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Figure 17.9 Operation of one 339 comparator circuit as a zero-crossing detector.

Figure 17.8 Quad comparator
IC (339).
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Figure 17.10 Operation of a 339 comparator circuit with reference input: (a) minus input; (b) plus
input.

Figure 17.11 Operation of two
339 comparator circuits as a 
window detector.
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Figure 17.12 Four-stage ladder network used as a DAC: (a) basic circuit; 
(b) circuit example with 0110 input.
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(b) waveform.
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Figure 17.15 Analog-to-digital conversion using ladder network: (a) logic dia-
gram; (b) waveform.
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Figure 17.18 Astable multivibrator for Example 17.1: (a) circuit; (b) waveforms.
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EXAMPLE 17.1

Figure 17.19 Operation of 555 timer as one-shot: (a) circuit; (b) waveforms.
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EXAMPLE 17.2

Figure 17.20 Monostable cir-
cuit for Example 17.2.
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Figure 17.22 Connection of
566 VCO unit.

Figure 17.21 A 566 function
generator: (a) block diagram; 
(b) pin configuration and summary
of operating data.
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Figure 17.23 Connection of
566 as a VCO unit.
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Figure 17.24 Operation of
VCO with frequency-modulating
input.

Figure 17.25 Block diagram of basic phase-locked loop (PLL).



	 ø � û � ÿ � � � ù ý � ù 	 � � ù ÿ 
 û õ ÿ � ý � ø � ø û � ø � � û � û � � ÿ þ � ö ù ú ÿ ù � ÿ � � û ù ÿ ò û � ÿ � ù ú û � � ù ý � ù 	 � � ù �ÿ 
 û � þ � � ù ú û � � � ÿ � � ø � � � û � ø � ù û þ � ÿ � � � ÿ � ù ú û 	 � � ù ÿ 
 û ù � � � � � � ÿ ù û ù ú û � � + ! � � þ û �� � û � � � 
 � ú û � � � � û � � � � � ý � ý û þ ÿ ù ø � � � � ù ú û � ø þ � � ø ù ø � ù � � ÿ ø � ù ÿ ø � ù ú û � � + � þ û � � û � � �� � � ò û � ù � ù ú ÿ ù � � ù ú û ø � ý � ù � ø 
 � ÿ � � þ û � � û � � � 

Basic PLL Operation� ú û � ÿ � ø � � ý û þ ÿ ù ø � � � � ÿ � � � � ø þ � � ø ù � ÿ � � û û & ý � ÿ ø � û � � � ø � 
 ù ú û � ø þ � � ø ù � � � ø 
 
 ð � 
 ô ïÿ � þ û � û þ û � � û 
 ÷ û ü ø � � � ø þ � ù � � � � ø � û þ ù ú û � ý û þ ÿ ù ø � � � � ù ú û 	 ÿ þ ø � � � � ø þ � � ø ù � ø � ù ú û ý ú ÿ � û �� � � ò û � � � � ý ü ú û � ù ú û � � � ý ø � � ý û þ ÿ ù ø � 
 ø � � � � ò õ ù ú û ø � ý � ù � ø 
 � ÿ � � þ û � � û � � � ÿ � � ù ú û� � + � þ û � � û � � � ÿ þ û ù ú û � ÿ � û ö 
 ÷ ú û � ù ú û ø � ý � ù � ø 
 � ÿ � � þ û � � û � � � ø � ù ú û � ÿ � û ÿ � ù ú ÿ ù� þ � � ù ú û � � + ù � ù ú û � � � ý ÿ þ ÿ ù � þ � ù ú û 	 � � ù ÿ 
 û � K - � ù ÿ ò û � ÿ � � � ù ý � ù ø � ù ú û 	 ÿ � � û � û û � û �ù � ú � � � ù ú û � � + ø � � � � ò ü ø ù ú ù ú û ø � ý � ù � ø 
 � ÿ � 
 � ú û � � + ù ú û � ý þ � 	 ø � û � � � ù ý � ù � � ÿ� ø & û � � ÿ � ý � ø ù � � û � � � ÿ þ û � ü ÿ 	 û � ø 
 � ÿ � ÿ ù ù ú û � þ û � � û � � � � � ù ú û ø � ý � ù 
 " û � ù � ý û þ ÿ ù ø � � ø �� � ù ÿ ø � û � ø � ù ú û � � + � û � ù û þ � þ û � � û � � � � Ë t � ø � � û ù ü ø ù ú ù ú û � � � ø ÿ � 	 � � ù ÿ 
 û � ø � ü ÿ � ø �ø ù � � ø � û ÿ þ � ý û þ ÿ ù ø � 
 þ ÿ � 
 û 
 � ú û ÿ � ý � ø � ø û þ ÿ � � � ü � ù ú ø � ÿ � . � � ù � û � ù ø � � � 	 � � ù ÿ 
 û � þ � � ù ú ÿ ù� � ù ÿ ø � û � ÿ � � � ù ý � ù � � ù ú û � ø � ù û þ � ø þ � � ø ù 
 ÷ ú û � ù ú û � � � ý ø � ø � � � � ò � ù ú û ù ü � � ø 
 � ÿ � � ù �ù ú û � � � ý ÿ þ ÿ ù � þ ÿ þ û � � ù ú û � ÿ � û � þ û � � û � � � � ÿ � ù ú � � 
 ú � � ù � û � û � � ÿ þ ø � � ø � ý ú ÿ � û 
 � � ø & û �ý ú ÿ � û � ø � � û þ û � � û � û ù ü û û � ù ú û ù ü � � ø 
 � ÿ � � ù � ù ú û � � � ý ÿ þ ÿ ù � þ þ û � � � ù � ø � ÿ � ø & û � � � 	 � � ù �ÿ 
 û ù � ù ú û � � + 
 � ú ÿ � 
 û � ø � ù ú û ø � ý � ù � ø 
 � ÿ � � þ û � � û � � � ù ú û � þ û � � � ù ø � � ú ÿ � 
 û ø � ù ú û� � 	 � � ù ÿ 
 û ù � ù ú û � � + 
 ÷ ø ù ú ø � ÿ � ÿ ý ù � þ û � ÿ � � � � � � ò � þ û � � û � � � þ ÿ � 
 û � ù ú û � � 	 � � ù ÿ 
 ûü ø � � � þ ø 	 û ù ú û � � + � þ û � � û � � � ù � � ÿ ù � ú ù ú ÿ ù � � ù ú û ø � ý � ù 
÷ ú ø � û ù ú û � � � ý ø � ù þ � ø � 
 ù � ÿ � ú ø û 	 û � � � ò � ù ú û � � ù ý � ù � � ù ú û ý ú ÿ � û � � � ý ÿ þ ÿ ù � þ � � � �ù ÿ ø � � � þ û � � û � � � � � � ý � � û � ù � ÿ ù ù ú û � � � ÿ � � � ø � � û þ û � � û � � ù ú û � ø 
 � ÿ � � � � � ý ÿ þ û � 
 � � � ü �ý ÿ � � � ø � ù û þ ý ÿ � � û � � � � � ù ú û � � ü û þ � � þ û � � û � � � � � � ý � � û � ù � � ù ú û � ø 
 � ÿ � � � ù ú ÿ ù ù ú û � � � ý� ÿ � � � ù ÿ ø � � � � ò � û ù ü û û � ø � ý � ù ÿ � � � � + � ø 
 � ÿ � � 
+ ü ø � 
 ù � ù ú û � ø � ø ù û � � ý û þ ÿ ù ø � 
 þ ÿ � 
 û � � ù ú û � � + ÿ � � ù ú û � û û � � ÿ � ò � � � � û � ù ø � � � �ù ú û � � � � ø þ � � ø ù � ù ú û þ û ÿ þ û ù ü � ø � ý � þ ù ÿ � ù � þ û � � û � � � � ÿ � � � � ý û � ø � ø û � � � þ ÿ � � � 
 � ú û� ÿ ý ù � þ û þ ÿ � 
 û � � ÿ � � � ø � ù ú û � þ û � � û � � � þ ÿ � 
 û � û � ù û þ û � ÿ � � � ù ù ú û � � + � þ û û � þ � � � ø � 
� þ û � � û � � � � Ë t � � 	 û þ ü ú ø � ú ù ú û � � � ý � ÿ � ÿ � � � ø þ û � � � ò ü ø ù ú ù ú û ø � ý � ù � ø 
 � ÿ � 
 + � � û ù ú û� � � ú ÿ � ÿ � ú ø û 	 û � � ÿ ý ù � þ û � ø ù � ÿ � � ÿ ø � ù ÿ ø � � � � ò ü ø ù ú ù ú û ø � ý � ù � ø 
 � ÿ � � 	 û þ ÿ � � � û ü ú ÿ ùü ø � û þ � þ û � � û � � � þ ÿ � 
 û � ÿ � � û � ù ú û h p / q l i m 0 k r
Applications� ú û � � � � ÿ � � û � � û � ø � ÿ ü ø � û 	 ÿ þ ø û ù � � � ÿ ý ý � ø � ÿ ù ø � � � � ø � � � � � ø � 
 õ ð ö � þ û � � û � � � � û �� � � � � ÿ ù ø � � � õ ô ö � þ û � � û � � � � � � ù ú û � ø � � ÿ � � õ ' ö � ( ) � û � � � û þ � 
 1 & ÿ � ý � û � � � û ÿ � ú � � ù ú û � û� � � � � ü 


