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Figure 6.60 Universal curve for Examples 6.19 and 6.20.

EXAMPLE 6.20

Figure 6.61 Example 6.20.
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Figure 6.62 JFET voltage-divider con-
figuration with PSpice Windows results
for the dc levels.
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2956.13 PSpice Windows

Figure 6.63 Verifying
the hand-calculated solu-
tion of Example 6.13 us-
ing PSpice Windows.

Enhancement MOSFETl � n � � � � � � � � � 1 4 � 4 0 � � � � � = � � � � g � � � � � � � � � 6 � � � : � 5 � � � � � � � = 4 � � � � � � � ¶ � ; � (� � � � � � � � � � � � � 1 0 � i � � � � � � � � j k g � � � � � = � � � � � � � � F D � A � � � � � : � � � 1 � � � � 4 � � � � � � � �5 � � � � � � � � � � � � � 4 � � � 4 6 � � � : � � : � � � � � � : 1 � � � 4 � � = � � � � � � � � � � � 6 � � ) � � � � � � � � � . �
Figure 6.64 Network employed to obtain the char-
acteristics of the IRF150 enhancement-type n-channel
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Figure 6.65 Characteristics of the IRF500 MOSFET of Figure 6.64 with a load line defined by the
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Figure 6.66 Feedback-biasing arrangement em-
ploying an IRF150 enhancement-type MOSFET.
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Figure 6.67 Problems 1, 35ë ¿ À Á Â Ã Ä Å Æ Ç È Å É Ê Ë Ç Ì Í Î Á Ï Æ Ç Ð Ñ Â Ì Ã Ç Á Ï Á Æ À Ç Ð Ò Ó Ò Ó ì é É Å Ã Å Â Ü Ç Ï Å ÕÖ Ì × à á â Ì Ï É ã í ä â Ñ Í Ç Ï Ð Ì Û Ñ Â Å æ ç Ü Ì Ã Ä Å Ü Ì Ã Ç Î Ì æ Ì Û Û Â Á Ì Î Ä ÒÖ Ë × î Å Û Å Ì Ã Û Ì Â Ã Ö Ì × Ñ Í Ç Ï Ð Ì Ð Â Ì Û Ä Ç Î Ì æ Ì Û Û Â Á Ì Î Ä Ì Ï É Î Á Ü Û Ì Â Å Â Å Í Ñ æ Ã Í ÒÖ Î × À Ç Ï É ã á ä é ã á é ã í é Ì Ï É ã ä Ñ Í Ç Ï Ð Ã Ä Å Â Å Í Ñ æ Ã Í Á Æ Û Ì Â Ã Ö Ì × Ò

Figure 6.68 Problem 2

Figure 6.69 Problem 3
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Figure 6.72 Problems 6, 7, 36

Figure 6.70 Problem 4 Figure 6.71 Problem 5
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Figure 6.73 Problem 8 Figure 6.74 Problem 9 Figure 6.75 Problem 10ú ¾ ¾ ¿ À Ç Ï É ã ä Æ Á Â Ã Ä Å Ï Å Ã Ý Á Â Ù Á Æ À Ç Ð Ò Ó Ò Ô Ó Ò
Figure 6.76 Problem 11

§ 6.4 Voltage-Divider Biasing¾ ë ¿ À Á Â Ã Ä Å Ï Å Ã Ý Á Â Ù Á Æ À Ç Ð Ò Ó Ò Ô Ô é É Å Ã Å Â Ü Ç Ï Å ÕÖ Ì × ã í ÒÖ Ë × à á â Ì Ï É ã í ä â ÒÖ Î × ã á Ì Ï É ã ä ÒÖ É × ã á ä â Ò
Figure 6.77 Problems 12, 13¾ ï ¿ Ö Ì × î Å Û Å Ì Ã ý Â Á Ë æ Å Ü õ ÷ Ý Ç Ã Ä � ä
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Figure 6.78 Problem 14 Figure 6.79 Problems 15, 37
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§ 6.5 Depletion-Type MOSFETs¾ û ¿ À Á Â Ã Ä Å Í Å æ Æ Ê Ë Ç Ì Í Î Á Ï Æ Ç Ð Ñ Â Ì Ã Ç Á Ï Á Æ À Ç Ð Ò Ó Ò ì õ é É Å Ã Å Â Ü Ç Ï Å ÕÖ Ì × à á â Ì Ï É ã í ä â ÒÖ Ë × ã á ä Ì Ï É ã á Ò
 ¾ þ ¿ À Á Â Ã Ä Å Ï Å Ã Ý Á Â Ù Á Æ À Ç Ð Ò Ó Ò ì ÷ é É Å Ã Å Â Ü Ç Ï Å ÕÖ Ì × à á â Ì Ï É ã í ä â ÒÖ Ë × ã á ä Ì Ï É ã ä Ò
Figure 6.80 Problem 16

Figure 6.81 Problem 17 Figure 6.82 Problem 18
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§  6.6 Enhancement-Type MOSFETs¾ � ¿ À Á Â Ã Ä Å Ï Å Ã Ý Á Â Ù Á Æ À Ç Ð Ò Ó Ò ì ÿ é É Å Ã Å Â Ü Ç Ï Å ÕÖ Ì × à á â ÒÖ Ë × ã í ä â Ì Ï É ã á ä â ÒÖ Î × ã á Ì Ï É ã ä ÒÖ É × ã á ä Òë � ¿ À Á Â Ã Ä Å Ú Á æ Ã Ì Ð Å Ê É Ç Ú Ç É Å Â Î Á Ï Æ Ç Ð Ñ Â Ì Ã Ç Á Ï Á Æ À Ç Ð Ò Ó Ò ì � é É Å Ã Å Â Ü Ç Ï Å ÕÖ Ì × à á â Ì Ï É ã í ä â ÒÖ Ë × ã á Ì Ï É ã ä Ò

301Problems

Figure 6.83 Problem 19
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Figure 6.84 Problem 20

Figure 6.85 Problem 21
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Figure 6.86 Problem 22

§ 6.9 Design
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§ 6.10 Troubleshooting
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Figure 6.87 Problem 26
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Figure 6.91 Problem 30

Figure 6.88 Problem 27 Figure 6.89 Problem 28

§ 6.11 p-Channel FETsë � ¿ À Á Â Ã Ä Å Ï Å Ã Ý Á Â Ù Á Æ À Ç Ð Ò Ó Ò ñ ó é É Å Ã Å Â Ü Ç Ï Å ÕÖ Ì × à á â Ì Ï É ã í ä â ÒÖ Ë × ã á ä ÒÖ Î × ã á Òï � ¿ À Á Â Ã Ä Å Ï Å Ã Ý Á Â Ù Á Æ À Ç Ð Ò Ó Ò ñ õ é É Å Ã Å Â Ü Ç Ï Å ÕÖ Ì × à á â Ì Ï É ã í ä â ÒÖ Ë × ã á ä ÒÖ Î × ã á Ò

Figure 6.90 Problem 29

§ 6.12 Universal JFET Bias Curveï ¾ ¿ î Å Û Å Ì Ã ý Â Á Ë æ Å Ü õ Ñ Í Ç Ï Ð Ã Ä Å Ñ Ï Ç Ú Å Â Í Ì æ � À � ü Ë Ç Ì Í Î Ñ Â Ú Å Òï ë ¿ î Å Û Å Ì Ã ý Â Á Ë æ Å Ü Ó Ñ Í Ç Ï Ð Ã Ä Å Ñ Ï Ç Ú Å Â Í Ì æ � À � ü Ë Ç Ì Í Î Ñ Â Ú Å Òï ï ¿ î Å Û Å Ì Ã ý Â Á Ë æ Å Ü õ ÷ Ñ Í Ç Ï Ð Ã Ä Å Ñ Ï Ç Ú Å Â Í Ì æ � À � ü Ë Ç Ì Í Î Ñ Â Ú Å Òï ò ¿ î Å Û Å Ì Ã ý Â Á Ë æ Å Ü õ � Ñ Í Ç Ï Ð Ã Ä Å Ñ Ï Ç Ú Å Â Í Ì æ � À � ü Ë Ç Ì Í Î Ñ Â Ú Å Ò



§  6.13 PSpice Windowsï ô ¿ ý Å Â Æ Á Â Ü Ì ý Ø Û Ç Î Å � Ç Ï É Á Ý Í Ì Ï Ì æ ç Í Ç Í Á Æ Ã Ä Å Ï Å Ã Ý Á Â Ù Á Æ ý Â Á Ë æ Å Ü õ Òï ö ¿ ý Å Â Æ Á Â Ü Ì ý Ø Û Ç Î Å � Ç Ï É Á Ý Í Ì Ï Ì æ ç Í Ç Í Á Æ Ã Ä Å Ï Å Ã Ý Á Â Ù Á Æ ý Â Á Ë æ Å Ü Ó Òï û ¿ ý Å Â Æ Á Â Ü Ì ý Ø Û Ç Î Å � Ç Ï É Á Ý Í Ì Ï Ì æ ç Í Ç Í Á Æ Ã Ä Å Ï Å Ã Ý Á Â Ù Á Æ ý Â Á Ë æ Å Ü õ � Ò+ , | ~ { - ~ y ^ a ~ . L - a ~ z _ - 	 - _ ` � _ � { a ~ K ^ z ~ � _ x x _ � � | a ] z ^ / | ~ K - S
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C H A P T E R

7BJT Transistor
Modeling

7.1 INTRODUCTION0 1 2 3 4 5 6 7 7 8 9 5 : ; < 7 : 6 8 9 = 4 > > 2 4 ; 4 9 7 2 = 4 9 ? 7 1 4 ; 4 7 : 2 ; 6 5 : 6 7 5 8 @ : 1 2 : ; 4 9 5 6 5 : 8 ; A 2 ; 2 6 9 : ; 8 B? < 7 2 ? 6 9 C 1 4 > : 2 ; D E 0 1 2 ? 7 3 6 4 5 6 9 F 8 @ : 1 2 ? 2 G 6 7 2 A 4 5 : 1 2 9 2 H 4 I 6 9 2 ? 6 9 ? 2 : 4 6 J 6 9 C 1 4 > B: 2 ; K E L 2 9 8 A 3 2 F 6 9 : 8 2 H 4 I 6 9 2 : 1 2 M N O P P Q M R S T O P 4 7 ; 2 5 > 8 9 5 2 8 @ : 1 2 U V 0 4 I > J 6 @ 6 2 ; 3 W; 2 G 6 2 A 6 9 F : 1 2 N X Y Z P M I 8 5 : @ ; 2 [ < 2 9 : J W < 5 2 ? : 8 ; 2 > ; 2 5 2 9 : : 1 2 : ; 4 9 5 6 5 : 8 ; 6 9 : 1 2 5 6 9 < 5 8 6 ? 4 J4 7 ? 8 I 4 6 9 E\ 9 2 8 @ 8 < ; @ 6 ; 5 : 7 8 9 7 2 ; 9 5 6 9 : 1 2 5 6 9 < 5 8 6 ? 4 J 4 7 4 9 4 J W 5 6 5 8 @ : ; 4 9 5 6 5 : 8 ; 9 2 : A 8 ; ] 56 5 : 1 2 I 4 F 9 6 : < ? 2 8 @ : 1 2 6 9 > < : 5 6 F 9 4 J E ^ : A 6 J J ? 2 : 2 ; I 6 9 2 A 1 2 : 1 2 ; M N O P P Q M R S T O P 8 ; P O _ S Z QM R S T O P : 2 7 1 9 6 [ < 2 5 5 1 8 < J ? 3 2 4 > > J 6 2 ? E 0 1 2 ; 2 6 5 9 8 5 2 : ? 6 G 6 ? 6 9 F J 6 9 2 3 2 : A 2 2 9 : 1 2 : A 8 =3 < : : 1 2 4 > > J 6 7 4 : 6 8 9 ` ` 4 9 ? : 1 2 I 4 F 9 6 : < ? 2 8 @ : 1 2 G 4 ; 6 4 3 J 2 5 8 @ 6 9 : 2 ; 2 5 : ; 2 J 4 : 6 G 2 : 8 : 1 25 7 4 J 2 5 8 @ : 1 2 ? 2 G 6 7 2 7 1 4 ; 4 7 : 2 ; 6 5 : 6 7 5 ` ` A 6 J J < 5 < 4 J J W I 4 ] 2 6 : [ < 6 : 2 7 J 2 4 ; A 1 6 7 1 I 2 : 1 8 ? 6 54 > > ; 8 > ; 6 4 : 2 E 0 1 2 5 I 4 J J B 5 6 F 9 4 J : 2 7 1 9 6 [ < 2 6 5 6 9 : ; 8 ? < 7 2 ? 6 9 : 1 6 5 7 1 4 > : 2 ; = 4 9 ? J 4 ; F 2 B 5 6 F 9 4 J4 > > J 6 7 4 : 6 8 9 5 4 ; 2 2 H 4 I 6 9 2 ? 6 9 C 1 4 > : 2 ; a b E0 1 2 ; 2 4 ; 2 : A 8 I 8 ? 2 J 5 7 8 I I 8 9 J W < 5 2 ? 6 9 : 1 2 5 I 4 J J B 5 6 F 9 4 J 4 7 4 9 4 J W 5 6 5 8 @ : ; 4 9 5 6 5 B: 8 ; 9 2 : A 8 ; ] 5 c : 1 2 _ d I 8 ? 2 J 4 9 ? : 1 2 e f g _ R Y Z h i R j O P Z T k I 8 ? 2 J E 0 1 6 5 7 1 4 > : 2 ; 9 8 : 8 9 J W 6 9 B: ; 8 ? < 7 2 5 3 8 : 1 I 8 ? 2 J 5 3 < : ? 2 @ 6 9 2 5 : 1 2 ; 8 J 2 8 @ 2 4 7 1 4 9 ? : 1 2 ; 2 J 4 : 6 8 9 5 1 6 > 3 2 : A 2 2 9 : 1 2: A 8 E
7.2 AMPLIFICATION IN THE AC DOMAIN^ : A 4 5 ? 2 I 8 9 5 : ; 4 : 2 ? 6 9 C 1 4 > : 2 ; D : 1 4 : : 1 2 : ; 4 9 5 6 5 : 8 ; 7 4 9 3 2 2 I > J 8 W 2 ? 4 5 4 9 4 I > J 6 @ W B6 9 F ? 2 G 6 7 2 E 0 1 4 : 6 5 = : 1 2 8 < : > < : 5 6 9 < 5 8 6 ? 4 J 5 6 F 9 4 J 6 5 F ; 2 4 : 2 ; : 1 4 9 : 1 2 6 9 > < : 5 6 F 9 4 J 8 ; =5 : 4 : 2 ? 4 9 8 : 1 2 ; A 4 W = : 1 2 8 < : > < : 4 7 > 8 A 2 ; 6 5 F ; 2 4 : 2 ; : 1 4 9 : 1 2 6 9 > < : 4 7 > 8 A 2 ; E 0 1 2 [ < 2 5 B: 6 8 9 : 1 2 9 4 ; 6 5 2 5 4 5 : 8 1 8 A : 1 2 4 7 > 8 A 2 ; 8 < : > < : 7 4 9 3 2 F ; 2 4 : 2 ; : 1 4 9 : 1 2 6 9 > < : 4 7 > 8 A 2 ; lC 8 9 5 2 ; G 4 : 6 8 9 8 @ 2 9 2 ; F W ? 6 7 : 4 : 2 5 : 1 4 : 8 G 2 ; : 6 I 2 : 1 2 : 8 : 4 J > 8 A 2 ; 8 < : > < : = m n = 8 @ 4 5 W 5 : 2 I7 4 9 9 8 : 3 2 F ; 2 4 : 2 ; : 1 4 9 6 : 5 > 8 A 2 ; 6 9 > < : = m o = 4 9 ? : 1 4 : : 1 2 2 @ @ 6 7 6 2 9 7 W ? 2 @ 6 9 2 ? 3 W

