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Figure 1.1 Ideal diode: (a) 
symbol; (b) characteristics.
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The characteristics of an ideal diode are those of a switch that can conduct
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Figure 1.2 (a) Conduction and (b) nonconduction states of the ideal diode as
determined by the applied bias.
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1.3 Semiconductor Materials

Figure 1.3 (a) Conduction
and (b) nonconduction states of
the ideal diode as determined by
the direction of conventional
current established by the 
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How close will the forward or “on” resistance of a practical diode compare
with the desired 0-V level?

Is the reverse-bias resistance sufficiently large to permit an open-circuit ap-
proximation?
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The term conductor is applied to any material that will support a generous
flow of charge when a voltage source of limited magnitude is applied across
its terminals.

An insulator is a material that offers a very low level of conductivity under
pressure from an applied voltage source.

A semiconductor, therefore, is a material that has a conductivity level some-
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Figure 1.4 Defining the metric
units of resistivity.
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TABLE 1.1 Typical Resistivity Values
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A bonding of atoms, strengthened by the sharing of electrons, is called cova-
lent bonding.

Figure 1.5 Ge and Si 
single-crystal structure.
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Intrinsic materials are those semiconductors that have been carefully refined
to reduce the impurities to a very low level—essentially as pure as can be
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An increase in temperature of a semiconductor can result in a substantial in-
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Semiconductor materials such as Ge and Si that show a reduction in resis-
tance with increase in temperature are said to have a negative temperature
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1.3 Semiconductor Materials

Figure 1.6 Atomic structure: (a) germanium;
(b) silicon.

Figure 1.7 Covalent bonding of the silicon
atom.
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The more distant the electron from the nucleus, the higher the energy state,
and any electron that has left its parent atom has a higher energy state than
any electron in the atomic structure.
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Figure 1.8 Energy levels: (a)
discrete levels in isolated atomic
structures; (b) conduction and 
valence bands of an insulator,
semiconductor, and conductor.
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1.5 EXTRINSIC MATERIALS—

n- AND p-TYPEè « ¥ ¬ « ¶ ¤ ¶ ¬ ª ¥ ¤ § ¯ ª § ¬ ¯ ­ Ý ¯ ¥ ½ § ¬ ­ £ ® Á ¬ ª ­ ¤ ½ ¶ ª ¥ ¤ § ¶ · ¯ ¬ ¶ £ ¸ ¥ ¶ · ª ¥ ¤ ¥ ® ¯ § ² £ § Ý § ¬ ¶ £ ª · » ¸ » ª « ¥ ¶ ® ¼® § ª § ­ £ ­ Ý ¬ ¥ ¤ ª ¶ § £ § ½ ° Á ¤ § ª » ¶ ª ­ ½ ¯ § £ ª ­ ª « ¥ ¤ ¥ · ¶ ª § ¦ ¥ · » ° Á ¤ ¥ ¯ ¥ ½ § ¬ ­ £ ® Á ¬ ª ­ ¤ ½ ¶ ª ¥ ¤ § ¶ · ³ è « ¥ ¯ ¥§ ½ ° Á ¤ § ª § ¥ ¯ © ¶ · ª « ­ Á ² « ­ £ · » ¶ ® ® ¥ ® ª ­ ° ¥ ¤ « ¶ ° ¯ ´ ° ¶ ¤ ª § £ ´ º ½ § · · § ­ £ © ¬ ¶ £ ¶ · ª ¥ ¤ ª « ¥ ¸ ¶ £ ®¯ ª ¤ Á ¬ ª Á ¤ ¥ ¯ Á Ý Ý § ¬ § ¥ £ ª · » ª ­ ª ­ ª ¶ · · » ¬ « ¶ £ ² ¥ ª « ¥ ¥ · ¥ ¬ ª ¤ § ¬ ¶ · ° ¤ ­ ° ¥ ¤ ª § ¥ ¯ ­ Ý ª « ¥ ½ ¶ ª ¥ ¤ § ¶ · ³
A semiconductor material that has been subjected to the doping process is
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Figure 1.9 Antimony impurity
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Figure 1.10 Effect of donor impurities on the energy band 
structure.
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Figure 1.11 Boron impurity in
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Figure 1.12 Electron versus
hole flow.
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In an n-type material (Fig. 1.13a) the electron is called the majority carrier
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In a p-type material the hole is the majority carrier and the electron is the
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Figure 1.13 (a) n-type material; (b) p-type material.
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This region of uncovered positive and negative ions is called the depletion re-
gion due to the depletion of carriers in this region.� § £ ¬ ¥ ª « ¥ ® § ­ ® ¥ § ¯ ¶ ª ¨ ­ ¼ ª ¥ ¤ ½ § £ ¶ · ® ¥ ¦ § ¬ ¥ © ª « ¥ ¶ ° ° · § ¬ ¶ ª § ­ £ ­ Ý ¶ ¦ ­ · ª ¶ ² ¥ ¶ ¬ ¤ ­ ¯ ¯ § ª ¯ª ¥ ¤ ½ § £ ¶ · ¯ · ¥ ¶ ¦ ¥ ¯ ª « ¤ ¥ ¥ ° ­ ¯ ¯ § ¸ § · § ª § ¥ ¯ ç ï î � ì � é à R ß

5
º ¿ á © � î ó f � ó ð � ì � é à R ß

.
º ¿ á © ¶ £ ®ó ê õ ê ó é ê � ì � é à R ß

,
º ¿ á ³ 	 ¶ ¬ « § ¯ ¶ ¬ ­ £ ® § ª § ­ £ ª « ¶ ª ¨ § · · ¤ ¥ ¯ Á · ª § £ ¶ ¤ ¥ ¯ ° ­ £ ¯ ¥ ª « ¶ ª ª « ¥Á ¯ ¥ ¤ ½ Á ¯ ª ¬ · ¥ ¶ ¤ · » Á £ ® ¥ ¤ ¯ ª ¶ £ ® § Ý ª « ¥ ® ¥ ¦ § ¬ ¥ § ¯ ª ­ ¸ ¥ ¶ ° ° · § ¥ ® ¥ Ý Ý ¥ ¬ ª § ¦ ¥ · » ³



No Applied Bias (VD 5 0 V)n £ ® ¥ ¤ £ ­ ¼ ¸ § ¶ ¯ à £ ­ ¶ ° ° · § ¥ ® ¦ ­ · ª ¶ ² ¥ á ¬ ­ £ ® § ª § ­ £ ¯ © ¶ £ » ½ § £ ­ ¤ § ª » ¬ ¶ ¤ ¤ § ¥ ¤ ¯ à « ­ · ¥ ¯ á § £ ª « ¥ï ¼ ª » ° ¥ ½ ¶ ª ¥ ¤ § ¶ · ª « ¶ ª Ý § £ ® ª « ¥ ½ ¯ ¥ · ¦ ¥ ¯ ¨ § ª « § £ ª « ¥ ® ¥ ° · ¥ ª § ­ £ ¤ ¥ ² § ­ £ ¨ § · · ° ¶ ¯ ¯ ® § ¤ ¥ ¬ ª · » § £ ª ­ª « ¥ � ¼ ª » ° ¥ ½ ¶ ª ¥ ¤ § ¶ · ³ è « ¥ ¬ · ­ ¯ ¥ ¤ ª « ¥ ½ § £ ­ ¤ § ª » ¬ ¶ ¤ ¤ § ¥ ¤ § ¯ ª ­ ª « ¥ � Á £ ¬ ª § ­ £ © ª « ¥ ² ¤ ¥ ¶ ª ¥ ¤ ª « ¥¶ ª ª ¤ ¶ ¬ ª § ­ £ Ý ­ ¤ ª « ¥ · ¶ » ¥ ¤ ­ Ý £ ¥ ² ¶ ª § ¦ ¥ § ­ £ ¯ ¶ £ ® ª « ¥ · ¥ ¯ ¯ ª « ¥ ­ ° ° ­ ¯ § ª § ­ £ ­ Ý ª « ¥ ° ­ ¯ § ª § ¦ ¥ § ­ £ ¯§ £ ª « ¥ ® ¥ ° · ¥ ª § ­ £ ¤ ¥ ² § ­ £ ­ Ý ª « ¥ ï ¼ ª » ° ¥ ½ ¶ ª ¥ ¤ § ¶ · ³ ± ­ ¤ ª « ¥ ° Á ¤ ° ­ ¯ ¥ ¯ ­ Ý Ý Á ª Á ¤ ¥ ® § ¯ ¬ Á ¯ ¯ § ­ £ ¯¨ ¥ ¯ « ¶ · · ¶ ¯ ¯ Á ½ ¥ ª « ¶ ª ¶ · · ª « ¥ ½ § £ ­ ¤ § ª » ¬ ¶ ¤ ¤ § ¥ ¤ ¯ ­ Ý ª « ¥ ï ¼ ª » ° ¥ ½ ¶ ª ¥ ¤ § ¶ · ª « ¶ ª Ý § £ ® ª « ¥ ½ ¼¯ ¥ · ¦ ¥ ¯ § £ ª « ¥ ® ¥ ° · ¥ ª § ­ £ ¤ ¥ ² § ­ £ ® Á ¥ ª ­ ª « ¥ § ¤ ¤ ¶ £ ® ­ ½ ½ ­ ª § ­ £ ¨ § · · ° ¶ ¯ ¯ ® § ¤ ¥ ¬ ª · » § £ ª ­ ª « ¥� ¼ ª » ° ¥ ½ ¶ ª ¥ ¤ § ¶ · ³ � § ½ § · ¶ ¤ ® § ¯ ¬ Á ¯ ¯ § ­ £ ¬ ¶ £ ¸ ¥ ¶ ° ° · § ¥ ® ª ­ ª « ¥ ½ § £ ­ ¤ § ª » ¬ ¶ ¤ ¤ § ¥ ¤ ¯ à ¥ · ¥ ¬ ª ¤ ­ £ ¯ á­ Ý ª « ¥ � ¼ ª » ° ¥ ½ ¶ ª ¥ ¤ § ¶ · ³ è « § ¯ ¬ ¶ ¤ ¤ § ¥ ¤ Ý · ­ ¨ « ¶ ¯ ¸ ¥ ¥ £ § £ ® § ¬ ¶ ª ¥ ® § £ ± § ² ³ ´ ³ ´ ø Ý ­ ¤ ª « ¥ ½ § ¼£ ­ ¤ § ª » ¬ ¶ ¤ ¤ § ¥ ¤ ¯ ­ Ý ¥ ¶ ¬ « ½ ¶ ª ¥ ¤ § ¶ · ³è « ¥ ½ ¶ � ­ ¤ § ª » ¬ ¶ ¤ ¤ § ¥ ¤ ¯ à ¥ · ¥ ¬ ª ¤ ­ £ ¯ á ­ Ý ª « ¥ ï ¼ ª » ° ¥ ½ ¶ ª ¥ ¤ § ¶ · ½ Á ¯ ª ­ ¦ ¥ ¤ ¬ ­ ½ ¥ ª « ¥ ¶ ª ¼ª ¤ ¶ ¬ ª § ¦ ¥ Ý ­ ¤ ¬ ¥ ¯ ­ Ý ª « ¥ · ¶ » ¥ ¤ ­ Ý ° ­ ¯ § ª § ¦ ¥ § ­ £ ¯ § £ ª « ¥ ï ¼ ª » ° ¥ ½ ¶ ª ¥ ¤ § ¶ · ¶ £ ® ª « ¥ ¯ « § ¥ · ® ­ Ý£ ¥ ² ¶ ª § ¦ ¥ § ­ £ ¯ § £ ª « ¥ � ¼ ª » ° ¥ ½ ¶ ª ¥ ¤ § ¶ · ª ­ ½ § ² ¤ ¶ ª ¥ § £ ª ­ ª « ¥ ¶ ¤ ¥ ¶ ¸ ¥ » ­ £ ® ª « ¥ ® ¥ ° · ¥ ª § ­ £ ¤ ¥ ¼² § ­ £ ­ Ý ª « ¥ � ¼ ª » ° ¥ ½ ¶ ª ¥ ¤ § ¶ · ³ W ­ ¨ ¥ ¦ ¥ ¤ © ª « ¥ £ Á ½ ¸ ¥ ¤ ­ Ý ½ ¶ � ­ ¤ § ª » ¬ ¶ ¤ ¤ § ¥ ¤ ¯ § ¯ ¯ ­ · ¶ ¤ ² ¥ § £ª « ¥ ï ¼ ª » ° ¥ ½ ¶ ª ¥ ¤ § ¶ · ª « ¶ ª ª « ¥ ¤ ¥ ¨ § · · § £ ¦ ¶ ¤ § ¶ ¸ · » ¸ ¥ ¶ ¯ ½ ¶ · · £ Á ½ ¸ ¥ ¤ ­ Ý ½ ¶ � ­ ¤ § ª » ¬ ¶ ¤ ¤ § ¥ ¤ ¯¨ § ª « ¯ Á Ý Ý § ¬ § ¥ £ ª æ § £ ¥ ª § ¬ ¥ £ ¥ ¤ ² » ª ­ ° ¶ ¯ ¯ ª « ¤ ­ Á ² « ª « ¥ ® ¥ ° · ¥ ª § ­ £ ¤ ¥ ² § ­ £ § £ ª ­ ª « ¥ � ¼ ª » ° ¥ ½ ¶ ¼ª ¥ ¤ § ¶ · ³ ¾ ² ¶ § £ © ª « ¥ ¯ ¶ ½ ¥ ª » ° ¥ ­ Ý ® § ¯ ¬ Á ¯ ¯ § ­ £ ¬ ¶ £ ¸ ¥ ¶ ° ° · § ¥ ® ª ­ ª « ¥ ½ ¶ � ­ ¤ § ª » ¬ ¶ ¤ ¤ § ¥ ¤ ¯ à « ­ · ¥ ¯ á­ Ý ª « ¥ � ¼ ª » ° ¥ ½ ¶ ª ¥ ¤ § ¶ · ³ è « ¥ ¤ ¥ ¯ Á · ª § £ ² Ý · ­ ¨ ® Á ¥ ª ­ ª « ¥ ½ ¶ � ­ ¤ § ª » ¬ ¶ ¤ ¤ § ¥ ¤ ¯ § ¯ ¶ · ¯ ­ ¯ « ­ ¨ £§ £ ± § ² ³ ´ ³ ´ ø ³¾ ¬ · ­ ¯ ¥ ¥ å ¶ ½ § £ ¶ ª § ­ £ ­ Ý ± § ² ³ ´ ³ ´ ø ¨ § · · ¤ ¥ ¦ ¥ ¶ · ª « ¶ ª ª « ¥ ¤ ¥ · ¶ ª § ¦ ¥ ½ ¶ ² £ § ª Á ® ¥ ¯ ­ Ý ª « ¥Ý · ­ ¨ ¦ ¥ ¬ ª ­ ¤ ¯ ¶ ¤ ¥ ¯ Á ¬ « ª « ¶ ª ª « ¥ £ ¥ ª Ý · ­ ¨ § £ ¥ § ª « ¥ ¤ ® § ¤ ¥ ¬ ª § ­ £ § ¯ � ¥ ¤ ­ ³ è « § ¯ ¬ ¶ £ ¬ ¥ · · ¶ ª § ­ £ ­ Ý¦ ¥ ¬ ª ­ ¤ ¯ « ¶ ¯ ¸ ¥ ¥ £ § £ ® § ¬ ¶ ª ¥ ® ¸ » ¬ ¤ ­ ¯ ¯ ¥ ® · § £ ¥ ¯ ³ è « ¥ · ¥ £ ² ª « ­ Ý ª « ¥ ¦ ¥ ¬ ª ­ ¤ ¤ ¥ ° ¤ ¥ ¯ ¥ £ ª § £ ² « ­ · ¥Ý · ­ ¨ « ¶ ¯ ¸ ¥ ¥ £ ® ¤ ¶ ¨ £ · ­ £ ² ¥ ¤ ª « ¶ £ ª « ¶ ª Ý ­ ¤ ¥ · ¥ ¬ ª ¤ ­ £ Ý · ­ ¨ ª ­ ® ¥ ½ ­ £ ¯ ª ¤ ¶ ª ¥ ª « ¶ ª ª « ¥ ½ ¶ ² ¼£ § ª Á ® ¥ ­ Ý ¥ ¶ ¬ « £ ¥ ¥ ® £ ­ ª ¸ ¥ ª « ¥ ¯ ¶ ½ ¥ Ý ­ ¤ ¬ ¶ £ ¬ ¥ · · ¶ ª § ­ £ ¶ £ ® ª « ¶ ª ª « ¥ ® ­ ° § £ ² · ¥ ¦ ¥ · ¯ Ý ­ ¤¥ ¶ ¬ « ½ ¶ ª ¥ ¤ § ¶ · ½ ¶ » ¤ ¥ ¯ Á · ª § £ ¶ £ Á £ ¥ ä Á ¶ · ¬ ¶ ¤ ¤ § ¥ ¤ Ý · ­ ¨ ­ Ý « ­ · ¥ ¯ ¶ £ ® ¥ · ¥ ¬ ª ¤ ­ £ ¯ ³ ¢ £ ¯ Á ½ ¼½ ¶ ¤ » © ª « ¥ ¤ ¥ Ý ­ ¤ ¥ ç
In the absence of an applied bias voltage, the net flow of charge in any one
direction for a semiconductor diode is zero.
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Figure 1.14 p-n junction with
no external bias.
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Figure 1.17 Reverse-bias 
conditions for a semiconductor
diode.

Figure 1.15 No-bias conditions
for a semiconductor diode.
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The current that exists under reverse-bias conditions is called the reverse sat-
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A semiconductor diode is forward-biased when the association p-type and pos-
itive and n-type and negative has been established.

Figure 1.16 Reverse-biased 
p-n junction.

â ã



13

â ã

è « ¥ ¶ ° ° · § ¬ ¶ ª § ­ £ ­ Ý ¶ Ý ­ ¤ ¨ ¶ ¤ ® ¼ ¸ § ¶ ¯ ° ­ ª ¥ £ ª § ¶ · R ß ¨ § · · � ° ¤ ¥ ¯ ¯ Á ¤ ¥ 
 ¥ · ¥ ¬ ª ¤ ­ £ ¯ § £ ª « ¥ï ¼ ª » ° ¥ ½ ¶ ª ¥ ¤ § ¶ · ¶ £ ® « ­ · ¥ ¯ § £ ª « ¥ � ¼ ª » ° ¥ ½ ¶ ª ¥ ¤ § ¶ · ª ­ ¤ ¥ ¬ ­ ½ ¸ § £ ¥ ¨ § ª « ª « ¥ § ­ £ ¯ £ ¥ ¶ ¤ ª « ¥¸ ­ Á £ ® ¶ ¤ » ¶ £ ® ¤ ¥ ® Á ¬ ¥ ª « ¥ ¨ § ® ª « ­ Ý ª « ¥ ® ¥ ° · ¥ ª § ­ £ ¤ ¥ ² § ­ £ ¶ ¯ ¯ « ­ ¨ £ § £ ± § ² ³ ´ ³ ´ " ³ è « ¥ ¤ ¥ ¼¯ Á · ª § £ ² ½ § £ ­ ¤ § ª » ¼ ¬ ¶ ¤ ¤ § ¥ ¤ Ý · ­ ¨ ­ Ý ¥ · ¥ ¬ ª ¤ ­ £ ¯ Ý ¤ ­ ½ ª « ¥ � ¼ ª » ° ¥ ½ ¶ ª ¥ ¤ § ¶ · ª ­ ª « ¥ ï ¼ ª » ° ¥ ½ ¶ ¼ª ¥ ¤ § ¶ · à ¶ £ ® ­ Ý « ­ · ¥ ¯ Ý ¤ ­ ½ ª « ¥ ï ¼ ª » ° ¥ ½ ¶ ª ¥ ¤ § ¶ · ª ­ ª « ¥ � ¼ ª » ° ¥ ½ ¶ ª ¥ ¤ § ¶ · á « ¶ ¯ £ ­ ª ¬ « ¶ £ ² ¥ ®§ £ ½ ¶ ² £ § ª Á ® ¥ à ¯ § £ ¬ ¥ ª « ¥ ¬ ­ £ ® Á ¬ ª § ­ £ · ¥ ¦ ¥ · § ¯ ¬ ­ £ ª ¤ ­ · · ¥ ® ° ¤ § ½ ¶ ¤ § · » ¸ » ª « ¥ · § ½ § ª ¥ ® £ Á ½ ¼¸ ¥ ¤ ­ Ý § ½ ° Á ¤ § ª § ¥ ¯ § £ ª « ¥ ½ ¶ ª ¥ ¤ § ¶ · á © ¸ Á ª ª « ¥ ¤ ¥ ® Á ¬ ª § ­ £ § £ ª « ¥ ¨ § ® ª « ­ Ý ª « ¥ ® ¥ ° · ¥ ª § ­ £ ¤ ¥ ¼² § ­ £ « ¶ ¯ ¤ ¥ ¯ Á · ª ¥ ® § £ ¶ « ¥ ¶ ¦ » ½ ¶ � ­ ¤ § ª » Ý · ­ ¨ ¶ ¬ ¤ ­ ¯ ¯ ª « ¥ � Á £ ¬ ª § ­ £ ³ ¾ £ ¥ · ¥ ¬ ª ¤ ­ £ ­ Ý ª « ¥ï ¼ ª » ° ¥ ½ ¶ ª ¥ ¤ § ¶ · £ ­ ¨ � ¯ ¥ ¥ ¯ 
 ¶ ¤ ¥ ® Á ¬ ¥ ® ¸ ¶ ¤ ¤ § ¥ ¤ ¶ ª ª « ¥ � Á £ ¬ ª § ­ £ ® Á ¥ ª ­ ª « ¥ ¤ ¥ ® Á ¬ ¥ ® ® ¥ ¼° · ¥ ª § ­ £ ¤ ¥ ² § ­ £ ¶ £ ® ¶ ¯ ª ¤ ­ £ ² ¶ ª ª ¤ ¶ ¬ ª § ­ £ Ý ­ ¤ ª « ¥ ° ­ ¯ § ª § ¦ ¥ ° ­ ª ¥ £ ª § ¶ · ¶ ° ° · § ¥ ® ª ­ ª « ¥ � ¼ ª » ° ¥½ ¶ ª ¥ ¤ § ¶ · ³ ¾ ¯ ª « ¥ ¶ ° ° · § ¥ ® ¸ § ¶ ¯ § £ ¬ ¤ ¥ ¶ ¯ ¥ ¯ § £ ½ ¶ ² £ § ª Á ® ¥ ª « ¥ ® ¥ ° · ¥ ª § ­ £ ¤ ¥ ² § ­ £ ¨ § · · ¬ ­ £ ¼ª § £ Á ¥ ª ­ ® ¥ ¬ ¤ ¥ ¶ ¯ ¥ § £ ¨ § ® ª « Á £ ª § · ¶ Ý · ­ ­ ® ­ Ý ¥ · ¥ ¬ ª ¤ ­ £ ¯ ¬ ¶ £ ° ¶ ¯ ¯ ª « ¤ ­ Á ² « ª « ¥ � Á £ ¬ ª § ­ £ © ¤ ¥ ¼

1.6 Semiconductor Diode

Figure 1.18 Forward-biased p-n
junction.

