. 17-7. Calculate suitable resistor values, and specify
transistor Q. Assume that h 7 = 20 and h13 = 50.

17-2.3 Determine suitable components for the constant current Circuit in
Fig. 17-10. Assume that the supply voltage is 20 V, the output is 12
V, and that J 3 is 100 pA.

17-3 Current Limiting

Short-Circuit Protect on
Power supplies used in laboratories are subject to overloads and
short circuits. Short-circuit protection by means of current
limiting circuits is necessary in such equipment to prevent the
destruction of components when an overload occurs. Transistor

Q7 and resistor R10 in Fig. 17-13(a) constitute a current limiting
circuit. When the load current (1L) flowing through resistor R 0 is
below the normal maximum level, the voltage drop V10 is not large
enough to forward bias the base-emitter junction of 9 7. In this
case, 97 has no effect on the regulator performance.

When the load current reaches the selected maximum
V 0 biases 97 on Current I then produce a voltage drop across
resistor R3 that drives the output voltage down to near zero.

The voltage/current characteristic of the regulator is shown In
Fig. 17-13(b). It Is seen that output voltage remains constant as

	

the load current Increases up to	 Beyond 'Urn' V0 drops to
zero, and a short-circuit current (1) slightly greater than
flows at the output. Under this circumstance, series pass
transistor Q1 Is carrying all of the short-circuit current and has
virtually all of the supply voltage developed across its terminals.



R1

(arrcnt limiting circuit

i,;

I.
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So, the power dissipation in 9, is,

P1 = vsx Isc	 (17-5)

Obviously. 9, must be selected to survive this power dissipation.
Design of the current limiting circuit in Fig. 17-13 is very simple.

Assuming that 97 is a silicon transistor, it should begin to
conduct when V, 3 0.5 V. Therefore. R,0 is calculated as.

0.5 V
R10	 (17-6)

'Lrno.x)

(b) V,;/. characteristic of current Itmiting circuit

Fold-Back Current Limiting
A problem with the simple short-circuit protection method just
discussed Is that there is a large amount of power dissipation in
the series pass transistor while the regulator remains short-
circuited. The foldback current limiting circuit in Fig. 17-14(a)
minimizes this transistor power dissipation. The graph of V0/1 in
Fig. 17-14(b) shows that the regulator output voltage remains
constant until is approached. Then the current reduces (or
folds back) to a lower short-circuit current level (I). The lower
level of I produces a lower power dissipation In Q,.

To understand how the circuit In Fig. 17-14 operates, first note

Figure 1-13
Rei,'u Ia t ci r 0 i e rio., d prot ocr,, in
circuit. IVh en Int reI , r, to a
elected maximum !e el,
aue Q_ to ccr.dii . and thN

puII Q ha- c' do,'. i.iu . cog V to
be redu cci to near /cro.
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that when the output is shorted, Vu equals zero. Consequently,

the voltage drop across resistor R 11 is almost zero. The voltage

across R10 is (J. x R,&, and (as in the simple short-circuit
protection circuit) this is designed to just keep transistor 93 biased
on. When the regulator is operating normall y with Ij less than

the voltage drop across R 11 is.

V,xR11

R 1 + R,2

To turn Q 7 on, the voltage drop across R 10 must become larger

than V by enough to forward bias the base-ernilterjunctiOfl of

Q 7. Using V 7 0.5 V. and making V	 0.5 \ gives

'L(,,iaI R 10 = 0.5 V + 0.5 V = 1 V

With 'SC R3 = 0.5 V.

'Umar) 2 'Sc [see Fig. 17-14(b)]

If V 11 is selected as 1 V.

'U,naO R10 0.5 V + 1 \T = 1.5 V

and.	 'Li,nwj31SC

i

Figure 17-14
Foldback current limiting. The
short-circuit current (/) 

is Ies

than i j( . thus minimizing the
power diipation in Q7.

(a) Foldback current limiting circuit

\­ ­ 1

IL	 1

(b) Characteristic of foldback current limiting circuit



R

Fi'ure 17-I5
I ulciba k current lime a	 -
for Example 17-7.

5 7 8	 Electronic De ccs and Circuits 4th ed.

The fold-back current limiting circuit is designed b y first

calculating R 30 to give the desired level of I. Then, the voltage

divider resistors (R 11 and R 1 ,) are calculated to provide the

necessary voltage drop across R 11 for the required relationship

between 1 and 'u'-•

Example 17-7
Design a fold back CLI rre it Ii miti ng diR hit for a voltage  regulator \' th a 12V

output. The ma\irnLini OLt,t cirient is to he 200 iii and the -Hei-i at

current is to be 100 mA.

Solution
- 100 ti-\

select	 .	 0.3 \ at short-d11 oil

R.
I	 100 Ii\

- 3 0 u-e 4. 0 tijidir I \hlt C

at I	 ,	 I	 R.	 200 mAx 4.7 0

0 94

= 0 44 \

J r . >>I-
select	 I,	 = 1 mA

0.44 V
R1,

I. 	 irnA

= 440 0 LiSe 470 0 standard 'value)

R =
	 tuRt1 = 12V+0.94V-044V

/ 7 	 1 mA

= 12.5 kO (uce 12 kO standard value)

Practise Problems
17-3.1 A short-circuit protection circuit, as in Fig 17-13, is to be designed to

limit the output of a 15 V regulator to 400 mA. Select a suitable value
for R10, and specify Q 7 Assume that V5 = 25 V.

17-3.2 Modify the circuit designed for Problem 17-3.1 to convert it to fold-
back current limiting with a 150 mA short-circuit current.



Figure 17-16
Operational amplifier connected
as a voltage follower regulaor.
The output voltage is held
conStant at

Figure 17-17
High ly adjustable oupJt,
voltage regulator using an
operational amplifier.Vs
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17-4 Op-amp Voltage Regulators

Voltage Follower Regulator
Refer once again to the voltage regulator circuit in Fig. 17-11. The
complete error amplifier has two iip.ut terminals at the bases of 95
and 96 and one output at the collector of Q,. Transistor 96 base is

an inverting input and 95 base is a noninveriing input. The error
amplifier circuit is essentially an operational amplifier. ThuS, IC

operational amplifiers with their extremely high open-loop voltage
gain are ideal for use as error amplifiers in dc voltage regulator
circuits. Normally, an internally compensated op-amp (such as the
741) is quite suitable for most voltage regulator applications.
A simple voltage follower regulator circuit is illustrated in Fig. 17-

16. In this circuit, the op-amp output voltage always follows the
voltage at the noninverting terminal, consequently, V. remains

constant at V. The only design calculations are those required for
design of the Zener diode voltage reference circuit (R 1 and D), and

for the specification of 91.

Adjustable Output Regulator
The circuit in Fig. 17-17 is that of a variable-output, highly stable
dc voltage regulator. As in the transistor circuit in Fig. 17-11, the
reference diode in Fig. 17-17 is connected at the amplifier
noninverting input, and the output voltage is divided and applied
to the inverting input. The operational amplifier positive supply
terminal has to be connected to regulator supply voltage. If it were
connected to the regulator output, the op-amp output voltage (at

92 base) would have to be approximately 0.7 V higher than its
positive supply terminal, and this is impossible.
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Design of the regulator Circuit in Fig. 17-17 involves selection of

R 3 and D1 , design of the voltage divider network (R 3, R4 , and R),

and specification of transistors Q 1 and Q2 . 'Clearly, an op-amp
voltage regulator is more easily designed than a purely transistor

regulator circuit.

Example 17-8
Design tire \Oltilge regulator circuit in Fig. 17-18 to give an output voltage

LOtd ble from 12 V to 15 V. The maximum out p lit current is to be 250 mA,

and the supply 'oItage is 20 V. Assuming h, = 20 and = 50, estimate

'c op-amp maximum output Current,

. 'lution

0.75 V 	 = 0.75 x 12 V

= 9V

Use a i% 57 (Lode with U, = 9.1 V

I, > > (op- '11111)	 and 1, >	 for the (I iode

elcct	 /, S 10 mA

V .	 - V
.	

12 V-9,1 \=	 ir,,,, 

10 m

= 290 0 (uSe 270 0 t,inddrd \ dILIC)

>> (op-amp

I	 1 mA

wh,jn Y . 12 V, (moving Contact at ton of R5)

	

R = V, - Vz	12V-9.1V

1 lilA

= 2.9 kO (use 2.7 kQ standard value)

Vf— 9.1V
R+ R. = — ='ir,',)	

1 mA

= 9.1 kO

When V '=I SV. (moving contact at l)omumm of R,,)

13 becomes,	 ..	 V.	 =	 13 
R 3 +R4 +R 5	2.7k0-'-9.lkQ

1.27 mA

V.	 9.1V
R4 = --- = _______

1 3	1.27 mA

= 7.16 kC) (use 6.8 kO standard value)

R5 =(R4 +• m'4-9)-6.8kf)

', Lu

Figure I'-18
Op . arnp oItai,' remjlator for
Example 17-8.
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-	 k)	 .-•' -' -	 '.	 -

eIect	 A

V.

)

-= ...-.	 nc 22 )'.'- -/	 '-aL'

op-ui	 oulpot ( 11001.

.;o i-\
--

S.
	

-- 20

= () /5

C111-relit Limiting with an ')p- ,nr P. u/ato,
.i large outptit cun---	 is to he -i,pltel hv oil o.'

:UllT)lili(-r Voltage reait' 	 ot. coc	 -i iit	 iiiii	 jj.i tills

described ill S . 	i - 	 11,Cd With (IUC	 p)itJllt
ulodlll(Jiufl. Figure 17 19 huw' tic- Tl,^(, ^ !:Ii( at , r^ j:. A I,, -ictoc (1

	

i be connected between ilic u)	 ) (.ittput	 rn.;; a: .ifl(l tlic
jWlCtiOl1 of 920 and Q .. W}r:t -j IOV,il(.. IIIC the i-cot'
output vol.ie to co to 'ct-c. 1 1 1C (11',- wp I t o i lit i0C5 ii01 0 i..

as it altem pts to retu a	 i	 utc-t1 level. Cniient1v.
bec-ai p e the op-amp 1-1-1- 0-.; P\- . - c .' • -v e-v tirt-cat ic- -stan' . U
i-, Ilecessary to allow I	 0. r .	 (I-,,,\ -huge HI Q ba s e to to.:

grotincl level. The aldi- iufldi - esowe .1 111P Oi)-aollj cttpit
calculated as R 13 zV/I,.	 -,lai p	 11 , -,t not be 5) !arc( Iliat
in excessive vc,ltat[c- drop	 u.	 -. I	 lI(Il Ito rydllItaIor
supposed to he operat inc I.,	 i

R

Figure 17-19
V hen c urrent Iirnr .s'
a. I h an(p-ar',.) regular,
re-lctOr (R Oust be inC!uV
series (u the op-amp on-

r.actise Problems
17-4.1 D sign an op-amp voltage regulator circuit as in Fig. 17-17) to

produce an output adjustable from 15 V to 18 V with a 300 mA
aximum load current. The sllpp)y 'Oltage is 25 V

1ett a c-Id-hack C arc ttlir.l Cl5u ft •her	 atorin Problem
7--) i ))u,'adT5.	 mA,enV0=15V.



Figure 17-20
The 723 IC voltage relator
contains a reference diode (Di),
and error amplifier a series-
pass transistor Q), a current
limiting transistor 'Q,), and a
voltage-dropping diode (03.

Figure 17-21
Voltage regulator circuit using a
723 IC regulator. The output
voltage range is 7 Vto 37 V.
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17- 5  IC Linear Voltage Regulators

723 IC Regulator
The basic circuit of a 723 IC voltage regulator in a dual-in-line
package is shown in Fig. 17-20. This IC has a voltage reference
source (D). an error amplifier (A), a series pass transistor (Q), and
a current limiting transistor (Q,). all contained in one small
package. An additional Zener diode (D2) is included for voltage
dropping in some applications. The IC can be connected to
function as a positive or negative voltage reiu lator with an output
voltage ranging from 2 V to 37 V. and output current levels up to
150 ii-A. The maximum supply voltage is 40 V. and the line and
load regulations are each specified as 0.01. A partial specification
for the 723 regulator is given in Appendix 1-16.

t	 OUtPUt
14	 13	 12	 11	 10	 9	 8

1	 2	 3	 4	 5	 6	 7
\,	 -V

Figure 17-21 shows a 723 connected to function as a positive
voltage regulator. The complete arrangement (Including the
Internal circuitry shown In Fig. 17-20) is similar to the op-amp
regulator circuit in Fig. 17-17. One difference between the two
circuits is the 100 pF capacitor (C 1) connected to the error amplifier
output and Its inverting input terminal. This capacitor is used



Figure 1--22

V	 An external	 tranJ r
maybe addedo a ­ 4 lCvolU ;e
regulator to rnppi,	 her lr 3d
currents than	 T23	 an
normally hand,'e.
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instead of a large capacitor at the output terminals to prevent the
regulator from oscillating. (Sometimes both capacitors are
required.) By appropriate selection of resistors R and R2 in Fig. 17-
21, the regulator output can he set to an y level between 7.15 V
(the reference voltage) and 37 V. A potentiometer cart be included
between R 1 and R2 to make the output voltage adjustable.

The dashed lines (in Fig. 17-21) show connections for simple
(non-foldback) current limiting. Fold-back current limiting can
also be used with the 723.

It is important to note that, as for all linear regulator circuits,
the supply voltage at the lowest point on the ripple waveform
should be at least 3 V greater than the regulator output: otherwise
a high-amplitude output ripple might occur. The total power
dissipation in the regulator should be calculated to ensure that it
does not exceed the specified maximum. The specification lists
125 W as the niaximitin power dissipation at a free air
temperature of 25 C C for a D!L package. This must be derated at 10
mW/°C for higher temperatures. For a metal can package, Pfl1,, ) =

1 W at 25CC free air temperature, and the derating factor is 6.6
m\V/°C. An external series-pass transistor ma y be Darlington
connected to (internal transistor) Q, to enable a 723 regulator to
handle larger load current. This is illustrated in Fig. 17-22.

A regulator output voltage less than the 7.15 V reference level
can he obtained by using a voltage divider across the reference
source (terminals 6 and 7 in Fig. 17-20)- Terminal 5 is connected to
the reduced reference voltage, instead of to terminal 6.

r.

Example 17-9
The regulator Circuit in Fig. 17-21 is to have an output of 10 V. Calculate
resistor values for R and R2, select a suitable input voltage, and determine
the maximum load current that may be supplied if PQ(,,) = 1000 mW.



2 V.'
by
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Solution
i. >> (error amplifier input bias current)

Select	 I, = 1 mA

'R2 =	 = 7.15 \!

=Ye1 7.15V
R2 	.
	 =
 

1-,	 i

= 7.15 kO (use 6.8 kO standard value,
and recalculate 12

V.	 7.15\'
1, becomes,	 =	 =

R	 6.8k0

= 1.05 mA

R =
	 10 V-7.15V

	

1	 1.05 mA

2.85 KO ( use 2.7 kO standard value)

For satisfactors operation of the series pass transistor,

select	 V0 = 5 V

= \' — 5 V = 10V ± 5 V

=15V
15 

The internal circuit current is,

25 mA

The 723 internal power dissipation on no-load is,

= Vsx rodhy) 
+ 1) = 15 V x 25 mA

= 375 rnW

Maximum power dissipated in the (internal) series-pass transistor,

P0 = (specified Po(ma) - P, = 1000 mW- 375mW

= 625 mW

Maximum load current,

	

- L)	 625 m

	

V5 - V	 5 V

= 125 mA

LM317 and LM337 IC Regulators
The LM3 17 and LM337 IC regulators are three-terminal devices

which are extremely easy to use. The 317 is a positive voltage
regulator [Fig. 17-24(a)], and the 337 is a negative voltage regulator

Figure 17-23
Regulator circuit for Ex. 17-9.



Figure J'-24
in of the LM3 17 and

..-eirated cirCuit okac
re/ iur. The internal reference

It eap[ar/ ,i,rU' re/l'tCir R7.
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[Fig. 17-24(b)). In each case. Input and output terminals are
provided for supply and regulated output voltage, and an
adjustment terminal (ADM is included for output voltage selection.
The output voltage range is 1.2 V to 37 V. and the maximum load
current ranges from 300 mA to 2 A. depending on the device
package type. Typical line and load regulations are specified as
0.01°d(volt of VJ, and 0.3%/(volt of \3. respectively.

The internal reference voltage for the 317 and 337 regulators is
typically 1.25 V. and Vmf appears across the ADI and output
terminals. Consequently, the regulator output voltage is.

V. — ______
"REF	 (17-7)

L%1377 T
R TIt C'T

at L 5)1/7 posni'.c vultae regulator	 (hi 1. 5f$ - flg.iii\e wltdge regulator

To determine suitable values for R and R 9 for a desired output
voltage, first select the voltage divider current (I i ) to be much larger
than the current that flows in the AflJ terminal of the device. This
is specified as 100 tiA maximu-' on the device data sheet. The
resistors are calculated using the elationship in Eq. 17-7.

Note the capacitors included in the regulator circuits. Capacitor
is necessary only when the regulator is not located close to the

power supply filter circuit. C,, eliminates the oscillatory tendencies
that can occur with long connecting leads between the filter and
regulator. Capacitor C. improves the transient response of the
regulator and ensures ac stability, and C-, improves the ripple
rejection ratio.

Figure 17-25 shows the terminal connections for LM3I 7 and
LV1337 regulators in 22 ]A-type packages.

Example 17-10
An Ld377regulator is to provide a 6 V output from a iS V The load
Current is 200 mA. Determine suitable resistance values for R 7 and R,, (in Fig.
17-24) and calculate the regulator power dissipation.

Solution

>> 'Aol

-

am

4/U F. I

Figure 17-25
Terminal connection/ for LNII 17
and L M 3 3 7 IC re,gulat on
contained in 22 IA packages.
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Select	 1, = 1 mA

- 1.25 V
R1 =
	 1 mA

= 1.25 kO (use 1.2 LO standard value)

=—=-
2	 1mA

= 4.75 kO (uSe 4.7 kO standard value)

( 1 1 , - V) x	 15 V - 6 \'l X 200 mA

= 1.8 W

LM3I0 Regulators
LM340 devices are three-terminal positive voltage regulators with
fixed output voltages ranging from a low of 5 V to a high of 23 V.
The regulator is selected for the desired output voltage and then
simply provided with a voltage (V5) from a power supply filter
circuit, as illustrated in Fig. 17-26. Here again, capacitor C 1 is

required only when the regulator is not located close to the filter.
The LM340 data sheet specifies the regulator performance for an

output current of 1 A. The tolerance on the output voltage is ±2%,
the line regulation is 0.01% per outputtolt. and the load regulation

is 0.3 per amp oJ' load car-rent. The IC includes current limiting,
and a thermal shutdown circuit that protects against excessive
internal power dissipation. As with all series regulators a heat
sink must be used when high power dissipation is involved.

Practise Problems
17-5.1 Design the regulator circuit in Fig. 17-22 to have an 18 V, 200 rn'

output. Include short circuit protection, and specify Q,.

17-5.2 Using an LM317, design a 9 V, 150 mA voltage regulator. Select a
supply voltage, and calculate the regulator power dissipation.

17- 6  Switching Regulator Basics

Switching Regulator Operation
A switching regulator can be thought of as similar to a linear
regulator. but with the series-pass transistor operating as a switch
that is either off, or switched on (iii a saturated state). The output
voltage from the switch is a pulse waveform which is smoothed
Into a dc voltage by the action of an LC filter.

Switching regulators can be classified as:
• step-down converter (output voltage lower than input)
• step-up converter (output higher than Input)
• inverting converter (output polarity opposite to input)

LM340

in	 Out
Grid

1/.	

I	
Cf

P

Figure 17-26
The LM340 is a fixed output IC
voiage regulator with an output
selectable from 5 Vto 23 V.
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Input

Integrated circuit controller
S'urc!i

Figure 17-2

' a it( long reguLitor
(rc,ntainecl in an IC ri''' I,ri

Output filter, and a diode I n ' a
niert the d 'nput no) a n. 'c

0 ,Seft 1110 and the 'to''"	 r

the pulse i i e IntO	 it
i,it h a ripple is

The basic block diagram of a step-down switching regulator in
Fig. 17-27 consists of a transistor switch (Q) (also termed a power

stt'ttcil), all oscillator, a collage comparator. a uolcoge reference

source, a ciiode(D), and a/lIter. The switch, oscillator. comparator,
and reference source are all usually contained within an
integrated circuit controller. as illustrated. The filter usually
consists of an inductor and capacitor. The operation of the
regulator is as follows:
• The dc input voltage (U) is converted into a pulse waveform (V)

by the action of the switch (9 1 ) turning on and off. This is
illustrated by the waveforms in Fig. 17- 28.

• The oscillator switches Q 3 ott, causing current to flaw to the
filter, and the output voltage to rise.

• The voltage comparator compares the output voltage (divided by
and R,) to the reference voltage, and it holds g, on until V

equals Viet' Then, Q, is turned off again.
• The pulse waveform (V,.) at the filter input is produced by Q

turning on and off
• The filter smoothes the pulse waveform to produce a dc output

voltage (V,) with a ripple waveform (V,).
• The ripple waveform is the result of the filter capacitor charging

via the filter inductor during t0 , and then discharging to the
load during	 via D,. (The is further explained in Section 17-7.)

In the operation described above, the controller can he thought
of as a pulse width mod ulator, the on time of Q 1 (pulse width of its
output) is increased or decreased as necessary to supply the
required output current. Other systems involve control of the
switch off time.

Comparison of Linear and Switching Regulators
The power dissipated in the series-pass transistor in a linear
regulator is wasted power. This is not very important when the
load current is lower than 500 mA. With high current levels, the
regulator efficiency becomes important. and there can also be
serious heat dissipation problems.

In a switching regulator, the power dissipation in the switching
transistor (whether it is on or off) is very much smaller than in the

\IiLi)tIi

FL-fl

Figure 17-28

Sn ti hing regulator a, eyrnc.

The snitch output is a poPe
i'vaeform, and the filter output S

a dc voltage with a ripp1e
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series-pass transistor of a linear regulator with a similar output
voltage and load current. So, a switching regulator Is more efficient

than a linear regulator.
The approximate efficiency of a linear regulator can be calculated

by assuming that the only wasted power (Ps) is that dissipated in

the series-pass transistor, [see Fig. 17-29(a)].

PI — PO+tVXI)	
(17-8)

To estimate the efficiency of a switching regulator, it should be

noted that D 3 (in Fig . 17-27) is biased off when Q 1 is out, and that

D 1 is on when Q 1 is off. So, the power dissipated In the switching
transistor and diode can be taken as the total wasted power. [Fig.

17-29(b)1. The Q 1 and D 1 power dissipations can be calculated in
terms of the actual current level in each device and the on and off

times. This analysis shows that Ps-, for each device is simply

[(average output current) x (device voltage drop)]. So,

Pi Po + I0 (V t) + VF)	 (17-9)

As discussed, there is much less power dissipation in the
transistor and diode in a switching regulator than in the series-
pass transistor of a linear regulator with the same output
conditions. So, a lower power transistor can be used in the
switching regulator. Also, with a switching regulator there Is
usually no need for the heat sink normally required with a series
regulator. Example 17-11 compares switching and linear
regulators with similar load requirements.

Example 17-11
Calculate the efficiencies of a linear regulator and a switching regulator that
each supply 10 V, 1 A loads. The series-pass transistor of the linear regulator

has V = 7 V. The switching regulator has VCE(sat) =	 = 1 V.

Solution

P0 =V0x10=1OVX1A

= low

Linear Regulator

Eq. 17-8,	 P =Po+(Vaxlo)=1OW+(7VX1A)
= 17W

P0 	-x100%	 lOWxl00%
Efficiency = -	 - _________

P	 17W

= 59%

Switching Regulator

Eq. 17-9,	 P	 P0+10(Vc+ VF) 
=l0W+lA(lV+l

= 12W

AophEer	
Lead

reference

PD	 CE' ja,

(a) Linear regulator

for 1'
VCE(aUr)	 -

r Control	
F	

c
 

V.
circaol with	 -

reference	 Load

for tg'

(b) Switching regulator

Figure 17-29
Comparison of power dissipated
in linear and switching regulators.
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P x 100	 0	 \ 100

	

Efficiency = ______	 — - --	 --

	

F',	 12\\

- 83"

The efiiciencs calculations in this e si topic 'eapp0 5/10.1 e, because Power
disipat ion	 other parts of the ciruIit are 'tcg	 ii

As well as efficiency, there al-c other considerations  in the choice
between linear and switching regulators The output ripple voltage
with a switching regulator is sllt)tantiallv larger than with a
linear re gulator. The line effect can he similar with both types of
regulator. but the load effect is usually larcst with a switching
regulator. For low levels of Output power. a \vitching regulator is
tsuallv more expensive than a linear regu Ia br. A linear regulator

is usuall y the best choice for output power levels up to 10 W. A
'wit(hill-11 regulator should be considered \vlicn the output is
above 10 W. Table 17 1 compares the two vn1tae regulator types.

Table 1 --7 L ' paroon of 1/near and ot 	 --	 :ioorni sne

near Rceiilat.ir I" . : Line Reutatr

1> piI I 1	 to

Line I tte,-	 II) ni\	 '

L oad I Ite. I	 < It) my	 >	 mV

Ripple \ oi.iee	 K It) tii\	 I ni\

	

1120 liii
	 i klti to 200 kIt,)

Practise Problems
17-6.1 Calculate the approximate efficiencies of linear and switching

voltage regulators which each supply a 13 V, 750 mA load. The
inputsoltage to both regulators is V, = 21 V. The switching regulator
uses a FET with a drain-source resistance of r05/0) - 0.6 0 as the
power switch, and a diode with Vf = 0.7

1 7-7 Step-Down, Step-tip, and Inverting
Con verters

Step-Down Converter
A step-down switching regulator. or step down converter (also
termed a buck converter), produces a dc output voltage lower than
its input voltage. The basic circuit arrangement for a step-down
converter is shown In Fig. 17-30. Note the presence of the catch
diode (D 1). This is normally reverse biased when Q 1 is on, but
becomes forward biased when Q 1 switches off.
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Figure 17-30
Step-dovi vi converter CirLu 0.

I .	 j

Figure 17-31(a) illustrates the situation when Q 1 is ott (in

saturation). Inductor current ( j flows from V 1. producing an

Inductor voltage drop (V1 which is + on the left, - on the right. At

this time 1),is reverse biased. When 9 1 switches off [Fig. 17-31(b)).

the inductor has stored energy. and it opposes any change in
current level. In order to maintain inductor current flow (with 91

off). the Inductor voltage reverses, becoming - on the left, + on the

right, as illustrated. The reversed polarity of V1 forward biases D 1 to

provide a path for 1 If D 1 was not present in the circuit, the
inductor voltage would become large enough to break down the

junctions of Q . So. D 1 catches V, and stops it from increasing;

hence the name catch diode.

i L

+1	 -	 1

	

I)	 I 

(a) Circuit conditions with Q on

Qofi	 i,	 Lt..	 I.,

I+-Ic,
J! + I'

(b) Circuit conditions with (2' off

Step-Down Converter Equations
Figure 17-32 shows the circuit waveforms during the Q on and qff

times ( t00 and t,,11L These are; switch voltage (VA) at point A (Q1

emitter), inductor voltage (V1), inductor current (1), and output
voltage (V,,). Equations for calculating component values can be
derived by considering the circuit conditions and the waveforms.

The input voltage (V) appears at the collector of transistor Q

When 91 
Is on, the voltage across the inductor and capacitor (in

series) is (V 1 - V,), and the inductor voltage is (V1 - V - Vr). [see

Fig. 17-31(a). When Q 1 switches off the Inductor voltage becomes

Figure 17-31
In a t Oj) -C],vn converter,
inductor current I floivc while
0 1 i on, procfucini a voltage
cirop ). Mi en Q vitc/ie oh,
V1 revere. and D becomes
forward hiaed to keep I flowing.



(V -	 - V0) tO,u
Giving.	 Lj(mio) =
	 ip

(17-13)

or.	 C,(,0)0) =	 'p

8f V,
(17-14)
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(V0 + V). [Fig. 17-31 (h)]. Typically. V, . = 0.7V. and V ranges from
+

	

0.2 V to 1.5 V. depending on the transistor and the load current. 	 t
The energy supplied to the inductor during t is proportional to 

It0 11

x(V- V - V	,)j . and I lie energy supplied by the inductor to the	 Switch out

output during	 is proportional to I	 x (V5, + V1. Because the
inductor input ener' must equal its output energy.

1 (V	 - V5) = teli (V + V -5--

	

tOri 	Vo+VF
giving. 

toff ViVSiflVo

Front 	 17-32,

Inducior soltace
(17-10)	

Ve	 -

to + tqff = T = 1/f
	

(17-11)

The inductor is charged from the supply via Q during t,,,. and it
(lis'harges to the load and the output capacitor via P 1 (luring t0.
When the output curl cut is a maxirnuni (I -, the inductor
('tin-cut (4) can be allowed to change from zero to a peak level.

I, = 2	 (17-12)

This is the absolute maximum inductor current change (I = I)
that can occur when the circuit is operating correctly.

An equation for the inductance may be derived from a knowledge
of the inductor voltage and the inductor  current change during ç.

tnductor curreni	
IP

I'

Outoutsl'uee

V

Figure 1 3
Sti p-i/i iS

The output voltage waveform (Fig. 17-32) is also the capacitor
voltage waveform. As illustrated, the capacitor voltage increases
while If is greater than I., and decreases during the time that It is
less than I. While 4 is less than i, the average inductor current is
AI/4 below i, and the capacitor must suppl y this current to the
load. The time involved is T/2. and the capacitor voltage change is
the peak-to-peak output ripple voltage (V,). So, an equation for
the minimum capacitance of C 1 can be derived as.

C 1 -
 It	 (Al/4) x T/2

It should he noted that Equations 17-13 and 17-14 give
minimum inductor and capacitor values. The use of component
values larger than the minimum will result in a lower ripple voltage
at the regulator oulput



ç - T-t or; = 20 ps- 11.4 /is

= 86ps

Figure 17-33
Step-down (0115 erter c,r ijit for
&arnp!€ 17-12.
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\Vhen select lug components, the capacitor equivalent series

resisLcUlCL' (ESR) and the inductor winding resistance (R.) must be

taken into account. ESR can affect the output ripple voltage. The

ma-ximum ESR should usually be limited to (0.1 Vr/l) If R1 is too

large. it vill produce an excessive voltage drop across the inductor.
The niaximuni winding resistive voltage drop should typically not
exceed 0.2 V. Also. the peak level of the inductor current must be
passed wit limit saturating the core.

Resistance values for R 1 and R2 (iii Fig. 17-30) depend oil
output and reference voltages. Tins is treated in Section 17-8.

Example 17-12
A citching regulatorith a 30\' iuput is to have a 12 V, 500 nA output ith

a 100 mV ma\imum ripple. The switching frequenc is to be 50 kHi.
Calculate the ninimtfll tilter components \ alue5. Assume that Y	 = 1 V.

Solution	
1	 1

t	 5o kHz
1

= 2Oji..

12\ -0TV
Eq. 1-10.	

=	 -' •.	 = 30 \ -1 \' - 12 \'

0.-S

or,	 1,	 - 0.3t	 c=r ]hr	 I

Eq. 17-1 1,	 1 - t	 +	 = 0.5 ty	 +	 jluf	 .	 1+
I	 20 /is

or,	
1.75

-

- 11.4/is

Eq 17-12,	 l = 2	 -- 2 x 500 mA

=1A

(V -V,-V)f,	 (0V-1V-12V)x8.6/iS
Eq. 17-13,	 1u	 — ________--	 =	 1 A

— 146pH

-Eq. 17 14,	 C1	
= 81 V	 8 x 50 kHz x1 00 mV

- 25 p
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Step-Up Converter
A step-up converter, or boost converter. produces a dc output voltage
higher than its supply voltage. In the circuit shown in Fig. 17-
34(a). L 1 is directly connected to the supply. and 0 ; is in series
with L 3 and C 1 . The collector of Q 1 is connected to the junction of
L 3 and D (point A). and its emitter is grounded.

(a) Cocui; -'' ' ;-up cin'.c rtr

Figure 17-34
In J ot'p-up l-vn 
/311/Ut tor current	 i,. - ii 'Tilt.

0 3 1, on, prodot	 'I '"	 Q'
03 t(I3O (3ff, \

(UrIC' tofu	 .3 - uI

output S (0/f 3 3e'	 - •. -

	

(h) Cndi; ' 	.th 0, in	 (c) (ondttii'n'.

When Q 1 is on Figure 17-340b)], fl 3 is reverse biased, and

=

When Q 1 is off Figure 17-34(c)], V reverses polar/tv to keep I
flowing. The output voltage is now.

V ) = V + V V

So, the output voltage is larger than the input, and its actual level
can be set by selection of R 1 and R 2 [in Fig. 17-34(a).

The voltage at p0/ritA has the pulse waveform (V 4) illustrated in
Fig. 17-35. During t00 ( 1 on time), VA = V, and during t V , =
(V1 + V1J. The inductor current increases to f during t, and
decreases during t0ff as L 1 discharges to C 1 and the load. The
output voltage (V0 across C) decreases during t, 1 . because D 1 is
reverse biased and C 1 is supplying all the load current. During t00

Is forward biased and C is recharged from L 3 . V. increases while
I Is greater than 1, and decreases when ! is less than i.

From the circuit conditions and the waveforms, the following
equations can he derived:

v+v_v= 0	 F	 i	
( 17-15)

	

toff	 V1 -

--

to -

Switch output

Inductor vo(taje

Vt

Induttor curr031	

IP

I'

Output vottae

Figure 17-35
Step-up	 converter	 circuit
waveforms.
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2 TImj	 (17-16)
toff

(V1 - V5 ) t0	 (17-17)
'p

- 0i 'o(max)
1(rniri) -

V,

i:

- Control! er	 I

L.L..hR.]

(a) Circuit of in's erting converter

Qon	 +
	 Q n/I	

14	 H
-	 I,

(h) Cndtion v. rth	 on
	 (c) Cunditions oh Qi n/I

Inverting Converter
Figure 17-36(a) shows the circuit of an inverting cont'rter. (also

termed a flyback cont'rteii. This circuit produces a negative dc

output voltage from a positive supply voltage. In this case. L 3 is
connected between ground and the emitter terminal of Q. (point

A). Diode D3 is in serieswith Q 1 emitter and C 3 . Note the polarity of

D3 and output capacitor C31

Figure 17-36(h) shows that when Q 3 is on. D3 is reverse biased.

and

VA = V1 = V - V.

From Fig. 17-36(c), when Q3 is off V reverses to keep I flowing.

Diode D1 is now forward biased, giving

V0 = - ( V1 - V)

The output voltage is negative, and once again the actual output
voltage level is set by selection of R, arid R2.

The voltage at point  in Fig. 17-36 is also the inductor voltage.
and It has the pulse waveform shown in Fig. 17-37. During t, V,,

= (V - V); and during t, VA = -( V0 + Vi). As in other switching
converters, the Inductor current increases to i, during t0 and

(17-18)

Figure 17-36
In All inverting converter circuit,
he Inductor current 4 f1uw,

while Q1 I. on, producing 1,11.

When Q1 t itches off, V reverses
and D becomes forward biaSed..
The output voltage i -f -

T
t 
S" "h output and
Inductor uoliage

=I R(ili.!,*J
Inductor current

I'

I Outout voliane -
	 1+

Figure 17-37
Inverting	 converter	 Circuit
waveforms.
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decreases during r. discharging to C 1 and the load. V. decreases
during t (D 1 reverse biased) as C 1 supplies all of I. Then. C 1 is
recharged from 1 3 during t (D 1 forward biased), and V increases
while It exceeds 1 and decreases while 4 is less than I.

For the inverting converter,

v+v= °	 F	 (17-19)
t0ff V - V5

Equations 17-16. 17-17. and 17-18 apply for the inverting
converter, as well as br the step-up Converter.

se Problems
7-7.1 A switching regulatorwith V = 20 V and f = 30 kH/ is to produce a

S V, 1 A output with a 200 mV ripple. Assuming that V = 0.5 V
and V f = 0.7 V, determine minimum filter component values.

17-7.2 A switching regulator is to have V = 5 V. V0 = 9 V,	 =
mA, I = 30 kHz, and V,. = 200 mV. Determine rijinimum filter
component values. Assume that V = 0.5 V and V = 0.7 V.

17-8 IC Controller for Switching Regulators

!uiictioizal Block Diagram

II	 I	 I

S Q

S...
C

S (.un[Or.u!r	 - -

	

L
- -----	 l.2V

--	
+	 Reference

	

-	 ReguI.itor

[cunparalor	 Ine.targ C	 p Grid
Irijnhl

The functional block diagram of a MC34063 Integrated circuit
controller is shown In Fig. 17-38. This IC Is designed to be used as
a variable off time switching regulator. The components parts of
the diagram in Fig. 17-30 are'
• SwUchtng transistor (Q 1) controlled by tra3lstor 92.
• Set-reset flip-flop witji input terminals Sand R, and output Q.

Figure 17-38
Motorola MC34063 s-'.hing
regulator controller tct:onal
block diagram.
(Courtesy of Motorola Inc.
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• AND gate that controls Q and 9, by controlling t lie flip flop.

• Oscillator that generates a square wave OtttIl(lI at tile desired
switching frequency. The oscillator frequency 

is set l	 ni

externailvconnectCd till 	 capacitor (C 1 .) at I cr011 tial 3.

• Current lint/Icr terminal (I sense). This input II) the oscillator

permits 9 to be turned oJvia the reset temunal of I lie flip flop.

• Coniparatol for comparing the Out
put	dn relmellCe voltages.

• Reference collage source (1.25 V)

Step-Down Con verter I iiig an .11(34063
Figure 17-39 shows all ,\1C34063 ('OIUIC( ted II) lu till ioll it S a stel)

down convert cc. The positive I erniinal of the supply is connected to

terminal 6. and the negative (roundcd) I erniiiial is connected to

terminal 4. Note that a 100 pF capacitor (C) is connected Irofli

terminal 6 to ground (right at the IC terminals) to suitootlie suppl y-

line pulses that result from fast load current changes.

The suppY voltage W) is connected (% " l "I ') 
to tile collectors of

Q and Q at terminals 8 and 1. (see Fig. 17-38). Resistor R.-

(connected to tcrlflilIdl 71 senses the peak suppl y current (1) and

provides a voltage drop to turn Q offvhien the current exceeds the
maximum design level. The equation for the current -limiting
resistor is given (in the device data sheet as,

0.33 V	 (17-20)
J%C

P

The output voltage ( i',,) is divided across resistors R, and I?, and
applied to the inverting input of the voltage comparator to
compare it to the reference voltage (V,). The voltage across R,

must be equal to the when the circuit is operating corre Ily.
and the voltage across (R, + R,) equals \/, As in all voltage divider
designs, the resistor clilTent should be much larger than the device
input bias current; the comparator input current ill this case.

The timing capacitor (C 1 . ). connected Ii - oun terminal 3 to ground.
is selected for the desired on time of the switching transistor. All
equation for the capacitance of C 1 is given on the IC data sheet:

CT 4.8 x 10 x t0	 (17-21)
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Variable Off Time Modulator
Switching converter circuits are designed to supply a particular
maximum load current. For a converter circuit using an MC34063
controller, the circuit waveforms are typically as shown In Fig. 17-
40(a) when supplyingfull load current. Transistor Q 3 (in Fig. 17-38)
is switched on at the start of the each cycle of the oscillator square
wave output. Also, tOri and teff add up to the time period (I) of the
oscillator, as illustrated. When the load current is low, capacitor C1

discharges more slowly than when supplying full load current, Isee
Fig. 17-40(b)J. So, V1 (in Fig. 17-39) has not dropped below Vby
the beginning of the next cycle of the oscillator square wave.
Consequently . 9 1 is not switched on again at this point, and so the
pulse waveform frequency at Q 1 emitter is now lower than the
oscillator frequency. A switching converter controller designed to
operate in this way is known as a variable off time modulator.

()c j lIa1or 'urut
	

USC ill ilor eulput

_I

S"

1,,ff - -.

- -	 - Oulpu tue I taie	 - -

(a) Waveforms for high load current

PO41 \CkI.!C	 -

(t,) Waveforms for !oer iod current

Figure 17-40
Waveform or hit-current and
low-current ronditions in a
variable off-tirne controller for a
switching regulator.

Example 17-13
A MC34063 controller is to be used with the step-down switching regulator
designed in Ex. 17-12, as in Fig. 17-39. Determine suitable component values
for R1 , R2 , R, and CT.

Solution

>> [comparator input bias current
Is = -400 nA (from the IC data sheet)

Select,	 I, = 1 mA

R	
v	 1.25V

f 1 m

= 1.25 kO (use 1.2 kO standard vaiue)

I becomes,	 = 
V1 = 1.25 V

R 7	 1.2 kO



= (4 to 10) x CD (17-24)

1
R C$5	 F

Jr

(17-25)
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= 1.04 mA

12- 1.25 V
R=— mA

= 1034 kO (use (10 kO + 330 0) standard %,I I Lie s]

0 33 V	 0.33V

Eq. 17-20,	
R, = ______ =

1.33 0 1pe C i,il low-value resistor)

Eq. 17-21,	 C7 = 4.8x 10' s x	 = 4.8 x 10 x 8.6ps

= 11 pF use 430 pF standard value)

Catch Diode Selection
The diode power dissipation can be calculated approximatel y from
the output currentt nd the diode voltage drOj)

PDJIo\VF	 .	 (17-22)

The reverse recovery time (ç j of the (bode should be less than one
tenth of the minimum diode on or offtiine. which ever is sotaller:

trr < 0.1	 or tqfl,t,))	 (17-23)

Diode Snubber
A diode snubber is a series RC circuit connected across the catch
diode to suppress high frequency ringing that can be produced by
resonance of the inductance and capacitance of components and
connecting leads. (Tenried parasitic inductance and capacitance.)
A diode snubber circuit is shown in Fig. 17-41. The capacitance of
C is usually selected in the range of four to ten times the diode
junction capacitance (C 0). and then the resistance of R, is
calculated from C and the ringing frequency (f).

Figure 17-41
A serie' RC cirCuit ( ( 1(10CC ted -
parallel ivith i1esk (a
r1uI1i)er (IN tilt) 0 0(317

p pr-, Ii ,0h tin ;uern t. I '0

High Power Converters
When the load current of a switching regulator is too high for the
controller internal transistor, an externally-connected device can
be employed. Figure 17-42(a) illustrates how a high-power RJT (9)
shoulct be connected for use with a step-down converter, and Fig.
17-42(b) shows how an external PET should be connected.
Resistor R. at the base of 93 in Fig. 17-42(a) ensures that 93 is
biased off when 91 switches off. For the p-channel MOSFET (9) In
Fig. 17-43(b), resistors Rc and RE are selected to give a gate-
channel voltage (VRC) that will switch 93 on when Q 1 is on.
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Figure 17-42
When the peak current is too
high for an lCu itching converter
controller, an external pover
device can he connected to
higher ujrrent l. eh.

Con:roller

controller

+

	 +)

 L1.

(a) Use of eternal BIT	 (b) External A/QSFET connecoon

Practise Problems
17-8.1 The step-down switchihg regulator designed for Problem 17-7.1 is to

use an MC34063 controller. Determine suitable values for the
additional components.

17-8.2 The step-up switching regulator designed for Problem 17-7.2 is to use
an MC34063 controller, Determine suitable values for the additional
components.	 -

Chapter-17 Review Questions

Section 17-1
17-1 Sketch the circuit of an emitter follower voltage regulator.

Explain the operation of the circuit, and discuss the effect
of the transistor on the performance of the regulator.

17-2 Sketch the circuit of a series regulator with a one-
transistor error amplifier. Explain the operation of the
circuit, and discuss the effect of the error amplifier on the
performance of the regulator.

Section 17-2
17-3 Show how the regulator circuit in Question 17-2 should be

modified to produce an adjustable output voltage. Explain.

17-3 Show how the regulator in Question 17-2 should be
modified to handle a large load current. Explain.

17-4 Show how voltage regulator performance may be improved
by the use of a preregulator. Explain how the circuit
pelIonhla.rlce is unproved.

17-5 Show how a constant-current source may be used instead
of a preregulator to improve the performance of a voltage
regulator. Explain the operation of the circuit, and discuss
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how the performance of the regulator is improved.

17-6 Sketch the complete circuit of a transistor voltage regulator
that uses a differential amplifier. Explain the operation of
the circuit and discuss its performance.