h 5
m n p m o7 4 9 9 8 : 3 2 F ; 2 4 : 2 ; : 1 4 9 a E 0 1 2 @ 4 7 : 8 ; I 6 5 5 6 9 F @ ; 8 I : 1 2 ? 6 5 7 < 5 5 6 8 9 4 3 8 G 2 : 1 4 : > 2 ; I 6 : 54 9 4 7 > 8 A 2 ; 8 < : > < : F ; 2 4 : 2 ; : 1 4 9 : 1 2 6 9 > < : 4 7 > 8 A 2 ; 6 5 : 1 2 4 > > J 6 2 ? ? 7 > 8 A 2 ; E ^ : 6 5 47 8 9 : ; 6 3 < : 8 ; : 8 : 1 2 : 8 : 4 J 8 < : > < : > 8 A 2 ; 2 G 2 9 : 1 8 < F 1 > 4 ; : 8 @ 6 : 6 5 ? 6 5 5 6 > 4 : 2 ? 3 W : 1 2 ? 2 BG 6 7 2 4 9 ? ; 2 5 6 5 : 6 G 2 2 J 2 I 2 9 : 5 E ^ 9 8 : 1 2 ; A 8 ; ? 5 = : 1 2 ; 2 6 5 4 9 q 2 H 7 1 4 9 F 2 r 8 @ ? 7 > 8 A 2 ; : 8 : 1 24 7 ? 8 I 4 6 9 : 1 4 : > 2 ; I 6 : 5 2 5 : 4 3 J 6 5 1 6 9 F 4 1 6 F 1 2 ; 8 < : > < : 4 7 > 8 A 2 ; E ^ 9 @ 4 7 : = 4 s X T j Z _ M R X TZ t t R s R Z T s f 6 5 ? 2 @ 6 9 2 ? 3 W

h 5
m n u v w x y m o u z w x = A 1 2 ; 2 m n u v w x 6 5 : 1 2 4 7 > 8 A 2 ; : 8 : 1 2 J 8 4 ? 4 9 ?m o u z w x 6 5 : 1 2 ? 7 > 8 A 2 ; 5 < > > J 6 2 ? E{ 2 ; 1 4 > 5 : 1 2 ; 8 J 2 8 @ : 1 2 ? 7 5 < > > J W 7 4 9 3 2 5 : 3 2 ? 2 5 7 ; 6 3 2 ? 3 W @ 6 ; 5 : 7 8 9 5 6 ? 2 ; 6 9 F : 1 25 6 I > J 2 ? 7 9 2 : A 8 ; ] 8 @ | 6 F E } E a E 0 1 2 ; 2 5 < J : 6 9 F ? 6 ; 2 7 : 6 8 9 8 @ @ J 8 A 6 5 6 9 ? 6 7 4 : 2 ? 6 9 : 1 2 @ 6 F B< ; 2 A 6 : 1 4 > J 8 : 8 @ : 1 2 7 < ; ; 2 9 : R G 2 ; 5 < 5 : 6 I 2 E ~ 2 : < 5 9 8 A 6 9 5 2 ; : 4 7 8 9 : ; 8 J I 2 7 1 4 9 6 5 I
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Figure 7.1 Steady current 
established by a dc supply.



� 5 < 7 1 4 5 : 1 4 : 5 1 8 A 9 6 9 | 6 F E } E � E 0 1 2 7 8 9 : ; 8 J I 2 7 1 4 9 6 5 I 6 5 5 < 7 1 : 1 4 : : 1 2 4 > > J 6 7 4 : 6 8 9 8 @4 ; 2 J 4 : 6 G 2 J W 5 I 4 J J 5 6 F 9 4 J : 8 : 1 2 7 8 9 : ; 8 J I 2 7 1 4 9 6 5 I 7 4 9 ; 2 5 < J : 6 9 4 I < 7 1 J 4 ; F 2 ; 8 5 7 6 J BJ 4 : 6 8 9 6 9 : 1 2 8 < : > < : 7 6 ; 7 < 6 : E | 8 ; : 1 2 5 W 5 : 2 I 8 @ | 6 F E } E � = : 1 2 > 2 4 ] G 4 J < 2 8 @ : 1 2 8 5 7 6 J J 4 B: 6 8 9 6 5 7 8 9 : ; 8 J J 2 ? 3 W : 1 2 2 5 : 4 3 J 6 5 1 2 ? ? 7 J 2 G 2 J E � 9 W 4 : : 2 I > : : 8 2 H 7 2 2 ? : 1 2 J 6 I 6 : 5 2 : 3 W: 1 2 ? 7 J 2 G 2 J A 6 J J ; 2 5 < J : 6 9 4 q 7 J 6 > > 6 9 F r � @ J 4 : : 2 9 6 9 F � 8 @ : 1 2 > 2 4 ] ; 2 F 6 8 9 8 @ : 1 2 8 < : > < :5 6 F 9 4 J E ^ 9 : 8 : 4 J = : 1 2 ; 2 @ 8 ; 2 = > ; 8 > 2 ; 4 I > J 6 @ 6 2 ; ? 2 5 6 F 9 ; 2 [ < 6 ; 2 5 : 1 4 : : 1 2 ? 7 4 9 ? 4 7 7 8 I > 8 B9 2 9 : 5 3 2 5 2 9 5 6 : 6 G 2 : 8 2 4 7 1 8 : 1 2 ; � 5 ; 2 [ < 6 ; 2 I 2 9 : 5 4 9 ? J 6 I 6 : 4 : 6 8 9 5 E
However, it is indeed fortunate that transistor small-signal amplifiers can be
considered linear for most applications, permitting the use of the superposi-
tion theorem to isolate the dc analysis from the ac analysis.

7.3 BJT TRANSISTOR MODELING0 1 2 ] 2 W : 8 : ; 4 9 5 6 5 : 8 ; 5 I 4 J J B 5 6 F 9 4 J 4 9 4 J W 5 6 5 6 5 : 1 2 < 5 2 8 @ 2 [ < 6 G 4 J 2 9 : 7 6 ; 7 < 6 : 5 � I 8 ? 2 J 5 �: 8 3 2 6 9 : ; 8 ? < 7 2 ? 6 9 : 1 6 5 7 1 4 > : 2 ; E
A model is the combination of circuit elements, properly chosen, that best ap-
proximates the actual behavior of a semiconductor device under specific oper-
ating conditions.\ 9 7 2 : 1 2 4 7 2 [ < 6 G 4 J 2 9 : 7 6 ; 7 < 6 : 1 4 5 3 2 2 9 ? 2 : 2 ; I 6 9 2 ? = : 1 2 F ; 4 > 1 6 7 4 J 5 W I 3 8 J 8 @ : 1 2? 2 G 6 7 2 7 4 9 3 2 ; 2 > J 4 7 2 ? 6 9 : 1 2 5 7 1 2 I 4 : 6 7 3 W : 1 6 5 7 6 ; 7 < 6 : 4 9 ? : 1 2 3 4 5 6 7 I 2 : 1 8 ? 5 8 @ 4 77 6 ; 7 < 6 : 4 9 4 J W 5 6 5 � I 2 5 1 4 9 4 J W 5 6 5 = 9 8 ? 4 J 4 9 4 J W 5 6 5 = 4 9 ? 0 1 � G 2 9 6 9 � 5 : 1 2 8 ; 2 I � 7 4 9 3 2 4 > B> J 6 2 ? : 8 ? 2 : 2 ; I 6 9 2 : 1 2 ; 2 5 > 8 9 5 2 8 @ : 1 2 7 6 ; 7 < 6 : E0 1 2 ; 2 4 ; 2 : A 8 5 7 1 8 8 J 5 8 @ : 1 8 < F 1 : 6 9 > ; 8 I 6 9 2 9 7 2 : 8 ? 4 W ; 2 F 4 ; ? 6 9 F : 1 2 2 [ < 6 G 4 J 2 9 :7 6 ; 7 < 6 : : 8 3 2 5 < 3 5 : 6 : < : 2 ? @ 8 ; : 1 2 : ; 4 9 5 6 5 : 8 ; E | 8 ; I 4 9 W W 2 4 ; 5 : 1 2 6 9 ? < 5 : ; 6 4 J 4 9 ? 2 ? < 7 4 B: 6 8 9 4 J 6 9 5 : 6 : < : 6 8 9 5 ; 2 J 6 2 ? 1 2 4 G 6 J W 8 9 : 1 2 e f g _ R Y � O _ O N Z k Z _ M � : 8 3 2 6 9 : ; 8 ? < 7 2 ? 5 1 8 ; : J W � E0 1 2 1 W 3 ; 6 ? B > 4 ; 4 I 2 : 2 ; 2 [ < 6 G 4 J 2 9 : 7 6 ; 7 < 6 : 7 8 9 : 6 9 < 2 5 : 8 3 2 G 2 ; W > 8 > < J 4 ; = 4 J : 1 8 < F 1 6 : I < 5 :9 8 A 5 1 4 ; 2 : 1 2 5 > 8 : J 6 F 1 : A 6 : 1 4 9 2 [ < 6 G 4 J 2 9 : 7 6 ; 7 < 6 : ? 2 ; 6 G 2 ? ? 6 ; 2 7 : J W @ ; 8 I : 1 2 8 > 2 ; 4 : 6 9 F7 8 9 ? 6 : 6 8 9 5 8 @ : 1 2 : ; 4 9 5 6 5 : 8 ; � : 1 2 _ d I 8 ? 2 J E � 4 9 < @ 4 7 : < ; 2 ; 5 7 8 9 : 6 9 < 2 : 8 5 > 2 7 6 @ W : 1 2 1 W B3 ; 6 ? > 4 ; 4 I 2 : 2 ; 5 @ 8 ; 4 > 4 ; : 6 7 < J 4 ; 8 > 2 ; 4 : 6 9 F ; 2 F 6 8 9 8 9 : 1 2 6 ; 5 > 2 7 6 @ 6 7 4 : 6 8 9 5 1 2 2 : 5 E 0 1 2 > 4 B; 4 I 2 : 2 ; 5 � 8 ; 7 8 I > 8 9 2 9 : 5 � 8 @ : 1 2 _ d I 8 ? 2 J 7 4 9 3 2 ? 2 ; 6 G 2 ? ? 6 ; 2 7 : J W @ ; 8 I : 1 2 1 W 3 ; 6 ? > 4 B; 4 I 2 : 2 ; 5 6 9 : 1 6 5 ; 2 F 6 8 9 E � 8 A 2 G 2 ; = : 1 2 1 W 3 ; 6 ? 2 [ < 6 G 4 J 2 9 : 7 6 ; 7 < 6 : 5 < @ @ 2 ; 5 @ ; 8 I 3 2 6 9 FJ 6 I 6 : 2 ? : 8 4 > 4 ; : 6 7 < J 4 ; 5 2 : 8 @ 8 > 2 ; 4 : 6 9 F 7 8 9 ? 6 : 6 8 9 5 6 @ 6 : 6 5 : 8 3 2 7 8 9 5 6 ? 2 ; 2 ? 4 7 7 < ; 4 : 2 E0 1 2 > 4 ; 4 I 2 : 2 ; 5 8 @ : 1 2 8 : 1 2 ; 2 [ < 6 G 4 J 2 9 : 7 6 ; 7 < 6 : 7 4 9 3 2 ? 2 : 2 ; I 6 9 2 ? @ 8 ; 4 9 W ; 2 F 6 8 9 8 @8 > 2 ; 4 : 6 8 9 A 6 : 1 6 9 : 1 2 4 7 : 6 G 2 ; 2 F 6 8 9 4 9 ? 4 ; 2 9 8 : J 6 I 6 : 2 ? 3 W : 1 2 5 6 9 F J 2 5 2 : 8 @ > 4 ; 4 I 2 : 2 ; 5> ; 8 G 6 ? 2 ? 3 W : 1 2 5 > 2 7 6 @ 6 7 4 : 6 8 9 5 1 2 2 : E ^ 9 : < ; 9 = 1 8 A 2 G 2 ; = : 1 2 _ d I 8 ? 2 J @ 4 6 J 5 : 8 4 7 7 8 < 9 : @ 8 ;: 1 2 8 < : > < : 6 I > 2 ? 4 9 7 2 J 2 G 2 J 8 @ : 1 2 ? 2 G 6 7 2 4 9 ? : 1 2 @ 2 2 ? 3 4 7 ] 2 @ @ 2 7 : @ ; 8 I 8 < : > < : : 86 9 > < : E� 6 9 7 2 3 8 : 1 I 8 ? 2 J 5 4 ; 2 < 5 2 ? 2 H : 2 9 5 6 G 2 J W : 8 ? 4 W = : 1 2 W 4 ; 2 3 8 : 1 2 H 4 I 6 9 2 ? 6 9 ? 2 : 4 6 J 6 9: 1 6 5 : 2 H : E ^ 9 5 8 I 2 4 9 4 J W 5 6 5 4 9 ? 2 H 4 I > J 2 5 : 1 2 1 W 3 ; 6 ? I 8 ? 2 J A 6 J J 3 2 2 I > J 8 W 2 ? = A 1 6 J 26 9 8 : 1 2 ; 5 : 1 2 _ d I 8 ? 2 J A 6 J J 3 2 < 5 2 ? 2 H 7 J < 5 6 G 2 J W E 0 1 2 : 2 H : A 6 J J I 4 ] 2 2 G 2 ; W 2 @ @ 8 ; : = 1 8 A B2 G 2 ; = : 8 5 1 8 A 1 8 A 7 J 8 5 2 J W ; 2 J 4 : 2 ? : 1 2 : A 8 I 8 ? 2 J 5 4 ; 2 4 9 ? 1 8 A 4 > ; 8 @ 6 7 6 2 9 7 W A 6 : 1 8 9 2J 2 4 ? 5 : 8 4 9 4 : < ; 4 J > ; 8 @ 6 7 6 2 9 7 W A 6 : 1 : 1 2 8 : 1 2 ; E^ 9 4 9 2 @ @ 8 ; : : 8 ? 2 I 8 9 5 : ; 4 : 2 : 1 2 2 @ @ 2 7 : : 1 4 : : 1 2 4 7 2 [ < 6 G 4 J 2 9 : 7 6 ; 7 < 6 : A 6 J J 1 4 G 2 8 9: 1 2 4 9 4 J W 5 6 5 : 8 @ 8 J J 8 A = 7 8 9 5 6 ? 2 ; : 1 2 7 6 ; 7 < 6 : 8 @ | 6 F E } E D E ~ 2 : < 5 4 5 5 < I 2 @ 8 ; : 1 2 I 8 I 2 9 :: 1 4 : : 1 2 5 I 4 J J B 5 6 F 9 4 J 4 7 2 [ < 6 G 4 J 2 9 : 7 6 ; 7 < 6 : @ 8 ; : 1 2 : ; 4 9 5 6 5 : 8 ; 1 4 5 4 J ; 2 4 ? W 3 2 2 9 ? 2 : 2 ; BI 6 9 2 ? E � 6 9 7 2 A 2 4 ; 2 6 9 : 2 ; 2 5 : 2 ? 8 9 J W 6 9 : 1 2 4 7 ; 2 5 > 8 9 5 2 8 @ : 1 2 7 6 ; 7 < 6 : = 4 J J : 1 2 ? 7 5 < > B> J 6 2 5 7 4 9 3 2 ; 2 > J 4 7 2 ? 3 W 4 � 2 ; 8 B > 8 : 2 9 : 6 4 J 2 [ < 6 G 4 J 2 9 : � 5 1 8 ; : 7 6 ; 7 < 6 : � 5 6 9 7 2 : 1 2 W ? 2 : 2 ; BI 6 9 2 8 9 J W : 1 2 ? 7 � [ < 6 2 5 7 2 9 : J 2 G 2 J � 8 @ : 1 2 8 < : > < : G 8 J : 4 F 2 4 9 ? 9 8 : : 1 2 I 4 F 9 6 : < ? 2 8 @ : 1 25 A 6 9 F 8 @ : 1 2 4 7 8 < : > < : E 0 1 6 5 6 5 7 J 2 4 ; J W ? 2 I 8 9 5 : ; 4 : 2 ? 3 W | 6 F E } E K E 0 1 2 ? 7 J 2 G 2 J 5 A 2 ; 25 6 I > J W 6 I > 8 ; : 4 9 : @ 8 ; ? 2 : 2 ; I 6 9 6 9 F : 1 2 > ; 8 > 2 ; � B > 8 6 9 : 8 @ 8 > 2 ; 4 : 6 8 9 E \ 9 7 2 ? 2 : 2 ; I 6 9 2 ? =: 1 2 ? 7 J 2 G 2 J 5 7 4 9 3 2 6 F 9 8 ; 2 ? 6 9 : 1 2 4 7 4 9 4 J W 5 6 5 8 @ : 1 2 9 2 : A 8 ; ] E ^ 9 4 ? ? 6 : 6 8 9 = : 1 2 7 8 < B> J 6 9 F 7 4 > 4 7 6 : 8 ; 5 � � 4 9 ? � � 4 9 ? 3 W > 4 5 5 7 4 > 4 7 6 : 8 ; � � A 2 ; 2 7 1 8 5 2 9 : 8 1 4 G 2 4 G 2 ; W 5 I 4 J J
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Figure 7.2 Effect of a control
element on the steady-state flow
of the electrical system of Fig. 7.1.