Figure 1.19 Silicon semiconductor
diode characteristics.
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Figure 1.20 Plot of ex.

Figure 1.21 Forward-bias 
conditions for a semiconductor
diode.



151.6 Semiconductor Diode

â ã
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â ã

Figure 1.25 Determining the dc
resistance of a diode at a particu-
lar operating point.

In general, therefore, the lower the current through a diode the higher the dc
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Figure 1.28 Determining the ac
resistance at a ó -point.
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Figure 1.27 Defining the
dynamic or ac resistance.
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EXAMPLE 1.2

Figure 1.29 Example 1.2
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As with the dc and ac resistance levels, the lower the level of currents used to
determine the average resistance the higher the resistance level.
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Figure 1.30 Determining the average ac resistance between indicated limits.
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1.8 DIODE EQUIVALENT CIRCUITS

An equivalent circuit is a combination of elements properly chosen to best
represent the actual terminal characteristics of a device, system, or such in a
particular operating region.	 ë å Ø æ ç ä ø å ä ì ô Ý å ë è ç Ø æ ç ç � é õ ê Õ ÷ ç ë Ø è õ ä è é õ Ø õ ô ì ç ã õ ë ç ì Ý Ø æ ç ì ç ê õ è ç ô � Ü ÿ å ÷ è Õ ë ÿ çä ç Ü å ê ç ì ã ä å Ü Õ ô è æ ç Ü Õ Ø õ è Õ ë ì Ø æ ç ç � é õ ê Õ ÷ ç ë Ø è õ ä è é õ Ø õ ë ô ç ä Ø ç ì õ ë õ Ø ô û ÷ Õ è ç ø õ Ø æ å é Ø ô ç úê ç ä ç ÷ � Õ ã ã ç è Ø õ ë ö Ø æ ç Õ è Ø é Õ ÷ ÿ ç æ Õ ê õ å ä å ã Ø æ ç ô � ô Ø ç Ü à � æ ç ä ç ô é ÷ Ø õ ô å ã Ø ç ë Õ ë ç Ø ø å ä � Ø æ Õ Øè Õ ë ÿ ç ô å ÷ ê ç ì é ô õ ë ö Ø ä Õ ì õ Ø õ å ë Õ ÷ è õ ä è é õ Ø Õ ë Õ ÷ � ô õ ô Ø ç è æ ë õ � é ç ô à
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Figure 1.32 Components of the piecewise-linear equivalent circuit.

626:� � � ���2; A B 4 = ;
 Ω

62 7 | y t � | u p | y� �6:
Figure 1.31 Defining the
piecewise-linear equivalent circuit
using straight-line segments 
to approximate the 
characteristic curve.
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Figure 1.34 Ideal diode and its characteristics.
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Figure 1.33 Simplified equivalent circuit for the silicon semiconductor diode.
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1.9 DIODE SPECIFICATION SHEETS0 Õ Ø Õ å ë ô û ç è õ ã õ è ô ç Ü õ è å ë ì é è Ø å ä ì ç ê õ è ç ô Õ ä ç ë å ä Ü Õ ÷ ÷ � û ä å ê õ ì ç ì ÿ � Ø æ ç Ü Õ ë é ã Õ è Ø é ä ç äõ ë å ë ç å ã Ø ø å ã å ä Ü ô à ¢ å ô Ø ã ä ç � é ç ë Ø ÷ � Ý õ Ø õ ô Õ ê ç ä � ÿ ä õ ç ã ì ç ô è ä õ û Ø õ å ë ÷ õ Ü õ Ø ç ì Ø å û ç ä æ Õ û ôå ë ç û Õ ö ç à � Ø æ ç ä ø õ ô ç Ý õ Ø õ ô Õ Ø æ å ä å é ö æ ç � Õ Ü õ ë Õ Ø õ å ë å ã Ø æ ç è æ Õ ä Õ è Ø ç ä õ ô Ø õ è ô é ô õ ë ö ö ä Õ û æ ô ÝÕ ä Ø ø å ä � Ý Ø Õ ÿ ÷ ç ô Ý Õ ë ì ô å å ë à 	 ë ç õ Ø æ ç ä è Õ ô ç Ý Ø æ ç ä ç Õ ä ç ô û ç è õ ã õ è û õ ç è ç ô å ã ì Õ Ø Õ Ø æ Õ Ø Ü é ô Øÿ ç õ ë è ÷ é ì ç ì ã å ä û ä å û ç ä é Ø õ ÷ õ m Õ Ø õ å ë å ã Ø æ ç ì ç ê õ è ç à � æ ç � õ ë è ÷ é ì ç +ý à � æ ç ã å ä ø Õ ä ì ê å ÷ Ø Õ ö ç Þ � Ô Õ Ø Õ ô û ç è õ ã õ ç ì è é ä ä ç ë Ø Õ ë ì Ø ç Ü û ç ä Õ Ø é ä ç ÖÛ à � æ ç Ü Õ � õ Ü é Ü ã å ä ø Õ ä ì è é ä ä ç ë Ø Ù � Ô Õ Ø Õ ô û ç è õ ã õ ç ì Ø ç Ü û ç ä Õ Ø é ä ç Ö. à � æ ç ä ç ê ç ä ô ç ô Õ Ø é ä Õ Ø õ å ë è é ä ä ç ë Ø Ù £ Ô Õ Ø Õ ô û ç è õ ã õ ç ì ê å ÷ Ø Õ ö ç Õ ë ì Ø ç Ü û ç ä Õ Ø é ä ç Ö* à � æ ç ä ç ê ç ä ô ç ú ê å ÷ Ø Õ ö ç ä Õ Ø õ ë ö I ¤ 	 â å ä ¤ ¥ â å ä â Ô ¦ ¥ Ö Ý ø æ ç ä ç ¦ ¥ è å Ü ç ô ã ä å Ü Ø æ ç Ø ç ä Ü ÿ ä ç Õ � ì å ø ë ! Ô Õ Ø Õ ô û ç è õ ã õ ç ì Ø ç Ü û ç ä Õ Ø é ä ç Ö Pá à � æ ç Ü Õ � õ Ü é Ü û å ø ç ä ì õ ô ô õ û Õ Ø õ å ë ÷ ç ê ç ÷ Õ Ø Õ û Õ ä Ø õ è é ÷ Õ ä Ø ç Ü û ç ä Õ Ø é ä ç
 à 1 Õ û Õ è õ Ø Õ ë è ç ÷ ç ê ç ÷ ô Ô Õ ô ì ç ã õ ë ç ì õ ë T ç è Ø õ å ë ý à ý ß Ö� à ¥ ç ê ç ä ô ç ä ç è å ê ç ä � Ø õ Ü ç � § § Ô Õ ô ì ç ã õ ë ç ì õ ë T ç è Ø õ å ë ý à ý ý Öþ à � û ç ä Õ Ø õ ë ö Ø ç Ü û ç ä Õ Ø é ä ç ä Õ ë ö ç0 ç û ç ë ì õ ë ö å ë Ø æ ç Ø � û ç å ã ì õ å ì ç ÿ ç õ ë ö è å ë ô õ ì ç ä ç ì Ý Õ ì ì õ Ø õ å ë Õ ÷ ì Õ Ø Õ Ü Õ � Õ ÷ ô å ÿ çû ä å ê õ ì ç ì Ý ô é è æ Õ ô ã ä ç � é ç ë è � ä Õ ë ö ç Ý ë å õ ô ç ÷ ç ê ç ÷ Ý ô ø õ Ø è æ õ ë ö Ø õ Ü ç Ý Ø æ ç ä Ü Õ ÷ ä ç ô õ ô Ø Õ ë è ç ÷ ç ê úç ÷ ô Ý Õ ë ì û ç Õ � ä ç û ç Ø õ Ø õ ê ç ê Õ ÷ é ç ô à ü å ä Ø æ ç Õ û û ÷ õ è Õ Ø õ å ë õ ë Ü õ ë ì Ý Ø æ ç ô õ ö ë õ ã õ è Õ ë è ç å ã Ø æ çì Õ Ø Õ ø õ ÷ ÷ é ô é Õ ÷ ÷ � ÿ ç ô ç ÷ ã ú Õ û û Õ ä ç ë Ø à 	 ã Ø æ ç Ü Õ � õ Ü é Ü û å ø ç ä å ä ì õ ô ô õ û Õ Ø õ å ë ä Õ Ø õ ë ö õ ô Õ ÷ ô åû ä å ê õ ì ç ì Ý õ Ø õ ô é ë ì ç ä ô Ø å å ì Ø å ÿ ç ç � é Õ ÷ Ø å Ø æ ç ã å ÷ ÷ å ø õ ë ö û ä å ì é è Ø +¨ Ú © f ª 5
Þ Ú Ù Ú Ô ý à ý ß Öø æ ç ä ç Ù Ú Õ ë ì Þ Ú Õ ä ç Ø æ ç ì õ å ì ç è é ä ä ç ë Ø Õ ë ì ê å ÷ Ø Õ ö ç Õ Ø Õ û Õ ä Ø õ è é ÷ Õ ä û å õ ë Ø å ã å û ç ä Õ Ø õ å ë à

TABLE 1.3 Diode Equivalent Circuits (Models)
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Figure 1.35 Electrical characteristics of a high-voltage, low-leakage diode.
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Figure 1.36 Terminal characteristics of a high-voltage diode.
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1.10 TRANSITION AND DIFFUSION
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Figure 1.37 Transition and diffusion capacitance versus applied bias for a 
silicon diode.
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Figure 1.38 Including the effect
of the transition or diffusion 
capacitance on the semiconductor
diode.

Figure 1.39 Defining the 
reverse recovery time.
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Figure 1.40 Semiconductor diode notation.
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Figure 1.41 Various types of junction diodes. [(a) Courtesy of Motorola Inc.;
and (b) and (c) Courtesy International Rectifier Corporation.]
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Curve Tracerç Å À Á Ê Î Ú À Ä Î Â Á À Î Ë Í ã È ß á ä á � 6 Á Â Ì Ñ È Ç Ï Ã Â Ò Ä Å À Á Å Â Î Â Á Ä À Î È Ç Ä È Á Ç Ë Í Â Å Ë Ç Ä Ë Í Ñ À Ú È Á À Ç × È Ì ÐÁ Ã Ê Ñ È Ì ß Ä Å À Ç À Ù È Á Ë Ì Ñ Ê Á Ä Ë Î Ñ È Ë Ñ À á 7 Ò Ï Î Ë Ï À Î Ã Ò Á Ë Ì Ì À Á Ä È Ì ß Ä Å À Ñ È Ë Ñ À Ä Ë Ä Å À Ä À Ç Ä Ï Â Ì À ÃÂ Ä Ä Å À Æ Ë Ä Ä Ë Ù Á À Ì Ä À Î Ë Í Ä Å À Ê Ì È Ä Â Ì Ñ Â Ñ ì Ê Ç Ä È Ì ß Ä Å À Á Ë Ì Ä Î Ë Ã Ç × Ä Å À Ñ È Ç Ï Ã Â Ò Ë Í ã È ß á ä á � (Figure 1.44 Checking a diode

with an ohmmeter.

Figure 1.42 Digital display 
meter with diode checking 
capability. (Courtesy 
Computronics Technology, Inc.)

Figure 1.43 Checking a diode
in the forward-bias state.
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Zener region.

Figure 1.45 Curve tracer.
(Courtesy of Tektronix, Inc.)

Figure 1.46 Curve tracer
response to 1N4007 silicon diode.
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TABLE 1.4 Electrical Characteristics (25°C Ambient Temperature Unless Otherwise Noted)

Zener Max Maximum Maximum Maximum
Voltage Test Dynamic Knee Reverse Test Regulator Typical

Nominal, Current, Impedance, Impedance, Current, Voltage, Current, Temperature
VZ IZT ZZT at IZT ZZK at IZK IR at VR VR IZM Coefficient
(V) (mA) (V) (V) (mA) (mA) (V) (mA) (%/°C)= ; = > A < D A < B ; ; ; A > < = ; B A > ? >

1
; A ; B >
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é ê @

Figure 1.48 Conduction direc-
tion: (a) Zener diode; (b) semi-
conductor diode.

Figure 1.49 Zener equivalent
circuit: (a) complete; (b) approxi-
mate.

Figure 1.50 Zener test 
characteristics.
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EXAMPLE 1.3

Figure 1.51 Electrical characteristics for a 10-V, 500-mW Zener diode.
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Figure 1.52 Zener terminal
identification and symbols.

Figure 1.53 Zener diodes.
(Courtesy Siemens Corporation.)
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The process of giving off light by applying an electrical source of energy is
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Figure 1.54 (a) Process of
electroluminescence in the LED;
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Figure 1.55 Hewlett-Packard subminiature high-efficiency red solid-state lamp: (a) appearance; 
(b) absolute maximum ratings; (c) electrical/optical characteristics; (d) relative intensity versus wave-
length; (e) forward current versus forward voltage; (f) relative luminous intensity versus forward cur-
rent; (g) relative efficiency versus peak current; (h) maximum peak current versus pulse duration; 
(i) relative luminous intensity versus angular displacement. (Courtesy Hewlett-Packard Corporation.)
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Figure 1.55 Continued.
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Figure 1.57 Monolithic diode array.
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Figure 1.59 Monolithic diode array. All dimensions are in inches.
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Figure 1.60 PSpice Design
package. (Courtesy of the
OrCAD-MicroSim Corporation.)
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Figure 2.1 Series diode configu-
ration: (a) circuit; (b) characteris-
tics.
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532.2 Load-line Analysis

Figure 2.2 Drawing the load line and finding the point of operation.
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EXAMPLE 2.1

Figure 2.3 (a) Circuit; (b) characteristics.
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Figure 2.4 Solution to Example 2.1.
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552.2 Load-line Analysis

Figure 2.5 Solution to Example 2.2.
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Figure 2.6 Solution to Example 2.1 using the diode approximate model.
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Figure 2.7 Solution to Example
2.2 using the diode approximate
model.
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572.3 Diode Approximations

Figure 2.8 Solution to Example 2.1 using the ideal diode model.
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TABLE 2.1 Approximate and Ideal Semiconductor Diode Models
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Figure 2.9 (a) Approximate
model notation; (b) ideal diode
notation.

Figure 2.10 Series diode config-
uration.

Figure 2.11 Determining the
state of the diode of Fig. 2.10.
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Figure 2.12 Substituting the
equivalent model for the “on”
diode of Fig. 2.10.
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EXAMPLE 2.6

EXAMPLE 2.7

Figure 2.13 Reversing the diode
of Fig. 2.10.

Figure 2.14 Determining the
state of the diode of Fig. 2.13.

Figure 2.15 Substituting the
equivalent model for the “off”
diode of Figure 2.13.

Figure 2.16 Circuit for Example
2.6.

Figure 2.17 Determining the
unknown quantities for Example
2.7.
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EXAMPLE 2.8

Figure 2.18 Source notation.

Figure 2.19 Series diode circuit
for Example 2.8.
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Figure 2.20 Operating point
with E 5 0.5 V.
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EXAMPLE 2.9

EXAMPLE 2.10 ¢ Á Ï�   £É Ç Å Ã Ä
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Figure 2.24 Determining the state of the
diodes of Figure 2.23.
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Figure 2.25 Substituting the equivalent
state for the open diode.
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Figure 2.21 Circuit for Exam-
ple 2.9.

Figure 2.22 Determining the
unknown quantities for Example
2.9.

Figure 2.23 Circuit for Exam-
ple 2.10.
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EXAMPLE 2.11

Figure 2.28 Determining the state of the
diode for the network of Fig. 2.27.

Figure 2.29 Determining the unknown quantities for the net-
work of Fig. 2.27.
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Figure 2.26 Determining the
unknown quantities for the circuit
of Example 2.10.

Figure 2.27 Circuit for Exam-
ple 2.11.
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EXAMPLE 2.12
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Figure 2.30 Network for Exam-
ple 2.12.
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EXAMPLE 2.13
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Figure 2.31 Determining the
unknown quantities for the net-
work of Example 2.12.

Figure 2.32 Network for Exam-
ple 2.13.

Figure 2.33 Determining the
unknown quantities for the net-
work of Example 2.13.



¥ \ b \ k ` ^ _ \ b c \ h m i b d u \ � Î t m k b c \ _ \ b { m k � m t � ^ u Y � Y Z � Y« ¬ ­ ® ¯ ° ¬ ±} _ ^ b ^ d i i v � ^ b { m g i a d ] ] \ d k b c d b b c \ d ] ] i ^ \ a h m i b d u \ { ^ i i b g k _ w m b c a ^ m a \ l x m _ Y y ë m { \ h \ k �^ t w m b c { \ k \ x m _ � y b c \ X Y e � V a k m ] d j k m l l b c \ l ^ i ^ j m _ a ^ m a \ { m g i a _ m b ` d b j c b c \ X Y Z Vd j k m l l b c \ u \ k ` d _ ^ g ` a ^ m a \ d l k \ f g ^ k \ a w v b c \ t d j b b c d b b c \ h m i b d u \ d j k m l l ] d k d i i \ i \ i �\ ` \ _ b l ` g l b w \ b c \ l d ` \ Y | c \ k \ l g i b ^ _ u d j b ^ m _ j d _ w \ \ ~ ] i d ^ _ \ a l ^ ` ] i v w v k \ d i ^ � ^ _ ub c d b { c \ _ b c \ l g ] ] i v ^ l b g k _ \ a m _ ^ b { ^ i i ^ _ j k \ d l \ t k m ` X b m � � V m h \ k d ] \ k ^ m a m tb ^ ` \ © d i b c m g u c ] k m w d w i v ` \ d l g k d w i \ ^ _ ` ^ i i ^ l \ j m _ a l Y z b b c \ ^ _ l b d _ b a g k ^ _ u b c \ k ^ l \b c d b X Y Z V ^ l \ l b d w i ^ l c \ a d j k m l l b c \ u \ k ` d _ ^ g ` a ^ m a \ ^ b { ^ i i b g k _ x m _ y d _ a ` d ^ _ b d ^ _d i \ h \ i m t X Y Z V Y | c \ l ^ i ^ j m _ a ^ m a \ { ^ i i _ \ h \ k c d h \ b c \ m ] ] m k b g _ ^ b v b m j d ] b g k \ ^ b l k \ �f g ^ k \ a X Y e V d _ a b c \ k \ t m k \ k \ ` d ^ _ l ^ _ ^ b l m ] \ _ � j ^ k j g ^ b l b d b \ d l l c m { _ ^ _ � ^ u Y � Y Z � Y | c \k \ l g i b � � Î
5 � � V 2 X Y Z V 5 Ö Ö ² ³ §

66 Chapter 2 Diode Applications

EXAMPLE 2.14

EXAMPLE 2.15

Figure 2.34 Network for Exam-
ple 2.14.
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Figure 2.36 Network for Ex-
ample 2.15.

Figure 2.35 Determining Vo

for the network of Fig. 2.34.

Figure 2.37 Determining the
unknown quantities for Example
2.15.
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672.6 And/Or Gates

EXAMPLE 2.16

Figure 2.38 Positive logic OR
gate.

Figure 2.39 Redrawn network
of Fig. 2.38.
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EXAMPLE 2.17

Figure 2.41 Positive logic AND
gate.
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Figure 2.42 Substituting the 
assumed states for the diodes of
Fig. 2.41.

Figure 2.40 Assumed diode
states for Fig. 2.38.
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Figure 2.43 Half-wave rectifier.
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Figure 2.44 Conduction region (0 → T/2).
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Figure 2.45 Nonconduction region (T/2 → T).
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Figure 2.47 Effect of VT on half-wave rectified signal.
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Figure 2.46 Half-wave rectified
signal.
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EXAMPLE 2.18
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Figure 2.48 Network for Exam-
ple 2.18.

Figure 2.50 Effect of VT on out-
put of Fig. 2.49.
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Figure 2.49 Resulting vo for the circuit of Example 2.18.
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quired PIV rating for the half-
wave rectifier.
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Figure 2.52 Full-wave
bridge rectifier.

Figure 2.53 Network of Fig.
2.52 for the period 0 → T/2 of
the input voltage vi.
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Figure 2.55 Conduction path for the negative region of vi.
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Figure 2.56 Input and output
waveforms for a full-wave rectifier.
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Figure 2.57 Determining Vomax
for

silicon diodes in the bridge config-
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Figure 2.58 Determining the re-
quired PIV for the bridge configu-
ration.
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Figure 2.59 Center-tapped
transformer full-wave rectifier.