FREQUENCY DEMODULATION� % � û � � � � � ÿ ù ø � � � þ � û ù û � ù ø � � � ÿ � � û � ø þ û � ù � � ÿ � ú ø û 	 û � � � ø � 
 ù ú û � � � � ø þ � � ø ù 
 2 �ù ú û � � � � û � ù û þ � þ û � � û � � � ø � � û � û � ù û � � þ � û � ø 
 � û � ÿ ù ù ú û � % � ÿ þ þ ø û þ � þ û � � û � � � � ù ú û � ø � �ù û þ û � � þ � � ù ý � ù 	 � � ù ÿ 
 û � � ù ú û � ø þ � � ø ù � � � ø 
 
 ð � 
 ô ï ø � ù ú û � û � ø þ û � � û � � � � � ÿ ù û � 	 � � ù �ÿ 
 û � 	 ÿ þ � ø � 
 ø � 	 ÿ � � û ý þ � ý � þ ù ø � � ÿ � ù � ù ú û 	 ÿ þ ø ÿ ù ø � � � � ù ú û � ø 
 � ÿ � � þ û � � û � � � 
 � ú û � � �� ø þ � � ø ù ù ú � � � ý û þ ÿ ù û � ÿ � ÿ � � � ý � û ù û ø � ù û þ � û � ø ÿ ù û � � þ û � � û � � � õ 2 � ö � ù þ ø ý � � ø � ø ù û þ � ÿ � � � û �� � � � � ÿ ù � þ ÿ � � � û � ø � � % þ û � û ø 	 û þ � 
+ � û ý � ý � � ÿ þ � � � � � ø ù ø � ù ú û ï 3 ï � � ú � ü � ø � � ø 
 
 ð � 
 ô 3 ÿ 
 � ú û ï 3 ï � � � ù ÿ ø � � ÿ ý ú ÿ � û� û ù û � ù � þ � ÿ � ý � ø � ø û þ � ÿ � � 	 � � ù ÿ 
 û � � � � ù þ � � � û � � � � ø � � ÿ ù � þ � ü ú ø � ú ÿ þ û � � � � ý ÿ þ ù ø ÿ � � � � � � �� û � ù û � ø � ù û þ � ÿ � � � 
 � � û & ù û þ � ÿ � þ û � ø � ù � þ ÿ � � � ÿ ý ÿ � ø ù � þ � � w ÿ � � À w � ÿ þ û � � û � ù � � û ù ù ú û� þ û û � þ � � � ø � 
 � þ � û � ù û þ � þ û � � û � � � � � ù ú û � � + 
 � � � ù ú û þ û & ù û þ � ÿ � � ÿ ý ÿ � ø ù � þ � À x � ø � � � û �ù � � û ù ù ú û � � ü � ý ÿ � � � ø � ù û þ ý ÿ � � � ÿ � � � ÿ � � ù ú û � � + � � ù ý � ù � � � ù � û � � � � û � ù û � � ÿ � ò ÿ �ø � ý � ù ù � ù ú û ý ú ÿ � û � û ù û � ù � þ ù � � � � � û ù ú û � � � � � � ý 
 � ú û ï 3 ï ù � ý ø � ÿ � � � � � û � ù ü � ý � ü û þ� � ý ý � ø û � � K 1 ÿ � � K 2 

73917.6 Phase-Locked Loop



4 +4 (� E 0 3 6 3 Ï 5 Ω

5 6 * = ,
@ A 0 . / ) � -- . / 0 . / � F E P � . \ = / F �P . / 0 . /� F � F R F A Q FP . / 0 . /7 6 4 −

6+ Ï U
S 4Õ T

7
+ Ï +8 V = � F� F / F Q / P R

8 V = � F� F / F Q / P R� 9 � D W A = \D A 0 . / � F E P � . \ = / F �P . / 0 . /� F � F R F A Q FP . / 0 . /6 6 ( 0 �7 :
T T ( 0 �7 64 ( 5 Ω

5 6
; < = >?@A B

C D EF GH
+ I C

− I C J 2
= 5 6 7 6K > ?IL? > I M Ω

G K+ I C
7 :

N O P
E Q R = Q R4 S

T U V W Q V X Y Z+
@ > ? C
+

@ C
+

A > L C J 2N
=

G ? I > ? I M [ \ PJ 2
− BJ ]N

=
A @ > A @ M [ \ P J 2

+ BJ ]N
=

B B L > B L M [ \ P
±

J ]N
±

G F G > F B M [ \ PN Y P� ø 
 � þ û ð � 
 ô 3 � � ú � ü � ù ú û � � � � � � � û � ù û � ù � ü � þ ò ÿ � ÿ � � % � û � � � � � ÿ ù � þ 
 � û � ø � �ù � þ � w ÿ � � � ÿ ý ÿ � ø ù � þ À w � û ù ù ú û � þ û û � þ � � � ø � 
 � þ û � � û � � � � Ë t �Ë t
5 }� ñ w 
 À ' w}

õ ð � 
 � ö
5 5

ð ' 3 
 ' 3 ò � �ü ø ù ú � ø � ø ù ÿ ù ø � � ô ò
V #

� w
#

ô ñ ò
V 
 � ú û � � � ò þ ÿ � 
 û ø �Ë ^

5 6}

ó KË t
}

5 6}

ó õ ð ' 3 
 ' 3 3
3

ð ñ y ö
}5 6

ð ó ð 
 ó ò � �
ñ 
 '

}}}õ ð ñ
3

ð ñ y ö õ ô ô ñ
3

ð ñ 2

w x ö
740 Chapter 17 Linear-Digital ICs

Figure 17.26 Phase-locked loop
(PLL): (a) basic block diagram: 
(b) PLL connected as a frequency
demodulator: (c) output voltage
vs. frequency plot.
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Figure 17.27 Frequency synthesizer: (a) block diagram; (b) implementation using 565 PLL unit.
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Figure 17.28 Connection of
565 as FSK decoder.
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Figure 17.29 Interface units: (a) dual-line drivers (SN75150); (b) dual-line
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Figure 17.30 Interfacing signal standards and converter circuits.
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Figure 17.31 Connections to data lines: (a) open-collector output; (b) tri-state output.

Figure 17.32 Comparator circuit used to drive an LED.
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Figure 17.33 Analysis Setup for a dc sweep of the circuit of Fig. 17.32.

Figure 17.34 Analysis output
(edited) for circuit of Fig. 17.32.
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Program 17.3—Operation of 555 Timer as Oscillator� ø 
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Figure 17.35 Schematic for a
comparator.

Figure 17.36 Probe output for the comparator of Fig. 17.35.

Figure 17.37 Schematic of a 555 timer oscillator.
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Figure 17.38 Probe output for the 555 oscillator of Fig. 17.37.