�

; 2 4 7 : 4 9 7 2 4 : : 1 2 @ ; 2 [ < 2 9 7 W 8 @ 4 > > J 6 7 4 : 6 8 9 E 0 1 2 ; 2 @ 8 ; 2 = : 1 2 W : 8 8 I 4 W @ 8 ; 4 J J > ; 4 7 : 6 7 4 J> < ; > 8 5 2 5 3 2 ; 2 > J 4 7 2 ? 3 W 4 J 8 A B ; 2 5 6 5 : 4 9 7 2 > 4 : 1 8 ; 4 5 1 8 ; : 7 6 ; 7 < 6 : E � 8 : 2 : 1 4 : : 1 6 5 A 6 J J; 2 5 < J : 6 9 : 1 2 q 5 1 8 ; : 6 9 F 8 < : r 8 @ : 1 2 ? 7 3 6 4 5 6 9 F ; 2 5 6 5 : 8 ; � � E � 2 7 4 J J : 1 4 : 7 4 > 4 7 6 : 8 ; 5 4 5 B5 < I 2 4 9 q 8 > 2 9 B 7 6 ; 7 < 6 : r 2 [ < 6 G 4 J 2 9 : < 9 ? 2 ; ? 7 5 : 2 4 ? W B 5 : 4 : 2 7 8 9 ? 6 : 6 8 9 5 = > 2 ; I 6 : : 6 9 F 4 9 6 5 8 BJ 4 : 6 8 9 3 2 : A 2 2 9 5 : 4 F 2 5 @ 8 ; : 1 2 ? 7 J 2 G 2 J 5 4 9 ? [ < 6 2 5 7 2 9 : 7 8 9 ? 6 : 6 8 9 5 E^ @ A 2 2 5 : 4 3 J 6 5 1 4 7 8 I I 8 9 F ; 8 < 9 ? 4 9 ? ; 2 4 ; ; 4 9 F 2 : 1 2 2 J 2 I 2 9 : 5 8 @ | 6 F E } E K = � � 4 9 ?� � A 6 J J 3 2 6 9 > 4 ; 4 J J 2 J 4 9 ? � � A 6 J J 4 > > 2 4 ; @ ; 8 I 7 8 J J 2 7 : 8 ; : 8 2 I 6 : : 2 ; 4 5 5 1 8 A 9 6 9 | 6 F E} E � E � 6 9 7 2 : 1 2 7 8 I > 8 9 2 9 : 5 8 @ : 1 2 : ; 4 9 5 6 5 : 8 ; 2 [ < 6 G 4 J 2 9 : 7 6 ; 7 < 6 : 4 > > 2 4 ; 6 9 F 6 9 | 6 F E } E �2 I > J 8 W @ 4 I 6 J 6 4 ; 7 8 I > 8 9 2 9 : 5 5 < 7 1 4 5 ; 2 5 6 5 : 8 ; 5 4 9 ? 6 9 ? 2 > 2 9 ? 2 9 : 7 8 9 : ; 8 J J 2 ? 5 8 < ; 7 2 5 =
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Figure 7.5 Circuit of Fig. 7.4 redrawn for small-signal ac analysis.

Figure 7.3 Transistor circuit 
under examination in this intro-
ductory discussion.

Figure 7.4 The network of 
Fig. 7.3 following removal of the
dc supply and insertion of the
short-circuit equivalent for the ca-
pacitors.



� 4 9 4 J W 5 6 5 : 2 7 1 9 6 [ < 2 5 5 < 7 1 4 5 5 < > 2 ; > 8 5 6 : 6 8 9 = 0 1 � G 2 9 6 9 � 5 : 1 2 8 ; 2 I = 4 9 ? 5 8 8 9 = 7 4 9 3 2 4 > B> J 6 2 ? : 8 ? 2 : 2 ; I 6 9 2 : 1 2 ? 2 5 6 ; 2 ? [ < 4 9 : 6 : 6 2 5 E~ 2 : < 5 @ < ; : 1 2 ; 2 H 4 I 6 9 2 | 6 F E } E � 4 9 ? 6 ? 2 9 : 6 @ W : 1 2 6 I > 8 ; : 4 9 : [ < 4 9 : 6 : 6 2 5 : 8 3 2 ? 2 : 2 ; BI 6 9 2 ? @ 8 ; : 1 2 5 W 5 : 2 I E � 6 9 7 2 A 2 ] 9 8 A : 1 4 : : 1 2 : ; 4 9 5 6 5 : 8 ; 6 5 4 9 4 I > J 6 @ W 6 9 F ? 2 G 6 7 2 = A 2A 8 < J ? 2 H > 2 7 : 5 8 I 2 6 9 ? 6 7 4 : 6 8 9 8 @ 1 8 A : 1 2 8 < : > < : G 8 J : 4 F 2 � n 6 5 ; 2 J 4 : 2 ? : 8 : 1 2 6 9 > < :G 8 J : 4 F 2 � o � : 1 2 j X P k O S Z S O R T � � 8 : 2 6 9 | 6 F E } E � @ 8 ; : 1 6 5 7 8 9 @ 6 F < ; 4 : 6 8 9 : 1 4 : � o
5

� � 4 9 ?� n
5

� � = A 1 6 7 1 ? 2 @ 6 9 2 : 1 2 s i _ _ Z T k S O R T � o
5

� n y � o E 0 1 2 6 9 > < : 6 I > 2 ? 4 9 7 2 � o 4 9 ? 8 < : > < :6 I > 2 ? 4 9 7 2 � n A 6 J J > ; 8 G 2 > 4 ; : 6 7 < J 4 ; J W 6 I > 8 ; : 4 9 : 6 9 : 1 2 4 9 4 J W 5 6 5 : 8 @ 8 J J 8 A E � F ; 2 4 : ? 2 4 JI 8 ; 2 A 6 J J 3 2 8 @ @ 2 ; 2 ? 4 3 8 < : : 1 2 5 2 > 4 ; 4 I 2 : 2 ; 5 6 9 : 1 2 5 2 7 : 6 8 9 5 : 8 @ 8 J J 8 A E^ 9 5 < I I 4 ; W = : 1 2 ; 2 @ 8 ; 2 = : 1 2 4 7 2 [ < 6 G 4 J 2 9 : 8 @ 4 9 2 : A 8 ; ] 6 5 8 3 : 4 6 9 2 ? 3 W c
1. Setting all dc sources to zero and replacing them by a short-circuit equiva-

lent

2. Replacing all capacitors by a short-circuit equivalent

3. Removing all elements bypassed by the short-circuit equivalents introduced
by steps 1 and 2

4. Redrawing the network in a more convenient and logical form^ 9 : 1 2 5 2 7 : 6 8 9 5 : 8 @ 8 J J 8 A = : 1 2 _ d 4 9 ? 1 W 3 ; 6 ? 2 [ < 6 G 4 J 2 9 : 7 6 ; 7 < 6 : 5 A 6 J J 3 2 6 9 : ; 8 ? < 7 2 ?: 8 7 8 I > J 2 : 2 : 1 2 4 7 4 9 4 J W 5 6 5 8 @ : 1 2 9 2 : A 8 ; ] 8 @ | 6 F E } E � E
7.4 THE IMPORTANT PARAMETERS: 
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Figure 7.6 Two-port system.
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The input impedance of a BJT transistor amplifier is purely resistive in nature
and, depending on the manner in which the transistor is employed, can vary
from a few ohms to megohms.� � ¡ © © § £ § ¬ � À
An ohmmeter cannot be used to measure the small-signal ac input impedance
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Figure 7.8 Demonstrating the
impact of Zi on an amplifier’s re-
sponse.
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The output impedance is determined at the output terminals looking back into
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Figure 7.9 Example 7.1
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The output impedance of a BJT transistor amplifier is resistive in nature and,
depending on the configuration and the placement of the resistive elements,
Zo, can vary from a few ohms to a level that can exceed 2 MV.� � ¡ © © § £ § ¬ � À
An ohmmeter cannot be used to measure the small-signal ac output imped-
ance since the ohmmeter operates in the dc mode.Ä ¬ ° ¡ ¯ ­ ¨ §   § ¦ ° ¢ ¬ �   § µ ® ° ¡ £ § ¬ � « ¥ ª ¦ ° ¦ « § µ � §   § ¢ ¡ � £ µ ¡ § � § � ¢ ® ° ° ¦ � £ § « © ¦ « § ° ¦ © ¤ £ ª ¦ ¨ ¦ Ã ¦ ¨¬   Õ " « ª ¬ ® ¨ © ² ¦ ¡ « ¨ ¡ ° µ ¦ ¡ « ­ ¬ « « § ² ¨ ¦ · É « © ¦ ¯ ¬ � « £ ° ¡ £ ¦ © ² ´ Ä § µ · Â · º º ¤ §   Õ "

@
Ð $ ¤ £ ª ¦¯ ¡ % ¬ ° § £ ´ ¬   £ ª ¦ ¡ ¯ ­ ¨ §   § ¦ ° ¬ ® £ ­ ® £ ¢ ® ° ° ¦ � £ ¥ § ¨ ¨ ­ ¡ « « ¬ � £ ¬ £ ª ¦ ¨ ¬ ¡ © · � £ ¥ § ¨ ¨ ² ¦ © ¦ ¯ ¬ � ±« £ ° ¡ £ ¦ © § � £ ª ¦ « ¦ ¢ £ § ¬ � « ¡ � © ¢ ª ¡ ­ £ ¦ ° « £ ¬   ¬ ¨ ¨ ¬ ¥ £ ª ¡ £ Õ " § «   ° ¦ ¸ ® ¦ � £ ¨ ´ « ¬ ¨ ¡ ° µ ¦ ¢ ¬ ¯ ­ ¡ ° ¦ ©£ ¬ Ð $ £ ª ¡ £ § £ ¢ ¡ � ² ¦ ° ¦ ­ ¨ ¡ ¢ ¦ © ² ´ ¡ � ¬ ­ ¦ � ± ¢ § ° ¢ ® § £ ¦ ¸ ® § Ã ¡ ¨ ¦ � £ ·Ä ¬ ° £ ª ¦ « ´ « £ ¦ ¯ ¬   Ä § µ · Â · º Ô ¤ © ¦ £ ¦ ° ¯ § � ¦ £ ª ¦ ¨ ¦ Ã ¦ ¨ ¬   ¬ ® £ ­ ® £ § ¯ ­ ¦ © ¡ � ¢ ¦ ·

3117.4 The Important Parameters: Zi, Zo, Av, Ai

Figure 7.10 Determining Zo.
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Figure 7.11 Effect of Zo 5 Ro

on the load or output current IL.
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Figure 7.12 Example 7.2.
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Figure 7.13 Determining the no-load voltage gain.
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For transistor amplifiers, the no-load voltage gain is greater than the loaded
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Depending on the configuration, the magnitude of the voltage gain for a
loaded single-stage transistor amplifier typically ranges from just less than 1
to a few hundred. A multistage (multiunit) system, however, can have a volt-
age gain in the thousands.M J B @ = A m n ` > I ? F D O D A B J O M D P Q R Q S o Z H A @ A B I D ; A Le > g [ \ Qe G g p \ Qe W g a \ Qe H g b c d QEXAMPLE 7.3
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For BJT amplifiers, the current gain typically ranges from a level just less
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Figure 7.14 Example 7.3.

Figure 7.15 Determining the
loaded current gain.
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For the typical transistor amplifier at frequencies that permit ignoring the ef-
fects of the reactive elements, the input and output signals are either 180° out
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Figure 7.16 (a) Common-base BJT transistor; (b) re model for the configuration
of Fig. 7.16a.
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For the common-base configuration, typical values of Zi range from a few
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Figure 7.17 Common-base re

equivalent circuit.
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For the common-base configuration, typical values of Zo are in the megohm
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In general, for the common-base configuration the input impedance is rela-
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Figure 7.19 Defining Av 5

Vo/Vi for the common-base con-
figuration.

Figure 7.18 Defining Zo.
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Figure 7.21 (a) Common-emitter BJT transistor; (b) approximate model for the
configuration of Fig. 7.21a.

Figure 7.22 Determining Zi us-
ing the approximate model.
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For the common-emitter configuration, typical values of Zi defined by bre

range from a few hundred ohms to the kilohm range, with maximums of
about 6–7 kV.� � 	 
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Figure 7.25 Including ro in the
transistor equivalent circuit.,-. /0
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Figure 7.23 Impact of re on 
input impedance.

For the common-emitter configuration, typical values of Zo are in the range of
40 to 50 kV.� � 	 
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Figure 7.24 Defining ro for the
common-emitter configuration.
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Figure 7.28 Hybrid parameters for the 2N4400 transistor.
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Figure 7.29 Two-port system.
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Figure 7.31 Hybrid output
equivalent circuit.

Figure 7.32 Complete hybrid
equivalent circuit.

Figure 7.30 Hybrid input
equivalent circuit.
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Figure 7.34 Common-base configuration: (a) graphical symbol; (b) hybrid
equivalent circuit.

Figure 7.33 Common-emitter configuration: (a) graphical symbol; (b) hybrid
equivalent circuit.
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Figure 7.37 Hybrid versus re model: (a) common-emitter configuration; 
(b) common-base configuration.
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Figure 7.35 Effect of removing hre and hoe from the 
hybrid equivalent circuit.
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Figure 7.38 Common-emitter
hybrid equivalent circuit for the
parameters of example 7.6.
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Figure 7.40 hfe determination.

Figure 7.41 hoe determination.
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Figure 7.43 hre determination.

Figure 7.44 Complete hybrid
equivalent circuit for a transistor
having the characteristics that 
appear in Figs. 7.40 through 7.43.

TABLE 7.1 Typical Parameter Values for the CE, CC, and CB 
Transistor Configurations
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Figure 7.45 Hybrid parameter variations with collector current.
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Figure 7.46 Hybrid parameter variations with collector–emitter potential.
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Figure 7.48 Problem 4

Figure 7.47 Hybrid parameter
variations with temperature.
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Figure 8.2 Network of Figure 8.1 following
the removal of the effects of VCC, C Î , and C Ï .

Figure 8.3 Substituting the re

model into the network of Fig.
8.2.



