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1.1 SEMICONDUCTOR MATERIALS: Ge, Si, AND GaAs

The construction of every discrete (individual) solid-state (hard crystal structure)
electronic device or integrated circuit begins with a semiconductor material of the highest
quality.

Semiconductors are a special class of elements having a conductivity between that of
a good conductor and that of an insulator.

In general, semiconductor materials fall into one of two classes: single-crystal and
compound.

Single-crystal semiconductors such as germanium (Ge) and silicon (Si) have a repetitive
crystal structure, whereas compound semiconductors such as gallium arsenide (GaAs),
cadmium sulfide (CdS), gallium nitride (GaN), and gallium arsenide phosphide

(GaAsP) are constructed of two or more semiconductor materials of different atomic
structures.

1.2 COVALENT BONDINGAND INTRINSIC MATERIALS

The fundamental components of an atom are the electron, proton, and neutron. In
the lattice structure, neutrons and protons form the nucleus and electrons appear
in fixed orbits around the nucleus. The Bohr model for the three materials is
provided in Fig. 1.3 .
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FIG. 1.3
Atomic structure of (a) silicon; (b) germanium; and
{c) gallium and arsenic.

As indicated in Fig. 1.3, silicon has 14 orbiting electrons, germanium has 32 electrons,
gallium has 31 electrons, and arsenic has 33 orbiting electrons (the same arsenic that is a
very poisonous chemical agent). For germanium and silicon there are four electrons in the
outermost shell, which are referred to as valence electrons . Gallium has three valence
electrons and arsenic has five valence electrons. Atoms that have four valence electrons
are called tetravalent, those with three are called trivalent

, and those with five are called pentavalent . The term valence is used to indicate that the
potential (ionization potential) required to remove any one of these electrons from the
atomic structure is significantly lower than that required for any other electron in the
structure.
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FIG. 1.4
Covalent bonding of the silicon atom.

Although the covalent bond will result in a stronger bond between the valence electrons
and their parent atom, it is still possible for the valence electrons to absorb sufficient
Kinetic energy from external natural causes to break the covalent bond and assume
the “free” state.

The term free is applied to any electron that has separated from the fixed lattice structure
and is very sensitive to any applied electric fields such as established by voltage sources or
any difference in potential. The external causes include effects such as light energy in
the form of photons and thermal energy (heat) from the surrounding medium.

The term intrinsic is applied to any semiconductor material that has been carefully
Refined to reduce the number of impurities to a very low level—essentially as pure
as can be made available through modern technology.

.The free electrons in a material due only to external causes are referred to as intrinsic
carriers.

Table 1.1 compares the number of intrinsic carriers per cubic centimeter (abbreviated n i)
for Ge, Si, and GaAs. It is interesting to note that Ge has the highest number and GaAs the
lowest. In fact, Ge has more than twice the number as GaAs.

The number of carriers in the intrinsic form is important, but other characteristics of the
material are more significant in determining its use in the field. One such factor is the
relative mobility (m n ) of the free carriers in the material, that is, the ability of the free
carriers to move throughout the material.

Table 1.2 clearly reveals that the free carriers in GaAs have more than five times the
mobility of free carriers in Si, a factor that results in response times using GaAs electronic
devices that can be up to five times those of the same devices made from Si.

Note also that free carriers in Ge have more than twice the mobility of electrons in Si, a
factor that results in the continued use of Ge in high-speed radio frequency applications
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TABLE 1.1
Intrinsic Carriers n; TABLE 1.2
| Relative Mobility Factor p,
Intrinsic Carriers I ————
Semiconductor iper cubic centimeter) Semiconductor g, (cm¥/V-s)
GaAs 1.7 % 10° Si 1500
Si 1.5 100 Ge 3900
Ge 25x 10" GaAs 8500

1.4 ENERGY LEVELS

Within the atomic structure of each and every isolated atom there are specific
energy levels associated with each shell and orbiting electron, as shown in
Fig.1.6.

The energy levels associated with each shell will be different for every element.
However, in general:

The farther an electron is from the nucleus, the higher is the energy state,
and any electron that has left its parent atom has a higher energy state than
any electron in the atomic structure.

Note in Fig. 1.6a that only specific energy levels can exist for the electrons in the
atomic structure of an isolated atom. The result is a series of gaps between
allowed energy levels
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Energy gap
Second level (next inner shell)

Energy gap

i
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(a)

4 Energy
Electrons } Energy { Energy
Conduction band "frcE;_t'J:;
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(b)
An electron in the valence band of silicon must absorb more energy than one in the
valence band of germanium to become a free carrier. Similarly, an electron in the
valence band of gallium arsenide must gain more energy than one in silicon or
germanium to enter the conduction band.
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1.5n-TYPE AND p -TYPE MATERIALS
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A semiconductor material that has been subjected to the doping process is called an
extrinsic material.