Section 17-3
17-7 Sketch a simple current limiting circuit for short-circuit

protection on a voltage regulator. Explain the operation of
the circuit, and sketch the 'L characteristic for the
regulator. Discuss the effects of current limiting on the
series-pass transistor.

17-8 Sketch a foldback current limiting circuit for a voltage
regulator. Sketch the V,/I1 characteristic, and explain the
operation of the circuit.

17-9 Write equations for power dissipation in the series Pass
transistor in voltage regulators rising  (a) s imp l e current
limiting, (h) foldback current limitliig. Compare the two
current Iimiting methods.

Section 17-4
17-10 Sketch the circuit of a voltage follower regulator using an

IC operational amplifier. Explain the circuit operation.

1 7- 11 Compare the performance of an IC op-amp voltage regulator
to the pertormnarce of an emitter follower voltage regulator.

17-12 Sketch the circuit of a series regulator that uses an IC
operational amplifier as an error amplifier. Explain the
circuit operation

1 7- 13 For an IC op-amp series regulator. \TitC eqtlatiolis for V in
terms Of V,. t3ricfly discuss the supply voltage requirements.

Section 17-5
17-14 Sketch the basic circuit of a 723 IC voltage regulator. Briefly

explain.

17-15 Sketch a 723 IC voltage regulator connected to function as
a positive voltage regulator with V0 greater than Vrl•: Write
an equation for V, in terms of V. Briefl y discuss the
required supply voltage.

17-16 Sketch a regulator circuit that uses an LM3I 7 IC positive
voltage regulator. Briefly explain.

17-17 Sketch a regulator circuit that uses an M337 IC negative
voltage regulator. Briefly explain.

17-18 5kich a teca!alor circuit that uses an LM340 IC fixed
voltage regulator. Br -icily explain.

Section 17-6
17-19 Draw a basic block diagram and waveforms for a switching

regulator. Explain its operation.
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17-20 Compare switching regulators and linear regulators.

Section 17-7
17-21 Sketch the basic circuit for a step-down switching

regulator. Draw current and voltage waveforms, and
explain the circuit operation.

17-22 Repeat Question 17-21 for a step-up switching regulator.

17-23 Repeat Question 17-21 for an inverting switching regulator.

Section 17-8
17-24 Sketch the functional block diagram for an MC34063

controller for a switching regulator. Briefl y discuss each
item in the block diagram.

17-25 Sketch the circuit of a step-up switching regulator using an
MC34063 in a similar form to Fig. 17-39.

17-26 Sketch the circuit of an inverting switching regulator using
an MC34063 in a similar form to Fig. 17-39.

17-27 Sketch a diode snubber circuit, and briefly explain.

17-28 Draw circuits to show how an external BJT and an
external PET should be connected for use with step-down
converters. Briefly explain.

Chapter-17 Problems

Section 17-1
17-1 Using a 15 V supply and a transistor with hFE( .J = 50,

design a voltage follower regulator circuit (as in Fig. 17-1) to
give a 9 V output with a 100 mA maximum load current.

17-2 Calculate the line regulation, load regulation, and ripple
rejection ratio for the circuit designed for Problem 17-1.

17-3 A regulator circuit as in Fig. 17-1 has: V = 7 V, R1 = 560 0,
Rf =8.2ko , RL =18ocLVS = 19 v when I=o. arid vS=l8
V when 'L = 35 mA. The transistor has 60. Calculate
the Q 2 emitter current and the Zener diode current when
the load is connected an.d when the load is disconnected.

17-4 Determine the line and load regulations for the regulator in
Problem 17-3. Assume that Z =

17-5 Measurements on a voltage regulator with V = 25V and V.
= 18 V give the following results: (when I changes from
zero to 200 mA, AV, = 2 V, and A V, = 10 mV), (when L5V =
±2.5 V. A V0 = ± 12.5 my). Calculate the source effect, load
effect, line regulation, and load regulation.

17-6 Determine the voltage gain of the error amplifier in Problem
17-5, and estimate the output ripple voltage amplitude If
there Is a 2 V peak-to-peak Input ripple.
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17-7 A series regulator circuit as in Fig. 17-2 is to have a 15 V
output and a 50 mA maximum load current. Select a
suitable minimum supply voltage and design the circuit.

17-8 Design a voltage regulator circuit as in Fig. 17-2 to produce
a 9 V output with a 30 mA maximum load current.

17-9 For the regulator designed for Problem 17-7, calculate the
approximate line regulation, load regulation, and ripple
reduction, if V. drops by 1 V from zero to full load current.

17-10 Determine the approximate line regulation, load rewulation.
and ripple reduction for the regulator designed for Problem
17-8. Assume that .V5 = 1 V whefl Al = full load current.

Section 1 7-2
17-11 Modify the circuit designed for Problem 17-7 to make the

output adjustable froin 12 V to 15 V.

17-12 Modify the regulator designed for Problem 17-8 to make the
output adjustable from 8 V to 10 V.

17-13 Modify the regulator designed for Problem 17-7 to supply a
maximum load current of 210 mA. Assume th it all
transistors used have h = 30.

17-14 Modify the regulator designed for Problem 17-8 to supply a
maximum load current of 300 mA. .-\ssune that h = 20
and 5m = 100.

17-15 Design a series voltage regulator with a one-transistor error
amplifier to provide an output adjustable from 15 \' to 18 V.
The loa-1 current is to be 250 niA. Assume that all
transistors have	 50.

17-16 Calculate the line and load regulations for the modified
regulator circuit in Problem 17- 14 Assume that Al' s = 1 V
when Al, = full load current.

17-17 Design a preregulator for the circuit designed for Problem
.17-7 and modified for Problem 17-13.

17-18 Determine the approximate line regulation, load regulation,
and ripple reduction for the modified regulator in Problem
17-17. Assume that AV5 = 1 V when AIL = full load current.

17-19 The preregulator in the circuit referred to in Problem 17-17
Is to he replaced with a constant-current source. Design
the constant-current source.

17-20 Design a differential amplifier as in Fig. 17-12 to use with
the regulator designed for Problem 17-15.

Section 17-3
17-21 Design a current limiting circuit as in Fig. 17-13(a), to limit

the maximum load current to approximately 220 mA for the
regulator In Problem 17-13. Calculate the power dissipation
In the series pass transistor at I.
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17-22 Design a foldback current limiting circuit, as in Fig. 17-
14(a), to set to approximately 220 mA and I to
approximately 150 mA for the regulator in Problem 17-13.
Calculate the power dissipation in the series-pass
transistor at	 and at I.

17-23 The current limiting circuit in Fig. 17-14(a) has R10 = 1.6 ft
R11 2.7 kO, and R12 47 kCl. If the normal output level is
20 V. calculate	 and I.

Section 17-4
17-24 Design an op-amp voltage regulator to have V0 = 15 V and

= 120 mA. Use a 741 IC operational amplifier.

17-25 Design a voltage regulator using a 741 IC operational
amplifier to have V. adjustable from 9 V to 12 V and to
deliver a maximum load current of 60 mA.

17-26 Design an op-amp series voltage regulator to provide an
output voltage adjustable from 15 V to 18 V. The load
current is to be 300 mA. Use a 741 op-amp, and assume
that the transistors all have hFE = 60.

17-27 For the regulator designed for Problem 17-25, calculate the
approximate line regulation, load regulation, and ripple
reduction, if V5 drops by 1 V from zero to full load current.

Section 17-5
17-28 Calculate R 1 . R2. and R for the 723 IC positive voltage

regulator circuit in Fig. 17-21. V0 is to be 25 V, and is
to be approximately 55 mA. Select a suitable supply
voltage.

17-29 A regulator circuit using a 723 IC is to be designed to
provide V0 adjustable from 15 to 20 V. Design the circuit,
select a suitable input voltage, and calculate the maximum
load current that can be supplied.

17-30 The LM3I 7 positive voltage regulator in Fig. 17-24(a) is to
produce an 8 V output of with = 100 mA. Calculate
suitable resistances for R 1 and R2, select air
supply voltage, and determine the device power dissipation.

17-31 The LM3I 7 negative voltage regulator in Fig. 17-24(b) is to
produce a 12 V output with = 80 mA. Calculate
suitable resistances for R 1 and R2, select air
supply voltage, and determine the IC power dissipation.

Section 17-6
17-32 Calculate the approximate efficiency of the linear regulator

in Problem 17-24. Also calculate the approximate efficiency
of a switching regulator with similar supply and load
conditions. Assume that the switching transistor has
= 0.5 V, and that the switching diode has V = 0.7 V.
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17-33 Calculate the approximate efficiency of the IC sees

regulator in Problem 17-30. A switching regulator with
similar supply and load conditions uses a PET with r1510.. =

10 0, and a switching diode with V. = 0.7 V. Calculate the
approximate efficiency of the switching regulator.

Section 17-7
17-34 Determine minimum filter component values for a step-

down s\vitching regulator to have; f 28 kHz. V = 30 V. V

= 15 V. I = 300 mA. and V,. = 250 mV. Assume that V,,=

= 1 V

17-35 A step-up switching regulator that is to have: _f 28 kHz. V

= 12 V. V0 30 V. I = 150 mA. and V = 250 mV. Determine
suitable minimum filter component values. Assume that

t)	 F	
1 V.

17-36 Determine minimum filter component values for an
inverting switching regulator '0 have: J' = 28 kHz. V = 30 V.

V. = -12 V.	 300 mA. and Vr = 250 mV. Assume that V

= VF = 1V.

Section 17-8
17-37 The step-down switching regulator in Problem 17-34 is to

use an MC34063 IC controller. Determine suitable values
for the additional components.

17-38 Calculate values for the additional components for the
step-up switching regulator in Problem 17-35 when an
\IC34063 IC controller is used.

17-39 Calculate the additional component values for the inverting
switching regulator in Problem 17-36 to use an MC34063 IC

co n troller.

Practise Problem Answers
17-1.1 2 5. 7 mV, 14.3 rnV, 0.21%, 0.12%

17-1.2 1.3 kO, 4700, (3.9 kG -4- 390 0), 10 kG, 1N758

(25 V, 70 mA, 700 mW)

17-2.1 2.2 kG, 5.6 kG, 2 kG
17-2.2 5.6 kG, 2700,1.8 kG, 8.2 kG, 22 kG, (18 V, 160 mA, 1.28W)

17-2.3 1.N749, 3.3 kG, 1.5 kG

17-3.1 1.25 G, (25 V, 400 mA, 10W)

17-3.2 3.3 0, 820 0, 15 kG

17-4.1 470 0, 15 kG, 4.7 kG, 8.2 kG, 2 kG, 7N758

17-4.2 2.50.2200, (12 kG + 1.8 kG), 2.2 kG

17-5.1 10 kG, 6.8 kG, 2.5 0, 23 V, (200 mA, 23 V, 4.6W)

17-5.2 2700,1.51<0,12 V, 0.45W

17-0.'	 71%,
1 -7.1 60 pH, 47 yF

17-7.2 30 pH, 60 p

17-8.1 1.2 1<0, (3.3 kO + 470 0), 0.165 0, 360 pf
17Q1 1	 fL.C-,-1 LC'0 1)lRul qrn r,F
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Objectives
You will be able to:
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H L 1J JJ:1.
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I Sketch and explain Class A. Class-
B. and Class-AB transformer-
coupled power amplifier circuits.

2 Design and analyze transformer-
coupled power amplifiers, and draw
the circuit dc and ac load lines.

3 Sketch and explain the basic circuits
of Class-AB capacitor-coupled and
direct-coupled power amplifiers.

4 Show how capacitor-coupled and
direct-coupled power amplifiers
should be modified for: high load
currents. output current limiting, the
use of overall negative feedback

5 Explain: complementary arid quasi -
complementary enutter followers,

multiplier, and supply
decoupling.

6 Draw and explain complete circuits
for direct- and capacitor-coupled
power amplifiers using: B.JT driver
stages, op amp drivers. BIT output
stages, and AIOSPET output stages.

7 Design and analyze the types of
circuit listed in item 6 above.

8 Draw and explain complementary
common source power amplifiers,
and design and analyze such
circuits.

9 Explain the applications of various
integrated circuit power amnpliJiers.
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InfroduLition
A power art ipi c/let, or large-signal amplifier, develops relatively large
output voltages across low impedance loads. Audio amplifiers are
large-signal amplifiers that supply ac output power to speakers.
Power amplifiers may be categorized as Class -A circuits in which
the output transistor is biased to the center of its load line, or as

Class-B or Class-AB amplifiers in which two output transistors are
biased at or close to cutoff. The amplifier load ma y be tt'ansfonier-
coupled, capacitor-coupled. or direct-coupled. Direct coupling
usually gives the best performance, but plus-and-minus supply
voltages are required- The output stage of the amplifier ma y use

power BiTs or power \IOSFETs. IC operational amplifiers ma y also
he used in power amplifiers, and complete power amplifiers are
available as ititegrated circuits.

	

18-1	 Tm nsforin er- Coupled Class-/I .Amplifier

Class .-I Circuit
Instead of capacitor coupling, is t ransforniur ma y be used to ((C

couple amplifier stages \vltIlc providing dc isolation between stages.
The resistance of the transformer windings is normall y very small
so that there is no clitet on the transistor bias conditions.

Figure 18-1 shows a load resistance ( R 1) transformer-coupled to a
transistor collector. The low resistance of the transformer primary
winding allows any desired level of (dc) collector current to flow,
while the transformer core couples all variations in 'c to R1 via the
secondary winding. This circuit is an emitter current bias circuit
with voltage divider resistors R 1 and R2 determining the transistor
base voltage ( V1), and resistor R setting the emitter current level.

The Circuit in Fig. i8 1 is refecrcd to qs a class-A arnplf/ier, which
is defined as one that has the 9-point (bias point) approximately
at the center of the ac load line. This enables the circuit to
produce maximum equal positive and negative changes in V.

HH

Figure 18-1
i.lfl'ti f'rr-( oup fed	 Cf------1

I r( Lilt U ug ern,i ter Cu reii I hia:
C)	 ha. oP Ill	 o1du 0
lI,I\ilflUll) equal /10-It 11' and

C hanie The
r,lll u ' tor (C /0.1(1 depend, on R1

dod the oJu.ire or the t nra tormer
turn ratio
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DC and AC Loads
The total dc load for transistor g, in the circuit in Fig. 18-1 is the
sum of the emitter resistor (RE) and the transformer primary
winding resistance (R1,).

Rudc) =RE +Rfl,	 (18-1)

-

i.i = [ , Jn1

Consider the transformer illustrated in Fi g . 18-2. N1 is the
number of turns on the primary winding, and N is the number of
secondary turns. The primaty ac voltage and current are v 2 and i,
and the secondary quantities are v2 and i2 . The (secondary) load
resistance can be calculated as.

R1 = -

The ac load resistance measured at the transformer primary
terminals (rL) is calculated as.

cl
rL =

From basic transformer theory.

	

v1 N2	 i1 N,
-=- and -=-

	

V2 N,	 22	 1\1

These equations give,

	

N1	N,
v—v2 and , 

' 2N

Substituting for v1 and 1, in the equation for rL.

= [N
2

-] R	 (18-2)

The load resistance calculated in this way is termed the reflected
load, or the referred load; meaning that R, is reflected or referred
from the transformer secondary to the primary as r. The total ac
load at the transistor collector is the sum of the referred load and
the transformer primary winding resistance.

	

=	 + R,.	 (18-3)

Figure 18-2
The load (R) at (lie econdry
terminals of a t rn< tormer k
re'iected into toe pr!mar\ a
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Example 18-1
Dra\v the dc and ac load lines for the circuit in Fig. 18-3 on the transistor

common emitter characteristics in Fig 18-4. The transformer has R1 - 400.

= 4, and N - 14.

Solution

Q point:
3" kO

t =	 \ --	 -
R. ± R	 4.' LO	 7 kO

5.7 V

3.V-07VB

1kG

5 m-\

t 1 —tIR -R	 13V-5n'001kG

BV

Plot the ( point on the characteroti(s at J -- 	 mA and	 B

i_k load line.
/ - '	 - I	 R.,

\\hen I - 0,	 V =	 - 13 V

Plot point -\ on the hari t(rmtIc at I - oat 	 V, - 13 V

/3

p ((

I?
4 -

I(

If

	 I
fl

/iB'mIe	 18-3
if li i I

'1jf/I(f'0([if7f?ICi/

lni)	 •
9

B

7

6

5

4

IC
3

2

0
0	 2	 4	 6

V('E
B	 tO	 2	 14	 16	 lB (VI

F- 'i t' CE

- 9))

figure 18-4
The tic mad hOt OtT a tran'inrrner-
(itJpIe(I amplifier m drvm
ho muBh the Q-point at a ' 11 )1' m

I R1 ,. The ac load line 0 dramvn

hrnuth the Q pm ant at 1 'topemOO in
I r 40



,r lmd line

ba-i
I Curlenc

-Ala

90 i.A

= 7))

= 50 p 

4-30

141	 16	 IS (Vi

Figure 18-5
A transiormer-coupled Cla.'-A
amplifier has it; Q-point at the
center of the ac load line. The ac
voltage applied to the tranoforr"er
primary is	 which
produced by ±/1).

(haptcr I 5- 1.arc Si gnal Ainp ifcrs	 609

Draw the dc load through point .-A and point Q.

ac load line:

Eq. 18-2,

Eq. 18-3,

= [
N.

I 	 [- R 1 = -I x 56
N	 14

= 15650

rH) = r1 + Rn = 15650 + 400

1.6kQ

When I changes by AI = 5 mA.

= A1 x r11 = 5 mA x 1.6 LU

= 8V

Measure Al, and A' (3 from the Q_point on the characteristics to give point B

at V I = 16 V and I . = 0. Draw the ac load line through points Q and B.

Collector Voltage Swing

The ac load line drawn in Ex. 18-1 is reproduced in Fig. 18-5 to
show the effect of an input signal. When the input causes I[3 to
increase from 50 pA (at 1) to 90 pA, the current and voltage

become It.. 9 mA and "CE 1.6 V. (point C on the ac load line).

The changes are: +4 mA, and A Vc, = -6.4 V. When the input

causes I to decrease (from I) to 10 pA. I changes from 5 mA to I

mA, and the VCF changes from 8 V to 14.4 V. (point DL The current
and voltages changes are now: 6.11.. = - 4 mA and AVCE = +6.4 V.

'Al",
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It is seen that an 1 3 change of ±40 pA produces a ±4 mA I- change
and a ±6.4 V change in V. The Vc, variation appears at the
primary windin g of transformer T1 . (Fig. 18-3). and the I variation
flows in the prima1' winding.

Note that, although V = 13 V. the transistor \'- can actually
go to 16 V. This is due to the inductive effect of the transformer
primary winding. The transistor used in this t ype of circuit should
have a minimum breakdown voltage approximatel y equal to 2

Efficiency of a Class -I ..linpliJier
Power is delivered to all from the dc power supply . The
amplifier converts the dc power into cc power delivered in the load.
(see Fig. 18-6). Some of the input power is dissipated in the
transistor or in other components. This is wasted power. The
efficiency ( t;) of a power amplifier is a measure of how good the
amplifier is al converting the dc input (supply ) power (P) into OC

output power (P3 dissipated in I ho load.

P
=2' x100%	 (18-4)

Pi

p

The dc supply power is.

=	 x 'ni-v

In the (ISC 01 a ( laSS A aiitpliliei. 1, = 1( -(,)

So.	 P =	 X

Refer again to the class A circuit in Fig. 18-6. and assume that
V1 << 'cc In this case. VCEOis approximately equal to V.. and
the peak volta ge developed across the transformer primary
approachs if the transistor is driven to cutoff and
saturation. Also, the peak current developed in the transformer
windings approaches ±I. Thus, the maximum ac power delivered
to the transformer primary can be calculated as.

=	 x	 = ( V/v2 ) x	 2

giving.	 P0'=0.5VI	 (18-5)

Using the highest possible current and voltage levels, and
assuming that the transformer is 100% efficient.

P = 0.5 VcI

The maximum theoretical efficiency for a Class-A transformer-
coupled power amplifier can now be determined as.

Eq. 18-4.	 1 = x 100% = 0.5 Vcc!cQ x 
10/0

Pt
= 50%

Figure 18-6	

RL

.-\ power amp/i (iCr converts do
nput (supply) power Into ac

OUtfJ(iI poia er.
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-*13 V
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Figure 18-7
Class-A power amplifier fo:
Example 18-2.

4 kc1

C.,
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In a practical Class-A transformer-coupled power amplifier
circuit. 50% efficiency is never approached. An y practical
r!c'iilti°n of power amplifier efficiency must take the output
transformer efficiency ( i i,) into account.

!10- (18-6)
Po'

A typical transformer efficiency might be 80%. There is also power
dissipation in the transistor emitter resistor and in the bias
circuit. The practical maximum efficienc y for a Class-A power
amplifier is usually around 25%. This means, for example. that 4
W of dc supply power must be provided to deliver 1 W of ac output

power to the load.

Example 18-2
Calculate themaximum efficiency of the Class-A amplifier circuit in Ex. 18-1,
(reproduced in Fig. 18-7). Assuming that the transformer has an 80%
efficiency.

Solution

=	 x 1,	 13 V x 5 m

= 65 mW

= B \'

I	 = 5 mA

Eq. 18-5,	 P0 = 0.5 VI, I = 0.5 x 8 V x 5 mA

= 20 mW

Eq. 18-6,	 P = lr er,' = 0.8 x 20 MW

= 16 mW

P	 16m\•V
Eq. 18-4,	 11 =	 X 100% =	 xl00%

65 mW

= 24.6%

se Problems
The circuit in Ex. 18-1 has the quantities changed to: V = 15 V, R

= 3.9 kO, R2 = 2.2 kO, RE = 1.5 kO,	 = 330, R = 1000 ,

= 118, N2 = 20. Draw the new dc and ac load lines on Fig. 18-4.

Determine the maximum efficiency for the amplifier in Problem 18-
1.1. Assume that the transformer efficiency is 75%.

18-1.1

18-1.2
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18-2 Tra,,sfor,ner-Coupled Class-B and Class-
AB Amplifiers

Class B Amplifier
The inefficiency of Class-A amplifiers is largel y due to the transistor
bias conditions In a Class-B amplifier, the transistors are biased
to cutoff, so that there is no transistor power dissipation when
there is no input si gnal. This gives the Class-B amplifier a much
greater efficiency than the Class-A circuit.

The output stage of a Class-B transformer-coupled amplifier is
shown in Fig. 18-8. Transformer T, couples load resistor P 1 to the
collector circuits of transistors 92 and 9 : ,. Note that the suppl y is
connected to the center-tap of the transformer primary, and That
Q, and 9•1 have grounded emitters. The transistor bases are
grounded via resistors P mid P.. so that both are biased °1J•

The input signals applied to the transistor bases consist of two
separate sine waves which are dentieaI, except that the y are in
antiphase. When v is going positive. L, is going negative, SO that
Q . is being biased further offas 92 is being biased on. As the
collector current in 92 increases from zero, it produces a half sine
wave of voltage across the upper half of the transformer primary,
as illustrated. When the positive half-c ycle of input signal to 92
base begins to go negative, the signal at Q base is commencing to
go positive. Thus, as 92 becomes biased offagain. Q. is biased on,
and a half-cycle of voltage waveform is generated across the lower
half of the transformer primary.

The two half-cycles in the separate sections of the transformer
primary produce a magnetic flux in the transformer core that flows
first in one direction and then in the opposite direction. This flux
links with the secondary winding and generates a complete sine
wave output which Is passed to the load.

In the Class-B circuit, the two output transistors arc raid to be
operating in push-pull. The push-pull action is best illustrated by
drawing the ac load line on the composite characteristics for 92 and
Q. The composite characteristics are created by drawing the 92
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characteristics in the normal way, and presenting the 93

characteristics upside down. This is illustrated in Fig. 13-9.

Example 18-3
Draw the ac load lines for the circuit in Fig. 18-8 on the transistor composite
characteristics in Fig. 18-9. The transformer has R. = 400, N 1 = 74, and N2

= 14, and the supply voltage is V, = 16 V.

Solution

	

Q-point:	 V5 = 0 \ and I=0mA

Va =Vcc ./c( R + RE) =l6V-O

= 16V

Plot the Q-point on the characteristics at i = 0 mA and V., = 16 V.

ac load line:
74'

	

Eq. 18-2,	 r1 = Hi R1 = [ j2 x 56 0
N,	 14

= 15650

:	 ----------

6	

Q' characteristics

	

.	
0	

6

Figure 18-9
,. AC load line for a Class-B amplifier

drawn on the BiT compcsite
characteristics. Also, showing the

.	 effect o1! changes on
Qj characteristics

DI

I	 -

_ _-
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Eq. 18-3,	 = r1 + R i, = 15650 + 400

1.6 kO

\\hen I changes by Al, = 10 mA,

=	 x	 = 10 mA x 1.6 kO
= 16V

Measure Al1 and \' from the Q-point to gic points B and B at V- = 16 V

and l = 0. Draw the ac load line through points Q . 6, and B.

Now consider the effect of a signal applied to the bases of 92 and

Q in the circuit in Fig. 18-8. When 'm is increased from zero to 90

pA. Q1 remains off and 'CF 
falls to 1.6 V. (point C on the

composite characteristics in Fig. 18-9). At this point the voltage
across the upper half of the transformer primary in is.

V = V - Vc = 16 V - 1.6 V
CC

= 14.4 V

When Jr., is increased front to 90 pA. 92 is off. and the Q
current and voltage conditions move to point D on the ac load
line. This produces 14.4 V across the lower half of the traisfw'mer
primary . Thus, a full sine wave is developed at the transformer
output. When no signal is present, both transistors remain off and

dissipate zero power. Power is dissipated only while each device is
conducting. The wasted power is considerably less with the Class-
B amplifier than with a Class-A circuit.

Cross-Over Distortion -
The waveform delivered to the transformer primary and the
resultant output are not perfectl y sinusoidal in the Class-B circuit.
Cross-over distortion is produced in the output waveform, as
illustrated in Fig. 18-9 and 18-10, due to the fart that the
transistors do not begin to turn on until the input base-emitter
voltage is about 0.5 V for a silicon device, or 0.15 V for a
germanium transistor. To eliminate this effect, the transistors are
partially biased on instead of being biased off. With this
modification, the Class-B amplifier becomes a Class-AB arnpl flier.

Class AB Amplifier
Figure 18-11 shows a Class-AB transformer-coupled output stage

with a Class-A transformer-coupled driver stage. The output
transformer (') has a center-tapped primary winding, with each
half of the winding constituting a load for one of the output
transistors (92 and Q). Pnsistors R and R 5 bias Q2 and Q.1

partially on, and resistors R6 and R7 limit the emitter (and collector)
currents to the desired bias levels. Transformer T1 together wit ii

transistor 92 and the associated components comprise a Class-A
stage. The secondary of T1 is center-tapped to provide the
necessary antiphase signals to 92 and 93.

( ....
.7	 --

/

Figure 18-10
Cross-over distortion occurs in
Cia/s-B amplifiers because the
tranm-.tors are hiaed ott.
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VCC
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Figure 18-11

Clas-AB	 transformer-coupled

	

v	 RL	
outout stage with a Class-A

	

1	 dc, er stage. Transistors Q. and

Q . .s .e biased to a low I level.

C

H
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When the instantaneous polarity of T. output is positive at the

top, 9 2 base voltage is positive and 93 base voltage is negative, as
illustrated. At this time 92 is on and 9 3 is off. When the polarity

reverses at T1 output, the base of 93 becomes positive and that of

92 becomes negative. The output stage functions exactly as for a
Class-B circuit, except that each device commences to conduct
just before the signal to its base becomes positive. This eliminates
the transistor turn-on delay that creates crossover distortion in a
Class-B amplifier.

The Class-A portion of the circuit in Fig. 18-11 is referred to as a
driver stone, simply because It provides the input signals to drive
the Class-AB output stage. The input power handled by the driver
stage Is very much smaller than the circuit output power, so that
the inefficiency of the Class-A stage is unimportant.

Efficiency of Class-B and Class-AB Amplifiers
For a Class-B amplifier, the dc supply power (see Fig. 18-12) is
calculated as,

= VCC x

or,

	

	 (dc) = V ( x 0.636 I,	 (18-7)

The ac power input to the transformer primary Is given by Eq. 8-5.

P.- 0.5 VI = 0.5

Assuming a 100% efficiency for the output transformer,

P. = P0' 0.5 VCC 1P
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So. the maximum theoretical efficiency for a Class-B transformer-

coupled power amplifier is.

P	 Vcc I
Eq. 18-4.	 q - —°x 100%	 ----x 100%

P	 0.636 Vcc I

= 78.6%

Once again, the efficiency of a practical amplifier is lower than
the theoretical efficiency. Some power is wasted in the transistors
and emitter resistors, and the transformer is never 100% efficient.

H
Figure 18-12
The dc input power to a CIao-3
amplifieris P, = cc x I,), and
the a: power to the transformer
primary i' 0' = (0.5 Vcc Ii,).

The efficienc y of a Class-AB power amplifier is typically a little
less than that of a Class-B circuit, because of the additional small
amount of power wasted in keeping the output transistors biased
in a low-current on state. Class-B and Class-AB power amplifiers
are employed more often than Class-A circuits, because of their
greater efficiency.

Example 18-4
Calculate the power delivered to the load in the Class-AB amplifier Fig. 18-13,

(reproduced from Fig. 18-11). Assume that T, has a 79% efficiency, and that
there is a 0.5 V drop across Q. and across Q 3 at peak output voltage. Also,
assume that N 7 = 60, N, = 10, and that the primary winding resistance is
small enough to neglect.

Solution
Referred load:	

r =	 x R1 =
	

x160Eq. 18-2,	
N.

= 576 0

Total ac load in series with each of Q2 and Q7:

= r, + R6 + R= 5760 + 560 + 0

= 632 0
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Peak primary current:

2\ 0.5V

=	 R,'	 632 Q

41.9 mA

Peak primary 'voltage:

V,= t C( -	 - I R,

=2V 03\ - 41.9mA\360

- 24.13\

Power delivered to prinlan

Eq. 18-5,	 p; = 0.3 V I

= 0.5 \ 24.1 \ \ 41 9 IflA

= 306 ni\\

Pov, er deli ered to the load:

- P	 tra nt rme I e iicie n

- 306 m\ \	 9

-00 r'\\

Practise Problems
18-2.1 Calculate the bras currents in the circuit in Fig. 18-13, and using the

results from Ex. 18-4 etimate the overall efficiency of the amplifier.

18-2.2 Draw the dc and ac load lines for the output stage in the circuit in
Fig. 18-13 on blank composite characteristics.

18-3 Transformer-Coupled Amplifier Design
Design of a transformer coupled amplifier commences with the
load resistance and output power specification. A signal voltage
amplitude may also he stated, as well as the upper and lower
cutoff frequencies for the amplifier. If a supply voltage is given,
then the design must detennine a specification for the transformer.
Where an available transformer is to he emplo yed, the supply

voltage is calculated to suit the transformer. The maximum levels

Of VCE. 1 and P0 must he calculated for each transistor.
The power delivered to the transformer primary is determined

from the Eq. 18-6,

P
P0 =

Ill
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The power delivered to the primary can also be expressed as.

(
P	 ' mis

0
r1

where V,., is the ntis primarY voltage. and rL is the ac resistance
offered by the transformer primary (the referred resistance). Using
peak voltages, the equation becomes.

= (V,/'2)	 V2

r1 2 r1

This gives the equation Ibr r1:

r	
V2	

(18-8)
L 2P0'

Using Eq. 18-2. r1 can be calculated in terms of the load
resistance and the transformer turn ratio:

rP1i
r1 =	 - R1

1\.,

The resistance seen when looking into" the whole winding of a
transformer with a center-tapped primarY (see Fig. 18-14) is,

i2 N 1i.,	 rN1 i
r	 [–-j'R 1 = 4 [—jR1

or.	 = 4 r	 (18-9)

RI

Figure 18-14
The inpot rel.tanre at each half
of the (eiter-t,ipped primary

incImL,, of an oiitp t ran former
r,, and the np.: reN!anre to

the whole priman r, '=  4 r.

The transformer can now be specified in terms of the output power
the load resistance (R,). and the referred resistance (r1'). 	 Q I off

Referring to Fig. 18-15. note that when 2 is off and Q . is on a
voltage with a peak value of approximately + Vc is induced in the
half of the transformer primary connected to 92. The induced
voltage occurs because the other half of the primary has
applied to it via Q, and because both windings are on the same
magnetic core. The induced voltage is superimposed upon the
supply , so that the voltage that appears at the collector of 92'S'

= 2 VCC	 (18-10)

*
2	 t'	 2 Vcc

3	 ?VCFO

To determine the peak transistor current, the equation for power Q on I	 I

deliverecl to the ti-axisfornier primary is rewritten. Front 	 18-5,
Figure 18-15

- 2 P., 	 I	 With Q, off and Q, on, the
voltage acroo Q, - collector-

P	 emitter o approximately 2

The power dissipated in the two output transistors is the
difference between the dc supply power to the amplifier and the ac
power delivered to the transformer primary:

2 P.- = iIdc) -
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Each transistor is on for half of each c ycle of the input signal, so

the power dissipated in each transistor is half of 2 P1.

1T 0.5 (d)- P0')

The transistors are specified in terms of the device power
dissipation (T)• the peak current (I). and the maximum collector-

emitter voltage ( VcE[, )) . The transistors must also be operated
below the maximum power dissipation curve. (se Section 8-7).

Example 18-5
The Class-B circuit in Fig. 18-16 is to dissipate 4 \\ in the 160 load. Specify

the output transformer and transistors. Assume art 	 transformer efficiency.

Solution, - 
p0

Eq. 18-6,	 P0 - -
	 = 0.8

= 5 W

Vç = 30 V

V 2	 30V
Eq. 18-8.	

== 2 x 3 \\'

= 90 0

= 4 r, = 4 x 90 0

= 3600

Transformer specification:

P0	4 W, R = 16 0 r ' ' 	 360 0 center-tapped

= 2 V = 2 x 30 V

= 60V

Eq. 18-10,

Eq. 18-11

Figure 18-16
Cias -B poo cc amp hOer out put
na4'e for Ix. 18.5.

Eq. 18-7,

Eq. 18-12,

2 P0 ' - 2 x 5 W

30V

= 333 mA

P do = V x 0.636 = 30 V x 0.636 x 333 mA

= 6.35W

P 1 = 0.5 ( 1 (&) - P0 ) = 0.5 (635 W - 3 W)

= 0.68W

Transistor specification:
= 0.68W, VC[('­) = 60 V. IP = 333 mA
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Poor frequency response is one disadvantage of transformer-
coupled amplifiers, both at the low and high ends of the audio
frequency range. This can be improved by the use of overall
negative feedback. However, substantial improvement in frequency
response can be achieved by eliminating transformers from the
circuit. The alternatives are capacitor-coupling and direct-coupling
of the amplifier load.

Practise Problems	 —
18-3.1 A Class-A transformer-coupled amplifier is to produce a peak

cUrrent of 15 mA in a 200 0 load. The available transformer has R =
200 0, r1 = 320 0, and efficiency 90%. Determine a suitable
supply voltage and specify the transistor.

18-3.2 A Class-B transformer-coupled amplifier with V- = 25 V is to supply
6W to a 12 0 load. Assuming a 75% transformer efficiency, specify
the transistors and transformer.

18-4 Capacitor-Coupled and Direct-Coupled
Output Stages

Complementary Emitter Follower
Two BITs connected to function as emitter followers are shown in
Fig. 18-17. Although one is npn and the other is pop, the devices
are selected to have similar parameters, so they are complementary
transistors. The circuit is termed a complementary emitter follower.

A single-transistor emitter follower is essentially a small-signal
circuit, because large signals can reverse bias the transistor base-
emitter junction when the input polarity is opposite to the
transistor V13 r polarity. An npn emitter follower might not correctly
reproduce the negative-going portion of a large signal, while a pnp
emitter follower might not reproduce the positive-going portion.
Complementary emitter followers have similar signals applied
simultaneously to both device bases, as illustrated. Transistor 91
conducts during the positive half-cycle of the signal, and it pulls
the output voltage up to follow the input. During this time, 92
base-emitter junction is reverse biased. For the duration of the
negative half-cycle of the input, Q 1 base-emitter junction is
reversed and 92 conducts, pulling the output down to follow the
Input. Thus, the complementary emitter follower is a large-signal
circuit with the low output impedance typical of emitter followers.

Capacitor-Coupled Class-AB Output Stage
The basic circuit of a Class-AB amplifier using a complementary
emitter follower output stage and a capacitor-coupled load is
shown In Fig. 18-18. The circuit is termed a complementary
symmetry amplifier. Transistor 9 and resistors R 1 , R2, R. and RE,
comprise a common emitter amplifier stage that produces all of the
circuit voltage gain. The output of 91 is developed across R. and

ci
npn

RL
pflP

- vcc

Figure 18-17
A complementary emitter
follower uses an npn transistor
and a pnp transistor that have
similar characteristics.



applied to the bases of 92 and Q3 . Capacitor C 0 ac couples RL, and
dc isolates RL to keep it from affecting the circuit bias conditions.

The total voltage drop (V0) across diodes D1 and fl2 and resistor

R0 forward biases the base-emitter junctions of 92 and 93 to avoid
cross-over distortion. Errdtter resistors RE2 and R help limit the
quiescent current through 9 2 and 93. Adjustment of the bias
voltage ( VB) is provided by variable resistor R0. The diodes have
voltage drops (VD) that approximately match the output transistor
VBE levels. Also, V0 does not change significantly when the diode
current changes. so , the diodes behave like bypassed resistors. The
diodes and output transistors can be thermally-coupled by
mounting D1 and 92 on a single heat sink, and D2 and 93 on a
single heat sink. In this case, VD follows the VBE level changes with
temperature, thus stabilizing the transistor bias conditions over a
wide temperature range. The junction of RE2 and R must be
biased to V/ 2 , so that the output voltage to C0 can swing by
equal amounts in positive- and negative-going directions.

±

Class-AB Capacitor-Coupled Amplifier Design
Design of the type of circuit shown In Fig. 18-18 is largely a matter
of selecting appropriate resistor voltage drops and current levels,
and then applying Ohm's law to calculate the resistor values. The
peak output voltage (V,) and peak output current (I) can be deter-
mined from Eqs. 18-8 and 18-I1, respectively. Those equations
were developed for the power delivered to a transformer primaly,
but they apply equally to power delivered to any load resistor.

The voltage drops across R and R when the peak output
current Is flowing are typically selected as 5% to 10% of the peak

H

Va

Figure 18-18
A Class-AB C35t

power ampliter -
complementary er
as the output stage .5

complementary
amplifier.
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output voltage. This Is Illustrated in Fig. 18-19(a) and (b) where the
output capacitor Is represented as an ac short-circuit. So,

RE2 RE3 0.05 RLt0O.l RL	 (18-13)

It should be remembered that R 2 and RE.3 are Included to help

stabilize the transistor quiescent currents at a level that
eliminates cross-over distortion in the output waveform. For the
type of amplifier circuit in Fig. 18-18, without overall negative
feedback. It is best to select the emitter resistors as large as
possible. Smaller emitter resistors can be used In circuits with dc

and ac negative feedback, (see Sections 18-5 and 18-6).
When the output is at its negative-going peak, VcEl should be 1

V minimum, to ensure that Q 1 does not go Into saturation. Also,

Vrn should typically be 3 V. (see Section 5-7). So, the minimum

level of V 1 is typically 4 V, [Fig. 18-19(b)]. Similarly, when the
output Is at its positive-going peak, there must be an appropriate
minimum voltage drop across resistor R, [Fig. 18-19(a)). It is not

acceptable to set a 1 V minimum for VRC , because the current

through Re would be too small for the required peak base current

to Q2. So, it is best to select,

VRqm i n) = Vcitminj 4 V	 (18-14)

The minimum current through Re ('RC(,) should typically be
selected 1 mA larger than the peak base current for the output

transistors. Re is calculated from VRCp, and 'ec(rn
Referring to Fig. 18-19(a), the supply required to produce the

positive output peak voltage is,

V. = V +	 + VBE2 + VRc(

Also, from Fig. 18-19(b), the negative output peak requires,

V. = V + V53 + VB +

Jç

* R
4V)

1BE

RE,	
- RE

'P

RL

R___J'
(a) Positi\ e output peak

* -
R

*

RH	 RE

*
BE

and,	 v*=V	 Q, V-pj
-	 '(-I

So, the total supply voltage is, 	 (4 V)

Vcc = 2(V+ VPE2 + VBE2 + VRqmjn)
	

(18-15)	
(3V)	 -

The voltage drop across the diodes and R  should just bias

and 93 on for Class-AB operation, (see Fig. 18-20). The current
through R. is the 9 1 quiescent current (') and this is calculated
from Re and the dc voltage drop across Re. VRc(&.) equals VcJ(),
and the sum of them equals (Vcc - V8 , (see Fig. 18-20). So,

1RC(dc) = Vc l(dC) = 0.5(V - VB)	 (18-16)

The resistance of RB is now calculated from VRc(d and I.

Resistors R 1 , R2, and RE] are determined fri the usual manner for
an emitter current bias circuit.

(a) Negative output peak

Figure 18-19
Supply voltage determination for
a Class-AB capacitor-coupled
output stage.



Pi = CC

or.	 P = 0.35 Vcc 1P (18-17)
Figure 18-20

1 'el-5	 oss D, D.
and () in tor
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The output transistors should be specified in terms of their
maximumi voltage, current, and power dissipation. The maximum

for 92 and 93 (in Fig. 18-18) is the total supply voltage (V0).
Maximum current for 92 and Q3 is the peak load current plus the
selected quiescent current (I). This normally 1.1 I, Transistor
power dissipation is calculated by determining the dc power
delivered to the output stage from the power supply, and then
subtracting the ac load power. The remainder is halved to find the
power dissipated in each transistor. Equation 18-12 applies: PT =

0.5 (pr - Pj Recall that the transistors must be operated within
the safe operating area of the characteristics. (see Section 8-7).

With a capacitor-coupled load, current is drawn from the power
supply during the positive half-cycle of the output, but not during
the negative half cycle. The capacitor acts as an energy reservoir to
supply load current when the output is negative-going.
Consequently, the supply current has a half-wave rectified
waveform (see Fig. 18-2 1), and so.

= 0.5 x 0.636 1.1 i
= 0.35 I

The dc supply power to the output stage is.

-

As always, with the exception of the capacitor selected to set the
circuit low 3 dB frequency (f), each capacitor impedance is selected
as one tenth of the impedance in series with the capacitor. Where
there is no overall negative feedback, the capacitor with the
lowest-value series-connected impedance is normally selected to
set[. For the circuit shown in Fig. 18-18, the impedance looking
into the emitter of Q 1 is h, and this is in series with CF. If h,3, 1 is
smaller than RL, then atf3:

XcE=hJ,I,Xcc_0.1Z1,XCoO.lRL

Most power amplifiers typically have RL = 8 0 or 16 ft So, the load-
coupling capacitor normally sets the circuit low 3 dB frequency.

X=RLatfJ	 (18-18)

Example 18-6
The Class-AB amplifier in Fig. 18-22 (reproduced from Fig. 18-18) is to deliver
1 W to a 30 0 load. Determine the required supply voltage, and calculate
resistor values for R-, R5 , R2, and R 3 . Assume	 = 50 for Q 2 andQ

Solution

from Eq. 18-8,	 V = (2 RE PO ) = 1(2 x 500 x  W)

= 10\/

iIfl/I.

R-'

R,j

Figure 18-21
The supply current for the output
stage of a capacitor-coupled
Class-AS power amplifier has a
half-wave rectified waveform.



+1

R C <
RC
 6000

I	 DI

R8
B	 200

*

QI

*

+ V'.ç

R8
470

HH1
RE	 R1

REICE 

j

Figure 18-22
Capacitor-coupled Class-AB
power amplifier for Example 18-6.
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V	 1OV
I = - =

R 500

= 200 mA

Eq. 18-13,	 R2 = RE3 = 0.1 RE = 0.1 x 500

= 5 0 (use 4.7 0 standard value)

select,	 'CQ2 = 0.1 I = 0.1 x 200 mA

= 20 mA

VP = BE2 'CQ2 (R 2 + R 3 ) +

= 0.7 V + 20 mA (4.70 + 4.70) + 0.7 V

= 1.6 V

Eq. 18-14, VCl(,, in) = 'RCfr,,Th) = 4 v

I,	 200 m
'82(ma) =	 =

h 0 	 50

= 4 mA

select,	 = '52,r,a, + 1 mA = 4 mA ± 1 mA

= 5 mA

V	 4VRc- RCfrTh)

'RC(rin)	 5 mA

= 800 () (use 680 C) standard value)

Eq. 18-15,	 V = 2 (V + VR, + VBE2 + VRC(m,))

= 2 [10V + 1 V + 0.7V + 4 VI

=31.4V (use 32V)

Eq. 1816,	 VRc(dc) = 0.5 (V	 V8) = 0.5 (32 V - 1.6 V)

= 15.2 V

1c1(d'.) 
= VRc '.) = 15.2 V

R0 	 6800

= 22.4 mA

	

V6 -V0 -V	 1.6V-0.7V-0,7V
RB =	= ________

'CI(dc)	 22.4 mA

= 8.9 0 (use 20 C) standard value variable resistor to
allow for ± adjustment)

Example 18-7
Specify the output transistors for the circuit in Example 18-6.