Ð Ñ ° g h i k i n o n j p k n � � l m r � ¥ l k i o m w l k l s s i s �l m r ¢ �
5 2b

¤ » ± � ¥
i

� � ²z t j ¤ »
5 }

b

¢ � £ Ò}n p j h l j ¢ �
5 2b1}

b

¢ · £ Ó}2± � ¥
i

� � ²l m r Ô Õ
5 }

¢ ¢ � £} 5 2}

± � ¥ � �i� � ²
}

±   � Ö ²� { � �
$

� � � ¥ � Ô Õ
5 2}

� � � ¥
} · ¾ $

§ ¶ ´ ¿ ±   � × ²¡ p j i j h i i � w s o u o j l z n i m u i p {
b

o m Ø � n � ±   � Ö l m r   � × ² � l s j h p t } h y i k i u p } m o � i j h l j
bq t n j z i t j o s o � i r j p r i j i k q o m i � � �Ð ¯ ° g h i u t k k i m j } l o m o n r i j i k q o m i r o m j h i { p s s p y o m } q l m m i k ³ ­ w w s ~ o m } j h i u t k |k i m j | r o � o r i k k t s i j p j h i o m w t j l m r p t j w t j u o k u t o j n �¤ �

5 }

± � � � � ²
1

±
b� ¤ » ¥ ²
}

l m r
}

¤¤ �»} 5 }� � �
1

�
b� ¥}y o j h ¤ »

5 }� ± ª �
1

ª ² ±
b

¤ £ ²� �}
p k

}

¤ ¤ » £} 5 }� ª
1

� ª
b

� �}g h i k i n t s j o n Ô £
5 }

¤ ¤ � £} 5 1}

¤¤ �»}21}

¤ ¤ » £}2 5 1}� � �
1

�
b� ¥}21}� ª

1

� ª
b

� �}2l m r Ô £
5 }

¤ ¤ � £} 5
±   � x ²y h o u h o n u i k j l o m s ~ l m t m y o i s r ~ � u p q w s i � i � w k i n n o p m �Ù p y i � i k � o { � �

$
� � � ¥ l m r � ª

$
� �

b
� � � y h o u h o n p { j i m j h i u l n i �Ô £

5 }

¤ ¤ � £} > }± � b� � ² ± ª � � ª � ²}l m r Ô £
> b · ¾ $

§ ¶ ´ Ú Û ´ µ
$

§ ¶
b· ¸ ±   �   ²g h i u p q w s i � o j ~ p { Ø � � ±   � x ² n t } } i n j n j h l j y i q l ~ y l m j j p k i j t k m j p l m i � t l j o p m n t u hl n Ø � � ± x � � � ² � y h o u h t j o s o � i n Ô � l m r « £ � g h l j o n �Ô £

5 2
Ô Õ

}� « ¥ £
}

±   � Ü ²Ý Þ ß à á â á ã ß ä å æ ç à Þ å è ° g h i m i } l j o � i n o } m o m j h i k i n t s j o m } i � t l j o p m { p k Ô Õ k i � i l s nj h l j l �   � é w h l n i n h o { j p u u t k n z i j y i i m j h i o m w t j l m r p t j w t j n o } m l s n � l n n h p y m o m � o } �  � Ö �

b
� ª � �

}}}± � �
1

� ¥ ² ± � ª
1 b

� � ²

340 Chapter 8 BJT Small-Signal Analysis



� p k j h i m i j y p k � p { � o } �   � × ³± l ² ê i j i k q o m i � � �± z ² � o m r « £ ± y o j h � �
5 ` V

ë ìí î ë ï ð ñ î ò ñ ð ó ô õ ö í ÷ ø ó ù ú ö
5 ` V

ë ìí û ë ü ô ó ô ý þ ø ÿ ô � � í ÷ ø ó ù ú ö
5 ` V

ë ìí ô ë � ø ÿ û � � í ÷ ø ó ù ú ö
5 ` V

ë ìí � ë � ô � ô ð ó � ð ý ó � í î ë ó ù ý � ò 	 ù í ô ë ø ÿ î ñ ò û ø ÿ 	 ú ö
5 
 � � V

ø ÿ ð ñ ñ î ð ñ î ò ñ ð ó ø � ÿ � ð ÿ û î � þ � ð ý ôý ô � ò ñ ó � ì

3418.2 Common-Emitter Fixed-Bias Configuration


 � � �
 � �� �
 �

 �
 �� �� �

Figure 8.5 Demonstrating the
180° phase shift between input
and output waveforms.

EXAMPLE 8.1

� � �� �� �
 � � � � �� �
Ω� � �
= 

� � �
β

� � � �
Ω 
 �

= � � �
Ω � µ � � �

µ 

Figure 8.6 Example 8.1.! " # $ % & " 'í ð ë ü ï ð ÿ ð ñ ( � ø � )* +
5 }

, - - . 2+ , + /
} 5 }

0 1 2 3 4 �2� �
V

ì 4 3
} 5

1 2 ì � 2
m

5* /
5

í
b 1

0 ë * +
5

í 0 � 0 ë í 1 2 ì � 2
m

5 ë
5

1 ì 2 1 6 þ 5ú 7
5 }

1 8 * þ / 3
} 5 }1 ì 1 2 8 1 6 þ þ 3 5} 5 9 : ; < 9 Ví = ë

b
ú 7

5
í 0 � � ë í 0 � ì 4 0

V
ë

5
0 ì � 4 0 � Võ �

5
. +

ib
ú 7

5
2 4 � � Vi

0 ì � 4 0 � V 5 9 ; : > ? @ Ví î ë õ ö
5

. -
5 A @ Ví û ë � �

5 2}

. ú 7 -
} 5 2}0 � B ì 4 � 0 V

V
} 5 2

C D : ; 9 9í ô ë E ø ÿ î ô . +
$

0 � b
ú 7 í 2 4 � � V .

0 � ì 4 0 � V
ë� �

> b 5 9 : :



342 Chapter 8 BJT Small-Signal Analysis


 � �
F G F H
 �

� �� � � � F I � �� H� I� � J F K
� G 
 �

Figure 8.7 Voltage-divider bias
configuration.E ò = � ó ø ó ò ó ø ÿ 	 ó ù ô ú 7 ô L ò ø M ð ñ ô ÿ ó î ø ý î ò ø ó ÷ ø ñ ñ ý ô � ò ñ ó ø ÿ ó ù ô ÿ ô ó ÷ � ý � � � � ø 	 ì 6 ì 6 ì N � ó ôó ù ô ð = � ô ÿ î ô � � . / û ò ô ó � ó ù ô ñ � ÷ O ø þ � ô û ð ÿ î ô � ù � ý ó ø ÿ 	 ô � � ô î ó � � ó ù ô = ( � ð � � î ð � ð î ø ó � ý PQ / ì R ù ð ó ø � P ð ó ó ù ô � ý ô L ò ô ÿ î ( í � ý � ý ô L ò ô ÿ î ø ô � ë � � � � ô ý ð ó ø � ÿ P ó ù ô ý ô ð î ó ð ÿ î ô � � ó ù ô î ð O� ð î ø ó � ý ø � � � � þ ð ñ ñ î � þ � ð ý ô û ó � . / ó ù ð ó ø ó ø � ó ý ô ð ó ô û ð � ð � ù � ý ó î ø ý î ò ø ó ð î ý � � � . / ì S ù ô ÿ

T U
β  

� U � �� V
� �WX WXY Z[ [ 
 �� � �\ ]β� I� G
 � � � � �

Figure 8.8 Substituting the re equivalent circuit into the ac equivalent network of Fig. 8.7.
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Figure 8.12 Defining the input
impedance of a transistor with an
unbypassed emitter resistor.
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Figure 8.15 The ac equivalent circuit of Fig. 8.14.
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Figure 8.16 An emitter-bias
configuration with a portion of
the emitter-bias resistance by-
passed in the ac domain.
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Figure 8.17 Emitter-follower
configuration.
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Figure 8.19 Defining the out-
put impedance for the emitter-fol-
lower configuration.

ø þL 2 ý �ý � � 2 � �89



E # $ � ò ä ô � ì ë � � � � � ö A )
5 }' ( '

1

( A 
 & )}ä ò }

A A ) 
} 5 }' ( '
1

( & )}ê ð ñ A � 5 2A ! 5 2
*
b 1 � , A )ä ò }

AA �)} 5 2
*
b 1 � ,í ä æ â ê æ � 
 5 }

A A � 
} 5 }

AA �)} }

A A ) 
}
5 2

*
b 1 � , }' ( '

1

( & )}ê ð ñ í ì ð � ã *
b 1 � , > bö� 
 > 2}' ( b1

' ( & )}
* � � > M ,ä ò � 
 5 2� � }' & - 


}
* � � > � ,N O P Q R S R T P U V W X Q O V Y $ Z í ò ã è ã ê é ã ñ õ ï B � � * � � > > , ê ð ñ ã ê ò é ì ã ò ñ ì í � å í í ì ä ð í ä ó æ â ì íí ã � æ ì ä ð ö � � ê ð ñ � 
 ê ò ã ì ð ç â ê í ã ó ä ò æ â ã ã ô ì æ æ ã ò ÷ ó ä é é ä î ã ò � ä ð ó ì ë å ò ê æ ì ä ð �[ \ \ R ] U W \ ^ @ $" # $ & )

5 b� ! 1
* � � > � ,� ó æ â ã � ä ð ñ ì æ ì ä ð � � $ � ? ' - ì í í ê æ ì í ó ì ã ñ ö& )

5 b� ! 1
*
b 1 � , ' -î â ì � â ô ê æ � â ã í ã ê ò é ì ã ò � ä ð � é å í ì ä ð í î ì æ â& )

> b
* � ! 1 ' - , _ `

$ a b c d * � � > = ," @ $ & � 5 � � i ' - i }*
b

b

1

� ! � ,}
* � � H ? ,	 í ì ð ë b 1 � > bö & � 5 � � i' - i� !ê ð ñ í ì ð � ã � � .. � ! ö & � > ' - i� ! e f g _ h * � � H � ,

*
b 1 � , ' -
}}� 1 }

' � � -
}

3558.5 Emitter-Follower Configuration



E F $ � � 5
* � � H D ,� ó æ â ã � ä ð ñ ì æ ì ä ð � � $ � ? ' - ì í í ê æ ì í ó ì ã ñ ê ð ñ î ã å í ã æ â ã ê ç ç ò ä � ì ô ê æ ì ä ð b 1 � > bö� � > }

b& ' ) -
}i å æ & )

> b
* � ! 1 ' - ,í ä æ â ê æ � � > }

b
* � !b1

' - ' - ,}ê ð ñ � � > }� ! 1

' - ' -} _ `
$ a b c d * � � H + ,� ä ò æ â ã ã ô ì æ æ ã ò ÷ ó ä é é ä î ã ò ð ã æ î ä ò 
 ä ó � ì ë � � � D ? ö ñ ã æ ã ò ô ì ð ã %* ê , � ! �* õ , & 
 �* � , & � �* ñ , � � �* ã , � 
 �* ó , j ã ç ã ê æ ç ê ò æ í * õ , æ â ò ä å ë â * ã , î ì æ â � � 5 D H 
 V ê ð ñ � ä ô ç ê ò ã ò ã í å é æ í �

*
b 1 � , ' - J & )
}}� 1 }

' � � -
}

k l m n o p l q* ê , A ( 5}' ( �
1

r r *
b

2

1

� ( � -, ' -}

5 5 D ? � > D m
ZA - 5

*
b 1 � , A (

5
* � ? � , * D ? � > D m

Z , 5 D � ? M D ô Z� ! 5 }

D M A ô - s
} 5 }D � D ? M M D ô ô s Z} 5 t u v w t V

� D s
2 ? � � s

}}}D D ? 
 V 1
* � ? � , + � + 
 V

356 Chapter 8 BJT Small-Signal Analysis

0 x y
z { z |

Ω

= 0 } } ~ L �
= ∞ Ωβ

x x } |
Ωý � ý �� �� � � �

� � 0 } �µ 

0 } �µ 

EXAMPLE 8.7

Figure 8.20 Example 8.7.



* õ , & )
5 b� ! 1

*
b 1 � , ' -

5
* � ? ? , * � D � M � V, 1

* � ? � , * + � + 
 V,
5 � � D M � 
 V 1 + + + � + 
 V

5 + + > � H M 
 V > b' -& 
 5 ' ( i
& )

5 D D ? 
 Vi+ + > � H M 
 V

5 t � u v � u � V* � , & � 5 ' - i� ! 5 + � + 
 Vi � D � M � V

5 t u v � w V > � !* ñ , � � 5 }

� � � 
} 5 }' - '
1

- � !} 5}� � � �
V

� � �
1

� � V� � � �
V

}

5 � v � � w >
�� � � � 
 > 2}' ( b1

' ( & )} 5 2 5 2� � v w �� � � � � �� 
 5 2� � }' & - 

} 5 2

� � � � � � � 1}
� � � � � �� � � �

V

�
V

}2 5 2
� � v � w� � � � � � � � � � � � � � � � �   � � � � � � � $

� � ' - ¡ ¢ � � £ � �� ¤ �
V $

� � � � � � �
V

�
5

� � �
V¢ � � � � � � � � � � £ � � � � � �   � ¥ � � � � � � � � ¡& )

5 b� ! 1 5
� � � � � � � � � � �

V
�

1

5
� � � � � �

V 1
� � ¦ � ¦ � �

V

5
� � ¤ � � �

V¢ � � � & 
 5 ' ( i
& )

5
� � � �

Vi
� � ¤ � � �

V

5 t u w v t � � V � � � � � � � � � �
V

� § � £ � � �   � £ � ¨ � � �& � 5 ' - i� ! 5 t u v � w V
£ � � § � £ � � �   � £ � ¨ � � �� � 5 5

5 � v � � w >
�© £ � � � � � � � � � � £ � ¨ � � � � � � � ¨ � �ª � � � � � � £ ¨ ¡ � � � � � � � � � ¡ � � � � � � � � � � � � � � � �   � � � � � � � $

� � ' - ¢ £ � � � � � £ � � � � � �   ¡ � � �� � � � ¨ � � � � � & � £ �   � � £ � � � � � � £ © � ¡ ¢ � � � & 
 � � ¨ « � ¨ � � � � ¨ « ¨ � � � � ¥ � � � � � � ¨ � � � � � � � � � � � £ �� � � © � � � £ ¬ ¬ ¨ � � £ � � � � � £ � � �   £ ¬ ¬ � � ­ � © £ � � � � � � � � � � £ � � � £ ¨ � � � � ¨ � � � £ � § � � § � £ � � �   § «� � © ¬ ¨ « � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � £ � � � � �¥ � � � � � ¢ � � � � � ® � � � ¯ � � � � � £ � £ � � £ � � � � � � � � � � � � ¢ � � � � � ® � � � ¯ � � � ¡ ¢ � � � � � © °¬ ¨ � « � £ � � ¨ � £ � � °   � � �   � � � � ¬ � � � � � � � � � � � � � � � � � § � £ � � � �   � � � � � � � ± ² � £ � � � � � � ¯ � � � �� � � � � � � � ¯ � ¦ � � £ � � � � £ � � �   � � ¨ « § « � � ¬ ¨ £ � � � � ' ( § « ' 9 5 ' a i' ³ �¥ � � � � � ¢ � � � � � ® � � � ¯ � � � ¢ � ¨ ¨ £ ¨ � � ¬ � � � �   � � � � � � ¬ � � ´ � � � ¬ � � � � £ � £ � � � � � � � � � � � � £ �� © � � � � � ° � � ¨ ¨ � ¢ � � § � � � � � ¨ �   � � £ � � ¨ ¨ � � � � � � � � � � � � � ' r � ª � � � � � � £ � � ' ( � � £ � £ � � � � ¬ ¨ £ � �  § « � � � ¬ £ � £ ¨ ¨ � ¨ � � © § � � £ � � � � � � ' a £ �   ' ³ � ¥ � � � � ¬ � � � © ¬ �   £ � � � & 
 £ �   � � � ¬ � � � © ¬ �   °£ � � � & � £ � � � � £ � � � � � �   § « ' r � � � � � � � � � � � � � � � ¨ � � � �   � � � � � � � § £ � � � � � © � � � � � � ² � � � °

� � � �
1

� � � � � � �
V

� ´ � � ¤ � � �
V

}}}

3 �
1 }

� � � ¤ � � �
V
V

}4

�
b 1

� � ' - ´ & )
}}

3 �
1 }

' � � -
}4

� � � �
1

� � � � � �
V

}}�
1 }

� � � ¤ � � �
V

V
}

�
b 1

� � ' -
}}�

1 }
' � � -

}

� � � � � � � � � �
V

µ
}}}� � � �

V 1
� � ¦ � ¤ � �

V

3578.5 Emitter-Follower Configuration



£ ¨ � � � � � � ¢ � � � � � ª � � £ � � ¡ � � � � � ¨ « � � � � � � � � ¶ · ¢ � ¨ ¨ § � � �   � � � � © � � � � � � ¸ ° ¬ � � � � � � � ¬ °� � £ � � � � �
8.6 COMMON-BASE CONFIGURATION¥ � � � � © © � � ° § £ � � � � � � � � � � £ � � � � � � � � £ � £ � � � � � ¹ �   £ � � £ � � � � £ � � ¨ £ � � � � ¨ « ¨ � ¢ � � ¬ � � £ �  £ � � � � � � � ¬ � � � © ¬ �   £ � � � £ �   £ � � � � � � � � £ � � ¨ � � � � � £ � � � ¥ � � � � ¨ � £ � � � £ � � ¡ � � ¢ � � � � ¡� £ � § � ² � � � � ¨ £ � � � � ¥ � � � � £ �   £ �   � � � � � � � � £ � � � � £ ¬ ¬ � £ � � � � ® � � � ¯ � � � ¡ ¢ � � � � � � � � © © � � °§ £ � � º » � ² � � � £ ¨ � � � © �   � ¨ � � § � � � � � � �   � � ® � � � ¯ � � ¦ � ¥ � � � � £ � � � � � � � � � � ¬ � � � © ¬ �   £ � � � º ¼� � � � � � � � ¨ �   �   � � � � � � � � © © � � ° § £ � � � � � � � � � � £ � � � � § � � £ � � � � � � � � « ¬ � � £ ¨ ¨ « � � � � �© � � � � © � £ � � � £ �   � £ � § � � � � � � �   � � ¬ £ � £ ¨ ¨ � ¨ ¢ � � � � � � � � � � � � � � ¶ · �

½ ¾ ¿ À Á
5

¶ Â
i

º » � ¯ � ¤ ¦ �½ Ã ¿ À ¼
5

¶ · � ¯ � ¤ ¤ �Ä Å ¿ Æ ¼
5 2Ç ¼ ¶ ·

5 2
�
2Ç È � ¶ ·

5 aÇ » ¶ ·
358 Chapter 8 BJT Small-Signal Analysis

Figure 8.21 Emitter-follower
configuration with a voltage-
divider biasing arrangement.
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Figure 8.22 Emitter-follower
configuration with a collector
resistor RC.
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Figure 8.23 Common-base configuration.
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Figure 8.24 Substituting the re equivalent circuit into the
ac equivalent network of Fig. 8.23.
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Figure 8.25 Example 8.8.
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Figure 8.26 Collector feedback
configuration.