There are two extrinsic materials of immeasureable importance to semiconductor device
fabrication: n -type and p -type materials. Each is described in some detail in the following
subsections.

n -Type Material

An n -type material is created by introducing impurity elements that have five valence
electrons( pentavalent ), such as antimony , arsenic , and phosphorus The effect of such
impurity elements is indicated inFig. 1.7 (using antimony as the impurity in a silicon base).
Note that the four covalent bonds are still present. There is, however, an additional fifth
electron due to the impurity atom, which is unassociated with any particular covalent
bond, This remaining electron, loosely & 4~ 44U bound to its parent (antimony)
atom,

il gl o pliiall Diffused impurities with five valence electrons are called
donor 4xailll atoms.

—

C o @ @

| Fifth '-J.ll..l'li.l.. electron
of .jmlrrmn'-.

':i} - -@-

|.-inljnu1m (Sh)

= IfTIPIJ Fﬂ'l. ._

FIG. 1.7
Antimony impurity in n-type material.

The effect of this doping process on the relative conductivity can best be described through
the use of the energy-band diagram of Fig. 1.8 . Note that a discrete energy level (called
the donor level ) appears in the forbidden band with an Eg significantly less than that of
the intrinsic material.

Those free electrons due to the added impurity sit at this energy level and have less
difficulty absorbing a sufficient measure of thermal energy to move into the conduction
band at room temperature.
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4 Energy

Conduction band -l
—— Ey = considerably less than in Fig. 1.6(b) for semiconductors
E, for intrinsic = _g % g %1_\“ Donor energy level

matenals = = = =

Yalence band

FIG. 1.8
Effect of donor impurities on the energy band structure.

p -Type Material

The p -type material is formed by doping a pure germanium or silicon crystal with
impurity atoms having three valence electrons. The elements most frequently used for this
purpose are boron , gallium , and indium . Each is a member of a subset group of elements
in the Periodic Table of Elements referred to as Group |11 because each has three valence
electrons. The effect of one of these elements, boron, on a base of silicon is indicated in
Fig. 1.9.

Note that there is now an insufficient number of electrons to complete the covalent bonds
of the newly formed lattice. The resulting vacancy is called a hole and is represented by a
small circle or a plus sign, indicating the absence of a negative charge. Since the resulting
vacancy will readily accept a free electron:

The diffused impurities with three valence electrons are called acceptor
atoms.

The resulting p -type material is electrically neutralxs« , for the same reasons
described for the n -type material.
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FIG. 1.9
Boron impurity in p-type material.

Electron versus Hole Flow

The effect of the hole on conduction is shown in Fig. 1.10 . If a valence electron acquires
sufficient kinetic energy to break its covalent bond and fills the void created by a hole,
then a vacancy, or hole, will be created in the covalent bond that released the electron.
There is, therefore, a transfer of holes to the left and electrons to the right, as shown in Fig.
1.10.

The direction to be used in this text is that of conventional flow , which is indicated by the
direction of hole flow.

| | = |
| o | \ . A \ - T |
@ e @ oW @c o
| | | | | | |
(a) T — {c)

Hole flow
Electron flow

(h)

FIG. 1.10
Electron versus hole flow.

Majority and Minority Carriers
In an n-type material ( Fig. 1.11a ) the electron is called the majority
carrier and the hole the minority carrier.
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(a)
In a p-type material the hole is the majority carrier and the electron is the
minority carrier. For the p -type material the number of holes far
outweighs (i the number of electrons,

Acceptor ions

i

|~ =
Mujnril}'.-r!—"f’ -
carriers - \ =
"~ Minority
p-type carrier

(b)
1.6 SEMICONDUCTOR DIODE
Now that both n - and p -type materials are available, we can construct our first solid-state
electronic device: The semiconductor diode, is created by simply joining an n -type and a p

-type material together

No Applied Bias (V_0 V)

At the instant the two materials are “joined” the electrons and the holes in the
region of the junction will combine, resulting in a lack J: of free carriers in the region
near the junction, as shown in Fig. 1.12a . Note in Fig. 1.12a that the only particles
displayed in this region are the positive and the negative ions remaining once the free
carriers have been absorbed.