Solution

RI

C'.

/

V8/



Figure 18-23
A direct -coupled Class-ABpov.er
amplifier must uce plus-minus
uoofy voltages.
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VC[,) -	 - 32 V

= 1.1 I = 11 \ 200 mA

220 mA

Eq. 18-17,	 PIdo =035\ I =033x32Vx200111A

= 2.24\\

from Eq. 18-12, 	 P1 = (1.5 P	 P	 0.5 2 24 W - 1 W)

- 0.62 \\

Example 18-8
Cakulate capacitor calti( , s tol C . ind C for the circuit in Example 18-6 if the

	

Ca Ci cutoff frequency is to be 0 Hi.	 me 6 - 20 Q.

Solution

9eca NC h,	 R1 , C1 sets

Cl 2771.1)	 27T x50Hix20O

= 159 cE ue 160 6F standardvalue)

C')	21 1).1R	 2x77 x50HzX0.1 x500

-. 6	 ij-1, 680 j E standard a1ue1

Direct-Coupled Class-AB output Stage
Flie output capacitor in a capacitor-coupled power amplifier is a
large expensive component that should be eliminated if possible.
Figure 18-23 shows a Class-AB amplifier circuit with a direct-
coupled load. In this case, the supply voltages must he positive
and negative quantities. +V and - VEs as shown, so that the dc

voltage at the output is zero. This is necessary to avoid a power-
wasting direct current through the load. Apart from the
positive/negative suppl y , the direct-coupled circuit operates in the
same way as the capacitor-coupled amplifier.

With a few exceptions, the design procedure for a direct-coupled
circuit is essentially the same as for a capacitor coupled circuit.
Equation 18-15 gives the total supply voltage, and this must be
halved to give +V and -V for the direct-coupled amplifier. The
total supply voltage must be used to calculate P5 in Eq. 18-17.
Also, the transistor maximum V is the total supply voltage.

irobkms
o–	 iiSS.'	 r	 .Fttri,	 I. '	 -- i to dissipate 200mW

in a 60 0 load. Calculate V, and specify the output trans;sio.

18-42 Determine Rc and R. for the amplifier in Problem 18-4.1.



al Dart ineton-connCc tcd
output stage

'COO

Q-,

.,. ,ICBO

0.0]

(0) Rs biases 22 o ff

Figure 18-24
Darl i ngton-connected	 output
transi .,tors reduce the current to
he supplied by Rc and Q and
a/Ion R. to be increased for a
!arper votage gain.
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18-5 Modifications to Improve Power
Amplifier Performance

Darlington- Con IlL' cied Output Transistors
High-power transistors usuall have low current gains, so
relatively large base currents must flow into Q. and Q. in the
circuits in Figs. 18-22 and 18-23 to supply a high load CltlTent.
This means that the quiescent current through Q must he large,
and consequently resistor R is small. The small value of RC keeps
the amplifier voltage gain low. To improve on this situation,
Darlinqtoil-cort!teCtCd output transistors may be used, as illustrated
in Fig. 18-24(a). Transistors 9 1 and Q5 in Fig. 18-24(a) are low-
power devices that supply base current to output transistors Q2

and Q . . respectively . Note the four biasing diodes in Fig. 18-24(a) to
bias the four transistor base-emitter )unctions.

When peak load current (I tIo\vs, the peak base current to
and Q.. is.

IB	

Is,

	

=	 X 11..4

This reduced base current allows	 to be smaller, giving a
larger resistance for R. and resulting in a larger voltage gain.

Resistors R5 and R0 in Fig. 18-24(a) are included to bias Q and

Q5 off when Q 4 and Q are in cutoff. The largest possible resistance
values should normall y be selected for R. and R9. When Q2 and Q.

ate off the collector-base leakage current 'CBQ flows in R8 and R9.

see Fig. 18-24(b)]. The voltage drop across the resistors (I R5)

should be much smaller than the normal transistor base-emitter
voltage. Selecting ICBO RB equal to 0.01 V normally gives satisfactory
tesistorvalues. R8 and R9 arenot required when power Darlingtons
are used, as illustrated in Fig. 18-25.

Example 18-9
She Class-AB amplifier in Example 18-6 is to be redesigned to use
Darlingtons, as in Fig. 18-25. Assuning that the power Darlingtons have

= 2000, and Y, = 1.4 V. Determine new values for: VCC , R, and RB.

So/u 11011

from Ex. 18-6,	 V = 10 V, J = 200 mA, 'CQ = 20 MA, RL7	 R, = 4.7 0,

= 3 v VC = RC(dc) = 15.2 V. VRC(na) = 4 V

= BE, + 'CQ2 ( R1 . + R1 ) + V3

= 1.4 V + 20 mA (4.70 + 4,7 0) + 1.4 V

=3V

	

Vcc =	 '	 non ' "B - I J.2 V + 15.2 \/ + 3 V
= 33.4 V

VCC /VIE = ± 17V
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RcI	
I	 200 iiA

= 100 pA

select	 1	 .. = 1 mA

	

V	 4V- RCrm) -

1 mA

= 4 LQ (use 3.9 kO standard \

I,	 1V

3.9 kO

= 3.9 mA

=	 (4X'()) =

IC Sfr)	 3.9 on

51 0 (use a 1000 \ariabte
resistor for adjustment

"B..

1)1

/ C 1 

-1----	 ^ I -

Figure IS- 2

C!i- - '\t3	 ,.:	 .::v.'''
s,o er

Q ua.i- Co,nplenzenlarv Output Stage
The quasi cornptemefltaflJ circuit was originally developed because
coipIernCflt21' high-power transistors were not readily available.

Despite the fact that such transistors are now available, the

quasi . CofllPlenlentalY circuit is still widely used.
Consider the arrangement inFig. 18-26. 9, is a high-power npn

transistor, and Q is a low-power pnp device. When 95 base

current (I,) flows, the collector current of Q behaves (largely) as

base current (1,J for transistor Qv This produces a .9 . , collector

current 110w (Ia,). which combines with 1F5 
to constitute a current

flow in the load. Because In., >> J, 
the output current can be

taken to be approximately I:

1c0	 It 	 X 1f33

M	 1,3 hFF3 x I LFE5 X

This is the same as the current gain with Darlington-connected
transistors.

Now note that when a negative-going input voltage Is applied to

the base of Q 
a negative-going output occurs, because the emitter

of Q (and the collector of 9) follow the input voltage. Thus, the

combination of transistors 93 
and 95 in Fig. 18-26 behave as a

high-power pnp emitter follower, just like Darlington -connected
transistors 93 and Q in Fig. 18-24(a). Because transistors 92 and

In Fig. 18-26 are both nprl dexices, the y can be the same type of

transistor. This eliminates any problem with finding suitable
complementary high-power transistors. Resistor R9 in Fig. 18-26

ensures that Q is biased off when Q goes into cutoff.

Fiur	 18-26
A qua5iCOrnPieTt r output

oage allows output transistors to

he the same tpe; Q and Q3 are
both npn transistors.
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Output Current Limiting
Because the output transistors can be destroyed by excessive
current flow, output current limiting circuits are often included in
• power amplifier. Figure 18-27 shows the typical arrangement for
• current limiting circuit. Emitter resistors R 2 and R are each
made up of two components (RA and RB), as Illustrated. The
current limiting transistors (94 and Q5.l are connected as shown,
so that the voltage drop across R,32 and Rm (produced by I) can
turn 94 and 95 on. This occurs only when I is at the selected
level. When 94 turns on, it pulls the base of 92 down, so that 92
cannot supply current in excess of Similarly, turning 95 on
causes the base of 93 to be pulled up toward its emitter, thus
again limiting the output current to

As already discussed for voltage regulator current limiting
circuits, Q4 and 95 typically turn on when V8 0.5V, (see Section
17-3). The component values shown in Fig. 18-27 limit the peak
output current to approximately 1 A. Catch dies D3 and D4 In Fig.
18-27 are usually included with current limiting, to protect the
output transistors from the excessive voltage levels generated in an
Inductive load when the current growth Is limited. The diodes
prevent the load voltage from exceeding the supply voltage level.

VBE Multiplier
Figure 18-28 shows an alternative to diode biasing for the output
stage transistors in a Class-AR amplifier. This circuit Is known as
a V8 multiplier because it produces a bias voltage (V = VcE&
which is a multiple of the V., of transistor Q6. Referring to the
circuit, note that I is the current through the the voltage divider
(R10, R11 , and R12) that biases 96. Because I10 is much smaller than
I, the Q1 collector current (') approximately equals I.

+; 'cc

cacch

Q2

D

03 Q
RA

RB'
0.50	 i.

R8 H-44
>	 I	 IJ

0.50
R83	 RL

	

Q5	 RE

R43	 J	 h02	 0.312	
Wd

D4

23
,IcI

- LE

110	
V6

R 11 + R12

VB = 1 10 (R io + R11 + R12)

VD = V,(R
10 +R 1 +R12)	

(18-19)
 R11+R12

It Is seen that the base bias voltage for the output stage
transistors can be set by suitable selection of the VBE multiplier
resistors. The bias voltage remains constant when I, changes.
Also, It can also be shown that the changes produced in VB by
temperature variations closely match the total VBE temperature
changes In the four output stage transistors.

Example 18-10
Design the V8 multiplier in Fig. 18-28 to have V. = 3.2 V adjustable by ±0.5
V when I, = 5 mA.

or

Figure 18-27
Current limiting transistors (Q4
and Q) turn on when the load
current is at the selected
maximum. This stops further
cut rent increase in Q2 and Q3.



Figure 18-28
A V8E multiplier is an alt ernath e to
diode hiacinq for the output
transistors.
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Solution
= 3.2 V - 0.5 V = 2.7 V

15rn,i7 = 3.2 V + 0.5 V = 3.7 V

select	 0.1 1(7 = 0.1 x 5 mA

=500pA

for V(.E = 3.2 V,	
-	 — 3.2 V - 0.7 V

	

RIO=	 500 PA	 Rj

= 5 LU (use 4.7 LU standard aIue)	 Ii
VB

1orY = 3.7	 = 3. V - o.: V

	

-	 R1)	 4.7 LU

= 638 p.A	 RI

for k	 = 2.7V,	 -	 - iif =

	

RIO-	 4.7 LU

= 426 p

k, 
131	 0.7 V

	

R 77 + R 1 . =	
= 426pA

= 1.6 LU

V0	 O.7V
R77

1l0Ou')	 638 pA

= 1.1 LU (use 1 kU standard value)

R,, = (R 7 ± R 12 ) - R 77 = 1.6 LU - i LU

= 600 U (use a 750 U standard value potentiometer)

c

Power Supply Decoupling
High-power amplifiers require high suppl y current levels, so

unregulated power supplies are often employed to avoid the power
wasted in a series regulator. The high ripple voltage that occurs
with unregulated supplies can be amplified to appear at speaker
outputs as very unpleasant power supply hum. Supply decoupling

components CD and R35 are employed as shown in Fig. 18-29(a) to

combat hum. Capacitive impedance X 0 forms an cc voltage divider

with resistor R 15 , so that the ripple amplitude is attenuated, as

illustrated. The resistance of R 15 is usually selected approximately

equal to emitter resistor RE ,, and X 0 is made very much smaller

than R 15 at the ripple frequency J. If X 0 = R n/ 100 atj, the ripple

voltage will be attenuated approximately by a factor of 100. The dc
voltage drop across R must be taken into account when
calculating Vcc.



liiutc	 /5-29
LDt( 'ijfd t qm, air	 .i.t

71rm11(' P miii er 'ti/)pl r , i q )/e
\  "It i .x j f^ d 	 (ilu tfii't!7t.

cc

+
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bi Posr upp. Jc upIn b\ (	 md

Fire- I --29(b) shows power suppl y (lecoupltng capacitors (Cia
itlilI C .1 wit hout any series connected resi1ors. These are often
used even when the supply voltages are regulated and hum is not
a problem. When a sudden high output current is switched on or
°ll . the current change can produce short-lived (spike-type) voltage
drops (transient) on the supply lines. These transients ma y be
amplified to produce otitut distortion if they are allowed to
appear at the suppl y lines for the first or second stages of a circuit.
Capacitor C01 is a relatively high-capacitance component that
might normally be expected to perform the necessary decoupling.
However. such capacitors usually offer a relatively high impedance
to high-frequency variations or fast transients. Consequently, the
high-frequency low-capacitance component C12 is required to
ensure satisfactory decoupling. It is L'erp important that decoupling
Capacitors he located right on circuitcircuit hoards, as close as possible to
the terminals of the cil-cuit to be decoupled.

Increased Voltage Gain and Negative Feedback
The Q collector resistor (Rd) in the circuits discussed so far has its
resistance limited by the need to supply base current to the npn
output transistor. The resistance of R C also dictates the
collector current level. This is shown b y the 1m	 calculation in
Ex. 18-6. A larger resistance for Rc would give a greater voltage
gain, which is desii-abA, {o I1tga;ve fecdhaci. !n Section 13-7 it is
shown that negative feedback reduces distortion and increases
circuit bandwidth, so its use is necessary in all power amplifiers.

Coev.unr ml circuit

Figure 18-30
A constant-current circuit used

'd for Q1. Will increase the
overall amplifier uvcal! gain.
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In Fig. 18-30 RC is replaced by a constant current circuit (see
Section 17-2) constituted by transistor 9 7 together with emitter
resistor R 7 , and base bias resistors R 1 and R 4 . The minimum
level of Vr7 and the Rrr voltage drop are selected to equal the Q1

levels. This allows the voltage to the output stage to swing
positively by the same amount as it can go negatively. The
constant current circuit offers a high ac load resistance (1/h. 7) for
the Q 2 stage, to give the highest possible voltage gain.

Load Compensation

All design and analysis calculations for power amplifiers assume a
resistive load with a given resistance value (RL). For audio
amplifiers, the load is usuall y the coil of a speaker which, as
illustrated in Fig. 18-31, combines coil inductance L and winding
resistance R0. The load impedance is, ZL = R + j (2r f La). and
clearly ZL increases (from a low of R at dc) as the signal frequency
increases. An 8 f) speaker might offer an impedance of 8 fI only at
a frequency around 400 Hz. The fact that the load is inductive
means that the load current lags the load voltage, and typically
the phase angle could be as high as 60°. Similarly, when capacitive
loads are involved the load current can lead the load voltage. The
phase difference between load current and voltage can put stress
on the output transistors, so output compensating components
are often included to minimize the phase difference.

Figure 18-32 shows the typical arrangement of the compensating
components. Inductor L and its parallel-connected resistor R are
usually recommended by device and IC manufacturers for isolating
a capacitive load. Capacitor C,, and series-connected resistor R
help to correct the lagging phase angle of an inductive load.

Speaker
coil

SpeakCr

L

z'

Equisalcr.
Ci rCUi

Figure 18-31
A cpeakercoil ha reirancc and
inductance, SO it,irnpeccice
varies with signal frequency.

L

f
Practise Proble?ns\
18-5.1 A direct-coupled Class-AB

	 18-32
ass-AB power amplifier output stage, as in Fig. 	

TpicaI	 arrarIgemer	 of
	18-24(a) is to deliver 5 W to a 8 Q load, The output transistors are	 components to comperuate 10'
	power Darlingtons with h 1 = 3000 and V = 1.5 V. Calculate the	 inductive and capacitive Ioac.

required V and the resistance values for k and RB.

18-5.2 Design a V85 multiplier to provide a (4 ± 0.7) V bias for a Class-AB
output stage. The bias current ('C1 is 2 mA.

18-5.3 The constant currentcircuit in Fig. 18-30 has VCC = 25 V and I =
3 mA. Determine suitable resistance values for R 731 R14 , and R57.

Also, calculate the resistance for R4 to give V = 3.5 V ± 0.4 V.

18-6 BJT Power Amplifier with Differential
Input Stage

Amplifier Circuit
The direct-coupled amplifier in Fig. 18-33 has a differential-
amplifier input stage constituted by transistors Q and 92. (see
Section 12-8). It also has an intermediate stage (9. with a
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constant current load Both pairs of output stage transistors

IQ- and Q 7) and (Q,, and Ql are in quasi-complementary
configuration. instead of the usual complementary form. This
arrangement helps to minimize the required supply voltage by
removing the V of the power transistors from the V- equation.

V = V,+ VRI4 + VBE5 + VCE3(m in) + VR9	 (18-20)

VEE = -( y. - \. + V,. + Vcrnuj + RJ )

R -1	R9

=

-C,	 Ru	 Fire 18-33
C! '"r Ito

C
C,

. -
.•	 .	 /	 .	 \Hj>r .1m f )If!i(.	 s.(h	 -

2	

7, !;O€t,

Q	
IA

4 fRI.;

The differential input stage facilitates negative feedback (.\FB),
and the whole circuit functions like an operation amplifier. Q,
base is Ihe lioniilverting input. 92 base is the inverting input, and
the junction of R, and R, 5 is the output terminal. There is 100%
dc NEB provided from the output via R, to Q2 base. This keeps the
output dc voltage at the same level as Q, base, (at ground). With
C2 behaving as an ac short-circuit, the ac NEB is divided by R 5 and
R6 to give a closed loop gain: A, = (R5 + R&/RS.

Zener diode B3 and resistor R. decouple the power supplY ripple
on the negative supply line. The d ynamic impedance of B,
combined with R4 functions as an ac voltage divider to attenuate
the ripple at the emitters of Q, and 92 . Ripple at this point is
amplified just like an input signal. Capacitors C.3 and C 5 are
frequency-compensating components, (see Section 15-2).
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Amplifier Design
The design procedure for the output and intermediate stages of the
circuit in Fig. 18-33 is similar to procedures already discussed.
Design of the differential stages is very simple. The dc collector
currents for Q and 92 should be larger than the peak base current
for 93. and the voltage drop across R is(V+ V8f3). Zener voltage
V is any convenient level, usually around 0.5 V. Resistor R 3 is
calculated to pass 'E	 + 1c)' and R4 must pass (1,+

Q 1 bias resistor R, is determined from Eq. 5-17, R6 is selected
equal to R 1 . and R5 is calculated in terms of R. to give the desired
closed-loop gain. The impedance of C 2 is made equal to R5 at the
desired lower cutoff frequency (f). so that C. sets f1 . Capacitors C1

and C4 are determined in the usual way for capacitors that are not
to affect f1 . An additional capacitor (c6) might be included to set
the upper cutoff frequency (J: (X 6 = R6 at J)

Example 18-11
The amplifier circuit in Fig. 18-33 is to deliver 6 W to a 160 load. Determine
the required supply voltage and specify the output transistors.

I	 I	 I
tR9 R9

*

"CF3

L

D1

Qo
C5

04 Rii

+Lcc
+0 V

R -

jR11

 *

 Np
0 -

R13

-20 V

1EE

Solution

from Eq. 18-8,	 V = 2 R P0 ) =	 x 16 Ox 6 \

= 13.9 V

k" R14 = tRl5 = 0.1 V0

1.4 V

R74 = R 16 = 0.1 R

= 1.6 0 (use 1.5 0 standard atue)

select,	 =	 = 1 V

and,	 'R9 = t RIO = 3 V

refer to Fig. 18-34,

VCC = ±(V + V 14 + VBL 5 + VC r + tR)

= ±(13.9 + 1.4 V + 0.7V ± 1 V + 3V)

= ±20V

V	 13.9V
L = - =

R1	 160

= 869 mA

dc power input from each supply line,

Eq. 1817,	 P(,.) = (1'cc (V 1 )] X 0.35

= 120 V + 20 VJ x 0.35 x 869 mA

12W

Figure 18-34
Output stage voltage drops for
the circuit in Fig. 18-33.



R-

Rs
0 

5EL

Figure 18-35
Intermediate and output stage dc
voltage drops for the (ir(umt in Fig
78-33.
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Output transistor specification;

from Eq. 18-12, P 1 - 0.5 P.	 - P0 )	 03 12 \V 6 \\

- 3 \V

= 2	 - 2 x 20 V

- 40V

I( .	 1.1 J, = 1.1 x 869 mA

956 mA

Example 18-12
Determine suitable resistor alues for the (mnlptmt and intermediate stages of

the circuit in E\anlple 18-11. Assume that Q . and Q have h, - 20 and

-	 50 P-\ A l co as',timne that Q and C) has e P -

Solution
Refer to Fig . 18-35,

(3.01 V	 0.01 \
R, —R 

	

-	 '0	 SOpA

200 0 use 220 0 tand,lid \

	Ir 	 OhOnm\

0.62 ft i

Ii >

select
	

I( = 2 itiA

t Ri	 3
= R = - -

2 mA

= 1.5 LO (standard alue

= Q_, Qs quiescent current

select
	

'Q8	 0,1 'p	 0.1 x 869 mA

= 86.9 mA

VRI4(dr) = VRII th, =	 x R.

= 86.9 mAx 1.5 0

= 0.13 V

V	 1VR i O(m ) V + +50%= 814(5) RI' di

=10.13 V + 0.13 VI +50%

= 0.39 V

V 0	 0.39 V

	

R10 =	 =
2 m
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= 195 0 (use 200 0 variable resistor)

select

	

	 R = 10 R I = 15 kO (standard V,1 lue

/ = 
V 1 + t 61 - 3\! + 0. 7 V

R. - 15 k
= 247pA

R- 
= EFRH + V0 ) = 20V-(3V+0.7V)

JR	 247 pA

= 66 kO (use 56 kO + 10 kO)

Practise Problems
18-6.1 Design the input stage and feedback network for the circuit in

Examples 18-11 and 18-12. The signal amplitude is ±0.5 V, and the
lower cutoff frequency is to be 30 Hz. Assume that transistors Q1
through Q4 have	 = 60.

18-7 Complementary MOSFET Common-Source
Power Amplifier

Advantages of MOSFETs
Power MOSFETs ( described in Section 9-5) have several advantages
over power BITs for large signal amplifier applications. One of the
most important differences is that MOSFETtransfer characteristics
( IJ)/ VCcJ are more linear than I/ V,3 characteristics for BITs. This
helps to minimize distortion in the output waveform. Thermal
runaway does not occur with power MOSPETs. SC) the emitter
resistors in the RJT output stage ( R 14 and R35 in Fig. 18-33) are not
needed in a MOSF'ETamplifier. Thus, the wasted power, dissipation
in the emitter resistors is eliminated.

Power MOSFETs can be operated in parallel to reduce the total
channel resistance and increase the output current level. Unlike
BJTs operated in parallel, there is no need for resistors to equalize
current distribution between parallel-connected MOSFE'Ts. For
Class-AB operation. the MOSPET gate-source should be biased to
the threshold voltage (VT!!) for the device, to ensure that it is
conducting at a low level when no signal is present.

Power AmplifIer with MOSFET Output Stage
The four output transistors in the amplifier circuit in Fig. 18-33
could be replaced with two power MOSF'ETs operating as source
followers. However, the PET gate-source voltage must he included
when calculating the supply voltage, so that a larger supply
voltage would be required than with a BIT amplifier. In the power
amplifier in Fig. 18-36 the complementary MOSF'ETs output devices
operate as common source-amplifiers. As will be seen, this permits
the peak output voltage to approach the supply voltage level.



C

H

Figure 18-36
C!is-A3 pm, er amp/eer UOi'd )
.\ (05FF T	 ut 10	 't,idr. n,	 Cr

\!OSFEN Q . 00(1 (,)	 fl(.to 0'
(i)(flITh(i(

+Vcc

Figure 18-37
MOSFET gate-source bias voltage
is provided by resistors R6
through R9.
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As iii the cie -I rh JJT circuit in Fig. 1-33, the hibrential
amplifier input stii a Fig. 18-36 allows the use ot de negative
feedback (via R-t- bilic the dc output voltage k-eel, and etc

negative fccdba k lvia Rind R) to set the ('lose(I-lp voltage
gain. Output trt	 trs	 and P, are complenien1at \!OSFETs
and both are opi.-r :Ca common-source amplifiet. Re s istors R6
through Ru prO\i(	 volt age t o  set the gate- su ri - c voltage of .Q

and Q N) t)t' I:''Y -i k-eel ('J) for the .TO.SFETs.	 e(' Fig. 18-
37). 1esistoi' 1?	 .o	 iii(!udL'd, as shown. to lad tate bias
voltage adjustnir-rt. Ctpacitors U, and C short-circuit R_ and R9

at signal frequetti i,.	 I hat all of the cic voltage from the first
stage is applied T, Ili, - ' !OSFET gate terminals.

A posit ive-goind viltage at Q collector increases \-	 and
decreases	 Thus. Q drain current is increased and 93 is
turned ot (see Fid. 18-38). ! flows through R. producing a
negative-going load vohage. When the voltage atQ.,- is negative-
going, Vc., is decrea ­ed and V(-. is increased. This causes 1m to
increased and Q . to Lv turned off. Load current now flows via Q 3 to
produce a positive-going load voltage.

MOSFET Power Amplifier Design

In a Class-AB .\IOSFET power amplifier, the FELT gate-source
voltages should he biased to the minimum specified threshold
voltage for the devices. The peak output voltage and current are
calculated In the usual way, and the minimum supply voltage is.

VCC 	 [V1,+	 (18-21)

where RD( is the FET channel resistance. (see Section 9-3).
The required gate-source voltage swing {V Is determined from

1/g. The Input stage n-inst provide for ±A Vc;s at Q 1 collector (Fig.
18-38). Power dissipation in 93 and 94 is determined in the same
way as for a BIT stage. The selected MOSFETs must survive the
total supply voltage and pass a drain current approximately equal
to 1.1 !,. Capacitor values are determined In the usual way.
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+
- decreasing VGS

increasing VGg

Q3

pos,sivr-
goirgS	 Figure 18-38

A positive-going voltage at Q

_ ) 

collector is applied to the gate-
source terminals of Q4 to
produces a negative-going load

	

rcgsioe-	 voltage.
-	 going Y

.Q4 -

- Increasing cc

• decreasing V;5

- -VEE

VGS3

I
R3

R3
	 R8

- GS4

Example 18-13
The amplifier in Fig. 18-36 is to deliver 2.5 W to a 200 load. The output

MOSFETs haveg = 250 mA'V, V = 1 V, and R3 = 40. Calculate the
required supply voltage, and determine suitable dc voltage drops across R,,

R3 , and R6 through R9.

Solution

from Eq. 18-8,	 V = (2 RL PO ) = V(2 x 20 Ox 2.5 WI

= 1OV

V	 1OV

R 200

= 500 mA

Eq. 18-21,	 V = ±(V + I R0 .0 ) = ± 110 V -i- (500 mAx 40)]

= ±12V

YRC = YR9 = VTH = 1 V

I	 500rn\
AVR6R6	

g	 250 nvvV

=2V

VR2(min) = VcEl(m ) = 1V 6 + 1 V = 2 V + 1 V

=3V

select,	 Vco(dc) = 3 V

then,	 VR2(dc)	 V - VCEI(dC) = 12 V - 3 V

=9V

VR3	 VfL .'8E_ 12V 0.7'!

= 11.3 V
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V- =V- VK — 8' -1V
- 8V

	

R8 - l (( -	 0	 R	 V5

—12V12V IV BV lv

- 14 V

Example 18-1I
Determine resistor aloes for the 	 N fT amplifier circuit in Exariple 18-1 1
The input signal k to he	 $Oi) rii\

Solution

R	 R, <

select,	 R, - R, - 100 kG

1\

	

-	 1)

- lOp\
V,- 8\

R-	 -
I,	 l0j\

= 800 kG u e "320 k C) ta u(la rd al lie

R-
I,

1.4 \C)	 u I	 '40 l,Oi(iiid

select,	 1, ,	 I	 = 1 ru

V

-	 lrn\

¶3 kG LJe 8 2 kG tdfld11(i \ aloe)

V 	 11. 3 V
R 1 = —f---- =

	

1+I	 imA--1mA

= 5.65 kG ue 5.6 hO standard saluei

Select,	 R7 = 4.7 kG f. from Eq. ml

R5 - R 7 = 4.7 hO

10 v

	

Act	
V0()	 800 mV

= 12.5

R5	 4.7kG
R

	A1	 12.5-1

= 'fOd C) kUS' 208 0 standard value)
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Practise Problems
18-7.1 Calculate suitable capacitor values for the circuit in Examples 18-13

and 18-14 if the lower cutoff frequency is to be 20 Hz.

18-7.2 A MOSFET Class-AB amplifier as in Fig. 18-36 is -to deliver 1 W to a
1000 load. The output devices have g =400 mS, V,,, = 1.3 V,
and R0(0) = 60. Determinethe supply voltage, and the dc voltage
drops for the resistors. 	 -

8-73 Determine resistor and capacitor values for the circuit in Problem 18-
7.2. The signal amplitude is ±0.4 V and the lower cutoff frequency
is to be 40 Hz.

18-8 BJT Power Amplifier with Op-Amp Driver

Circuit Operation
The Class-AB power shown in Fig. 18-39 uses an operational
amplifier (A,) for the input stage. Resistors R, and R together with
the two diodes provide bias for the complementary emitter-follower
RJT output stage. There is 100% dc negative feedback via R3 to
keep the dc Output at the same level as the op-amp noninverting
input, which is grounded via R,. Overall ac negative feedback via
R 7 and R 3 controls the amplifier ac voltage gain.

-:5

0

R-

- I S V

1EE

kQ

R'
S60-1)

C'
	 R3

"M
10uF

Figure 18-39
Compfernentar-v-smmetry Class-

R1
AB power amplifier using an
operational amplifier and overall
negatide feedback.

No amplification is produced by the intermediate (output biasing)
stage. Instead resistors R4 and R5 provide active pull up for
transistors Q, and Q2 . When the op-amp output at the junction of
D, and '2 is increased in a positive direction, A 1 supplies current
through D2 and R5 . So, the voltage drop across R, is reduced,
allowing it to pull the Q 1 base tip to the required level while
supplying increased base current to 9 2 . This is illustrated by the
example voltage levels shown Iii Fig. 18-40(a). Note that 92 is
biased offwhen the output voltage is at its positive peak.
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--I---

R4

-iO.3V---

O7V
03 V

II'

Figure 18-40
Output stage voltage lv

peak output voltages of IC

IO.3 V - .

R

(a) Voltage Ic' cis ss hen	 = -	 (hi Voltage levels is hcn I	 V

Figure 18-40(b) illustrates the situation when the op-amp cutput
moves In a negative direction. A 1 pulls current through R aud 1)..
leaving R. to pull the base of 92 down to the required voltae level
while supplying the increased base current. Transistor g. is based
off at this time, as indicated b y the example voltage levels.

The circuit In Fig. 18-39 has no provision tor adjustind the bias
current In the output transistors. However, the diode vnitaCe drops 	 R

do bias Q 1 and 92 at least into a low-current on state Although
this might not seem enough to completel y eliminate cross-over
distortion, It should be recalled (from Eq. 13-28) that overall
negative feedback VFB) reduces distortion by a factor of (I - .-1v13).	

I?

where Ac is the circuit open-loop gain and B is the feedback factor.
Thus, the high open-loop gain of the op-amp severely attenuates
the cross- over distortion that would he present without .'sTh

Use of Bootstrapping Capacitors
The resistance of (equal resistors) R4 and R. (In Fig. 18-39) Is
limited by the need to supply base current to the output
transistors. The calculation of R In Ex. 18-9 shows the process 	 R1	 (	 r-

for determining R4 and 1?. Also, there Is a need for minimum
voltage drop across R4 and R5 to produce the base current. Here R5

again, this Is shown In Ex. 18-9 where VRc	 is the minimum	 R11

voltage drop across R . This minimum resistor voltage requirement
keeps the amplifier maximum peak output voltage well below the
supply voltage level, and thus limits the amplifier efficiency. 	 Figure 18-41

	The situation can be substantially Improved by the use of the	 Bootstrapping capacitors i..soo
bootstrapping capacitors (C3 and C4) shown In Fig. 18-41. 	 with a complementary erratter

Resistors R4 and R. are divided Into two equal-value resistors (R8 follower output stage can drive

R9 and R10 R 11 ), as Illustrated, and the capacitors couple the 	
tur1Ut transistors close to

output voltage back to the junctions of these components.
Consider the example supply voltage and dc bias levels shown In

Fig. 18-42(a), where the Q 1 emitter resistor Is left out for simplicity.



( 10) Op-amp mar - = 3 \

RI

R

(it) Op-aIllr v.:I.'.I =
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The output of A 1 is at 0 V. Q, base is at +0.7 V. and the load
voltage is 0 V. The supply voltage is +15 V. the voltage at the
junction of R and R 1 is +7,5 V. and the voltage across C is 7.5 V.
Note that the voltage drop across R0 is 6.8 ''

The new voltage levels that occur when the 01)-amp Output
increases by 3 V are shown itt Fig. 18-42(b). Q 1 base is at +3.7 V.
and the load voltage (V) is +3 V. Because Ca is a large capacitor,
its terminal voltage remains substantiall y constant at 7.5 V. so the
junction of R. and R0 is pushed up 10

+	 = 3V + 7.5 V = 10.5 V

With 10.5 V at one end of Rn and 3.7 V at the other end, the
voltage across Rn is 6.8 V. This is the same level of VRI that occurs
when the op-amp output is zero. Thus. C. 1 keeps V constant.
Recall that, without the bootstrapping capacitor. V decreases
when the op-amp output rises.

L	 I 1 5 I

ILl

*21 2 \	
" j"j, *

R1	 j-	 -

+I44V	 0/

>+

(c) Op-amp output = 13.7 V	 -

Now consider the voltage levels shown in Fig. 1 8-42(c). where the
op-amp output is +13.7 V. Q 1 base voltage is 14.4 V. V, = +13.7.
and the voltage at the R8 R 1 junction is,

V+t7,=13.7V+7.5V2t.2V

1-igure 18-42
Output stage '.u':age level' tor

various level , o ep-amp outOut
voltage. The o:age on the
hotstrappinii capac,tor remains
con-ta ml.
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Once a gain. \' remains constant, however, note that the
bootstrapping capacitor has actuall y driven the R5 R, junction to
a level higher than the supply voltage. This allows the output
transistors to be driven into saturation, and the voltage drop
across Rç + R) is no longer involved in the suppl y voltage
calculation. In this case, the required suppl y voltage is.

V = ±[V+ (IR) + VcEa(S )	 (18-22)

The peak output voltage can also be limited b y the output voltage
range of he op-amp. For most op-amps the output voltage range is
1 V to 1.5 V less than the positive and negative supply levels.
However. rod-to-rail op-amps are available with an output that
ranges from	 to

Example 18-15
Anakze e amplifier chctut in Fig. 18-4 to determine the hoot-trip capiditor
terminal u(tae	 - . peak output\ oltage 	 and the prik (iiitpiIt fl\ver
PH. TH ''afl.t°r	 ae \	 1.5 \'.

Solution

\\heil , s\•	

;r	 l\-D\	 -
- 
•._i5

= 5.4 m-\

1 V - 3.4 ni-\ \ .5 kU

=8.OV

= V.-V-= 17\'-l.SV	
HI	 i'

= 15.5 V	 ':oi	 UL1

I — 
v + V =	 155v. __--

R, + R,	 1000±8.20	 -
= 143 mA	 Rll)^

V. = I R = 143 mAx 100 0
=14.3V	 I

V 2	 (14.3V)2
P

2R1	2x1000

= 1 \V

Design Procedure

The amplifier in Fig. 18-44 uses four diodes to forward bias the
base-emitter junctions of the Darlington output transistors.
Otherwise, the circuit is exactly the same as in Fig. 18-43.

.	 J	 lnn.a

0

^ , J1, I —Q
R	

100,F

1 1F

Jigure 18-43
Power amplifier	 itT Li it

ExampIe 18-75.



Solution

from Eq. 18-8, V =s2RP0)='(2x80x6W)

= 9.8 V

r	 9.8V
'P =	 =

R 80

= 1.2 A

select,	 R6 =R=O.1R =0.1x80	 CI

=0.80

RI

Eq. 18-22,	 = ±lV + I, R6 + VC[(,,)

= ±[9.8 V + (1.2 Ax 0.80) + 2 V]

=±12.8V (use 1 13 V)

I	 1.2A
II.	 =--=----B7e.1k	

h1r,	 1000

= 1.2 mA

14 > 1B,e,lk)

R'

C2 '-
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As always. the peak output voltage and cu:rent are calculated
front specified output power and load resistance. The supply
voltage is determined using Eq. 18-22, and the emitter resistors for

the output stage are typically selected as 0. 1 RL. The bias network

current (14) should be larger than the peak base current for Q1 and

92. The resistance of R (which equals R8 + R) is calculated front

and the circuit dc voltage drops. R. should typically be selected as

0.5 R, and then R,. R j a. and R 11 are all equal to

R 1 and R3 are equal-value resistors that bias the op-amp input
terminals. R2 is calculated from R. to give the required voltage gain.

C2 is selected to have its impedance equal to R2 at the desired

lower cutoff frequency (1) . The bootstrapping capacitors are
calculated in terms of the resistance in series with them: RR9.

The op-amp must have a suitable full power bandwidth (see
Section 15-3) to produce the peak output voltage at the desired
upper cutoff frequency for the amplifier.

Example 18-16
The circuit in Fig. 18-44 uses a BIFET op-amp. R1 = 8 0, P. is to be 6W, and

= ±0.1 V. Q, and Q . are Darlingtons with = 1000 and Yç f( ,, = 2

V. Determine a suitable supply voltage and resistor values. Also, calculate the

minimum op-amp sle^ rate to give i = 50 kHz.

R4

R

CL
14

D1

9

6 .:R7	 -

R5	

TIP 1 21 7

 ' R
C4

VEE

select,	 14 = 2 mA	 Figure 18-44

Power amplifier circuit for
V -V, v" - ''o	 13 V -0.7 V -0.7 V	 Examples 18-16 and 18-17.

14	2 m

= 5.8 kQ
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R, = R = R.. = R H = 0.3 R1

= 0.5 \ .B IsO

	= 2° L	 iie 2,7 IsO stinclard valuei

9V

ftl V

= 90

select,	 R = .	 IsO	 p e Bill Tin ect1ri

100 k
R =

-	 4	 .1	 90-1

= 1.11 IsO se 1 k0

Eq. 15-3, R	 1'	 2nxS0 kHtx9V

Example 18-I
Calculate (aj)aUt()r 	 H- nr.iut iFl [.	 0-16. '!'1,	 ,=tiilt

f1c(]cefl( \ iS t o  1)1 .1 F

Solution

	

— I	 0 1 P.	 2 u's 50th z\ fti\li.rL.

	

= (i3	 F	 I) 1	 LI

	

2.P	 2T\50I1/\1kO

= 3.18uF ILJSe

Xi . , = V	 = 0.1R5 l ! R, ) at f, = 0.1 2.1 LO : 12. IC

= 1330

	

1	 I
------------

	2rH.	 2rrxSOHix135Q

= 23.6 0F usc 25 pF)

Practise Problems
18-8.1 Calculate V,01 and P0 for the circuit in Fig. 18-39 ihen 	 =

±0.54 V. Also, 
and

 1. when a 741 op-amp is used.

18-8.2 Calculate the supply voltage for an amplifier as in Fig. 18-44 to
deliver 3 W to a 120 load. Assume h51(0) = 1500 and Vç11 .1 = 2

V for Q, and Q,. Also, determine the op-amp minimum slew rate to
give f2 = 65 kHz.



Figure I8-4.

	

ü mpL ioen'	 .rnc,ri -oij rce

	

o'. er JmpI!	 .. - in op-.lrnp

	

(1ner rie	 a \IOSTET

ul1

R,
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18-9 MOSFE T Power Amplifier with OP-Amp
Driver Stage

Basic Circuit Operation
The Class-AB power amplifier circuit in Fig. 18-45(a) consists of an
operational amplifier (A 1 ), two MOSPETs (Q . and Q). and several
resistors. The op-amp together with resistors R 4. R, and R5. and

capacitor C constitutes a non-inverting amplifier. The two
MOSFE'Fs are a complementary common-source output stage, like
the output sta ge for the circuit discussed fit 	 18-7.

at I3aoc.w—, i,;cc .iniphtcr	 .ieccer1rtk

The ttc-ource bias voltages, for qaiid q, are provided by the
voltage drops across resistors R 7 and R. which are in series \Vit h
he op -am p supply ternutials. So. tile op -amp	 curt 	 s (1

and k ) determine the levels of V1 and

V 3 =	 x R,	 (18-23)

and,	 VIsHxRs	 (18-24)

Suitable gate-source threshold voltages (V to bias the Output
transistors for Class-AB operation, and t ypical op-amp supply

currents (1) can be determined from the dev i ce data sheets.
Figure 18-45(h) shows that the op-amp suppl y currents are

largely the collector currents in the op-amp output stage BiTs (95

arid 95) . Thus. R7 and R8 are collector resistors for Q and 96.
When the base voltage for 95 and Q6 is increased in a positive
direction. 9 5 collector current (1SI..) increases, causingVc to
increase and thus increasing the MOSF'ET drain current 'rn' At
the same time, the Q collector current (I) decreases, reducing

V and drain current I. The result I flows through R
producing a positive output voltage swing (+V0). Note that the op-
amp output voltage Is also positive at this time.
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When the base voltage at Q and Q6 is negative-going 15.).

increases, causing an increase in V and all increased level of 1.

During this time, f5() decreases reducing	 and I. Thus, I

flows through RL producing a negative output voltage swing (-V0).
The op-anip output voltage is also going negative during the time

that Q is creating the negative output voltage across R1.
It is seen that BJTs 95 and Q6 operate as common-emitter

amplifier stages, and that MOSFETs Q and 9 4 function as

cOlflfllOfl-SOUrce circuits. Both stages produce voltage gain which
should be multiplied with the op-amp open-loop gain to determine
the total open-loop gain for the circuit. Using t ypical quantities.

the overall open-loop gain can be shown to be around 4 x 106.

Returning to Fig. 18-45(a). the complete (basic) circuit operates
as a non-inverting amplifier with a closed-loop voltage gain:

R5+R6	 (18-25)Aa 
=  R5

As explained, the power MOSFETs produce the high output
cuncnt required by the amplifier load. An op-amp operating alone
could not supply the load curt-cut.

Example 18-18
Determine the \!OSFET gate-source bias voltages for the complementar\
corllmorl-source power amplifier in Fig. 18-46. Also, calculate the peak oLltput

0 tage peak out1) lit current, and output O\\ er if the a c input is ± 1 00 fllV.

Solution
From the L3 I op-amp data sheet:

supply current,	 15= 1.8 mA to 3.4 mA

Vcu = V054 = I x

=	 x R- = 1 .8 i-n A x 820 0

_ 1.3 V

= 'yro4e x R = 3.4 m.-\ x 820 0

2.9V

R5 +R6	3900+18k0

Ac1 =---	 3900

47.2

= A x V = 47.2 x 100 mV

= 4.72 V

V	 4.72 \'

R1	 100

= 472 mA

k

110 R6

18 kQ

______________ i1v

0 VEE

Figure 18-46
Power amplifier circuit for
Example 18-18.

CI

18 kIm

R5

390 1)

C2

Eq. 18-25,

+ cc
'15V

Q3

013

Q4
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42 mA

	

°	 2	 2

11 \\

Bias Control
As previously discussed, the bi,l s i. unent il_i the output transistors
of a power amplifier should be adjustable. Control over the bias
current 1oving in transistor 9 in Fig. 18-47(a) might be achieved
by using a variable resistor for R_. as illustrated. This allows L to
be adjusted by varying V. \Vheii I is increased, and the
additional drain current flows through R 1 the dc feedback (via R6

in Fig. 18-46) keeps the \' equal to zero. The feedback produces
the necessary change in to make I closely follow 1m Thus,
adjustment of resistor R. controls the level of I[) as well as 1.

rt1

'I

.I.