Figure 2.60 Network conditions for the positive region of vi.
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Figure 2.61 Network conditions for the negative region of vi.
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Figure 2.62 Determining the
PIV level for the diodes of the CT
transformer full-wave rectifier.

Figure 2.66 Resulting output
for Example 2.19.

¿ �Å ��Ó� È ÃFigure 2.64 Network of Fig. 2.63 for the positive
region of vi.
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Figure 2.65 Redrawn network of Fig. 2.64.
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Figure 2.63 Bridge network for
Example 2.19.

EXAMPLE 2.19
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Figure 2.67 Series clipper.
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Figure 2.68 Series clipper with
a dc supply.
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2. Determine the applied voltage (transition voltage) that will cause a change
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Figure 2.69 Determining the
transition level for the circuit of
Fig. 2.68.

Figure 2.70 Determining vo.

Figure 2.71 Determining 
levels of vo.

Figure 2.72 Determining vo when vi 5 Vm. Figure 2.73 Sketching vo.
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EXAMPLE 2.20

Figure 2.74 Series clipper for
Example 2.20.

Figure 2.75 vo with diode in
the “on” state.  � �  �� 
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Figure 2.76 Determining the
transition level for the clipper of
Fig. 2.74.

Figure 2.77 Sketching vo for Example 2.20.
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EXAMPLE 2.21
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Figure 2.78 Applied signal for
Example 2.21.

Figure 2.82 Response to a parallel clipper.
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Figure 2.81 Sketching vo for
Example 2.21.

Figure 2.80 vo at vi 5 2 10 V.

� Ó� �  Ç ¿ Ã  �  È Ã ¾ ¿ Ã�
Figure 2.79 vo at vi 5 120 V.
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EXAMPLE 2.2
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Figure 2.83 Example 2.22.
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Figure 2.84 vo for the negative
region of vi.

Figure 2.87 Sketching vo for
Example 2.22.

Figure 2.85 Determining the
transition level for Example 2.22.

Figure 2.86 Determining vo for
the open state of the diode.
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EXAMPLE 2.23

Figure 2.88 Determining the
transition level for the network of
Fig. 2.83.

Figure 2.89 Determining vo for
the diode of Fig. 2.83 in the “on”
state.

Figure 2.90 Sketching vo for
Example 2.23.
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Figure 2.91 Clipping circuits.
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The total swing of the output is equal to the total swing of the input 
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1. Start the analysis of clamping networks by considering that part of the in-

put signal that will forward bias the diode.

Figure 2.93 Diode “on” and the
capacitor charging to V volts.

� � ¢ V ¢�   � Ó�  

Figure 2.94 Determining vo

with the diode “off.”

Figure 2.95 Sketching vo for the
network of Fig. 2.92.

Figure 2.92 Clamper.
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2. During the period that the diode is in the “on” state, assume that the ca-

pacitor will charge up instantaneously to a voltage level determined by the
network.

3. Assume that during the period when the diode is in the “off” state the ca-
pacitor will hold on to its established voltage level.

4. Throughout the analysis maintain a continual awareness of the location
and reference polarity for vo to ensure that the proper levels for vo are ob-
tained.

5. Keep in mind the general rule that the total swing of the total output must
match the swing of the input signal.W X Y X Z [ \ ] X ^ _ ` a Z Y b X ] X Y c a Z d a ` e \ f g h g i j ` a Z Y b X \ ] k l Y \ ] m \ n o Y X m g
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EXAMPLE 2.24
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Figure 2.96 Applied signal and network for Example 2.24.

Figure 2.97 Determining vo and
VC with the diode in the “on”
state.

Figure 2.98 Determining vo

with the diode in the “off” state.
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EXAMPLE 2.25

Figure 2.100 Determining vo

and VC with the diode in the “on”
state.

Figure 2.99 vi and vo for the
clamper of Fig. 2.96.

Figure 2.101 Determining vo

with the diode in the open state.
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Figure 2.102 Sketching vo for
the clamper of Fig. 2.96 with a
silicon diode.

Figure 2.103 Clamping circuits with ideal diodes (5t 5 5RC .. T/2).
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1. Determine the state of the Zener diode by removing it from the network
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Figure 2.104 Clamping network with a sinusoidal input.
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Figure 2.105 Zener diode
equivalents for the (a) “on” and
(b) “off” states.

Figure 2.106 Basic Zener regu-
lator.

Figure 2.107 Determining the
state of the Zener diode.



2. Substitute the appropriate equivalent circuit and solve for the desired un-
knowns.e a Z Y b X ] X Y c a Z d a ` e \ f g h g { | j � Y b X ¤ a ] ¥ z Y o Y X c \ � � Z X z l � Y \ ] Y b X X x l \ � o � X ] Y ] X Y c a Z da ` e \ f g h g { | � g � \ ] n X � a � Y o f X z o n Z a z z k o Z o � � X � X � X [ X ] Y z [ l z Y � X Y b X z o [ X � c X ` \ ] m Y b o Y� § 5 � ¦ � h g { � �� b X ¢ X ] X Z m \ a m X n l Z Z X ] Y [ l z Y � X m X Y X Z [ \ ] X m � y o ] o k k � \ n o Y \ a ] a ` � \ Z n b b a ` ` � z n l Z Z X ] Y� o c g � b o Y \ z � º »

5
º ¦ 1

º §o ] m º ¦ 5
º »

2
º § � h g { � �c b X Z X º § 5 }

�� §§} ¼ ½ ¾ º »
5 }

� � »
} 5 }

� ¨ 2� � §
}� b X k a c X Z m \ z z \ k o Y X m � y Y b X ¢ X ] X Z m \ a m X \ z m X Y X Z [ \ ] X m � y¿ ¦ 5 � ¦ º ¦ � h g { i �c b \ n b [ l z Y � X � X z z Y b o ] Y b X ¿ ¦ À z k X n \ ` \ X m ` a Z Y b X m X � \ n X gÁ X ` a Z X n a ] Y \ ] l \ ] f � \ Y \ z k o Z Y \ n l � o Z � y \ [ k a Z Y o ] Y Y a Z X o � \ ~ X Y b o Y Y b X ` \ Z z Y z Y X k c o z X [ �k � a y X m a ] � y Y a m X Y X Z [ \ ] X Y b X Â � ¼ � Ã Ä Å � Æ Ã Ç Ã ½ Ã È ¾ É Ä ¾ Ã Ê � ` Y b X ¢ X ] X Z m \ a m X \ z \ ] Y b X¤ a ] ¥ z Y o Y X � Y b X � a � Y o f X o n Z a z z Y b X m \ a m X \ z ] a Y � � a � Y z g Ë b X ] Y b X z y z Y X [ \ z Y l Z ] X m a ] �Y b X ¢ X ] X Z m \ a m X c \ � � Y l Z ] ¤ a ] ¥ o z z a a ] o z Y b X � a � Y o f X o n Z a z z Y b X ¢ X ] X Z m \ a m X \ z � ¦� a � Y z g � Y c \ � � Y b X ] ¤ � a n d \ ] ¥ o Y Y b \ z � X � X � o ] m ] X � X Z Z X o n b Y b X b \ f b X Z � X � X � a ` � � a � Y z g¢ X ] X Z m \ a m X z o Z X [ a z Y ` Z X x l X ] Y � y l z X m \ ] È Ã Ì Í Î ¼ � Ä È ] X Y c a Z d z a Z o z o È Ã Å Ã È Ã ½ Ï Ã� a � Y o f X g e \ f l Z X h g { | j \ z o z \ [ k � X Z X f l � o Y a Z m X z \ f ] X m Y a [ o \ ] Y o \ ] o ` \ � X m � a � Y o f X o n Z a z zY b X � a o m � § g e a Z � o � l X z a ` o k k � \ X m � a � Y o f X f Z X o Y X Z Y b o ] Z X x l \ Z X m Y a Y l Z ] Y b X ¢ X ] X Z m \ a m X¤ a ] � ¥ Y b X � a � Y o f X o n Z a z z Y b X � a o m c \ � � � X [ o \ ] Y o \ ] X m o Y � ¦ � a � Y z g � ` Y b X ¢ X ] X Z m \ a m X \ zX [ k � a y X m o z o Z X ` X Z X ] n X � a � Y o f X � \ Y c \ � � k Z a � \ m X o � X � X � ` a Z n a [ k o Z \ z a ] o f o \ ] z Y a Y b X Z� a � Y o f X z g� o � e a Z Y b X ¢ X ] X Z m \ a m X ] X Y c a Z d a ` e \ f g h g { | i � m X Y X Z [ \ ] X � § � � » � º ¦ � o ] m ¿ ¦ g� � � � X k X o Y k o Z Y � o � c \ Y b � § Ð � d

V
g

88 Chapter 2 Diode Applications

EXAMPLE 2.26
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Figure 2.109 Zener diode 
regulator for Example 2.26.

Figure 2.108 Substituting the
Zener equivalent for the “on” situ-
ation.



� \ ] n X � 5
� g � � � \ z � X z z Y b o ] � ¦ 5

{ | � � Y b X m \ a m X \ z \ ] Y b X ¤ a ` ` ¥ z Y o Y X o z z b a c ]a ] Y b X n b o Z o n Y X Z \ z Y \ n z a ` e \ f g h g { { { g � l � z Y \ Y l Y \ ] f Y b X a k X ] � n \ Z n l \ Y X x l \ � o � X ] Y c \ � � Z X �z l � Y \ ] Y b X z o [ X ] X Y c a Z d o z \ ] e \ f g h g { { | � c b X Z X c X ` \ ] m Y b o Y� § 5 � 5 Ñ Ò Ó Ô Õ� »
5 � ¨ 2 � § 5

{ j � 2
� g � � �

5 Ó Ò Ö Ó Õº ¦ 5 × Øo ] m ¿ ¦ 5 � ¦ º ¦ 5 � ¦ � | � �
5 × Ù� � � � k k � y \ ] f � x g � h g { j � c \ � � ] a c Z X z l � Y \ ]� 5 }� �

1

§ � � ¨ §} 5 }{ � d d
V

V

1

� { j � � d
V

�
} 5

{ h �� \ ] n X � 5
{ h � \ z f Z X o Y X Z Y b o ] � ¦ 5

{ | � � Y b X m \ a m X \ z \ ] Y b X ¤ a ] ¥ z Y o Y X o ] m Y b X ] X Y �c a Z d a ` e \ f g h g { { h c \ � � Z X z l � Y g � k k � y \ ] f � x g � h g { � � y \ X � m z� § 5 � ¦ 5 Ú × Õo ] m � »
5 � ¨ 2 � § 5

{ j �
2

{ | �
5 Û Õc \ Y b º § 5 }

�� §§
} 5 }� { | d

V

�
} 5 � g � � [ �o ] m � »

5 }
� � »

} 5 }{ j d �
V
} 5

j [ �z a Y b o Y º ¦ 5
º »

2
º § Ü � x g � h g { � � Ý

5
j [ �

2 � g � � [ �
5 Ö Ò Û Ó Þ Ø� b X k a c X Z m \ z z \ k o Y X m �¿ ¦ 5 � ¦ º ¦ 5 � { | � � � h g j � [ � �

5 Ö Û Ò Ó Þ Ùc b \ n b \ z � X z z Y b o ] Y b X z k X n \ ` \ X m ¿ ¦ À 5 � | [ Ë g

892.11 Zener Diodes

Figure 2.110 Determining V for
the regulator of Fig. 2.109.

Figure 2.112 Network of Fig.
2.109 in the “on” state.

Figure 2.111 Resulting operat-
ing point for the network of Fig.
2.109.
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EXAMPLE 2.27

Figure 2.113 Voltage regulator
for Example 2.27.

Figure 2.114 VL versus RL and IL for the regulator of Fig. 2.113.
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EXAMPLE 2.28

Figure 2.115 Regulator for Ex-
ample 2.28.

Figure 2.116 VL versus Vi for
the regulator of Fig. 2.115.
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Figure 2.119 Sinusoidal ac regulation: (a) 40-V peak-to-peak sinusoidal ac reg-
ulator; (b) circuit operation at vi 5 10 V.

³ ± ô ¯õ ö ÷ ö ø ù ú ûú ü± ²© « ¬ ®¬ ®© ý þ
Ω«

ω

³ ³ ¯ ´ ³ ³ ¯ ± © ª³ ± ¯ ³ ± ¯¸ ÿ ¹ý þ
Ω ú ûú ü¸ � ¹

�³ ± ¯ �±®¬� µ ± ¯
© ª ²ω

®¬© «

Figure 2.117 Waveform gener-
ated by a filtered rectified signal.
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Figure 2.120 Simple square-wave generator.

±
© « © ªµ ± ¯

π
³

π
²ω ´ µ ± ¯¬ ®®¬ ® µ ± ô ¯õ ö ÷ ö ø ù© ý þ

Ω ú û« ú ü © ª¬ ¬®ý ± ¯

Figure 2.121 Half-wave voltage
doubler.
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Figure 2.122 Double opera-
tion, showing each half-cycle of
operation: (a) positive half-cycle;
(b) negative half cycle.
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Figure 2.123 Full-wave voltage
doubler.
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Figure 2.125 Voltage tripler and quadrupler.
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Figure 2.126 PSpice Windows
analysis of a series diode 
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Figure 2.127 The circuit of Fig-
ure 2.126 reexamined with 
Is set to 3.5E-15A.



1012.13 PSpice Windows

Figure 2.128 Output file for
PSpice Windows analysis of the
circuit of Figure 2.127.

Figure 2.129 Network to ob-
tain the characteristics of the
D1N4148 diode.
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Figure 2.130 Characteristics of
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§ 2.2 Load-Line AnalysisK L M N O P Q R S T U V W X V N Y N X U W Y R Q U R X Q Z [ \ R T ] ^ ] _ ` _ a b c W U W Y d R S W e f b g f b N S c g h [ Z Y U V W X R Y X i R U Z [ \ R T ]^ ] _ ` _ N ]M a O j W k W N U k N Y U M N O i Q R S T U V W N k k Y Z l R d N U W d Z c W m [ Z Y U V W c R Z c W N S c X Z d k N Y W Y W Q i m U Q ]M X O j W k W N U k N Y U M N O i Q R S T U V W R c W N m d Z c W m [ Z Y U V W c R Z c W N S c X Z d k N Y W Y W Q i m U Q ]
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PROBLEMS

n L M N O P Q R S T U V W X V N Y N X U W Y R Q U R X Q Z [ \ R T ] ^ ] _ ` _ a b c W U W Y d R S W e f N S c g f [ Z Y U V W X R Y X i R U Z [ \ R T ] ^ ] _ ` ^ ]M a O j W k W N U k N Y U M N O o R U V p
5 q ] r s t

V
]M X O j W k W N U k N Y U M N O o R U V p

5 q ] _ u t
V

]M c O v Q U V W m W w W m Z [ g f Y W m N U R w W m x X m Z Q W U Z q ] s y R S W N X V X N Q W z{ Z o c Z U V W Y W Q i m U R S T m W w W m Q Z [ e f X Z d k N Y W z | Z d d W S U N X X Z Y c R S T m x ]} L ~ W U W Y d R S W U V W w N m i W Z [ p [ Z Y U V W X R Y X i R U Z [ \ R T ] ^ ] _ ` ^ U V N U o R m m Y W Q i m U R S N c R Z c W X i Y Y W S U Z [ _ qd � R [ �
5

s y ] P Q W U V W X V N Y N X U W Y R Q U R X Q Z [ \ R T ] ^ ] _ ` _ a [ Z Y U V W c R Z c W ]� L M N O P Q R S T U V W N k k Y Z l R d N U W X V N Y N X U W Y R Q U R X Q [ Z Y U V W � R c R Z c W b c W U W Y d R S W U V W m W w W m Z [ g f b e f b N S cg h [ Z Y U V W X R Y X i R U Z [ \ R T ] ^ ] _ ` ` ]M a O � W Y [ Z Y d U V W Q N d W N S N m x Q R Q N Q k N Y U M N O i Q R S T U V W R c W N m d Z c W m [ Z Y U V W c R Z c W ]M X O ~ Z U V W Y W Q i m U Q Z a U N R S W c R S k N Y U Q M N O N S c M a O Q i T T W Q U U V N U U V W R c W N m d Z c W m X N S k Y Z w R c W N T Z Z cN k k Y Z l R d N U R Z S [ Z Y U V W N X U i N m Y W Q k Z S Q W i S c W Y Q Z d W X Z S c R U R Z S Q z
Figure 2.132 Problems 2, 3

Figure 2.133 Problem 4

Figure 2.131 Problems 1, 2



§  2.4 Series Diode Configurations with DC Inputs� L ~ W U W Y d R S W U V W X i Y Y W S U e [ Z Y W N X V Z [ U V W X Z S [ R T i Y N U R Z S Q Z [ \ R T ] ^ ] _ ` r i Q R S T U V W N k k Y Z l R d N U W W � i R w �N m W S U d Z c W m [ Z Y U V W c R Z c W ]
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� L ~ W U W Y d R S W g � N S c e f [ Z Y U V W S W U o Z Y t Q Z [ \ R T ] ^ ] _ ` � ]

� L ~ W U W Y d R S W U V W m W w W m Z [ g � [ Z Y W N X V S W U o Z Y t Z [ \ R T ] ^ ] _ ` � ]
� L ~ W U W Y d R S W g � N S c e f [ Z Y U V W S W U o Z Y t Q Z [ \ R T ] ^ ] _ ` s ]

Figure 2.134 Problem 5

Figure 2.135 Problems 6, 49

Figure 2.136 Problem 7

Figure 2.137 Problem 8

�
�



� � L ~ W U W Y d R S W g � � N S c g � � [ Z Y U V W S W U o Z Y t Q Z [ \ R T ] ^ ] _ ` u ]
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§  2.5 Parallel and Series–Parallel ConfigurationsK � L ~ W U W Y d R S W g � N S c e f [ Z Y U V W S W U o Z Y t Q Z [ \ R T ] ^ ] _ ` � ]

� K K L ~ W U W Y d R S W g � N S c e [ Z Y U V W S W U o Z Y t Q Z [ \ R T ] ^ ] _ r q ]

Figure 2.138 Problem 9

Figure 2.139 Problems 10, 50

Figure 2.140 Problem 11



K n L ~ W U W Y d R S W g � � b g � � b N S c e [ Z Y U V W S W U o Z Y t Z [ \ R T ] ^ ] _ r _ ]� K } L ~ W U W Y d R S W g � N S c e f [ Z Y U V W S W U o Z Y t Z [ \ R T ] ^ ] _ r ^ ]
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§ 2.6 AND/OR GatesK � L ~ W U W Y d R S W g � [ Z Y U V W S W U o Z Y t Z [ \ R T ] ^ ] ` u o R U V q y Z S a Z U V R S k i U Q ]K � L ~ W U W Y d R S W g � [ Z Y U V W S W U o Z Y t Z [ \ R T ] ^ ] ` u o R U V _ q y Z S a Z U V R S k i U Q ]K � L ~ W U W Y d R S W g � [ Z Y U V W S W U o Z Y t Z [ \ R T ] ^ ] r _ o R U V q y Z S a Z U V R S k i U Q ]K � L ~ W U W Y d R S W g � [ Z Y U V W S W U o Z Y t Z [ \ R T ] ^ ] r _ o R U V _ q y Z S a Z U V R S k i U Q ]K � L ~ W U W Y d R S W g � [ Z Y U V W S W T N U R w W m Z T R X � j T N U W Z [ \ R T ] ^ ] _ r ` ]K � L ~ W U W Y d R S W g � [ Z Y U V W S W T N U R w W m Z T R X � � ~ T N U W Z [ \ R T ] ^ ] _ r r ]n � L ~ W U W Y d R S W U V W m W w W m Z [ g � [ Z Y U V W T N U W Z [ \ R T ] ^ ] _ r � ]n K L ~ W U W Y d R S W g � [ Z Y U V W X Z S [ R T i Y N U R Z S Z [ \ R T ] ^ ] _ r � ]
§ 2.7 Sinusoidal Inputs; Half-Wave Rectificationn n L � Q Q i d R S T N S R c W N m c R Z c W b Q t W U X V � � b � � b N S c � � [ Z Y U V W V N m [ � o N w W Y W X U R [ R W Y Z [ \ R T ] ^ ] _ r s ] � V W R S �k i U R Q N Q R S i Q Z R c N m o N w W [ Z Y d o R U V N [ Y W � i W S X x Z [ � q { �� n } L j W k W N U � Y Z a m W d ^ ^ o R U V N Q R m R X Z S c R Z c W M g �

5 q ] s y O ]� n � L j W k W N U � Y Z a m W d ^ ^ o R U V N � ] u � t
V

m Z N c N k k m R W c N Q Q V Z o S R S \ R T ] ^ ] _ r u ] � t W U X V � � N S c � � ]n � L \ Z Y U V W S W U o Z Y t Z [ \ R T ] ^ ] _ r � b Q t W U X V � � N S c c W U W Y d R S W g � � ]

Figure 2.143 Problem 18

Figure 2.144 Problem 19

Figure 2.147 Problems 22, 23,
24

Figure 2.141 Problem 12 Figure 2.142 Problems 13, 51

Figure 2.145 Problem 20 Figure 2.146 Problem 21

Figure 2.148 Problem 24 Figure 2.149 Problem 25



� n � L \ Z Y U V W S W U o Z Y t Z [ \ R T ] ^ ] _ � q b Q t W U X V � � N S c � h ]
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5

_ � q y ]M X O ~ W U W Y d R S W U V W X i Y Y W S U U V Y Z i T V W N X V c R Z c W N U g � ¥ ¦ § i Q R S T U V W Y W Q i m U Q Z [ k N Y U M a O ]M W O v [ Z S m x Z S W c R Z c W o W Y W k Y W Q W S U b c W U W Y d R S W U V W c R Z c W X i Y Y W S U N S c X Z d k N Y W R U U Z U V W d N l R d i dY N U R S T ]

§  2.8 Full-Wave Rectificationn � L � [ i m m � o N w W a Y R c T W Y W X U R [ R W Y o R U V N _ ^ q � y Y d Q Q R S i Q Z R c N m R S k i U V N Q N m Z N c Y W Q R Q U Z Y Z [ _ t
V
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3 Bipolar Junction
Transistors
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Figure 3.1 The first transistor. (Courtesy Bell Telephone Laboratories.)