This region of uncovered positive and negative ions is called the depletion

region due to the “depl/etion” of free carriers in the region.
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Depletion region

-

o
~~ Metal contact

E—— Vp=0V  _ o
(no bias)

{a)

Under no-bias
conditions, any minority carriers (holes) in the n -type material that find themselves within
the depletion region for any reason whatsoever L o\S will pass quickly into the p -type
material. The closer the minority carrier is to the junction, the greater is the attraction 4x3s
for the layer of negative ions and the less is the opposition offered by the positive ions in
the depletion region of the n -type material. We will conclude, therefore, for future
discussions, that any minority carriers of the n -type material that find themselves in the
depletion region will pass directly into the p -type material. This carrier flow is indicated at
the top of Fig. 1.12c for the minority carriers of each material.

In the absence of an applied bias across a semiconductor diode, the net flow of charge
in one direction is zero.

Reverse-Bias Condition (VD >0V)

If an external potential of V volts is applied across the p — n junction such that the positive
terminal is connected to the n -type material and the negative terminal is connected to the p
-type material as shown in Fig. 1.13 , the number of uncovered positive ions in the
depletion region of the n -type material will increase due to the large number of free
electrons drawn to the positive potential of the applied voltage. For similar reasons, the
number of uncovered negative ions will increase in the p -type material. The net effect,
therefore, is a widening of the depletion region. This widening of the depletion region will
establish too great a barrier for the majority carriers to overcome, effectively reducing the
majority carrier flow to zero, as shown in Fig. 1.13a

The current that exists under reverse-bias conditions is called the reverse saturation
current and is represented by Is .
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Forward-Bias Condition (V D +0V)
A forward-bias or “on” condition is established by applying the positive potential to
the p -type material and the negative potential to the n -type material as shown in Fig. 1.14
. The application of a forward-bias potential V D will “pressure” electrons in the n -type
material and holes in the p -type material to recombine with the ions near the boundary and
reduce the width of the depletion region as shown in Fig. 1.14a . The resulting minority-
carrier flow of electrons from the p -type material to the n -type material (and of holes
from the n -type material to the p -type material) has not changed in magnitude (since the
conduction level is controlled primarily by the limited number of impurities in the
material), but the reduction in the width of the depletion region has resulted in a heavy
majority flow across the junction

st [ \L

- "lman":, J 'r” . 'r'l'.\_lﬁ".-:_ e
+ s A -
D S F + Vi _
. ° —H—‘-‘
—
Ip
"rl'il jlr:l
| — o F: | f |
i _ +— -
| (Similar)
i
(a) "

FIG. 1.14
Forward-biased p—n junction: (a) internal distribution of charge under forward-bias
conditions; (b) forward-bias polarity and direction of resulting current.

Breakdown Region

The reverse-bias potential that results in this dramatic change in
characteristics is called the breakdown potential and is given the label
VBV .
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FIG. 1.17
Breakdown region.

The maximum reverse-bias potential that can be applied before entering the breakdown

region is called the peak inverse voltage (referred to simply as the PIV rating) or the

peak reverse voltage (denoted the PRV rating).

a8 120 oyl - AN 8 poloxall - ALl Busoll
28 palaall cifaaf
1 ke Hal Ul 985 Of dudee)l Dol § b
.IUnderstand the concept of load-line analysis and how it is applied to diode networks.
.2Become familiar with the use of equivalent circuits to analyze series, parallel, and
series-parallel diode networks.
3Understand the process of rectification to establish a dc level from a sinusoidal ac

input.
AN 8 pdlaall Cile g g0

DC diode applications
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LOAD-LINE ANALYSIS
The circuit of Fig. 2.1 is the simplest of diode configurations. It will be used to describe

the analysis of a diode circuit using its actual characteristics. In the next section we will
replace the characteristics by an approximate model for the diode and compare solutions.
Solving the circuit of Fig. 2.1 is all about finding the current and voltage levels that will
satisfy both the characteristics of the diode and the chosen network parameters at the same

time.
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A /p(mA)
>
+__ +
= RQ Vs
v -
0 Vi (V)
v (a) (b)
FIG. 2.1

Series diode configuration: (a) circuit; (b) characteristics.

In Fig. 2.2 the diode characteristics are placed on the same set of axes as a straight line
defined by the parameters of the network. The straight line is called a load line because
the intersection on the vertical axis is defined by the applied load R . The analysis to
follow is therefore called load-line analysis. The intersection of the two curves will define
the solution for the network and define the current and voltage

HE =V - V=0

E - VU + IDR l[) — —

R 1"-”=0 Vv

Vp = E\fﬂ.:n.&

load line
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Charactenistics (device)
/

E
R
/ Q-point
I)Q
__—— Load line (network)
FIG. 2.2
Drawing the load line and finding the point of operation.
EXAMPLE 2.1 For the series diode configuration of Fig. 2.3a , employing the diode
characteristics of Fig. 2.3b , determine: a. Vbgand Ipq. b. VR.
A ID (mA)
W4==-====
+ l : P 18 T
- 161
—p— 141 :
" S 12+ |
'D 10+ :
+ + g4 !
) — = [
E= 10V RS05kQ V, 6T !
pu— . 4 —— I
1) ke |
- |
g T >
0 05 08 Vp(V)
w (a) (b)
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4ip (mA)

_— Load line

rTTTTTTTT

10V, (V)
(E)

=4
W
a—
—
(8]
"
IS
n
=
-]
-
L=

FIG. 2.4
Solution to Example 2.1.