	F	 Q'

-

	

al R- adjustment alters	 (b) Current ource for adjustment of

	

I si and 1'GS4	 O and 0 4 bias

A disadvantage of using R 7 to adjust the bias current is that the
voltage gains produced by 95 and 96 become unequal when R. and
R s have different resistance values. This can he overcome by the
negative feedback, however, the bias resistors can be kept equal by
using the variable current source shown in Fig. 18-47(b).

In the variable current source, transistor Q is biased front
emitter of 92' and the 92 base is connected to the collector of Q.

The collector-emitter voltage of 91 is.

VCEI = VBFI + VBF2 = 2V13E

	Assuming that 102 <<	 the 9 1 collector current is,

Vcc -2 VBE

	

ICI 
=	 (18-26)

R1

/ iure	 /.t-4

	

L i -- -	 \ L(	 I

	

10	 (	 'It'
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With 1 << 1E2' the Q9 collector current is approximately.

VEE	
(18-27)

R2 + R3

Variable resistor R. controls the level of I. Also.

V03 = (I$(,) + 1C2)

	 (18-28)

As explained, the dc negative feedback causes V to always be
equal to So. R. controls the MOSPET gate-source voltages,
and thus controls the quiescent drain current. The ac load offered

to the collector of Q [see Fig. 18-45(b)] is R 7 , regardless of the Q
current. Consequentl y . the Q5 and Q stage gains are equal.

Example 18-19
Calculate the	 and	 -, obtainable by adjusting R 1 for the current

source circuit in Fig. 18-48.

Solution	
YBEEq. 18-27.	 = 

R.	 R

	

V	 ft' v
BE -

'2u	
5600

= 1.23 rm\

O.7V

'C2unin) 
= R2 j R	 H10
= 449pA

Eq. 18-28.	 V55. = (J3	 + 1 . ) R

CS3Inun) = (2 mA - 449 pA) x 820 0
= 2 V

u u

Q3

b
11: k11	 f

I:

1 10

= (2 mA + 1.23 mA) x 820 0
_ 2.7 V

Figure 18-48
Current source circuit for
Example 18-19.

Output Voltage Swing
One problem with the basic circuit in Fig. 18-45 is that the output
voltage swing is limited by the voltage levels at the op-amp supply
terminals. As illustrated in Fig. 18-49(a), the positive supply
voltage to the op-amp is (V - V07). and the negative supply
voltage is -( VFE - V 5L Also, recall that V, 7 must be Increased by

in order to drive the output in a positive direction, and VRS

must be Increased by	 to drive V, negative.

I (18-29)
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In Eq. 18 29. 1 i the peak output voltage deIivet- d to R, and is
the .7OSFET forward transcortdtictancc. Thus, t he minimum

Supply voltage levels at the op-amp terinhials are.

"S	 VR7VG.,)	 (18-30)

- I p)

I	 -I

Q

p._.['J.1i

\[

ligure	 IX--JO

	

TI' IC'''' -	 - ,	 trt pI[f01

H [II'	 1 [[1	 ." -	 --,	 [' ' i'd	 to
...C I,,r€r

an the	 -- '•.') "aumum

)[1t1)[II

P.

( b ) vitae. dtid.	 P. and R • , ii!	 i'e	 a	 a	 ±1 l	 1R/)' ,)

Tile 0 Hull) pu1ik otilpul voltage is normal! limited to

approximatel y  I V below the voltages at he su pp lv terminals

(alt boo gl i. as I) r ( . % i H ti sl y noted. ia I! to md op-amp are available).

Consequently, the out p01 voltage swing from the circuit is likely to
be less than (Y 4 \. (sue 11g. 18-49(a)). For greatest efficiency, it

is neces"ary to du'ìve the 0011)01 as closely as posibIe to ±V . This

can he 'achievcti by the (ircuit modification shown in Fig. 18 49(b).

Resistors R and R in Fig. 18-49(b) divide 1',, so that the op
amp output can h substantially lower than the peak output



+1,

Figure 18-50
Negative feedback to the emitters
of Q5 and Q6 conrrols the gain 01
the (Q5 -Q5) - (Q3 -Q 4) stage.
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voltage developed across RL. This means that the voltage levels at
the op-amp supply terminals no longer limits the amplifier output
voltage swing. Now, the largest peak output voltage that can be
achieved is limited only by the supply voltage and RD(O.

VVP = CC xR L	 (18-31)

R. and R 10 also provide negative feedback that controls the gain
of the stage made up of the op-amp output BfTs and the common-
source MOSFETs. This is illustrated in Fig. 18-50. A further
function of R. and R30 is that they can be selected to limit the op-
amp output current in the event of RL becoming short-circuited.

Example 18-20
The circuit in Fig. 18-51 has MOSFETs with g 1 = 2.5 S, and R0() = 0.5 Q.
Determine the maximum peak output voltage, the minimum supply voltage at
op-amp terminals, and the op-amp peak output 'Voltage when the circuit is
producing maximum output power.

Solution	
x 	 = l2Vx 100

Eq. 18-31,	
= R0(0) + RL	 0.50 ± 100

= 11.43 V

V	 11.43V
I ==__

R	 100

= 1.14 A

=
I
_E. = 1.14A
g0 	2.5S

= 0.46 V

R7(dc) = 15 x R7 = 2 mA x 820 0
= 1.64 V

Eq. 18-30,	 = ±(V - VR 7(dr) -	 = (1 2 V - 1.64 V - 0.46 V)

= ± 9.9 V

The op-amp peak output voltage is,

- V xR	 11.43Vx1 kO
R9	

- 1 kQ + 1 kO

= 5.72 V

Complete Amplifier Circuit
The complete circuit of the common-source power amplifier is
shown in Fig. 18-52. Note the Inclusion of resistors R11 and R19,

Eq. 18-29,

- +1._cc

R7	 12 V

2 rrA

8200

Is	 R9

-12 V
p KEE

Figure 18-51
Circuit for Example 18-20.
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Complete
(')fl1(,P.i) JR P;	 ...	 -
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and capacitors C 1 and C 4 . Resistors R 1 and R 39 are typically 100
Q. They have no effect on the circuit (IC conditions, but the y help
to reduce the possibilit y 01 oeiIlations iii the output stage. The
additional stage of voltage gain constituted b y the A1OSPL7s and
the op-amp (common emitter) output transistors increases the
possibility of circuit intabilitv. Capacitor C 1 helps to ensure
frequency stability by j i. ting with resistor R 1 to introduce a phase
lead in the output stae feedback loop. (see Section 15-2). The
phase lead cancels sonic of the phase lag in the overall circuit.

The .irllitionai stu.(e of aniplilnation extends the hiih cat off
11-eqwI1t\- of Ow in1pli'1c r above the cut off fI'eqlR-Il( V of the op
amp operating alone. it the op amp (full power) upper cutoif
lreq.ieticv for on overall voltage gain of 20 (or 26 (H) is 200 kHz.
and the additional ;tace has a gain of 2 (or 6 (lH(. the ( in uit (lit
oft frequency is 400 kHz. For audio applications, it is normal to
include capacitor C 4 (see Fig. 18-52) which is lisuallv sele. tcd to
set the amplifier upper cutoff frequency around 50 kHz. or lower.

Example 18-21
AnoIe the circuit in Fig. 18-51 to determine the Op-alill) m!olmlJrn LippI
o(tage J	 - and the YQ([f I ma\imom gate source oIt ige

The op-amp soppl\ 1 urrent 0 5 m.

Solut:o,,

2	 2t).;'\

1.4 V

0.-V
From Eq. 1 8-27,	 /	

470Q
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1.5 mA

V 
61	

0.7V

R ± R. - 470 Q + 1 Q

= 476pA

Eq. 18-28,	 =	 +	 R7 = (0.5 mA + 1.5 mA) x 1.5 kC)

= 3 V

krrn) = ±(Va-V) = ±(15V 3V)

= ± 12V

Example 18-22
Ani)vse the circuit in Fig. 18-53 to determine:	 A0, f, f. The op-amp

suppl y current is 0.5 m, and the MOSFETs live 	 = 0.3 0.

Solution
Pon er output: 

V -xR
V 

=
Eq. 18-31.	 *15V

°	 R0.+R	 R,

	

2k0	
1.5k0 R,j

= 15\.150	 iNU	 Q2

0.30+150	 Q2

WO

	

R2	 R Rio

33 kQ

=	 = 14.7 V  980 mA	

2.2 ko	 IA ii Q

Rj 	C4

= 7.2 \V	
-Isv

3.9

Voltage gain:
R + R6 	 2.2 M+ 33 k() r EE

A 5 = _____
R5 	 2.2 kO	 Figure 18-53

= 1 6	
Comm	 uICommon-source power amplier
Circuit for Examples 18-21 and

Cut-off frequencies:	
18-22.

1	 =	 1

2TrC2 R 5 	277x3.9jiFx2.2k0

= 18.5 Hz

2	 277C4 R6 	27rx100pFx33kQ

= 48.2 kHz
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Practise Problems -
18-9.1 A complementary common-source power amplifier is to deliver 5

W to a 12 0 load. The available MOSFETs have R0;0n3 = 0.6 Q, VTH

= 1.2 V, and g,-5 = 3 S. The op-amp to be used has 1 mA supply
currents and maximum output of 20 mA. Design the output stage

of the circuit as shown in Fig. 18-51.

18-9.2 Design a BIT current source bias control circuit for the amplifier in

Problem 18-9.1 to adjust the V 5 of Q and Q. by ±20%.

18-9.3 The amplifier in Problem 18-9.1 is to have f 7 = 20 Hz and f2 = 40

kHz. If the ac input is ±600 inV, determine suitable values for: R4,

-	 R5 , R51 C 1 . C21 C41 (see Fig. 18-52). Use a B/FETop-rnp.

18-10 Integrated Circuit Power A mplifiers

IC Power Amplifier Driver
The LM391 integrated circuit audio power driver contains

amplification and driver stages for controlling an externally-
connected Class-AB output stage delivering 10 \V to 100 W. The
voltage gain and bandwidth are Set by additional components.
Internal circuitry is included for overload and thermal protection,
and for protection of the (externall y -connected) amplifier output
transistors. The circuit is designed for very low distortion, so that
it can be used for high-fidelity amplifiers. Figure 18-54 illustrates
the use of the device in an audio amplifier.

R83
ii

03

L, 5pli

ORrI

, - 't̂ ^	 I	 i I W,-

I
0.1 pF

RH

6 jç 	 0330	 li3)k0
16

02	 R:7

R 4
Io	 -	 -- kn

R5	

k^3 C48

3.9	 R5
kU	 1200

- EE

Figure 18-54
Audio poi er amplifier using an
1\139 1  IC amplifier drier.



Figure 18-56

Overload protection for the
LM91.
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(a) J B, multiplier

L113 91

Rj-jj

I

Thcrrni
-	 siicIi

(b) Thermal shut-down

14I LM39)

33k0

2OF1

(c) Soft turn-On

LM3^
Figure 18-55

Bias control and shut-down
circuits for the LM391.

The output stage in Fig. 18-54 is seen to be a complementary
emitter follower with the low power and high power transistor
pairs connected in quasi-complementary form. The IC output at
terminal 9 is connected to the amplifier output, and the output
stage transistors are controlled from current source terminal 8 and
current sink terminal 5. The circuit uses a plus-minus supply. and
the noninverting input terminal of the IC is biased to ground. The
inverting input terminal receives feedback from the output, so that
the complete circuit operates as a non-inverting amplifier.

Resistors RA and R. are connected to an internal transistor (via
terminal', 5. 6. and 7) to constitute a V,, multiplier for controlling
the bias voltage to the amplifier output stage, [see Fig. 18-55(a)].
Capacitor C40 by-passes the VBE- multiplier circuit to improve the
amplifier high freciuencv response. Capacitor CR helps to reject
power suppl y ripple, and C. is a compensation capacitor for
frequency stability . Components R0 , c0 . L.and R. are included for
load compensation, (see Section 18-5).

The LM39I has an internal transistor which can shut the circuit
down when turned on by a thermal switch. [Fig. 18-55(b)]. This
allows the device to be protected from overheating that might
occur with an excessive load current demand. This same transistor
can be employed for soft turn-on of the circuit, [Fig. 18-55(c)]. If the
amplifier supply voltage is switched on at the instant that a peak
input signal is applied, a high level output is passed to the
speaker, causing a sharp unpleasant noise. Soft turn-on causes
the output to increase slowl y, thus eliminating the speaker noise.
The circuit in Fig. 18-55(c) holds the amplifier in a shut-down
condition until the capacitor charges.

Overload protection transistors are included in the LM391. as
shown in Fig. 18-56. These transistors turn on when excessive
vnita ee drops occur across the emitter resistors (RE.s and RE,) in the
output stage, (see	 cuon 18-5).

The output stage components in Fig. 18-54 are selected in the
same way as for other direct-coupled Class AB amplifiers. The
minimum levels of supply voltage are calculated by adding 5 V to
the peak output voltage.
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Vcc =	 + 5 V)	 (18-32)

The input resistance at terminal 1 of the LM391 is extremely
high. so the circuit input resistance is set by resistor R,,,. which is
typically selected as 100 Icc). Feedback resistors R11 and R set the
amplifier closed-loop voltage gain. The feedback network
components are determined in exactly the same way as for other
feedback amplifiers. R is made equal to R,,, to minimize output
offset, and R0 is calculated from RQ to give the desired voltage gain.
Capacitor ( is determined in terms of to set low cut-off
frequency.

Example 18-23
Determine the Maximum out pIt O\ e r, the voltage gain, and the lou cutoff
frequency for the circuit shou n n	 . 18-54.

Solution

front 	 18-32,	 V., =	 - 5 \ = 23 V - S V

= 18V

\!Lt_2

	 18\,
p	 _.. 

2R 1 	2x8Q

20 \\

= . + R_
	 kQ 5.6 M

CL
	- 	 3.6k0

= 18.9

(a) L.t136 pin connecnnr

2x77 xlpFx5.6k0

= 28 Hz
(b) Amplifier ith ACL = 20

250 mW IC Power Amplifier
The LM386 is a complete power amplifier circuit capable of
delivering 250 mW to an 8 ci load without any additional
components. The supply voltage range is 5 V to 18 V. and the
(inverting and non-inverting) input terminals are biased to ground
(or to a negative supply) via internal 50 kc) resistors. The output is
automatically centered at half the supply voltage. Feedback
resistors are also provided internally to set the voltage gain at 20.

The pin connections for the LM386 are shown in Fig. 18-57(a).
and the circuit connections for functioning as an amplifier with a
gain of 20 is illustrated In part (b). Figure 18-57(c) shows how a
capacitor and resistor can be connected at pins 1 and 8 to achieve
a larger voltage gain. With the 10 jiF capacitor alone, a maximum
gain of 200 is obtained. The resistor in series with the capacitor
allows the voltage gain to be set anywhere between 20 and 200.

OF 1.201

T
6

(c) Amplifier with Act =50

Figure 18-57
The LM386 IC power amplifier
can be connected to have a
closed-loop ga in from 20 to 200.
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Br.dge-Tied Load Amplifier
All of the power amplifiers already discussed have been single-
ended (SE): meaning that tlies' provide power to a load that has
one terminal grounded and the other terminal connected to the
amplifier output. These amplifiers either use a plus-minus supply
with directly-coupled loads, or have a capacitor-coupled load and
a single-polarity supply. A bridge-tied load (BTL) amplifier uses a
single-polarity supply and a direct-coupled load.

Figure 18-58(a) shows the basic circuit of a BTL amplifier. The
two op-amps are connected to function as inverting amplifiers, but
note from the resistor values that A 1 has a voltage gain of 10 and
that A2 has a gain of 1. Each amplifier has a single-polarity supply
( Vc), and a voltage divider (R 5 and R) provides a bias voltage of
0.5 Vcc to the op-amp noninverting input terminals. The load
resistor (RL) is connected from the output of A 3 to the output of A2.

This is the bridge-tied load configuration.

*iv

I	 .- +iiv

16
20 V

1" 20 V

(b) Circuit waveforms

Figure 18-58
A bridre-tiecl Io,id (BTL) 3(nJ)//tIer
u3e I vo op-amp Circut- vith
their output Connected to
oppoite end, of the Ioact

When no ac signal is applied, the dc voltage level at the load
terminals (X and Y) is 0.5 V: in this case, 11 V for a 22 V supply.
As Illustrated by the waveforms in Fig. 18-58(b), a +1 V ac input to
A 1 produces a -10 V change at load terminal X. This (-10 V) is also
applied to the Input of A2, resulting in a +10 V change at load
terminal Y. Thus, a peak of 20 V is developed across the load,
negative at X and positive at Y. When the ac input goes to -1 V. a
20 V peak load voltage Is again produced, but with the load
polarity reversed. So, although a single-polarity +22 V supply is
used, the output Is 40 V peak-to-peak, and no load coupling
capacitor is required. A (similar performance) single-ended amplifier
producing a 40 V peak-to-peak output would require either a ±22
V supply for a direct-coupled load, or a +44 V supply for a
capacitor-coupled load.

Figure 18-59 shows the pin connections and typical application
of a TPA4861, 1 W Integrated circuit BTL audio power amplifier.
The load Is connected across the two output terminals (5 and ,
external resistors R 1 and R. set the voltage gain, and the signal Is



657Chapter	 Large Signal \mptiter,

coupled to R 1 via C 1 . The supply voltage (V. 0) is internally divided
to bias the op-amp noninverling terminals to 0.5 V. The bias
point is externally accessible SC) that it can be bypassed to ground
(via C1) for soft start-up and to iiiifliIIliZe noise.

!	
6VDD

Cr 

C R3	 I
cHH	 -

46 Ul

A TPA46I usin° a +5 V stipplv ('an (lissipal: 1 \\ til alt s .2 load
"lie ()vCflll vultae tain ftc the (IM-) imntplifor ,-i\VIC' the sain of
the invert ne amplifier "la-0c.

A=--	 (18-33)

F3ccause the Signal is applied to an invertin g amplifier. the input
resistance is set by resistor R 1 . 'fi l e IC to ann hoOt rer reconimencls
that R 1 should he selected in the range of 5 kQ to 20 k. Also, if R 1 ,-

exceeds 50 k2. a small r'apacitor (C = 5 pE) shuld be connected
in parallel with it for ac stability.

The input capacitor (C) sets the circuit low cutoff frequenc y . So.

Xci=Raatfi	 (18-34)

The internal vo1age divider resistance (50 k12 , 50 k_Q) is connected
in series with the bypass capacitor (C 1). The impedance of C0
should typically be one tenth of the series resistance:

Xc8 2.5 kQ atf1	 (18-35)

Example 18-24
Analyse the circuit in Fig. 18-59 to determine the load power dissipation

hen a 0.5 V signal is applied at the oput.

So I,, tion

Iii,'ure	 IS-59

Ji'A400 I	 r'e: -: -d /0,1(1 IC
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2R	 2xl5kQ
Eq. 18-33,	 = ____

	

R	 5.6k0

5.4

= ALI x v = ±5.4 x 0.3 V

= ±2.7 V

	

2	 (2.7V12
p
°	

2R1	2x80

0.46 \'

7 J IC Power Amplifier
The LM3S3 can deliver 7 \V to a 4 0 load. No additional output
transistors are required because the amplifier call produce a 3.5 A
peak output current. Overload protection circuitry is included, and
internal bias is provided for the input ternitnals. The single-
polarity supply voltage ranges front V to 20 V. Amplifier voltage
gain can be programmed by means of external components. The
circuit bandwidth is 30 kHz at a gain of 40 dB.

C, I
(°3H

IC,F

R
2700

(a) L2f3$ five-lead TO-220 package
414 pF

R2

220

+ cccis 

LiC4 2000 PF

40

toed
[2ieF	 -

Figure I8-60
51388 IC p o ver amplifier

connected to do-opite 7 Win ad
o load.

(b) Connection for amplifier with Pe = 7 \V

Figure 18-60 shows an LM383 (in a 5 pin T0220 package)
connected to function as a (non-inverting) audio cunpilfier.
Capacitors C1 and C4 are for coupling the signal and load.
Resistors R 1 and R2 are feedback components that set the circuit



Fii,e 18-61
4 4 4,	 bR t\	 Obb. r	

/ 	
0 -

IT1

R

I 411

C1
10 F
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voltage gain, and capacitor C, couples the feedback voltage to the
inverting in put terminal. 6t her components are for circuit
stability . Note that the resistance ci R, is 2.2 ft This is because
the inverting input terminal is connected to a transistor emitter
terminal (internally) that has an Input resistance around 20 ft
Capacitor C2 must be very large to couple the feedback voltage to
the (low resistance) inverting input. The circuit functions as a
noninverting amplilicr.

68 U IC Power Amplifier
Figure 18-61(0) shows	 r amplitier circuit using an 1.113886

IC audio amplifier. The L.113886 can deliver 68 \V to a 4 Q load
using a ±28 V supply . Alternativel y , it can he used to dissipate 38
\V in an 8 Q load, again using a ±2s V supply. The circuit operates
as a noilinverting amplifier with the closed-loop gain set by
resistors R 4 and 1? 4 . and the low ciitoff frequency set b y capacitor
C.. Potentiometer R 1 allows the icnal amplitude to be adjusted.
.Switch S 1 is a blOC control.

Practise Problems	 -
18-10.1 A power amplifier using an LM391 driver (as in Fig. 18-54) has a

± 20 V supply, a 50 Q load, and power Darlington output BiTs with

hfe = 600. Calculate the maximum output power, and the peak
output current from the integrated circuit.

18-10.2 Calculate the efficiency of the circuit in Fig. 18-59 when delivering
1 W to the speaker. The quiescent current for the TPA486I is
specified as 2.5 mA.

18-10.3 Determine the signal amplitude for the circuit in Fig. 18-60 to
Ldissipate 7 W in 4,P load. Also, calculate the low cutoff frequency.
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Chapter-18 Review Questions

Section 18-1
	18-1	 Sketch the circuit of a transformer-coupled Class-A

amplifier. Briefly explain the operation of the circuit.

18-2 Derive the equation for the ac load reflected into the

primary of the transformer in a Class-A amplifier. Also,
write the equations for dc and ac load resistances.

18-3 Sketch approximate J/ V transistor characteristics and

an ac load line for a Class-A amplifier. Draw waveforms to
show the transistor output voltage change with change in
base current. Briefly explain.

18-4 Write equations for a Class-A transform er con pled

amplifier for: cic supply power, ac power to the transformer

primarY, and circuit efficiency. Show that the ma_xinU1rfl
theoretical efficiency of a Class-A amplifier is 50%

Section 18-2
	18-5	 Sketch the circuit of a transformer-coupled Class-B power

amplifier output stage. Explain the circuit operation.

	

18-6	 Sketch approximate composite characteristics for a Class-

B output stage and the ac load line. Draw wavefOflflS to
show the transistor output voltage change with change in
base current. Briefly explain.

18-7 Sketch the circuit of a Class-AB transformer-coupled
output stage, and explain the difference between Class-B
and Class-AB amplifiers. Also, explain the difference in the
performance of the two circuits.

18-8 Draw the complete circuit of a Class-AB transformer-
coupled amplifier with a Class-A driver stage. Explain the
operation of the circuit.

	

18-9	 Sketch approximate composite characteristics for a Class-
AB amplifier and the ac load line. Briefly explain

18-10 Write equations for a Class-B transformer- coupled
amplifier for: dc input power to the output stage, ac power

delivered to the transformer primary, and circuit efficiency.
Show that the maximum theoretical efficiency of a Class-B
amplifier is 78.6%

Section 18-3
18-11 For a transformer-coupled Class-B power amplifier, write

equations for the resistance seen when looking-into one-
half of the center-tapped transformer primary, and the
resistance seen when look np-frito the whole winding of the

center-tapped transformer primary.

18-12 For a transformer-coupled Class-B power amplifier, write
an equation for the power delivered to the transformer
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primary in terms of peak primary voltage and reflected load.
Also,write an equation for the peak current In terms of
primary power and voltage.

18-13 Explain the safe operating area (SOA) for the output
transistors in a power amplifier.

Section 18-4
18-14 Sketch the circuit of  complementary emitter follower, and

explain its operation.

18-15 Sketch the basic circuit of a capacitor-coupled Class-AB
complementary symmetry amplifier. Explain the dc biasing
and ac operation of the circuit.

18-16 For the amplifier in Question 18-15, write equations for
the average supply current to the output stage, the ck
supply power, and the transistor power dissipation.

18-17 Sketch a direct-coupled Class-AB complementary symmetry
amplifier. Explain the circuit operation.

Section 18-5
18-18 Sketch the circuit of a Darlington-connected

complementary emitter follower output stage for a Class-
AB power amplifier. Explain the operation of the Circuit,
and discuss its advantages.

18-19 Sketch the circuit of a quasi-complementary emitter
follower output stage. Explain the circuit operation, and
discuss its advantages.

18-20 Show how the maximum current can be limited in the
output transistors of direct-coupled and capacitor-coupled
Class-AB power amplifiers. Explain.

18-21 Show how a power amplifier can be protected from the
effects of power supply ripple and transients. Explain.

Section 18-6
18-22 Sketch the circuit of a power amplifier with a single BIT

input stage, an output driver stage, a complementary
symmetry Darlington output with a capacitor-coupled
load, and overall negative feedback.

18-23 Explain the biasing arrangement for the two amplification
stages of the circuit in Question 18-22, and write an
equation for the ac voltage gain.

18-24 Sketch the circuit of a direct-coupled power amplifier that
uses a npn transistor differential Input stage, a Class-A
nterniediate stage with a constant-current load, and a
quasi-complementary emitter follower output stage.

18-25 Explain the dc and ac operation of the circuit in Question
18-24, and show how a Zener diode may be used to
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minimize the effect of ripple voltage on the negative supply
line.

Sectio'i 18-7

18-26 Compare power MOSFETs to 1j' BUT-s.

18-27 Draw the circuit of a direct-coupled pover amplifier with a
differential amplifier JUT input stage. two n-channel
!osrirs in the output stage. and overall negative feed-

back.

18-28 Explain the dc and acuperaliun of the CID i tin Question
18-27.

18-29	 loclilv the circuit in Question 18-27 to tic oinplenientiit
itO,SFL'Ts in the output stage.

Section 18-8
18-30 Draw the (mint of a power implilier with a diect-coupled

Oiiipl('i1'fltiim' sviuifletrv HJT output stam2e. tin op tiflip
driver stage, and overall negative kcclbaek.

18-31 Explain the dc and co: operation of the circuit in Question
18-30.

18-32 Show how the circuit ill Question 18-30 can be niodifled
:o use bootstrapping capacitors. Explain the tuinctioti amid
.1dvoitage of the bootstrap c,mum it ors.

Section 18-9
18-33 Draw the basic circuit of .m 1 iitniplcnieiitmrv ,IOSFLT

(otluflon-source power amnpinlir that uses in op-amp
driver with the Op-a nt i) Sli3l currents controlling the
.1 lOS PETs.

18-34 Explain the ic and oc opertliti of the circuit in Question
18-33.

18-35 For the circuit in Question 18-33, show how the MOSF'ET
Was currents can be controlled b y a single variable
resistor. Explain.

18-36 Show how a current source can be used to control the
IOSPET bias currents iii the circuit in Question 18-33.

Draw the current source eirt lit and explain its operation.

18-37 Discuss the output voltage swing that can be achieved
with the circuit in Question 18-33. Show how the output
voltage swing can be made greater than the supply voltage
levels at the op-amp terminals.

Section 18-10

18-38 Refer to the IC pawer amplifier circuit in Fig. 18-54.
Explain the function of every component in the circuit.

18-39 Draw a circuit diagram to show how the current in the
output transistors of a power amplifier can be limited to a



Chapter 18— Large Signal Amplifiers	 663

desired maximum level. Explain the circuit operation.

18-40 Sketch the circuit of a bridge-tied load amplifier. Explain
the circuit operation and discuss its advantages.

18-41 Explain the function of every component in the IC power
amplifier circuit in Fig. 18-60.

Chapter-18 Problems
Section 18-1
18-1 A Class-A transformer-coupled amplifier, as in Fig. 18-1.

has: Vc= 20 V,R 1 = 3.9 kU,R2 = 1kU , R= 68 n, and R.
= 23 D. The transformer has: Rp,. = 320, N 80, and N2 =
20. Plot the dc load line and ac load line for this circuit on
blank characteristics with vertical axis 1 = (0 to 100 mA)
and horizontal axis VCE (0 to 40 \T)

18-2. Assuming an 85% transformer efficiency, calculate the
maximum efficiency for the circuit in Problem 18-1.

18-3 A Class-A amplifier (as in Fig. 18-1) has the following
components: R 1 = 68 Id). R2 = 22 kO, RE = 2.2 Id). The
supply is Vcc = 25V. and the transformer has: RL 5 kU,

rL = 8 Id), and Rpy = 33 U. Plot the dc load line and ac load
line for this circuit on blank characteristics with vertical
axis I = (0 to 5 mA) and horizontal axis V., = (0 to 40 V).

	

18-4	 Calculate the maximum peak load voltage for the circuit in
Problem 18-3. Assume a 100% transfornier efficiency.

Section 18-2
18-5 A class B transformer-coupled output stage, as in Fig. 18-

8, has a load resistance RL = 23 0 and a supply voltage
V = 40 V. The transformer has N1 = 80, N2 = 20, and a
total primary winding resistance Rpy = 64 U. Using blank
characteristics with Ic = (0 to 100 mA) and V = (0 to 40
V), plot the complete ac load line.

18-6 Determine the maximum output voltage and power for the
circuit In Problem 18-5 if the transistors have VcE(S	 0 V.

18-7 A Class-B amplifier uses a transformer with 80% efficiency
and with NP/NS = 5, where N Is the total number of
primary turns on the center-tapped primary. The supply
voltage Is 45 V. and the load resistance is 8 U. Determine
the maximum output voltage and power. Assume the
transistors have VcE(SwJ 0 V.

18-8 Using blank composite characteristics with 1 = (0 to 1 A)
and Vc = (0 to 45 V), plot the complete ac load line for the
circuit in Problem 18-7. Assume R 1 << r1.

	18-9	 A Class-AB output stage (as in Fig. 18-11) has: VCC = 30 V.
R4 = 6.8 Id), R5 = 220 0, R6 = R7 = 22 Q. The output
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transformer has: R1 = 24 0 and r1 ' = 800 Q. Assuming a
75% transformer efficiency, calculate the power delivered to

the load. Assume 92 and Q have VCE(a(} 0.5 \j

18-10 Prepare suitable blank composite characteristics and draw
the ac load line for the circuit in Problem 18-9.

Section 18-3
18-11 Specify the maximum transistor voltage, current, and

power dissipation for the circuit described in Problem 18-7.

18-12 A Class-.A transformer-coupled amplifier with a 24 V
stipplv is to deliver 1.25 W to a 50 0 load. Assuming a
transformer e1Ticincy of 80%, specify the transformer and
transistor.

18-13 Plot do and cc load lines (on blank oharact erist ics) for the
circuit in Problem 18-12.

18-14 A Class-B amolilier is to suppl y 8 \V to a 12 ii load. The
supply is 'i'.-- = 25 V. Specift the output transionner and
transistors. Asti me a I runslormer efficient  of 75

18-15 A Class-AR transtornier-coupled power aniplitler i,is in Fig.
18-13) is to (ljiver 0.5 W to a 4 0 load. The output
transtorm ':r has r1 ' = 312 11 when R1 = 4 ft	 has an
etTiciencv of 75	 Calculate a suitable supplvvo ltaie and
peciv thr utut transistors.

Section 18-1
18-16 A capacitor-coupled power amplifier as in Fti. 1, ,3-18 1.-; to

deliver 0.6 \V to a 250 0 load. Specify the suppl y viltage
and the output transistors.

18-17 Determine suitable resistor values for the circuit in
Problem 18-16 Assume that the output transistors have

= 40. ft = 1 kt) and h,, = 18 ft

18-18 Calculate suitable capacitance values for the circuit in
Problems 18-16 and 18- 1 7 for a 50 Hz lower cutoff
frequency.

18-19 A direct-coupled amplifier as in Fig. 18-23 is to deliver 2W
to a 20 0 load. Specify the supply voltage and the output
transistors. Assume that the output transistors have

= 200.

18-20 Determine resistor values for the circuit in Problem 18-19.

Section 18-5
18-21 A power amplifier is required to deliver 5 W to a 20 0 load.

The output stage is to use Darlington-connected BiTs and
is to he direct-coupled, as In Fig. 18-24. Determine a
suitable supply voltage, and specify all the output stage
transistors. Assume h = h = 20 and 	 = hFE5 = 100.

18-22 Determine suitable resistor values for the amplifier output
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stage in Problem 18-2 1.

18-23 A direct-coupled power amplifier using power Darlington
BiTs with ii,;, = 2000 and VI3E = 1.5 V is to dissipate 2W in
a 16 1) load. Determine the required suppl y voltage and
resistor values for the output stage. (see Fig. 18-25).

18-24 Modify the circuit in Problem 18-23 to include current
limiting as in Fig. 18-27. The maximum current is to be
limited to 20% above the calculated peak level.

18-25 Design a V multiplier to replace the diode biasing stage
for the output transistors in the circuit for Problem 18-23.
Make V3 adjustable by ±20%.

18-26 The driver stage collector resistor (Re) in the circuit
designed for Problem 18-23 is to be replaced by a constant
current circuit, as in Fig. 18-30. Design the constant
current circuit.

18-27 The amplifier fit 	 18-16 and 18-17 is to be
modified to use power supply decoupling as fit 18-
29(a). The ripple frequency is 120 Hz. Determine suitable
values for R 15 and C. and the new supply voltage level.

Section 18-6
18-28 A direct-coupled amplifier circuit as in Fig. 18-33 is to

deliver 7W to a 22 fI load. Determine the supply vohage
and specify transistors Q5 through Q . Assume	 = h6

l i= 90 and	 = Jip = 15.

18-29 Determine suitable values for resistors U9 through R 15 for
the circuit in Problem 18-30. Also, specify the diodes and
transistors Q. and 94 . Assume 1,130 = 10 hA for Q7 and Q9.

18-30 The input voltage to the circuit fit 18-28 and 18-
29 is ±0.5 V. Determine suitable values for resistors R1
through R8.

18-31 The circuit in Problems 18-29 through 18-30 is to have a
frequency range from 20 Hz to 50 kHz. Determine suitable
capacitances for C 3 , C2 , and C6.

18-32 A direct-coupled amplifier as in Fig. 18-33 has Vc, = ±20 V.
= VRII = 3 V, and RL = 16 ft Calculate the maximum

power delivered to the load.

18-33 Specify 97 and Q8 for the circuit in Problem 18-32.

18-34 Calculate the approximate efficiency for the circuit in
Problem 18-32.

18-35 A direct-coupled amplifier, as in Fig.Fig. 18-33, uses 2N3904
and 2N3906 BITs for 95 and Q6. g8 is  2N3055 and Q 7 is
complementaryto Q8 .The supplyvoltage is ±25 Vand the
load resistance is 20 0. Determine the maximum output
power and calculate the maximum collector current for-
and Q8, and the maximum base current for 95 and Q6.
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Section 18-7
18-36 A MOSFET power amplifier circuit as in Fig. 18-36 has

= ±30 V and R1 = 50 11 Transistors Q . and 94 have R010 =
4 0. Determine the maximuni power delivered to the load,
and the power dissipated in each output transistor.

18-37 A MOSFET amplifier circuit as in Fig. 18-36 has a 25 0
load resistance and uses output transistors with RD I 

= 3
U. Calculate the requited supply voltage to dissipate 8 \V
iii the load. Also, calculate the power dissipation in the
output transistors.

18-38 The MOSFETs in Problem 18-37 have a threshold voltage
of VT, f = 1.5 V and a tratisconductance of g f, = 300 mA/V.
Determine suitable dc voltage drops across resistors R, and

Mid R6 through R.

18-39 Calculate resirtor and capacitor values for the circuit in
Problems 18-37 and 18-38 if A cl. = 15 and f = 80 Hz.

18-40 Calculate the approximate efficienc y for the circuit
Problems 18-37 throuh 18-39.

18-41 Calculate the stipplv vultae br an amplifier circuit as in
Fig. 18-36 to deliver 10 \V to a 16 U load. The output

IOSFETs have R 1 = I ft	 = 2 V. and g, = 2 S.

18-42	 Dciertnitie si_ntuhh	 Ic \'it,c levels br the eii( nit in
Problem 18-41.

18-43 The amplifier in Problems 10-41 and 18-42 has t'. , = ).7 \',
and its low cutoff frequenc y is to he 40 Hz. Calculate all
resistor and capacitor values.

Section 18-8
18-44 A direct-coupled Class-AB power amplifier usin g a

complementary eflhilter follower output stage and a
operational amplifier driver (as in Fig. 18-39) is to deliver
2.4W to a 30 0 load. Calculate the required supply voltage
and specify the output transistors In terms of: VcE(,),

and power dissipation.

18-45 Determine suitable dc voltage and Current levels for the
circuit in Problem 18-44, and calculate all resistor values if
v1 = ±0.5 V.

18-46 The circuit In Problems 18-44 and 18-45 is to have a
frequency range from 30 Hz to 30 kHz. Calculate the
capacitor values, and determine the minimum slew rate for
the op-amp.

18-47 Modify the circuit in Problems 18-44 through 18-46 to use
bootstrapping capacitors, as In Fig. 18-4 1. Determine
suitable values for the bootstrapping capacitors, and
calculate the new maximum peak output voltage " , .at can
be produced by the modified circuit.
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Section 18-9
18-48 The common-source power amplifier circuit In Fig. 18-52

has the following components: R 7 = R8 = 680 f, R9 = R 10 =
1.2kn,R4 = RC = l8kcl,R 5 = 820 0 , RL =32Q. The supply
voltage is ±30 V. the op-amp supply current is 1 mA, the

92 collector current is 1 mA, and the MOSFETs have RD(O
= 1.5 fI, and g = 1.2 S. Determine the gate-source bias
voltage for 93 and 94. and the maximum output power.

18-49 Calculate the op-amp supply terminal voltages, and the
op-amp peak output voltage for the circuit in Problem 18-
48. Also, determine the required signal voltage to give
maximum output.

18-50 Design the bias control circuit for the circuit in Problem
18-48 to give 'C2 = 1 mA ±50%.

18-51 A direct-coupled Class-AB common-source power amplifier,
as in Fig. 18-52 without the current source, is to deliver 8
W to a 12 C) load. Calculate the required supply voltage if
the output transistors have RD(, = 0.95 0, V. = 2 V. and

= 0.9 S.

18-52 The circuit in Problem 18-51 has vu, = ±0.9 V. and an op-
amp with I = 1.3 mA and = 15 mA. Determine
suitable resistor values.

18-53 The circuit in Problems 18-51 and 18-52 is to have a
frequency range from 40 Hz to 45 kHz. Calculate the
capacitor values, and determine the minimum slew rate for
the op-amp.

Section 18-10
18-54 A direct-coupled Class-AB audio power amplifier is to be

designed to dissipate 5 Win a 16 0 load. The circuit is to
use quasi-complementary connected output transistors,
and a LM391 driver, as in Fig. 18-54. Calculate the
required supply voltage, and specify the BITs. Assume
= 20 for Q3 and Q4.

18-55 Select suitable resistances for R and RE in the circuit for
Problem 18-54 to limit the output current to 20% above
the required peak level, as Illustrated in Fig. 18-56.

18-56 A TPA4861 BTL amplifier Is to be used to dissipate I Win a
150 load. The Input voltage is ±0.7 V. and the low cutoff
frequency Is to be 25 Hz. Calculate the required supply
voltage and suitable resistances for R 3 and Rf (in Fig. 18-
59). Also, determine suitable capacitor values.



	

6 6 8	 Electronic Devices and Circuits, 4th ed.

Practise Problem Answers
	18-1.1	 [Q point: 1 = 3.1 mA, V( .j = 10.2 VI, point : I, = 0, V = 15 V],

[point B: I = 0, V11	 21.1 V]

	

18-1.2	 23.6%

	

18-2.1	 37.%

	18-2.2	 [Q point: I = 4.8 mA, Vq = 26.7 V], [point -\ and A': I = 24.8

MA, Y = 25.6 V[, [point B and B': 1,. = 46 mA, 'cr 2.55 V

	

18-31	 10 \', 20 V, 26 ml, 67.5 niW)

	

18-3.2	 1.09 W, 	 V. 640 mA
	18-4.1	 21 V. 1 21 V. 90 nil, 200 mW)

	

18-4.2	 1.8 kO, 50 0 variable

	

18-5.1	 16V.2.7k0, 1000

	

18-5,2	 15 kO, 2.2 LO, 2 kO

	

18-5.3	 10 LQ, 56 LO + 1.5 LO), 1 kO, 5000 \ariable

	

18-6.1	 4.7 kO. 3.3 LO, 47 LO, 1.2 kG, 18() 0, 1 . kG. 15 pE, 3OpF

	

18-7.1	 18 iF, 22 pF, 0.82 pF

	18-7.2	 15\'.12V,14.3V,1.3V.10.T\',17.7\

	

18-7.3	 4.7 kG. 12 kG, 6.8 LU, 1200, 4. kG, 100kG, 820 M, 1.2 .\tQ
130 LOt, 100 kG, lOpF, 33 F, 0.47 p1 0.-n pE

	

18-8.1	 12.1 V. 146 mW, 6.6 kHz

	

18-8.2	 12 V, 3.5 V jis

	

18-9.1	 1.2 kG, 1.2 LU, 1.2 kG, 1.2 kG

	

18-9.2	 5.6 LU, 190 (1 1 kO \ariabl p , 560 0,36(1 0

	

18-9.3	 100 kG 3.6 LU, 100 kG, 0.32 pF. 1.5 0F.	 F

	

18-10,1	 2 25 '\. 0.5 mA

	

810,2	 62.3''
18-10.3 i60 ni\, 19.9 Hz
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Chapter 19
Thyristors

Chapter Contents
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19-1 Silicon Controlled Rectifier (SCR) 670
19-2 SCR Control Circuits 675 	 - R -
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19-4 TRIAC and DIAC 685
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19-8 Programmable Ungunction Transistor (PUT) 703
Review Questions 707
Problems 709
Practise Problem Answers 712

will be able to:

+

4/	
XMTI

I Sketch the basic construction of an
SCR and explain its operation.
Draw typical SCR characteristics,
and define the device parameters.

2 Sketch and explain the following
SCR circuits: 900 phase control,
1800 phase control, zero-point
triggering, crowbar, heater control.

3 Design and analyze the above
types of SCR circuits.

4 Sketch the basic construction of a
TRIAC and explain its operation.
Draw typical TRIAC characteristics,
and define the device parameters.

5 Discuss TRIAC Quadrant Ito IV
triggering.

6 Sketch and explain TRIAC phase
control and zero-point triggering
circuits.

7 Design and analyze the above
types of TPJAC circuits.

8 Sketch characteristics and graphic
symbols for the following devices:
MAC, SUS, SBS, GTO, SIDAC.
Explain the operation and
applications for each device.

9 Sketch the basic construction of a
UJT and explain its operation. Draw
typical UJT characteristics, and
define the device parameters.

10 Sketch the basic construction of a
PUT and explain its operation. Draw
typical PUT characteristics, and
define the device parameters.

11 Sketch and explain relaxation
oscillators and thyristor control
circuit using UJTs and PUTs.

12 Design and analyze the above types
of UJT and PUT circuits.
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The silicon controlled rectlTer
(SCR) is a four-layer device that
can be explained in terms of a
two-transistor equivalent circuit.

(d Two-transistor
equivalent crCuit
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Introduction
The silicon-controlled rectifier (SCR) can be thought of as an
ordinary rectifier with a control element. 1 he current flowing into
the control element, which is termed the gate, determines the
anode-to-cathode voltage at which the device commences to
conduct. The SCR is widely applied as an ac power control device.
The gate bias may keep the device off or it may permit conduction
to commence at any desired point in the forward half-cycle of a
sinusoidal input. Many other devices, such as the DIAC and the
TRIAC, are based on the SCR principle. Collectivel y , SCR-type
devices are known as th)rristors. This term is derived from thyrarrort
and transistor, the thyratron being a gas-filled electron tithe that
behaves like an SCR.

The unfjunction transistor (LJJT) is a three-terminal device quite
different from bipolar and field effect transistors. The device input.
called the emitter, has a resistance that rapidly decreases when the
input voltage reaches a certain level. This effect is ter'ned a
negatiL'e resistance and it makes the UJT useful in timing and
oscillator circuits. The programmable un(junclioil Ira nsi.stor(PLT) is
an SCR-type device that behaves like a LJJT.