Co-inventors of the first transistor
at Bell Laboratories: Dr. William
Shockley (seated); Dr. John
Bardeen (left); Dr. Walter H. Brat-
tain. (Courtesy of AT&T
Archives.)
Dr. Shockley Born: London,

England, 1910
PhD Harvard,
1936

Dr. Bardeen Born: Madison,
Wisconsin, 1908
PhD Princeton,
1936

Dr. Brattain Born: Amoy, China,
1902
PhD University of
Minnesota, 1928

All shared the Nobel Prize in
1956 for this contribution.



Ï ¿ Æ Õ ¾ À Â Á Ó Ã ¾ À Â Á û Â Ï Æ ¿ Å Â Ã Ï Á Ã ½ ½ Ã ð ¼ ¾ ½ Ã Ñ Ã ¿ Á Å ½ Â Ã Ï Á Ã ½ Õ Å Ô Ô û Â Ï Æ ½ ¼ À À Ã Æ Ð Å ¿ Ô Á ½ ¼ Ð Á ¾ Å ¿ ûÏ ¿ Æ Ó Ï Ô Ñ Å ½ Ã Ã Ø Ø ¾ Ð ¾ Ã ¿ Á Ô ¾ ¿ Ð Ã Õ Ã Ô Ô Ä Å Ó Ã ½ Ó Ï Ô Ï Ò Ô Å ½ Ò Ã Æ Ò Ö Á Â Ã Æ Ã Î ¾ Ð Ã ¾ Á Ô Ã Õ Ø û ¾ Á Ó Ï Ô ¾ ¿ ×Ô Á Ï ¿ Á Õ Ö Ï Î Ï ¾ Õ Ï Ò Õ Ã Ø Å ½ ¼ Ô Ã Í ½ Ã ð ¼ ¾ ½ ¾ ¿ À ¿ Å Ó Ï ½ Ñ × ¼ Ä Ä Ã ½ ¾ Å Æ û Ï ¿ Æ Õ Å Ó Ã ½ Å Ä Ã ½ Ï Á ¾ ¿ À Î Å Õ Á Ï À Ã ÔÓ Ã ½ Ã Ä Å Ô Ô ¾ Ò Õ Ã Ù ü Å Á Ã ¾ ¿ Á Â Ã Æ ¾ Ô Ð ¼ Ô Ô ¾ Å ¿ Ï Ò Å Î Ã Á Â Ï Á Á Â ¾ Ô Ð Â Ï Ä Á Ã ½ ¾ Ô Å ¼ ½ Ø ¾ ½ Ô Á Æ ¾ Ô Ð ¼ Ô Ô ¾ Å ¿ Å ØÆ Ã Î ¾ Ð Ã Ô Ó ¾ Á Â Á Â ½ Ã Ã Å ½ Ñ Å ½ Ã Á Ã ½ Ñ ¾ ¿ Ï Õ Ô Ù ý Å ¼ Ó ¾ Õ Õ Ø ¾ ¿ Æ Á Â Ï Á Ï Õ Õ Ï Ñ Ä Õ ¾ Ø ¾ Ã ½ Ô ø Æ Ã Î ¾ Ð Ã Ô Á Â Ï Á¾ ¿ Ð ½ Ã Ï Ô Ã Á Â Ã Î Å Õ Á Ï À Ã Í Ð ¼ ½ ½ Ã ¿ Á Í Å ½ Ä Å Ó Ã ½ Õ Ã Î Ã Õ ù Ó ¾ Õ Õ Â Ï Î Ã Ï Á Õ Ã Ï Ô Á Á Â ½ Ã Ã Á Ã ½ Ñ ¾ ¿ Ï Õ Ô Ó ¾ Á ÂÅ ¿ Ã Ð Å ¿ Á ½ Å Õ Õ ¾ ¿ À Á Â Ã Ø Õ Å Ó Ò Ã Á Ó Ã Ã ¿ Á Ó Å Å Á Â Ã ½ Á Ã ½ Ñ ¾ ¿ Ï Õ Ô Ù
3.2 TRANSISTOR CONSTRUCTION÷ Â Ã Á ½ Ï ¿ Ô ¾ Ô Á Å ½ ¾ Ô Ï Á Â ½ Ã Ã × Õ Ï Ö Ã ½ Ô Ã Ñ ¾ Ð Å ¿ Æ ¼ Ð Á Å ½ Æ Ã Î ¾ Ð Ã Ð Å ¿ Ô ¾ Ô Á ¾ ¿ À Å Ø Ã ¾ Á Â Ã ½ Á Ó Å ã × Ï ¿ ÆÅ ¿ Ã þ × Á Ö Ä Ã Õ Ï Ö Ã ½ Ô Å Ø Ñ Ï Á Ã ½ ¾ Ï Õ Å ½ Á Ó Å þ × Ï ¿ Æ Å ¿ Ã ã × Á Ö Ä Ã Õ Ï Ö Ã ½ Ô Å Ø Ñ Ï Á Ã ½ ¾ Ï Õ Ù ÷ Â Ã Ø Å ½ Ñ Ã ½¾ Ô Ð Ï Õ Õ Ã Æ Ï ¿ ã þ ã ä å ÿ ã � è � ä â å ê Ó Â ¾ Õ Ã Á Â Ã Õ Ï Á Á Ã ½ ¾ Ô Ð Ï Õ Õ Ã Æ Ï þ ã þ ä å ÿ ã � è � ä â å ì ö Å Á Â Ï ½ Ã Ô Â Å Ó ¿¾ ¿ Ý ¾ À Ù ï Ù î Ó ¾ Á Â Á Â Ã Ä ½ Å Ä Ã ½ Æ Ð Ò ¾ Ï Ô ¾ ¿ À Ù ô Ã Ó ¾ Õ Õ Ø ¾ ¿ Æ ¾ ¿ � Â Ï Ä Á Ã ½ Ê Á Â Ï Á Á Â Ã Æ Ð Ò ¾ Ï Ô ¾ ¿ À¾ Ô ¿ Ã Ð Ã Ô Ô Ï ½ Ö Á Å Ã Ô Á Ï Ò Õ ¾ Ô Â Á Â Ã Ä ½ Å Ä Ã ½ ½ Ã À ¾ Å ¿ Å Ø Å Ä Ã ½ Ï Á ¾ Å ¿ Ø Å ½ Ï Ð Ï Ñ Ä Õ ¾ Ø ¾ Ð Ï Á ¾ Å ¿ Ù ÷ Â Ã Ã Ñ ¾ Á ×Á Ã ½ Õ Ï Ö Ã ½ ¾ Ô Â Ã Ï Î ¾ Õ Ö Æ Å Ä Ã Æ Í Á Â Ã Ò Ï Ô Ã Õ ¾ À Â Á Õ Ö Æ Å Ä Ã Æ Í Ï ¿ Æ Á Â Ã Ð Å Õ Õ Ã Ð Á Å ½ Å ¿ Õ Ö Õ ¾ À Â Á Õ Ö Æ Å Ä Ã Æ Ù÷ Â Ã Å ¼ Á Ã ½ Õ Ï Ö Ã ½ Ô Â Ï Î Ã Ó ¾ Æ Á Â Ô Ñ ¼ Ð Â À ½ Ã Ï Á Ã ½ Á Â Ï ¿ Á Â Ã Ô Ï ¿ Æ Ó ¾ Ð Â Ã Æ þ × Å ½ ã × Á Ö Ä Ã Ñ Ï Á Ã ½ ×¾ Ï Õ Ù Ý Å ½ Á Â Ã Á ½ Ï ¿ Ô ¾ Ô Á Å ½ Ô Ô Â Å Ó ¿ ¾ ¿ Ý ¾ À Ù ï Ù î Á Â Ã ½ Ï Á ¾ Å Å Ø Á Â Ã Á Å Á Ï Õ Ó ¾ Æ Á Â Á Å Á Â Ï Á Å Ø Á Â Ã Ð Ã ¿ ×Á Ã ½ Õ Ï Ö Ã ½ ¾ Ô É Ù Ç � É � É Ù É É Ç

5
Ç � É

;

Ç Ù ÷ Â Ã Æ Å Ä ¾ ¿ À Å Ø Á Â Ã Ô Ï ¿ Æ Ó ¾ Ð Â Ã Æ Õ Ï Ö Ã ½ ¾ Ô Ï Õ Ô Å Ð Å ¿ ×Ô ¾ Æ Ã ½ Ï Ò Õ Ö Õ Ã Ô Ô Á Â Ï ¿ Á Â Ï Á Å Ø Á Â Ã Å ¼ Á Ã ½ Õ Ï Ö Ã ½ Ô ø Á Ö Ä ¾ Ð Ï Õ Õ Ö Í Ç É
;

Ç Å ½ Õ Ã Ô Ô ù Ù ÷ Â ¾ Ô Õ Å Ó Ã ½ Æ Å Ä ¾ ¿ ÀÕ Ã Î Ã Õ Æ Ã Ð ½ Ã Ï Ô Ã Ô Á Â Ã Ð Å ¿ Æ ¼ Ð Á ¾ Î ¾ Á Ö ø ¾ ¿ Ð ½ Ã Ï Ô Ã Ô Á Â Ã ½ Ã Ô ¾ Ô Á Ï ¿ Ð Ã ù Å Ø Á Â ¾ Ô Ñ Ï Á Ã ½ ¾ Ï Õ Ò Ö Õ ¾ Ñ ¾ Á ¾ ¿ ÀÁ Â Ã ¿ ¼ Ñ Ò Ã ½ Å Ø � Ø ½ Ã Ã � Ð Ï ½ ½ ¾ Ã ½ Ô ÙÝ Å ½ Á Â Ã Ò ¾ Ï Ô ¾ ¿ À Ô Â Å Ó ¿ ¾ ¿ Ý ¾ À Ù ï Ù î Á Â Ã Á Ã ½ Ñ ¾ ¿ Ï Õ Ô Â Ï Î Ã Ò Ã Ã ¿ ¾ ¿ Æ ¾ Ð Ï Á Ã Æ Ò Ö Á Â Ã Ð Ï Ä ¾ ×Á Ï Õ Õ Ã Á Á Ã ½ Ô � Ø Å ½ ë � è ä ä ë å ê � Ø Å ½ á â æ æ ë á ä â å ê Ï ¿ Æ 	 Ø Å ½ 
 ÿ � ë ì Ü ¿ Ï Ä Ä ½ Ã Ð ¾ Ï Á ¾ Å ¿ Ø Å ½ Á Â ¾ Ô Ð Â Å ¾ Ð ÃÅ Ø ¿ Å Á Ï Á ¾ Å ¿ Ó ¾ Õ Õ Æ Ã Î Ã Õ Å Ä Ó Â Ã ¿ Ó Ã Æ ¾ Ô Ð ¼ Ô Ô Á Â Ã Ò Ï Ô ¾ Ð Å Ä Ã ½ Ï Á ¾ Å ¿ Å Ø Á Â Ã Á ½ Ï ¿ Ô ¾ Ô Á Å ½ Ù ÷ Â ÃÏ Ò Ò ½ Ã Î ¾ Ï Á ¾ Å ¿ ö Û ÷ Í Ø ½ Å Ñ 
 è þ â æ ÿ å � � ã á ä è â ã ä å ÿ ã � è � ä â å ê ¾ Ô Å Ø Á Ã ¿ Ï Ä Ä Õ ¾ Ã Æ Á Å Á Â ¾ Ô Á Â ½ Ã Ã ×Á Ã ½ Ñ ¾ ¿ Ï Õ Æ Ã Î ¾ Ð Ã Ù ÷ Â Ã Á Ã ½ Ñ 
 è þ â æ ÿ å ½ Ã Ø Õ Ã Ð Á Ô Á Â Ã Ø Ï Ð Á Á Â Ï Á Â Å Õ Ã Ô ÿ ã é Ã Õ Ã Ð Á ½ Å ¿ Ô Ä Ï ½ Á ¾ Ð ¾ Ä Ï Á Ã¾ ¿ Á Â Ã ¾ ¿ 
 Ã Ð Á ¾ Å ¿ Ä ½ Å Ð Ã Ô Ô ¾ ¿ Á Å Á Â Ã Å Ä Ä Å Ô ¾ Á Ã Õ Ö Ä Å Õ Ï ½ ¾ ñ Ã Æ Ñ Ï Á Ã ½ ¾ Ï Õ Ù Ú Ø Å ¿ Õ Ö Å ¿ Ã Ð Ï ½ ½ ¾ Ã ½ ¾ ÔÃ Ñ Ä Õ Å Ö Ã Æ ø Ã Õ Ã Ð Á ½ Å ¿ Å ½ Â Å Õ Ã ù Í ¾ Á ¾ Ô Ð Å ¿ Ô ¾ Æ Ã ½ Ã Æ Ï � ã è þ â æ ÿ å Æ Ã Î ¾ Ð Ã Ù ÷ Â Ã Þ Ð Â Å Á Á � Ö Æ ¾ Å Æ ÃÅ Ø � Â Ï Ä Á Ã ½ î É ¾ Ô Ô ¼ Ð Â Ï Æ Ã Î ¾ Ð Ã Ù
3.3 TRANSISTOR OPERATION÷ Â Ã Ò Ï Ô ¾ Ð Å Ä Ã ½ Ï Á ¾ Å ¿ Å Ø Á Â Ã Á ½ Ï ¿ Ô ¾ Ô Á Å ½ Ó ¾ Õ Õ ¿ Å Ó Ò Ã Æ Ã Ô Ð ½ ¾ Ò Ã Æ ¼ Ô ¾ ¿ À Á Â Ã þ ã þ Á ½ Ï ¿ Ô ¾ Ô Á Å ½Å Ø Ý ¾ À Ù ï Ù î Ï Ù ÷ Â Ã Å Ä Ã ½ Ï Á ¾ Å ¿ Å Ø Á Â Ã ã þ ã Á ½ Ï ¿ Ô ¾ Ô Á Å ½ ¾ Ô Ã ó Ï Ð Á Õ Ö Á Â Ã Ô Ï Ñ Ã ¾ Ø Á Â Ã ½ Å Õ Ã Ô Ä Õ Ï Ö Ã ÆÒ Ö Á Â Ã Ã Õ Ã Ð Á ½ Å ¿ Ï ¿ Æ Â Å Õ Ã Ï ½ Ã ¾ ¿ Á Ã ½ Ð Â Ï ¿ À Ã Æ Ù Ú ¿ Ý ¾ À Ù ï Ù ï Á Â Ã þ ã þ Á ½ Ï ¿ Ô ¾ Ô Á Å ½ Â Ï Ô Ò Ã Ã ¿ ½ Ã ×Æ ½ Ï Ó ¿ Ó ¾ Á Â Å ¼ Á Á Â Ã Ò Ï Ô Ã × Á Å × Ð Å Õ Õ Ã Ð Á Å ½ Ò ¾ Ï Ô Ù ü Å Á Ã Á Â Ã Ô ¾ Ñ ¾ Õ Ï ½ ¾ Á ¾ Ã Ô Ò Ã Á Ó Ã Ã ¿ Á Â ¾ Ô Ô ¾ Á ¼ Ï Á ¾ Å ¿Ï ¿ Æ Á Â Ï Á Å Ø Á Â Ã � â å � ÿ å é � 
 è ÿ � ë é Æ ¾ Å Æ Ã ¾ ¿ � Â Ï Ä Á Ã ½ Ç Ù ÷ Â Ã Æ Ã Ä Õ Ã Á ¾ Å ¿ ½ Ã À ¾ Å ¿ Â Ï Ô Ò Ã Ã ¿ ½ Ã ×Æ ¼ Ð Ã Æ ¾ ¿ Ó ¾ Æ Á Â Æ ¼ Ã Á Å Á Â Ã Ï Ä Ä Õ ¾ Ã Æ Ò ¾ Ï Ô Í ½ Ã Ô ¼ Õ Á ¾ ¿ À ¾ ¿ Ï Â Ã Ï Î Ö Ø Õ Å Ó Å Ø Ñ Ï 
 Å ½ ¾ Á Ö Ð Ï ½ ½ ¾ Ã ½ ÔØ ½ Å Ñ Á Â Ã þ × Á Å Á Â Ã ã × Á Ö Ä Ã Ñ Ï Á Ã ½ ¾ Ï Õ Ù

1133.3 Transistor Operation

Figure 3.2 Types of transistors:
(a) pnp; (b) npn.

Figure 3.3 Forward-biased
junction of a pnp transistor.
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Figure 3.4 Reverse-biased junction of a pnp
transistor.

Figure 3.5 Majority and minority
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The arrow in the graphic symbol defines the direction of emitter current (con-
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1153.4 Common-Base Configuration

Figure 3.6 Notation and sym-
bols used with the common-base
configuration: (a) pnp transistor;
(b) npn transistor.

Figure 3.7 Input or driving
point characteristics for a 
common-base silicon transistor
amplifier.
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Figure 3.8 Output or collector
characteristics for a common-base
transistor amplifier.
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Figure 3.9 Reverse saturation
current.
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In the active region the collector-base junction is reverse-biased, while the
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In the cutoff region the collector-base and base-emitter junctions of a transis-
tor are both reverse-biased.
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In the saturation region the collector-base and base-emitter junctions are 
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1173.4 Common-Base Configuration

Figure 3.10 Developing the equivalent model to be employed for the base-to-
emitter region of an amplifier in the dc mode.
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Figure 3.12 Basic voltage amplification action of the common-base
configuration.
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Figure 3.11 Establishing the
proper biasing management for a
common-base pnp transistor in
the active region.
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Figure 3.13 Notation and sym-
bols used with the common-emit-
ter configuration: (a) npn transis-
tor; (b) pnp transistor.
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In the active region of a common-emitter amplifier the collector-base junction
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1213.6 Common-Emitter Configuration

Figure 3.14 Characteristics of a silicon transistor in the common-emitter config-
uration: (a) collector characteristics; (b) base characteristics.
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For linear (least distortion) amplification purposes, cutoff for the common-
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Figure 3.15 Circuit conditions
related to ICEO.
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Figure 3.17 Determining bac and bdc from the collector characteristics.
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Figure 3.18 Characteristics in which bac is the same everywhere and bac 5 bdc.
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1273.7 Common-Collector Configuration

Figure 3.19 Determining the proper biasing arrangement for a common-
emitter npn transistor configuration.
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Figure 3.20 Notation and sym-
bols used with the common-col-
lector configuration: (a) pnp tran-
sistor; (b) npn transistor.
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Figure 3.21 Common-collector
configuration used for 
impedance-matching purposes.
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Õ

Figure 3.22 Defining the linear
(undistorted) region of operation
for a transistor.
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Q � % $ " � � � � # � �  � � � � . � � ! " � - � � $ � $ % � � � ! � � " � ! � � " � � � � ! � 7 � � P � � $ � � $ % � � � % � ! � � � � � � � �� ! � 0 � � ! $ � � � ! � $ " ! � � " � ! � � " � � � � ! � � " � � $ � - " $ # � . � . � � � % � ! � 7 � $ � � � - � ! � % � ! � � � $ � � � � � � � � �- " $ # � . � . ; ? � � � " � �  � $ % � � � 0 % � ! � 0 " � " � % � � � � $ - " $ # � . � � � � % 0 � � ! � � " � ! � � " � � � � ! � � � � � �� 9 - � ! � � . � � � � � � � . � � � - " $ # � . � . � " � � 0 % % � ! � � � � � $ 0 � � � � � . � # � ! � � % % � ! � � # � � ? � � � � � . � �� �  � - " $ ! � � � �
 � � $ � � . � � � � � � � � " $ . 0 ! � � $ � � $ � � � � � � ! � � $ � 7 � � � � � � - � " � � � � � " � $ % � � � � - � ! � % � ! � � � $ �� � � � � � � # � � $ � ; � � � . � % � � � . � � � � � - " � ! � . � �  � � ! � � $ � � $ " ! � � - � � " � � R $ / � # � " 7 � � � � - � ! �� % � ! � � � $ � � � � � � - " $ # � . � . � � 1 �  � � � 
 � / � � � ; � " � % � " � � ! � . ! $ � � � � 0 � � � ? � � � � � ! � � - � � " � � $% $ � � $ / � � - � " � � � � � " � � " � � � � " $ . 0 ! � . � S � � � - � ! � % � ! � � � $ � � � � � � ! � � ; � � # � " ? # � � 0 � ; � �� $ $ � � � � � � . � � �  � $ " � � � � ? � � � � $ . � 7 � � . � # � " ? � % % $ " � � � $ 0 � . ; � � � . � � $ ; � � / � " � $ %� � � � � - $ " � � � ! � $ % � � ! � - � " � � � � � " � � . � $ / � � � � ? # � " ? / � � � ! � � �  � �  � � # � � � $ % ! 0 " �" � � � 7 � � � - � " � � 0 " � 7 � � . � $ $ � �

132 Chapter 3 Bipolar Junction Transistors

Figure 3.23 Continued.