Figure 17.39 Problem 2 Figure 17.40 Problem 4
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Feedback 

and Oscillator 
Circuits

18.1 FEEDBACK CONCEPTSH I I J K L M N O L P K I I Q R I Q S T U Q I J V W I X T U Y P Z [ \ ] Q V L W S T M Y Z L W ^ _ I I J K L M N ` L P Y P I J T Q U V a L R VM T W M Y T S P L P J I P M W T K I J T Q b O L V S I W P c d L Q J c e \ f I V I Q J T Q g U Q S O I W I Z L S T X I V U Z L W T S [ U _ S O IP T g Q L Z K I T Q g _ I J K L M N T Q S U L M T W M Y T S ^ U Q I R L [ O L X I Q I g L S T X I U W V U P T S T X I _ I I J K L M N \ h I g aL S T X I _ I I J K L M N W I P Y Z S P T Q J I M W I L P I J X U Z S L g I g L T Q ^ _ U W ` O T M O L Q Y R K I W U _ M T W M Y T S _ I L aS Y W I P L W I T R V W U X I J L P P Y R R L W T i I J K I Z U ` \ j U P T S T X I _ I I J K L M N J W T X I P L M T W M Y T S T Q S U U P aM T Z Z L S T U Q L P T Q X L W T U Y P S [ V I P U _ U P M T Z Z L S U W M T W M Y T S P \k S [ V T M L Z _ I I J K L M N M U Q Q I M S T U Q T P P O U ` Q T Q H T g \ c l \ c \ m O I T Q V Y S P T g Q L Z ^ n o ^ T P L V aV Z T I J S U L R T p I W Q I S ` U W N ^ ` O I W I T S T P M U R K T Q I J ` T S O L _ I I J K L M N P T g Q L Z ^ n q \ m O I J T _ a_ I W I Q M I U _ S O I P I P T g Q L Z P ^ n r ^ T P S O I Q S O I T Q V Y S X U Z S L g I S U S O I L R V Z T _ T I W \ k V U W S T U Q U _ S O IL R V Z T _ T I W U Y S V Y S ^ n s ^ T P M U Q Q I M S I J S U S O I _ I I J K L M N Q I S ` U W N t
b

u ^ ` O T M O V W U X T J I P L W I aJ Y M I J V U W S T U Q U _ S O I U Y S V Y S L P _ I I J K L M N P T g Q L Z S U S O I T Q V Y S R T p I W Q I S ` U W N \] _ S O I _ I I J K L M N P T g Q L Z T P U _ U V V U P T S I V U Z L W T S [ S U S O I T Q V Y S P T g Q L Z ^ L P P O U ` Q T Q H T g \c l \ c ^ Q I g L S T X I _ I I J K L M N W I P Y Z S P \ v O T Z I Q I g L S T X I _ I I J K L M N W I P Y Z S P T Q W I J Y M I J U X I W L Z ZX U Z S L g I g L T Q ^ L Q Y R K I W U _ T R V W U X I R I Q S P L W I U K S L T Q I J ^ L R U Q g S O I R K I T Q g wc \ x T g O I W T Q V Y S T R V I J L Q M I \y \ z I S S I W P S L K T Z T i I J X U Z S L g I g L T Q \{ \ ] R V W U X I J _ W I | Y I Q M [ W I P V U Q P I \d \ } U ` I W U Y S V Y S T R V I J L Q M I \e \ ~ I J Y M I J Q U T P I \� \ � U W I Z T Q I L W U V I W L S T U Q \

751

Figure 18.1 Simple block dia-
gram of feedback amplifier. 
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�

Figure 18.2 Feedback amplifier types: (a) voltage-series feedback, Af 5 Vo /Vs;
(b) voltage-shunt feedback, Af 5 Vo/Is; (c) current-series feedback, Af 5 Io/Vs; (d)
current-shunt feedback, Af 5 Io/Is. 
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Figure 18.4 Voltage-shunt 
feedback connection. 
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Figure 18.7 FET amplifier stage
with voltage-series feedback. 
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Figure 18.8 Voltage-series 
feedback in an op-amp connection. 

Figure 18.9 Voltage-series 
feedback circuit (emitter-follower). 
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Figure 18.10 Transistor amplifier with unbypassed emitter resistor (RE) for cur-
rent-series feedback: (a) amplifier circuit; (b) ac equivalent circuit without feed-
back. 
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Figure 18.11 BJT amplifier with
current-series feedback for 
Example 18.5. 
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Figure 18.12 Voltage-shunt negative feedback amplifier: (a) constant-gain cir-
cuit; (b) equivalent circuit. 
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Figure 18.13 Voltage-shunt feedback amplifier using an FET: (a) circuit; (b)
equivalent circuit. 
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Figure 18.14 Complex plane
showing typical gain-phase points. 
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Figure 18.15 Nyquist plot. 

Figure 18.16 Nyquist plots
showing stability conditions; 
(a) stable; (b) unstable. 
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Figure 18.17 Bode plots showing gain and phase margins. 
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Figure 18.18 Feedback circuit used as an oscillator. 

Figure 18.19 Buildup of steady-state oscillations. 
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Figure 18.21 Practical phase-shift oscillator circuits: (a) FET version; (b) BJT version. 
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Figure 18.22 Phase-shift 
oscillator using op-amp. 
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Figure 18.23 Wien bridge oscillator circuit using op-amp amplifier. 
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18.8 TUNED OSCILLATOR CIRCUIT
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Colpitts Oscillator
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Reactance Element
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Figure 18.25 Basic configuration
of resonant circuit oscillator. 

Figure 18.26 FET Colpitts 
oscillator. 



TRANSISTOR COLPITTS OSCILLATOR� ó ò ù û � ú � ó ñ ò 
 ñ ö ÷ ú ó ó � ñ � � ú ö ö ù ó ñ ò � ú ò � ý ú ó � ù û ü õ � ù � õ ù � � ô ñ � û ú û ð ú ø î ç í î 	 _ î � ô õ� ú ò � ý ú ó � ò õ � ý õ û � þ ñ � ñ � � ú ö ö ù ó ú ñ û ú � ø ú � õ û ü þ ! � î è ç í î æ æ ì î

77518.8 Tuned Oscillator Circuit

-

IC COLPITTS OSCILLATOR� û ñ ÷ � ù � ÷ 
 ñ ö ÷ ú ó ó � ñ � � ú ö ö ù ó ñ ò � ú ò � ý ú ó ú � � ô ñ � û ú û ð ú ø î ç í î 	 í î � ø ù ú û ÿ ó ô õ ñ ÷ � ù � ÷÷ ò ñ � ú � õ � ó ô õ ü ù � ú � ù � ÷ ö ú � ú � ù ó ú ñ û û õ õ � õ � � ô ú ö õ ó ô õ ñ � � ú ö ö ù ó ñ ò � ò õ � ý õ û � þ ú � � õ ó ü þ ù û G �� õ õ � ü ù � � û õ ó � ñ ò � ñ � ù 
 ñ ö ÷ ú ó ó � � ñ û � ú ø ý ò ù ó ú ñ û î � ô õ ñ � � ú ö ö ù ó ñ ò � ò õ � ý õ û � þ ú � ø ú � õ û ü þ ! � îè ç í î æ æ ì î

Hartley Oscillator� � ó ô õ õ ö õ � õ û ó � ú û ó ô õ ü ù � ú � ò õ � ñ û ù û ó � ú ò � ý ú ó ñ � ð ú ø î ç í î 	 � ù ò õ ` � ù û � ` � è ú û � ý � ó ñ ò � ìù û � ` � è � ù ÷ ù � ú ó ñ ò ì ÿ ó ô õ � ú ò � ý ú ó ú � ù ? ù ò ó ö õ þ ñ � � ú ö ö ù ó ñ ò î

Figure 18.27 Transistor Colpitts
oscillator. 

Figure 18.28 Op-amp Colpitts
oscillator. 
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Figure 18.29 FET Hartley oscillator. Figure 18.30 Transistor Hartley oscillator circuit. 
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Figure 18.32 Crystal impedance
versus frequency. 

Figure 18.31 Electrical equivalent
circuit of a crystal. 



Figure 18.34 Crystal-controlled 
oscillator operating in parallel-resonant
mode. 
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Figure 18.33 Crystal-controlled oscillator using crystal in series-feedback path:
(a) BJT circuit; (b) FET circuit. 
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Figure 18.35 Miller crystal-controlled os-
cillator. 

Figure 18.36 Crystal oscillator using op-amp. 
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Figure 18.38 Unijunction 
oscillator waveforms. 

Figure 18.39 Some unijunction
oscillator circuit configurations.
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19Power Supplies
(Voltage Regulators)
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Figure 19.1 Block diagram showing parts of a power supply. 
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Figure 19.2 Filter voltage 
waveform showing dc and ripple
voltages. 
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In summary, a full-wave rectified signal has less ripple than a half-wave recti-
fied signal and is thus better to apply to a filter.

Q V _ [ V T W a V [ R T ^ M
2

Y X [ [ _ [ V T W a V [ R T ^ M
}}}}Y X [ [ _ [ V T W a V [ R T ^ M

78519.2 General Filter Considerations

v w x w
EXAMPLE 19.2
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Figure 19.3 Simple capacitor
filter. 

Figure 19.4 Capacitor filter operation: (a) full-wave rectifier voltage; (b) filtered
output voltage. 