19-1 Silicon Controlled Rectifier (SC!?)

SCR Operation
The silicon-controlled rec(Jer (SCR) consists of four layers of
semiconductor material. alternately p-type and ri-type as illustrated
In Fig. 19-1(a). Because of its construction, the SCR is sometimes
referred to as a four-layer diode, or a pnpn device. The la yers are
designated p, n, p2. and n, as shown. There are three junctions:

1. J2, and J3, and three terminals: anxie (A), cathode ( K), and gale
(G). Figure 19-1(b) shows the SCR circuit symbol.

A'Ode .4

P1

ij--.

.i1

J2

P2

J3 77
:fl3

-	 K

K	 (b)SCR circuit
(a) SCR 4-layer	 symbol

construction

.4

P1

flia	 fIb. 

1
G	

P2,	 P2b	 Q2

(c) Two-transistor
construction



AK Figure 19-2
When the SCR gate current is
zero, the device normally remains
off. The (low of gate current 'c
triggers the SCR on.
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To understand SCR operation, it is necessary to imagine layers n1

and p2 split Into n,, 1b' P2 and p, as shown in Fig. 19-1(c).

Since n1a is connected to n1b, and p is connected to P2b' nothing
is really changed. However, it is now possible to think of P 1 t1ja, Pa
as a prnp transistor, and rirn. P2b' n2 as an Tlpfl transistor. Replacing
the transistor block representations in Fig. 19-1(c) with the pnp

and npn BIT circuit symbols gives the two-transistor equivalent

circuit in Fig. 19-1(d). It Is seen that the Q 1 collector Is connected

to the Q2 base, and the 92 collector Is conimoned with the Q 3 base.

The Q 1 emitter is the SCR anode terminal, the Q2 emitter Is the

cathode, and the junction of the Q 1 collector and the Q2 base is

the SCR gate terminal.
To forward bias an SCR, a voltage (V) is applied positive on the

anode (A), negative on the cathode (K), as shown in Fig. 19-2(a). If
the gate (G) is left unconnected only small leakage currents ('
flow, and both transistors remain off. Reference to Fig. 19-1(a)
shows that the leakage currents are the result of j unction J2 being

reverse biased when A is positive and K is negative.

K	 K

(a) Leakage current when	 (b) Gate current triggers

the gate is open-circuited 	 the SCR on

When a negative gate-cathode voltage (-V0) is applied, the Q2
base-emitter junction is reverse biased, and only small leakage
currents continue to flow, so both Q 1 and Q2 remain off.  A positive

gate-cathode voltage forward biases the Q 2 base-emitter junction,
causing a gate current ('G = I) to flow, and producing a
collector current (Ia), [see Fig. 19-2(b)]. Because I Is the same as

'BI' Q 1 also switches on and 1c, flows providing base current I.
Each collector current provides much more base current than
needed by the transistors, and even when 1 is switched off, the

transistors remain on, conducting heavily with only a small anode-
to-cathode voltage drop. The ability of the SCR to remain on when
the triggering current is removed Is referred to as latching.

To switch the SCR on, only a brief pulse of gate current is
required. Once switched on. the gate has no further control and
the device remains on until V is reduced to near zero.
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Consider Fig. 19-1(a) again. With a forward (anode-to-cathode)
bias. junctions J 1 and J3 are forward biased while J2 is reverse
biased. When VAK is made large enough. J9 will break down and
the resultant current flow across the junction constitutes collector
current in each transistor. Each collector current flows into the
base of the other transistor causing both transistors to switch on.
Thus, the SCR can be triggered on with the gate open-circuited.

SCR Characteristics and Parameters
Figure 19-3(a) shows an SCR with a reverse bias anode-to-cathode
voltage (- VAx). (negative on A, positive on K). Note that the gate
terminal is open-circuited. Figure 19-3(b) shows that the reverse
bias voltage causesjunction J2 to be forward biased and J 1 and J3
to be reverse biased. When - V is small, a reverse leakage current

(1R\) flows. This is plotted as the reverse characteristic (- V versus
I) on Fig. 19-3(e). 'R\' is typically around 100 pA. and is sometimes
referred to as the rcLcrse blockL'tq current.

(a) Reverse
anode-to-
cathode
bias lb I Jo net en Olas polari t y

When the level of -VAK is increased, J remains approximately
constant until the reverse breakdown voltage is reached. At this
point the reverse-biased junctions (J 1 and J) breakdown and the
reverse current ('s) increases very rapidly. If 'R is not limited (by
additional Circuit components) the device will be destroyed by
excessive current flow. The region of the reverse characteristics
before breakdown Is termed the reverse blocking region.

An SCR with a forward bias anode-to-cathode voltage (positive
on A, negative on 1<) Is shown in Fig. 19-4(a). Here again, the gate
terminal is open-circuited. As illustrated in Fig. 19-4(b), +VAK
forward biases J 1 and J3 and reverse biases J2. With low levels of

a small for-ward leakage current (1r-) flows. This is actually
the reverse leakage current at junction (J), and so (like !), it Is
typically around 100 pA. Also like I, I remains substantially
constant until +V is made large enough to cause (reverse biased)
J. to break down. The applied voltage at this point Is tmed the
forward breakover voltage (Vfl)). This Is illustrated by the forward
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characteristics (IF versus +V) In Fig. 19-4(c). When V 03 is
reached, the component transistors (Q and Q2) are Immediately
switched on into saturation as already explained, and the anode-
to-cathode voltage falls rapidly to the forward conduction voltage

V The device is now into the forward conduction region, and I.
must be limited to protect the SCR from excessive current levels.

(b) Junction bias polarity	 (c) SCR forward characteristic

G} VAK

(a) Forward
anode-to-
cathode
bias

P1	 + J, forward
biased

- + J2revcr,e
brased

C	
: —

Figure 19-4
When VK is Positive, 12 is rever
biased, and j and 13 are forwaTd
biased. A small forward leakage
current flows while +VA
than the lorwa rd breakover
voltage.

+VAK	 Forward
VF	 brrakovrr

So far, trie SCR forward characteristics have been discussed only
for the case of 1G = o Now consider the effect of I levels greater
than zero. [Fig. 19-5(a)]. As already shown, when +AK is less than

and I is zero, a small leakage current flows. This current is
too small to have any effect on the level of +VAK that causes SCR

switch on. When I is made just slightly larger than the junction
leakage currents, it still has a negligible effect on the level of VAI

for switch-on. Now consider the opposite extreme. When I is made
larger than the minimum base current required to switch 92 on,

the SCR switches-on when +V, forward biases the base-emitter
junctions of Q 3 and Q2. [Fig. 19-5(b) and Fig. 19-6].

A

VCEI	 Q1

/	
*V J 	+

	

VAK	 JfrAK

VG

VR

C
	(a) SCR with gate current	 (b) SCR voltage drops when on

Figure 19-5
Agate current can cause the
SCR to switch-on at a low V..(
lewl.
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The complete forward characteristics for an SCR are shown in
Fig. 19-6. Note that when 'G = I switch-on occurs with +V at a
relatively low level (1/). Gate currents between I. and I permit
device switch-on at voltages greater than 1/4 and less than
The region of the forward characteristics before switch-on occurs is
known as the forward blocking region, and the region after switch-
on is termed the forward conduction region, as Illustrated. In the
forward conduction region, the SCR behaves as a forward-biased
rectifier. The forward (anode-to-cathode) voltage (Vi) when the
device Is on Is typically 1.7 V.

Fors.d
condoo
r,OO

FodbIgrio,

=0

Figure 19-6
Forward characteri5tics br an
SCR. Higher /e\ eh of gate current
(1 . ) cause the SCR to conduct at
lower anode-to-cathode voltages
(+V41).

IF

'HI 
'H

1112

'Hi

'H4

VP	 V,	 Vj	 K2	 V1

VP80

To sw
i
tch an SCR off. tim forward current (' must be reduced

below the holding current ('14). (see Fig. 19-6). The holding current Is
the minimum level of I that maintains SCR conduction, If a gate
current greater than zero Is maintained while the SCR is on, lower
levels of holding current 11H)' 1H2' etc.,) are possible.

SCR Specification
As In the case of most electronic devices, the SCR maximum

voltage and current are Important for any given application. The
forward breakover voltage and reverse breakdown voltage have
already been discussed. The maximum forward voltage that may be
applied without causing the SCR to conduct is termed the forward
blocking voltage (V0 ). Similarly, the maximum reverse voltage
that may be applied Is the reverse blocking voltage

The maximum SCR current is variously specified as: the average
current (1nA,')' the rms Current ( 1 ) , and the peak non-repetitive
surge current(I). The first two of these need no explanation. The
third Is a relatively large current that can normally be permitted to
flow for a maximum of a half-cycle of a 60 Hz sine wave. The circuit
fusing rating (12t) Is another parameter that defines the maximum
nonrepetitive forward current. This can be used to calculate the
maximum time duration for a given forward current surge. In many
circuit applications the SCR current Is limited by a series-
connected load, so there Is usually no need to consider surge
current levels, except in the case of capacitive loads.
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Some of the range of available SCRs is illustrated by the partial
specifications and packages shown In Fig. 19-7. With 800 mA nns
current and 30 V forward and reverse blocking voltage, the 2N5060

Is a relatively low-current low-voltage, device. This Is packaged in

the typical plastic 7O-92 transistor-type enclosure. Note that the

peak reverse gate voltage (VG) Is 5 V. The 2N6396 SCR is capable

of handling a maximum mis current of 12 A. and has forward and
reverse blocking voltage of 200 V. The package is a TO-220 plastic

enclosure with a metal tab for mounting on a heat sink. For the

C35N, the peak forward and reverse voltage is 960 V. and
maximum rrns current Is 35 A. The device package is designed for
bolt-mounting to a heat sink.

2N5060 I 2N6396 I C35N

Peak forward	 30 V	 200 V	 960 V

& reverse voltage (VORM& VRRM)

Maximum rms current (IT(RMS))

t7Vl.7V2VForward on voltage (VTM)

	mA	 6 mA T100mAHolding current (IH)

Gate trigger current (JOT)	 200 pA	 12 mA

Gate trigger voltage (V0T)08V3V

Gate reverse voltage (VGRA4	 5 V	 5 V	 5 V

	

2N6394 

J"J	 a
(T0-220)	 A	 G

	

:	 C35N

2N5060 Lii	 (263-4)

(TO-92)	

U	 A
KGA	 K A G

n 19-1 Review
Sketch the four-layer construction of an SCR and the two transistor
equivalent circuit. Explain the device operation.
Sketch SCR forward and reverse characteristics. Briefly explain.

19-2 SCR Control Circuits

Pulse Control
The simplest of SCR control circuits Is shown In Fig. 19-8(a). If

SCR, was an ordinary rectifier, the ac supply voltage would be half-

9-1.1

9-1.2

Figure 19-7
Partia! speür7 rations and pack. es
In.- three SCRs for different vo!age
and current levels.
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wave rectified and only the positive half-c ycles would appear
across the load ( R1J. The same would be true if the SCR gate had a
continuous bias voltage to keep it on when the anode-cathode
voltage goes positive. A trigger pulse applied to the gate can switch
the device on at any time during the positive half-cycle of the
supply voltage. The SCR continues to conduct during the rest of
the positive half-cycle, and then it switches off when the
instantaneous level of the supply approaches zero. The resultant
load waveform is a portion of the positive half-c ycle commencing at
the Instant that the SCR is triggered Fig. 19-8(b)]. Resistor RG
holds the gate-cathode voltage at zero when no trigger input is
present.

[1
-ii

.SCR,

,fJ

	

(a)	 .ttOl ccCuit	 (h) Circu

Load waveforms that rcst,itt Iroin the SCR being switched on at
different p oints in the positive half-cvcle of the supply voltage are
shown in Fig. 19-9. It is seen that the average load current is
controlled b y the SCR conduction angle. Thus, the load power
dissipation can he varied by adjusting the SCR switch-on point. It
should be noted that the SCR cannot be triggered precisely at the
0 point in the waveform, because the anode-to-cathode voltage
must be at lease equal to the forward on voltage (tJ7) for the
device. Also, the SCRvilI switch off before the 900 point when the
load current falls below the holding current.

The instantaneous level of the load voltage is the instantaneous
supply voltage ( e s ) minus the SCR forward voltage (V1);

V1, = e5 - VTM	 (19-1)

/iure	 19-t
An 5CR - be I r 2ered on ho a
pule aplb to the gate. Once
I rgerei. cc de ice remains on
u n t i l the Ii in .rrent (ally he/ow
he hold.) current.

-cc

The load current can he calculated from V0 and R0, and the
Instantaneous supply voltage (e5(0) that causes the SCR to switch	 .
off can be determined from V, R1 , and the holding current: - - - -

eSJO) —VTM + (III XRI)	 (19-2)	 Figure 19-9
the average load current can beFor any given application, the selected SCR must have forward varied by controlling the SCR

and reverse blocking voltages greater that the peak supply voltage. 	 conduction angle.
Its specified maximum i-ms current must also be greater than the
rms load current. When designing the circuit, the gate current
used should be at least three times the specified I. for the device.



2N5060 to 2N5064

Peak forward
& reverse voltage

(VORM& Vvp

2N5060	 30 V

25/5061	 60 V
25/5062	 100 V

25/5063	 150 V

2N5064	 200 V

Maximum rms current 1 1r	 I	 08 A

Forward on voltage I
	

17V

Holding current lid
	

5 mA

Gate trigger current ( l)
	

200 tiA

Figure 19-10

	

o 1	 ita it (00 (or 2N 50 60
0 !\ 300/ 5CR
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Note that the required triggering current (1 r ) for the crrcu it in Fig.
19-S is the sum of I. and the resistor current	 as ilitisirittud.

Example 19-I
Select a Ljitahle SCR for the circuit in Fig. l9-80, it the rm Supply \oItage is
24 \ and the load resistance is li 0. Ako calt ulate the itli.tdnIirieolIS uppIv
\oIi14e that carise the 3CR to s ilr h

Solution
peiL	 ii	 oltrge.

\ .( =1.414\1	 =1.41\2i\

= 319 V

3CR n \\ a rd and re\ cr50 Nbc Li rig \ irta e.

I'	 >	 •( . 9 \.

Rr'ierung to the partial spedfic.rtirn tor the 2\Slbu to 2\4161 rlrigr 4

in Fig. t9-10, it is found that the	 \3r.h has	 ..	 10 \ and the	 5o(,j

has	 ... = 60 V. So, the 2\3069 \\uLjld ra he IjtaI)le, \\hlle the IN 061

Mild Peril to Ftc a suitable (le\ I( e.

- I
-
')\  - 1.	 V

= 1.2') A

For a half-\\a\e rectified sitirisnirirl \\Iet (rn-

In ,... , , = 0.5 it n = 0.3	 119

= 0.64 A

The \51i61 has I,,. = 0.8 A.
So. the 2,N306 / is a suitable S( R,

S\itch oil \oltage;

From Eq. 19-2,	 e	 = V.0 +	 x R I

= 1.7 V ± 5 mA x 25 Di

1.8V

90 0 Phase Control
In the 90° phase-control Circuit shown in Fig. 19-11, the gate
triggering voltage is derived from the cc supply via resistors R 1 . R2,

and Re When the moving contact is set to the top of R2. the SCR
can he triggered on almost immediatel y at the commencement of
the positive half-cycle of the input. When the moving contact is Set
to the bottom of R2, the SCR might not switch on until the peak of
the positive half-cycle. Between these two extremes, the device can
be switched on somewhere between the zero level and the peak of
the positive half-cycle, (between 0° and 900). If the triggering



-

(f'

Control
range

Figure 19-12
SCR 90° phase control circuit
with a full wave rectified supply.
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voltage (V is not large enough to trigger the SCR at 900 , then the

device will not trigger on at all, because VT is greatest at the supply

voltage peak and falls off past the peak.

Diode D 1 in Fig. 19-11 is included in the circuit to protect the

SCR gate from the negative voltage that would otherwise be applied
to it during the negative half-cycle of the ac supply.

1-	 I	 .2P --	 Q	 2Q'

R1	 sc

I)' 
	 ' K

	

R2 ------wi-- I	 1--_---

R3	
T

*-	 -

Car, ollage	 I	 C	
C' OCt10	 •-.	 ('ar.!rr I

source	 -	 "	 r,ne	 •-,	 rarsr

	

R	 >L

Figure 19-11
SCR 900 phase control Circuit.
The SCR can be triggered on
ans-svhere between 

flO and 9Q0

(a) 9O phase control circuit	 (h) Circuit waveforms

The load for an SCR phase control circuit could be a permanent
magnet motor, so that the circuit controls the motor speed.
Alternatively, the load might be a heater or a light, and in this case
the circuit controls the heater temperature or the light intensity.

The voltage divider (R 1 R2 R.) in Fig. 19-11 is designed in the

usual way for the required range of adjustment of V. The voltage

divider current () is selected much larger than the SCR gate

current. The instantaneous triggering voltage at switch-on is.

VT VDI + V0	 (19-3)

(a) 900 phase control circuit
	 (b) Circuit waveforms

with full wave rectified supply

Figure 19-12 shows a 90° phase control circuit with Its ac voltage
source full-wave rectified. This gives a larger maximum power
dissipation In the load than a non-rectified source. Also, diode D1

In Fig. 19-ills not required in Fig. 19-12 because the SCR gate

does not become reverse biased.



a O:j	 il-ave phase control Circuit
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In the circuit in Fig. 19-13(a) the two SCRs are connected in
inverse-parallel and they operate independently as 900 phase
control circuits. SCR, controls the load current during the positive
half-cycle of the supply voltage, and 5CR2 controls the current
during the negative half-cycle. The triggering voltage for each SCR

is set by the voltage divider network R 1 through R4 and adjusted by
variable resistor R3. Diodes D 1 and D2 protect the gate terminals of
each SCR from excessive reverse voltage.

During the supply voltage positive half-cycle. P, is forward biased
and current flows through R2, R3, and R6. The voltage drop across
R4 , triggers SCR, at the desired point in the positive half cycle.
When triggered. the SCR forward voltage switches to a low level,
and remains there until the instantaneous supply voltage level
approaches zero. During the supply negative half-c ycle, D 1 is
forward biased to produce current flow through R 1 . R9. and R.

With R 1 equal to R, the voltage drop across R. triggers  SCR2 at the
same point in the negative half-c ycle as SCR, in the positive half-
cycle. The resultant 90 0 full-wave phase controlled load waveform
is shown in Fig. 19-13(b).

-in	 ho 27' ' -

:11 .,.

h) load current waveform

I-igr4re	 19.13
00	 full-is 3' &	 r)lae (Onrrol

ri u:t uin	 ii.	 nere-pard(/c!
iiflfl€ .( ted SCRn

Example 19-2
The SCR in Fig. 19-14 is to be triggered on betsseen 5 - and 90 during the
positive haIi-cc!e of the 30 V supply. The gate triggering cui rent and voltage
are 200 pA and 0.8 V. Determine suitable resistance \aIlies for R 1 , R, and R..

Solution(ion
Peak suppls soltage,

yak) = 1.414 x V = 1.414 x 30 V

= 42.4 V

at 5°,	 e = V (P k) sin 5° = 42.4 V sin 5°

3.7 V

at 90o ,	 e, = V,'io = 421V

Eq. 19-3,	 V = V01 + V0 = 0.7V + 0.8V

= 1.5 V

Ri
SCR

tDI

L

Figure 19-14
SCR 90° phase control circuit for
Example 19-2.
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To trigger at e = 3.7 V, the R, moving contact is at the top.

so,	 VR I+ \',, =
	

= 1.5 V

and,	 V= e , - V 1 = 3.7V- 1.5 V

= 2.2 V

I	 >>	 = 200 pA)

select	 I	 = 1 mA

V j	 2.2V
R.

1	 1 mA

= 2.2 kQ (standard Va! ue)

V 1 	 iSV
R. + R. =	 =

-	
I	 1 mA

= 1.3 kO

To trigger at e = 42.4 V, the R. moving contact is at the bottom.

SO,	 t5. = V 1 = 1.5 V

e	 42,4\
and,	 I, = ______

R 1 +R+R	 2,2kQ+1.5k0

11.5 riiA
Vf	 1.3 \"

R. =	=
-,	 1.	 11.5 mA

= 130 (1 ( U se 120 C') standard 'a!ue)

= (R+R)R 1 = 1.5LQ-1200

= 1.38 kO (use 1.5 kQ standard value potentiometer)

1800 Phase Control
In the circuit shown in Fig. 19-15, resistor R 1 and capacitor C1

determine the point in the supply voltage cycle where the SCR
switches on. During the negative half-cycle of the supply, C 1 is
charged via diode D 1 to the negative peak of the supply voltage.
When the negative peak is passed. D 1 is reverse biased because its
anode (connected to C 1) is more negative than its cathode. With D1

reversed, C 3 commences to discharge via R 1. While C 1 voltage
remains negatively, D2 is reverse biased and the gate voltage
cannot go positive to trigger the SCR on. Depending on the values
of C 1 and R 3 , the capacitor might be completely discharged at the
beginning of the positive half-cycle of the supply; allowing SCR, to
switch on. Alternatively, C1 might retain some negative charge past
the end of positive half-cycle; keeping SCR, off Resistor R2 is
included in the circuit to restrict the level of the gate current.
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(.)

I 5/) jihi'<e COMFOI <_-'

110	 ?	 0.0

"If 0	 "If °"

/ t

b) Circuit \\efort1i',

Figure 19-15
SCR 780° phase ((intro! in ii
R 1 adjustment al/on the 5CR
tng,'ertn ,q point to be 'et
inv here hetneen 0° and 180.
in the poet/se halt n le ot the or
uppl '.olMge.

Design of the 1800 phase control circuit can commence with
selection of a capacitor much larger than stray capacitance. A
maximum resistance for !? j should then he calculated to discharge
the capacitor voltage to zero during the time from the negative
peak of the supply voltage to the 180° point in the positive half-
cycle. 'Fhe capacitor voltage does not decrease linearl y as Fig. 19-16
implies. However. the nlaximum resistance for R 1 can be most
easily calculated by assuming a linear discharge. The average value
of th2 discharging voltage (E') is lirst determined. Figure 19-16
shows that E is -0.636 V for 0.25 7' and +0636 v 1 

for 0.5 T.

which averages Out to approxiniatelv 0.2 V k. br tile total
discharge time of 0.75 TN Now the equation for discharge of a
.ip.i( itor to zero volts via a resistor ma y be applied.

t = R C in t(E F )/EJ

Substituting the appropriate qCtantttIeS into the equation gives.

0.75 T
R1

	

	 (19-4)
C1 In 6

Practise Problems
19-2.1 The 900 phase control circuit in Fig. 19-11 has a 115V, 60 Hz

supply, and R = 50 Q. Specify the required SCR, and calculate
suitable resistor values for switch on between 70 and 90°.

19-2.2 The 180° phase control circuit in Fig. 19-15 has a 50 V, 60 Hz
supply, and the SCR has V = 0.5 V and I, = lOOpA. Determine
suitable values for R and C 7 . Also, calculate a resistance for R2 to
limit the gate current to a maximum of 50 mA.

19-3 More SCR Applications

SCR Circuit Stability
An SCR circuit Is stable when it operates correctly; switching on
and off only at the desired instants. Unwanted triggering (also
called false triggering) can he produced by noise voltages at the
gate, transient voltages at the anode terminal, or by very fast
voltages changes at the anode (termed dv/dt triggering).

T
--o

— 0	 i T

iI 'M t,i,

i6 I

Figure 19-16
Die/i ire tin	 <nd

C, i - it/tii(Ut	 n f/i'



C

P.

(b) Gate capacitor

(c) Snubber circuit

Figure 1917
Unwanted gate noise triggering
can be prevented by Rc or C 1 at
the gate-cathode terminals. The
use of a snubber circuit prevents
triggering  by transients at the
anode terminal.
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Obviously, gate noise voltages might be large enough to forward
bias the gate-cathode junction and cause false triggering. Anode
voltage transients (produced by other devices connected to the
same ac supply) could exceed the SCRbreakover voltage, and thus
trigger it into conduction. The civf cit effect occurs when the anode
voltage changes instantaneously, such as when the supply is
switched on at its peak voltage level. The SC!? capacitance is
charged very quickly, and the charging current is sufficient to
trigger the device.

Gate noise problems can be minimized by keeping the gate
connecting leads short, and by the use of a gate bias resistor [RG in

Fig. 19-17(a)]. This should be connected as close as possible to the
SCR gate-cathode terminals, because connecting conductors

between RG and the device could pick up noise that might cause
triggering Biasing the gate negative with respect to the cathode
can also be effective in combating noise. Capacitor C, in Fig. 19-

17(b) can be used to short circuit gate noise voltages. C, also

operates in conjunction with the anode-gate capacitance as a
voltage divider that reduces the possibility of d y/cit triggering. C 1 is

usually in the 0.01 jiE' to 0,1 pF range, and like R. it should be

connected close to the SCR terminals.
Art RC snubber circuit can be used to prevent triggering by anode

terminal transients, (Fig. 19-17(c)]. A snubber is usually necessary
fo inductive loads, and might also be required for resistive loads.
With an ac supply. there is a phase difference between an
inductive load current and the supply voltage, and this can cause
loss of SC!? control. Also, the current through an inductor with a
dc supply will not go to zero immediately when the SCR switches

off.  A snubber circuit is necessary in both cases.

Zero-Point Triggering
When an SC!? is switched on while the instantaneous level of the
supply voltage is greater than zero, surge currents occur that
generate electromagnetic interference (EMI). The EMI can interfere

with other nearby circuits and equipment, and the switching
transients can affect control of the SCR. Circuits can be designed

to trigger an SC!? on at the instant the tic supply is crossing the
zero voltage point from the negative half-cycle to the positive half-
cycle. This is called zero-point triggering, and it effectively eliminates

the EMI and the switching transients.
The zero-point triggering circuit in Fig. 19-18(a) shows two

inverse-parallel connected SCRs that each have RC triggering

circuits; C 1 and R, for SCR, ' and C2 and R2 for SC!?2. SCR, is held

off while switch S 1 is closed, and because capacitor C2 is

uncharged SCR2 remains off. With S 1 open, positive triggering
current (1G,) begins to flow when the supply voltage commences to
go positive. As illustrated. I,, flows via C 1 and R to the gate of

SCR, triggering it into conduction at the zero-crossing point. SCR,

provides a path for (positive) load current 
(L+)•

With SC!?, art, capacitor C2 charges (with the polarity shown)
almost to the peak of the supply voltage. When the supply voltage

IT	 IG -

(a) Gate resistor

id

1o.I F

Rt
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crosses zero from the positive half-cycle to the negative half-cycle
SCR, switches off. Also, D 1 becomes reverse biased, and the charge
on C 1 provides triggering current (I(; 9) to 5CR2. Thus, SCR2 is
switched on at the start of the supply negative half-c ycle. providing
a path for (ncgcznre) load cut-rent (i,J.

::	
SCR,^

Si 7	 1	 15CR:

(a) Zero-point triggering circuit

Figure 19-18
In an SCR zere-ne: :-
Circuit the deio C .1 ...... . hed

on only	 he-i	 7- 1	.npfy

IVI vetornl i:rr e.	 C jero-
iItae point.

Supp'ibrnPJ.--fljj
SCRso,.	 _-._..--	 - ....	 ORcm	 .Sck..rT

h Circuit vavcfrirs

Both SCRs continue to switch on and off at the zero-crossing
points while S 1 remains open, and both stay offwhen S 1 is closed.
5CR2 cannot switch on unless SCR, has first been on, and because
of this the arrangement is sometimes termed a rnaster-slni'e circuit:
SCR J being the master and SCR2 the slave. The waveforms in Fig.
19-18(b) show that power is supplied to the load for several cycles
of the supply while S 1 is open, and no load power dissipatiop
occurs for several cycles while S, remains closed. The switch might
be controlled by a temperature sensor or other device.

Crowbar Circuit
A crowbar circuit (also known as an overvoltage protection circuil) is
illustrated in Fig. 19-19. This circuit protects a sensitive load
against an excessive dc supply voltage. When the supply ( Vs) is at
its normal voltage level, it Is too low to cause the Zener diode (D1)

to conduct. Consequently, there is no current through the gate
bias resistor (R), and no voltage drop across R 1 . The gate voltage

(Vc) remains equal to zero, and the SCR remains off When the
supply voltage exceeds V7, D, conducts, and the resultant voltage
drop across R 1 triggers the SCR Into conduction. The voltage
across the load Is now reduced to the SCR forward voltage drop.
The voltage across V and R, is also reduced to the SCR forward
voltage, and the dc voltage source is short-circuited by the SCR.



115 
NCUIbVC60 Hz	

CIT =s=..

D, ,.	 htr

R,	 SCR,

Figure 19-20
SCR heater control circuit. The
SCR is triggered on when the
temperature is below a specified
level, and held off when the
temperature is satisfactory.
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The voltage source must have a current limiting circuit to protect
the source and to minimize SCR power dissipation. The supply
must be switched off for the SCR to cease conducting.

Example 19-3
The dc voltage source in the SCR crowbar circuit in Fig. 19-19 has V5 = 5 V
and = 300 mA. The load voltage is not to exceed 7 V. Select suitable
components for D and R, and specify the SCR. Assume that V = 0.8 V.

Solution
= t L(r) -	 = 7 V - 0.8 V

= 6.2 V

For D., select a 1N753 with V = 6.2 V

Select	 = 1 mA

V	 0.BV
R7

lmA

= 800 0 (use 820 0 standard value)

SCR specification: / 	
> 7 V, IT	 > 300 mAOR's!

Figure 19-19
An SCR crowbar Circuit (Or
overvoltage protection circuit)
short-circuits the load when the
supply voltage exceeds a pre-
determined level.

Heater Control Circuit
The circuit in Fig. 19-20 uses a temperature-sensitive control
element (R). The resistance of R2 decreases when the temperature
increases, and increases when the temperature falls. Diode D1

keeps capacitor C 1 charged to the supply voltage peak, and C1

together with resistor R 2 behaves as a constant current source for
R2. When R2 is raised to the desired temperature, V0 drops to a
level that keeps the SCR from triggering. When the temperature
drops, the resistance of R2 increases, causing V. to increase to the
SCR triggering level. The result Is that the load power is turned off
when the desired temperature is reached, and turned on again
when the temperature falls to a predetermined level. Rectifier D2

might be Included, as illustrated, to pass the negative half-cycle of
the supply waveform to the load.

D2
R2



Figure 19-21
Sas,c cofltruCt on, equivalent
iir,ult, and graphic s ymbol for a
TRJAC.

Mi

TI

%fT'

P1
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Practise Problems
19-3.1 The SCR in the circuit in Fig. 19-20 triggers when V is 0.8 V or

higher, but will not trigger when V C. is 0.6 V. The temperature sensing
element ( R2 ) has a resistance of 4000 at 95°C and 300 0 at 100°C.
Determine suitable values for R 7 and C 7 that will trigger the SCR at
95°C and leave it untriggered at 100 °C.

19-4 TRIAC and DIAC

TR1.-1 C Operation and C/,aracu'ri.ctics
The basic construction, equivalent circuit. and graphic s ymbol for
a TRL4C are shown in Fig. 19-21. The TRIAC behaves as two
inverse-parallel connected SCRs with a single gate terminal.
Sections n, p2 n3, and p. in Fig. 19-2 11.1l form oneone SCR that can
be represented by transistors Q and Q in Fig. 19-2 lIb). Similarly.
p. i	 2, and or form another .SCR wiih the transistor equivalent
circuit and 9 4 . Layer p , comfliofl to he two SCRs, functions as
a gate for both sections ol the deuce. The two outer terminals
cannot be identified as anode and cathode: instead the y are
designated main terminal I .\tTl) and main terminal 2 (.'ilT2). as
illustrated. The TRIAC circuit vniboi is composed of two inverse-
parallel connected SCR symbols. iFlo. 19-21(1].

(a) Basic TRIAC	 (b)Eq9iu!ct circuit	 (c) Circuit symbol
construction

When MT2 Is positive with respect to MTI, transistors 93 and 94
can be triggered on [Fig. 19-21(b)1. In this case current flow Is from
M72 to MTI. When MT1 is positive with respect to M72, Q 1 and Q2

can be switched on. Now current flow is from MTI to M72. It Is
seen that the TRIAC can he made to conduct In caiier direction.
Regardless of the M72/MTI voltage polarity, the characteristics for
the TRLAC are those of a forward-biased SCR. This is Illustrated by
the typical TRIAC characteristics shown in Fig. 19-22.
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+
-A 1T2

4 /	
G

Figure 19-22
TRIAC characteristics. These are
sunilar to the characteristics of
two inverse-parallel connected
SCRs.

/ *
AlT]

*

TRIA C Triggering
The characteristics and circuit symbol in Fig. 19-22 show that
when MT2 is positive with respect to MU. the TRIAC can be
triggered on by application of a positive gate voltage. Similarly.
when Mr2 is negative with respect to MTI, a negative gate voltage
triggers the device into conduction. However, a negative gate
voltage can also trigger the TRIAC when MT2 is positive, and a
positive gate voltage can trigger the device when MT2 is negative.

Figure 19-23 shows the triggering conditions for a 2N6346, 8 A.

200 V TRL4C. The voltage polarity for MT2 is identified as M72(+) or
M72(-). and the gate polarity is listed as G( +) or G(-). From the first
line of the specifications, it is seen that with M72 positive the
device gate triggering voltage is +0.9 V minimum and +2 V
maximum. From the second line, still with MT2 positive, triggering
can be produced by a negative gate voltage; -0.9 V to -2.5 V. The
third line shows MT2 negative and the gate trigger voltage as -1.1 V
to -2 V. Also, with MT2 negative (fourth line), triggering can be
effected by a positive gate voltage; + 1.4 V to +2.5 V.

2N6346 TRIAC
...

VGr 	 Min	 Max

	

MT2(+),G(^)	 -	 2V

	

.MT2(fG)	 0.9V	 .2.5 V

	

.MT2(-), G (-)	 .	 1.1__.._____

	

MT2 (-), G (+)	 1.4 V	 2.5V

Figure 19-23
Partial specification showing the
triggering conditions for a
2N6346 TRIAC.
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The TRIAC triggering conditions are further illustrated by the
diagram in Fig. 19-24. The vertical line identities MT2 as positive or
negative, and the horizontal line shows the gate voltage as positive
or negative. The TRIAC is defined as operating in one of the four
quadrants: I, 11, III. or IV. III 	 I, MT2 is positive, the gate
voltage is positive, and current flow is front to A ITI. as shown.

When MT2 is positive and the device is triggered b y a negative gate

voltage, the TRIAC is operating in quadrant II. In this case, current
flow is still from MT2 to MTI. Quadrant III operation occurs when

MT2 is negative and the gate voltage is negative. Current flow IS

now from MTI to M72. III 	 TV. MT2 is again negative, the
gate voltage is positive, and current flow is from MTJ to .'iIT2.

Normally. a TRIAC is operated in either quadrant I or quadrant III.

When this is the desired condition, it might be necessary to design

the circuit to avoid quadrant II or quadrant IV trie,gering.

tIT' +

1T2

Figure 19-24
.1 (Jrn t diagram	 S	 .

T/ -C oir-qu dr	 r

III	 Qu ui an! Il
	 und,tior!c

1T2

I(j	 *

lT2 -

DIA C
A DIAC Is basically a low-current TRIAC without a gate terminal.

Switch-On Is effected by raising the applied voltage to the brea1over
voltage. Two different DIAC symbols In general use are shown in
Fig. 19-25(a), and typical DIAC characteristics are illustrated in Fig.
19-25(b). Note that the terminals are identified as anode 2 (A 2) and

anode I (A '). Figure 19-26 shows partial specifications for two
DIACs. The HS-10 has a switching voltage that ranges from a
minimum of 8 V to a maximum of 12 V. Switching current is a
maximum of 400 jiA. The HS-60 switching voltage is 56 V to 70 V.
and maximum switching current is 50 j.aA. Both devices have a
250 mW power dissipation, and each Is contained In a cylindrical
low-current diode-type package. DIACs are most often applied In
triggering circuit for SCRs and TRJACs.
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(b) DJ.4C characteristics

(a) Two DL4C symbols

Figure 19-25
The DIAC is basically a low-
current JR/AC without a gate
terminal.

DIACs

V5	 Figure 19-26

Min	 i	 Partial specifications for two
Max	 DI\Cs.

HS-10	 8V	 12V	 400mW

HS-60	 - 56 V	 70 V	 50 pA ! 250 mw

ection 19-4 Review
9-4.1 Sketch the construction and transistor equivalent circuit of a TRIAC.

Explain the device operation.

9-4.2 Sketch TRIAC characteristics. Briefly explain.

19-5 TRIA C Control Circuits

TRIAC Phase Control Circuit
A 'I'RLAC circuit that allows approximately 1800 of phase control is
shown in Fig. 19-27(a). The waveforms in Fig. 19-27(b) illustrate
the circuit operation. With the TRIAC (Q 3) off at the beginning of
the supply voltage positive half-cycle, capacitor C 1 is charged
positively via resistors R 1 and R2, as shown. When V. 1 reaches the
DIAC switching voltage plus the Q gate triggering voltage, D3

conducts producing gate current to trigger Q, on. C 1 discharges
until the discharge current falls below the D1 holding current level.
The TRIAC switches off at the end of the supply positive half-cycle,
and then the process is repeated during the supply negative half-
cycle. The rate of charge of C is set by variable resistor R 3 , so that
the Q 1 conduction angle is controlled by adjustment of R1.

Example 19-4
Estimate the smallest conduction angle for Q1 for the circuit in Fig. 19-27(a).
The supply is 115 V, 60 Hz, and the components are: R 7 = 25 kQ, R2 = 2.7
kO, C 1 = 3 pF. The D breakover voltage is 8 V, and V = 0.8 Vfor Q7.
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Solution
At Q	 tt h )O	 V,-	 - 1	 0 \ - 0.8 V

= 8.8 \

Aciinie the d\ erige charging oltdge is.

E =0636\1	 0036\1.414X115V

103 \

I	 101\
A erlge ( lid	 hg cerrent

01,11gim ', till"

'2	 '	 li -(Y)"

( (hill	 I LI hr

R.	 2,1C	 27 LO

ii

1

lb -

I \	 bL)	 - I 1i-\	 1)12

I)	 -'---'---	 -
I	 ( - ii--

1 3

u	 1 00 o	 10	 -

(a) Phase control circuit

ZJI

=

Iff a-:-!

 -

V-
(b) Circuit waeforms

Fiu,-e	 19-2
Liq r I

- ()	 t( bed

on )	 '	 :r	 harge I

D. he0.e, er -

TRIA C Zero-Point Switching Circuit
The TRLAC zero point switching circuit in Fig. 19-28(a) produces a
load waveform similar to that for the SCR zero-point circuit in Fig.
19-18. The load power dissipation is controlled b y switching the

TRIAC on for several cycles of the supply voltage and off for several

cycles, with switch-on occurring only at the negative-to-positive
zero crossing point of the supply waveform, and switch-off taking
place at the positive-to-negative zero point. Q 1 is a low-current

SCR that controls the switching point of 92.
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With switch S, closed, Q 1 is on. and the Q 1 forward voltage drop
is below the level required for triggering 02. (V + Vm + 02L [see
Fig. 19-28(b)]. Thus, no gate current flows to Q. and no
conduction occurs. 91 switches off when S 1 is opened, so that I
flows to 9, gate via C 1 . R 2. D 1 . and 1 2 to tngger 92 into conduction,

[Fig. 19-28(c)). With 92 conducting, capacitor C2 is charged via D3

almost to the positive peak of the load voltage. [Fig. 19-28(d)]. The
TRIAC switches offat the end of the positive half-c ycle . Then, the

charge on C9 (applied to the gate via D) tri ggers Q2 
on again just

after the zero-crossing point into the neative half-cycle. (It should
be noted this is quadrant IV triggering.)

The initial 92 switch-on occurs only at the beginning of the

positive half-c ycle of the supply voltage. it S 1 is opened during the

supply positive half-cycle, 91 continues to conduct until the end of
the half-cycle, thus keeping 92 ofT \Vith 92 off. C2 remains

uncharged. and so it cannot trigger Q on during the supply
negative half-cycle. 99 triggering now occurs at the beginning of
the next positive cycle.

If S 1 is opened during the supply negative half-cycle. 92 cannot
be triggered into conduction, again because of the lack of charge
on C2. It is seen that 92 conduction can commence onl y at the
beginning of the positive half-c ycle of the suppl y voltage. Also.
once tric,gered. Q, conduction continues until the end of the cycle.

(a) Zero-point switching circuit

Q2

Figure 19-28
Zero-point switching circuit for a
TR!AC While Q 7 hon. Q cannot
switch on. With Q 7 oft Q, com-

RL to conduct at the
beginning of the supply poscive
half-c)clE.

1):

C,	 1}vc2	 Rt_H: ':I -	 -	 1),	 D

(b) With Qi on Q2 is held oJJ	 (c) I(;2 flows when Qj is off	 (d) Vc2 triggers Q2



Figure 19-29
Functional bins k diagram for an
integrated circuit zero voltage
svotch, or FR/AC tinter.
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To design the circuit in Fig. 19-28. the TRIAC is first selected to
pass the required load current and to survive the peak supply
voltage. Resistor R2 is a low-resistance component calculated to
limit the peak surge current to the Q gate in the event that the
peak supply voltage is applied to the circuit without 9 1 being on.

Capacitor C 1 has to supply triggering current 1c) to 92 at the zero
crossing point of the supply waveform when 9 1 is oil'. Usually 1, is
selected around three times the specified for Q,. and C 1 is
then calculated from the simple equation for capacitor charge: C =
(I t)/V. In this case \V/t can he replaced by the rate-of-chan ge of
the supply voltage at the zero crossing point, which is 12r]U,J. So.
the C 1 equation is,

= 1G2	 (19-5)
2'rfV,

Resistor R 1 can now he deterinined b y using the selec t ed gate
current for Q, ('fl) as the ;-cak anode current for Q 1 ; R 1 = Y, /1
The Q 1 gate resistor (Rj is calculated from the Q triggerifl current
and the voltage of the dc source: R. = IE -

The Q2 gate current is again usc d iii the calculation of R 1 and C.
To trigger Q2 at the start of the uppiv negative half-c ycle, I, must
flow front C. into the Q, gate. so R,Y, /(2 A suitable capacitance
for C, is now calculated by .,_,.in using the simple capacitance
eqitat loll C, = (1(1 \ t ) /AV. in this case, time t is selected mu ( h
larier than the Q, turn-on time, and A kI is approximately 0. 1 \.
SCR must pass the selected anode current (IQ9) and survae

the peak supply voltage. The diodes must each Survive the peak
supply voltage and pass the Q triggering current.

IC Zero Voltage Switch

The funci,onal block diagracn f'r 'c typical Intearated - ,, , it TPLAC

driver, known as a zero voltage switch, is shown in Fig. 19-29. The
device contains a voltage limiter and a dc power supply. so that it

operates directly from the ac supply to the load to be controlled.

There is also a zero crossing detector (see Section 14-9) that
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provides an output pulse each time the supply waveform crosses
the zero level. Ihe zero crossing detector output is fed to an AND

gate (see Section 3 11). and the AND gate output goes to the TRIAC

drive stage that prochices the current pulse to the TRIAC gale. An

onJJo sensing amplUiei is	 vused to sense the voltage leel from an
externally-connected transducer: for example. a temperature
sensing transducer would be used if the load is a heater. When the
temperature drops to a predeteriliitlecl level, the on-olf sensing
amplifier provides an input to the AND gate. The gate tiig4Cd1lg

pulse troni the TkLC divc stage cur at the supply zero crossing

points onl y when the temperature is below the desired level. 'File
circuit loath \vaveforiils are similar to (hose shown in Fig. 19-18.

Practise Problems
19-5.1 Determine suitable components for the TRIAC zero point switching

circuit in Fig. 19-28, gi\en the foIIo\ ag: ior Q 7 : Ic = 200pA, t 1 =

2V, (for Q;I( - 30 rrA, I, = 1 A, 1_ lOOpd,E =6V,ac

source = 115 V. 60Hz.

19-6 SUS, SBS, GTO, and S1DIC

SUS
The siltcoit rulatera! stt'ircii (St 'S. also knom as a foi tr lot Jer dik'

and as a Sclioklc't dh4e. can be treated as a low current SCR

v ithout agate terminal. Fiiure 19-30 shows the SUS circuit
symbol and typical forward ehu ractcristic. The device triggers into
conduction when a Joru'ard switching tltage (V5) is applied. At

this point a mininlufli stt'ttc!ung current ( IJ must flow. Also, the

voltage falls to a foiu'arcl conduction age ( V 4 at switch on. and
conduction continues until the current level falls below the
holding current (Ii ,). The 2X4988 SUS has V5 ranging from 7.5 V to 9

V. J.. = 150 LIA, and J = 0.5 mA. SUS reverse characteristics are

similar to SCR reverse characteristics: a very small reverse current
flows until the reverse breakdown voltage is reached.