Using the Q-point values, the dc resistance for Example 2.1 1s

Vb 0.78 V
Rp = —= = — = 42.16 0
P I,  185mA

An equivalent network (for these operating conditions only) can then be drawn as shown
in Fig. 2.5.

+ Vp -
Rp
42160 ;‘,,”J
~ v +
E-= 10V R Q5000 Vg
-
FIG. 2.5
Network quivalent to Fig. 2.4.
The current
E 10V 10V _
b= TR 3160 + 500 542160 ~ 1BSmA
RE (500 Q)10 V)

and Ve = = 922V

Rp + R 4216 Q + 500 Q

SERIES DIODE CONFIGURATIONS
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Silicon:
Alp + 07V — + 07V —
—r— = —o—{1|—
lf) Si l!)
0 \()_7 v 'D
. > = —0 o—o
]f) = (’ .A\ l.’) =0A
Sa
Ideal:
AlD + 0V — + Vp=0V —
— P = —g——
/ I'p D
& Vo
_..4N7 —— —0  o—
]1_) = (-) ,-\ l!) = (’ A
—O—/\,’\,'\,—O_ - !I|= . w
! 07V -
+ T + g
"T Rg"n 1.‘_T_ R§
i (a) - &

FIG. 2.9

(a) Determining the state of the diode of Fig. 2.8; (b) substituting the
equivalent model for the “on” diode of Fig. 2.9a.

In Fig. 2.10 the diode of Fig. 2.7 has been reversed. Mentally replacing the diode with a resistive
element as shown in Fig. 2.11 will reveal that the resulting current direction does not match the
arrow in the diode symbol. The diode is in the “off” state, resulting in the equivalent circuit of
Fig. 2.12 . Due to the open circuit, the diode current is 0 A and the
voltage across the resistor R is the following:
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- V=1

o AT =
- “ - - W In
Si 7 In=0A -
+ + o /0 - - +
E = RS V; E = R Ve E= RS Vp

- w -
FIG. 2.10 FIG. 2.11 FIG. 2.12
Reversing the diode of Fig. 2.8. Determining the state of the diode Substituting the equivalent model
of Fig. 2.10. for the “off” diode of Fig. 2.10.

EXAMPLE 2.4 For the series diode configuration of Fig. 2.13 , determine Vb, VR, and Ip

T,

—+ ‘_1'1 —
I Si l Ix
+ +
E =8V RL22kQ V,
FIG. 2.13

Circuit for Example 2.4.

Solution: Since the applied voltage establishes a current in the clockwise direction to
match the arrow of the symbol and the diode is in the “on” state,

Vp =07V
Ve=E—-Vp=8V—-07V =13V

Ve 13V
b=1hk=%=770

= 332 mA

EXAMPLE 2.6 For the series diode configuration of Fig. 2.16 , determine Vb, VRr, and Ip
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RZ12kQ Ve

FIG. 2.16
Series diode circuit for
Example 2.6.
Solution: Although the “pressure” establishes a current with the same direction as the
arrow symbol, the level of applied voltage is insufficient to turn the silicon diode “on.”
The point of operation on the characteristics 1s shown in Fig. 2.17, establishing the open-

circuit equivalent as the appropriate approximation, as shown in Fig. 2.18. The resulting
voltage and current levels are therefore the following:

11) =0A
VR = IRR — IDR =(0A)12kl =0V
and Vp=E=05V

EXAMPLE 2.8 Determine Io, Vb2, and Vo for the circuit of Fig. 2.21 ..

Solution: Removing the diodes and determining the direction of the resulting current I result in
the circuit of Fig. 2.22 . There is a match in current direction for one silicon diode but not for the
other silicon diode. The combination of a short circuit in series with an open circuit always results

in an open circuitand 1 D 0 A, as shown in Fig. 2.23 .
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+5V
]*[‘r,z (0 mA
+
V=05V
+
R \}c:()\f
FIG. 2.18

Determining Iy, Vg, and Vy, for
the circuit of Fig. 2.16.
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+ lf._ —
Si Si —_
20Veo V
- _’! K W 4
I,

FIG. 2.21
Circuit for Example 2.8.