Figure 8.27 Substituting the re

equivalent circuit into the ac
equivalent network of Fig. 8.26.
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Figure 8.28 Defining Zo for the
collector feedback configuration.
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EXAMPLE 8.9
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Figure 8.29 Example 8.9.
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Figure 8.31 Collector dc feed-
back configuration.

Figure 8.32 Substituting the re

equivalent circuit into the ac
equivalent network of Fig. 8.31.
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Figure 8.34 Substituting the re equivalent circuit into the ac equivalent network of
Fig. 8.33.

EXAMPLE 8.10

Figure 8.33 Example 8.10.
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Figure 8.35 Approximate 
common-emitter hybrid equiva-
lent circuit.

Figure 8.36 Approximate
common-base hybrid equivalent
circuit.
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Figure 8.37 Fixed-bias configu-
ration.
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Figure 8.38 Substituting the approximate hybrid equivalent circuit into

the ac equivalent network of Fig. 8.37.
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Figure 8.41 CE unbypassed
emitter-bias configuration.
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emitter-follower configuration.
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Figure 8.44 Common-base configuration.
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Figure 8.45 Substituting the approximate hybrid equivalent circuit into the ac
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Figure 8.46 Example 8.12.
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Figure 8.47 Two-port system.
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Figure 8.48 Substituting the complete hybrid equivalent circuit into the two-port sys-
tem of Fig. 8.47.
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Figure 8.51 Replacing the input section of Fig. 8.50 with a Thévenin equivalent circuit.
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EXAMPLE 8.14

Figure 8.52 Example 8.14.
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Figure 8.54 Using the oscilloscope to measure and display various voltages of a BJT amplifier.
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Figure 8.55 The waveforms resulting from a malfunction in the emitter area.
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Figure 8.56 Using PSpice Win-
dows to analyze the network of
Figure 8.9 (Example 8.2).
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Figure 8.57 Output file for 
the network of Figure 8.56.
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Figure 8.60 Two separate plots of vc and vs in Figure 8.56.

Figure 8.59 The voltages vc and vs for the network of Figure 8.56.
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Figure 8.62 Using a controlled source to represent the transistor of Figure 8.56.
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Figure 8.63 Substituting the controlled source of Figure 8.62 for the transistor
of Figure 8.56.
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Figure 9.1 Definition of gm
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Figure 9.2 Calculating gm at
various bias points.



EXAMPLE 9.2
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EXAMPLE 9.3
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Figure 9.3 Plot of gm vs. VGS.
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EXAMPLE 9.4
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Figure 9.4 Plot of gm vs. VGS for
a JFET with IDSS 5 8 mA and
VP 5 24 V.
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Figure 9.5 Plot of gm vs. ID for a JFET with IDSS 5 8 mA and VGS 5 24 V.



EXAMPLE 9.5

� < D I D Q I = I x H E = I V I X D P Q I X > B B F N E X Y @ x 7 5 6 7 8 s : D Q > D D Q I G < F D > Y I � � � = I V > E X C < X M D > X DP Q I X j z E M W I D I = V E X I W 7 A Q E M E M > C C < V B F E M Q I W m N W = > P E X Y > M D = > E Y Q D F E X I > B B = < ~ E V > D �E X Y D Q I � � � F E X I > D D Q I B < E X D < J < B I = > D E < X 7 � D
� � � < =

D
� � E M D Q I X C Q < M I X > X W D Q I < D Q I =x H > X D E D N V I > M H = I W < J J J < = H M I E X D Q I I x H > D E < X 7� I D I = V E X I D Q I < H D B H D E V B I W > X C I J < = D Q I ; @ A < J ; E Y 7 6 7 � J < = � � � 5 9 � > X W � � � 5

2
s � > D � � � 5 r � 7

408 Chapter 9 FET Small-Signal Analysis

� �

õ ö ÷ ø ù ú ö û; < = � � � 5 9 � O > D > X Y I X D F E X I E M W = > P X > X W
D

� � � E M C Q < M I X > M q � O = I M H F D E X Y E X >
D

� �< J 9 7 s V � 7 U H m M D E D H D E X Y E X D < @ x 7 5 6 7 8 s : Oj z
5 }

D

D

� � � � �
}* � � �

5 � � 5 }9 7 s q V � �} 5 � � � V; < = � � � 5 2
s � O > D > X Y I X D F E X I E M W = > P X > X W

D
� � � E M C Q < M I X > M r � O = I M H F D E X Y E X >

D
� � < J 9 7 8 V � 7 U H m M D E D H D E X Y E X D < @ x 7 5 6 7 8 s : O

Figure 9.6 Definition of rd using FET drain characteristics.
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Figure 9.9 FET ac equivalent model for Example 9.6.
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Figure 9.11 Substituting the JFET ac equivalent circuit unit into the network of Fig. 9.10.
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Figure 9.14 JFET configuration for Example 9.7.
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effects of rd in the self-bias JFET
configuration.
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Figure 9.20 Network for Example 9.8.
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Figure 9.23 Redrawn network of Fig. 9.22.
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Figure 9.21 JFET voltage-divider configuration.



> ? Î « É º ° ½ « . º   » ¯ ° Ð º   º ¼ ¼ » ¼ ³ ¯ ¸ ¹ ¸ ¹ » � Ð » ° ö Ñ ¯   Ñ ­ ¯ ¸ » ò ­ ¯ Ô º ¼ » ° Ñ » � ¿ ¸ ¹ » + Å ñ Ø   » ö® ­ ¼ ¸ ¯ ° ± ¯ ° ¾ Õ
5

« É i
« . µ Á Â Ã ó ¶> @ Î Ù » ¸ ¸ ¯ ° ± ¨ Õ

5
Æ ù ³ ¯ ¼ ¼ ® » ¸ ¨ © ª º ° ½ £ ¤ ¨ © ª ¸ � / »   � º ° ½¾ ¢ 5 ¥ § i

« ¬ µ Á Â Ã Á ¶Å �   ¥ § $
¦ Æ « ¬ ´ ¾ ¢ >

« ¬ Ç È
$ É Ê Ë Ì µ Á Â % Æ ¶A B Î ¨ © ª

5
¨ Õº ° ½ ¨ ¢ 5 2£ ¤ ¨ © ª µ ¥ § i

« ¬ ¶® � ¸ ¹ º ¸ Ý Þ
5 }̈̈

¢ Õ} 5}
2£ ¤ ¨ ¨© ª © C ª D E i

F G H
}I J K L M 5 }

N N O P} 5 2Q R C D E i
F G H C S T U V HW X D E $

V Y F G Z L M 5 }

N N O P} > 2Q R F G [ È
$ É Ê \ Ì C S T U ] H^ _ ` a ` b I ` ` b a a c d I ` e _ J f X _ g h O I J K L M I g a ` b a f I i a I f _ j ` I e J a K X _ g ` b a X e k a K l j e I fI J K f a m X l j e I f C n e ` b j o p I f f a K F q H r _ J X e s d g I ` e _ J f T t b a _ J m o K e X X a g a J r a e f ` b a a c d I ` e _ JX _ g h P Z n b e r b e f J _ n f a J f e ` e u a ` _ ` b a p I g I m m a m r _ i j e J I ` e _ J _ X F É I J K F . T

9.6 JFET SOURCE-FOLLOWER
(COMMON-DRAIN) CONFIGURATIONt b a v w x t a c d e u I m a J ` _ X ` b a y v t a i e ` ` a g l X _ m m _ n a g r _ J X e s d g I ` e _ J e f ` b a f _ d g r a l X _ m m _ n a gr _ J X e s d g I ` e _ J _ X w e s T S T ] z T ^ _ ` a ` b I ` ` b a _ d ` p d ` e f ` I { a J _ X X ` b a f _ d g r a ` a g i e J I m I J K Zn b a J ` b a K r f d p p m o e f g a p m I r a K j o e ` f f b _ g ` l r e g r d e ` a c d e u I m a J ` Z ` b a K g I e J e f s g _ d J K a KC b a J r a Z ` b a ` a g i e J _ m _ s o r _ i i _ J l K g I e J H T

4199.6 JFET Source-Follower (Common-Drain) Configuration

þ ÿ

� �� 
 � 3 1 5= 2 
� 
 � � � � 4 � �2 |
Figure 9.24 JFET source-follower configuration.
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Figure 9.26 Network of Fig. 9.25 redrawn.
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Figure 9.32 Network for Example 9.10.
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Figure 9.34 Network for Example 9.11.
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Figure 9.37 E-MOSFET
drain-feedback configuration.

Figure 9.38 AC equivalent of the
network of Fig. 9.37.
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Figure 9.41 E-MOSFET
voltage-divider configuration. Figure 9.42 AC equivalent network for the configuration of Fig. 9.41.
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Figure 9.45 Fixed-bias JFET
configuration with an ac source.
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Figure 9.46 Output file for the
network of Figure 9.45.
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Figure 9.47 Self-bias
configuration with an ac source.

Figure 9.49 Network in 
Figure 9.47 following substitution
of a VCCS for the JFET in the ac
domain.
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Figure 9.48 Output file for the
network of Figure 9.47.
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Figure 9.50 JFET voltage-divider
configuration with an ac source.
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Figure 9.51 The ac drain and gate voltage for the voltage-divider JFET
configuration of Figure 9.50.
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Figure 9.53 JFET drain characteristic for Problem 12
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Figure 9.52 JFET transfer
characteristic for Problem 11

" # $ % & ' ( ) * + ) ) , - . / 0 ( 1 1 2 3 4 % 5 6 7 8 9 : 7 ; < 1 < ; = ; >
5 ? @ ,

m A B 8 C : 7 ; ( D < ; = ; >
5 E ,

m A > F7 ( > G 0 ( H < I H 0 2 J ( 3 = 2 & K L M N7 O > G 0 ( H < I H 0 2 J ( 3 = 2 & K P Q N" R $ 7 ( > S 3 & H L M J I T U V W K & ' ( 1 - . / 0 ( 1 1 2 3 4 % 5 6 X < H 0 Y Z W W
5 [ ; \ ( 1 ] U ^

5 2_ ` T7 O > S 3 & H L M J I T Y Z K & ' H 0 2 I ( ; 2 - . / 0 ( 1 1 2 3 4 % 5 6 ( I a ( ' H 7 ( > T



� b
Ω

� c
Ω � d� �  

� e f e f d� e � d� � b
Ω � g � c

Ω

+
� �  � g � c

Ω

f e f d� �
µ

h

ij
� g � c

Ω � d� e
+

� �  
� g �  � b

Ωf e f d

" k $ A l 2 H / 0 H 0 2 ( / 2 m = < J ( 3 2 1 H ; & ] 2 3 K & ' ( 4 % 5 6 < K 8 9 :
5 @ T _ ; A ( 1 ] 8 C :

5 E @ m A T" n $ A l 2 H / 0 H 0 2 ( / 2 m = < J ( 3 2 1 H ; & ] 2 3 K & ' ( 4 % 5 6 < K Y Z W W
5 E , ; \ B U ^

5 2
+ ` B U V W o

5 2
) ` B ( 1 ]8 C :

5
) @ m A T

§ 9.3 JFET Fixed-Bias Configuration" p $ q 2 H 2 ' ; < 1 2 r s B r C ( 1 ] t u K & ' H 0 2 1 2 H X & ' l & K % < v T w T @ + < K Y Z W W
5 E , ; \ B U ^

5 2
+ ` B ( 1 ] P Q

5+ , l V
T" x $ q 2 H 2 ' ; < 1 2 r s B r C B ( 1 ] t u K & ' H 0 2 1 2 H X & ' l & K % < v T w T @ + < K Y Z W W

5 E ) ; \ B U ^
5 2_ ` B ( 1 ] 8 C :

5+ ,
m A T

447Problems

y z

§ 9.4 JFET Self-Bias Configuration" { $ q 2 H 2 ' ; < 1 2 r s B r C B ( 1 ] t u K & ' H 0 2 1 2 H X & ' l & K % < v T w T @ @ < K 8 9 :
5 | , , ,

m A ( 1 ] 8 C :
5 @ ,

m
I T} ~ $ q 2 H 2 ' ; < 1 2 r s B r C � ( 1 ] t u K & ' H 0 2 1 2 H X & ' l & K % < v T w T @ _ < K Y Z W W

5 _ ; \ B U ^
5 2_ ` B ( 1 ] 8 C :

5+ ,
m A T} " $ q 2 H 2 ' ; < 1 2 r s B r C B ( 1 ] t u K & ' H 0 2 1 2 H X & ' l & K % < v T w T @ @ < K H 0 2 ) , .

m
% / ( a ( / < H & ' < I ' 2 ; & J 2 ] ( 1 ]H 0 2 a ( ' ( ; 2 H 2 ' I & K H 0 2 1 2 H X & ' l ( ' 2 H 0 2 I ( ; 2 ( I < 1 S ' & O 3 2 ; E w T � & ; a ( ' 2 ' 2 I = 3 H I X < H 0 H 0 & I 2 & KS ' & O 3 2 ; E w T} } $ � 2 a 2 ( H S ' & O 3 2 ; E w < K 8 C : < I E ,

m A T � & ; a ( ' 2 H 0 2 ' 2 I = 3 H I H & H 0 & I 2 & K S ' & O 3 2 ; E w T
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Problems 20 and 47

Figure 9.54 Fixed-bias amplifier for Problems 17 and 18
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Figure 10.1 Two-port system.
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Figure 10.2 Substituting the in-
ternal elements for the two-port
system of Fig. 10.1.

Figure 10.3 Example 10.1.
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Figure 10.4 Two-port equiva-
lent for the parameters specified
in Example 10.1.

Figure 10.5 Operational ampli-
fier (op-amp) notation.
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Figure 10.6 Applying a load to
the two-port system of Fig. 10.2.
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Figure 10.8 Substituting the re model in the ac equivalent network of Fig. 10.7.
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Figure 10.9 Demonstrating the differences between the dc and ac load lines.
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For a particular design, the smaller the level of RL, the lower the level of ac
voltage gain.
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of a two-port system are unaffected by the inter-
nal resistance of the applied source.
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Figure 10.10 Including the 
effects of the source resistance Rs.
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Figure 10.11 Example 10.3.