T U V W X Y Z [ \ ] ^ _ ` _ a b a c d e ^ _ f g hif j hU V T U V k W T k W U T U k U W U Ul Y m ] _ n \ _ e ^ o f g p q h
k rsW UW T

Utu vw xy z{|y } ~�{���� k U V W
rsW UW TW k
Utu vw xy z{|y } ~�{����

T U V T k V UU V k W V U T V U W U T U k U W U Uf _ h

U V W � Y � [ � � _ ^ c [ ] ^ \ ] ] _ e c f � � h�f � hU V T U V �U V � U V � W V U W U k U` _ � _ ] a _ � b d a � [ � c d � _ f � h W V U � V UT V U W U T U � U T U Uf ^ hT V U � V U � V U � V U � UT U � V U � U W U U
T U UW U U� U� U� UT U� V U� V UW U V U

W U� V U� V U� V UT V UW V U
m b � \ ] _ W � � d � d ^ b c d e ^ _ m b � \ ] _ T � Z � b c ^ � b e � � b � _ a

m b � \ ] _ k � Z [ \ ] ^ _ ` _ a b a c d e ^ _m b � \ ] _ � � m ] _ n \ _ e ^ o � d ] b d c b [ e a

� � � �� � � �� � � � � � � �
�   ¡ ¢ £ ¤ ¥ � ¦ ¦ ¤ ¢ § ¨ � ¦ © ª � « � © ¬ ­ « ¢ ¤ ¬ ¢ © ¤¨ £ ¢ ¤ ­ ® ¢ §   « ­f ¯ ° ± ² � � j ^ Y ³ ´ ² T � µ � h¶ d e j � b j c � ² W V U p q

Ω

¯ ° ° ² � �¯ ² U V � �± · ¸ ¹ º º » ² W U� ° ¼ �
l ² W g p q ² W � �� °² U V � � �� ° ² � U �� °² W U U �� °

½ ¾¿¾ÀyÁ ¾ÂÀ{� ¿u� Ãy Ä{� Âz�

Ω
Z [ \ ] ^ _ ] _ a b a c d e ^ _ ² T U U² W � �� ° ² U V � � �� ° Ω

Z [ \ ] ^ _ ] _ a b a c d e ^ _ ² T U U² � U �� ° Ω
Z [ \ ] ^ _ ] _ a b a c d e ^ _ ² W g

² W U U �� ° Ω
Z [ \ ] ^ _ ] _ a b a c d e ^ _ ² � U UÅ Å ÆÆ

·



1333.9 Transistor Specification Sheet

Figure 3.23 Continued.

m b � \ ] _ � � � \ ] ] _ e c Ç d b e m b � \ ] _ r � È \ c � \ c � j � b c c d e ^ _
½ ~��{ÂÁ }¾y Â

É Ê � « � ¥ ­ ¬ ­ « ¤² W U � Y l ² W g p q Y ³¯ ° ± ´ ² T � µ �
Ë Ì ÌÍ ÌÎ Ì Ì Ï Ë Ð Ñ ÒÌ Ï Ó Ì Ï Ô Ó Ï Ì Ô Ï Ì Ë Ì Ð Õ ÒË Ï Ì Ì Ï Ë Ì Ï Ó Ì Ï Ô Ó Ï Ì Ô Ï Ì Ë ÌË Ï ÌÔ Ì

Ó Ì ÌÎ Ì Ì Ë ÌÔ Ì
Ë Ï ÌÔ Ï ÌÓ ÌË Ì Ì

Ó Ï ÌÖ × Ø Ù ~Á ¿ ~Á ¾� ÄyÁÁ ¾ÂÀ{� ÄÚ xz�

µ

Û Ü Ý Þ ß ß à á â Þ ã á ä ã ã à å â Ð æ ç ÒèÛ Ü Ý Þ ß ß à á â Þ ã á ä ã ã à å â Ð æ ç Òè Ö éØ

Û Ü Ý Þ ß ß à á â Þ ã á ä ã ã à å â Ð æ ç ÒèÛ Ü Ý Þ ß ß à á â Þ ã á ä ã ã à å â Ð æ ç Òè
m b � \ ] _ s � � [ � c d � _ m _ _ j � d ^ g ` d c b [m b � \ ] _ � � ê e � \ c ê � � _ j d e ^ _

¤ ¬ � ¬ ¢ © © ª � « � © ¬ ­ « ¢ ¤ ¬ ¢ © ¤ë Â¿ ~Áy Ä¿{� ¾ÂÀ{�ì�
Ì Ï Ë Ð í ÒÌ Ï Ó Ì Ï Ô Ó Ï Ì Ô Ï Ì Ë Ì

Ó Ï ÌÓ Ì
Ó Ï ÌÌ Ï Ô

Í Ï ÌË Ì
Ð î ÒË Ï Ì Ì Ï Ë Ì Ï Ó Ì Ï Ô Ó Ï Ì Ô Ï Ì Ë ÌË Ï ÌÌ Ï ÍË Ï ÌÎ Ï ÌÔ Ï Ì

Ì Ï ÓÌ Ï ÔË Ï ÌÔ Ï ÌË Ì
ï ðñò óôõö õõ÷ø óùú ûóòü ðý ×

þÿ −

� �

Ω

Ö � Ø Ö �Ø
¤ ¬ � ¬ ¢ © © ª � « � © ¬ ­ « ¢ ¤ ¬ ¢ © ¤m b � \ ] _ � � � � � \ ] ] _ e c Ç d b eÐ í Ò Ð î Ò

Ì Ï Ë Ì Ï Ó Ì Ï Ô Ó Ï Ì Ë Ì Î Ì Ô Ì Ë Ì ÌÐ � ÒÌ Ï Î Ì Ï Í Ë Ï Ì Î Ï Ì Ô Ï Ì Í Ï Ì Ó Ì Í Ì Ó Ì ÌÌ Ï ËÌ Ï ÓÌ Ï ÎÌ Ï ÔË Ï ÌÌ Ï ÍÓ Ï Ì
��� 	ûûõ
ò ôóü 
ý 
ðû�óñü �õ÷�

Ö 
� Û Ü Ý Þ ß ß à á â Þ ã á ä ã ã à å â Ð æ ç Òè
² � W T � µ �³ �� T � µ �� � � µ � ² W �¯ ° ±



3.10 TRANSISTOR TESTING
 � / � � � . � $ . � � 7 � � � " � � " � � � " � � " $ 0 � � � $ � � ! � � � � P � � $ ! � � ! P � � " � � � � � � $ " � � � D � I � D E � I D �J G � G � E F 	 I � I D � � � . C & 	 	 I � I D �
Curve TracerS � � ! 0 " # � � " � ! � " $ % 1 �  � : � � � / � � � - " $ # � . � � � � . � � - � � ? $ % 1 �  � � � 
 � $ � ! � � � � � � � ! $ � �� " $ � � � � # � ; � � � - " $ - � " � ? � � � � S � � � � � � � � " . � � - � � ? � � $ � � � " �  � � " � # � � � � � � � ! � � � �  � $ ; �� - - � � � . � $ � � � ! � � " � ! � � " � � � � ! � � S � � # � " � � ! � � � � � � � � � # � � ? � � 
 � 
 K . � # 7 " � � 0 � � � �  � � � � � � ! � � �� � $ / � � $ � � � � � % � $ % � � � � $ � � � $ " � � . � � - � � ? � S � � � $ " � L $ � � � � � � � � � � � # � � ? � � : � K . � # 7 " � �� 0 � � � �  � � � � � � ! � � � � � $ / � ; � � $ / � � � ! � � " � ! � � " � � � � ! � � S � � � � � - % 0 � ! � � $ � " � # � � � � � � � � � � �! 0 " # � � � " � � � - � " � � � . ; ? � . � % % � " � � ! � $ % : � m


 7 � � � " � � �  � � � m

 % $ " � � � ; $ � � $ � ! 0 " # � �S � � � � � � � ! � � � % � ! � $ " - " $ # � . � . ! � � ; � 0 � � . � $ @ 0 � ! P � ? . � � � " � � � � � � �

b * + % $ " � � ? " � � � $ � $ % � � � ! � � " � ! � � " � � � � ! � � A � � - � ? � 0 � � � - � ? � � � . � � - � � ? � . % � ! � $ " ; ? � � � � 0 � ; � " $ % . � �# � � � $ � � ; � � / � � � = � ! 0 " # � � � � � � � " �  � $ � $ % � � � � " � � � � 1 $ " � � � � � � ! � 7 � � � 0 � . � � � " � � � �
b * +� � � � � - $ � � � $ % = >

5
� � 
 � � . � > 4 5

� � � � � � � � � " �  � $ � $ % � � � . � � - � � ? 7 � � � . � � � � � ! �; � � / � � � = � ! 0 " # � � � �
}� �  } $ % � . � # � � � $ � 7 � � � � . � ! � � � . $ � 1 �  � � � 
 � � ! � � �  � � � % � ! � $ " � - � ! �� % � � . 7 / � % � � . � � � �

b * + 5 }: " �} . � # 1}

 . � � # �

}2 5 # $ %

134 Chapter 3 Bipolar Junction Transistors

Figure 3.24 Curve tracer 
response to 2N3904 npn
transistor.
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Figure 3.25 Determining bac

for the transistor characteristics of
Fig. 3.24 at IC 5 7 mA and 
VCE 5 5 V.
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1353.10 Transistor Testing

Figure 3.26 Transistor tester.
(Courtesy Computronics Technol-
ogy, Inc.)

Figure 3.28 Checking the 
reverse-biased base-to-collector
junction of an npn transistor.
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Figure 3.27 Checking the 
forward-biased base-to-emitter
junction of an npn transistor.
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Figure 3.29 Various types of transistors: (a) Courtesy General Electric Company;
(b) and (c) Courtesy of Motorola Inc.; (d) Courtesy International Rectifier Corpo-
ration.g H F J F c F G V M K K L N Z F Y E H F E G I J K L K E M G Q I K L J S ] L Z Z H I c F K M O F O I G \ L J S E M L J R L Q I E F ] H L Q HZ F I R K I G F Q M J J F Q E F R E M E H F F O L E E F G Y Q M Z Z F Q E M G Y M G N I K F M D I E G I J K L K E M G _ C D F ] M D E H F O F E H dM R K Q M O O M J Z [ P K F R I G F L J R L Q I E F R L J ^ L S _ ` _ ` h _
Figure 3.30 Transistor terminal identification.b H F L J E F G J I Z Q M J K E G P Q E L M J M D I b i d a X V I Q \ I S F L J E H F ^ I L G Q H L Z R Z L J F I V V F I G K L J ^ L S _` _ ` W _ j M E F E H F c F G [ K O I Z Z K L k F M D E H F I Q E P I Z K F O L Q M J R P Q E M G R F c L Q F _ b H F G F I G F S M Z RN M J R ] L G F K Y I Q M V V F G D G I O F Y I J R I J F V M l [ F J Q I V K P Z I E L M J _^ M P G e T P I R f L J R L c L R P I Z m n m K L Z L Q M J E G I J K L K E M G K Q I J N F H M P K F R L J E H F W o d V L J V Z I K E L QR P I Z d L J d Z L J F V I Q \ I S F I V V F I G L J S L J ^ L S _ ` _ ` X I _ b H F L J E F G J I Z V L J Q M J J F Q E L M J K I V V F I G L J^ L S _ ` _ ` X N _ C K ] L E H E H F R L M R F p U V I Q \ I S F Y E H F L J R F J E I E L M J L J E H F E M V K P G D I Q F G F c F I Z KE H F J P O N F G W I J R W o V L J K _
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Figure 3.31 Internal construction of a Fairchild transistor in a TO-92 package.
(Courtesy Fairchild Camera and Instrument Corporation.)

Figure 3.32 Type Q2T2905 Texas Instruments quad pnp silicon transistors: 
(a) appearance; (b) pin connections. (Courtesy Texas Instruments Incorporated.)
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Figure 3.33 Network employed to obtain the collector characteristics of the
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4DC Biasing—BJTs
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Figure 4.1 Various operating points within the limits of operation of a transistor.
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Figure 4.2 Fixed-bias circuit.
Figure 4.3 dc equivalent of 
Fig. 4.2.

Figure 4.4 Base–emitter loop.
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Figure 4.5 Collector–emitter
loop.

Figure 4.6 Measuring VCE and
VC.
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Figure 4.7 dc fixed-bias cir-
cuit for Example 4.1.
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Figure 4.8 Saturation regions: (a) actual; (b) approximate.
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Figure 4.9 Determining ICsat
.

Figure 4.10 Determining ICsat

for the fixed-bias configuration.
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Figure 4.11 Load-line analysis: (a) the network; (b) the device characteristics.
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Figure 4.13 Movement of - -point with increasing levels of IB.
Figure 4.14 Effect of increasing levels of RC on the load
line and - -point.
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load line.
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Figure 4.15 Effect of lower 
values of VCC on the load line 
and - -point.

Figure 4.16 Example 4.3
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Figure 4.17 BJT bias circuit
with emitter resistor.
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4.18 Base–emitter loop.
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Figure 4.19 Network derived
from Eq. (4.17).

Figure 4.20 Reflected impedance
level of RE.

Figure 4.21 Collector–emitter
loop.
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Figure 4.22 Emitter-stabilized
bias circuit for Example 4.4.
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Figure 4.23 Determining ICsat
for

the emitter-stabilized bias circuit.

EXAMPLE 4.5
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Figure 4.24 Load line for the
emitter-bias configuration.



c X g I � J M a W K W M a W M I Q c I O W I P X M b J b I Q P R W I X d ? O W Y Q H I X N W j a J Y J a W P R J X b g Q M c J N G P X I J Q M Q c t J N dD d � � J b b G g O X M W I V Q P m d ~ c X M X H L » W a Q M X M W i X g I R X b J b I O W b W M b J I J Y J I L I Q g O X M N W b J M R W I XJ b h G J I W b k X H H d ~ c I O W g J P g G J I K X P X k W I W P b X P W K P Q K W P H L g O Q b W M � I O W P W b G H I J M N H W Y W H b Q c Z _ ±X M a ^ _ ] ± g X M R W X H k Q b I I Q I X H H L J M a W K W M a W M I Q c R W I X d C W g X H H c P Q k K P W Y J Q G b a J b g G b b J Q M bI O X I X ¹ j K Q J M I J b a W c J M W a R L X c J i W a H W Y W H Q c Z _ ± X M a ^ _ ] ± X b b O Q V M J M t J N d D d � � d ? O WH W Y W H Q c Z [ ± V J H H g O X M N W V J I O I O W g O X M N W J M R W I X � R G I I O W Q K W P X I J M N K Q J M I Q M I O W g O X P jX g I W P J b I J g b a W c J M W a R L Z _ ± X M a ^ _ ] ± g X M P W k X J M c J i W a J c I O W K P Q K W P g J P g G J I K X P X k W I W P bX P W W k K H Q L W a d� b M Q I W a X R Q Y W � I O W P W X P W I V Q k W I O Q a b I O X I g X M R W X K K H J W a I Q X M X H L » W I O W Y Q H I X N W ja J Y J a W P g Q M c J N G P X I J Q M d ? O W P W X b Q M c Q P I O W g O Q J g W Q c M X k W b c Q P I O J b g Q M c J N G P X I J Q M V J H HR W g Q k W Q R Y J Q G b J M I O W X M X H L b J b I Q c Q H H Q V d ? O W c J P b I I Q R W a W k Q M b I P X I W a J b I O W x ¼ ½ { |¾ x | ¿ À } I O X I g X M R W X K K H J W a I Q ½ Á Â Y Q H I X N W j a J Y J a W P g Q M c J N G P X I J Q M d ? O W b W g Q M a J b P W jc W P P W a I Q X b I O W ½ Ã Ã w À ¼ Ä ¾ ½ | x ¾ x | ¿ À } X M a g X M R W X K K H J W a Q M H L J c b K W g J c J g g Q M a J I J Q M bX P W b X I J b c J W a d ? O W X K K P Q i J k X I W X K K P Q X g O K W P k J I b X k Q P W a J P W g I X M X H L b J b V J I O X b X Y J M N bJ M I J k W X M a W M W P N L d ~ I J b X H b Q K X P I J g G H X P H L O W H K c G H J M I O W a W b J N M k Q a W I Q R W a W b g P J R W aJ M X H X I W P b W g I J Q M d � H H J M X H H � I O W X K K P Q i J k X I W X K K P Q X g O g X M R W X K K H J W a I Q I O W k X Å Q P J I LQ c b J I G X I J Q M b X M a I O W P W c Q P W b O Q G H a R W W i X k J M W a V J I O I O W b X k W J M I W P W b I X b I O W W i X g Ik W I O Q a d
Exact Analysis? O W J M K G I b J a W Q c I O W M W I V Q P m Q c t J N d D d � � g X M R W P W a P X V M X b b O Q V M J M t J N d D d � e c Q PI O W a g X M X H L b J b d ? O W ? O Æ Y W M J M W h G J Y X H W M I M W I V Q P m c Q P I O W M W I V Q P m I Q I O W H W c I Q c I O WR X b W I W P k J M X H g X M I O W M R W c Q G M a J M I O W c Q H H Q V J M N k X M M W P �

158 Chapter 4 DC Biasing—BJTs

Figure 4.25 Voltage-divider bias configuration. Figure 4.26 Defining the - -point for the voltage-divider
bias configuration.
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Figure 4.27 Redrawing the 
input side of the network of 
Fig. 4.25.
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Figure 4.28 Determining RTh.
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Figure 4.29 Determining ETh.
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Figure 4.30 Inserting the
Thévenin equivalent circuit.
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Figure 4.31 Beta-stabilized 
circuit for Example 4.7.
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Figure 4.32 Partial-bias circuit
for calculating the approximate
base voltage VB.
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EXAMPLE 4.10

Figure 4.33 Voltage-divider 
configuration for Example 4.10.
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Figure 4.34 dc bias circuit with voltage feedback.
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EXAMPLE 4.11

Figure 4.36 Collector–emitter
loop for the network of Fig. 4.34.
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Figure 4.37 Network for Example 4.11.
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Figure 4.39 Collector feedback
with RE 5 0 V.
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Figure 4.41 Common-collector (emitter-follower) configuration.



Þ ¼ ¼ ¶ ¾ ± » º º Á ¸ ´ µ ¼ º ³ ± » ½ ³ ¾ ¸ · » ¸ Ë º º ´ µ ¼ ¶ Ì º Æ ¸ Å ¶ ´ ´ ¶ ¹ Ò º ´ ² ± ± º · ¶ · Å ¶ ´ ´ ¶ ¹ ÒÅ ¶ ¼ ¼ º Å ± ¶ · Å ¶ ¹ ¾ ² È ½ · ¸ ± ² ¶ ¹ Ã ° ¹ ± » º ¹ º Á ± º Á ¸ ´ µ ¼ º Ñ º ² ¹ Ë º ³ ± ² È ¸ ± º ± » º Å ¶ ´ ´ ¶ ¹ Ò Í ¸ ³ º Å ¶ ¹ ¾ ² È Ò½ · ¸ ± ² ¶ ¹ Ã ° ¹ ± » ² ³ ³ ² ± ½ ¸ ± ² ¶ ¹ ± » º ² ¹ µ ½ ± Å ² · Å ½ ² ± Ñ ² ¼ ¼ Í º º ´ µ ¼ ¶ Ì º Æ ± ¶ Æ º ± º · ´ ² ¹ º ¿ ì · ¸ ± » º · ± » ¸ ¹¿ è Ã ö » º Å ¶ ¼ ¼ º Å ± ¶ · Å ½ · · º ¹ ± ² ³ ± » º ¹ ¸ Ë ¸ ² ¼ ¸ Í ¼ º ± ¶ µ º · ¾ ¶ · ´ ¸ ¹ ¸ ¹ ¸ ¼ Ì ³ ² ³ ¶ ¾ ± » º ¶ ½ ± µ ½ ± Å ² · Å ½ ² ± Ãâ º ± º · ´ ² ¹ º ± » º Ë ¶ ¼ ± ¸ È º Õ ë è ¸ ¹ Æ ± » º Å ½ · · º ¹ ± ¿ è ¾ ¶ · ± » º Å ¶ ´ ´ ¶ ¹ Ò Í ¸ ³ º Å ¶ ¹ ¾ ² È ½ · ¸ ± ² ¶ ¹ ¶ ¾ã ² È Ã Â Ã Â ß Ã

172 Chapter 4 DC Biasing—BJTs

© ª « ¬ ­ ® ª ¯Þ µ µ ¼ Ì ² ¹ È � ² · Å » » ¶ ¾ ¾ � ³ Ë ¶ ¼ ± ¸ È º ¼ ¸ Ñ ± ¶ ± » º ² ¹ µ ½ ± Å ² · Å ½ ² ± Ì ² º ¼ Æ ³
2

Õ ì ì
1

¿ ì Ô ì
1

Õ è ì
5

Ï¸ ¹ Æ ¿ ì
5 }

Õ ì ì Ô 2ì Õ è ì
}Ó ½ Í ³ ± ² ± ½ ± ² ¹ È Ë ¸ ¼ ½ º ³ Ê Ñ º ¶ Í ± ¸ ² ¹¿ ì

5 }

Â Û Ä Ã2ß Ü Ï
V

Ã à Û
} 5

ß Ã à Î ´ ÞÞ µ µ ¼ Ì ² ¹ È � ² · Å » » ¶ ¾ ¾ � ³ Ë ¶ ¼ ± ¸ È º ¼ ¸ Ñ ± ¶ ± » º ¶ ½ ± µ ½ ± Å ² · Å ½ ² ± È ² Ë º ³
2

Õ ë è
1

¿ ë Ô ë
2

Õ ë ë
5

Ï¸ ¹ Æ Õ ë è
5

Õ ë ë
2

¿ ë Ô ë Ñ ² ± » ¿ ë
>

¿ ì
5

Ä Ï Û
2

Ö ß Ã à Î ´ Þ × Ö ß Ã Â Ü
V

×
5 í ï 
 ó¿ è
5 }

¿
b

ë
}

5 }

ß Ã à Î Ù Ï ´ Þ
}

5

 î ï � m

ðÀ Á ¸ ´ µ ¼ º Â Ã Ä Ý º ´ µ ¼ ¶ Ì ³ ¸ ³ µ ¼ ² ± ³ ½ µ µ ¼ Ì ¸ ¹ Æ Ñ ² ¼ ¼ · º Ç ½ ² · º ± » º ¸ µ µ ¼ ² Å ¸ ± ² ¶ ¹ ¶ ¾ ö » � Ë º ¹ ² ¹ � ³± » º ¶ · º ´ ± ¶ Æ º ± º · ´ ² ¹ º ± » º Æ º ³ ² · º Æ ½ ¹ Ü ¹ ¶ Ñ ¹ ³ Ã

EXAMPLE 4.17

Figure 4.42 Common-base configuration.
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Figure 4.44 Determining RTh.
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Figure 4.46 Substituting the
Thévenin equivalent circuit.
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Figure 4.52 Transistor inverter.
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EXAMPLE 4.24

Figure 4.54 Cutoff conditions
and the resulting terminal resis-
tance.