SBS
It might he convenient to think of a silicon bilateral switch (SBS) as

an SUS with a gate terminal, or as a low-current TRIAC. However.

the SBS is not simply another four-layer device. Silicon bilateral
switches are actuall y integrated circuits constructed of matched
transistors, diodes, and resistors. This produces better parameter

hiiiiv than is possible with four-layer devices. The SBS
equivalent	 Fin. 19-3i(a) is similar to the TRIAC
equivalent circuit with the adciitjuit of ir P atrd R nd

Zener diodes D, and D2. The device circuit symbol in Fig. 19-31(h) is
seen to be composed of inverse-parallel connected SUS symbols
with a gate terminal added. Note that the terminals are identified
as anode I (A 1 ), anode 2 (A). and gate (G). The typical SBS
characteristics shown In Fig. 19-31(c) are essentially the same

'A

'F	
.crhoK

Is	 -

VF	 V5

Figure 19-30
SUS circuit symbol and forward
characteristics.
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shape as TRIAC characteristics.
Returning to the equivalent circuit, the SBS switches on when a

positive A 1A2 voltage is large enough to cause 1)2 to break down.
This produces base current in 9 1 . resulting in Q collector current
that switches 990n. Similarly, a negative A 2A2 voltage causes D 1 to
break down, producing base current in 94 that turns Q4 and Q
on. The switching voltage is the sum of the Zener diode voltage and
the transistor base-emitter voltage. ( Vs V * VBF) . The Zener diode
has a positive temperature coefficient (IC) and the transistor base-
emitter voltage has a negative TC. This results in a very small TC

for the SBS switching voltage.

Vpj

IH

/	 -
-	 ------

N
I

Figure 19-31

G	 -	 . --	 --	
Equivalent circuit, symbol and

-	 F2	
-
	 characteristics for the SthCOfl

bilateral switch (SBS).

(a) Equivalent circuit	 (b) Symbol	 (c) Characteristics

The partial specification for a MBS4991 SBS in Fig. 19-32 shows
a switching voltage that ranges from 6 V to 10 V. Note also that
the switching voltage differential (the difference between the
switching voltages in opposite directions), ( V51 - V), is 0.5 V
maximum. The maximum switching current is a 500 pA, and the
switching current differential (I - I) is 100 pA.

	

M8S4991 SBS	 -

-	 -	 Mm	 Typ	 Max

Switching voltage (V5)	 6 V	 8 V 1	 10 V -

Switching current (la) 	 175 pA	 500 pA

Switching voltage differential	 0.3 V	 0.5 V

Switching current differential -	 100 pA

Gate trigger curreni (1p) 	 - 100 pA

Foiward on voltage (VF) ,	 - -	 -.	 1.4 V	 - 1.7 V

Figure 19-32
Partial specification for the
MBS4997 silicon bilateral



I
.1 i t' s modification h

CKlCffliit	 7crner,

1	 -;	 1IitlI t]LIhI(31

J',lCrIlal	 rc-sNtor

1-ic'ure	 19-33

	

Ii:c ';s 0 h n 0 i(,I0)Ce	 .-
in he snodsHr'd hi

ionnesrc-d Zener d

Figure 19-34
Use of an SS in a TRIAC phase
control circuit. The RIAC is
triggered by the current surge
when the SBS switches on.
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SBS devices are frequently used with the gate open-circuited, so
that they simply breakdown to the for-ward voltage drop when the
applied voltage increases to the switching voltage level. The
switching voltage can be reduced b y connecting Zener diodes with

V2 lower than 6.8 V between the gate arid the anodes, as shown in
Fig. 19-33(a). The new switching voltage is approximately (V2 + 0.7
V). The switching voltage can also be modified b y the use of
external resistors. (Fig. 19-33(b)). Taking the gate current into
account, it can be shown that the two 22 kQ resistors reduce V

to approximately 3.6 V.
The use of an SBS in a TRL-\C phase control circuit is illustrated

in Fig. 19-34. This is essentially the same as the cIrcuIt using a
DIAC in Fig. 19-27. The SI3S turns on and triggers thn TNI\C when
the capacitor voltage equals the SF3S switching voltage plus the

TRIAC gate triggerin g voltage.
For an SI3S to switch on, the total resistance iii seuic with it

must have a maximum value that allows the swil nd I rrent to
flow. It the resistance is so large that it restricts tle current no a
level below I he SHS switching current, 11 11C device vi II (0 '-\VlI ch
art. Also, the series resistailce lutist not he so ;iitill 11"Ilk it aliws
he holding current to flosv when the SI3S is sltpp s'd to --itch

ofll These rs si rictions also diV to SCRs. TRIACS. [)L\CS, and
other itnil switching devices. Switch-Ii is usuall y no p)lls'111 ill

thvrislor circuitS with ac uppifts. because the d vices nertnuillv
wilt'Ii a/f when the i sin t:iiU'OUS supply voltige IYchI CS 0 7tro.

\VitO dc' supplies, more arc lutist he taken with rcisHr /c•

Figure 19-35 shows a simple circuit that requires careicti de-ogn
to ensure that the S[3S switches on ouch off as tec1uired. The circuit

Is a rc'hoxaOo,i oscillator that produces an expollcntlal output
wavelortu. as illustrated. Capacitor C 1 is charged vi:i resistor

from the dc supply voltage (E). When the capacitor voltage I Vt.)

reaches the SI3S switchin g voltage (t/). D 3 switches on and rapidly
discharges the capacitor to the U 3 forward voltage (V 5.). Then U1

switches off and the capacitor commences to charge again. The
SBS will not switch off if the U 3 holding current (In) continues to
flow through R 1 when V equals Vi.-. SBS switch-on will normally
occur when V equals t' regardless of the R 1 resistame, because
the capacitor discharge should provide the switching current (J).
However, It is best to select R, small enough to allow I to flow at
D, switch on.

The approximate oscillation frequency can be determined from
the capacitor charging time (t), and the equation for t is derived
from the RC charging equation.

-
t=CRIn[ 

E VF
1 	(19-6)

E - V

Example 19-5
The SBS in the circuit in Fig. 19-35 has the following parameters: V5 = 10 V,
V = 1.7 V, 1 = 500 A, I = 1.5 mA. Calculate the maximum and minimum



(a) Relaxation oscillator
circuit

lime	 C, discharge

(b) Circuit waveforms
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resistances for R 1 for correct Circuit operation when E = 30 V. Also, determine

the capacitor charging time when R = 27 kO and C = 0.5 pF.

Solution	
E - V - 30 V - 10 V

R111 

= _____ -
 500 /JA

= 40 kO

E - V	 30V-1.7V

'H	 1.5 mA

= 18.9kQ

	

E - V	 30V-1.7V
Eq. 19-6,	 t = CR/nE	 J = 0.5 pF x 27 kQ ln[

	

E-V5 	 30V-10V

= 4.7 ms

GTO
When an SCR is triggered into conduction by application of a gate
current, the gate looses control and the device continues to
conduct until the forward current falls below the holding current.
A gate turn-off (GTO) device is essentially an SCR designed to be
switched on and off by an applied gate signal. The circuit symbol
for a GTO is shown in Fig. 19-36(a), and the two-transistor
equivalent circuit for the device is illustrated in Fig. 19-36(b) and
(c). Note that at switch-on, the gate current has just got to be large
enough to supply base current to transistor 92. However, at
switch-off, the Q collector current has to be diverted through the
gate terminal in order to turn 92 off. Consequently, for device turn-
off relative large levels of gate current are involved; approaching
half the GTO forward current.

4	
QJ QJ

 —^ V ,
Q2	 Q2

Icl

K	 K

(a) Symbol	 (b) Switch-on	 (c) Switch-off

SIDAC
The SIDAC is a two-terminal thyristor designed mainly for use in
over-voltage protection situations. As a bilateral device with no
gate terminal, it simply breaks down to Its forward voltage drop
when the applied terminal voltage (of either polarity) rises to the
breakover voltage level. Like other thyristors. there Is a minimum
current that must flow to latch the SIDAC into an on state. Also,

Figure 19-35
SBS relaxation oscillator. C1
charges via R 7 to the SBS
switching vo!age. D switches on
at that point and rapidly
discharges C1.

Figure 19-36
The gate turn-off device CTO
effectively an SCR that can b
switched off by a voltage applie
to the gate.
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when switched on conduction continues until the current falls
below a holding current level.

The circuit symbol and typical characteristics for a S1DAC are
shown in Fig. 19-37. Available devices have breakover voltages
ranging from 110 V to 280 V. Typically on state voltages is 1.1 V.
MIS current is I A, and holding cUITelit is 100 mA.

Figure 19-37
,.r!oI,ind

!DC.

I	 C

Figure 19-38 shows a ,SIDAC used to prut cct a dc power supply
from ac line transients. Normall y . the SIDAC will behave as an
open-circuit. A voltaLTc transient on th: ac line will cause it to
break down to its ldtva rd voltage level. SI that it ussuni iallv short-
circuits the transformer output. This will cause a fuse to blow or a
circuit breaker to trip, thus interrupting the uc supply.

Practise Problems
19-6.1 The SBS in the circuitin Fig. 19-34 has V5 	 4 V, I = 500JA, and

= 200 mA. The ac supply is 115 V. and R3 = R4 = 22 kO.
Determine suitable resistances for R 7 and R-

19-7 UJT and PUT

UJT Operation
The Unyunct ion trartsistor(UJfl consists of a bar of lightly-doped ra-
type silicon with a block of p-type material on one side, lscc Fig.
19-39(a)J .The end terminals of the bar are identified as Base I (B1)
and Base 2 (B2), and the p- type block is named the emitter (E).

Figure 19-39(b) shows the UJT equivalent circuit. The resistance
of the n-type silicon bar Is represented as two resistors, r1 from B1

Firue 19-38
sf).( uud :or prote( 1mg a di

upf)! • ,1Ca fl t tra',unt
hne!,r'- , IfJ )f)i
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to point C, and r2 from B2 to C, as illustrated. The sum of r1 and
and r2 is identified as RBB. The p-type emitter forms a pn-junction
with the n-type silicon bar, and this junction is shown as a diode
(Di ) in the equivalent circuit.

132
B2

BI

EO

E	 D1

1'EBl	
JE	

B1

BIB2	 B2
>RBB

r31j	 -j	
BI

 7^

Figure 19-39
A unijunction transistor (UJ T is

made up of a p-type em/::er
joined to a bar of n-t'.ne
semiconductor.

(a) Basic construction
	

(b) Equivalent circuit 	 (c) Circuit symbol

With a voltage VBJB2 applied as illustrated, the voltage at the
junction rBl and rB2 is,

V1 = VBJB2x

Note that V 3 is also the voltage at the cathode of the diode: point C
in the equivalent circuit.

With the emitter terminal open-circuited, the resistor current is,

'B2 
- VBLB2	 (19-7)

BB

If the emitter terminal is grounded, the pn-junction is reverse
biased and a small emitter reverse current (1,d flows,

Now consider what happens when the emitter voltage (VEal) is
slowly increased from zero. When VEal equals V1 the emitter
current is zero. With equal voltage levels on each side of the diode.
neither reverse nor forward current flows.) A further increase in
VEa l forward biases the pn-junction aná causes a forward current

(1E) to flow from the p-type emitter into the n-type silicon bar. When
this occurs, charge carriers are injected into the rBJ region. The
resistance of the semiconductor material is dependent on doping.
so the additional charge carriers cause the resistance of the r1
region to rapidly decrease. The decrease in resistance reduces the
voltage drop across rBI, and so the pri-juriction is more heavily
forward biased. This in turn results in a greater emitter current,
and more charge carriers that further reduce the resistance of the
r01 region. (The process is termed regenerative.) The input voltage is
pulled down, and the emitter current (1E) is increased to a limit
determined by the VEa, source resistance. The device remains in
this on condition until the emitter input is open-circuited, or until
IE Is reduced to a very low level.



Figure 19-40
The U)T characteristics shoe5 that
the device triggers on at various
levels of emitter voltage V1

depending upon the level of
supply voltage V8IB2.

0	 1	 2	 3	 4(mA)
1E

(c) Family of UJT characteristics

(V) -
16

14

12

10

8
VEB I

6

4

2

0
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The circuit symbol for a LJJT is shown in Fig. 19-39(c). As always,
the arrowhead points in the conventional current direction for a

forward-biased junction. In this case it points from the p-type

emitter to the n-type bar.

UJT Characteristics
A plot of emitter voltage V0 versus emitter current l gives the

VJT emitter characteristics. Refer to the UJT terminal voltages and
currents identified in Fig. 19-40(a) and to the equivalent circuit in
Fig. 19-39(b). Note that when V13182 = 0, '02 

= 0 and V = 0. If V is

now increased from zero, the resultant plot of Vsm and 1 is simply
the characteristic of a forward-biased diode with some series
resistance. This is the characteristic for '02 

= 0 in Fig. 19-40(b).

%egaln/ eresisunoc	 S,r_rs':Cfl
regron	 —

(a) LIT vnIiagc
and currents

0	 I	 2	 3	 4 (mA)
JE

	h) Characteristics for Ig = 0 and 155:	 20 V

CuiT

(V)

VEBI <
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Interbase resistance (Rae)

Intrinsic standoff ratio (t)

Emitter saturation voltage (VEBI(saO)

Peak point current (Ip)

Valley point current (/v)

Ma

12 ka

0.74 i	 0.8e
}2,5V	 3V

0.61.JA	 1 pA

2mA 4 m

When VBIL32 Is 20 V the level of V3 [Fig. 19-39(b)1 might be around
15 V. depending on the resistances of r,31 and rm. With VBIB2 = 20
V and V1. 0, the emitterjunction is reverse biased and the emitter
reverse current 'EO flows, as shown at point I on the VB1132 = 20 V
characteristic in Fig. 19-40(h). Increasing the level of Vxrn until it
equals V1 gives I = 0: point 2 on the characteristic. Further
Increase In V03 forward biases the emitterj unction, and this gives
the peak point on the characteristic (point 3). At the peak point.

VEBJ is identified as the peak voltage (Vi) and I. is termed the peak

current ('F•
Up until the peak point the UJT is said to be operating in the

cutoff region of its characteristics. When VEBJ arrives at the peak
voltage, charges carriers are injected from the emitter to decrease
the resistance of r6 . as already explained. The device enters the
negative resistance region, r03 falls rapidly to a saturation resistance

(r6 ). and VF, falls to the valley voltage (V1 .). [point 4 on the
characteristic in Fig. 19-40(h)]. IE also increases to the valley

current (It,) at this time. Further increase in J causes the device to
enter the saturation region where V. equals the sum of VD and Ir5.

Starting with VBJ lower than 20 V gives a lower peak point
voltage and a different characteristic. Thus, using various levels of
V 102 , a family of VEBI/IE characteristics can be plotted for a given
LJJT. as shown in Fig. 19-40(c).

LiT Packages
Two typical LJJT packages with the terminal identified are shown
in Fig 19-4 1. These are similar to low power BIT packages.

UJT Parameters
Interbase Resistance (RBB) : This is the sum of r03 and rB2 when I
is zero. Consider Fig. 19-42 that shows a portion of the
manufacturer's data sheet for 2N4949 UJT. RBB is specified as 7 kQ
typical, 4 kK1 minimum, and 12 k) maximum. The value of R0,
together with the maximum power dissipation P, determine the
ma,dniurn value of 1 18182 that may be used. With -1E = 0,

VBlB2(	 f(RP)	 (19-8)

Like all other devices, the P1 of the IJJT must be derated for
Increased temperature levels.

B -B,

5ott- view

B, E 8

(a) Resin-encapsuled CJT

Eottcr. viecv

8 F B,

(b) UJTn a metal can

Figure 19-41
I'll pi ka.e'

2N4949 UJT

Mm
Figure 19-42
Partial specification bra 2N4949

(JIT.
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Example 19-6
A LIT has = 4 kO, P0 = 360 mtV at 25 °C, and a power derating
factor D = 2.4 mW/°C. Calculate the maximum V 518 . that should he used at
a temperature of 100 °C.

Solution

Eq. 8-20,	 Poe	 = P 1 - 1) IT - 25]

= 360 mA - [2.4 rn\\ C 1000 - 250)]

S 180 mV

Eq. 19-8,	 V818) = s'R55 P0) = .4 LQ x 180 mW)

= 26.8 V

Intrinsic Standoff Ratio (q): The intrinsic standoff ratio is simply
the ratio of r01 to ROB . The peak point voltage is dtennined Irofli i,
the supply voltage, and the diode voltage drop;

V, = V + 11VBIB2	 (19-9)

Emitter Saturation Voltage (V1s0&. The emitter voltaLe
when the LTJT is operating in the saturation rciofl 1)1 it,
characteristics; the ittinitutitit t' 	 Irv el. Because it is affected by
he er.lirter current and the suppl y v ltaic. t	 .is spc(ihcd tic

thven Jo- and 17111112 levels.

Example 19-7
Determine the maximUm and minimum triggering voltages for a 2N4949 LI I
with	

8: = 23 V.

Solution

From Fig. 19-42, 	 71 = 0.74 minimum, 0.86 maximum

Eq. 19-9,	 =	 +	 = 0.7 V + (0.86 x 25 VI

22.2 V

= V0 + ( r,.	 = 0.7 V + (0.74 x 25 VI

= 19.2 V

Peak Point Emitter Current (I): 1p is imporlant as a lower limit
to the emitter current. If the emitter voltage source resistance is so
high that IE Is not greater than 0 the LtJTwill simply not trigger on.
The maximum emitter voltage source resistance is,

VBIB2 - V
m9	 (19-10)

'P



R2  
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Valley Point Current (Iv): Iv Is important in some circuits as an
upper limit to the emitter current. If the emitter voltage source
resistance is so low that I. Is equal to or greater than I, the UJT
will remain on once it Is triggered: it will not switch off. So, the
minimum emitter voltage source resistance is,

RF(mln) — 
VBIB2 Vl(Sa

—	 (19-11)
Iv

UJT Relaxation Oscillator
The relaxation oscillator circuit in Fig. 19-43(a) consists of a UJT
and a capacitor (C) charged via resistance R. When the capacitor
voltage (Vc) reaches V,, the UJT fires and rapidly discharges C 1 to
VEBJ(S. The device then cuts off and the capacitor commences
charging again. The cycle is repeated continually, generating a
sawtooth waveform across C 1 , as illustrated In Fig. 19-43(b). The
time (t) for the capacitor to charge from VEE311s,,v to V, may be
calculated, and the frequency of the sawtooth determined
approximately as l/ t. The discharge time (t1) is difficult to calculate
because the UJT is in its negative resistance region and its
resistance is changing. However, tD is much less than t. and so it
can normally be neglected. Rewriting Eq. 19-6,

t = CR In[
VEB - VEBI

VJ3B - VP	
(19-12)

Resistor R3 in the circuit in Fig. 19-43 is included to produce a
spike waveform output, as illustrated. When the UJT fires, the
current surge through terminal B2 produces the negative-going
voltage spike across R3 . A resistor could also be included in series
with terminal B1 to produce positive-going spikes. Both resistor
values should be much lower than the RBB for the UJT.

25 V 

F-FT"Rj VOIO

D	

(V€8w,

Capacitorvolia

14'T
	 -j-

C' hrg	 C, dharg

lime	 urine

Figure 19-43
UJT relaxation oscillator circuit
and waveforms. C 7 charges to VP

whe'i the UJT fires, then C 1 is

discharged to VBE(sat).

(a) NT relaxat i on oscillator	 (b) Circuit waveforms

Example 19-8
Calculate the Rf(,, ) and Rf) for the relaxation oscillator circuit in Fig. 19-43.

The UJT is a 2N4949 with IP = 0.6 pA, 1 = 2 mA, and Vf87( ,) = 2.5 V. Also,
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determine the approximate maximum oscillating irequencv for the circuit

when R = 18 LO. C. = 1 pF, and V = 20 V.

Solution
From Example 19-T,

VP( n) = 19.2 V, and V,701 = 22.2 V

25V-22.2\
Eq. 19-10.	 REl,,,O) =	

-	 =

= 4.7 MO

Eq. 19-11,
V113,-V	 I .	 23V-2.3

	

=	 -	 =
2mA

= 11.25 kO

Eq. 19-12,	 1 = CR/ni V 	 -V..
_

25 V - 2.5 V
= lpFxlBkO fit [-------------

23 \' - 20 V

= 27rns

1	 1
Eq. 19-12,	 = — =

t	 27 ms

= 37 Hz

LIfT Control of an SCR

Figure 19-44
CIT 1800 phase control circuit for
an SCR. Resistor R, controls the

•	
.	 C1 charging rate and the SCR

Cpoc10r	
firing point.

- o oforro

Riwarcforrrr -___.._	 & VR

(a) CJT control circuit for SCR	 (b) Circuit waveforms

Unijunction transistors are frequently employed in SCR and TRIAC

control circuits. In the Lypical circuit shown In Fig. 19-44(a) diode
D1 , resistor R P and Zener diode D2 pi ''!da low-voltage dc supply

to the UJT circuit derived from the positive half-cycle of th ac



Chapter 19 - Thvristors
	 703

supply voltage. D1 also isolates the UJT circuit during the supply
negative half-cycle. Capacitor C 1 is charged via resistor R2 to the
UJT firing voltage, and the SCR is triggered by the voltage drop
across R3. By adjusting R2 the charging rate of C 1 and the UJT
firing time can be selected. The waveforms in Fig. 19-44(b) show
that 1800 of SCR phase control is possible.

se Problems
9-7.1 A 2N4870 UJT has the following parameters: P, = 300 mW at 25°C,

V = 3 mW/°C, ii = 0.56 to 075, R55 = 4 kO to 9.1 kO, VEBI(sat)

2.5 V, I	 1 pA to 5 pA, 1 = 2 mA to 5 mA. Determine the
maximum V5J82 that may be used at 75°C.

9-7.2 Calculate the Vm) and Vp(mi,,) for a 2N4870 when VBB = 30 V.

19-7.3 A 2N4870 is used in the circuit in Fig. 19-44. If D, has V = 30 V,
determine the maximum and minimum resistance values for R2.

19-8 Programmable Urnjun ction Transistor (PUT)

PUT Operation
The programmable unUunctioll transistor (PUT) ts actually an SCR-
type device used to simulate a UJT. The interbase resistance (R)
and the intrinsic standoff ratio () can be programmed to any
desired values by selecting two resistors. This means that the
device firing voltage (the peak voltage Vd can also be programmed.

gA

A	

R2
P	

R2

	

PU>	 R,	 Vo

,	 -	 - J -
—c

	

(a) FLIT four-layer construction	 (b) PUTT circuit

Consider Fig. 19-45(a) which shows a four-layer device with its
gate connected to the Junction of resistors R 3 and R2. Note that
the gate terminal Is close to the anode of the device, Instead of the
cathode as for an SCR. The anode-gate junction becomes forward
biased when the anode Is positive with respect to the gate. When
this occurs, the device is triggered on. The anode-to-cathode
voltage then drops to a low level, and the PUT conducts heavily
until the current becomes too low to sustain conduction. To
simulate the UJT performance, the anode of the device acts as the

Figure 19-45

The programmable ununction

transistor (PUT) is an SCR-type

device that can be connected to

function like a UJT.
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UJT emitter, and R 3 and R2 operate as r01 and r, respectively.
Parameters RBL3, rl, and V, are programmed by selection of Rand
R 2 . The four-layer block diagram is replaced with the PUT graphic
symbol in Fig. 19-45(b). Note that this is the same as the SCR

svnihol except that the gate terminal is at the anode.

PUT Characteristics
The typical PUT characteristic ( V < plotted versus ') shown in Fig.
19-46 are seen to be very similar to {JJT characteristics. A small
gate reverse current (1-) flows while the anode-gate junction is
reverse biased. At this point the PUT is in the cutoff region of the
characteristics. When the anode voltage is raised sufficientl y above
the gate voltage ('/ in Fi g . 19-45), the PUT is triggered into the
negative resistance region of its characteristics, and the anode-
cathode voltage falls rapidl y to the valley voltage (V \). Further
increase in1, causes the device to operate in its saturation region.

o.v

K
	 Figure 19-16

(\ J )	 31 l	 1.

	

'i .1 Pt I are	 ,m1ar to I IT
I fart erot In.

PUT Parameters
The intrinsic standoff ratio for the PUT is,

(19-13)
R, + R2

The gate voltage is simply.

VG = ' I VBB
	 (19-14)

and the peak voltage is,

VP VD+tIVBB
	 (19-15)

where V0 is the anode-gate junction voltage, typically 0.7 V.
The gate source resistance (R5) is an Important quantity because

it affects the peak current and valley current for the PUT. R. is the
resistance at the junction of voltage divider R 1 and R2, (Fig. 19-45).



VBB

Figure 19-48
SCR phase coru rot circuit using a
PUT relaxation oscillator
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= RJ)[R2	 (19-16)

Refer to the partial specification for a 2N6027 PUT in Fig. 19-47,
and note the typical quantities. With RC = 1 MO, I = 1.25 tIA and

1 = 18 1jA: with R0 10 kO, ! 4 pA and l = 150 pA.

2N6027 PUT

Typ

Peak current (Ip)	 (RG = I MC))	 1.25 pA

= 10 kO)	 I	 4 pA	 I	 5 pA

Valley current ( I v)	 (R0= 1 MO)	 50 PA

R0 =lOkO) 1 150 p	 -
Forward voltage (VF) (IF = 50 mA ) i	 08 V	 1	 1.5 V

PUT Applications

A PUT can be applied in any circuit where a UJT might be used.

Figure 19-48 shows a PUT relaxation oscillator used to control an

SCR. This circuit operates in essentially the same way as the UJT

circuit in Fig. 19-44. It should be noted that there are upper and
lower limits to the resistance that can be connected in series with
the PUT anode for correct operation of the device. This is similar to
the RE(,fl) and R,(.w requirement for the [JJT.

Figure 19-47
Partial specification for a pro-
grtnmable unijunction transistor.

A battery charger circuit using a PUT (Q 2) and an SCR (Q) is
shown In Fig. 19-49. The ac supply voltage is full-wave rectified
and applied via current-limiting resistor R5 to the anode of the

SCR. The SCR is triggered into conduction by the PUT output

coupled via transformer T3 . The PUT gate voltage (V) is set by the

voltage divider (R3, R4 . and R5). While VG is lower than the Zener

diode voltage (V2), capacitor C 1 is charged via R 1 to the PUT peak

voltage. At this point the PUT fires and triggers the SCR on.

As the battery charges. its voltage (Ed Increases, and thus 1.7

also increases. The increased VG level raises the V of the PUT and

causes C 1 to take a longer time charge. Consequently, the SCR is

held off for a longer portion of the ac supply half-cycle. This means
that the average charging current Is gradually reduced as the



Figure 19-49

B
SCR batten' char5er using a PUT

dr control circun.
charge
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battery approaches full charge. When E0 is fully charged. V0 is
raised to the Vz level, so that D6 conducts and stops C 1 voltage

increase before the PUT fires. Thus, the SCR remains off, and

batter-v charging stops. The circuit will not operate if the battery is

connected with the wrong polarity.

Example 19-9
CaIrte k.,. and V, for the PUT in the circuit in Fig. 19-49 when E =
12 V --ku, determine the gate bias resistance R,., and calculate the maximum

and rr nLrnurt) resistances for R if the PUT is a 2N6027.

Sol tio II

Eq. 1-i3,

Eq. 19-15

Eq. 19-16,

R4 + R5
1-20— 

R + R4 + R5

= 086

R5

- R3 + R4 + R5

= 0.66

10 kU - 33 kQ

6$ LU +10 LU + 33 kO

33 kU

6.8 kQ -4-10 kU ± 33 kU

Vpr , = V0 + 0(maa) V88 ) = 0.7 V + 0.86 X 12 V)

= 11 
= V0 + 7(rna,) V88) = 0.7 V + 0.66 x 12 V)

= 8.6 V

= (R3 + 0.5 R )II( R5 + 0.5 R4)

= (6.8 kU + 5 0)(33 kC) + 5 kO)

= 9 kO

R2()
= EVP(m )	 12V-11V

IP	 4 p

= 250 kO
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E - VF 	 12V-0.8V
R 2 (m i, ) =	 = 150 pA

= 74 kO

Practise Problems
19-8.1 The circuit in Fig. 19-48 has: VBB = 15 V, R2 = 12 kO, and R3 = 18

M. The PUT has I = lOpA, I,, = lOOpA, and V = 1 V. Calculate

R , i, Vi,, and the maxmum and minimum resistances for R7.

19-8.2 Determine the voltage th be battery will be charged to in Fig. 19-
49 when the moving contact is at the middle point on R4 . Assume
that the PUT will stop firing when VAG is reduced to 0.5 V.

Chapter-19 Review Questions

Section 19-1
19-1 Sketch the construction of a silicon controlled rectifier.

Also, sketch the two-transistor equivalent circuit and
show how it Is derived from the SCR construction. Label
all terminals and explain how the device operates.

19-2 Sketch typical SCR forward and reverse characteristics.
Identify all regions of the characteristics and aii iniportant
current and voltage levels. Explain the shape of the
characteristics in terms of the SCR two-transistor
equivalent circuit.

19-3	 List the most important SCR parameters and state typical
quantities for low, medium, and high current devices.

Section 19-2
19-4 Draw the circuit diagram to show how an SCR can be

triggered by application of a pulse to the gate terminal.
Sketch the circuit waveforms and explain Its operation.

19-5 Sketch a 90 0 phase control circuit for an SCR. Draw the
load waveform and explain the operation of the circuit.
Also, show the circuit and load waveforms when the ac

supply is full-wave rectified.

19-6 Draw the diagram for a 90° phase control circuit using two
SCRs for full-wave phase control. Draw the load waveforms
and briefly explain the circuit operation.

19-7	 Sketch a 180 0 phase control for an SCR. Draw the load
waveform and explain the circuit operation.

Section 19-3
19-8	 Briefly discuss SCR circuit stability, and draw diagrams to

show methods that can be used to Improve stability.
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19-9 Draw the diagram for an SCR zero-point triggering circuit.
Explain the circuit operation and advantages, and draw
the load waveform.

19-10 Sketch a circuit that uses an SCR to protect a load from
excessive dc supply voltage Briefly explain.

19-11 Draw a diagram for an SCR heater control circuit using a
temperature-Sensitive device. Explain the circuit operation.

Section 19-4
19-12 Draw sketches to show the construction, equivalent

circuit, and characteristics of a TRIAC. Identify all
important voltage and current levels on the characteristics
and explain the operation of the device.

19-13 Using appropriate diagrams, explain the four quadrant
operating conditions for a TRIAC.

19-14 Draw the typical characteristics for a DIAC. Explain the
DLAC operation, and sketch the two circuit symbols used
for the device.

Section 19-5
19-15 Draw the diagram for a TRIAC 180° phase control circuit.

Draw all waveforms, and explain the circuit operation.

19-16 Draw the diagram for an TPJAC zero-point triggering circuit
and carefully explain its operation

19-17 Sketch the functional block diagram for an IC zero voltage
switch for TRJAC control. Discuss the components of the
block diagram.

Section 19-6
19-18 Using appropriate diagrams, briefl y explain a silicon

unilateral switch (SUS). Draw the device circuit symbol.

19-19 Sketch the equivalent circuit and characteristics for a
silicon bilateral switch (SB8). Explain how the device
construction differs from other thyristors. Discuss the
device operation, state typical parameters. and show how
the switching voltage can be modified.

19-20 Sketch a relaxation oscillator circuit using an SBS. Draw
the output waveform, and explain the circuit operation.

19-21 Draw the circuit symbol and equivalent circuit for a gate
turnoff device (GTO) and discuss Its operation.

19-22 Draw the circuit symbol and typical characteristics for a
SIDAC. Discuss its operation and applications.

Section 19-7
19-23 Draw sketches to show the basic construction and

equivalent circuit of a unijunction transistor (Wi). Briefly
explain the device operation.
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19-24 Sketch typical UJT VFBJ / IE characteristics for 1fl2 = 0, V13102

= 20 V. and VB1132 = 10 V. Identify each region and all
important points on the characteristics, and explain the
shape of the characteristics.

19-25 Define the following UJT parameters: intrinsic standoff
ratio, interbase resistance, emitter saturation voltage, peak
point current, valley point Current.

19-26 Draw the circuit of a UJT relaxation oscillator with
provision for frequency adjustment and spike waveform.
Show all waveforms and explain the circuit operation.

19-27 Sketch a UJT circuit for controlling an SCR. Also, draw all
wavefonns. and briefl y explain how the circuit operates.

Section 19-8
19-28 Draw the basic block diagram and basic circuit for a

programmable unijunction transistor (PUT), and explain
the device operation.

19-29 Sketch typical PUT characteristic, explain how the
intrinsic stand-off ratio may be programmed. and identify
the most important PLT parameters.

19-30 Draw a basic PUT Circuit for controlling an 5CR, and
explain its operation.

19-31 Draw the circuit diagram of a battery charger using a PLT

and an SCR. Explain the circuit operation.

Chapter-19 Problems

Section 19-1
	19-1	 Consult 2N6167 and 2X1595 SCR specifications to

determine the typical values for: VDH . 'T' V, I. Ic.. V0-1.

Section 19-2
	19-2	 Select a suitable SCR front 	 19-10 for a circuit with a

115 V ac supply. Calculate the minimum load resistance
that can be supplied, and determine the instantaneous
voltage level when the SCR switches off.

19-3 A 33 0 resistor is supplied from an ac source with a 60 V
peak level. Current to the load is to be switched on and off

by an SCR. Select a suitable device from the specifications
In Appendix 1-17 and determine the instantaneous
supply voltage at which the SCR switches off.

19-4 An SCR with a 115 V ac supply controls the current
through a 150 Q load resistor. A 90° phase-control circuit
(as in Fig. 19-11) Is employed to trigger the SCR between
12° and 90°. The gate trigger current is 50 ,.iA and the
trigger voltage Is 0.5 V. Calculate suitable resistor values.
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19-5 The circuit in Fig. 19-12 has a 50 V ac supply and R1 = 20

ft Determine suitable resistance values for R1, R2, and R1

for the SCR to be triggered anywhere between 7.5° and 90°.
The gate trigger current and voltage are 500 iA and 0.6 V.

19-6 The circuit in Problem 19-5 uses a 2N51 70 SCR (see

Appendix 1-17). Calculate the instantaneous supply
voltage level when the SCR switches off

19-7 Design the circuit in Fig. 19-13 for 10° to 90 1 phase control

and specify the SCRs. The ac supply is 115 V. RL = 12 Q.

and the SCRs have V = 0.6 V and 1 = 100 pA.

19-8 A 180° phase circuit aS in Fig. 19-15 has a 40V, 400 Hz ac

supply and R1 = 22 ft The SCR has V = 0.5 V. 'G = 60 pA,

and 'Gf 
= 20 mA. Determine suitable resistor and capacitor

values, and specify the SCRs and the diodes.

Section 19-3
19-9

	

	 An SCR crowbar circuit (as in Fig. 19-19) is connected to a
12 V dc supply with a 200 mA current limiter. Design the
crowbar circuit to protect the load from voltage levels
greater than 13.5 V. Assume that VQ = 0.7 V for the SCR.

19-10 A zero-point triggering circuit (as in Fig. 19-18) is to
control the power dissipation in a 12 0 load resistor with
a 1] 5 V. 60 Hz ac supply. Assuming that the SCRs have V
= 0.5 V and 'G(" = 10 mA, determine suitable capacitor
and resistor values.

19-11 An SCR heater control circuit (as in Fig. 19-20) is to switch
on at 68°C and offat 71°C. The circuit is to operate from a
50 V. 60 Hz supply, and the available temperature-
sensitive device has a resistance of 500 ) at 68°C and 350
O at 71°C. The load resistance is R1 = 2.5 0 and the SCR

has VG = 0.6 V. Determine suitable component values, and
calculate the SCR gate voltage at 7 1°C.

19-12 Specify the SCRsrequired for the circuits in Problems 19-9.
10, and 11 In terms of maximum anode-cathode voltage
and maximum anode current.

Section 19-4
19-13 Consult specifications f. T'071 and 2N6343 TRIACs to

determine the maximum st; ly voltage, maximum rrns
current, and the typical quadrant I gate triggering voltage.

Section 19-5
19-14 A light dimmer uses a TRIAC 180° phase control circuit, as

In Fig. 19-27. The ac supply is 220 V,60 Hz, and the total
load Is 750 W. The TRIAC has triggering current 'G = 200

pA, maximum gate current IG, = 50mA. and VG = 0.7 V.

The DIAC has V,	 9.2 V and I = 400 1.iA. Determine
suitable component values.
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19-15 The TRIAC control circuit in Fig. 19-27 has the following
components: RL = 100 ft R 1 = 10 kft R2 500 ft C, = 3.9
ijF. The DIAC has V = 7 V and the TRIAC has V. = 1 V.
The ac supply is 60 V. 60 Hz. Determine the minimum
conduction angle for the TRIAC.

19-16 Specify the TRIACs required for the circuits in Problems 19-
14 and 15.

19-17 The TRIAC zero-point switching circuit in Fig. 19-28 uses
air with I = 100 iiA and \' = 1.5 V. The TRIAC has 1.
= 5 mA, 'GM = 500 mA, and t., = 50 fIs. The control voltage
is E = 5 V. the ac source is 60 V. 60 Hz, and the load is R,
= 15 ft Determine suitable component values.

Section 19-6
19-18 A relaxation oscillator (as in Fig. 19-35) uses an SBSwith

V	 8V, V1 . = IV, Is 300iA. and !H = 1 mA. The dc
supply is E = 40 V. Calculate maximum and minimum
values for correct operation of the circuit.

19-19 A relaxation oscillator (as in Fig. 19-35) has a 25V supply.
a 1 MFcapacitor. and a 12 kfl series resistor. The capacitor
is to charge up to 15 V and then discharge to approxi-
mately 1 V. Specify the required SBS in terms of forward
conduction voltage, switching voltage, switching current.
and holding current.

19-20 The phase control circuit in Fig. 19-34 has the following
components: R, = 18 ft R 1 = 12 kfl. R2 = 470 0. C 1 = 10
1jF. Resistors R. and R4 are replaced with 3.3 V Zener
diodes, and the TRIAC triggering voltage is V0 = 1 V. The ac
supply is 115 V. 60 Hz. Determine the TRIAC minimum
conduction angle.

Section 19-7
19-21 Determine the maximum power dissipation for a 2N2647

1]JTat an ambient temperature of 70°C. Also, calculate the
maximum level of VB4O2 that may be used at 70°C.
Appendix 1-18 gives partial specification for the 2N2647.

19-22 Calculate the minimum and maximum VEBI triggering
levels for a 2N2647 WT when VB ; B2 = 20 V.

19-23 A relaxation oscillator (as in Fig. 19-43) uses a 2N2647

UJT with VBB = 25 V. Calculate the typical oscillation
frequency if C, = 0.5 pF and RE = 3.3 kfl.

19-24 Calculate the maximum and minimum charging resistance
values that can be used in the circuit of Problem 19-23.

19-25 The UJT phase control circuit in Fig. 9-44 has a 115 V. 60
Hz ac supply, and an SCR with V0 1 V and 'GM = 25 mA.
Design the circuit to use a 2N2647 UJT and a Zener diode
with V 15V.
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Section 19-8
19-26 A PUT operating from a 25 V supply has VF = 1.5 V arid 'G =

50 1iA. Determine values for R1 and R2 to program 17 to

0.75. Also, calculate V. V,,,	 and RG.

19-27 A PUT relaxation oscillator (as in Fig. 19-48) has a 20 V
supply and a 0.68 pF capacitor. The PUT has V = 1 V and

IG = 100 jiA. The peak capacitor voltage Is to be 5 V and the
oscillating frequency is to be 300 Hz. Determine suitable
resistor values.

19-28 The (LIT In Problem 19-23 Is to be replaced with a PUT.

Determine suitable resistance values for the gate bias
voltage divider.

19-29 A PUFhas a forward voltage of V 0.9V and 1 200 ijA.
The device is to be programmed to switch on at VG = 15 
when operating from a 24 V supply. Determine values for
R 1 and R2. and calculate Vp. V,,. RBB. and RG.

Practise Problem Answers
19-2.1	 163 V, 1.6 A, 18 kO, 1.5 kO, 1800

19-2.2	 10 kcl, 0.82 1jF, 1.5 IC)

19-3.1	 (68 kC) + 12 kO), 4 p

19-5.1	 1 kO, 180 0, 5.6 kO, 1 kO, 2.5 iF, 1 pF

19-6.1	 500 LO, 820 0

19-7.1	 24.5 V
19-7.2	 23.2 V, 17.5 V
19-7.3	 1.36 MO, 6.25 kO
19-8.1	 7.2 kO, 0.6, 9.7 V, 530 kO, 140 kO

19-8.2	 13.4 V



Chapter 20 -- OpociecLrmic De' ices 	 7 1 3

Chapter 20
Optoelectronic
Devices	 +

V

Chapter Contents
Introduction
20-1 Light Units 714
20-2 Light Emitting Diode (LED) 716
20-3 Seven-Segment Displays 719
20-4 Photoconductive Cell 722
20-5 Photodiode and Solar Cell 727
20-6 Phototransistors 732
20-7 Opiocouplers 735
Review gues (ions 738
Problems 740
Practise Problem AT15LL'erS 743

Objectives

You will be able to:

I Define important illumination units. 	 7
and calculate illurniTtat ion intensity
at a given distance from a source.

2 Explain the fabrication and
operation of a tight emitting dtode
(LED), discuss its parameters. and
design LED circuits.

3 Explain the operation of liquid
crystal displays (LCDs). Show how
LCDs and LEDs are used in seven-
segment numerical displays, and
calculate power dissipations in each
type of display.

4 Explain the construction and
operation of a photoconductive cell.
Sketch the device characteristics.
and discuss its parameters.

Design phowdiodcs into circuits
where they operate as a photo-
conductit'e deLice, and as a
photot'oltczic deuice.

8 Explain solar cells, and design
solar cell battery charger circuits.

9 Explain the operation of a photo-
transistor. Sketch phototransistor
characteristics, and discuss its
parameters. Also, explain photo-
darlingtons and photoFETs.

10 Design phototransis(or circuit for
energizing relays, triggering SCRs.
etc.

II Explain the construction and
operation of optocouplers, and
discuss optocoupler parameters.

5 Design photoconductive cell circuits 	 12 Design optocoupler circuits for
to bias BiTs on or off. energize	 coupling pulse-type and linear
relays, trigger Schmitt circuits etc.	 signals between systems with

6 Explain the construction and	 different supply voltages.

operation of a photod lode. Sketch
photodiode characteristics, and
discuss its parameters.
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Introduction
Optoelectronlc devices emit light, modify light, have their resist-
ance affected by light, or produce currents and voltages proport-
ional to light intensity.

Light-emitting diodes (LEDs) produce light, and are typically used
as indicating lamps and in numerical displays. Liquid crystal
displays (LCDs) which modify light are also used as numerical
displays. Photoconductive cells have a resistance that depends
upon illumination intensity . They are used in circuits designed to
produce an output change when the light level changes. The
Current and voltage levels in photocliodes and phototransistors are
affected by illumination. These devices are also used in circuit that
have their conditions altered by light level changes. Illumination is
converted into electrical energy by means of solar cells, and this
energy is often used to charge storage batteries. Optocouplers
combine LEDs and phototransistors to provide a means of
coupling between circuits that have different supply voltages. while
maintaining a high level of electrical insolation.

20-1 Light Units

The total light energy output. or lurninousJlux (), from a source
can be measured in millivalfs (mW) or in lumens (lm), where 1 Im =
1.496 mW. The luminous intensity (E5) ( also termed illuminance) of a
light source is defined as the luminous flux density per unit solid
angle (or cone) emitting from the source. [see Fig. 20-1(a)]. This is
measured in Candelas (ccl), where one candela is equal to one
lumen per unit solid angle. (assuming a point source that emits
light evenly in all directions).