=V
— — 2
- R
. ALY
v W ”

A A P
N
AV Y N

+| /1 - + St -
ET RS56kQ V, 20V = 56kQ V.
-

-
FIG. 2.22 FIG. 2.23
Determining the state of the diodes Substituting the equivalent state for
of Fig. 2.21. the open diode.
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l;ll:"\
I=0A
+ - —
O O—0
— -
+ ‘[H =U A \" +
TV - V.
— [
-
-

FIG. 2.24
Determining the unknown quantities for the
circuit of Example 2.8.

The question remains as to what to substitute for the silicon diode. For the analysis to
follow in this and succeeding chapters, simply recall for the actual practical diode that when
Ip = 0 A, Vp = 0V (and vice versa). as described for the no-bias situation in Chapter 1.
The conditions described by Ip = 0 A and Vp, = 0V are indicated in Fig. 2.24. We have

Vo =IgR = IpR = (OA)R =0V
and VD: = Vopen circuit = E =20V
Applying Kirchhoff’s voltage law in a clockwise direction gives

E—VD]—V:—V”:O

and Vo,=E—Vp,—V,=20V—-0-0
= 20V
with V, =0V

PARALLEL AND SERIES-PARALLEL CONFIGURATION
The methods applied in Section 2.3 can be extended to the analysis of parallel and series— parallel

configurations. For each area of application, simply match the sequential series of steps applied to
series diode configurations.

EXAMPLE 2.10 Determine Vo, I1, Iol, and Io2 for the parallel diode configuration of Fig. 2.28
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0.33 kQ
NN YT ; g ‘, O +
E= 10V D,)Ysi DY S 1
+ - QO

FIG. 2.28

Network for Example 2.10.

Lt -
e (133 kL2
M i + o+
K 1 'r.'"' 1 Ji'r{l 1
Kl + +
Em 0V 0TV — =07V,
FIG. 2.29

Determining the unknown guaniities for
the network of Example 2.10.

Solution: For the applied voltage the “pressure” of the source acts to establish a current
through each diode in the same direction as shown in Fig. 2.29 . Since the resulting current
direction matches that of the arrow in each diode symbol and the applied voltage is greater
than 0.7 V, both diodes are in the “on” state. The voltage across parallel elements is always
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the same and

SEAW TR SRR Na

V, =0.7V
The current 1s
Ve E-Vp 10V-07V

I =—= = 28.18 mA
'""R R 0.33k0) "
Assuming diodes of similar characteristics, we have
I, 28.18mA
IDI — Il); — 7[ — % = 14.09 mA

—

EXAMPLE 2.13 Determine the currents 11, 12 , and 1D2 for the network of Fig. 2.37
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Ry
Si 33kQ
M—r—wW—
D,
-
E=120V SiND,
o /
I, R
—MWN—
¥ 56k
FIG. 2.37

Network for Example 2.13.
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FIG. 2.38
Determining the unknown quantities for
Example 2.13.

Solution: The applied voltage (pressure) is such as to turn both diodes on, as indicated by
the resulting current directions in the network of Fig. 2.38 . Note the use of the
abbreviated notation for “on” diodes and that the solution is obtained through an
application of techniques applied to dc series—parallel networks. We have

Ve, 07V
I = —=— = 0.212 mA
'T R, T 33k0 -
Applying Kirchhoff’s voltage law around the indicated loop in the clockwise direction

yields

—V: + E — vK] — VK: =0

and Vo=E— Vg, — Vg, =20V -07V-07V =186V
V, 186V
i , = — = = 3.32 m.
with I R, 5.6k0 mA
At the bottom node a,
ID: - 1| = I:
and Ip,=5L -1, =332mA — 0212mA = 3.11mA

SINUSOIDAL INPUTS; HALF-WAVE RECTIFICATION
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The diode analysis will now be expanded to include time-varying functions such as the
sinusoidal waveform and the square wave. There is no question that the degree of difficulty
will increase, but once a few fundamental maneuvers are understood, the analysis

will be fairly direct and follow a common thread.

The simplest of networks to examine with a time-varying signal appears in Fig. 2.44 . For
the moment we will use the ideal model (note the absence of the Si, Ge, or GaAs label) to
ensure that the approach is not clouded by additional mathematical complexity.