Figure 4.55 Inverter for Example 4.24.
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Figure 4.56 Defining the time intervals of a pulse waveform.
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Figure 4.57 Checking the dc
level of VBE.

Figure 4.58 Checking the dc
level of VCE.
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Figure 4.59 Effect of a poor
connection or damaged device.

Figure 4.60 Checking voltage
levels with respect to ground.
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Figure 4.62 Network for 
Example 4.26.

Figure 4.63 pnp transistor in an
emitter-stabilized configuration.
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1894.11 PNP Transistors
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Figure 4.64 pnp transistor in a
voltage-divider bias configuration.
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Figure 4.65 Shift in dc bias point ( ã -point) due to change in temperature: 
(a) 25°C; (b) 100°C.



The higher the stability factor, the more sensitive the network to variations in
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Figure 4.66 Variation of sta-
bility factor S(ICO) with the re-
sistor ratio RB /RE for the emit-
ter-bias configuration.
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Figure 4.67 Equivalent circuit
for the voltage-divider configura-
tion.
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Figure 4.68 Review of biasing
managements and the stability
factor S(ICO).
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Figure 4.69 Applying
PSpice Windows to the
voltage-divider configu-
ration of Example 4.7.
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Figure 4.70 Re-
sponse obtained
after changing b
from 140 to 255.9
for the network of
Figure 4.69.± ¼ ¾ Æ ¹ Ã Ã ¾ Æ » ¹ ¿ Î » ¹ Î ¾ Ç Â » » ¾ ¿ Ê ¹ Ã » ½ Ï ¾ Â À á ¨ Ú ë ¶ ê
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Figure 4.71 Fixed-bias configuration
with a b of 50.

Figure 4.72 Network of Figure 4.71
with a b of 255.9.
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Figure 4.75 Problem 3
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Figure 4.74 Problem 2
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§ 4.4 Emitter-Stabilized Bias Circuitt " # . - ' ( ) ) L $ ' ' ) - 9 * ' + : $ K $ u ) & : $ + * / $ - / , $ ' . 7 # $ ; < = < > > _ & ) ' ) - L $ % ) H0 + 6 1 V X <0 : 6 1 2 X <0 / 6 Y 2 Z X <0 & 6 Y 2 <0 ) 6 Y V <0 7 6 Y Z <v " B $ C ) % ' ( ) $ % 7 . - L + ' $ . % U - . C $ & ) & $ % # $ ; < = < > w _ & ) ' ) - L $ % ) H0 + 6 R 2 <0 : 6 R Z <0 / 6 R V <0 & 6 Y 2 Z <0 ) 6 Y V <x " B $ C ) % ' ( ) $ % 7 . - L + ' $ . % U - . C $ & ) & $ % # $ ; < = < > y _ & ) ' ) - L $ % ) H0 + 6
b

<0 : 6 Y 2 2 <0 / 6 R V <z " I ) ' ) - L $ % ) ' ( ) * + ' , - + ' $ . % / , - - ) % ' 0 1 2 3 4 5 6 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < > > <@ ^ { " | * $ % ; ' ( ) / ( + - + / ' ) - $ * ' $ / * . 7 # $ ; < = < > G _ & ) ' ) - L $ % ) ' ( ) 7 . K K . J $ % ; 7 . - + % ) L $ ' ' ) - 9 : $ + * / . % 7 $ ; 9, - + ' $ . % $ 7 + } ~ U . $ % ' $ * & ) 7 $ % ) & + ' 1 2 X
5

= L � + % & Y 2 Z X
5 P � Q <0 + 6 R 2 $ 7 Y 2 2

5 O = Q + % & R Z
5 P < O S

V
<0 : 6

b
+ ' ' ( ) . U ) - + ' $ % ; U . $ % ' <0 / 6 R V <0 & 6 � . J ) - & $ * * $ U + ' ) & : M ' ( ) ' - + % * $ * ' . - <0 ) 6 � . J ) - & $ * * $ U + ' ) & : M ' ( ) - ) * $ * ' . - R 2 <
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Figure 4.77 Problems 6, 9, 11,
20, 24, 48, 51, 54

Figure 4.79 Problem 8

Figure 4.78 Problem 7



@ ^ ^ " 0 + 6 I ) ' ) - L $ % ) 1 2 + % & Y 2 Z 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < > ? <0 : 6 T ( + % ; )
b

' . P ? s + % & & ) ' ) - L $ % ) ' ( ) % ) J C + K , ) . 7 1 2 + % & Y 2 Z 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < > ? <0 / 6 I ) ' ) - L $ % ) ' ( ) L + ; % $ ' , & ) . 7 ' ( ) U ) - / ) % ' / ( + % ; ) $ % 1 2 + % & Y 2 Z , * $ % ; ' ( ) 7 . K K . J $ % ; ) � , + 9' $ . % * H�
D

1 2
5 * * 3 P � � � _ �

D
Y 2 Z

5 * * 3 P � � �0 & 6 I ) ' ) - L $ % ) 1 2 + % & Y 2 Z 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < > > <0 ) 6 T ( + % ; )
b

' . P s � + % & & ) ' ) - L $ % ) ' ( ) % ) J C + K , ) . 7 1 2 + % & Y 2 Z 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < > > <0 7 6 I ) ' ) - L $ % ) ' ( ) L + ; % $ ' , & ) . 7 ' ( ) U ) - / ) % ' / ( + % ; ) $ % 1 2 + % & Y 2 Z , * $ % ; ' ( ) 7 . K K . J $ % ; ) � , + 9' $ . % * H�
D

1 2
5 * * 3 P � � � _ �

D
Y 2 Z

5 * * 3 P � � �0 ; 6 � % ) + / ( . 7 ' ( ) + : . C ) _ ' ( ) L + ; % $ ' , & ) . 7
b

J + * $ % / - ) + * ) & s � � < T . L U + - ) ' ( ) U ) - / ) % ' / ( + % ; )$ % 1 2 + % & Y 2 Z 7 . - ) + / ( / . % 7 $ ; , - + ' $ . % _ + % & / . L L ) % ' . % J ( $ / ( * ) ) L * ' . : ) K ) * * * ) % * $ ' $ C ) ' ./ ( + % ; ) * $ %
b

<
§ 4.5 Voltage-Divider Bias^ q " # . - ' ( ) C . K ' + ; ) 9 & $ C $ & ) - : $ + * / . % 7 $ ; , - + ' $ . % . 7 # $ ; < = < w � _ & ) ' ) - L $ % ) H0 + 6 1 V X <0 : 6 1 2 X <0 / 6 Y 2 Z X <0 & 6 Y 2 <0 ) 6 Y Z <0 7 6 Y V <^ r " B $ C ) % ' ( ) $ % 7 . - L + ' $ . % U - . C $ & ) & $ % # $ ; < = < w P _ & ) ' ) - L $ % ) H0 + 6 1 2 <0 : 6 Y Z <0 / 6 Y V <0 & 6 R � <^ ! " B $ C ) % ' ( ) $ % 7 . - L + ' $ . % + U U ) + - $ % ; $ % # $ ; < = < w O _ & ) ' ) - L $ % ) H0 + 6 1 2 <0 : 6 Y Z <0 / 6 Y 2 2 <0 & 6 Y 2 Z <0 ) 6 Y V <0 7 6 R � <

Y 2 Z � � 4 � 5 � �
2

Y 2 Z � � 4 � 5 � �
}}}Y 2 Z � � 4 � 5 � �1 2 � � 4 � 5 � �

2
1 2 � � 4 � 5 � �

}}1 2 � � 4 � 5 � �
Y 2 Z � � 4 � 5 � �

2
Y 2 Z � � 4 � 5 4 �

}}}Y 2 Z � � 4 � 5 4 �1 2 � � 4 � 5 � �
2

1 2 � � 4 � 5 4 �
}}1 2 � � 4 � 5 4 �

204 Chapter 4 DC Biasing—BJTs

Figure 4.81 Problem 13 Figure 4.82 Problem 14
Figure 4.80 Problems 12, 15,
18, 20, 24, 49, 51, 52, 55



205Problems

Figure 4.83 Problems 16, 17,
21

Figure 4.84 Problems 22, 50,
56

Figure 4.85 Problem 23

^ A " I ) ' ) - L $ % ) ' ( ) * + ' , - + ' $ . % / , - - ) % ' 0 1 2 3 4 5 6 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < w � <@ ^ t " I ) ' ) - L $ % ) ' ( ) 7 . K K . J $ % ; 7 . - ' ( ) C . K ' + ; ) 9 & $ C $ & ) - / . % 7 $ ; , - + ' $ . % . 7 # $ ; < = < w ? , * $ % ; ' ( ) + U U - . 8 $ 9L + ' ) + U U - . + / ( $ 7 ' ( ) / . % & $ ' $ . % ) * ' + : K $ * ( ) & : M � � < 0 = < ? ? 6 $ * * + ' $ * 7 $ ) & <0 + 6 1 2 <0 : 6 Y 2 Z <0 / 6 1 V <0 & 6 Y Z <0 ) 6 Y V <@ ^ v " � ) U ) + ' � - . : K ) L P G , * $ % ; ' ( ) ) 8 + / ' 0 F ( � C ) % $ % 6 + U U - . + / ( + % & / . L U + - ) * . K , ' $ . % * < D + * ) & . % ' ( )- ) * , K ' * _ $ * ' ( ) + U U - . 8 $ L + ' ) + U U - . + / ( + C + K $ & + % + K M * $ * ' ) / ( % $ � , ) $ 7 � � < 0 = < ? ? 6 $ * * + ' $ * 7 $ ) & [^ x " 0 + 6 I ) ' ) - L $ % ) 1 2 X _ Y 2 Z X _ + % & 1 V X 7 . - ' ( ) % ) ' J . - S . 7 � - . : K ) L P O 0 # $ ; < = < w � 6 , * $ % ; ' ( ) + U U - . 8 9$ L + ' ) + U U - . + / ( ) C ) % ' ( . , ; ( ' ( ) / . % & $ ' $ . % ) * ' + : K $ * ( ) & : M � � < 0 = < ? ? 6 $ * % . ' * + ' $ * 7 $ ) & <0 : 6 I ) ' ) - L $ % ) 1 2 X _ Y 2 Z X _ + % & 1 V X , * $ % ; ' ( ) ) 8 + / ' + U U - . + / ( <0 / 6 T . L U + - ) * . K , ' $ . % * + % & / . L L ) % ' . % J ( ) ' ( ) - ' ( ) & $ 7 7 ) - ) % / ) $ * * , 7 7 $ / $ ) % ' K M K + - ; ) ' . - ) � , $ - )* ' + % & $ % ; : M � � < 0 = < ? ? 6 J ( ) % & ) ' ) - L $ % $ % ; J ( $ / ( + U U - . + / ( ' . ) L U K . M <@ ^ z " 0 + 6 | * $ % ; ' ( ) / ( + - + / ' ) - $ * ' $ / * . 7 # $ ; < = < > G _ & ) ' ) - L $ % ) R 2 + % & R Z 7 . - + C . K ' + ; ) 9 & $ C $ & ) - % ) ' J . - S( + C $ % ; + } ~ U . $ % ' . 7 1 2 X
5

s L � + % & Y 2 Z X
5

w Q < | * ) Y 2 2
5 O = Q + % & R 2

5
? R Z �0 : 6 # $ % & Y Z <0 / 6 I ) ' ) - L $ % ) Y V <0 & 6 # $ % & R � $ 7 R �

5 O = S
V

+ * * , L $ % ; ' ( + '
b

R Z
. P � R � <0 ) 6 T + K / , K + ' )

b
+ ' ' ( ) } ~ U . $ % ' <0 7 6 F ) * ' � � < 0 = < ? ? 6 _ + % & % . ' ) J ( ) ' ( ) - ' ( ) + * * , L U ' $ . % . 7 U + - ' 0 & 6 $ * / . - - ) / ' <@ q { " 0 + 6 I ) ' ) - L $ % ) 1 2 + % & Y 2 Z 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < w � <0 : 6 T ( + % ; )

b
' . P O � 0 s � � $ % / - ) + * ) 6 _ + % & & ) ' ) - L $ % ) ' ( ) % ) J C + K , ) * . 7 1 2 + % & Y 2 Z 7 . - ' ( ) % ) ' 9J . - S . 7 # $ ; < = < w � <0 / 6 I ) ' ) - L $ % ) ' ( ) L + ; % $ ' , & ) . 7 ' ( ) U ) - / ) % ' / ( + % ; ) $ % 1 2 + % & Y 2 Z , * $ % ; ' ( ) 7 . K K . J $ % ; ) � , + 9' $ . % * H�

D
1 2

5 * * 3 P � � � _ �
D

Y 2 Z
5 * * 3 P � � �0 & 6 T . L U + - ) ' ( ) * . K , ' $ . % ' . U + - ' 0 / 6 J $ ' ( ' ( ) * . K , ' $ . % * . : ' + $ % ) & 7 . - U + - ' * 0 / 6 + % & 0 7 6 . 7 � - . : 9K ) L P P < � 7 % . ' U ) - 7 . - L ) & _ % . ' ) ' ( ) * . K , ' $ . % * U - . C $ & ) & $ % � U U ) % & $ 8 � <0 ) 6 D + * ) & . % ' ( ) - ) * , K ' * . 7 U + - ' 0 & 6 _ J ( $ / ( / . % 7 $ ; , - + ' $ . % $ * K ) + * ' * ) % * $ ' $ C ) ' . C + - $ + ' $ . % * $ %

b
[@ q ^ " 0 + 6 � ) U ) + ' U + - ' * 0 + 6 ' ( - . , ; ( 0 ) 6 . 7 � - . : K ) L O � 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < w ? < T ( + % ; )

b
' . P w �$ % U + - ' 0 : 6 <0 : 6 W ( + ' ; ) % ) - + K / . % / K , * $ . % * / + % : ) L + & ) + : . , ' % ) ' J . - S * $ % J ( $ / ( ' ( ) / . % & $ ' $ . %

b
R Z

. P � R �$ * * + ' $ * 7 $ ) & + % & ' ( ) � , + % ' $ ' $ ) * 1 2 + % & Y 2 Z + - ) ' . : ) & ) ' ) - L $ % ) & $ % - ) * U . % * ) ' . + / ( + % ; ) $ %
b

[
§  4.6 DC Bias with Voltage Feedbackq q " # . - ' ( ) / . K K ) / ' . - 7 ) ) & : + / S / . % 7 $ ; , - + ' $ . % . 7 # $ ; < = < w = _ & ) ' ) - L $ % ) H0 + 6 1 V <0 : 6 1 2 <0 / 6 Y 2 <q r " # . - ' ( ) C . K ' + ; ) 7 ) ) & : + / S % ) ' J . - S . 7 # $ ; < = < w s _ & ) ' ) - L $ % ) H0 + 6 1 2 <0 : 6 Y 2 <0 / 6 Y Z <0 & 6 Y 2 Z <

Y 2 Z � � 4 � 5 � �
2

Y 2 Z � � 4 � 5 4 �
}}}Y 2 Z � � 4 � 5 4 �1 2 � � 4 � 5 � �

2
1 2 � � 4 � 5 4 �

}}1 2 � � 4 � 5 4 �



@ q ! " 0 + 6 I ) ' ) - L $ % ) ' ( ) K ) C ) K . 7 1 2 + % & Y 2 Z 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < w G <0 : 6 T ( + % ; )
b

' . P ? s 0 s � � $ % / - ) + * ) 6 _ + % & / + K / , K + ' ) ' ( ) % ) J K ) C ) K * . 7 1 2 + % & Y 2 Z <0 / 6 I ) ' ) - L $ % ) ' ( ) L + ; % $ ' , & ) . 7 ' ( ) U ) - / ) % ' / ( + % ; ) $ % 1 2 + % & Y 2 Z , * $ % ; ' ( ) 7 . K K . J $ % ; ) � , + ' $ . % * H�
D

1 2
5 * * 3 P � � � � �

DQ � � 5 * * 3 P � � �0 & 6 T . L U + - ) ' ( ) - ) * , K ' * . 7 U + - ' 0 / 6 J $ ' ( ' ( . * ) . 7 � - . : K ) L * P P 0 / 6 _ P P 0 7 6 _ + % & O � 0 / 6 < � . J & . ) *' ( ) / . K K ) / ' . - 9 7 ) ) & : + / S % ) ' J . - S * ' + / S , U + ; + $ % * ' ' ( ) . ' ( ) - / . % 7 $ ; , - + ' $ . % * $ % * ) % * $ ' $ C $ ' M ' ./ ( + % ; ) * $ %
b

[q A " I ) ' ) - L $ % ) ' ( ) - + % ; ) . 7 U . * * $ : K ) C + K , ) * 7 . - Y 2 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < w > , * $ % ; ' ( ) P 9 �
V

U . 9' ) % ' $ . L ) ' ) - <@ q t " B $ C ) % Y V
5

= Q 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < w w _ & ) ' ) - L $ % ) H0 + 6 Y Z <0 : 6 1 2 <0 / 6 Y 2 <0 & 6 Y 2 Z <0 ) 6 1 V < 0 7 6
b

<
Y 2 Z � � 4 � 5 � �

2
Y 2 Z � � 4 � 5 4 �

}}}Y 2 Z � � 4 � 5 4 �1 2 � � 4 � 5 � �
2

1 2 � � 4 � 5 4 �
}}1 2 � � 4 � 5 4 �

206 Chapter 4 DC Biasing—BJTs

Figure 4.90 Problem 28Figure 4.89 Problem 27

§  4.7 Miscellaneous Bias Configurationsq v " B $ C ) % Y 2
5

w Q 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < w y _ & ) ' ) - L $ % ) H0 + 6 1 V <0 : 6 1 2 <0 / 6
b

<0 & 6 Y 2 Z <@ q x " # . - ' ( ) % ) ' J . - S . 7 # $ ; < = < y � _ & ) ' ) - L $ % ) H0 + 6 1 V <0 : 6 1 2 <0 / 6 Y 2 Z <0 & 6 Y 2 <
Figure 4.86 Problem 24 Figure 4.87 Problem 25 Figure 4.88 Problem 26



@ q z " # . - ' ( ) % ) ' J . - S . 7 # $ ; < = < y P _ & ) ' ) - L $ % ) H0 + 6 1 V <0 : 6 1 2 <0 / 6 Y Z <0 & 6 Y 2 Z <@ r { " I ) ' ) - L $ % ) ' ( ) K ) C ) K . 7 Y Z + % & 1 Z 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < y O <@ r ^ " # . - ' ( ) % ) ' J . - S . 7 # $ ; < = < y ? _ & ) ' ) - L $ % ) H0 + 6 1 Z <0 : 6 Y 2 <0 / 6 Y 2 Z <

207Problems

Figure 4.91 Problem 29 Figure 4.92 Problem 30 Figure 4.93 Problem 31

o i��
Ω

k � k ` a nm
j d if n �

Ω
j � o` al

Figure 4.95 Problem 37

�� i � i ` �` �` � p g p a b j d dβd i
Figure 4.94 Problem 36

j d i d i �
Ω

j o d j d i �
Ω

k � c ` �` ��
` �

§  4.8 Design Operationsr q " I ) ' ) - L $ % ) R 2 + % & R V 7 . - + 7 $ 8 ) & 9 : $ + * / . % 7 $ ; , - + ' $ . % $ 7 Y 2 2
5 P O Q _

b 5
w � _ + % & 1 2 X

5 O < s L �J $ ' ( Y 2 Z X
5

G Q < | * ) * ' + % & + - & C + K , ) * <r r " I ) * $ ; % + % ) L $ ' ' ) - 9 * ' + : $ K $ u ) & % ) ' J . - S + ' 1 2 X
5 }

 ¡ }
1 2 3 4 5 + % & Y 2 Z X

5 }
 ¡ }

Y 2 2 � | * ) Y 2 2
5 O � Y � 1 2 3 4 5

5P � L � _
b 5 P O � _ + % & R 2

5
= R Z � | * ) * ' + % & + - & C + K , ) * <r ! " I ) * $ ; % + C . K ' + ; ) 9 & $ C $ & ) - : $ + * % ) ' J . - S , * $ % ; + * , U U K M . 7 O = Q _ + ' - + % * $ * ' . - J $ ' ( + : ) ' + . 7 P P � _+ % & + % . U ) - + ' $ % ; U . $ % ' . 7 1 2 X