Figure 10.12 Substituting the
two-port equivalent network for
the fixed-bias transistor amplifier
of Fig. 10.11.
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Figure 10.13 Substituting the re equivalent circuit for the fixed-bias transistor
amplifier of Fig. 10.11.

Figure 10.14 Considering the effects of Rs and RL on the gain of an amplifier.
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Figure 10.16 Fixed-bias
configuration with Rs and RL

Figure 10.17 Fixed-bias
configuration with the 
substitution of the re model.
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Figure 10.19 CE unbypassed emitter-bias configuration with Rs and RL.

Figure 10.20 Collector feedback configuration with Rs and RL.



} x� � � �
Ω

� � � �
Ω

� � � �
Ωyq tz y z q x

� �
= 

� � �
β

q {� � � �
Ω

} {

1 2 1 3

46710.6 BJT CE Networks

� � � � � � � �P @ Q 4 5 6 7 8 9 7 I 5 ? B 5 6 7 : c : 7 9 A O( )
5 2 5 2

5 2 5 2
� � � � � �I ; 7 8 X %

5 b
l m

i 5
P Y F F Q P E E D N

V
Q
i

5 Y D Y ] L
Vi

E D N K L
V

5
F D Z G N L

V

E Z F L
V

}E N E D J Y" �
}Z( ) ZE D J Z G L

V
}}E E D N

V

Y D K L
Vi

N D N L
V

}}E E D N
V

" k
i

" #
}l m

Figure 10.21 Example 10.5.

EXAMPLE 10.5

( )
5 2

P E F D N F QI ; 7 8 ( ) n
5

( ) P E F D N E QU 8 9 5 W 7 B W 7 ; A B 9 M @ < T 9 X $
>

" k
i

" � P E F D N Y Q@ < M X %
5 b

l m
i}Z

  ¡ ¢ £ Z}
P E F D N N QU 8 9 C @ T 7 7 8 @ 7 ¡ £ ¤ [ \ D P E F D N F Q ¥ ; : @ C W < T 7 ; 5 < 5 C   ¦ I ; > > @ > 7 9 6 7 8 9 > 9 b 9 > 5 C § ¨ C 6 5 A 7 8 9< 5 ? > 5 @ M b @ > W 9 D U 8 9 6 9 C 5 6 9 H ; C 7 8 9 < 5 ? > 5 @ M A 5 M 9 > ; : @ b @ ; > @ R > 9 H 7 8 9 > 9 b 9 > 5 C § ¨ A W : 7 R 9A 5 M ; C ; 9 M @ : M 9 A 5 < : 7 6 @ 7 9 M ; < 7 8 9 < 9 V 7 9 V @ A B > 9 DU 8 9 T 5 > > 9 T 7 5 6 C 9 9 M R @ T L @ A B > ; C ; 9 6 5 C 4 ; = D E F D Y E 8 @ : 7 8 9 C 5 > > 5 I ; < = < 5 ? > 5 @ M : c : 7 9 A B @ ?6 @ A 9 7 9 6 : O ¡ £ h i

5 2Y N Z D a J H § ©
5

  ª
i

  ¢ 5 Y D ] ] L
V

H @ < M § ¨
5

F D G G N L
V

H I ; 7 8 « ¬
5E E D N

V
H @ < M

b 5 Y F F D ­ : ; < = 7 8 9 : c : 7 9 A : @ B B 6 5 @ T 8 H M 9 7 9 6 A ; < 9 OP @ Q ¡ £ DP R Q ¡ £ � DP T Q ¡ ¨ D

§
}̈§ ¨

1
  ®  ª
i

  ¦
}« ¬



} {
q r r} ~} x

| {o u q {q x| x s vs t s �
s wo pq t y zy zy z

} {q {� � � � �
Ω � � � �

Ω−
� � � � � ¯ q x� � � ° � �

Ω

� � � �
Ω

y zzq t } x q x yzy z y
U 8 9 : c : 7 9 A @ B B 6 5 @ T 8 I ; > > 6 9 : W > 7 ; < 7 8 9 T 5 < C ; = W 6 @ 7 ; 5 < 5 C 4 ; = D E F D Y Y I ; 7 8 7 8 9 b @ > W 9 5 C§ ¨ @ : T 5 < 7 6 5 > > 9 M R c   ¦ @ < M 7 8 9 b 5 > 7 @ = 9 = @ ; < D ± 5 I 7 8 9 7 I 5 ? B 5 6 7 = @ ; < 9 \ W @ 7 ; 5 < T @ < R 9@ B B > ; 9 M P : > ; = 8 7 M ; C C 9 6 9 < T 9 ; < ¡ £ M W 9 7 5 @ B B 6 5 V ; A @ 7 ; 5 <

b
² ³

@
² ´ µ ; < j 9 T 7 ; 5 < Z D K Q O¡ £

5 5 5 2
� � � � �P N D N L

V
Q P

2Y N Z D a J Q
}}}N D N L

V 1 Y D ] ] L
V

  ¦ ¡ £ h i
}  ¦

1
  ©

468 Chapter 10 Systems Approach—Effects of Rs and RL

1 2 1 3

P R Q ¡ £ n
5

¡ £
5

P
2

E N Y D N Q
5 2

¶ ¶ � · ¶P T Q ¡ ¨
5 2

¡ £
5 2

P
2

E N Y D N Q 1 2 5

5
� � � �5 6 ¡ ¨

5 2
¡ £ n

5 2
P
2

K K D ] K Q 1 2
5

� � � �
10.7 BJT EMITTER-FOLLOWER

NETWORKSU 8 9 ; < B W 7 @ < M 5 W 7 B W 7 ; A B 9 M @ < T 9 B @ 6 @ A 9 7 9 6 : 5 C 7 8 9 7 I 5 ? B 5 6 7 A 5 M 9 > C 5 6 7 8 9 9 A ; 7 7 9 6 ?C 5 > > 5 I 9 6 < 9 7 I 5 6 L @ 6 9 : 9 < : ; 7 ; b 9 7 5 7 8 9 @ B B > ; 9 M > 5 @ M @ < M : 5 W 6 T 9 6 9 : ; : 7 @ < T 9 D 4 5 6 7 8 9 9 A ; 7 ?7 9 6 ? C 5 > > 5 I 9 6 T 5 < C ; = W 6 @ 7 ; 5 < 5 C 4 ; = D E F D Y N H 7 8 9 : A @ > > ? : ; = < @ > @ T A 5 M 9 > I 5 W > M @ B B 9 @ 6 @ :: 8 5 I < ; < 4 ; = D E F D Y J D 4 5 6 7 8 9 ; < B W 7 : 9 T 7 ; 5 < 5 C 4 ; = D E F D Y J H 7 8 9 6 9 : ; : 7 @ < T 9   ¸ ; : < 9 = > 9 T 7 9 MR 9 T @ W : 9 ; 7 ; : W : W @ > > c : 5 A W T 8 > @ 6 = 9 6 7 8 @ < 7 8 9 : 5 W 6 T 9 6 9 : ; : 7 @ < T 9 7 8 @ 7 @ U 8 ¹ b 9 < ; < 9 \ W ; b ?

F D Z G N L
V 1

F D ] L
V

}}}N D N L
V

§ ¨
1

  ®
}  ¦ P E N Y D N Q P F D Z G N L

V
Q

}}N D N L
V

F D Z G N L
V

}}N D N L
V

§
}̈  ¦ F D Z G N L

V
}}}F D Z G N L

V 1
F D ] L

V

§
}̈§ ¨

1
  ®Figure 10.22 The ac equivalent

circuit for the network of Fig.
10.21.

Figure 10.23 Emitter-follower
configuraton with Rs and RL.



q {s t º » ¼ ½ ¾ ½ s w
=

s w


s v¿Àq t Á ~
βÂ Ãβ

} ~} Ã = Ä +
� Å } ~

β s wy z q xy
z y zÆ Æ

q ty z | { q {s Ç wÄ È Å } Ã } {s t
β

+ É Ã
Ä Ê Å s vq {y z q ty z s ws t

β
+ É Ã y z

Ë Ì Ë Í
Î Ï Ð Ñ Ò Ó Ô Õ Ó Ö Ô Ò × Ø Õ Ò Ù Ð Ó Ø Ñ × Ô Ú Ö Õ Î Ò Ô Ø Ñ Ø × Û Ô Ú Ü Ý Þ Ü ß à á Ø Ö Ï â Õ Ð ã Ö Ï Ò Ô Ñ ã Ô ä å Ï æ   ® Î Ñ â ç ® Î ãã Ù Ø á Ñ Ô Ñ Û Ô Ú Ü Ý Þ Ü ß è Ü é × Ó Ø Ö Õ ã Ð ê Ô × Ó Ö Õ Õ Ð Ñ Ò Ï Ð ë Ð Ï ã Î Õ Ð Ò Ø ì Ð â Ð Ò Ð Õ ä Ô Ñ Ð â ã Ö Ó Ù Î ã ² ¨ Ô Ñ Ò Ù ÐØ Õ Ô Ú Ô Ñ Î Ï â Ô Î Ú Õ Î ä ê Ò Ù Ð Ð × × Ð Ó Ò Ø ×   ¸ ä Ö ã Ò ì Ð Ô Ñ Ó Ï Ö â Ð â Üí å å Ï æ Ô Ñ Ú î Ô Õ Ó Ù Ù Ø × × ï ã ë Ø Ï Ò Î Ú Ð Ï Î á Ò Ø Ò Ù Ð Ô Ñ å Ö Ò Ó Ô Õ Ó Ö Ô Ò Ø × Û Ô Ú Ü Ý Þ Ü ß è á Ô Ï Ï Õ Ð ã Ö Ï Ò Ô Ñç ®

2
² ³   ®

2
² ³

b
« ¬

2 ð b 1 Ý ñ ² ³  
9ò 5 ÞÎ Ñ â ç ®

2
² ³ ð   ®

1 b
« ¬

1 ð b 1 Ý ñ  
9ò ñ 5 Þã Ø Ò Ù Î Ò ² ³

5ó ã Ò Î ì Ï Ô ã Ù Ô Ñ Ú ² ¬ ê á Ð Ù Î ë Ð² ¬
5 ð b 1 Ý ñ ² ³

5Î Ñ â ² ¬
5ô ã Ô Ñ Ú b 1 Ý > b æ Ô Ð Ï â ã² ¬
5 ð Ý Þ Ü õ è ñö Õ Î á Ô Ñ Ú Ò Ù Ð Ñ Ð Ò á Ø Õ ÷ Ò Ø ø × Ô Ò ù ó ú Ü ð Ý Þ Ü õ è ñ á Ô Ï Ï Õ Ð ã Ö Ï Ò Ô Ñ Ò Ù Ð Ó Ø Ñ × Ô Ú Ö Õ Î Ò Ô Ø Ñ Ø × Û Ô Ú ÜÝ Þ Ü ß û Î Ü ü Ñ Û Ô Ú Ü Ý Þ Ü ß û ì ê   ò Î Ñ â Ò Ù Ð Ï Ø Î â Õ Ð ã Ô ã Ò Î Ñ Ó Ð   ¦ Ù Î ë Ð ì Ð Ð Ñ ã Ð å Î Õ Î Ò Ð â Ò Ø å Ð Õ ä Ô ÒÎ â Ð × Ô Ñ Ô Ò Ô Ø Ñ Ø × § © Î Ñ â ² © Ü ç ®
}}ð   ® ý

b 1
« ¬ ñ 1

 
9ò

ç ®
}}}þ ð   ®

1 b
« ¬ ñ ý ð b 1 Ý ñ ÿ 1

 
9òð b 1 Ý ñ ç ®

}}}  ®
1 b

« ¬
1 ð b 1 Ý ñ  

9ò
ç ®

}}}  ®
1 b

« ¬
1 ð b 1 Ý ñ  

9ò

46910.7 BJT Emitter-Follower Networks

� Ù Ð ë Ø Ï Ò Î Ú Ð Ú Î Ô Ñ Ó Î Ñ Ò Ù Ð Ñ ì Ð Ø ì Ò Î Ô Ñ Ð â â Ô Õ Ð Ó Ò Ï æ × Õ Ø ä Û Ô Ú Ü Ý Þ Ü ß û Î Ö ã Ô Ñ Ú Ò Ù Ð ë Ø Ï Ò Î Ú Ðâ Ô ë Ô â Ð Õ Õ Ö Ï Ð � ç ©
5Ø Õ ¡ £ n

5 5

 
9ò

}} 
9ò 1 ð   ® ý

b 1
« ¬ ñç ©

}ç ®  
9ò ç ®

}} 
9ò 1 ð   ® ý

b 1
« ¬ ñ

Figure 10.25 Determining the
Thévenin equivalent circuit for
the input circuit of Fig. 10.23.

s tq ty z s � � ¼ � � ½ � � �
Figure 10.24 Emitter-follower
configuration of Fig. 10.23 
following the substitution of 
the re equivalent circuit.

Figure 10.26 Networks result-
ing from the application of Kirch-
hoff’s voltage law to the input cir-
cuit of Fig. 10.24.



q {o p
� ° �

� � � �
Ω

° � � �
Ω� � ° � �

Ω q x = 
� °

β � � � �
Ω

o uq ty z y z } {} x | x | {

Ë Ì Ë Í Î Ñ â ¡ £ n
5 5 ð Ý Þ Ü õ à ñ� Ð Ò Ò Ô Ñ Ú ç ®

5 Þ Î Ñ â ã Ø Ï ë Ô Ñ Ú × Ø Õ § © á Ô Ï Ï Õ Ð ã Ö Ï Ò Ô Ñ§ ©
5

  ò i 1 1
« ¬ 2 ð Ý Þ Ü õ û ñÛ Ø Õ Ò Ù Ð Ô Ñ å Ö Ò Ô ä å Ð â Î Ñ Ó Ð ê § ³

5 bð « ¬
1

 
9ò ñÎ Ñ â § ¨

5
  ¸

i
§ ³Ø Õ § ¨

5
  ¸

ibð « ¬
1

  ò i
  ¦ ñ ð Ý Þ Ü õ � ñÛ Ø Õ Ñ Ø 	 Ï Ø Î â Ó Ø Ñ â Ô Ò Ô Ø Ñ ã ê Ò Ù Ð Ú Î Ô Ñ Ð ú Ö Î Ò Ô Ø Ñ Ô ã¡ £ 
 �

>á Ù Ô Ï Ð × Ø Õ Ï Ø Î â Ð â Ó Ø Ñ â Ô Ò Ô Ø Ñ ã ê ¡ £
> 5 ð Ý Þ Ü õ � ñÛ Ø Õ Ò Ù Ð Ï Ø Î â Ð â Ð ä Ô Ò Ò Ð Õ 	 × Ø Ï Ï Ø á Ð Õ Ó Ø Ñ × Ô Ú Ö Õ Î Ò Ô Ø Ñ Ø × Û Ô Ú Ü Ý Þ Ü ß � á Ô Ò Ù Î ã Ø Ö Õ Ó Ð Õ Ð ã Ô ã Ò Î Ñ Ó ÐÎ Ñ â Ò Ù Ð Ñ Ø 	 Ï Ø Î â Ò á Ø 	 å Ø Õ Ò å Î Õ Î ä Ð Ò Ð Õ ã Ø × § ¨

5 Ý à � Ü à è ÷ Vê § ©
5 ß Ý Ü û Vê Î Ñ â ¡ £ 
 �

5Þ Ü 
 
 õ á Ô Ò Ù « ¬
5 ß Ý Ü � è V Î Ñ â b 5 û à ê â Ð Ò Ð Õ ä Ô Ñ Ð �ð Î ñ � Ù Ð Ñ Ð á ë Î Ï Ö Ð ã Ø × § ¨ Î Ñ â § © Î ã â Ð Ò Ð Õ ä Ô Ñ Ð â ì æ Ò Ù Ð Ï Ø Î â Î Ñ â   ® ê Õ Ð ã å Ð Ó Ò Ô ë Ð Ï æ Üð ì ñ ¡ £ Ö ã Ô Ñ Ú Ò Ù Ð ã æ ã Ò Ð ä ã Î å å Õ Ø Î Ó Ù Üð Ó ñ ¡ £ n Ö ã Ô Ñ Ú Ò Ù Ð ã æ ã Ò Ð ä ã Î å å Õ Ø Î Ó Ù Üð â ñ ¡ ¨

5
² © ý ² ¨ Ü

  ò i
  ¦

}}  ò i
  ¦

1
« ¬ç ©

}ç ¨
  ò

}  ò 1
« ¬

  ®
}
b

  ò i
  ¦

}}  ò i
  ¦

1
  ® ý

b 1
« ¬ç ©

}ç ®

470 Chapter 10 Systems Approach—Effects of Rs and RL

� � � � � � � � ó ú Ü ð Ý Þ Ü õ � ñ � § ¨
5

  ¸
ibð « ¬

1
  ò i

  ¦ ñ
5 à û Þ ÷ Viû à ð ß Ý Ü � è V 1 õ Ü õ ÷ Viß Ü ß ÷ Vñ
5 à û Þ ÷ Vi� � Ü ß Ý ÷ V Ý Ü õ ß ÷ V

5
¶ � � � · �

Vë Ð Õ ã Ö ã Ý à � Ü à è ÷ V ð Ñ Ø 	 Ï Ø Î â ñ Ü
Figure 10.27 Example 10.6.