A Vi
i + —
. o 4 O
IJ——.‘t_l'l'[ + H +
0| I\ T 7 { R
) ".I I,"
— | cycle  je— — _

v, =V sin wf

FIG. 2.44

Half-wave rectifier.
During the interval t = 0ST>2 in Fig. 2.44 the polarity of the applied voltage v i is such as to
establish “pressure” in the direction indicated and turn on the diode with the polarity
appearing above the diode. Substituting the short-circuit equivalence for the ideal diode will result
in the equivalent circuit of Fig. 2.45 , where it is fairly obvious that the output signal is an exact
replica of the applied signal. The two terminals defining the output voltage are connected directly
to the applied signal via the short-circuit equivalence of the diode. For the period T>2ST, the
polarity of the input v i is as shown in Fig. 2.46 , and the resulting polarity across the ideal diode
produces an “off” state with an open-circuit equivalent. The result is the absence of a path for
charge to flow, and vo = iR = (0)R = 0 V for the period T>2ST. The input v i and the output v o
are sketched together in Fig. 2.47 for comparison purposes. The output signal v o now has a net
positive area above the axis over
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4+

40
+9
40

) Y,

0

a

(=]
tal~

FIG. 2.45
Conduction region (0— T/2).

o

40
|

/1

v,=0V

~V

FIG. 2.46
Nonconduction region (T/2 —T).
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i

a full period and an average value determined by

Vac = 0318 Vi | haif-wave

The process of removing one-half the input signal to establish a dc level is called half wave
rectification

The effect of using a silicon diode with V K 0.7 V is demonstrated in Fig. 2.48 for the forward-
bias region. The applied signal must now be at least 0.7 V before the diode can turn “on.” For
levels of viless than 0.7 V, the diode is still in an open- circuit state and v o 0 V, as shown
in the same figure. When conducting, the difference between v o and v i is a fixed
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Offset due 1o 1,‘

FIG. 2.48
Effect of Vi on half-wave rectified signal.
level of V K =0.7 V and vo = vi - VK, as shown in the figure. The net effect is a reduction in area
above the axis, which reduces the resulting dc voltage level. For situations where Vm << VK, the
following equation can be applied to determine the average value with a
relatively high level of accuracy

Vie = 0318(V,, — V)

EXAMPLE 2.16
a. Sketch the output v o0 and determine the dc level of the output for the network of Fig.

2.49
o
. e 4

20V

Vi R 2 k)
0 1\/ T 1 _
2
FiG. 2.49
) Network for Example 2.16.
Solution:

a. In this situation the diode will conduct during the negative part of the input as shown in Fig.
2.50, and v o will appear as shown in the same figure. For the full period, the dc level is
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Vdc=-0.318 Vm=-0.318(20 V) =-6.36 V
The negative sign indicates that the polarity of the output is opposite to the defined polarity of
Fig. 2.49 .

4V b,

FIG. 2.50
Resulting v, for the circuit of Example 2.16.

EXAMPLE 2.17 Determine the output waveform for the network of Fig. 2.64 and calcu-
late the output dc level and the required PIV of each diode.

vi :_

0| _T\/T t
2
2 kQ 2kQ

FIG. 2.64
Bridge network for Example 2.17.

Vic = 0.636(5V) = 18V
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O
dV; P
10V
Vi
-
0 A t
2
O
o
d T AV,
2 k€ :
Vi " 2 kQ
><
0 T [
2 kQ 3
O

Center-Tapped Transformer

A second popular full-wave rectifier appears in Fig. 2.60 with only two diodes but requiring a
center-tapped (CT) transformer to establish the input signal across each section of the secondary
of the transformer. During the positive portion of v i applied to the primary of the transformer, the
network will appear as shown in Fig. 2.61 with a positive pulse across each section of the
secondary coil. D 1 assumes the short-circuit equivalent and D 2 the open-circuit equivalent, as
determined by the secondary voltages and the resulting current directions. The output voltage
appears as shown in Fig. 2.61
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lll

FIG. 2.60

D,

Center-tapped transformer full-wave rectifier.

FIG. 2.62

Nerwork conditions for the negative region of v;.

ez Joz los o0
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44,385 120 toe il - dxsl i 8 s lad! - AL du>gll
AN 5 pilaall Cile g g0
AC diode applications

Liaideilf Jiley ol g ALi¥) 9 caillas¥

duondazd! J5lwgll Aol daiiiWlg cudluY! o
Qyul>lex e Bpolxe @
o2 ilex e disle e

83,9‘-"‘“ ° &-,J‘j-?'ﬁd‘_é—“’ 1
819 39! ol

tdualatl Bl

FIG. 2.68

Series clipper.
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o:
I

FIG. 2.6¢

Series clipper with a dc supply.

The result is that any supply voltage greater than V volts will turn the diode on and conduction
can be established through the load resistor. Keep in mind that we are dealing with an ideal diode
for the moment, so the turn-on voltage is simply 0 V. In general, therefore, for the network of Fig.
2.69 we can conclude that the diode will be on for any voltage vi that is greater than Vdc volts
and off for any lesser voltage. For the “off” condition, the output would be 0 V due to the
lack of current, and for the “on” condition it would simply be vo = vi - V as determined by
Kirchhoff’s voltage law.