	

E	 (20-1)

	

S	
4-r

The light intensity (EA) on an area at a given distance from the
source is determined from the surface area of a sphere surrounding
the source, [Fig. 20-1(b)]. At a distance of r meters, the luminous
flux Is spread over a spherical area of 4 7r r2 square meters, so

4 T r2	
(20-2)

When the total flux is expressed in lumens, Eq. 20-2 gives the
luminous intensity in Lumens per square meter (mum?), also
termed lux(14. ComparingEq. 20-2 to Eq. 20-1, It is seen that the
luminous Intensity per unit area at any distance r from a point
source Is determined by dividing the source intensity by r2.

Luminous intensity can also be measured in milliwatts per
square centimeter (mW/cm2), or lumens per squarefoot (Irn/ft2), also
known as afoot candle (fc), where 1 Ic = 10.764 Lx.
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The light intensity of sunlight on the earth at noon on a clear
day is approximately 107,640 Ix, or 161 \V/m2 . The light intensity
from a 100W lamp is approximately 4.8 '. 10 3 ccl. (allowing for a
90% lamp efficiency). At a distance of 2 in, this is 1.2 x 103 lx. An
indicating lamp with a 3 tried output can be clearly seen at a
distance of several meters in normal room lighting conditions.

flux per uflir	 ' 	 tlu'c per Lout

-.oIiU angte	 area

,o t nttght	 -

al Flux per Unit solid angle 	 3ht Flux per unit area

Example 20-1
CaIc.uiate the light intensity 3 in front Lriip that emits 25W of light energy.
Ako, determine the total luminous flux strikiri p an area of 0.25 11) 2 at 3 rn from

the lamp.

Solution	 25 W
Eq, 20-2.	 A	 424flL3

= 0.221 W1m 2 = 221 mW/rn2

Total flux = F 4 x area = 221 m\Vm 2 x 0.25 m2

55 mW

Example 20-2
Determine the light intensity at a distance of 2 in from a 10 mcd source.

Solution F5(cd) — 10 mcd
EA - —r2 	 22

= 2.5 mIx

Light energy is electromagnetic radiation; it is In the form of
electromagnetic waves. So, it can be defined in terms of frequency

or wavelength, as well as Intensity. Wavelength, frequency, and
velocity are related by the equation;

c =J'A	 (20-3)

where c = velocity = 3 x 10 m/s for electromagnetic waves

f = frequency In Hz
A = wavelength In meters

Figure 20-1
Light intensity can hee1pressedin
flux per unit solid angle, or in flux
per unit area.
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The wavelength of visible light ranges from violet at
approximately 380 nm (no.rtorneterS) to red at 720 nm. From Eq. 20-
3 the frequency extremes are:

c	 3x108m/S
-f1oiet =	 =

A	 380 nm

8x 10' Hz

c	 3x 108 rn/s
fred = T, = 720 mu

4x 1014 Hz

Practise Problems
20-1.1 A lamp is required to produce a light intensity of 213 lx at  distance

of 5 ni, Calculate the total light energy output of the lamp in watts.

20-1.2 Calculate the frequency of yellow light with a 585 nm wavelength.

20-1.3 Determine the light intensity 3.3 m from an 8 mcd lamp, and the
total luminous flux striking a 4 cm 2 area at that location.

20-2 Light Emitting Diode (LED)

LED Operation and Construction
Charge carrier recombination occurs at a forward biased pn-
junction as electrons cross from the n-side and recombine with
holes on the p-side. Free electrons have a higher energy level than
holes, and some of this energy is dissipated in the form of heat and
light when recombination takes place. If the semiconductor
material is translucent, the light is emitted and the junction
becomes a light source: that is, a light-emitting diode (LED).

A cross-sectional view of an LED junction is shown in Fig. 20-
2(a). The semiconductor material is gallium arsenide (GaAs),
gallium arsenide phosphide (GaAsF, or gallium phosphide (Ga1.
An n-type epitaxial layer is grown upon a substrate, and the p-
region is created by diffusion. Charge carder recombinations occur
In the p-region, so the p-region is kept uppermost to allow the light
to escape. The metal film anode connection is patterned to allow
most of the light to be emitted. A gold film is applied to the bottom
of the substrate to reflect as much light as possible toward the
surface of the device and to provide a cathode connection. LEDs
made from GaAs emit infrared (invisible) radiation. GaAsP material
provides either red light or yellow light, while red or green emission
can be produced by using GaP. Using various materials, LEDs can
be manufactured to produce light of virtually any color.

Figure 20-2(b) shows the typical construction of a LED. The pa-
junction is mounted on a cup-shaped reflector, as Illustrated,
wires are provided for anode and cathode Connection, and the
device is encapsulated In an epoxy lens. The lens can be clear or
colored, and (when not energized) the lens color Identifies the LED
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light color. The color of the light emitted by the energized LED is
determined solely by the pu-junction material. Some LEDs have
glass particles embedded in the epoxy lens to diffuse the emitted
light and increase the viewing angle of the device. The LED circuit
symbol is shown in Fig. 20-2(c). Note that the arrow directions
indicate emitted light.

(h,::L.. .1T.cr

.:

(it) LED junetlon	 I I	
I . ..] cntruUion	 (C) Graph;r unh3

Characteristics and Pa ruin t'ter.s
LED characteristics are iii,i:o those of other semiconductor
diode"', except that (05 slwo:i :fl tiiC partial specification ill Fii1.
20-3) the t y pical lorward voltage drop is 16 V. Note also, that the
reverse breakdown V 1ta.t can be as low as 3 V. In some circuits it
is necessary to include a diode with a high reverse breakdown
voltage in series with a LED. The forward current used with a LED
is usually in the 10 mA to 20 mA range. but (depending on the
particular device) the peak current call as high as 90 mA. LED
luminous intensity depends on the forward current level: it is
usually specified at 20 mA. The peak wavelength of the light
output is also normally listed oil 	 specification.

Typical LEO Specification

	

Min	 Typ	 Max

Luminous intensity (lv at 20 mA) 4 mcd 8 mcd

Forward voltage (VF)	 -	 1.4V	 1.6V	 2.0V

Reverse Breakdown voltage (VFari) 3 V	 10V

Average forward current . (JF)) 	 20 mA

Power disslpatioA (P0) .	 100 MW

Response speed (is)	 .90 rts

Peak wavelength (AP)	 .,•	 660 rim

Figure 20-2
.h light-emitting duide
f) (IJ( Iii es energy in Oic
fight when charge carne. .s-
i onthination oicurs at	 e :i--

unetion.

Figure 20-3
Partial specification for a typical
light emitting diode.
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LED Circuits
As explained, an LED is a semiconductor diode that emits light
when a forward current is passed through the device. A single LED

might simply be employed as a supply voltage on/off indicator, as
illustrated in Fig. 20-4(a). A series-connected resistor (R) must be
included to limit the current to the desired level. Figure 20-4(b)
shows an LED connected at the output of a comparator to
indicate a high output voltage. As well as the culTent-limiting
resistor (R 1), an ordinary semiconductor diode (D 1) is connected in
series with the LED to protect it from an excessive reverse voltage
when the comparator output is negative.

(a 1 LED as on off	 (h) LED as high output

	

indicator	 oliagc indicator

LEDs are often controlled b y a RJT, as illustrated in Fig. 20-5(a)
and (b). Transistor Q 1 in Fig. 20-5(a) is switched into saturation by
the input voltage Resistor R 2 limits the transistor base
current, and R2 limits the LED current. In Fig. 20-5(b), the emitter
resistor (R 1 ) limits the LED current to ( VB -V0)/R1.

• (--	
— +

1F

vF

D,4," Av
(a) R 2 controls Ii-, Q 1 is	 (b) R j controls IF' Qi is

	

saturated	 not saturated

Figure 20-5
BIT control circuits for light
emitting diodes.
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Example 20-3
The LED in Fig. 0-5a) is to have a fovard current of appro\imately 10 mA.

The circuit oItages are Vcc = 9 V, V = 1.6 V, and V = V; and Q has

= ioo. Calculate suitable resistance values for R. and R.

Solution	 - V1 -	 - 9V-1.6V-0.2\

	

—IC	
10 ru

= 20 U (use 680 0 standard \alue

719

1 becomes,	
- V - VU() =	 . 6V-0.2VLC

IC = --------- 	 680 0

= 10.6 mA

ji-- 10.6 m,\
Is

= lO6pA

106 pA

= 59 LU (use 36 LU standard ale

20-2.1 The LED in the circuit in Fig. 20-5(b) is to pass a 20 mA current. The
circuit voltages are V = 15 V, V = 1 .9 V. and V8 = 5 V.

Determine a suitable resistance for R 1 , and calculate V for Q.

20-2.2 Determine suitable resistances for the circuits in Fig. 20-4 to give I

= 15 mA. The LEDs have V1 = 1.8 V. Also, Voc = 6 V in Fig. 20-4(a),
and in Fig. 20-4(b) the op-amp output is

20-3 Seven-Segment Displays

LED Seven-Segment Display
The arrangement of a seven-segment LED numerical display is

shown in Fig. 20-6(a). The actual LED devices are very small, so, to

enlarge the lighted surface, solid plastic light pipes are often

employed, as shown. Any desired numeral from 0 to 9 can be

indicated by passing current through the appropriate segments.
]Flg 20-6(b)]. Part (c) In Fig. 20-6 shows three seven-segment
displays together with a two-segment displa y referred to as a half

digit. The whole display, termed a threeand-a-a display, can

be used to indicate numerical values up to a maximum of 1999.

The LEDs in a seven-segment display may be connected In
common-aruxle or In comrrn-cathode configuration. [Fig. 20-6(d)].

When selecting a LED seven-segment display, it is important to

ON - \' -	 ON

(a Soen-T1eflt

LED dspIay

1UIH
(b( Sesr,e:rneflt

numeD display 

nnn

boo

(ci Three.ad-a-h3If
dgt display

TTTT

(d) Common-anode and
common-cathode

connections

Figure 20-6
Light emitting diodes can be

arranged in seven-segment format
for numerical displays.
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determine which of the two connecting arrangements is required.
The relatively large amounts of current consumed by LED seven-

segment displays are their major disadvantage. Apart from this,
LEDs have the advantage of long life and ruggedness.

Example 20-4
Calculate the total power supplied to a 31/2 digit LED display when it
indicates 1999. A 5 V supply is used, and each LED has a 10 mA current.

Solution

total segments	 N = [ 3 x (segments for 8)] ± El x (segments for 1)]

= (3 x 7) + 0 x 2) = 23

total current	 IT = N x (current per segment) = 23 x 10 mA

= 230 mA

power	 P = IT  Vc = 230 mAX 5 \1

= 1.15W

Liquid Crystal Cells
Liquid crystal material is a liquid that exhibits some of the
properties of a solid. The molecules in ordinary liquids normally
have random orientations. In liquid ci'stals the molecules are
oriented in a definite crystal pattern.

Figure 20-7
A liquid cr>stal cell consists of a
layer of liquid crystal material
sandwiched between glass sheets
with transparent metal film
electrode, and polarizers.

em	 o	
/	 gi hm

	

giss hm	
LpoIer

	(a) Cross-section of a liquid crystal cell	 (b) Unergized cell 	 (c) Energized cell

A liquid crystal cell consists of a very thin layer of liquid crystal
material sandwiched between glass sheets, as Illustrated in Fig.
20-7(a). The glass sheets have transparent metal film electrodes
deposited on the Inside surfaces. In the commonly used twisted
nematic cell two thin polarizing optical filters are placed at the
surface of each glass sheet. The liquid-crystal material employed
twists the light passing through when the cell is not energized.
This twisting allows the light to pass through the polarizing filters,
so that the cell Is semi-transparent. When energized, the liquid
molecules are reoriented so that no twisting occurs, and no light
can pass through. Thus, the energized cell can appear dark
against a bright background. The cells can also be manufactured
to appear bright against a dark background.
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Seven-segment numerical (and other type) displays made from
liquid crystal cells are referred to as liquid crystal displays (LCDs).

Two types of LCDs are illustrated in Fig. 20-8. The reflective type
shown in Fig. 20-8(a) relies on reflected light. The cell is placed on
a reflective surface, so that when not energized it is just as
reflective as the surrounding material. consequently. it disappears.
When energized, no light is reflected from the cell, and it appears
dark against the bright background. The transrnitiive cell in Fig. 20-
8(b) allows light to pass through from the back of the cell when
not energized. When energized. the 1iht is blocked, and here again
the cell appears dark against a bright background. The Irons

reflective cell is a combination of transmittive and reflective types.

LCD Seven-Segment Display
Because liquid-crystal cells are light reflectors or transmitters
rather than light generators, the y consume very small quantities of
energy. The only energy required by the cell is that needed to
activate the liquid cry stal. The total current flow through tour
small seven-segment LCDs is ty picall y about 20 pA. However. LCDs

require an ac voltage suppl y , either in the form of a sine wave or a
square wave. This is because a continuous direct current flow
produces a plating of the cell electrodes that could damage the
device. Repeatedly reversing the current avoids this problem.

A typical LCD supply is a 3 V to 8 V peak-to-peak square wave
with a frequency of 60 Hz. Figure 20-9 illustrates the square wave
drive method. The back plane, which is common to all of the cells.
Is supplied with a square wave, (with peak voltage Vu). Similar
square wave applied to each of the other terminals are
phase or In antiphaSe with the bacK plane square wave. Those
cells with waveforms in phase with the back plane waveform (cells
e and fin Figure 20-9) have no voltage developed across them.
Both terminals of the segment are at the same potential, so they

(a) Reflective cell

ALL A ALA

AL AL ALL

(b) Transrn itli e cell

Figure 20-8
Rh t/e( f e ipe liquid c r / 1I

rt h/u fl( ident light. Traramilti .

tp p . s light froni behind

Figure 20-9
Liquid cr.t.iI doplay using a
squ,ire e 5upply .; signiel C

energized when Its input IS in

eni h.sse it/i the ha k plane
input Ut
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are not energized. The cells with square waves in antiphase with
the back glane input have a square wave with peak voltage 2V

developed across them, consequently, they are energized.
Unlike LED displays, which are usually quite small, LCDs can be

fabricated in almost any convenient size. The major advantage of
LCDs is their low power consumption. Perhaps the major
disadvantage of the LCD is its decay time of 150 ms (or more). This
is very slow compared to the rise and fall times of LEDs. In fact, the
human eye can sometimes observe the fading out of LCD segments
switching ofi.

Practise Problems
20-3.1 Calculate the total power supplied to a 3 112 digit LCD display

indicating 1999. The Supply IS a square wave with an 8 V peak level,
and the current to each segment is 5 hA.

204 Photoconductive Cell

Cell Construction
Light striking the surface of a material can provide sufficient
energy to cause electrons within the material to break awa y from
their atoms. Thus, free electrons and holes (charge carriers) are
created within the material, and consequently its resistance is
reduced. This is known as the photocond uct iive cf/ed.

Figure 20-10
A photoconductive cell consists
cafa strip of light-sensitive material
situated between two
conductors.

arrip ef
pholoseasirire
material

TT
(b) Circuit symbol

(a) Photoconductive cell construction

The construction of a typical photoconductive cell is illustrated
ri Fig. 20-10(a), and the graphic symbol is shown in Fig. 20-10(b).
Ltght- seiav..	 o-isil is arranged in the form of a long strip
zigzagged across a disc-shaped base. Th	 n uwanecng terminals are
fitted to the conducting material on each side of the strip: the y are
not at the ends of the strip. Thus, the light sensitive material is
actually a short, wide strip between the two conductors. For added
protection, a transparent plastic cover is usually included.
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Cadmium sultIde (dS) and cadmium selenide (ciSe) are the two

materials normally used in photoconductive cell manufacture.
Both respond rather slowly to changes in light intensity. For
cadmium selenide. the response time () is around 10 ins, while
for cadmium sulfide it may be as long as 100 ins. Temperature
sensitivit y is another important difference between the two
materials. There is a large change in the resistance of a cadmium
selenide cell with changes in ambient temperature, but the
resistance of cadmium sulfide remains relatively stable. As with all
other devices, care must he taken to ensure that the power
dissipation is not excessive. The spectral response of a cadmium
sulfide cell is similar to that of the human eve: it responds to
visible light. For a cadmium selenide cell, the spectral response is
at the loner wavelength end of the visible spectrum and extends
into the infrared region.

Characterisrics and Parameters

Typical illumination charatecistic for a photor-ciuiuctive cell are
shown in FlO. 20-11 It is seen that, when the cell is not
illuminated its resistance can be greater than 100 kO. This is
known as the dark resistance of the cell. When the cell is
illuminated. is resistance might thIl to a few hundred ohms. Note
That the scales on the illuntinal ion characteristic are logarithmic.

tigure 20-11
Typo A phH
1!umfneon	 ,Me
reioance is u	 1). cry high
,,hen the ccl"	 dark, and
1el3tiE-/y Io'. . -e-	 'nated.

—Illuminance (lx) --

Typical Photoconductive Cell Specification Figure 20-12

,P (am)	 Resistance at 10 Ix	 Partial speciflca1)oo or a typical
poJmW) Max ac (l'9	

photoconductive cell.

200	 1	 180

A typical photoconductive cell specification is shown In Fig. 20-
12. As well as maximum voltage and power dissipation, the cell
dark resl';taflce and the resistance at a 10 lx illumination is listed.
Note the wide range of cell resistance at a 10 lx. The light
wavelength that gives peak response ().F is also given on the



7 2 4	 Electronic Devices and Circuits, 4th ed

specification. Cell sensitivity is sometimes used, and this is simply
the cell current for a given voltage and given level of illumination.

Applications
Figure 20-13 shows a photoconductive cell used for relay control.
When the cell is illuminated, its resistance is low and the relay
current is at its maximum. Thus, the relay is energized. When the
cell is dark, its high resistance keeps the current down to a level
too low to energize the relay. Resistance R 1 is included to limit the

relay current to the desired level when the cell resistance is low.

Example 20-5
A re'ay is to be controlled by a photoconductive cell as in Fig. 20-13. The cell
has the characteristics shown in Fig. 20-11. The relay is to be supplied with 10
mA from a 30 V supply when the cell is illuminated with about 200 lmJm2.
Calculate the required series resistance and the level of the dark current.
Assume that the coil resistance is much smaller than R 7 and R.

Solution
From the characteristics; at 200 Im!m 2 ,	 Pc	 1 kO

When the cell is illuminated,

E
1= -

+ Rc

E	 30V
or,	 R	 -1 kO

= 2 kO (use 1.8 LO standard value)

1

..

Figure 20-13
Circuit of a relay controlled by a
photoconductive cell. The relay is
energized when the cell is
illuminated.

From the characteristics;

when dark,	 P, 100 kQ

E	 30\'
dark current,	 I =	 =

R+Rc	 1.8k0+100kC)

0.3 mA

Photoconductive cells employed to switch transistors on and off
are shown in Fig. 20-14. When cell in Fig. 20-14(a) is dark, the cell
resistance (Re) is high. Consequently, the transistor base is biased
above Its emitter voltage level, and Q 1 is turned on. When the cell is
Illuminated, its resistance is reduced, and the lower cell resistance
in series with R 1 biases the transistor base below its emitter
voltage level. Thus, Q 1 is turned off when the cell Is illuminated.

In Fig. 20-14(b). Q 1 Is biased off when the cell is dark, because R
is high. When illuminated, the reduced cell resistance causes Q to

be biased on.
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Example 20-6
The transistor in Fig. 20-1 4(a) is to be biased on when the photoconductive
cell is dark, and off when it is illuminated. The supply is ±6 V, and the

transistor base current is to be 200 pA when cvi. Design the circuit using the

photoconductive cell characteristics in Fig. 20-11. Also, determine the
minimum light level when the transistor is off.

Solution
when dark,	 100 kO

whenQ 1 is on,	 VRC = VIE + VBE = 6V + 0.7\'

= 6.7 V

VRC	 6.7V
IkIC - 

R, 100 k
= 67pA

'RI =	 + I = 67/iA + 200 PA

= 267/IA

VRI =Vcc -VB =6V-0.7V

= 5.3 V

V 7	 5.3V
R = - --=I	

'RI	 267/iA

20 kO (use 18 kQ standard value)

whenQ 1 is off,	 VRI >6V

VRI	 6V
and,

R1	 18k0

= 333pA

VR(	 6V
R -=

'RI	 333 /IA

= 18 kO

From the characteristics;

when R	 18 kO, illumination 7 rn/rn2

Figure 20-15 shows a photoconductive cell used with an op-amp
Schmitt trigger circuit (see SectIon 14-10). When the cell resistance

is low (cell illuminated), the voltage across R 1 is higher than the

upper trigger point (UTfl for the Schmitt. Consequently, the op-

amp output is low (negative). The output switches to a high

(positive) level when VRJ falls to the Schmitt circuit lower trigger

point (LTP. This occurs when the cell illumination level falls.

causing Re to rise.

vcc

I —..	 Q

- FE

(a) Circuit to switch a BJTojJ
when a cell is illuminated

(b) Circuit to sw itch a BIT on

when a cell is illuminated

Figure 20-14
SJTs controlled by photo-
conductive cells. The posit/on of
the cell in the circuit determines
whether the tr15sror isswitc/ied
on or off hy an increase in
illuminance.



Figure 20-15
Op-amp Schmitt trigger cco
oith a photo-conducti. e cell
lk,ht In ei net en +n
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The circuit in Fig. 20-16 uses a photoconductive cell to control

the current level in an LED. The LET) current is low when the
ambient light level is low, because the cell resistance is high. The

LED current is increased as a result of the decreased resistance of
- when the ambient light level is high. This increased current

gives greater LEI) hnghmess so that it can he easily seen.

Example 20-7

Design the circuit in Fig. 20-16 for a LED currentof It 	 10 mA at	 S 5kG

light k\eI /I, andfor l, 	20 m at	 = 1 kG Oight level !I-.

Solution

	

R.	 V xR,
at I V, =

	

-. x R.	 x R.
at 11 	 V5. =	

- R:	 1 kG	 R	
2 V,

V00 x R	 2 V(0 x
so,	

1 kG R	 = 5 kG + R,

giving,	 R: = 3 kG (use 2.2 kG + 2 kO variable

- l2Vx3kQ

	

R. =R,	 5kQ+3kQ

= 45 \..'

V82 =2Y. =9V

_ VS -V	 4.5V-0.7V
For Jr. = 10 mA,	 R3	

BE =

IC 10 m
= 380 0 (use 390 0 standard value)

	

V- -V8	 9V-0.7V
at H2'	 ' 	

-	 =

R3	 3900

= 2'L3 mA

+1

Figure 20-16
Photo-conductive ce/I circuit for
controlling LEO current level.
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istics. The reverse current remain,
substantially constant li ech
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ractise Problems
)-4.1 A relay control circuit as in Fig. 20-13 has R 7 = 3.3 kO, E = 9.V, and

a photoconductive cell with the specification in Fig. 20-12. Calculate
the maximum and minimum circuit current at a luminous intensity of
10 lx. Also, determine the current at 30 lx, if the cell has the
characteristics in Fig. 20-11.

.4.2 The circuit in Fig. 20-14(b) has V = + 12 V and V1 = -9 V. The
photoconductive cell has the characteristics in Fig. 20-11. Calculate
the R1 resistance to have Q on at  3 lx illuminance if I	 100 pA.

-4.3 The op-amp circuit in Fig. 20-15 has V = ±15V, R 1 = 5.6 kO, R,

= 18 kO, and R. = 120 kO. The cell characteristics are those in Fig
20-11. Estimate the light levels that cause the output to switch.

20-5 Photodiode and Solar Cell

Photodiode Operation
When a pn-junction is reverse biased, a small reverse saturation
current flows due to thermally generated holes and electrons being
swept across the junction as minority charge carriers. (see Section
1-6). Increasing the junction temperature generates more hole-
electron pairs, and so the minority carrier (reverse) current is
Increased. The same effect occurs if the junction is illuminated.
(see Fig. 20-17). Hole-electron pairs are generated by the incident
light energy, and minority charge carriers are swept across the
junction to produce a reverse current flow. Increasing the junction
Illumination increases the number of charge carriers generated,
and thus increases the level of reverse current. Diodes designed to
be sensitive to illumination are known as photrxlicxies.

Characteristics

17R ('v)	 l- (V)
7	 6	 5	 4	 3	 2	 1	 0	 0.2	 0.4

hgh

,fl,*.
-

JR
C e.tron	 rCC:,
flY	 ccr:

dCp

rCs e1s

a,

Figure 20-17
A photo-code has a re.eoe-
ha 'ed pn-Junctiuo designed to
be light 5en,,ti e. A	 in
charge carrier current t7oo.
the junction ilk,rnnated.

Consider the typical photodlode Illumination characteristics In Fig.
20-18. When the Junction Is dark, the dark current (Id would seem
to be zero. Typically, 'D Is around 2 nA. A 20 mW/cm 2 illumination
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level produces a reverse current of approximately 60 .iA. Increasing
the reverse voltage does not increase I R significantly. So, each char-
acteristic is approximat ely a horizontal line.

Fi gure 20-19 shows a simple photodiode circuit using a 2 V
reverse bias. (Note the device circuit symbol.) Assuming that D 1 has
the characteristics in Fig. 20-18. the current at a 5 mW/cm2
illumination level is approxiniatelv 13 PA, At 20 mW/cm 2 the diode
current is around 60 pA. The device resistance at each illuminat-
ion level is readily calculated: tat a 5 mW/cm 2. R = 2 V/ 13 pA =
154 kf)). (at a 20 mW/cm2 . R = 2 V/60 PA = 33 kti). The resistance
changed by a factor of approximately 5 from the low to the high
illumination level, showing that a photodiode can be employed as
a photoconductive device.

When the reverse-bias voltage aci-oss a photodiode is removed,
imi-,orliv charge carriers cOritlIuIc to he swept across the junction
while the diode is illuminated. With an external circuit connected
2cross The diode terminals, the !flitwritV earners flow back to their
ori g inal sides. The elecTrons that crossed the junction frontp to it
will flaw flow out through the it-tcrttinal and into the p-terminal.
This means that the device is behaving as a voltage cell, with the
TI-side being the negative terminal and the p-side the positive
terminal, as illustrated in Fig. 20-20. In fact, a voltage can be
measured at the photodiude term i nal, positive oil p side and
netative oil the itside. So. the photcdiodc is a photovollaic device

as a pliotorotiducilve (1(: % 4 , 0 . The characteristics in Figure
20-I '-how that. 'huii illtiniinateC, the photodiode actually has
to be foivarel biased to reduce the reverse current to zero.

It should be noted that Y. and V have different scales on the
photodiode characteristics shown in Fig. 20-18. A dc load line that
crosses between the forward and reverse biased regions cannot be
drawn oil characteristics. Eqtial scales must be used for
each part of the characterist i cs to draw such a load line.

Spec if: ca t i on
A partial specification for a t ypical photocliode Is shown in Fig. 20-
21. The light current (1) is listed as 10 pA at an illumination level of
5 mW/cm 2 when the reverse bias is 2 V. This is sometimes defined
as a short-circuit current (Ix). The dark current ('a) is specified as 2
nA maximum when the reverse voltage is 20 V. and the open-circuit

terminal voltage (V) Is given as 350 mV. Note that the typical
response time (t) of 2 us for a photodiode is very much superior
to that for a photoconductive cell. The diode sensitivity (. is the
change In diode current produced by a given change in light
Intensity. The power dissipation, reverse breakdown voltage, and
peak output wavelength are also listed.

I/
j2V

1),

R1

Figure 20-19
?k ttidiode cir(u it with a reeoe

lr age.

R1	 Ix

Fit'ure 20-20
Jluminated photixiiode

'ut an external bias operates
potinItaic ik'iee.

Typical Pliotodiode Specification 1

PD	 Vo	 SVpmax, !Dfmax)̂ [L['2V, I.t,.	 s	 aP	 Figure 20-21
-	 tiL W/crn2l	 Patal specification for a low-

100 mW 350rnV00 V 	 2 nA	 pA	 2 us - 71JA1	
current photodiode.

mW1em



12
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(mA)
A

4

2

0

Figure 20.23
Photod/ode character;stics ha . e
photoconductive region and a
photovoltaic region.

Pfloocor.du......- It!Ofl	 _.__ POO!,O!U[C NOl

A
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Construction
Figure 20-22(a) shows the cross-section of a diffused photo diode.
It is seen that a thin heavily-doped p-type layer is situated at the
top where it is exposed to incident light. The junction depletion
region penetrates deeply into the lightly-doped n-type layer. This is
in contact with a lower heavily-doped n-type la yer which Connects
to a metal film contact. A ring-shaped contact is provided at the
top of the p-type layer. Low-current photodiodes (also called signal

photodicxies) are usually contained in a TO-type can with a lens at
the top. [see Fig. 20-22(b)). Clear plastic encapsulation is also
used. [Fig. 20-22(c)].

fl

Contact	 S ,
01, •

p-Ipe

'

/

Figure 20-22
Photodiode cross-sect-on and

typical packae.

(a) Crc-sectior:	 lb 70 can-tvr p.icka	 Cca:	 cnuJ,

Photodiode Applications
Photodiodes can be used as phoLoconduCtive devices n the t ype of
circuits discussed in Section 20-1. They can also be used in
circuits where they function as photovoIta devices. Figure 20-23
shows typical phctodi3de characteristics plotted in the first and
second quadrants for convenience. When the device is operated
with a reverse voltage, it functions as a pliotoconductive device.
When operating without the reverse voltage, it operates as a
photovoltaic device. In some cu-cults the photodiode can change
between the photoconductive mode and the photovoltaic mode.

0.5	 0.4	 0.3 0.2	 0.1	 0	 0.1	 0.2	 0.3 0.4

-- VR (V) ---	 - VF (V)
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E.vainpic 20-8
Tue c iruuit n Fig. 20-24 uses a photodi0d	 ith the illumination characteristics

in F

	

	 40-2 Drav the (IC load line and determine the diode currents and
at I i31jt e\els 011 2, 15 an d  40 n\V'cm2.

Solution

\\Ii (I1 \	 0.5 V.	 v , -	 -	 V

R.

4.3 rrt.\

	

\ a) tile ( har,1(tcrist	 t / = .3 mA and \, = 0.5 V

	

I	 D, 1,
	EJ.. 	 4	 V0

/..

R,

2011	 -

0.	 'RI =
	 =
	

Fitore 20-24

otodiode with a reverse bias
F	 1	 a 3 j faa 3 e, 140r.

=

h,	 It,i,t	 tiitC	 .51 .	 dIll1 /.,	 03 ni

	

ho, tIirttilt j wmt 	 d H.

I i	 t}	 ii	 ,t

.1 l4tn\\tlt- .	 J,-5i:i.	 =-0.4\

.0.8 m-\	 \'.,	 0 V

2(1 a\\ (0 .	 I,	 -3 in 	 V,	 +0.28 V

Rl,ui\ thinge It the Iiight't illumination leel.

Solar (c//c
hR solar cell, or solar CltCiIj I'CIR'r. a :hattv a large

photuditide designed to operate solel y as a photovoltaic device and
to give as ititicli output power as possible. To provide maximum
output ClilTent, solar cell surface areas are much larger than those
O F sii.iaI plintodiodes. 'l'vpical solar cell output characteristics are
illustrated in Fig. 20-25. Consider the characteristic for a 100
m\V/cm 2 illumination level, lithe cell is short-circuited, the output
current (!J is 50 mA. Because the cell voltage (V0} is zero at this
point. the output power (P0) is zero. Open-circuiting the cell gives
V,	 0.55 V. but I,, = 0. So. P.., is again zero. At the knee of the

characteristic V0 0.44 V and I 45 mA: giving P. 20 mW.
Therefore, for maximum output power, the device must be operated
on the knee of the characteristic. As iii the case of all other
devices, the power must be derated at high temperatures.
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70
H 125 m\Vcm

60

	

50 +	

maximum
	I 	 H=I00mWcm pOVer

40 ^
I, (mA)

30	 SOmWcm2

20

10

0	 I	 i	 I	 iI	 I —'- 'I

	0 	 0.1	 0.2 0.3	 0.4	 0.5	 0.6	 0.7

-- l' (V)

Figure 20-26 shows a group of series-parallel connected so1a
cells operating as a battery charger. Several cells must be series
connected to produce the required output voltage, and several of
these series-connected groups must be connected in parallel to
provide the necessary output current.

o	 iiir gr'

 

RI

13 \'

2 \• -

	

II 	 bau,r

Example 20-9
An earth satellite has 12 V batteries that supply a continuous current of 0.5 A.
Solar cells with the characteristics shown in Fig. 20-25 are employed to keep

	

the batteries charged. If the illumination front 	 sun for 12 hours in every 24

is 125 mW/cm 2 , determine approximately the total number of cells required.

Solution
From Fig. 20-25, maximum output power at 125 mW/cm 2 is achieved when

each cell is operated at approximately V. = 0.45 V and J = 57 mA.

Allowing for the voltage drop across the rectifier, a maximum charging

voltage of approximately VcH = 13 V is required.

Figure 20-25
Typical solar cell characteristics.
The devicemust be opera t ed at
the knee of its characterisic for
ma\imurn output pay. er

T7gurc 20-26
Seies-paraI!el arancrne.it 0;

.col,tr ce/Is connected to fuction

as a solar battery cbarger.
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Number of series-connected cells,

VCH
N -
	 - 13V

- V0/cell - 0.45 V

29

The charge taken from the batteries over a 24-hour period is

Q = x  = 0.5 Ax 21 hours

= 12 Ah

So, the charge delivered by the solar cells must be 12 Aft

The solar cells delier current only wh!le they are illuminated; that is, for 12
hours in e - eI\ 24. Therefore, the charging current from the solar cells is,

Q 12 A
'Cu = -=

I	 12h

= 1 A

Nu tuber	 r a I lel -connected gre ups of cells,

Ic	 1A

— /cell - 57 mA

18

the total - Limber of cells rcqueJ,

= N x ' = 18 x 29

= 522

Practise Problems
20-5.1 A photodiode with the characteristics in Fig. 20-23 is connected in

series with a 330 C) resistor and a (reverse-biasing) 3 V battery. Draw

the dc load line for the circuit, and determine the diode voltage at
an illumination level of 20 mW/cm2.

20-5.2 A solar voltage source is to be designed to produce a 3 V, 20 tM
output from a 15 mW/cm 2 illumination level. Calculate the required

number of cells if the available devices have the characteristics
shown in Fig. 20-23.

20-6 Phototransjsto,-s

P/zotoiransjstor (BJT)
A photorrartststor is similar to an ordinary BJT, except that Its
collector-base junction Is constructed like a photcidiode. Instead of
a base current, the Input to the transistor is In the form of
Illumination at the junction. Consider an ordinary BiT with Its

R.

L

Q	 ic = I I + N-ni R

(a) BJT currents with open-
circuited base

r-° 
V--

QiJ'c

(b) Phototransistor circuit

Figure 20-27
In a phototransictor, the rn!tactor
current depends upon the /eve/ of
illumination at the CB junction.
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base terminal open-circuited. [Fig. 20-27(a)]. The collector-base
leakage current acts as a base current, giving a collector

current; IC = (h- + ) 'CBO• In the case of the photodlode, it was
shown that the reverse saturation current Is increased by the light

energy at the Junction. Similarly, in the phototransistor ICBO is
proportional to the collector-base Illumination, [Fig. 20-27(b)]. This
results in Ic also being proportional to the Illumination level.

For a given amount of illumination on a very small area, the
phototrallsiStor provides a much larger output current than that
available from a photodiode. Thus, the phototransistor is the most
sensitive of the two devices. The phototransistor circuit syrnbo
shows a base terminal, and this is often left unconnected, but is
sometime used to provide stable bias conditions.

The cross-section in Fig. 20-28 Illustrates the construction of a
phototranSiStor. The emitter area is seen to be quite small, to
allow incident illumination to pass to the collector-base junction.
PhototransistOr packages are similar to the photodiode packages
in Fig. 20-22, except that three terminals are provided.

Characteristics and Specification
Typical phototransistor output characristics are shown in Fig.
20-29. These are seen to be similar to B.JT characteristics except
that the base current levels are replaced with tiluminalion levels. A
dc load line can be drawn on the characteristics in the usual way.

24 T

4:

Corn	 so. I 4 I 4

CornacT

Figure 20-28
Photoransiror Cr055-s ecuon.

I-igl?re 20-29
•	 characterisrics for a

phc. 'or are similar to
those of an o-d.nacy BIT except
that bxe current level is replaced

	

ill	 lee!.

	

0	 ''	 I
0	 5	 10	 15	 20	 25

VCE (V)

• -	

,•	 Typical PhotoranisZor SpcIr1catln ,	, '- -,	 .'

	

P0 - Ycrm	 fcwe-	 Ic-	 t	 ti	 S	 -	 P rim	
Figure 20-30

f	 VelO 
^
(H_ 5 MWI^2j	

Pa rt ial speciti cation for a photo-

	

4O71Th0OnA	 3rp\	 S ssisl SW Nmwsof 

The partial specification for a phototransistor in Fig. 20-30

shows a 3 mA minimum current at 5 mW/cm 2, and a sensitivity of
500 pA/mW/cm°. comparing this to the photodiode specification



Figure 20-32
Phtntransiq or circuit for trig-

ç .r SCR it low light le el'.
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(Fig. 20-2 1) shows (as stated above) that a phototransislor is vety

much more scusitive thar, a photodiode. HO\VCVCF. the rise and fall

times (t pically 5 J.is and 8 ps) !or it phototransistor are very much

slower than the 2 us response time for a photodiode.

Applications
Two phototranSiStOr applications are shown in Fig. 20-31 and 20-
32. The relay in Fig. 20-31 is energized when the incident light on
the photo transistor is raised to a particular level. This occurs

when the Q1 emitter current produces sufficient voltage drop

across R, to forward bias the BE junction of Q2. The relay current

falls again when 92 turns qf[as the light level decreases.

In Fig. 20-32. SCR, renaa us untrieered while the illumination

keeps 9 1 in saturation. it the light tails, 9, turns off and V

tiiogers the SCR on. This kind UI Circuit can be used to switch on
an emL rency lighting systcni when the normal lighting fails.

Example 20-10
Tranor Q . iii the cir(uit in Fig. 0-31 ha iH ehar.nleiistics in Fig. 20-29.

.10(1 Q has h, - 80. Deterp arte the light le i mci,ired to energize the cL\

So lt (ion
,r,	 \ ,	 tl.	 \

I	 I)

un 3

I iI-	 j•

- I 2 m\

- I,, - 1 = V2 5  rn \ - mA

- 8 2 mA

The Jc load resistance n,r ()

=R1-i-R,=lkQ-1000

= 1.1 Q.

Draw the dc load line on the characteristics for R1 = 1.1 kO

At I = 8.25 mA on the load line,

H 15 mW/cm2

Photodarlington
The photodarlington (Fig. 20-33) consists of a phototransistor
connected in Darlington arrangement with another transistor.
This device is capable of producing much higher output currents

Fiu,'e 20-31	

VCC

( -e	 -	 potc.trao'iuir
relay i-lien the

oo 01 rej ' rs (0 .1

oed leiel
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than a phototransistor, and so it has a greater sensitivity to
illumination levels than either a phototransistor or a photodiode.
With (he additional transistor involved, the photodat-lin gton has a
considerably longer switching time than a phototransisior.

PhotoFET
A pbotoPET is a JPET designed to have its gate-channel junction
illuminated. The illumination controls the level of the device drain
current. Consider the n-channel JPET and the photoFETin Fig. 20-
34. The gate-source leakage current (1) is the reverse saturation
current at a pa-junction. The voltage drop across R. produced by

is normally too small to affect the JFET circuit In the photc

PET. the junction reverse current ().t) is susceptible to light.
Illumination on the junction generates additional minorit y charge
carriers. thus increasing This current flows through the bias
resistance (R) and produces a voltage drop (VRC. as illustrated. If
the gate bias voltage (- V0) is just sufficient to bias the device off
Then dark, then when the junction is illuminated, V_ can raise

the level of the gate voltage to bias the phoroFET OIL

The external bias voltage ( Vc might be selected at a level that
biases the device on, so that light level variations cause 1 1, to
increase and decrease. In a photoPET. ).1., is ternied the -5 ate cup-Crlf,

and the normal 1C.", at the (unction is the dark qote-leakacie

CUJTCflt. The light-controlled drain current is designated 'D•

Practise Problems
20-6.1 A phototransistorwith the characteristics in Hg. 20-29 is connected

in series with a resistor R 1 	 8200 and "a- = 18 V. Determine V
at 5 mW/cm 2 and 25 tnVV/cm, 2 iflunl i nat ,um, 'yulE

20-6.2 The SCR in Fig. 20-32 triggers at V0 = 0.8 V and I = lOOpA.
Determine the approximate tight level to trigger the SCR on if Q7

has the characteristics in Fig. 20-29.

4R, I cc

Figure 20-33
A. photodarlumgton made up of
. phototransistor connected in
Odrhngto'J oitIJ another BIT.

RD

/f'E 7 circuit

20-7 Optocoizplers

Operation and Construction
An optocoupler (optoelectronic coupler) is essentially a photo-
transistor and an LED combined in one package. Figure 20-35(a)
and (b) shows the typical circuit and terminal arrangement for one
such device contained in a DIL plastic package. When current
flows in the LED, the emitted light is directed to the
phototransistor, producing current flow in the transistor. The
coupler may be operated as a switch, in which case both the LED

and the phototransistor are not off A pulse of current
through the LEI) causes the transistor to be switched on for the
duration of the pulse. Linear signal coupling is also possible.
Because the coupling is optical, there is  high degree of electrical
Isolation between the input and output terminals, and so the terra

optoisolaforis sometimes used. The output (detector) stage has no

IG

(b) PhotoFET circuit

Figure 20-34
/.m a photofET, the gate-channel
leakage current depends upon
the illumination level. This current
produces a voltage drop across
the bias resistor to control the
gale-source voltage.
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effect on the input, and the electrical isolation allows a low-
voltage dc source to control high voltage circuits.

The cross-section diagram in Fi g . 20-35(c) illustrates the
construction of an optocoupler. The emitter and detector are
contained in a transparent insulating material that allows the
passage of illumination while maintaining electrical isolation.

_-1	 [	 ___	 In)

-.	 LC 	 Li- -	 cine, '.55 cads	 -

i Opiocoupler circuit	 (h) DII.	 :I:	 (c( Cross-section

Sp ecification
The partial specification for an opt Iolect ronic coupler in Fig. 20-36
has three parts. The first part specilies the current and voltage
conditions for the input (LED) stae. The second deals with the
output (phototransistor) stage. The third part defines the coupling
parameters. The transistor collector current is listed as 5 mA
(t ypical) when its V, _ = 10 V and the LEI) has I. = 10 mA. In this
particular case, the ratio of ii:itpnt current to input current is
50k-c-. This is known as the current transfer moo (CTR), and for an
optoelectronic coupler v ith a transistor output it can range from
10to 150%.

Typical Optocoupler Specification	 . .. .	 ;. '•j

Input Stage	 Output Stage

IF(,i) VF(max)	 VR	 VCE(,,) j 1C(na)	 P0	 VOPW 'CEO
t!-2OnAl	 ,..-._-

60 m 15V 3V 30V 150 m 150  0.2V

Coupled	 . .

IC(out)	 t0,a(m)	 toff(ip,)
I'	 10 rnAl	 vOIto8	 . ....................V..

2.5.,s	 4 ps	 7500V

Applications
The circuit of an optocoupler in a dc or pulse-type coupling
application Is shown In Fig. 20-37. The diode current Is switched
on and off by the action of transistor Q 1 operating from a 24 V
supply. Transistor 92 Is turned on Into saturation when D, is
energized. The collector current of 92 provides the load (sinking)
current and the current through resistor R2. Pull-up resistor R2 Is
necessary to ensure that the load terminal is held at the 5 V
supply level when Q2 Is off

Figure 20-35
- cptocoupler is composed of

LED and a phototransistor.
T-e ",put and output are
e ec.rirally isolated.

Figure 20-36
T're partial specification for an
opt ocoupler is made up of three
parts: input, output, and
coupling.



VCL2

5 
Figure 20-37
Opt ocou pier used for coupling a
signal from a 24 Vsystem to a  V
Syctem.
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Example 20-11
The optocoupler in Fig. 20-37 is required to sink a 2 mA load current\\ hen  Q,
is in saturation and I = 10 mA. The optocoupler has the specification in Fig.
20-36. Determine suitable resistor values.