Figure 19.5 Capacitor filter: 
(a) capacitor filter circuit; (b) output
voltage waveform. 
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Figure 19.6 Approximate 
output voltage of capacitor filter
circuit. 
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Figure 19.7 Output voltage 
and diode current waveforms: 
(a) small C; (b) large C. 

Figure 19.8 RC filter stage. 
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EXAMPLE 19.6

Figure 19.9 Full-wave rectifier and RC filter circuit. 

Figure 19.10 (a) Dc and (b) ac
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Figure 19.11 RC filter circuit for Example 19.7. 
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Figure 19.12 Series regulator
block diagram. 

Figure 19.13 Series regulator
circuit. 
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Figure 19.14 Circuit for 
Example 19.8. 

EXAMPLE 19.8

Figure 19.15 Improved series regulator circuit. 
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Figure 19.16 Op-amp series regulator circuit. 

EXAMPLE 19.9
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Figure 19.17 Circuit for 
Example 19.10. 

EXAMPLE 19.10

Figure 19.18 Current-limiting voltage regulator. 
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Figure 19.19 Foldback-limiting
series regulator circuit. 

Figure 19.20 Block diagram 
of shunt voltage regulator. 
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Figure 19.21 Transistor shunt
voltage regulator. 

Figure 19.22 Circuit for Example 19.11. 

EXAMPLE 19.11
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Figure 19.23 Improved shunt voltage regulator circuit. 

Figure 19.24 Shunt voltage regulator using op-amp. 
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Figure 19.25 Block representation of three-terminal voltage regulator. 
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Figure 19.26 Connection of
7812 voltage regulator. 

Figure 19.27 112 V power supply. 
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Figure 19.28 Specification sheet data for voltage regulator ICs. 
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Figure 19.29 1 5-V power supply. 
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Figure 19.30 Connection of
LM317 adjustable-voltage 
regulator. 

EXAMPLE 19.14
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EXAMPLE 19.16
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Figure 19.32 Op-amp series regulator drawn using PSpice Design Center. 

Figure 19.33 Probe output showing voltage regulation of Fig. 19.32. 
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Figure 19.35 Probe output for
dc voltage sweep of Fig. 19.34. 

Figure 19.34 Shunt voltage 
regulator using op-amp (drawn
using PSpice Design Center). 
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Figure 20.1 Passivated 
hot-carrier diode. 
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Figure 20.2 Comparison of characteristics of hot-carrier and p-n junction diodes. 
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Figure 20.3 Schottky (hot-carrier)
diode: (a) equivalent circuit; 
(b) symbol. 

Figure 20.4 Approximate
equivalent circuit for the Schottky
diode. 
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Figure 20.5 Motorola Schottky barrier devices. (Courtesy Motorola Semiconduc-
tor Products, Incorporated.) 



Figure 20.6 Characteristic curves for Hewlett-
Packard 5082-2300 series of general-purpose 
Schottky barrier diodes. (Courtesy Hewlett-Packard
Corporation.) 
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Figure 20.7 Varicap characteristics:
C (pF) versus VR. 

Figure 20.8 Varicap diode: (a) equivalent circuit in the reverse-bias region; 
(b) symbols. 
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Figure 20.9 Electrical characteristics for a VHF/FM Fairchild varactor diode.
(Courtesy Fairchild Camera and Instrument Corporation.) 
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Figure 20.10 Characteristic curves for a VHF/FM Fairchild varactor diode.
(Courtesy Fairchild Camera and Instrument Corporation.) 
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20.4 POWER DIODESd e f g f h g f h i j k l f g m n t r m t f w t f w r x i f t w � f v r n r v h s s � o m e h i t s f o e f e r x e q � m p f g h i t e r x e qo f k � f g h o j g f t f k h i t w m n w m k f h � � s r v h o r m i w � d e f k m w o n g f � j f i o j w f m n � m p f g t r m t f wm v v j g w r i o e f g f v o r n r v h o r m i � g m v f w w � r i p e r v e h v w r x i h s w � e h u r i x ´ f g m h u f g h x f u h s j f �h g f v m i u f g o f t o m m i f w e h u r i x h i h u f g h x f m g t v s f u f s � � w i m o f t r i � e h � o f g   � p e f i j w f tr i o e r w v h � h v r o � � t r m t f w h g f i m g k h s s � g f n f g g f t o m h w � � � � �� � � � � �d e f k h | m g r o � m n o e f � m p f g t r m t f w h g f v m i w o g j v o f t j w r i x w r s r v m i l f v h j w f m n r o we r x e f g v j g g f i o � o f k � f g h o j g f � h i t £ � ° g h o r i x w � d e f e r x e f g v j g g f i o t f k h i t w g f � j r g f o e h oo e f | j i v o r m i h g f h l f s h g x f g � o m f i w j g f o e h o o e f g f r w h s m p n m g p h g t t r m t f g f w r w o h i v f � � no e f n m g p h g t g f w r w o h i v f p f g f o m m s h g x f � o e f ¬ u k s m w w f w p m j s t l f f � v f w w r u f � d e f v j g g f i ov h � h l r s r o � m n � m p f g t r m t f w v h i l f r i v g f h w f t l � � s h v r i x o p m m g k m g f r i � h g h s s f s � h i to e f £ � ° g h o r i x v h i l f r i v g f h w f t l � w o h v } r i x o e f t r m t f w r i w f g r f w �° h g r m j w o � � f w m n � m p f g t r m t f w h i t o e f r g v j g g f i o g h o r i x e h u f l f f i � g m u r t f t r i � r x �  ¡ � ¢   h � d e f e r x e o f k � f g h o j g f w g f w j s o r i x n g m k o e f e f h u � v j g g f i o g f � j r g f � r i k h i � v h w f w �o e h o e f h o w r i } w l f j w f t o m t g h p o e f e f h o h p h � n g m k o e f f s f k f i o � � n f p m n o e f u h g r m j wo � � f w m n e f h o w r i } w h u h r s h l s f h g f w e m p i r i � r x �   ¡ � ¢   l � � n e f h o w r i } w h g f i m o f k � s m � f t �w o j t t r m t f w h g f t f w r x i f t o m l f h o o h v e f t t r g f v o s � o m o e f v e h w w r w � p e r v e r i o j g i p r s s h v oh w o e f e f h o w r i } �

| �
−

� � �? ' E RB D " B A D &� �? " ' E # C $ " >  " ? $ J D ( J L D E @ A &D > @  = ' E B  ' > @ % D C D  "| �� ¬
Figure 20.11 Tuning network employing a varactor diode. 



20.5 TUNNEL DIODESd e f o j i i f s t r m t f p h w n r g w o r i o g m t j v f t l � � f m © w h } r r i ¢ s « Ò � � o w v e h g h v o f g r w o r v w � w e m p ir i � r x �   ¡ � ¢ ¹ � h g f t r n n f g f i o n g m k h i � t r m t f t r w v j w w f t o e j w n h g r i o e h o r o e h w h i f x h o r u f qg f w r w o h i v f g f x r m i � � i o e r w g f x r m i � h i r i v g f h w f r i o f g k r i h s u m s o h x f g f w j s o w r i h g f t j v o r m ir i t r m t f v j g g f i o �d e f o j i i f s t r m t f r w n h l g r v h o f t l � t m � r i x o e f w f k r v m i t j v o m g k h o f g r h s w o e h o p r s sn m g k o e f y z { | j i v o r m i h o h s f u f s m i f e j i t g f t o m w f u f g h s o e m j w h i t o r k f w o e h o m n h o � � qr v h s w f k r v m i t j v o m g t r m t f � d e r w p r s s g f w j s o r i h x g f h o s � g f t j v f t t f � s f o r m i g f x r m i � m no e f m g t f g m n k h x i r o j t f m n ¢ ¡ 2 � v k � m g o � � r v h s s � h l m j o
}� �  } o e f p r t o e m n o e r w g f x r m i n m gh o � � r v h s w f k r v m i t j v o m g t r m t f � � o r w o e r w o e r i t f � s f o r m i g f x r m i o e h o k h i � v h g g r f g w v h i¥ o j i i f s ¦ o e g m j x e � g h o e f g o e h i h o o f k � o o m w j g k m j i o � h o s m p n m g p h g t q l r h w � m o f i o r h s w o e h oh v v m j i o w n m g o e f � f h } r i o e f v j g u f m n � r x �   ¡ � ¢ ¹ � � m g v m k � h g r w m i � j g � m w f w � h o � � r v h s

81920.5 Tunnel Diodes

Figure 20.12 Power diodes and heat sinks. (Courtesy International Rectifier
Corporation.) 