"
+ —

o] || |—o—————

<4 + | - *

. R

o o

FIC. 2 T
riG. L. 7V

Determining the transition level for the circuit of Fig. 2.69.
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Determining the transition level for the circuit of Fig. 2.69

EXAMPLE 2.19 Find the output voltage for the network examined in Example 2.18 if the
applied signal is the square wave of Fig. 2.77.

Solution: Forv; = 20V (0— T/2) the network of Fig. 2.78 results. The diode 1s in the
short-circuit state, andv, = 20V + 5V = 25 V. Forv; = =10V the network of Fig. 2.79
Solution: For vi =20 V (0 T/2) the network of Fig. 2.78 results. The diode is in the short-
circuit state, andvo =20V +5V =25V,

For vi =-10 V the network of Fig. 2.79results, placing the diode in the “off” state,
and vo = (iR R) = (0)R = 0 V. The resulting output voltage appears in Fig. 2.80
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20

—_—

-~
.

Solution: Forv; = 20V (0—T/2) the network of Fig. 2.78 results. The diode is in the o
short-circuit state, andv, = 20V + 5V = 25 V. Forv; = - 10V the network of Fig. 2.79 0 = * g
FIG. 2.80

Sketching v, for Example 2.19.

Parallel
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clamper
A clamper is a network constructed of a diode, a resistor, and a capacitor that shifts a waveform to

a different dc level without changing the appearance of the applied signal. Clamping networks
have a capacitor connected directly from input to output with a resistive element in parallel with
the output signal. The diode is also in parallel with the output signal but may or may not have a
series dc supply as an added element.

There is a sequence of steps that can be applied to help make the analysis straightforward.

It is not the only approach to examining clampers, but it does offer an option if difficulties
surface.

'.'I

—
—

+ o

0

b=
l-."

0|

FIG. 2.89

|
T g R
Clamper.

Step 1: Start the analysis by examining the response of the portion of the input signal
that will forward bias the diode
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-

==
a

—

|

FIG. 2.90
Diode “on™ and the capacitor
charging to Vvolis.
Step 2: During the period that the diode is in the “on” state, assume that the capacitor
will charge up instantaneously to a voltage level determined by the surrounding
network.
Step 3: Assume that during the period when the diode is in the “off” state the capacitor
holds on to its established voltage level.
Step 4: Throughout the analysis, maintain a continual awareness of the location and
defined polarity for v o to ensure that the proper levels are obtained.

P

¥

|

b‘.l' — — —

q:
+
I
| ==
—
AN
E
C\.ll o
o
bed | =
b |

o

FIG. 2.91
Determining v, with the diode “off.”
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EXAMPLE 2.22 Determine v, for the network of Fig. 2.93 for the input indicated.

4 v = 1000 He
10 C =1pF
T

o &
+ " +

0 i fy Iy 1y f
¥y R 100 KO

+
. v'?sv
=20 ity — o * + o
FIG. 2.93

Solution: Note that the frequency is 1000 Hz, resulting in a period of 1 ms and an Interval of 0.5
ms between levels. The analysis will begin with the period t1 St2 of the input signal since the
diode is in its short-circuit state. For this interval the network will appear

as shown in Fig. 2.94 . The output is across R, but it is also directly across the 5-V battery if one
follows the direct connection between the defined terminals for vo and the battery terminals.
The result is v 0 =5 V for this interval. Applying Kirchhoff’s voltage law around the input
loop results in.

c
I "
== i
Ve
20V i
+ R § 100 k2
V=5V
b -T n
FIG. 2.94 ' ; .
- . =20V Ve — 5V =
Determining v, and V- with the 20 + C - v 0
diode in the “on” state. Ve =25V

The capacitor will therefore charge up to 25 V. In this case the resistor R is not
shorted

out by the diode, but a Thévenin equivalent circuit of that portion of the network

that

includes the battery and the resistor will result in RTh =0 Q with ETh=V =5 V.
For

the period t2 t3 the network will appear as shown in Fig. 2.95 . The opencircuit
equivalent for the diode removes the 5-V battery from having any effect on

v 0, and applying Kirchhoff’s voltage law around the outside loop of the network
results in
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SV =/
s =T .
o
- KEVL
+10V + 25V — v, =0
FIG. 2.95 -
Determining v, with the diode Vo =33V
in the “off” state.
L ¥ L l'ﬁ,
EhY o
10 —
0 r I t t r
1 1 3 1 20V
2 3 :
=20 — :
0 L
FIG. 2.96

ElTRY

v; and v, for the clamper af Fig. 2.93.
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( “:I""_'li'ii' Metworks

= +7
o=
"T“
=
A +a

~
o
AR
W
=
-

V=" ¢ V=
oy =T = =T =
Y, v,
+ l + * | +
C C 2
Vi - Ry 0 ¥ SR
V= B ! W= ¢ 73
e +) = 1‘ P — ] -
- = _Vl -
FIG. 2.100
Clamping circuits with ideal diodes (57 = 5RC == T/2).
kv, (V)
4 Vi +30 2
0V : I 3
+ c +

¥j - R >
=10V oVE-———~=

BE.