Solution
From the specification; 'c = 5 mA when Jr. I - 10 mA

= 'C2 - = 5 mA -2 m3

= 3 mA

R, = V
2 - VcE(t) = 5V - 0.2 \'

3 m

= 1.6 kQ (use 1.8 kO to ensure Q saturation

V
R7	

CCI -v 10 m
= 2.23 kO (use 2.2 kQ)

A linear application of an optocoupler is shown in Fig. 20-38.
The 5 V supply provides a dc bias current to D1 via R2 , and the ac
signal coupled via C1 and R1 increases and decreases the diode
current. Transistor Q 1 Is biased Into an on state by the direct
current through D1 , and its emitter current is increased and
decreased by the variation In light level produced by the
alternating current In D1 , An output voltage is developed across R3.

+ Vccl
5v

+ Vcc2

is v

±3 v	 Figure 20-38
Linear signal coupling by means o/
an opt ocou pier.

1(dd
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Other Optocoupiers
Other types of optocouplers involve ditfer'nit t ypes of output staoe.
The three types illustrated in Fist. 20-•19 'r": (a) Dcr1(r0Jao ou(pin

type. (b) SCR-output. and (c) TRL\('-output. In (a). the photo-
darlington output stage provides much higher CTR than a BiT
phototransistor output stage (r picuUv 500 ). but it also ha
slower response time. The output 1.iges in (h) and (c) arc a
acrwated SCR and a Iight-cictiuuk'd 7r?JAc, respec tivelv. Tliev .,re
used with the kind of control cii ii O5 di-.cused in Chapter 1 ).
where high electrical isolation l)e\Vcet the trio.germc circuit i'ai
the control device is an additiom1 iequirCiiieiit. ('TR docs fl

apply to SCR and TRIAC output sraocs: instead, the LE!) current
needed to trigger the thvristor is ol interest.

Optocoupler output stages are not designed for high load
currents. Maximum current luvuk br Darlington out put .111

around 150 mA. and 300 rni is tvpici for SCR and TRJA(' ou.itpliT
When high load currents are to he \vitrhed. the opt co1ipIt r
output stage is used as a	 r circuit kr a high	 device.

Practise Problems
20-7.1 An optocouplervith the pec5ction in Fig. 20-305 to control

mA relay with a 30 V luppi', input t.ui4e is conuPut. (1

resistor tR 1 ) to a 5 V uppu. Cak tte a suitable tetistance for R..

20- 7 2 Analyze the circuit in F. 20 0 to determine the cJ( his cJrrt
through C 1 , and the ac signal inent peak. Also, ualuiilate P
maximum and minimum dC ard .11 oUtput \ oltage Ie oR TI o
optocoupler used has a diode '.vith '. = 1.5 V. and a dR r.in5ing
from 20% to 70%.

Chapter-20 Review Questions
Section 20-1
20-1	 State measurement units for luminous flux and luminous

intensity. Using diagram. explain flux per solid angle.

20-2	 Define: Candela, Lumen. and foot candle.

Section 20-2
20-3	 Sketch diagrams to show the operation and Const ruction

of an LED. Briefly explain.

20-4	 For an LED, state t ypical values of forward current.
forward voltage, reverse breakdown voltage.

20-5 Draw circuit diagrams showing LEDs used to indicate (a) a
dc supply voltage switched on, (b) a high output level from
an op-amp. Explain each circuit.

20-6 The current level In an LED is to be controlled OJU5' of .1

BJT. Sketch two possible circuits, and explain the
operation of each.

[I . I t. 'i.n

Oo .51 1? .uirui

	

/ Ii	 I

I	 20-39
.v il,ihk nib

it/II(
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20-7 An op-amp is to be used to control the current level in an
LED. Draw a suitable circuit diagram and explain its
operation.

Section 20-3
20-8 Sketch a seven-segment LED display. Explain common-

anode and common-cathode connections. State total
current requirements for an LED four numeral, seven-
segment display.

20-9 Using illustrations, explain the operation of liquid-cn'stal
cells. Discuss the difference between reflective-type and
transrnittive-type cells.

20-10 Sketch a seven-segment LCD and show the waveforms
involved in controlling the cells. Explain.

Section 20-4
20-11 Sketch the typical construction and illumination

characteristics for a photoconductive cell. Explain its
operation.

20-12 Draw circuit diagrams to show how a photoconductive cell
can be used for: (a) biasing a pnp transistor off when the
cell is illuminated, (b) biasing an npn transistor or., when
the cell is illuminated. Explain how each circuit operates.

20-13 Draw circuit diagrams to show a pliotocortducti'.'e cell
used for: (a) triggering an op-amp Schmitt trigger circuit,
(h) energizing a relay when the cell is illuminated. Explain
the operation of each circuit.

Section 20-5
20-14 Sketch the cross-section of a typical photodiode and

explain its operation. Sketch typical photodiode
characteristics and discuss their shape.

20-5 For photodiode, define: dark current, light current, and
sensitivity. State typical values for each quantity.

20-16 Explain how a solar cell differs from a photodiode. Sketch
typical solar cell characteristics, and discuss the best
operating point on the characteristics.

20-17 Sketch the circuit diagram for an array of solar cells
employed as a battery charger. Briefly explain.

Section 20-6
20-18 Sketch characteristics for a phototransistor, and explain

how the device operates.

20-19 Draw a circuit diagram to show how a phototransistor can
be used to energize a relay when the incident illumination
is increased to a given level. Explain the circuit operation.
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20-20 Modify the circuit drawn for Question 20-19 to have the
relay energized until the illumination is increased to a
given level. Explain.

20-21 Draw a circuit diagram for phototranistor control of an
SCR: to have the SCR trigger on when the incident
illumination falls to a low level. Explain how the circuit
operates.

20-22 Sketch a circuit diagram for a photodarlinglon. Compare
the performance of photodarlingtons to nhto1ransistors.

20-23 Sketch a circuit diagram to show the operation of a
photoFET circuit. Briefly explain the principle of the device.

Section 2O-
20-24 Draw the circuit diagram of an optocotlpier with a !3JT

output stage. Also, sketch a cross-section to show the
construction of an optocouplcr. Explain the device
operation.

20-25 Discuss the most important parameters at aptocouplers.

20-26 Draw a circuit diagram to show how an optocouplet can
use a pul se signal from a low-volt ae ou rce to ('01V I'01i'ol a
circuIt with a high -Voltage suppl y , or vice versa. Explain
how the ci ret t ii opera t Cs.

20-27 Draw a circuit diagra]tl to show how ,at tptocouplc-r (,Ifl

bO used to pass a linear signal bit\teeli TWO eircuitswitli
dittarent suppIv volt ages. Explain how ii c circuit opt-rates.

20-28 Sketch circuit diagraiits tot' (}ptOcoflplt-r with Dm-linglon,
SCR, and 7RIAC out put S. Briefly (lisci s- atrh ( ptocoiiplei'.

Chapter-20 Problems

Section 20-1

20-1 A total luminous flux striking a 4 cm 2 photocell at 7 in
from a lamp is to be 80 mlm. Determine the required energy
output from the lamp in watts.

20-2. Calculate the total luminous flux striking the surface of a
solar cell located 4.5 in from a lamp with a 509 \V output.
The surface area of the solar cell is 5 cn2.

20-3 Calculate the frequency of the light output from red.
yellow, and green LEDs with the following peak wave-
lengths: 635 nm, 583 nm, 565 nrn.

Section 20-2
20-4 An LED with I. = 20 mA current and VF = 1.4 V Is to

indicate when a 25 V supply is switched on. Sketch a
suitable circuit and make all necess" calculations.
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20-5 Two series-connected LEDs are to be controlled by a
2N3903 transistor with a 12 V supply and '1B = 5 V. The
diode Current is to be approximately 15 mA. Design a
suitable circuit.

20-6 An op-amp Schmitt trigger circuit with VcC = ±15 V is to
have the state of its output indicated by LEDs. A green
LED is to indicate high, and a red LED is to indicate low.
Design the circuit for 10 mA diode currents. Include
reverse-voltage protection diodes in series with each LED.

20-7 The BJT-LED circuit in Fig. 20-5(a) has: V. = 5 V. Vcc = 20
V. and hpE(rj,O = 40 for Q 1 . Design the circuit to give a 20
mA LED current withV, = 2 V.

Section 20-3
20-8 Calculate the maximum power used by a three-and -a-half

digit seven-segment LED display with a 5 V supply and 10
mA LED currents. Also, determine the power dissipated in
each LED series resistor, if the LEDs have VF = 1.4 V.

20-9 Determine the maximum power consumed by a three-and-
a-half digit seven-segment LCD display with a 15 V peak
square-wave supply and 1 UA LCD segment currents.

Section 20-4
20-10 A pup BIT is to be biased on when the level of illumination

on a photoconductive cell is greater than 100 Ix. and off
when the cell is dark. A ±5 V suppl y is to be used, and the
BiT collector current is to he 10 mA when on. Design a
suitable circuit to use a BIT \vithhrl^ = 50 and a photo-
conductive cell with the characteristics in Fig. 20-11.

20-11 An inverting Schmitt trigger circuit has V = ±12 V and
L.TP/LTP = ±5 V. The Schmitt output is to switch positively
when the illumination level exceeds 30 lx on a photo-
conductive cell with the characteristics in Fig. 20-1 1.
Design the circuit, and estimate the light level that causes
the output to switch negatively.

20-12 A photoconductive cell with the characteristics in Fig. 20-
11 is connected in series with an 8200 resistor and a 12 V
supply. Determine the illumination level when the circuit
current is approximately 6.5 mA, and when it is 1.1 mA.

20-13 A photoconductive cell circuit for controlling the current
in an LED (as in Fig. 20-16) has: Vcc = 9 V. R2 = 3.3 kcl. R3
= 2700. The photoconductive cell has a dark resistance of
100 kO, and R = 3 kO at 10 N. Determine the LED current
at light levels of 3 lx and 30 lx.

20-14 The circuit in Fig. 20-14(a) has V cc = ±5 V. R 1 = 12 k'1, and
a photoconductive cell with the specification In Fig. 20-12.
Calculate the transistor maximum and minimum base
voltage at 10 lx.
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Section 20-5
20-15 A photodiode with the illumination characteristics in Fig.

20-23 is connected in series with a resistance and a 1 V
reverse bias supply. The dodc is to produce a +0.2 V
Output when illuminated with 20 mW/cm 2 . Calculate the
required series resistance value, and determine the deice
voltage and current at a 15 nW/c1112 illumination level.

20-16 A photodiode with the characteristics in Fig. 20-23 is
connected in series with a 1.2 V reverse bias supply and a
100 0 resistance. Determine the resistance offered by the

photodiode at illumination levels of 15 mW/cm 2 and 20

m\V/crn2.

20-17 Two phiotodiocles that each have a 1000 series resistor are
connected to a 0.5 V reverse bias suppl y . A voltmeter is
connected to measure the voltage difference between the
diode cathodes. Assuming that each photodiode has the
characteristics illustrated in Fig. 20-23, determine the
voltmeter reading when the illumination level is 10

on one diode and 15 mW/cm 2 on the other.

20-18 Six photodiodes with the characteristics in Fi g . 20-23 are
connected iii series. Determine the maximum output
current and voltage at illumination levels of 15 mW/cm2
and 12 mW/cm2.

20-19 A rural telephone system uses 6 V rechargeable batteries
which supply an average current of 50 mA. The batteries
are recharged from an array of solar cells, each with the
characteristics in Fig. 20-25. The average level of sunshine
is 50 mW/cm2 for 10 hours of each 24 hour period.
Calculate the number of solar cells required.

20-20 The roof of a house has an area of 200 m 2 and is covered
with solar cells which are each 2 cm x 2 cm. If the cells
have the output characteristics shown in Fig. 20-25,
determine how they should be connected to provide an
output voltage of approxima:ely 120 V. Take the average
daytime level of illumination as 100 mW/cm 2. If the sun
shines for an average of 12 hours in every 24 hours,
calculate the energyin kilowatt-hours generated by the
solar cells each day.

Section 20-6
20-21 The phototransistor circuit in Fig. 20-27(b) has a 25 V

supply, and the device has tae output characteristics in
Fig. 20-29. Determine the collector resistance required to
give Vc (. = 10 V when the illumination level is 20 mW/cm2.

20-22 Estimate 11CF for the circuit in Problem 20-21 at a 5 mW
7cm2 illumination level. If the phototransistor has the
specification in Fig. 20-30, calculate the VCE variation
produced by a ±0.5 rnW/cni 2 illumination change.
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20-23 A phototransistor with the characteristics in Fig. 20-29 is
connected in series with a 600 0 relay coil. The coil
current is to he 8 mA when the illumination level is 15
mW/cm 2 . Determine the required supply voltage. Also,
estimate the coil current at 10 niW/crn2.

20-24 A phototransistor circuit for controlling an SCR (as in Fig.
20-32) is to be designed. The SCR has triggering conditions
of V = 0.7 V and ! = 50 pA. and the phototransistor has
the specification in Fit_, . 20-30. Calculate suitable resistor
values if the SCR is to switch on when the light level drops
to 5 mW/cm 2 . Tho supply voltage is V = 12 V.

Section 20-7
20-25 An optocoupler with the specification in Fig. 20-36 is to

control a 12 mA load that has a 6 V suppl y . The input is a
10 V square wave connected via a resistor (R 1 ). Detennine
a suitable resistance for R1.

20-26 A 25 V.0.5 \V lanip is to be switched on and offbv an &JT

circuit with V 1 -0 = 9 V and 1.. = 6 mA. Design a suitable
optocoupler circuit and estimate the required C'rR.

20 27 An optocoupler circuit has its input connected via a 820 (1
resistor (R 1 ) to a pulse oi.irce. Its output transistor has a 5
V collector suppl y and a 470 0 emitter resistor (RJ. The
gate-cathode terminak of an are connected across R,.
The SCR requires V,-,  1.1 V and 1(, = 500 pA for Triggering.
If the optocoupler has CTR = 40 0 6, calculate the required
amplitude of the pulse input to trigger the SCR.

20-28 A optocoupler linear circuit, as in Fig. 20-38. has: =
15 V. V002 = 25V. u = ±0.1 \', R = 1000. R = 1.2 kU. R: 1 =

1.5 kO. Calculate the dc and ac output voltages, and the
overall voltage gain. The optocouplcr has CYR = 300s.

20-29 An optocoupler switching circuit, as in Fig. 20-37, has:
V, = 18 V. V.2 = 3 V. R 1 = 1.8 kIl. R2 = 8200. and I = 1
mA. Analyze the circuit to determine 	 and CTR.

Practise Problem Answers
20-1.1	 100W
20-1.2	 5.13 x 1014 Hz

20-1.3	 0.73 mIx, 0.29 plm

20-2.1	 2200, 8.4 V
20-2.2	 2700, 3900
20-3.1	 1.84 mW
20-4.1	 422pA,9681JA, 1.2 mA
20-4.2	 33 kO + 2,2 kO

20-4.3	 30 Ix, 15 Ix
20-5.1	 +0.19 V
20-5.2	 48
20-6.1	 2.5 V. 13.9 V

	

20-6.2	 13 mWcr11'

	

20-7.1	 1500

	

20-7.2	 9 mA, ±638 pA, (3.96 V to 13.9 VI,
(±0.27 V to r0.98 V)
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Objectives
You will he able to:

I Explain the construction and
operation of voltage variable
capacitor diodes ('vVCs).

2 Sketch typical VVC voltage/
capacitance characteristics, draw
the equivalent circuit, and discuss
typical VVC parameters.

3 Design and analyze resonance
circuits using iivCsforfrequency
t u ning.

4 Discuss the construction and
operation of thermistors, sketch
typical thermistor resistancel
temperature characteristics, and
discuss typical thermistor
parameters

5 Calculate thermistor resistance at
various temperature levels front
data sheet information.

6 Design and analyze circuit using
thermistors for temperature level
detecting.

7 Explain the construction and
operation of tunnel diodes.

8 Sketch typical forward and reverse
characteristics for a tunnel diode.
explain their shape, and identify the
important points and regions of the
characteristics.

9 Draw tunnel diode piecewise linear
characteristics from data sheet
information.

10 Design and analyze tunnel diode
parallel ampler circuits.
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Introduction
Three major devices are examined ir this chapter: voltage variable

capacitance diodes (VVCs), thermistors, and tunnel diodes. VVCs are
pn-junction devices designed to produce substantial junction
capacitance change when the reverse bias voltage is adjusted. They
can be applied to tune resonant circuits over a range of
frequencies. The resistance of a thermistor changes significantly
with change in temperature, so its major application is control of
circuits that must respond to temperature change. The tunnel
diode is a two-terminal negative-resistance device that can he
employed as an oscillator, an amplifier, or a switch.

21-1 Voltage Variable Capacitors

VVC Operation
Voltage-variable capacitor diodes (VVCs) are also known as earl-

caps, varcscwrs. and as tuning diodes Basically , a %'VC is a reverse
biased diode, and its capacitance is the junction capacitance.
Recall that the width of the depletion region at a pn-junction
depends upon the reverse bias voltage, (Fig. 21-1). A large reverse
bias produces a wide depletion region, and a small reverse bias
gives a narrow depletion region. The depletion region acts as a
dielectric between two conducting plates. so  the junction behaves
as a capacitor. The depletion layer capacitance (c) is proportional
to the junction area and inversely proportional to the width of the
dcpletion region. Because the depletion region width is proport-
ional to the reverse bias voltage, c. is inversely proportional to the
reverse bias voltage. This is not a direct proportionality; instead
is proportional to 1/1, °. where V is the reverse bias voltage, and n
depends upon doping density.

depletion region with.i

p- type	 2 	

bitt

i&Ot

conducting plates

Figure 21-1
A voltage variable capacitance
(VVC) is essentially a reverse-
hi.isedpn-junction. Increasing the
reverse voltage widens the
depletion region and reduces the
capacitance.

- 1 +
centric bias

Figure 21-2 shows the doping prDfiles for two types of VVC

classified as abrupt jwtction and hyperahruptjunctioi devices. In
the abrupt junction VVC, the semiconductor material is uniformly
doped, and it changes abruptly from p-type to n-type at the
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junction. The hyperabruptjuflcliOfl device has the doping density
increased close to the junction. This increasing density produces a
narrower depletion region. and so it results in a largerjunction
capacitance. It also causes the depletion region width to be more
sensitive to bias voltage variations, thus it produces the largest
capacitance change for a given voltage variation. VVCs are
packaged just like ordinary low-current diodes.

Equivalent Circuit
The complete equivalent circuit tor a VVC is shown in Fig. 21-3(a).
and a simplified version is given in Fig. 21-3(h). In the complete
circuit, the junction capacitance (C) is shunted by the junction
reverse leakage resistance (R). The resistance of the semiconductor
material is represented by R5, the terminal inductance is L5, and
the capacitance of the terminals or the device package) is C.

Because L5 is normally very small and R is very large, the equival-
ent circuit can he simplified (Fig 21 -3(bfl to R5 in series with CT.

where CT is the sum of the junction and terminal capacitances. (CT

= C + Cc). The Q-factor for a \C can be as high as 600 at a 50
dHz frequency. However. Q-factor varies with bias voltage and
frequency , so it is used only as a figure of merit for comparing the
performance of different VVCs.

LRC	

p	 C

(a) Complete equialcnl circuit 	 (b) Simplified cquiaIcnt circuit

a	 pr

(i) Abrupt Junction

(b) H\ perabrupt junction

Figure 21-2
Doping proJc- for abrupt ju -
on and hperabrupt )urc

Figure 21-3
'L

a . VC ha e comporentS. The
.,mp/'iedcircu t 13 made up o;
-rconductor re,-t,nce R5

the total (;unction + term I
c.rpactar.ce C

rypica! VVC Specification -,

C"
	

C'
	 0	 VR(ma1 IRfma) fFtn	 Figure 21-4	 -

VR = 1 V.1= I MHz 1= 1 MHz VR = 1 V.1=1 MHz	 Partial peoticationror a
roil	 max	 rbe c.ipactordode V C

400pF • SOOpF	 14	 200	 15  100 n 200mA

Specification and Characteristics
A wide selection of nominal VVC capacitances is available, ranging
approximately from 6 pF to 700 pF. The capacitance tuning ratio

(TR) Is the ratio of CT at a small reverse voltage to CT at a large
reverse voltage. In the partial specification for a VVC shown In Fig.
21-4, the tuning ratio is listed as C 1 /C10. This is the ratio of the
device capacitance at 1 V reverse bias to that at a 10 V reverse
bias. Using the 400 pF minimum capacitance (C.14 listed for a 1 V
bias, the capacitance Is changed to 400 pFI 14 when the bias is 10
V. The specification also lists the Q-factor. as well as maximum
reverse voltage, reverse leakage current, and the maximum forward
current that can be passed when the device Is forward biased.
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A typical graph of capacitance (Cr) versus reverse bias voltage (VR)

for a hvperabr-uptjunction VVC Is reproduced In Fig. 21-5 together
with the 'PVC circuit symbol. It Is seen that CT varies (approxim-
ately) from 500 pF to 25 pF when yR is changed from 1 V to 10 V.
It should be noted from the specification in Fig. 21-4 that the
nominal capacitance has a large tolerance (400 pF to 600 pF), and
this must be taken into account when using the G7-/V graphs.

I ceo

400

2C0

CT (PF

IiuiiIIIi':' 
Figure 21-5

CapacianceA o!t,- ch?er_
istics or a hypc
'xc.

Applications
The major application of VVCs is as fining capacitors to adjust
the frequency of resonance circuits. An example of this is the
circuit shown in Fig. . an amplifier with a tuned
circuit load. The amplifier produces an output at the resonance
frequency of the tuned circuit. The VVC provides the capacitance

(CT ) of the resona;	 cuit, and this can be altered by adusting
the diode (reverse) bias voltage So. the resonance frequency of
the circuit can be varied. C is a coupling capacitor with a
capacitance mu-1- l -'- , ,r than that of the VVC, and R2 limits the
VVC forward currt-nL sjj Lhe event that it becomes forward biased.

vcc

r D, I\ 1

R.too rM
V0	

4'kti -

O.Ipt'	
R

Example 21-1
Deer-nine the maximum and minimum resonance frequency for the circuit in

Fig. 21-6. Assume that D has the Cl/VR characteristic in Fig. 21-5.

Figure 21-6
Amplifier stage with an LC tank

circuit load. The resonance
of the LC circuit can bc

varied by adjusting the WC
reverse bias voltage.
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Solution
	VccxR	 -	 9Vx4.7k0

V0()= R
3 +R4 R	 4.7k0+5k0+4.7k0

= 29V

Vcc (R3 + R4 )	 9 v x (4.7 kO + 5 kO)

R3 +R4 +R,	 4.7k0+5LQ+4.7k0

6.1 V

	

From Fig. 21-5, at V0 = 2.9 V, C 7 	250 pF

	

= 2 7T v(L C-, ) 	 2	 100 pH x 250 pF)

1 MHz

	

From Fig. 21-5, at VD = 61 V, C,	 0 pE

= 2 n OL C = 2	 100 pH x 70 pF)

1.9 MHz

Practise Problems
211.1 A tuned amplifier circuit as in Fig. 21-6 is to have a resonance

frequency adjustable from 1.5 MHz to 2.5 MHz.A 12 V supply is
used, the inductor (L 7 ) is 80 pH, and the VVC (D 7 ) has the
characteristics in Fig. 21-5 and the specification in Fig 21-4.
Determine suitable resistance values for R3 , R4 , and R5.

21-2 Thermistors

Thermistor Operation
The word thermistor is a combination of thermal and resistor. A
thermistor is a resistor with definite thermal characteristics. Most
thermistors have a negative temperature coefficient (WTfl, but
positive temperature coefficient (P712) devices are also available.
Thermistors are widely applied for measurement and control of
temperature, liquid level, gas flow. etc.

Silicon and germanium are not normally used for thermistor
manufacture, because larger and more predictable temperature
coefficients are available with metallic o)ides. Various mixtures of
manganese, nickel, cobalt, copper, iron, and uranium are pressed
into desired shapes and sintered (or baked) at high temperature to
form thermistors. Electrical connections are made either by
Including fine wires during the shaping process, or by silvering the
surfaces after sintering. [see Fig. 21-7(a)]. Thermistors are made In
the shape of beads, probes, discs, washers, etc. [Fig. 21-7(b)). Beads
may be glass-coated or enclosed In evacuated or gas-filled glass
envelopes for protection against corrosion.

tra-nis:cr
-a'eria.

- ac,slatir
r.ena1

- --	 rtaCt

(a) Thermistor construction

V
(b) SomeSome thermistor shapes

Figure 21-7
Thermistor are resistors that are
very sensitive to temperature.
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Figure 21-8
Tpical recistance/temperatur
characteristics for a negative
temperature coefficient (NTC)
thermistor.
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Characteristics and Specifications
The typical thermistor resistance/ temperature characteristic in Fig.
21-8 shows that the device resistance (R) decreases substantially

when Its temperature is raised. At 0°C. R 1.5 k; and at 60°C, R
70 0. Current flow through a thermistor causes power diss-

ipation that can raise its temperature and change its resistance.
This could introduce errors In the thermistor application, so device
currents are normally kept to a minimum.

-40	 -20	 0	 20	 40	 60

Figure 21-9 shows partial specifications for two thermistors with
videlv differing resistance values. Both devices have the resistance
specified at 25°C as the zero power resistance. This, of course,
means that there must be zero power dissipation in the thermistor
to give this resistance value. The dissipation constant is the device
power dissipation that can raise its temperature through 1°C. The
dissipation constant in both cases is specified as I mW/°C in stal

air, and 8 mW/°C in moving liquid. Thus, a thermistor located in
still air conditions could have Its temperature increased by 1°C if it
has 1 mW of power dissipation.

Typical Thermistor Specifications

Thermistor Zero power Resistance	 s	 Maximum Dissipation
resistance ratio	 (0 to 50°C) working	 constant

at 25°C	 25°C/125°0	 fm rsttJre

44002A	 3000	 15.15	 31.118	 100°C	
1rnW?°Ci
still air

44008	 30 kO	 29.15	 3810	 150°C.

An Indication of how much the thermistor resistance changes Is
given by the resistance ratio at 25/125°C. Clearly, with this ratio
specified as 15.15, the resistance at 25°C Is divided by 15.15 to
determine the resistance at 125°C. Note that both devices have

Figure 21-9
Partial specifications for two
thermistors, one with a 300 0
25°C resistance, and the other
with a 30 1<0 25°C resistance.
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maximum working temperatures listed. The resistance change with
temperature is also defined by the r instant Beta (f, this time for

the range 0C to 50 1 C . This constar.t is used in an equation that

relates resistance values at different temperatures:

R	 11
in	 (21-I)

H2 	 T, T,

in Eq. 21-1, R IS the-resistance at temperature T 1 , and P, is the

resistance T2. it is important to note that T1 and T2 are absolute (or

Kelvin) temperature values. (°C + 273) K.

Example 21-2
Calculate the resistance of the 300 0 thermistor specified in Fig. 21-9 at
temperatures of 20CC and 30CC.

Solution

For T=20cC:	 T1 =25rC273=298K

and	 T, = 20CC + 273 = 293 K

R.	 3000
from Eq, 21-1,	 R,

= 3580

For  = 30 C C:	 T1 = 23 C C 273 = 298 K

and	 T2 =30CC+273303K

R 1	 3000

from Eq. 21-1, 	 R2 =--1T,3031

= 252 0

Applications
Figure 21-10 shows a thermistor connected as a feedback resistor
in art amplifier circuit. (Note the device circuit symbol.) In
this case, the thermistor is supplied with a constant current
determined by R 1 and V. The output voltage is directly
proportional to the thermistor resistance, and so V. varies with

temperature change.

Figure 21-10
Use of an inverting amplifier to
producea constant current
through a thermistor.
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The circuit in Fig. 21-11 illustrates how a thermistor can be used
for triggering a Schmitt circuit at a predetermined temperature.
This could be air temperature, or the temperature of a liquid, or
perhaps the temperature of some type of heating appliance. When

the thermistor resistance (R) Is increased to by the device
temperature decrease. the Schmitt input voltage is raised to the
upper trigger point, causing the output to switch negatively.

Example 27-3
Calcute V for the Schmitt circuit in Fig. 21-11 at 25°C and at 28°C lithe

thermistor is the 3000 device specified in Fig. 21-9.

Solution
at 25°C. R 1 = 300 0,

- Vcc\ R- - 5 V x 300 0

R±Rr	 47k0+3000

= 31 MV

FcrI=28°C:	 T =23°C+273°298'

and	 If =28°C 4 ?'3=301K

300()

from Eq.21-1.	 R.
-	 gti.	 E°''-

=2700

- VxR	 5\'x2700

R, —1 	

47k0+2700

= 28,6 mV

-actise Problems
-2.1 Calculate the output voltage from the circuit in Fig. 21-10 at 25°C

and 28°C, if the 30 kO thermistor specified in Fig. 21-9 is used.

-2.2 If the Schmitt circuit in Fig. 21-11 has UTP = 1 V, calculate a

suitable resis'tnce value for R7 for the circuit to trigger at 1 8°C. The
thermistor used is the 300 Q device specified in Fig. 21-9.

21-3 Tunnel Diodes

Tunnel Diode Operation
A tunnel c110de (sometimes called an Esaki diode after its inventor.

Leo Esaki) Is a two-terminal negative resistance device that can be
employed as an amplifier, an oscillator, or a switch. Recall from
Ch. 1 that the width of the depletion region at a pn-junction

"cc
11 5 V

RT

R,j

Fig're 21-I1
Schrnit trger circuit using a
t5errritor input stage for
temperarure level detection.
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depends upon the doping density of the semi-conductor material.
Lightly doped material has a wide depletion region, while heavily
doped material has a narrow region. A tunnel diode uses very
heavily doped semiconductor material, so the depletion region is
extremely narrow. This is illustrated in Fig. 21-12 along with three
frequently-used tunnel diode circuit symbols.

The depletion region is an insulator because it lacks charge
carriers, and usually charge carriers can cross it only when the
external bias is large enough to overcome the barrier potential.
However, because the depletion region in a tunnel diode is so
narrow, it does not constitute a large barrier to electron flow.
Consequently. a small forward or reverse bias (not large enough to
overcome the barrier potential) can give charge carriers sufficient
energy to cross the depletion region. When this occurs, the charge
carriers are said to he tunnelling through the barrier,

When a tunnel diode junction is reverse biased, (negative on the
p-side. positive on the n-bide), substantial current flow occurs due
to the tunnelling effect. (electrons moving from the p side to the it-
side). Increasing levels of reverse bias voltage produce more
tunnelling and a greater reverse current. So. as shown in Fig. 21-
13, the reverse characteristic of a tunnel diode is linear, just like
that of a resistor.

A forward biased tunnel diode initially behaves like a re\er
biased device. Electron tunnelling occurs front n-side to the p-

side, and the forward current (!- continues to increase it h
increasing levels of forward voltage (E). Eventually , a peak level of
tunnelling is reached, and then further increase in E. actual1'
causes I. to decrease. (See the forward characteristic in Fig. 21-13.)
The decrease in I. with increasing EF continues until the normal
process of current flow across a forward biased junction begins to
take over when the bias voltage becomes large enough to overcome
the harrier potential. IF now commences to increase with in-
creasing levels of E so that the final portion of the tunnel diode
forward characteristics is similar to that for an ordinary pu-
junction. The shape of the tunnel diode characteristics can be
explained in terms of energy band diagrams for the semiconductor
material.

't53 flit rti!StRfl CC

dep'ei on region

Hvi1y-
d
p-type

(a) A heai.ily-dopedpn-
junction has a ery naross
depeltion region

(b) Tunnel diode circuit snihok

Figure 21-12
- Lionel dii dv ha, a °'eas
doped pn unc I (in 10 (h
in 1 cry p0rroio deplecon region

\	 -oth-
IF

ER J 	 ______
j:.	 EF -

uno f ,IR

Figure 21-13
Tunnel diode characteristics. The
current increases to a peak leoel
(/) as the forward bias is
increased, then falls off to a valley
current (I) with increasing bias
voltage.
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Characteristics and Parameters
Consider the typical tunnel diode forward characteristics shown in
Fig. 21-14. The peak currerit(i) and valley current (Ii) are easily
identified on the forward characteristic as the maximum and
minimum levels of I. prior to the junction being completely forward
biased. The peak voltage (V,) is the level of forward bias voltage (E

corresponding to Ii,, and the valley voltage (V3 is the EF level at !•

VF is the forward voltage drop when the device is completely
forward biased. The dashed line at the bottom of the forward
characteristic shows the characteristic for an ordinary forward
biased diode. It is seen that this joins the tunnel diode
characteristic as VF is approached.

When a voltage is applied to a resistance. the current normally
Increases as the applied voltage is Increased. Between 11and I, on

the tunnel diode characteristic, I. actually decreases as E1 is
increased. So, this region of the characteristic is named the
negative resistance region, and the negative resistance ( R1) of the
tunnel diode is its most Important property.

\cg3 Crc\riar.Ci

(iiiA L

I

Figure 21-14
Typical lanyard characteristic for
a tunnel diode. Note that the
negative resistance region exists
between forward bias voltages
levels of approximately 50 mV
and 325 my.

0	 tOO	 200	 300	 400	 500
E

The negative resistance value can be determined as the reciprocal
of the slope of the characteristic In the negative resistance region.
From Fig. 21-14, the negative resistance is R0 AV./Alp and the
negative conductance is GD = If RD is measured at different
points on the negative resistance portion of the characteristic,
slightly different values will be obtained at each point because the
slope is not constant. Therefore, RD is usually specified at the
center of the negative resistance region. Figure 21-15 lists typical
tunnel diode parameters.

7yp4c8i Thnnoi Diode Parameters

I, (MA)	 I V1,(mV) I,, (mA)	 V (m	 VF (V)	 RD ('	 Figure 21-15
_______________________	 Tunnel diode specification data

ito 100	 5010200 0.1 to 6	 350 to 500' 0.5 to 1	 -O to -200	 showing the range olparamcten.
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It is shown in Ch. 2 that a straight-line approximation of diode
characteristics can sometimes be conveniently employed. For a

tunnel diode, the piecew'..sc It flea, L,Lr rsttcs can usually be

constructed from data provided by the device manufacturer.

Example 21-4
Construct the piecesrise linear characteristics and determine R0 for a 7N3712

tunnel diode from the following data: I, = 1 mA, 1 = 0.12 mA, V = 63 mV,

V = 350 mV, and VF = 500 mV at IF=

Solution
Refer to Fig. 21-16.
Plot point 1 at,	 I = 1 mA and V, = 65 rnV

Plot point 2 at,	 J, = 0.12 mA and V . = 330 mV

Draw the first portion of the characteristic from the zero point to point 1.

Draw the negati'.e resistance portion between points I and 2.

Plotpoint 3 at,	 IF = 1,, and V = 500 mV

Draw the final portion of the characteristics at the same slope as the line

between point 0 and point I.

Draw the horizontal part of the characteristic from point 2 to the final portion.

LE,	 350 mV- 65 rnV
RD	

t'F	
-M mA-0.l2mAi

= -324 0

(m A)

Os -

IF
06

04 -

02
I,.

0

0

Parallel Amplifier
For operation as an amplifier, a tunnel diode must be biased to the
center of its negative resistance region. Figure 21-17(a) shows the
basic circuit of a tunnel diode parallel amplifier. Load resistor RL Is

connected In parallel with diode D1 and supplied with current from

voltage source E3 and signal source e5. Figure 21-17(b) uses the

I

Figure 21-16
Piecewise Irnea ry'4-a'rteretics for
a tunnel diode d-awn from
information pro. dod on the
device specirica to
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tunnel diode piecewise linear characteristics to show the dc

conditions of the diode when the signal voltage is zero (e5 = 0), and

when e5 = ±100 mV. Operation of the circuit is explained by the

analysis In Ex. 2 1-5, which also demonstrates that a parallel

amplifier has current gain but no voltage gain.

Example 21-5
Assuming that E. and e have zero source resistance, calculate the current
gain and voltage gain for the tunnel diode parallel amplifier in Fig. 21-17(a).

The device piecewise linear characteristics are given in Fig. 21-17(b).

Solution
When e = 0;

E 0Q = Fe = 200 mV ]point Q on Fig. 21-17(b)]

at the Q point, 'DQ	 2 mA

also,	 ERLQ	 200 mV

200 mV

'RLQ = -; :. i- -
= 2.5 mA

'eQ = 'RL + '0 = 2.5 mA + 2 mA

= 4.5 mA

'D

2X) r\ J	 > E	 R	 E
800

Di

(a) Basic parallel amplifier circuit

When e, = + 100 mV;

F 8	 = 200mV+100mV 300 mV

	

ED	
ERL(A) = 300 mV [pointA on Fig. 21-17(b)] 	 1

and,	 = 1 mA	 2 2- -	 - -

ER,	 300 rnV	 I
also,	 I . 

=	 -	 I

	

RLAi	
R	 800	 ... J---------------

=3.75A	
IF

.4

= 'RUAJ +	 = 3.75 mA + 1 mA

= 4.75 mA

When e = -100 mV;

F 8 + e 5 = 200 mV - 100 mV = 100 mV

F 0 = 1RL) = 100 mV [point B on Fig. 21-17(b)]

and,	 JD,,) = 3 mA

also,	 'RUB)	

100 mv

 
RL	 800

= 1.25 mA

0	 tOO	 200	 300	 (mV)

-EF
V;0

(b) Circuit current and voltage levels

Figure 21-17
A basic tunnel diode parallel
amplifier has a load resistance in
parallel with the diode, and the
series-connected) bias and signal
sources applied directly to the
diode and load.
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18(B) = 'RL(B) + .1 	 = 1.25 mA + 3 mA

= 4.25 mA

total load current change,

WRL = 'RL(A) 'RL(B) = 3.75 mA- 1.25 mA

= 2.5 mA

total signal current change,

Al6 = 18(A) - 1803) = 4.75 mA - 4.25 mA

= 0.5 mA

current gain,

voltage gain,

A
AJ

RL

Al8 	 0.5 MA

=5

AE,	 t100 MV
A =-- =

e	 ±lOOmV

The current gain equation for a tunnel diode parallel arnpluier
can be shown to be,

RD	
(2]•9

Note that RD is already taken as negative in Eq. 21-2, so that only
we absolute value should be used in calculating A. For RD = 100
1) and RL = 80 0, as in Ex. 21-5,

100
A.=	 =5

100-80

	

R,	 L,

	

qkQ	
IOrnH C DOe,EB

1

l2VT03uF R.	
IN$7/

From Eq. 21-2, It Is seen that (when R , << RD. A 1 1). (when RL>>
co).RD. A 1 < 1). and (when R1 = R. A 1 =  A current gain of Infinity

means that the circuit is likely to oscillate. For maximum stable
current gain, RL should be seleèted Just slightly less than RD.

Figure 21-18 shows the circuit of a practical tunnel diode parallel
amplifier. The signal voltage e and load resistor RL are capacitor-

Figure 21-18
In a practical parallel amplifier
circuit the load and signal source
are capacitor-coupled to the
tunnel diode.
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coupled to the diode, while dc bias is provided by source voltage E.

and voltage divider R 1 and R. Inductor L 1 and capacitor C 1 isolate
the bias supply from ac signals.

A tunnel diode series amplifier can be constructed. In this case
the device is connected in series with the load, and voltage
amplification is obtained instead of current amplification.
Oscillators and switching circuits can also be constructed using
tunnel diodes.

Practise Problems
21-3.1 Draw the dc and ac equi\alertt circuits for the tunnel diode parallel

amplifier in Fig. 21-18. Also, draw the dc load line on the de ice
piecewise linear characteristics in Fig. 21-16. Determine the bias
conditions and calculate the currentgain. The inductor has a 35 0
winding resistance.

Chapter-21 Review Questions

Section 21-I
21-1 Using illustrations cxplain the operation of a \VC diode.

Sketch the doping profile at abrupt and hvperabrapt
junettons, and explain the difference between the two.

21-2 Sketch the uqaivalent (rcuit for a VVC. Explain the iitisin
of each coniprilent and show how the cIrcuit mdv be
simplified.

21-3  List the most important VVC parameters and state tvpi(ai
parameter values.

21-4 Sketch a circuit to show a typical VVC application. Briefly
explain.

Section 21-2
21-5 Sketch typical resistance/temperature characteristics for a

thermistor, and discuss the thermistor operation.

21-6 List the most important parameters for a thermistor, and
state typical parameter values.

21-7 Sketch a circuit diagram to show how a thermistor can be
used to control a Schmitt trigger circuit. Explain the circuit
operation.

21-8 Draw a diagram to show how a thermistor might he used to
compensate for VBE variations (due to temperature change)
in an emitter current biased RIT circuit.

Section 21-3
21-9 Discuss the differeuce between a tunnel diode and an

ordinary pn-junction diode. Explain what is n1erIi by
tunnelling.
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21-10 Sketch typical forward and reverse characteristics for a
tunnel diode. Discuss the shape of the characteristics, and
Identify the regions and important points on the
characteristics.

21-11 List the most important parameters for a tunnel diode, and
state typical parameter values.

21-12 Sketch the basic circuit of a tunnel diode parallel amplifier,
explain its operation, and write the equation for amplifier
current gain.

21-13 Sketch a practical tunnel diode parallel amplifier circuit,
and discuss the function of each component.

Chapter-21 Problems

Section 21-1

21-1 A tuner amplifier circuit similar to Fig. 21-6 has V = 15 V
and the following component values: L1 = 80 pH, R3 1 1:fl.
R4 = 10 k1, and R. = 4.7 kQ. Assuming that fl has the
CT/ VR characteristic in Fig. 2 1-5, determine the rna.rnum
and minimum resonance frequency for the circuit.

21-2 If the VVC in the circuit in Problem 21-1 is replaced with
the VVC specified in Fig. 21-4. Calculate the highest slid
lowest possible resonance frequency for the circuit.

21-3 A tuned amplifier circuit as in Fig. 21-6 is to have its
resonance frequency adjustable from 0.8 MHz to 1.2 MHz.
Determine suitable resistance values for I?3 . R4, and R if

VCC = 18 V. L1 = 100 pH, and the VVC characteristics are
those in Fig. 21-5.

21-4 Determine the bias voltage for the VVC in Problem 21-3 to
give a 1 MHz resonance frequency.

21-5 The VVC in the circuit In Problem 21-1 is replaced with
another one that gives a resonance frequency ranging from
900 kHz to 3.5 MHz. Specify the new Vt/C in terms of its

capacitance and tuning ratio from 1 V to 10 V.

Section 21-2
21-6 A thermistor with a I kQ resistance at 25°C has P specified

as 3395. Calculate the thermistor resistance at 5°C and at
35°C temperatures.

21-7 Calculate the temperature of the 30 k1 thermistor specified
in Fig. 21-9 when its resistance Is measured as 24.5 kO.

21-8 A thermistor circuit as in Fig. 21-10 has V = -1 Vand R1

22 kQ. Calculate the output voltage at 25°C and 35°C If the
thermistor is the 30 kQ device specified in Fig. 2 1-9.

21-9 The 300 n thermistor specified In Fig. 21-9 is connected in
series with a 1.5 kQ resistor (R 1) and a 12 V supply.
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Determine the voltage drop across R 1 at temperatures of
22°C. 28°C. uid 31°C.

Section 21-3
21-10 A tunnel diode is specified as having i = 6 mA. V = 50 mV,

I,	 0.5 mA. 'C. = 400 mV, and V = 550 mV at IF = i.
Construct the piecewise linear characteristics for the device,
and determine its negative resistance value.

21-11 Construct the piecewise linear characteristics for a 1N3715

from the following data: 1 1, = 2.2 mA. I = 0.21 mA. \' 1 , = 65

m\7 , V = 355 my. and V. = 510 mV at i = It,. Also.
determine N for the device.

21-12 A parallel amplifier uses the tunnel diode specified in
Problem 21-10 and a load resistance of 47 Q. Calculate the
circuit current gain.

21-13 A 1N3715 is to he connected as a parallel amplifier. Using
the piecewise linear characteristics drawn for Problem 21-
11. draw an appropria dc load line and determine suitable
values for U. F0 , and ;. Also, calculate the current gain.

21-14 A practical tunnel diode parallel amplifier circuit as in Fig.
21-18 has the following components: E13 = 5 V. U. = 220 0,

U 9 - 120. C=0.5LIF,R050. L 1 = 20mH.0O32F.

C.. = 0.5 uP mci U 1 = 750. The tunnel diode osd has 1 = 5

mA, Yr = 50 mV. I = I mA. and V = 400 rnV. Construct tIme
piecewise linear characteristics, draw the d load line, and
calculate tIle circuit current gain.

Practise Problem Answers
	21-1.1	 39 kO, 33 kft 4 kO

	

21-2.1	 . 1.1 V. .0.95 \

	

21-2.2	 1.5 k 

	

21-3.1	 0.57 mA, 204 mY, 13.5