Figure 20.13 Tunnel diode
characteristics. 
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Figure 20.14 Tunnel diode: (a) equivalent circuit; (b) symbols. 
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Figure 20.15 A Ge IN2939
tunnel diode. (Courtesy Powerex,
Inc.) 

Figure 20.16 Tunnel diode: (a) construction; (b) photograph. (Courtesy COM
SAT Technical Review, P. F. Varadi and T. D. Kirkendall.) 

Figure 20.17 Tunnel diode and resulting load line. 
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82520.6 Photodiodes

Figure 20.22 Photodiode 
characteristics. 

Figure 20.20 Relative spectral response for Si, Ge, and selenium as compared to
the human eye. 

Figure 20.21 Photodiode: (a)
basic biasing arrangement and
construction; (b) symbol. 
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Figure 20.23 Photodiodes (Courtesy EG&G VACTEC, Inc.) 

Figure 20.24 Il(mA) versus fc
(at Vl 5 20 V) for the photodiode
of Fig. 20.22. 
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Figure 20.25 Using a photodiode in an alarm
system. 

Figure 20.26 Using a photodiode in a counter
operation. 

Figure 20.27 Photoconductive
cell: (a) appearance; (b) symbol.
[(a) Courtesy International 
Rectifier Corporation.] 

(a)

(b)
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Figure 20.29 Voltage regulator
employing a photoconductive cell. 

Figure 20.28 Photoconductive cell-terminal characteristics (GE type B425). 
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Figure 20.31 General structure
of a semiconductor IR-emitting
diode. (Courtesy RCA Solid State
Division.) 
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Figure 20.30 Characteristics of a Clairex CdS photoconductive cell. (Courtesy
Clairex Electronics.) 
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Figure 20.33 Typical radiant intensity patterns of RCA IR-
emitting diodes. (Courtesy RCA Solid State Division.) 

Figure 20.32 Typical radiant flux versus dc forward
current for an IR-emitting diode. (Courtesy RCA Solid
State Division.) 

Figure 20.34 RCA IR-emitting
diode: (a) construction; (b) photo;
(c) symbol. (Courtesy RCA Solid
State Division.) 
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Figure 20.35 Nematic liquid crystal with no applied bias. 

Figure 20.36 Nematic liquid crystal with applied bias. 
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Figure 20.37 LCD eight-segment
digit display. 

Figure 20.38 Transmissive
field-effect LCD with no applied
bias. 
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83320.10 Solar Cells

Figure 20.41 Transmissive-type
LCD. (Courtesy RCA Solid State
Division.) Figure 20.40 Reflective field-effect

LCD with no applied bias. 

Figure 20.39 Reflective-type
LCD. (Courtesy RCA Solid State
Division.)

� ø ô ý õ ö ô ñ ñ ô � ù n o � ü ó ò ô ð û ò ÷ ó ý ý � þ ü ô õ � � ô ð ó ü û þ ò � ô û ñ ô ð ô ò ú � ø ü ó � ò ø ÷ ô ñ ó � ù û òm ô � ú � � ø ð � ó ù � � ô ü � � û ò ù ó � ý ô ø ð ü ù ò þ ÷ ô ð ù ó ù ø û ð � ô ù � � p ü ø ð � ô ù � ô � ó � ü û ò � � û ð ü ø õ ô ò ó � ý � ý ô ü ü� û � ô ò ù � ó ð ù � ô ý ø ú � ù ö ü � ó ù ù ô ò ø ð ú ù � � ô ü � ù � ô ÷ ø � ò û � ó ù ù ò ó ð ú ô � û ÷ � ó ò ô õ ù û ù � ô ý û � ö÷ ø ý ý ø � ó ù ù ò ó ð ú ô � � � ô � û ü ù ø ü ù � � ø � ó ý ý � � ø ú � ô ò ñ û ò ñ ø ô ý õ ö ô ñ ñ ô � ù þ ð ø ù ü � ó ð õ ù � ô ø ò � ô ø ú � ù ø üý ø ÷ ø ù ô õ ù û ó � û þ ù � ø ð � � � ø ý ô ý ø ú � ù ö ü � ó ù ù ô ò ø ð ú þ ð ø ù ü ó ò ô ó ÿ ó ø ý ó � ý ô þ � ù û � ø ð � ø ð � ô ø ú � ù �� ñ þ ò ù � ô ò � û ð ü ø õ ô ò ó ù ø û ð ø ð õ ø ü � ý ó � ü ø ü ù þ ò ð ö û ð ó ð õ ù þ ò ð ö û ñ ñ ù ø ÷ ô � n o � ü ó ò ô � � ó ò öó � ù ô ò ø ü ù ø � ó ý ý � ÷ þ � � ü ý û � ô ò ù � ô ð n q � ü � n o � ü ù � � ø � ó ý ý � � ó ÿ ô ò ô ü � û ð ü ô ù ø ÷ ô ü ø ð ù � ôò ó ð ú ô � 	 	 ù û 
 	 	 ÷ ü � � � ø ý ô n q � ü ó ò ô ó ÿ ó ø ý ó � ý ô � ø ù � ò ô ü � û ð ü ô ù ø ÷ ô ü � ô ý û � � 	 	 ð ü �� û � ô ÿ ô ò � ù � ô ò ô ó ò ô ð þ ÷ ô ò û þ ü ó � � ý ø � ó ù ø û ð ü � ü þ � � ó ü ø ð ó � ó ù � � � � � ô ò ô ù � ô õ ø ñ ñ ô ò ô ð � ô� ô ù � ô ô ð � 	 	 ð ü ó ð õ � 	 	 ÷ ü m
}� � �

}
û ñ ó ü ô � û ð õ p ø ü û ñ ý ø ù ù ý ô � û ð ü ô l þ ô ð � ô � � û ò ü þ � � ó � � ý ø ö� ó ù ø û ð ü � ù � ô ý û � ô ò � û � ô ò õ ô ÷ ó ð õ û ñ n o � ü ø ü ó ÿ ô ò � ó ù ù ò ó � ù ø ÿ ô � � ó ò ó � ù ô ò ø ü ù ø � � � � ô ý ø ñ ô öù ø ÷ ô û ñ n o � þ ð ø ù ü ø ü ü ù ô ó õ ø ý � ø ð � ò ô ó ü ø ð ú � ô � û ð õ ù � ô � 	 � 	 	 	

1
� û þ ò ü ý ø ÷ ø ù � � ø ð � ô ù � ô� û ý û ò ú ô ð ô ò ó ù ô õ � � n o � þ ð ø ù ü ø ü õ ô � ô ð õ ô ð ù û ð ù � ô ü û þ ò � ô û ñ ø ý ý þ ÷ ø ð ó ù ø û ð � ù � ô ò ô ø ü óú ò ô ó ù ô ò ò ó ð ú ô û ñ � û ý û ò � � û ø � ô �

20.10 SOLAR CELLSï ð ò ô � ô ð ù � ô ó ò ü � ù � ô ò ô � ó ü � ô ô ð ø ð � ò ô ó ü ø ð ú ø ð ù ô ò ô ü ù ø ð ù � ô ü û ý ó ò � ô ý ý ó ü ó ð ó ý ù ô ò ð ó ù ø ÿ ôü û þ ò � ô û ñ ô ð ô ò ú � � � � ô ð � ô � û ð ü ø õ ô ò ù � ó ù ù � ô � û � ô ò õ ô ð ü ø ù � ò ô � ô ø ÿ ô õ ñ ò û ÷ ù � ô ü þ ð ó ùü ô ó ý ô ÿ ô ý ø ü ó � û þ ù � 	 	 ÷ � � � ÷ � m � t � � ÷ � p � ø ù ø ü � ô ò ù ó ø ð ý � ó ð ô ð ô ò ú � ü û þ ò � ô ù � ó ù ò ô öl þ ø ò ô ü ñ þ ò ù � ô ò ò ô ü ô ó ò � � ó ð õ õ ô ÿ ô ý û � ÷ ô ð ù ù û ÷ ó � ø ÷ ø � ô ù � ô � û ð ÿ ô ò ü ø û ð ô ñ ñ ø � ø ô ð � � ñ ò û ÷ü û ý ó ò ù û ô ý ô � ù ò ø � ó ý ô ð ô ò ú � �� � ô � ó ü ø � � û ð ü ù ò þ � ù ø û ð û ñ ó ü ø ý ø � û ð � � � 
 þ ð � ù ø û ð ü û ý ó ò � ô ý ý ó � � ô ó ò ü ø ð � ø ú � � 	 � k � �� ü ü � û � ð ø ð ù � ô ù û � ÿ ø ô � � ô ÿ ô ò � ô ñ ñ û ò ù ø ü ÷ ó õ ô ù û ô ð ü þ ò ô ù � ó ù ù � ô ü þ ò ñ ó � ô ó ò ô ó � ô ò ö� ô ð õ ø � þ ý ó ò ù û ù � ô ü þ ð ø ü ó ÷ ó � ø ÷ þ ÷ � � ý ü û � ð û ù ô ù � ó ù ù � ô ÷ ô ù ó ý ý ø � � û ð õ þ � ù û ò � û ð ð ô � ù ô õù û ù � ô � ö ù � � ô ÷ ó ù ô ò ø ó ý ó ð õ ù � ô ù � ø � t ð ô ü ü û ñ ù � ô � ö ù � � ô ÷ ó ù ô ò ø ó ý ó ò ô ü þ � � ù � ó ù ù � ô � ô ð öü þ ò ô ù � ó ù ó ÷ ó � ø ÷ þ ÷ ð þ ÷ � ô ò û ñ � � û ù û ð ü û ñ ý ø ú � ù ô ð ô ò ú � � ø ý ý ò ô ó � � ù � ô 
 þ ð � ù ø û ð � �� � û ù û ð û ñ ý ø ú � ù ô ð ô ò ú � ø ð ù � ø ü ò ô ú ø û ð ÷ ó � � û ý ý ø õ ô � ø ù � ó ÿ ó ý ô ð � ô ô ý ô � ù ò û ð ó ð õ ø ÷ � ó ò ùù û ø ù ü þ ñ ñ ø � ø ô ð ù ô ð ô ò ú � ù û ý ô ó ÿ ô ù � ô � ó ò ô ð ù ó ù û ÷ � � � ô ò ô ü þ ý ù ø ü ó ú ô ð ô ò ó ù ø û ð û ñ ñ ò ô ô ô ý ô � öù ò û ð ü ó ð õ � û ý ô ü � � � ø ü � � ô ð û ÷ ô ð û ð � ø ý ý û � � þ ò û ð ô ó � � ü ø õ ô û ñ ù � ô 
 þ ð � ù ø û ð � ï ð ù � ô



� ö ù � � ô ÷ ó ù ô ò ø ó ý � ù � ô ð ô � ý � ú ô ð ô ò ó ù ô õ ô ý ô � ù ò û ð ü ó ò ô ÷ ø ð û ò ø ù � � ó ò ò ø ô ò ü ó ð õ � ø ý ý ÷ û ÿ ôò ó ù � ô ò ñ ò ô ô ý � ó � ò û ü ü ù � ô 
 þ ð � ù ø û ð ó ü ô � � ý ó ø ð ô õ ñ û ò ù � ô � ó ü ø � � � � 
 þ ð � ù ø û ð � ø ù � ð û ó � ö� ý ø ô õ � ø ó ü � � ü ø ÷ ø ý ó ò õ ø ü � þ ü ü ø û ð ø ü ù ò þ ô ñ û ò ù � ô � û ý ô ü ú ô ð ô ò ó ù ô õ ø ð ù � ô � ö ù � � ô ÷ ó ù ô ò ø ó ý �� � ô ò ô ü þ ý ù ø ü ó ð ø ð � ò ô ó ü ô ø ð ù � ô ÷ ø ð û ò ø ù � ö � ó ò ò ø ô ò ñ ý û � � � � ø � � ø ü û � � û ü ø ù ô ø ð õ ø ò ô � ù ø û ðù û ù � ô � û ð ÿ ô ð ù ø û ð ó ý ñ û ò � ó ò õ � þ ò ò ô ð ù û ñ ó � � � 
 þ ð � ù ø û ð � � � ø ü ø ð � ò ô ó ü ô ø ð ò ô ÿ ô ò ü ô � þ ò ò ô ð ùø ü ü � û � ð ø ð � ø ú � � 	 � k 
 � � ø ð � ô �
5

	 ó ð � � � ô ò ô û ð ù � ô ÿ ô ò ù ø � ó ý ó � ø ü ó ð õ ò ô � ò ô ü ô ð ù ü óü � û ò ù ö � ø ò � þ ø ù � û ð õ ø ù ø û ð � ù � ô � þ ò ò ô ð ù ó ù ù � ø ü ø ð ù ô ò ü ô � ù ø û ð ø ü � ó ý ý ô õ ù � ô � � � � x � z y � z } y x z } � �� u � x ó ð õ ø ü ò ô � ò ô ü ô ð ù ô õ � � ù � ô ð û ù ó ù ø û ð � � � � � ð õ ô ò û � ô ð ö � ø ò � þ ø ù � û ð õ ø ù ø û ð ü m y �
5

	 p �ù � ô � � � x � � � { x w y z ÿ û ý ù ó ú ô �   � � ø ý ý ò ô ü þ ý ù � � � ø ü ø ü ó ý û ú ó ò ø ù � ÷ ø � ñ þ ð � ù ø û ð û ñ ù � ô ø ý ý þ ÷ ø öð ó ù ø û ð � ó ü ü � û � ð ø ð � ø ú � � 	 � k k � �   � ø ü ù � ô ù ô ò ÷ ø ð ó ý ÿ û ý ù ó ú ô û ñ ó � ó ù ù ô ò � þ ð õ ô ò ð û ö ý û ó õm û � ô ð ö � ø ò � þ ø ù p � û ð õ ø ù ø û ð ü � � û ù ô � � û � ô ÿ ô ò � ø ð ù � ô ü ó ÷ ô ñ ø ú þ ò ô ù � ó ù ù � ô ü � û ò ù ö � ø ò � þ ø ù � þ ò öò ô ð ù ø ü ó ý ø ð ô ó ò ñ þ ð � ù ø û ð û ñ ù � ô ø ý ý þ ÷ ø ð ó ù ø û ð � � � ó ù ø ü � ø ù � ø ý ý õ û þ � ý ô ñ û ò ù � ô ü ó ÷ ô ø ð ö� ò ô ó ü ô ø ð ø ý ý þ ÷ ø ð ó ù ø û ð m � � ¡ ó ð õ � � � ¡ ø ð � ø ú � � 	 � k k p � � ø ý ô ù � ô � � ó ð ú ô ø ð �   � ø ü ý ô ü ü ñ û òù � ø ü ò ô ú ø û ð � � � ô ÷ ó 
 û ò ø ð � ò ô ó ü ô ø ð �   � û � � þ ò ü ñ û ò ý û � ô ò ö ý ô ÿ ô ý ø ð � ò ô ó ü ô ü ø ð ø ý ý þ ÷ ø ð ó öù ø û ð � q ÿ ô ð ù þ ó ý ý � � ó ñ þ ò ù � ô ò ø ð � ò ô ó ü ô ø ð ø ý ý þ ÷ ø ð ó ù ø û ð � ø ý ý � ó ÿ ô ÿ ô ò � ý ø ù ù ý ô ô ñ ñ ô � ù û ð �   � �ó ý ù � û þ ú � � � � � ø ý ý ø ð � ò ô ó ü ô � � ó þ ü ø ð ú ù � ô � û � ô ò � ó � ó � ø ý ø ù ø ô ü ù û ø ð � ò ô ó ü ô �� ô ý ô ð ø þ ÷ ó ð õ ü ø ý ø � û ð ó ò ô ù � ô ÷ û ü ù � ø õ ô ý � þ ü ô õ ÷ ó ù ô ò ø ó ý ü ñ û ò ü û ý ó ò � ô ý ý ü � ó ý ù � û þ ú �ú ó ý ý ø þ ÷ ó ò ü ô ð ø õ ô � ø ð õ ø þ ÷ ó ò ü ô ð ø õ ô � ó ð õ � ó õ ÷ ø þ ÷ ü þ ý ñ ø õ ô � ó ÷ û ð ú û ù � ô ò ü � ó ò ô ó ý ü û þ ü ô õ �

834 Chapter 20 Other Two-Terminal Devices

Figure 20.42 Solar cell: (a)
cross section; (b) top view. 

Figure 20.43 Short-circuit current and open-circuit voltage ver-
sus light intensity for a solar cell. 

Figure 20.44 VOC and ISC versus illumination for a solar
cell. 
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of Se, Si, and the naked eye. 