EXAMPLE 10.6

      



� �� � � �� � � � � �� �
� � � � � � �

Ω� ° � ¯ � �
Ω

� � � � � � � � � � �
Ω

� � ° � �
Ω � �

§ ©
5

  ò i1 1
« ¬ 2

5 õ Ü õ ÷ Vi1 1 ß Ý Ü � è V2
5 õ Ü õ ÷ Viõ Þ Ü õ û V

5
� � � � �

Vë Ð Õ ã Ö ã ß Ý Ü û V ð Ñ Ø   ® ñ Üð ì ñ � Ö ì ã Ò Ô Ò Ö Ò Ô Ñ Ú Ò Ù Ð Ò á Ø 	 å Ø Õ Ò Ð ú Ö Ô ë Î Ï Ð Ñ Ò Ñ Ð Ò á Ø Õ ÷ á Ô Ï Ï Õ Ð ã Ö Ï Ò Ô Ñ Ò Ù Ð ã ä Î Ï Ï 	 ã Ô Ú Ñ Î Ï Î ÓÐ ú Ö Ô ë Î Ï Ð Ñ Ò Ñ Ð Ò á Ø Õ ÷ Ø × Û Ô Ú Ü Ý Þ Ü ß � Üç ©
5 5

> Þ Ü 
 � ç ¨á Ô Ò Ù ¡ £
5 >

� � � �ç ©
}ç ¨ ð ß Ü ß ÷ Vñ ð Þ Ü 
 
 õ ñ ç ¨

}}ß Ü ß ÷ V 1 õ Þ Ü Þ � V

  ¦ ¡ £ � � ç ¨
}}  ¦

1
  ©

Þ Ü à û ÷ V
}û à  ®

}
b

47110.8 BJT CB Networks

Ë Ì Ë Í

ð Ó ñ ç ¨
5 5 5 Þ Ü 
 
 õ ç ®ã Ø Ò Ù Î Ò ¡ £ �

5 5 5 ð Þ Ü 
 � ñ ð Þ Ü 
 
 õ ñ 5 � � �  !ð â ñ ¡ ¨
5 5 2

¡ £
5 2ð Þ Ü 
 � ñ 1 2
5 2! ! � " #

10.8 BJT CB NETWORKSí Ó Ø ä ä Ø Ñ 	 ì Î ã Ð Î ä å Ï Ô × Ô Ð Õ á Ô Ò Ù Î Ñ Î å å Ï Ô Ð â Ï Ø Î â Î Ñ â ã Ø Ö Õ Ó Ð Õ Ð ã Ô ã Ò Î Ñ Ó Ð Î å å Ð Î Õ Ô Ñ Û Ô Ú ÜÝ Þ Ü ß 
 Ü � Ù Ð × Î Ó Ò Ò Ù Î Ò Ò Ù Ð Ï Ø Î â Ô ã Ó Ø Ñ Ñ Ð Ó Ò Ð â ì Ð Ò á Ð Ð Ñ Ò Ù Ð Ó Ø Ï Ï Ð Ó Ò Ø Õ Î Ñ â ì Î ã Ð Ò Ð Õ ä Ô Ñ Î Ï ãÔ ã Ø Ï Î Ò Ð ã Ô Ò × Õ Ø ä Ò Ù Ð Ô Ñ å Ö Ò Ó Ô Õ Ó Ö Ô Ò ê Î Ñ â § ¨ Õ Ð ä Î Ô Ñ ã Ð ã ã Ð Ñ Ò Ô Î Ï Ï æ Ò Ù Ð ã Î ä Ð × Ø Õ Ñ Ø 	 Ï Ø Î â Ø ÕÏ Ø Î â Ð â Ó Ø Ñ â Ô Ò Ô Ø Ñ ã Ü � Ù Ð Ô ã Ø Ï Î Ò Ô Ø Ñ Ò Ù Î Ò Ð $ Ô ã Ò ã ì Ð Ò á Ð Ð Ñ Ô Ñ å Ö Ò Î Ñ â Ø Ö Ò å Ö Ò Ó Ô Õ Ó Ö Ô Ò ã Î Ï ã Øä Î Ô Ñ Ò Î Ô Ñ ã § © Î Ò Î × Ô $ Ð â Ï Ð ë Ð Ï Ð ë Ð Ñ Ò Ù Ø Ö Ú Ù Ò Ù Ð Ï Ð ë Ð Ï Ø ×   ® ä Î æ Ó Ù Î Ñ Ú Ð Ü � Ù Ð ë Ø Ï Ò Î Ú ÐÚ Î Ô Ñ Ô ã Ñ Ø á â Ð Ò Ð Õ ä Ô Ñ Ð â ì æ

� à Ü è û ÷ V
}}ß Ü ß ÷ V

§
}̈  ¦² ©

}² ¨ ç
}̈ç ®ç ©

}ç ¨ç ©
}ç ®ð � à Ü è û ÷ Vñ ç ®

}}}� à Ü è û ÷ V 1 Þ Ü à û ÷ V

§ ¨ ç ®
}§ ¨

1
  ®Figure 10.28 Small-signal ac equivalent circuit for the network of Fig. 10.27.



� � � �� � � �� � � � � �� �% & ' (
Ω ) & ' (

Ω
' * % � �* (

Ω+ � , (
Ω

' %
Ω

� �

� � � �� � � �� � � � � �� �, % -
µ , (

Ω
* (

Ω

% & ' (
Ω ' . α ) . ) & ' (

Ω

, % -
µ

≈= 
,

� �+ � + � � �� � � �� � � � � �� � � / /0 / 0 1 0 20 � 3 4 � 1 1 3 5Ë Ì Ë Í

6 7
> ð Ý Þ Ü õ 
 ñÎ Ñ â Ò Ù Ð Ó Ö Õ Õ Ð Ñ Ò Ú Î Ô Ñ � 6 8

> 2 Ý ð Ý Þ Ü è Þ ñÛ Ø Õ Ò Ù Ð Ó Ø ä ä Ø Ñ 	 ì Î ã Ð Î ä å Ï Ô × Ô Ð Õ Ø × Û Ô Ú Ü Ý Þ Ü õ Þ ê Ò Ù Ð Ñ Ø 	 Ï Ø Î â Ò á Ø 	 å Ø Õ Ò å Î Õ Î ä Ð Ò Ð Õ ã Î Õ Ðð Ö ã Ô Ñ Ú a > Ý ñ 9 8
> : ; 5 ß Þ Vê 6 7 
 �

5 ß à Þ ê Î Ñ â 9 < 5 à ÷ V Ü ô ã Ô Ñ Ú Ò Ù Ð Ò á Ø 	 å Ø Õ Ò Ð ú Ö Ô ë 	Î Ï Ð Ñ Ò ä Ø â Ð Ï ê â Ð Ò Ð Õ ä Ô Ñ Ð �ð Î ñ 6 7 Üð ì ñ 6 7 � Üð Ó ñ 6 8 Ü

= >
i

= ?
}: ;

472 Chapter 10 Systems Approach—Effects of Rs and RL

@ A B C D E A Fð Î ñ � Ù Ð ã ä Î Ï Ï 	 ã Ô Ú Ñ Î Ï Î Ó Ð ú Ö Ô ë Î Ï Ð Ñ Ò Ñ Ð Ò á Ø Õ ÷ Î å å Ð Î Õ ã Ô Ñ Û Ô Ú Ü Ý Þ Ü õ Ý ÜG < 5 5 5 Ý à à Ü õ G 8ð � Ü ß ÷ Vñ ð ß à Þ ñ G 8
}}� Ü ß ÷ V 1 à ÷ V

= ? 6 7 � � G 8
}}= ?

1
= <

Figure 10.29 Common-base configuration with Rs and RL.

Figure 10.30 Example 10.7.

Figure 10.31 Small-signal ac equivalent circuit for the network of Fig. 10.30.
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Figure 10.32 JFET amplifier with Rsig and RL.
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Figure 10.33 JFET amplifier
with unbypassed RS.

Figure 10.34 Example 10.8.

EXAMPLE 10.8



O P
O À À

Á ÂT VY « Q U Y P Q RÂÁO ¬ Q SQ ­ ® ¯ T °

WªO ¬ WªO PWª § ± ² ³
Ω ² ± ´ ³

Ω−
¶ ± µ Ã O «§ ¶ Ä ³

ΩO «µ ³
Ω ª W Y PY «

Å Æ Ç È É Ê Æ Ëh ] j � u t } � ] v v � } w { ^ ] v ] ~ t � | w x ] v t ^ s ^ t s z f g ¡ ] � � t ] g } w ^ � w { n l � n o m � ] ^ _` a 5 5 5

5 2q d b � c` a Ì 5 5 5 ` a
5}

h � � o o � � ¡ ¡ V

V

j h
1

2 l� n l¡ �
V

m j
}

5 2q d � � Í > ` a � �
}� � 1 � � � �£ �

}£ �£ �
}£ ¢£ �

}£ ¢
h � n Î ¡

V
j h

2
o n l   j

}}� n Î ¡
V 1

� n � ¡
V

� � ` a º »
}� � 1 � �£ �

}£ �

47510.9 FET Networks

Z [ Z \

h i j � � n h l � n � � j � ` a 5
2� � h � � i� � j
}}l

1 � � � ¹ Ï

Figure 10.36 Source-follower configuration with Rsig and RL.

Figure 10.35 Small-signal ac equivalent circuit for the network of Fig. 10.34.
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Figure 10.37 Common-gate configuration with Rsig and RL.
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TABLE 10.1 Summary of Transistor Configurations (Av, Zi, Zo) (Continued)
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TABLE 10.1 (Continued)
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Figure 10.38 Cascaded system.

Figure 10.39 Example 10.9.
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Figure 10.40 Loaded 
voltage-divider BJT transistor 
configuration.
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Figure 10.41 Output file for
the network of Fig. 10.40.
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Figure 10.42 Loaded self-bias
JFET transistor configuration.
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Figure 10.43 Output file for
the network of Fig. 10.42.
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Figure 10.45 Problems 2 and 7

Figure 10.44 Problems 1, 2, and 3
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EXAMPLE 11.4

Figure 11.1 Semilog graph paper.
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Figure 11.2 Identifying the numerical values of the tic marks on a log scale.
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Figure 11.3 Configuration employed in the discussion of Eq. (11.12).
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EXAMPLE 11.5

EXAMPLE 11.6

TABLE 11.2

Voltage Gain,
Vo /Vi dB Level� � �
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Figure 11.4 Gain versus frequency: (a) RC-coupled amplifiers; (b) transformer-
coupled amplifiers; (c) direct-coupled amplifiers.
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Figure 11.5 Normalized gain versus frequency plot.
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Figure 11.6 Decibel plot of the normalized gain versus frequency plot of Fig. 11.5.
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Figure 11.7 Phase plot for an RC-coupled amplifier system.

Figure 11.11 Low frequency response for the R-C circuit of Figure 11.8.

Figure 11.8 R-C combination
that will define a low cutoff fre-
quency. ° ¥ ¦¥ § ± ²± ²
Figure 11.9 R-C circuit of Fig-
ure 11.8 at very high frequencies.

Figure 11.10 R-C circuit of 
Figure 11.8 at f 5 0 Hz.
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Figure 11.12 Bode plot for the
low-frequency region.
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EXAMPLE 11.8

Figure 11.13 Example 11.8

Figure 11.14 Frequency response for the R-C circuit of Figure 11.13.
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11.6 LOW-FREQUENCY RESPONSE —
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Figure 11.15 Phase response for the R-C circuit of Figure 11.8.

Figure 11.16 Loaded BJT amplifier with capacitors that affect the low-frequency response.
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Figure 11.18 Localized ac equivalent for Cs.

Figure 11.17 Determining the
effect of Cs on the low frequency
response.

Figure 11.19 Determining the
effect of CC on the low-frequency
response.

Figure 11.20 Localized ac
equivalent for CC with Vi 5 0 V.
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EXAMPLE 11.9

Figure 11.21 Determining the
effect of CE on the low-frequency
response.
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Figure 11.22 Localized ac
equivalent of CE.
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Figure 11.23 Network employed
to describe the effect of CE on 
the amplifier gain.
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Figure 11.26 Low-frequency 
response due to CS.

Figure 11.27 Low-frequency 
response due to CC.
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Figure 11.28 Low-frequency response due to CE.
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Figure 11.29 Low-frequency response due to CS, CE, and CC.

Figure 11.30 Low-frequency plot for the network of 
Example 11.9.
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Figure 11.31 dB plot of the low-frequency response of the BJT amplifier of Fig. 11.25.
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Figure 11.32 Capacitive elements that affect the low-frequency response of a JFET amplifier.

Figure 11.33 Determining the 
effect of CG on the low-frequency 
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EXAMPLE 11.10

Figure 11.34 Determining the effect of CC on
the low-frequency response.
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Figure 11.35 Determining the effect of CS

on the low-frequency response.
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Figure 11.36 Low-frequency 
response for the JFET configura-
tion of Example 11.10.
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Figure 11.37 Schematic network for Example 11.10.

Figure 11.38 dB response for
the low-frequency region in the
network of Example 11.10.
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Figure 11.39 Network employed in
the derivation of an equation for the
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Figure 11.40 Demonstrating 
the impact of the Miller effect 
capacitance.
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Figure 11.41 Network employed in
the derivation of an equation for the
Miller output capacitance.