5
= L � + % & Y 2 Z X

5
w Q < T ( . . * ) Y Z

5 }
¢£ }

Y 2 2 < | * ) * ' + % & + - & C + K 9, ) * <@ r A " | * $ % ; ' ( ) / ( + - + / ' ) - $ * ' $ / * . 7 # $ ; < = < > G _ & ) * $ ; % + C . K ' + ; ) 9 & $ C $ & ) - / . % 7 $ ; , - + ' $ . % ' . ( + C ) + * + ' , - + 9' $ . % K ) C ) K . 7 P � L � + % & + } ~ U . $ % ' . % ) 9 ( + K 7 ' ( ) & $ * ' + % / ) : ) ' J ) ) % / , ' . 7 7 + % & * + ' , - + ' $ . % < F ( )+ C + $ K + : K ) * , U U K M $ * O w Q _ + % & Y Z $ * ' . : ) . % ) 9 7 $ 7 ' ( . 7 Y 2 2 < F ( ) / . % & $ ' $ . % ) * ' + : K $ * ( ) & : M � � <0 = < ? ? 6 * ( . , K & + K * . : ) L ) ' ' . U - . C $ & ) + ( $ ; ( * ' + : $ K $ ' M 7 + / ' . - < | * ) * ' + % & + - & C + K , ) * <
§ 4.9 Transistor Switching Networks@ r t " | * $ % ; ' ( ) / ( + - + / ' ) - $ * ' $ / * . 7 # $ ; < = < > G _ & ) ' ) - L $ % ) ' ( ) + U U ) + - + % / ) . 7 ' ( ) . , ' U , ' J + C ) 7 . - L 7 . - ' ( )% ) ' J . - S . 7 # $ ; < = < y = < � % / K , & ) ' ( ) ) 7 7 ) / ' * . 7 Y 2 Z 3 4 5 _ + % & & ) ' ) - L $ % ) 1 V _ 1 V ¤ 4 ¥ _ + % & 1 2 3 4 5 J ( ) % Y ¦

5P � Q < I ) ' ) - L $ % ) ' ( ) / . K K ) / ' . - 9 ' . 9 ) L $ ' ' ) - - ) * $ * ' + % / ) + ' * + ' , - + ' $ . % + % & / , ' . 7 7 <@ r v " I ) * $ ; % ' ( ) ' - + % * $ * ' . - $ % C ) - ' ) - . 7 # $ ; < = < y s ' . . U ) - + ' ) J $ ' ( + * + ' , - + ' $ . % / , - - ) % ' . 7 w L � , * $ % ; +' - + % * $ * ' . - J $ ' ( + : ) ' + . 7 P � � < | * ) + K ) C ) K . 7 1 V ) � , + K ' . P O � � . 7 1 V ¤ 4 ¥ + % & * ' + % & + - & - ) * $ * ' . - C + K 9, ) * <



r x " 0 + 6 | * $ % ; ' ( ) / ( + - + / ' ) - $ * ' $ / * . 7 # $ ; < ? < O ? / _ & ) ' ) - L $ % ) § ¨ © + % & § ¨ ª ª + ' + / , - - ) % ' . 7 O L � < « . ' )' ( ) , * ) . 7 K . ; * / + K ) * + % & ' ( ) U . * * $ : K ) % ) ) & ' . - ) 7 ) - ' . \ ) / ' $ . % P P < O <0 : 6 � ) U ) + ' U + - ' 0 + 6 + ' + / , - - ) % ' . 7 P � L � < � . J ( + C ) § ¨ © + % & § ¨ ª ª / ( + % ; ) & J $ ' ( $ % / - ) + * ) $ % / . K 9K ) / ' . - / , - - ) % ' [0 / 6 # . - U + - ' * 0 + 6 + % & 0 : 6 _ * S ) ' / ( ' ( ) U , K * ) J + C ) 7 . - L . 7 # $ ; < = < s G + % & / . L U + - ) - ) * , K ' * <
§ 4.10 Troubleshooting Techniques@ r z " F ( ) L ) + * , - ) L ) % ' * . 7 # $ ; < = < y G + K K - ) C ) + K ' ( + ' ' ( ) % ) ' J . - S $ * % . ' 7 , % / ' $ . % $ % ; / . - - ) / ' K M < ¬ $ * ' + *L + % M - ) + * . % * + * M . , / + % 7 . - ' ( ) L ) + * , - ) L ) % ' * . : ' + $ % ) & <

208 Chapter 4 DC Biasing—BJTs

Figure 4.97 Problem 40

�
Ω

­ � hj h i
�

Ω
j � k® ¯ °

` g b ± � c i �
Ω± j �

Ω
­ � hj h i

c i�
Ω

j � k® ² °�
Ω

j ok � h c i b j d dβb j d dβ�
Ω

j o
�

Ω± j

Figure 4.98 Problem 41

@ ! { " F ( ) L ) + * , - ) L ) % ' * + U U ) + - $ % ; $ % # $ ; < = < y > - ) C ) + K ' ( + ' ' ( ) % ) ' J . - S * + - ) % . ' . U ) - + ' $ % ; U - . U ) - K M <D ) * U ) / $ 7 $ / $ % & ) * / - $ : $ % ; J ( M ' ( ) K ) C ) K * . : ' + $ % ) & - ) 7 K ) / ' + U - . : K ) L J $ ' ( ' ( ) ) 8 U ) / ' ) & % ) ' J . - S: ) ( + C $ . - < � % . ' ( ) - J . - & * _ ' ( ) K ) C ) K * . : ' + $ % ) & - ) 7 K ) / ' + C ) - M * U ) / $ 7 $ / U - . : K ) L $ % ) + / ( / + * ) <

! ^ " # . - ' ( ) / $ - / , $ ' . 7 # $ ; < = < y w H0 + 6 I . ) * Y 2 $ % / - ) + * ) . - & ) / - ) + * ) $ 7 R V $ * $ % / - ) + * ) & [0 : 6 I . ) * 1 2 $ % / - ) + * ) . - & ) / - ) + * ) $ 7
b

$ * - ) & , / ) & [0 / 6 W ( + ' ( + U U ) % * ' . ' ( ) * + ' , - + ' $ . % / , - - ) % ' $ 7
b

$ * $ % / - ) + * ) & [0 & 6 I . ) * ' ( ) / . K K ) / ' . - / , - - ) % ' $ % / - ) + * ) . - & ) / - ) + * ) $ 7 Y 2 2 $ * - ) & , / ) & [0 ) 6 W ( + ' ( + U U ) % * ' . Y 2 Z $ 7 ' ( ) ' - + % * $ * ' . - $ * - ) U K + / ) & : M . % ) J $ ' ( * L + K K ) -
b

[

Figure 4.96 Problem 39



! q " � % * J ) - ' ( ) 7 . K K . J $ % ; � , ) * ' $ . % * + : . , ' ' ( ) / $ - / , $ ' . 7 # $ ; < = < y y <0 + 6 W ( + ' ( + U U ) % * ' . ' ( ) C . K ' + ; ) Y 2 $ 7 ' ( ) ' - + % * $ * ' . - $ * - ) U K + / ) & : M . % ) ( + C $ % ; + K + - ; ) - C + K , ). 7
b

[0 : 6 W ( + ' ( + U U ) % * ' . ' ( ) C . K ' + ; ) Y 2 Z $ 7 ' ( ) ; - . , % & K ) ; . 7 - ) * $ * ' . - R V ³ . U ) % * 0 & . ) * % . ' / . % % ) / '' . ; - . , % & 6 [0 / 6 W ( + ' ( + U U ) % * ' . 1 2 $ 7 ' ( ) * , U U K M C . K ' + ; ) $ * K . J [0 & 6 W ( + ' C . K ' + ; ) Y 2 Z J . , K & . / / , - $ 7 ' ( ) ' - + % * $ * ' . - : + * ) ´ ) L $ ' ' ) - ] , % / ' $ . % 7 + $ K * : M : ) / . L $ % ;. U ) % [0 ) 6 W ( + ' C . K ' + ; ) Y 2 Z J . , K & - ) * , K ' $ 7 ' ( ) ' - + % * $ * ' . - : + * ) ´ ) L $ ' ' ) - ] , % / ' $ . % 7 + $ K * : M : ) / . L $ % ; +* ( . - ' [

209Problems

Figure 4.100 Problem 43

Figure 4.101 Problem 44 Figure 4.102 Problem 45 Figure 4.103 Problem 46

Figure 4.99 Problem 42@ ! r " � % * J ) - ' ( ) 7 . K K . J $ % ; � , ) * ' $ . % * + : . , ' ' ( ) / $ - / , $ ' . 7 # $ ; < = < P � � <0 + 6 W ( + ' ( + U U ) % * ' . ' ( ) C . K ' + ; ) Y 2 $ 7 ' ( ) - ) * $ * ' . - R V $ * . U ) % [0 : 6 W ( + ' * ( . , K & ( + U U ) % ' . Y 2 Z $ 7
b 

$ % / - ) + * ) * & , ) ' . ' ) L U ) - + ' , - ) [0 / 6 � . J J $ K K Y Z : ) + 7 7 ) / ' ) & J ( ) % - ) U K + / $ % ; ' ( ) / . K K ) / ' . - - ) * $ * ' . - J $ ' ( . % ) J ( . * ) - ) * $ * ' + % / )$ * + ' ' ( ) K . J ) - ) % & . 7 ' ( ) ' . K ) - + % / ) - + % ; ) [0 & 6 � 7 ' ( ) ' - + % * $ * ' . - / . K K ) / ' . - / . % % ) / ' $ . % : ) / . L ) * . U ) % _ J ( + ' J $ K K ( + U U ) % ' . Y Z [0 ) 6 W ( + ' L $ ; ( ' / + , * ) Y 2 Z ' . : ) / . L ) % ) + - K M P w Q [
§ 4.11 PNP Transistors! ! " I ) ' ) - L $ % ) Y 2 _ Y 2 Z _ + % & 1 2 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < P � P <! A " I ) ' ) - L $ % ) Y 2 + % & 1 V 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < P � O <! t " I ) ' ) - L $ % ) 1 Z + % & Y 2 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < P � ? <



§  4.12 Bias Stabilization! v " I ) ' ) - L $ % ) ' ( ) 7 . K K . J $ % ; 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < > ? <0 + 6 µ 0 1 2 ¶ 6 <0 : 6 µ 0 Y V Z · <0 / 6 µ 0
b

6 , * $ % ; ¸ � + * ' ( ) ' ) L U ) - + ' , - ) + ' J ( $ / ( ' ( ) U + - + L ) ' ) - C + K , ) * + - ) * U ) / $ 7 $ ) & + % &
b

0 ¸ � 6 + *O s � L . - ) ' ( + %
b

0 ¸ � 6 <0 & 6 I ) ' ) - L $ % ) ' ( ) % ) ' / ( + % ; ) $ % 1 2 $ 7 + / ( + % ; ) $ % . U ) - + ' $ % ; / . % & $ ' $ . % * - ) * , K ' * $ % 1 2 ¶ $ % / - ) + * 9$ % ; 7 - . L � < O ' . P � m
� _ Y V Z & - . U * 7 - . L � < > ' . � < s Q _ + % &

b
$ % / - ) + * ) * O s � <@ ! x " # . - ' ( ) % ) ' J . - S . 7 # $ ; < = < > > _ & ) ' ) - L $ % ) H0 + 6 µ 0 1 2 ¶ 6 <0 : 6 µ 0 Y V Z 6 <0 / 6 µ 0

b
6 , * $ % ; ¸ � + * ' ( ) ' ) L U ) - + ' , - ) + ' J ( $ / ( ' ( ) U + - + L ) ' ) - C + K , ) * + - ) * U ) / $ 7 $ ) & + % &

b
0 ¸ � 6 + *O s � L . - ) ' ( + %

b
0 ¸ � 6 <0 & 6 I ) ' ) - L $ % ) ' ( ) % ) ' / ( + % ; ) $ % 1 2 $ 7 + / ( + % ; ) $ % . U ) - + ' $ % ; / . % & $ ' $ . % * - ) * , K ' * $ % 1 2 ¶ $ % / - ) + * 9$ % ; 7 - . L � < O ' . P � m

� _ Y V Z & - . U * 7 - . L � < > ' . � < s Q _ + % &
b

$ % / - ) + * ) * O s � <@ ! z " # . - ' ( ) % ) ' J . - S . 7 # $ ; < = < w � _ & ) ' ) - L $ % ) H0 + 6 µ 0 1 2 ¶ 6 <0 : 6 µ 0 Y V Z 6 <0 / 6 µ 0
b

6 , * $ % ; ¸ � + * ' ( ) ' ) L U ) - + ' , - ) + ' J ( $ / ( ' ( ) U + - + L ) ' ) - C + K , ) * + - ) * U ) / $ 7 $ ) & + % &
b

0 ¸ � 6 + *O s � L . - ) ' ( + %
b

0 ¸ � 6 <0 & 6 I ) ' ) - L $ % ) ' ( ) % ) ' / ( + % ; ) $ % 1 2 $ 7 + / ( + % ; ) $ % . U ) - + ' $ % ; / . % & $ ' $ . % * - ) * , K ' * $ % 1 2 ¶ $ % / - ) + * 9$ % ; 7 - . L � < O ' . P � m
� _ Y V Z & - . U * 7 - . L � < > ' . � < s Q _ + % &

b
$ % / - ) + * ) * O s � <@ A { " # . - ' ( ) % ) ' J . - S . 7 # $ ; < = < w y _ & ) ' ) - L $ % ) H0 + 6 µ 0 1 2 ¶ 6 <0 : 6 µ 0 Y V Z 6 <0 / 6 µ 0

b
6 , * $ % ; ¸ � + * ' ( ) ' ) L U ) - + ' , - ) + ' J ( $ / ( ' ( ) U + - + L ) ' ) - C + K , ) * + - ) * U ) / $ 7 $ ) & + % &

b
0 ¸ � 6 + *O s � L . - ) ' ( + %

b
0 ¸ � 6 <0 & 6 I ) ' ) - L $ % ) ' ( ) % ) ' / ( + % ; ) $ % 1 2 $ 7 + / ( + % ; ) $ % . U ) - + ' $ % ; / . % & $ ' $ . % * - ) * , K ' * $ % 1 2 ¶ $ % / - ) + * 9$ % ; 7 - . L � < O ' . P � m

� _ Y V Z & - . U * 7 - . L � < > ' . � < s Q _ + % &
b

$ % / - ) + * ) * O s � <@ A ^ " T . L U + - ) ' ( ) - ) K + ' $ C ) C + K , ) * . 7 * ' + : $ K $ ' M 7 . - � - . : K ) L * = > ' ( - . , ; ( s � < F ( ) - ) * , K ' * 7 . - � 8 ) - / $ * ) *= > + % & = y / + % : ) 7 . , % & $ % � U U ) % & $ 8 � < T + % + % M ; ) % ) - + K / . % / K , * $ . % * : ) & ) - $ C ) & 7 - . L ' ( ) - ) 9* , K ' * [@ A q " 0 + 6 T . L U + - ) ' ( ) K ) C ) K * . 7 * ' + : $ K $ ' M 7 . - ' ( ) 7 $ 8 ) & 9 : $ + * / . % 7 $ ; , - + ' $ . % . 7 � - . : K ) L = > <0 : 6 T . L U + - ) ' ( ) K ) C ) K * . 7 * ' + : $ K $ ' M 7 . - ' ( ) C . K ' + ; ) 9 & $ C $ & ) - / . % 7 $ ; , - + ' $ . % . 7 � - . : K ) L = y <0 / 6 W ( $ / ( 7 + / ' . - * . 7 U + - ' * 0 + 6 + % & 0 : 6 * ) ) L ' . ( + C ) ' ( ) L . * ' $ % 7 K , ) % / ) . % ' ( ) * ' + : $ K $ ' M . 7 ' ( )* M * ' ) L _ . - $ * ' ( ) - ) % . ; ) % ) - + K U + ' ' ) - % ' . ' ( ) - ) * , K ' * [
§  4.13 PSpice WindowsA r " � ) - 7 . - L + � \ U $ / ) + % + K M * $ * . 7 ' ( ) % ) ' J . - S . 7 # $ ; < = < > ? < F ( + ' $ * _ & ) ' ) - L $ % ) 1 2 _ Y 2 Z _ : + % & 1 V <A ! " � ) U ) + ' � - . : K ) L s ? 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < > > <A A " � ) U ) + ' � - . : K ) L s ? 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < w � <A t " � ) U ) + ' � - . : K ) L s ? 7 . - ' ( ) % ) ' J . - S . 7 # $ ; < = < w = <¹ º » ¼ ¯ ½ ¼ ¾ ¿ À ¼ Á e ½ À ¼ Â Ã ½ � ½ Ã Ä Å Ã Æ ¯ À ¼ Ç ¿ Â ¼ Å Ã È È Ã Æ É » À Ê Â ¿ ² » ¼ Ç ½ �

210 Chapter 4 DC Biasing—BJTs



C H A P T E R

5Field-Effect
Transistors

5.1 INTRODUCTIONË Ì Í Î Ï Í Ð Ñ Ò Í Î Î Í Ó Ô Ô Õ Ö × Ø Ï Ø Ô Ù Õ Ú Û Ü Ë Ý Ï Ø Ö Ô Ì Õ Í Í Ò Ô Í Õ Þ Ï × Ö Ð Ñ Í ß Ï Ó Í à Ø Í Ñ Î Ù Õ Ö ß Ö Õ Ï Í Ô á Ù Î Ö â Òâ Ð Ï Ó Ö Ô Ï Ù × Ø Ô Ì Ö Ô Þ Ö Ô Ó Ì ã Ô Ù Ö Ð Ö Õ ä Í Í å Ô Í × Ô ã Ô Ì Ù Ø Í Ù Î Ô Ì Í æ ç Ë Ô Õ Ö × Ø Ï Ø Ô Ù Õ Ñ Í Ø Ó Õ Ï è Í Ñ Ï × é Ì Ö â ÒÔ Í Õ Ø ê Ö × Ñ ë ì í Ð Ô Ì Ù à ä Ì Ô Ì Í Õ Í Ö Õ Í Ï Þ â Ù Õ Ô Ö × Ô Ñ Ï Î Î Í Õ Í × Ó Í Ø è Í Ô î Í Í × Ô Ì Í Ô î Ù Ô á â Í Ø Ù Î Ñ Í Òß Ï Ó Í Ø ã Ô Ì Í Õ Í Ö Õ Í Ö Ð Ø Ù Þ Ö × á Ø Ï Þ Ï Ð Ö Õ Ï Ô Ï Í Ø Ô Ì Ö Ô î Ï Ð Ð è Í â Ù Ï × Ô Í Ñ Ù à Ô Ï × Ô Ì Í Ø Í Ó Ô Ï Ù × Ø Ô Ù Î Ù Ð Ð Ù î ìË Ì Í â Õ Ï Þ Ö Õ á Ñ Ï Î Î Í Õ Í × Ó Í è Í Ô î Í Í × Ô Ì Í Ô î Ù Ô á â Í Ø Ù Î Ô Õ Ö × Ø Ï Ø Ô Ù Õ Ø Ï Ø Ô Ì Í Î Ö Ó Ô Ô Ì Ö Ô Ô Ì Íæ ç Ë Ô Õ Ö × Ø Ï Ø Ô Ù Õ Ï Ø Ö ï ð ñ ñ ò ó ô õ ï ö ó ô ñ ö ÷ ÷ ò ø Ñ Í ß Ï Ó Í Ö Ø Ñ Í â Ï Ó Ô Í Ñ Ï × Û Ï ä ì ù ì ú Ö ã î Ì Ï Ð Í Ô Ì Í ç Û Ü ËÔ Õ Ö × Ø Ï Ø Ô Ù Õ Ï Ø Ö û ö ÷ ô ü ý ò õ ï ö ó ô ñ ö ÷ ÷ ò ø Ñ Í ß Ï Ó Í Ö Ø Ø Ì Ù î × Ï × Û Ï ä ì ù ì ú è ì þ × Ù Ô Ì Í Õ î Ù Õ Ñ Ø ã Ô Ì Í Ó à Õ ÒÕ Í × Ô ÿ � Ï × Û Ï ä ì ù ì ú Ö Ï Ø Ö Ñ Ï Õ Í Ó Ô Î à × Ó Ô Ï Ù × Ù Î Ô Ì Í Ð Í ß Í Ð Ù Î ÿ � ì Û Ù Õ Ô Ì Í Û Ü Ë Ô Ì Í Ó à Õ Õ Í × Ô ÿî Ï Ð Ð è Í Ö Î à × Ó Ô Ï Ù × Ù Î Ô Ì Í ß Ù Ð Ô Ö ä Í � � � Ö â â Ð Ï Í Ñ Ô Ù Ô Ì Í Ï × â à Ô Ó Ï Õ Ó à Ï Ô Ö Ø Ø Ì Ù î × Ï × Û Ï ä ì ù ì ú è ìþ × Í Ö Ó Ì Ó Ö Ø Í Ô Ì Í Ó à Õ Õ Í × Ô Ù Î Ô Ì Í Ù à Ô â à Ô Ó Ï Õ Ó à Ï Ô Ï Ø è Í Ï × ä Ó Ù × Ô Õ Ù Ð Ð Í Ñ è á Ö â Ö Õ Ö Þ Í Ô Í Õ Ù Î Ô Ì ÍÏ × â à Ô Ó Ï Õ Ó à Ï Ô � Ï × Ù × Í Ó Ö Ø Í Ö Ó à Õ Õ Í × Ô Ð Í ß Í Ð Ö × Ñ Ï × Ô Ì Í Ù Ô Ì Í Õ Ö × Ö â â Ð Ï Í Ñ ß Ù Ð Ô Ö ä Í ì