Figure 20.46 Typical solar cells
and their electrical characteristics.
(Courtesy EG&G VACTEC, Inc.) 
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Figure 20.47 International Rectifier four-cell array: (a) appearance; (b) charac-
teristics. (Courtesy International Rectifier Corporation.) 
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83720.11 Thermistors

Figure 20.48 Typical output
characteristics for silicon solar cells
of 10% efficiency having an active
area of 1 cm2. Cell temperature 
is 30°C. 

Figure 20.49 Thermistor: 
(a) typical set of characteristics;
(b) symbol. 
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Figure 20.50 Steady-state 
voltage–current characteristics 
of Fenwal Electronics BK65VI
Thermistor. (Courtesy Fenwal
Electronics, Incorporated.) 

Figure 20.51 Various types of thermistors: (1) beads; (2) glass probes; (3)
iso-curve interchangeable probes and beads; (4) disks; (5) washers; (6) rods;
(7) specially mounted beads; (8) vacuum and gas-filled probes; (9) special
probe assemblies. (Courtesy Fenwal Electronics, Incorporated.) 
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Figure 20.52 Temperature-indicating
circuit.
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21 pnpn
and Other Devices

842

21.1 INTRODUCTIONï ð ù � ø ü � � ó � ù ô ò � ó ð þ ÷ � ô ò û ñ ø ÷ � û ò ù ó ð ù õ ô ÿ ø � ô ü ð û ù õ ø ü � þ ü ü ô õ ø ð õ ô ù ó ø ý ø ð ô ó ò ý ø ô ò � � ó � öù ô ò ü ó ò ô ø ð ù ò û õ þ � ô õ � � � ô ù � û ö ý ó � ô ò ü ô ÷ ø � û ð õ þ � ù û ò õ ø û õ ô � ó ü ý ô õ ù û ù � ò ô ô ö � ñ û þ ò ö � ó ð õô ÿ ô ð ñ ø ÿ ô ö ý ó � ô ò õ ô ÿ ø � ô ü � � ñ ó ÷ ø ý � û ñ ñ û þ ò ö ý ó � ô ò � � � � õ ô ÿ ø � ô ü � ø ý ý ñ ø ò ü ù � ô � û ð ü ø õ ô ò ô õ Ä� o � m ü ø ý ø � û ð ö � û ð ù ò û ý ý ô õ ò ô � ù ø ñ ø ô ò p � � o � m ü ø ý ø � û ð ö � û ð ù ò û ý ý ô õ ü � ø ù � � p � Ã � j m ú ó ù ô ù þ ò ð öû ñ ñ ü � ø ù � � p � n � � o � m ý ø ú � ù ö ó � ù ø ÿ ó ù ô õ � o � p � ñ û ý ý û � ô õ � � ó ð ø ð � ò ô ó ü ø ð ú ý � ø ÷ � û ò ù ó ð ù õ ô öÿ ø � ô � ù � ô � ` � m þ ð ø 
 þ ð � ù ø û ð ù ò ó ð ü ø ü ù û ò p � � � û ü ô ñ û þ ò ö ý ó � ô ò õ ô ÿ ø � ô ü � ø ù � ó � û ð ù ò û ý ÷ ô � � öó ð ø ü ÷ ó ò ô � û ÷ ÷ û ð ý � ò ô ñ ô ò ò ô õ ù û ó ü x � � � y � x � � � � ó ý ù � û þ ú � ù � ô ù ô ò ÷ ø ü ÷ û ü ù ñ ò ô l þ ô ð ù ý �ó � � ý ø ô õ ù û ù � ô � o � m ü ø ý ø � û ð ö � û ð ù ò û ý ý ô õ ò ô � ù ø ñ ø ô ò p � � � ô � � ó � ù ô ò � ý û ü ô ü � ø ù � ó ð ø ð ù ò û öõ þ � ù ø û ð ù û ù � ô � � û ù û ù ò ó ð ü ø ü ù û ò � û � ù û ö ø ü û ý ó ù û ò ü � ó ð õ ù � ô a � � m � ò û ú ò ó ÷ ÷ ó � ý ô þ ð ø 
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84321.3 Basic Silicon-Controlled Rectifier Operation

Figure 21.1 (a) SCR symbol; (b) basic construction.

Figure 21.2 SCR two-transistor
equivalent circuit.
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Figure 21.3 “Off” state of the SCR.

Figure 21.4 “On” state of
the SCR.
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The two general methods for turning off an SCR are categorized as the anode
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Figure 21.5 Anode current
interruption.

Figure 21.6 Forced-commutation technique.
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Figure 21.7 SCR characteristics.
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Figure 21.8 SCR gate characteristics (GE series C38).
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Figure 21.9 (a) Alloy-diffused SCR pellet; (b) thermal fatigue-free SCR construc-
tion. (Courtesy General Electric Company.)

Figure 21.10 SCR case construction and terminal identification. [(a) Courtesy
General Electric Company; (b) and (c) courtesy International Rectifier Corporation.]
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Figure 21.11 Half-wave series static switch.

Figure 21.12 Half-wave variable-resistance phase control.
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Figure 21.13 Battery-charging regulator.
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Figure 21.14 Temperature controller.
(Courtesy General Electric 
Semiconductor Products Division.)

Figure 21.15 Single-source emergency-lighting system. (Courtesy General Elec-
tric Semiconductor Products Division.)
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Figure 21.16 Silicon-controlled switch (SCS): (a) basic construction; (b) graphic
symbol; (c) equivalent transistor circuit.
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Figure 21.17 SCS turn-off techniques.

Figure 21.18 SCS alarm circuit.



854 Chapter 21 pnpn and Other Devices

Figure 21.19 Alarm circuit.
(Courtesy General Electric 
Semiconductor Products 
Division.)

Figure 21.20 Silicon-controlled
switch (SCS): (a) device; (b) terminal
identification. (Courtesy General
Electric Company.)

Figure 21.21 Gate turn-off
switch (GTO): (a) basic 
construction; (b) symbol.
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Figure 21.22 Typical GTO and
its terminal identification. 
(Courtesy General Electric 
Company.)

Figure 21.23 GTO sawtooth generator.
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Figure 21.24 Light-activated SCR (LASCR): (a) basic construction; (b) symbols.

Figure 21.25 LASCR: (a) appearance and terminal identification; (b) light- 
triggering characteristics. (Courtesy General Electric Company.)
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Figure 21.26 LASCR optoelectronic logic circuitry: (a) AND gate: input to
LASCR1 and LASCR2 required for energization of the load; (b) OR gate: input to
either LASCR1 or LASCR2 will energize the load.

Figure 21.27 Latching relay.
(Courtesy Powerex, Inc.)
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Figure 21.28 Shockley diode: (a) basic construction and symbol; (b) characteristics.

Figure 21.29 Shockley diode
application—trigger switch for an
SCR.
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Figure 21.30 Diac: 
(a) characteristics; (b) symbols
and basic construction. (Courtesy
General Electric Company.)
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Figure 21.31 Proximity detector
or touch switch. (Courtesy 
Powerex, Inc.)

Figure 21.32 Effect of capacitive
element on the behavior of the
network of Fig. 21.31.
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Figure 21.33 Triac: (a) symbol;
(b) basic construction; 
(c) characteristics; (d) photographs.



86121.13 Unijunction Transistor

Figure 21.33 Continued

Figure 21.34 Triac application: phase (power) control.
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Figure 21.38 UJT static emitter-characteristic curve.
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Figure 21.39 Typical static emitter-characteristic curves for a UJT.
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86521.13 Unijunction Transistor

Figure 21.40 UJT: (a) appearance; (b) specification sheet; (c) terminal identifica-
tion. (Courtesy General Electric Company.)

Figure 21.41 UJT triggering of an SCR.
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Figure 21.42 Load line for a triggering
application.
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Figure 21.44 (a) Charging and discharging phases for trigger network of Fig.
21.41; (b) equivalent network when UJT turns on.

Figure 21.43 Triggering 
network when IE > 0 A.
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Figure 21.45 Reduced equiva-
lent network when UJT turns on.
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EXAMPLE 21.2
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Figure 21.46 Example 21.1

Figure 21.47 Network to deter-
mine VP, the voltage required to
turn on the UJT.
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Figure 21.48 The voltage vC for
the relaxation oscillator of Fig.
21.46.
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Figure 21.49 The voltage vR2

for the relaxation oscillator of Fig. 21.46.