K H
}

_ V { {
} 5 }e

2

l m e y z g h} 5}
v j k f e e

2
e z g h i}5 }

v j e n �}H P N O R Q D E F D E Q J P L K R R K T D E F P p O S Q D K E L K H Q J P � D R R P H K O Q A O Q I S A S I D Q S E I P �j n � 5 1 e
2 }

g e h}2 j k f e e s t � S ir K H Q J P O N O S R N D Q O S Q D K E T J P H P g h @
e a � p s f e e s t � S i H P ^ O I P N Q Kj n � > j k

u
� �

u @

X f e e s t � d i� � S \ A R P N D E Q J P O N P K L � p s f e e s t � i T D R R S A A P S H D E Q J P E P � Q Q T K N P I Q D K E N S N T P D E �U P N Q D F S Q P Q J P J D F J � L H P p O P E I ] H P N A K E N P N K L � � v S E ^ r � v S \ A R D L D P H N s
11.9 HIGH-FREQUENCY RESPONSE — BJT

AMPLIFIER@ Q Q J P J D F J � L H P p O P E I ] P E ^ a Q J P H P S H P Q T K L S I Q K H N Q J S Q T D R R ^ P L D E P Q J P
2

w � ^ � A K D E Q � Q J PE P Q T K H q I S A S I D Q S E I P f A S H S N D Q D I S E ^ D E Q H K ^ O I P ^ i S E ^ Q J P L H P p O P E I ] ^ P A P E ^ P E I P K L� k � f bi s
Network Parameters� E Q J P J D F J � L H P p O P E I ] H P F D K E a Q J P b j E P Q T K H q K L I K E I P H E J S N Q J P I K E L D F O H S Q D K E S A �A P S H D E F D E r D F s e e s t � s @ Q D E I H P S N D E F L H P p O P E I D P N a Q J P H P S I Q S E I P l m T D R R ^ P I H P S N P D E\ S F E D Q O ^ P a H P N O R Q D E F D E S N J K H Q D E F P L L P I Q S I H K N N Q J P K O Q A O Q S E ^ S ^ P I H P S N P D E F S D E s v J P^ P H D U S Q D K E R P S ^ D E F Q K Q J P I K H E P H L H P p O P E I ] L K H Q J D N b j I K E L D F O H S Q D K E L K R R K T N S R K E FN D \ D R S H R D E P N Q K Q J S Q P E I K O E Q P H P ^ L K H Q J P R K T � L H P p O P E I ] H P F D K E s v J P \ K N Q N D F E D L D I S E Q^ D L L P H P E I P D N D E Q J P F P E P H S R L K H \ K L g h S A A P S H D E F d P R K T �g h 5 }e

1 � e f � z � Y i} f e e s t w iT J D I J H P N O R Q N D E S \ S F E D Q O ^ P A R K Q N O I J S N N J K T E D E r D F s e e s t w Q J S Q ^ H K A N K L L S Q� ^ � z K I Q S U P T D Q J D E I H P S N D E F L H P p O P E I ] s � K Q P Q J S Q � Y D N D E Q J P ^ P E K \ D E S Q K H K L Q J PL H P p O P E I ] H S Q D K H S Q J P H Q J S E Q J P E O \ P H S Q K H S N K I I O H H P ^ L K H � X D E � p s f e e s � e i s� E r D F s e e s t t a Q J P U S H D K O N A S H S N D Q D I I S A S I D Q S E I P N f j � � a j � � a j � � i K L Q J P Q H S E N D N Q K H

52311.9 High-Frequency Response—BJT Amplifier

f

Figure 11.43 Asymptotic plot 
as defined by Eq. (11.43).

Figure 11.42 R-C combination
that will define a high cutoff fre-
quency.
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Figure 11.44 Network of Fig.
11.16 with the capacitors that 
affect the high-frequency 
response.
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Figure 11.45 High-frequency 
ac equivalent model for the 
network of Fig. 11.44.
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Figure 11.47 Giacoletto (or 
hybrid p) high-frequency transistor
small-signal ac equivalent circuit.

» µ � ³ � µ¼ ¼
~! "» µ µ � � " µ ~ µ � ³~ µ � ´�

=» µ � ´ # µ � ´ �
=» ³ ´ $ ² ´ # % � µ � ´

=
# % » µ � ´ � " µ

≅
$ � ´ & ' ( � " µ



Ä Å á Ä â Ó Ô é Ã é Ä ë â é ê Â Å Ã ì á Ä Å á ì Ó é Ä Ã é Ä Å á Ó è Ä ç Ó ì â á é Ã é Ä Ó Ô è á Â Ã Ä Å Ã Ô Ä Å á Ó è Ä Ã à á ð Ó é á â á ä Ã ë Ô Ï ò Å áâ á é Ã é Ä Ó Ô è á é � Ø
9

Ù ) � Ý Ù ) Ó Ô Õ � Ø
9

Ý Ó â á Ä Å á â á é Ã é Ä Ó Ô è á é ð á Ä Â á á Ô Ä Å á Ã Ô Õ Ã è Ó Ä á Õ Ä á â í Ã Ô Ó ì é Â Å á ÔÄ Å á Õ á à Ã è á Ã é Ã Ô Ä Å á Ó è Ä Ã à á â á ä Ã ë Ô Ï ò Å á é Ó í á Ã é Ä â ç á å ë â Ä Å á è Ó î Ó è Ã Ä Ó Ô è á é Ö Ø
9

Ý Ó Ô Õ Ö Ø
9

Ù êÓ ì Ä Å ë ç ä Å Ä Å á å ë â í á â Ã é Ó Ä â Ó Ô é Ã Ä Ã ë Ô è Ó î Ó è Ã Ä Ó Ô è á Â Å Ã ì á Ä Å á ì Ó Ä Ä á â Ã é Ó Õ Ã å å ç é Ã ë Ô è Ó î Ó è Ã ïÄ Ó Ô è á Ï ß í ë â á Õ á Ä Ó Ã ì á Õ á � î ì Ó Ô Ó Ä Ã ë Ô ë å Ä Å á å â á æ ç á Ô è ã Õ á î á Ô Õ á Ô è á ë å á Ó è Å è Ó Ô ð á å ë ç Ô ÕÃ Ô Ó Ô ç í ð á â ë å â á Ó Õ Ã ì ã Ó à Ó Ã ì Ó ð ì á Ä á � Ä é Ï� Ô Ä á â í é ë å Ä Å á é á î Ó â Ó í á Ä á â é êõ
b

Í é ë í á Ä Ã í á é Ó î î á Ó â Ã Ô ä Ó é õ * + , Ò 5 Í Î Î Ï Ñ Î Òë â é Ã Ô è á Ä Å á Å ã ð â Ã Õ î Ó â Ó í á Ä á â � � Ù Ã é â á ì Ó Ä á Õ Ä ë - Ø
9

Ù Ä Å â ë ç ä Å - . 5 � � Ù � 
 � - Ø
9

Ù êõ
b 5 }� � ÎÙ � 
 �} }÷

p Í Ö Ø
9

- Ù .
1 Ö Ø

9
Ý Ò} Í Î Î Ï Ñ ÷ Òò Ó ô Ã Ô ä Ã Ä Ó é Ä á î å ç â Ä Å á â ê- . 5 � � Ù � 
 � - Ø

9
Ù 5 � � Ù � 
 � }� Ø Î

9
Ù} > }

� �� Ù Ì � Ù 
 �} 5 }
b

b/ / 0 1 0 1� Ù} 5 }� Î Ù}Ó Ô Õ ç é Ã Ô ä Ä Å á Ó î î â ë � Ã í Ó Ä Ã ë Ô éÖ Ø
9

Ù > Ö Ø Ù Ó Ô Õ Ö Ø
9

Ý > Ö Ø ÝÂ Ã ì ì â á é ç ì Ä Ã Ô Ä Å á å ë ì ì ë Â Ã Ô ä å ë â í å ë â 2 æ Ï Í Î Î Ï Ñ � Ò 	õ
b > Í Î Î Ï Ñ � Ò2 æ ç Ó Ä Ã ë Ô Í Î Î Ï Ñ � Ò è ì á Ó â ì ã â á à á Ó ì é Ä Å Ó Ä é Ã Ô è á � Ù Ã é Ó å ç Ô è Ä Ã ë Ô ë å Ä Å á Ô á Ä Â ë â ô Õ á é Ã ä Ô 	

fb is a function of the bias conditions.ò Å á ð Ó é Ã è å ë â í Ó Ä ë å 2 æ Ï Í Î Î Ï Ñ � Ò Ã é á � Ó è Ä ì ã Ä Å á é Ó í á Ó é 2 æ Ï Í Î Î Ï Ð � Ò Ã å Â á á � Ä â Ó è ÄÄ Å á í ç ì Ä Ã î ì ã Ã Ô ä å Ó è Ä ë â � � Ù � 
 � ê â á à á Ó ì Ã Ô ä Ä Å Ó Ä � � Ù Â Ã ì ì Õ â ë î ë å å å â ë í Ã Ä é í Ã Õ ð Ó Ô Õ à Ó ì ç áÂ Ã Ä Å Ó Þ ï Õ � � ë è Ä Ó à á é ì ë î á Ó é é Å ë Â Ô Ã Ô ñ Ã ä Ï Î Î Ï Ð ý Ï ò Å á é Ó í á å Ã ä ç â á Å Ó é Ó î ì ë Ä ë å � � ØÍ ë â aÒ à á â é ç é å â á æ ç á Ô è ã Ï 3 ë Ä á Ä Å á é í Ó ì ì è Å Ó Ô ä á Ã Ô � � Ø å ë â Ä Å á è Å ë é á Ô å â á æ ç á Ô è ã â Ó Ô ä á êâ á à á Ó ì Ã Ô ä Ä Å Ó Ä Ä Å á è ë í í ë Ô ï ð Ó é á è ë Ô å Ã ä ç â Ó Ä Ã ë Ô Õ Ã é î ì Ó ã é Ã í î â ë à á Õ Å Ã ä Å ï å â á æ ç á Ô è ã è Å Ó â ïÓ è Ä á â Ã é Ä Ã è é ë à á â Ä Å á è ë í í ë Ô ï á í Ã Ä Ä á â è ë Ô å Ã ä ç â Ó Ä Ã ë Ô Ï 4 á è Ó ì ì Ó ì é ë Ä Å á Ó ð é á Ô è á ë å Ä Å á5 Ã ì ì á â á å å á è Ä è Ó î Ó è Ã Ä Ó Ô è á Õ ç á Ä ë Ä Å á Ô ë Ô Ã Ô à á â Ä Ã Ô ä è Å Ó â Ó è Ä á â Ã é Ä Ã è é ë å Ä Å á è ë í í ë Ô ï ð Ó é áè ë Ô å Ã ä ç â Ó Ä Ã ë Ô Ï ñ ë â Ä Å Ã é à á â ã â á Ó é ë Ô ê è ë í í ë Ô ï ð Ó é á Å Ã ä Å ï å â á æ ç á Ô è ã î Ó â Ó í á Ä á â é â Ó Ä Å á âÄ Å Ó Ô è ë í í ë Ô ï á í Ã Ä Ä á â î Ó â Ó í á Ä á â é Ó â á ë å Ä á Ô é î á è Ã å Ã á Õ å ë â Ó Ä â Ó Ô é Ã é Ä ë â 6 á é î á è Ã Ó ì ì ã Ä Å ë é áÕ á é Ã ä Ô á Õ é î á è Ã å Ã è Ó ì ì ã Ä ë ë î á â Ó Ä á Ã Ô Ä Å á Å Ã ä Å ï å â á æ ç á Ô è ã â á ä Ã ë Ô é Ïò Å á å ë ì ì ë Â Ã Ô ä á æ ç Ó Ä Ã ë Ô î á â í Ã Ä é Ó Õ Ã â á è Ä è ë Ô à á â é Ã ë Ô å ë â Õ á Ä á â í Ã Ô Ã Ô ä õ
b

Ã å õ
a

Ó Ô Õ aÓ â á é î á è Ã å Ã á Õ Ï õ
b 5

õ
a

Í Î 2 aÒ Í Î Î Ï Ñ Ð Òß æ ç Ó Ô Ä Ã Ä ã è Ó ì ì á Õ Ä Å á - � � 7 8 � � 7 � 9 � � � � : � � � ; � � Ã é Õ á å Ã Ô á Õ å ë â Ä Å á Ä â Ó Ô é Ã é Ä ë â ð ã Ä Å áè ë Ô Õ Ã Ä Ã ë Ô
*}Î 1

� � 
 Ù Í � õ 
 � � õ
b

Ò}* 5 Î

Î
}}}÷

pb/ 0 1 � Ù Í Ö Ø Ù 1 Ö Ø Ý Ò

- Ø
9

Ù
}}÷

p Í Ö Ø
9

Ù 1 Ö Ø
9

Ý Ò

526 Chapter 11 BJT and JFET Frequency Response

f



é ë Ä Å Ó Ä u� � Ù u 1 < 5
÷ � ì ë ä Ê = * * 5

÷ � ì ë ä Ê = Î 5 � Õ �ò Å á å â á æ ç á Ô è ã Ó Ä Â Å Ã è Å u� � Ù u 1 < 5 � Õ � Ã é è ì á Ó â ì ã Ã Ô Õ Ã è Ó Ä á Õ ð ã õ > Ã Ô ñ Ã ä Ï Î Î Ï Ð ý Ï ò Å áí Ó ä Ô Ã Ä ç Õ á ë å � � Ù Ó Ä Ä Å á Õ á å Ã Ô á Õ è ë Ô Õ Ã Ä Ã ë Ô î ë Ã Ô Ä Í õ >
@

õ
b

Ò Ã é ä Ã à á Ô ð ã
> 5 Î?

>
< @ Aé ë Ä Å Ó Ä õ >

> � � Ù � 
 � ?
õ

b
? B C 0 D E F C D 1 G 0 1 H È I J K 1 L M H A Í Î Î Ï Ñ Ñ Òë â õ >

> b/ 0 1 õ
b

Í Î Î Ï Ñ Þ ÒÂ Ã Ä Å õ
b 5 }

b

õ / > 0 1} Í Î Î Ï Ñ ú ÒN ç ð é Ä Ã Ä ç Ä Ã Ô ä 2 æ Ï Í Î Î Ï Ñ � Ò å ë â õ
b

Ã Ô 2 æ Ï Í Î Î Ï Ñ Ñ Ò ä Ã à á éõ >
> b/ 0 1Ó Ô Õ õ >

>}÷
p� Ù Í Ö Ø Î Ù 1 Ö Ø Ý Ò} Í Î Î Ï Ñ ý ÒÎ
}}}÷

pb/ 0 1 � Ù Í Ö Ø Ù 1 Ö Ø Ý Ò

� � Ù � 
 �}õ > � õ
b

� � Ù � 
 �}}
Ï Îw 1wÍ õw> �wõ

b
wÒ Ë

w

� � Ù � 
 �}}Î 1

 Í õ � õ

b
Ò

52711.9 High-Frequency Response—BJT Amplifier

f

Figure 11.48 hfe and hfb versus frequency in the high-frequency region.
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In general, therefore, the lowest of the upper-cutoff frequencies defines a max-
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Figure 11.49 Full frequency 
response for the network of 
Fig. 11.44.

Figure 11.50 Network of Figure 11.25 with parasitic capacitances in place.
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11.10 HIGH-FREQUENCY RESPONSE —
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Figure 11.51 Full frequency response for the network of Fig. 11.50.
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Figure 11.57 Effect of an increased number of stages on the cutoff frequencies
and the bandwidth.
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Figure 17.1 Comparator unit:
(a) basic unit; (b) typical 
application.

Figure 17.2 Operation of 741
op-amp as comparator.
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Figure 17.3 A 741 op-amp
used as a comparator.
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Figure 17.4 A 311 comparator (eight-pin DIP unit).

Figure 17.5 Zero-crossing detector using a 311 IC.
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Figure 17.6 Operation of a 311
comparator with strobe input.

Figure 17.7 Operation of a 311 comparator with relay output.
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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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Figure 17.13 DAC IC using 
R-2R ladder network.
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Figure 17.14 Analog-to-digital conversion using dual-slope method: (a) logic diagram; 
(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 17.16 Details of 555
timer IC.

Figure 17.17 Astable 
multivibrator using 555 IC.
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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).
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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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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.
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EXAMPLE 13.1
à ¸ ´ ¿ ¹ ± ² É ² ¼ ¸ À ¿ À » ³ É ² ¼ ¸ À ¿ ¸ Á Â ³ Å ² » À ¼ ¾ Â ¸ ¹ ± ³ » ¼ ² ÊÎ º ² ´ Á ¶ À »³ Ë c K ] Þ Ë½ Ë á K K K ] Þ Ë

Solutions:³ Ë Y
5 5 >

K Ë K á c c k · À ¼ _ ¹ a ¹ º ï 
Ø ³ ¼ ² Á º ¼ ¼ ¸ ´ Æ Å ³ µ º ² · ¸ ´ Á ² c K ] Þ ¸ · · À É ¼ ² Å ³ µ ² ´ ¹ Ý½ Ë Y
5 5 5

á K
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Z ·
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_ ï 

EXAMPLE 13.2

V ² ¹ ² ¼ ¾ ¸ ´ ² ¹ ± ² » ¼ ² Î º ² ´ Á ¶ À » ¹ ± ² Â ³ Å ² » À ¼ ¾ À » à ¸ Æ Ëá â Ë » Ë
Solution:

à ¼ À ¾ ¹ ± ² Ç Æ º ¼ ² Ä Y
5

Ø � G ¾ ·
2

G ¾ · Ý
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� K ¾ · Ä ³ ´ ¿0
5 5 5 ¼ ½ ¾ ¿

EXAMPLE 13.3
° ± ² î 
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13.4 GENERAL FORMAT FOR THE SINUSOIDAL
VOLTAGE OR CURRENT
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