211

ç à Ø Ô Ö Ø Ô Ì Í Õ Í Ö Õ Í ó � ó Ö × Ñ � ó � è Ï â Ù Ð Ö Õ Ô Õ Ö × Ø Ï Ø Ô Ù Õ Ø ã Ô Ì Í Õ Í Ö Õ Í ó õ ï � ü ó ó ò ÷ Ö × Ñ � õ ï � ü ó õó ò ÷ Î Ï Í Ð Ñ Ò Í Î Î Í Ó Ô Ô Õ Ö × Ø Ï Ø Ô Ù Õ Ø ì � Ù î Í ß Í Õ ã Ï Ô Ï Ø Ï Þ â Ù Õ Ô Ö × Ô Ô Ù 	 Í Í â Ï × Þ Ï × Ñ Ô Ì Ö Ô Ô Ì Í æ ç Ë Ô Õ Ö × ÒØ Ï Ø Ô Ù Õ Ï Ø Ö 
 � � ö ÷ ü ñ Ñ Í ß Ï Ó Í � Ô Ì Í â Õ Í Î Ï å 
 � õ Õ Í ß Í Ö Ð Ï × ä Ô Ì Ö Ô Ô Ì Í Ó Ù × Ñ à Ó Ô Ï Ù × Ð Í ß Í Ð Ï Ø Ö Î à × Ó ÒÔ Ï Ù × Ù Î Ô î Ù Ó Ì Ö Õ ä Í Ó Ö Õ Õ Ï Í Õ Ø ã Í Ð Í Ó Ô Õ Ù × Ø Ö × Ñ Ì Ù Ð Í Ø ì Ë Ì Í Û Ü Ë Ï Ø Ö ð ó � � ö ÷ ü ñ Ñ Í ß Ï Ó ÍÑ Í â Í × Ñ Ï × ä Ø Ù Ð Í Ð á Ù × Í Ï Ô Ì Í Õ Í Ð Í Ó Ô Õ Ù × Ú ó õ Ó Ì Ö × × Í Ð Ý Ù Õ Ì Ù Ð Í Ú � õ Ó Ì Ö × × Í Ð Ý Ó Ù × Ñ à Ó Ô Ï Ù × ìË Ì Í Ô Í Õ Þ Î Ï Í Ð Ñ Ò Í Î Î Í Ó Ô Ï × Ô Ì Í Ó Ì Ù Ø Í × × Ö Þ Í Ñ Í Ø Í Õ ß Í Ø Ø Ù Þ Í Í å â Ð Ö × Ö Ô Ï Ù × ì � Í Ö Õ Í Ö Ð ÐÎ Ö Þ Ï Ð Ï Ö Õ î Ï Ô Ì Ô Ì Í Ö è Ï Ð Ï Ô á Ù Î Ö â Í Õ Þ Ö × Í × Ô Þ Ö ä × Í Ô Ô Ù Ñ Õ Ö î Þ Í Ô Ö Ð Î Ï Ð Ï × ä Ø Ô Ù Ô Ì Í Þ Ö ä × Í Ôî Ï Ô Ì Ù à Ô Ô Ì Í × Í Í Ñ Î Ù Õ Ö Ó Ô à Ö Ð Ó Ù × Ô Ö Ó Ô ì Ë Ì Í Þ Ö ä × Í Ô Ï Ó Î Ï Í Ð Ñ Ù Î Ô Ì Í â Í Õ Þ Ö × Í × Ô Þ Ö ä × Í Ô Ì Ö ØÍ × ß Í Ð Ù â Í Ñ Ô Ì Í Î Ï Ð Ï × ä Ø Ö × Ñ Ö Ô Ô Õ Ö Ó Ô Í Ñ Ô Ì Í Þ Ô Ù Ô Ì Í Þ Ö ä × Í Ô Ô Ì Õ Ù à ä Ì Ö × Í Î Î Ù Õ Ô Ù × Ô Ì Í â Ö Õ ÔÙ Î Ô Ì Í Þ Ö ä × Í Ô Ï Ó Î Ð à å Ð Ï × Í Ø Ô Ù è Í Ö Ø Ø Ì Ù Õ Ô Ö Ø â Ù Ø Ø Ï è Ð Í ì Û Ù Õ Ô Ì Í Û Ü Ë Ö × ò ÷ ò ï ô ñ � ï 
 � ò ÷ ø Ï ØÍ Ø Ô Ö è Ð Ï Ø Ì Í Ñ è á Ô Ì Í Ó Ì Ö Õ ä Í Ø â Õ Í Ø Í × Ô Ô Ì Ö Ô î Ï Ð Ð Ó Ù × Ô Õ Ù Ð Ô Ì Í Ó Ù × Ñ à Ó Ô Ï Ù × â Ö Ô Ì Ù Î Ô Ì Í Ù à Ô â à Ô
Figure 5.1 (a) Current-con-
trolled and (b) voltage-controlled
amplifiers.
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Figure 5.3 Water analogy for
the JFET control mechanism.

2135.2 Construction and Characteristics of JFETs

Figure 5.2 Junction field-effect 
transistor (JFET).
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Figure 5.4 JFET in the VGS 5
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Figure 5.5 Varying reverse-bias
potentials across the p-n junction
of an n-channel JFET.

Figure 5.6 ID versus VDS for VGS 5 0 V. Figure 5.7 Pinch-off (VGS 5 0 V, VDS 5 VP).
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Figure 5.8 Current source
equivalent for VGS 5 0 V, 
VDS . VP.
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Figure 5.9 Application of a
negative voltage to the gate of a
JFET.



The level of VGS that results in ID 5 0 mA is defined by VGS 5 VP, with VP

being a negative voltage for n-channel devices and a positive voltage for 
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Figure 5.10 n-Channel JFET characteristics with IDSS 5 8 mA and VP 5 24 V.



Ë Ì Í Ñ Í Î Ï × Í Ñ Ó à Õ Õ Í × Ô Ñ Ï Õ Í Ó Ô Ï Ù × Ø Ö Õ Í Õ Í ß Í Õ Ø Í Ñ ã Ö Ø Ö Õ Í Ô Ì Í Ö Ó Ô à Ö Ð â Ù Ð Ö Õ Ï Ô Ï Í Ø Î Ù Õ Ô Ì Í ß Ù Ð Ô ÒÖ ä Í Ø � � � Ö × Ñ � + � ì Û Ù Õ Ô Ì Í � õ Ó Ì Ö × × Í Ð Ñ Í ß Ï Ó Í ã Ô Ì Í Ó Ì Ö × × Í Ð î Ï Ð Ð è Í Ó Ù × Ø Ô Õ Ï Ó Ô Í Ñ è á Ï × ÒÓ Õ Í Ö Ø Ï × ä â Ù Ø Ï Ô Ï ß Í ß Ù Ð Ô Ö ä Í Ø Î Õ Ù Þ ä Ö Ô Í Ô Ù Ø Ù à Õ Ó Í Ö × Ñ Ô Ì Í Ñ Ù à è Ð Í Ò Ø à è Ø Ó Õ Ï â Ô × Ù Ô Ö Ô Ï Ù × Î Ù Õ� + � î Ï Ð Ð Õ Í Ø à Ð Ô Ï × × Í ä Ö Ô Ï ß Í ß Ù Ð Ô Ö ä Í Ø Î Ù Õ � + � Ù × Ô Ì Í Ó Ì Ö Õ Ö Ó Ô Í Õ Ï Ø Ô Ï Ó Ø Ù Î Û Ï ä ì ù ì ú # ã î Ì Ï Ó ÌÌ Ö Ø Ö × ÿ + � � Ù Î ! Þ í Ö × Ñ Ö â Ï × Ó Ì Ò Ù Î Î ß Ù Ð Ô Ö ä Í Ù Î � � �
5 1

! - ì Y Ù × Ù Ô Ð Í Ô Ô Ì Í Þ Ï × à ØØ Ï ä × Ø Î Ù Õ � + � Ó Ù × Î à Ø Í á Ù à ì Ë Ì Í á Ø Ï Þ â Ð á Ï × Ñ Ï Ó Ö Ô Í Ô Ì Ö Ô Ô Ì Í Ø Ù à Õ Ó Í Ï Ø Ö Ô Ö Ì Ï ä Ì Í Õ â Ù Ô Í × ÒÔ Ï Ö Ð Ô Ì Ö × Ô Ì Í Ñ Õ Ö Ï × ì

2175.2 Construction and Characteristics of JFETs

9` < <` <b Z 8
/0

1 f 9

f 8
/ = f < b d [

;
` 8 9> 4\ \ \\4I F <` < ;

I F` 8\

Figure 5.11 p-Channel JFET.
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Figure 5.12 p-Channel JFET characteristics with IDSS 5 6 mA and VP 5 16 V.
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Figure 5.13 JFET symbols: (a) 
n-channel; (b) p-channel.
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The maximum current is defined as IDSS and occurs when VGS 5 0 V and
VDS $ |VP| as shown in Fig. 5.14a.

For gate-to-source voltages VGS less than (more negative than) the pinch-off
level, the drain current is 0 A (ID 5 0 A) as appearing in Fig. 5.14b.

For all levels of VGS between 0 V and the pinch-off level, the current ID will
range between IDSS and 0 A, respectively, as reviewed by Fig. 5.14c.
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k { m Figure 5.14 (a) VGS 5 0 V, 
ID 5 IDSS; (b) cutoff (ID 5 0 A)
VGS less than the pinch-off level;
(c) ID exists between 0 A and IDSS

for VGS less than or equal to 0 V
and greater than the pinch-off
level.



5.3 TRANSFER CHARACTERISTICS
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Figure 5.16 Transfer curve for
Example 5.1.
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EXAMPLE 5.2

Figure 5.17 Transfer curve for the 
p-channel device of Example 5.2.
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Figure 5.18 2N5457 Motorola n-channel JFET.
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and terminal identification for a 
p-channel JFET.
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Figure 5.20 Normal operating
region for linear amplifier design.
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Figure 5.21 Drain characteristics for a 2N4416 JFET transistor as displayed on a
curve tracer.
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Figure 5.23 n-Channel depletion-type MOSFET.



� 3 : 4 ; : C 6 I b k N / : 5 : G � ; 6 G C 6 : 5 B 8 A 6 � 3 6 7 � 3 : B 6 : 5 : G � ; 6 G A 3 : 7 : I 4 2 8 : B � 2 9 7 : I � : ; 7 9 5 5 E 9 4 S4 5 6 : B C 6 : 5 B - K 3 : C 9 G � � 3 9 � � 3 : o 6 Z £ 5 9 E : ; 6 8 9 7 6 7 8 F 5 9 � 6 7 = 5 9 E : ; ; : H : 9 5 8 � 3 : C 2 5 5 2 A 6 7 =C 9 G � Â
There is no direct electrical connection between the gate terminal and the
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Figure 5.24 n-Channel depletion-type MOSFET with VGS 5 0 V and an applied
voltage VDD.
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Figure 5.25 Drain and transfer characteristics for an n-channel depletion-type MOSFET.
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Figure 5.26 Reduction in free
carriers in channel due to a nega-
tive potential at the gate terminal.
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EXAMPLE 5.3

Figure 5.27 Transfer character-
istics for an n-channel depletion-
type MOSFET with IDSS 5 10 mA
and VP 5 24 V.
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Figure 5.28 p-Channel depletion-type MOSFET with IDSS 5 6 mA and VP 5 16 V.
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Figure 5.29 Graphic symbols
for (a) n-channel depletion-type
MOSFETs and (b) p-channel 
depletion-type MOSFETs.
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Figure 5.30 2N3797 Motorola n-channel depletion-type MOSFET.
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Figure 5.31 n-Channel enhancement-type MOSFET.
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Figure 5.32 Channel formation
in the n-channel enhancement-
type MOSFET.
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Figure 5.33 Change in channel
and depletion region with increas-
ing level of VDS for a fixed value
of VGS.
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Figure 5.34 Drain characteristics of an n-channel enhancement-type
MOSFET with VT 5 2 V and ó 5 0.278 3 1023 A/V2.
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Figure 5.35 Sketching the transfer characteristics for an n-channel enhancement-
type MOSFET from the drain characteristics.
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Figure 5.36 Plotting the transfer characteristics of an n-channel enhancement-
type MOSFET with ó 5 0.5 3 1023 A/V2 and VT 5 4 V.
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Figure 5.38 Symbols for (a) 
n-channel enhancement-type
MOSFETs and (b) p-channel 
enhancement-type MOSFETs.

Figure 5.37 p-Channel enhancement-type MOSFET with VT 5 2 V and ó 5 0.5 3 1023 A/V2.
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Figure 5.39 2N4351 Motorola n-channel enhancement-type MOSFET.
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EXAMPLE 5.4
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Figure 5.40 Solution to Example 5.4.
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Figure 5.41 Zener-protected
MOSFET.

Figure 5.42 VMOS construction.
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Figure 5.43 CMOS with the connections indicated in Fig. 5.44.
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Figure 5.44 CMOS inverter.
Figure 5.45 Relative resistance
levels for Vi 5 5 V (1-state).
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TABLE 5.2 Field Effect Transistors

-Symbol- Input Resistance
Type Basic Relationships Transfer Curve and Capacitance� t u v� w m n h o j j i p � � �

.   � � q
V¡ � ¢ �   2   � � { t

q r s t u v£ i { p i y � l j m y z { i� w m n h o j j i p � � �
.   � ¤ ¥ V¡ � ¢ �   2   � � { t

q r s t u vi j h o j n i ¦ i j y m y z { i� w m n h o j j i p � � �
.   � ¤ ¥ V¡ � ¢ �   2   � � { t



5.13 PSPICE WINDOWS� � � $ � � � � $ � � � � � � � $ � 
 # � � 5 ( $ � � � � � ! F + G � $ � � 3 � # 
  � � � � 	  $ � � � � � � 	 � 	 � � � � � � �� 	 
 ! 
 " � � # 
 � � � � 3 � 
 
 ! � � � � � � � � � � 
 � � � � � � � � � � � 
 # $  � & � � # 
 � & � � � 
  � ! � & � ! � 
 # X % � ! !� � b  � � � � � � � � � � � % � � 
  � � � � � � � 	 � � � � % � � 
 # 
 � � � � � � � � � ( � 
 ( � 
  � $ � & 
 ! � � , � � � � �$ 
 � # � ,  � � � � 
 � � � b  � � � � � 
 
 � � � � � � + � , � - � . � � C 
 � � � � � � 3 � � � $ � 
 # � � " � � � � � � 
 � � � � � $ �� � � � � 
  � � 	 
 � � � � $ � � � � � �  	 � � � 
 3 � � � # � � � � � * � � �  ! � � � , � � § _ 5 4 B � R � ! ! � � ,  
 � � �� � & � $ � � 
 � $ � # � $ � � � 
 � � � � � 
  , � ¨ © ª « ¬ ­ ® © ¯ ° ¬ ¨ © ª « ± ² ³ « ´ ² µ ¯ ­ ® © ¯ ° ¶ · ¯ ¸ « ¹ % � ! ! � � �  ! � � �� � � � 
 ! � " � � & � � , � � � � � � � � � 
 # � � � ! � � � � � , � 
 � � � 	 � � � � º ¯ « ´ » + 
 � � � � ¼  � $ � � 
 � ( # � � ! � (� # # � $ � � � � � � � � � 
 � º ¯ « ´ � � � � # � � � � 3 " E � � � 5 }
*

§ X ½ ¾ \
*

\[} : - � 9 - �� � � 
 � � � 	 � � � � ¿ « ®
5 2H � � # � � � � X _ \ 5 X À 5 2H 1 � � � � � 
 � � $ � ( 
 # # & 
 ! � � , � Á� 
 	 � � � � � , � 
 $ � � $ d % � � � % � 
 3 � � � � 
  � $ � � � � $ � � � � � � � $ � � R � 
 
 � � � , � � � Â ¯ « Ã Ä Å ² ´ ° Æ ³ ª ³� $ 
 � : � � $ � ! ! � � � � � � � � � � � � � 
 � � ' 
 � � � ! 3 !  � ! � � � � � � � � � 
 
 � * � � � Ç È Â É ¯ ¯ Ä � � # � � � � � � � 3 ! � �� � � � � � � � $ � � & � � � � � 
 
 � 
 �  $ � � � � Ç È Â É ¯ ¯ Ä � � � ! 
 , 3 
 ? � = � ! � $ � ¿ ® ° « ´ Ê ¯ Â ® Ã Ë µ ¯ ¬Ì ª ² ¯ ´ Ë Í � � � � � � � � � � � � Î ´ Ï ¯ Ð 1 < < * � � � Â « ´ Ë « ¿ ´ ° Ã ¯ 
 # 4 1 * ¨ ² © ¿ ´ ° Ã ¯ 
 # 9 4 1 * � � �± ² µ Ë ¯ Ï ¯ ² « 
 # 4 � 4 9 1 � � � � � * � � � Î ¯ ³ « ¯ © Â É ¯ ¯ Ä � � $ � 
 � � � * � � � ¿ ® ° « ´ Ê ¯ � � � Ì ª ² ¯ ´ Ë � � �$ � 
 � � � 
 � $ � 	 
 � � � + � � � ! ! " * � � � Î ´ Ï ¯ Ð 1 Ñ Ñ � � � � � � � � � * � � � Â « ´ Ë « ¿ ´ ° Ã ¯ 
 # 4 1 � � $ � 
 (� � � * � � � ¨ ² © ¿ ´ ° Ã ¯ 
 # 2- 1 � � � � � � � � � * � � � � � � ± ² µ Ë ¯ Ï ¯ ² « � � � � � � � 2 9 1 � � � � � * 3 ��  � � � 
 ¨ ² ´ Ò ° ¯ Î ¯ ³ « ¯ © Â É ¯ ¯ Ä 3 � # 
 � � $ ! � $ d � � , 
 � Ó Ô � � � $ ! 
 � � � , � @ � � � � � � Å Ã « ® Ï ´ « ¬ª µ ´ ° ° Æ Ë Ã ² Õ Ë ® Ò ¯ ´ Ö « ¯ Ë Â ª Ï Ã ° ´ « ª ® ² � � � 3 ! � � * $ ! � $ d � � , 
 � � � � � � � ! " � � � � $ 
 � % � ! ! � � �  ! � � �� � � Ó Ë È Å Ç ¬ ­ ª µ Ë ® Â ª Ï Õ Ë ® Ò ¯ � $ � � � � � � � � � � � � � 
 � � � � � 
 $ � ! !  
 � � � × ¬ Å ¸ ª ³ Â ¯ « « ª ² Ê ³3 � $ �  � � � � � � 
 � � ' 
 � � � ! � ? � � � � � � � � $ 
 � � � $ � � � � , � � � � � � � & 
 ! � � , � X ½ ½ � � � $ �  � ! ! " � � �� � � � � ( � 
 ( � 
  � $ � & 
 ! � � , � � E " $ � 
 
 � � � , � � � · Ë ´ µ ¯ � $ 
 � * � � � Å © © · Ë ´ µ ¯ ³ � � � ! 
 , 3 
 ? % � ! !� 
 
 � � � � ± Ç ¶ Ø Ù ¹ � � $ � 
 � � � * # 
 ! ! 
 % � � 3 " Ó Ô » � � � � � �  ! � � � � � � � � � 
 # $ � � � � $ � � � � � � � $ � � 
 (
 � � � � � , � � + � , � - � . e � � � � � � 	 � � � � � , ! � 3 � ! � % � � � � � � � �  � � � , � � � Å º È � $ 
 � �C 
 � � � � � � � � � 
 � � $ � ( 
 # # & 
 ! � � , � � � 2H 1 * � � � ? 
 � $ � � � 3 " � � � ¿ « ® 
 � � � 	 � � � � � � � �& � !  � 
 # § ½ \ \ � � & � � " $ ! 
 � � � 
 9 / 	 B �

2475.13 PSpice Windows

Figure 5.46 Network employed
to obtain the characteristics of the
n-channel J2N3819 JFET.

Figure 5.47 Drain characteristics for the n-channel J2N3819 JFET of Figure 5.46.
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Figure 5.48 Transfer characteristics for the n-channel J2N3819 JFET of Figure 5.46.
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Figure 6.1 Fixed-bias configuration. Figure 6.2 Network for dc analysis.
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Figure 6.5 Measuring the qui-
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Figure 6.7 Graphical solution
for the network of Fig. 6.6.
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Figure 6.9 DC analysis of the
self-bias configuration.
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Figure 6.8 JFET self-bias con-
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Figure 6.10 Defining a point
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Figure 6.15 Determining the ¼ -point for the
network of Fig. 6.12.
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Figure 6.18 Sketching the dc
equivalent of the network of Fig.
6.17.

Figure 6.19 Determining the¼ -point for the network of Fig.
6.17.
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Figure 6.21 Redrawn network of Fig. 6.20 for dc analysis.Figure 6.20 Voltage-divider bias arrangement.
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Figure 6.22 Sketching the network equation for the voltage-divider configuration.
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Increasing values of RS result in lower quiescent values of ID and more nega-
tive values of VGS.
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Figure 6.25 Determining the* -point for the network of Fig.
6.24.
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Figure 6.28 Determining the* -point for the network of Fig.
6.26.
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Figure 6.27 Determining the
network equation for the configu-
ration of Fig. 6.26.
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Figure 6.29 Example 6.7.
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Figure 6.30 Determining the* -point for the network of Fig.
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EXAMPLE 6.8
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Figure 6.33 Determining the * -
point for the network of Fig.
6.32.

Figure 6.34 Example 6.10.

EXAMPLE 6.10
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Figure 6.35 Transfer characteristics of an n-channel enhancement-
type MOSFET.
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Figure 6.36 Feedback biasing arrangement. Figure 6.37 DC equivalent of
the network of Fig. 6.36.

Figure 6.38 Determining the * -
point for the network of Fig.
6.36.
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Figure 6.39 Example 6.11.

Figure 6.40 Plotting the trans-
fer curve for the MOSFET of Fig.
6.39.
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Figure 6.42 Voltage-divider 
biasing arrangement for an n-
channel enhancement MOSFET.
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Figure 6.41 Determining the * -point for the network of Fig. 6.39.
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Figure 6.44 Determining the � -point for the network of Example 6.12.
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EXAMPLE 6.14
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Figure 6.49 Self-bias configura-
tion to be designed.
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Figure 6.54 Checking the dc
operation of the JFET self-bias
configuration.
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Figure 6.55 p-channel configurations.