Figure 21.50 Phototransistor:
(a) collector characteristics
(MRD300); (b) symbol. (Courtesy
Motorola, Inc.)
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Figure 21.51 Phototransistor: (a) base current versus flux density; (b) device;
(c) terminal identification; (d) angular alignment. (Courtesy Motorola, Inc.)

Figure 21.52 High-isolation
AND gate employing phototran-
sistors and light-emitting diodes
(LEDs).
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Figure 21.54 Litronix IL-1 opto-isolator.

Figure 21.55 Dark current
(ICEO) versus temperature.

Figure 21.56 Transfer 
characteristics.

Figure 21.57 Detector output
characteristics.
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Figure 21.58 Switching time
versus collector current.
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Figure 21.59 Relative output
versus temperature.

Figure 21.60 Opto-isolators: (a) photodiode; (b) photo-Darlington; (c) photo-SCR.

Figure 21.61 Programmable
UJT (PUT).
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Figure 21.62 Basic biasing
arrangement for the PUT.

Figure 21.63 PUT
characteristics.
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Figure 21.64 Thévenin 
equivalent for the network to the
right of the gate terminal in 
Fig. 21.62.
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Figure 21.65 PUT relaxation
oscillator.

Figure 21.66 Charging wave
for the capacitor C of Fig. 21.65.
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Figure 21.67 Waveforms 
for PUT oscillator of Fig. 21.65.
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Figure 21.68 Waveforms for
the oscillator of Example 21.3.
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Figure 22.6 Display of
sinusoidal vertical input and
horizontal sweep input: (a) display
of vertical input signal using linear
sweep signal for horizontal
deflection; (b) scope display for a
sinusoidal vertical input and a
horizontal sweep speed equal to
one-half that of the vertical signal.



Î � � � ¦ � ¤ � � ¡ � ± � � � � � � � ¯ � � � ¨ � · ² ½ º » � ¤ � ® � � ¤ � � ¯ � ¤ ­ � � ¯ � ¦ � ¬ ¤ � ± � � ¤ ¨ � ¡ � � ± � � « ¨ ¦ � ²Å ® � � � � ¤ � µ¿ � � · ½ º » �¿ ´ � ¼ ½ º » �¿ � � ¶ ½ º » �Ï Ð Ñ Ò Ó Ô Ð Õ¿ � � ¾ ¡ � � � ¡ � � ± � � ¤ ­ � � ¯ � ¡ � ¬ � � ¡ � � � � � ¨ ¦ � Å ® � � � � ª � ¨ ® ¯ ¯ � � � ¯ � ± ¤ ¯ ¯ ´ � � � � � �¿ ´ � ¾ ¡ � � � ¡ � � ± � � « ¨ ¦ � Å ® � � � � ¤ � ¤ � � ¦ � � � � � � � ¼ ½ º » ª � ¡ � ¯ ¨ ² � � � ¯ � ± ¤ ¯ ¯ ´ � � � � � �¿ � � ¾ ¡ � � � ¡ � � ± � � « ¨ ¦ � Å ® � � � � ¤ � ¦ � � ® � � � � � ¶ ½ º » ª � ± � � � � ¯ � � ± ¤ ¯ ¯ ´ � � � � � �¸ ¤ ­ ® ¦ � · · � Ö � ¡ � ± � � « ® ¯ � � ² � � « � ± � ¬ � ¨ � ¦ � � « « ¯ ¤ � � � � ¬ � ¦ � ¤ � � ¯ ¤ � « ® � ± ¤ � ¡ � ¡ � ¦ ¤ ²» � � � � ¯ � ± � � « ª ¦ � � ® ¯ � ¤ � ­ ¤ � � � � � « � � ¤ � « ¯ � � � ¨ � ¡ � « ® ¯ � � � ¤ ­ � � ¯ �   ¡ � � ® � ´ � ¦ ¤ � ­ � � � � � ¡± � ¬ � ¨ � ¦ � « � ¦ � ¤ � � ¨ � ¯ ¯ � ± ¤ � ­ � ¡ � � ¤ � « ¯ � � ¨ � ¦ ¬ � ¦ ¤ � � ¤ � � � ¨ ¤ � « ® � � � � � ± � � « ¬ � ¯ � � ­ � � ® ¦ ²¤ � ­ � � � � � � ¯ � �

88922.5 Synchronization and Triggering

22.5 SYNCHRONIZATION AND
TRIGGERING³ ¢ £ © � ¤ � « ¯ � � � � � ´ � � � È ® � � � � ´ � � � � � ¤ � ­ � ¡ � � ± � � « � « � � � ¿ ¨ ¦ � Å ® � � � � � � � � ¤ � « ¯ � �� ¤ � ¡ � ¦ � � � � � � ¯ � ª � � ® � ´ � ¦ � ¨ � � � ¯ � � ª � ¦ « � ¦ � � ¨ � � � � ¯ � �   ¡ ¤ � ¤ � � ¬ � ¦ � ¬ � ¯ ® � ´ ¯ � ¨ � � ²� ® ¦ � � ¨ � ¡ � ¢ £ © � ¸ ¤ ­ ® ¦ � · · � × � ¡ � ± � � ¡ � � ¤ � « ¯ � � ¦ � � ® ¯ � ¤ � ­ ¨ � ¦ � ¨ � ± � � � ¯ � � � ¨ � ¡ �� ± � � « � ¤ ­ � � ¯ � Ø � � ¡ � ¤ � � � ¡ � ¡ � ¦ ¤ » � � � � ¯ � � ± � � � � ¡ � ± � � « ¬ � ¯ � � ­ � ­ � � � � ¡ ¦ � ® ­ ¡ � ¯ ¤ � ²� � ¦ � ± � � « � � � ¯ � ¿ ¨ ¦ � � � � Á ¤ � ® � � � ­ � � ¤ ¬ � � � » � ¦ � � � � � Á ¤ � ® � « � � ¤ � ¤ ¬ � � ª � ¡ � � ¯ � � ²� ¦ � � ´ � � � ¤ � � � ® � � � � � � � ¬ � ¡ � ¦ ¤ » � � � � ¯ ¯ � � � ¦ � � � � ¡ � � ® ´ � ¨ � � � ª ¨ ¦ � � ¯ � ¨ � � � � � � � � ¦ � �¦ ¤ ­ ¡ � �   ¡ � � � ± � � � � ¡ ¬ � ¯ � � ­ � � ¡ � � � ¦ � « � Å ® ¤ � ½ ¯ � ´ � � ½ � � � ¡ � � � ­ � � ¤ ¬ � � � � ¦ � ¤ � ­ ¬ � ¯ � � ­ � ª± ¤ � ¡ � ¡ � ´ � � � ´ � � ½ � � � ¡ � ¯ � ¨ � � ¤ � � � Î ® ¦ ¤ � ­ � ¡ � � ¤ � � � ¡ � � ± � � « ¬ � ¯ � � ­ � ­ � � � Å ® ¤ � ½ ¯ �
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Figure 22.7 Use of the linear
sweep for a pulse-type waveform.
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Figure 22.8 Steady scope
display—input and sweep
signals synchronized.

Figure 22.9 Sweep frequency
too low—apparent drift to left.
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Figure 22.10 Sweep frequency too high—apparent drift to right.

Figure 22.11 Block diagram showing trigger operation of scope.
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Figure 22.12 Triggering at var-
ious points of signal level (Note:
sine starts at same point in cycle
each sweep and is therefore syn-
chronized): (a) positive-going
zero level; (b) negative-going zero
level; (c) positive-voltage trigger
level; (d) negative-voltage trigger
level.

Figure 22.13 Triggered sweep.
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Figure 22.14 Alternate and chopped mode displays for dual-trace operation: (a)
alternate mode for dual-trace using single electron beam; (b) chopped mode for
dual-trace using single electron beam.
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EXAMPLE 22.2

Ï Ð Ñ Ò Ó Ô Ð Õ  ¡ � « � � ½ ² � � ² « � � ½ � � « ¯ ¤ � ® � � ¤ �·
3

· � Ì � � 3 Ë � Ä � � � 5 � � � �
Note that a scope provides easy measurement of peak-to-peak values, whereas
a multimeter typically provides measurement of rms (for a sinusoidal wave-
form).

Figure 22.15 Calibrated
scope face.

Figure 22.16 Waveform for
Example 22.2.
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Figure 22.22 Operation of de-
layed sweep—block diagram.

Figure 22.23 Main and 
delayed sweeps.
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EXAMPLE 22.8

Figure 22.26 Sinusoidal waveform generator with adjustable frequency and amplitude.



90122.9 Signal Generators

Figure 22.27 TTL signal waveform generator.
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