=]
=¥
=

-0V

o
o)

FIG. 2.101
Clamping network with a sinusoidal input.
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The analysis of networks employing Zener diodes is quite similar to the analysis of
semiconductor diodes in previous sections. First the state of the diode must be determined,
followed by a substitution of the appropriate model and a determination of the other unknown
quantities of the network. Zener diode can be used to establish reference voltage levels and
act as a protection device. voltage reference is an electronic device which produces a constant
voltage regardless of the loading on the device, temperature changes, passage of time and power
supply variations. The voltage reference circuit most commonly used in integrated circuits is the
bandgap voltage referenc

EXAMPLE 2.24

Determine the reference voltages provided by the network of Fig. 2.109 , which uses a white LED
to indicate that the power is on. What is the level of current through the LED and the power
delivered by the supply? How does the power absorbed by the LED compare to that of the 6-V
Zener diode?

Solution: First we have to check that there is sufficient applied voltage to turn on all the series
diode elements. The white LED will have a drop of about 4 V across it, the 6-V and 3.3-V Zener
diodes have a total of 9.3 V, and the forward-biased silicon diode has 0.7 V,

for a total of 14 V. The applied 40 V is then sufficient to turn on all the elements and, one hopes,
establish a proper operating current.

40V

1.3 k2

White
=

FIG. 2.109
Reference setting circuit for
Example 2.24,

Jbr Jlez Las a0 1 olus] a9 ASII ylg9a9 U gSe zmaliy



~60~

MNote that the silicon diode was used to create a reference voltage of 4 V because
Vo, =Vz, + Vg =33V + 07V =40V
Combining the voltage of the 6-V Zener diode with the 4 V results in
Vo, =V, + Vz, =4V + 6V =10V

Finally. the 4 ¥V across the white LED will leave a voltage of 40V - 14V = 26 V across
the resistor, and

po_go Ve V= Vo, - Vieo 40V - 10V -4V _ 26V
RLED g 1.3 k0 - 1.3k ~ 13k0

which should establish the proper brnightness for the LED.
The power delivered by the supply is simply the product of the supply voltage and cur-
rent drain as follows:

P, = El, = Elp = (40V)(20 mA) = 800 mW
The power absorbed by the LED 1s
Prep = Vimpliep = (4 V)20 mA) = 80 mW
and the power absorbed by the 6-V Zener diode 1s
Py = Vil; = (6 V)20 mA) = 120 mW
The power absorbed by the Zener diode exceeds that of the LED by 40 mW.

= 20 mA

Vi and R Fixed
The simplest of Zener diode regulator networks appears in Fig. 2.112 . The applied
dc voltage
is fixed, as is the load resistor. The analysis can fundamentally be broken down
into
two steps.

R

AN —
I LT
FIG. 2.112
Basic Zener regulator.

1. Determine the state of the Zener diode by removing it from the network andcalculating the
voltage across the resulting

open circuit.

Applying step 1 to the network of Fig. 2.112 results in the network of Fig. 2.113,
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wherean application of the voltage divider rule results in
R
AN -
+l + .[ +
‘r".'T v Vi §Rf_
s .

FIG. 2.113 B R
Determining mg state of the V=V = R+ R,
Zener diode.

If V = V. the Zener diode is on, and the appropriate equivalent model can be substituted.
If V <2 Vy, the diode is off, and the open-circuit equivalence is substituted.

2. Substitute the appropriate equivalent circuit and solve for the desired unknowns.

For the network of Fig. 2.112, the “on” state will result in the equivalent network of
Fig. 2.114. Since voltages across parallel elements must be the same, we find that

Ve =Vz (2.17)
ok
. I
AAA, Iz j L
+ + | T -+
Vi—= = r Ry Vi

FIG. 2.114
Substituting the Zener equivalent for the
“on" situation.

The Zener diode current must be determined by an application of Kirchhoff’s current law.
That is,

IR = f_',g + f‘r‘
and !Z == IR - IL 12.18)
where
Vi Ve _Vi— Vi
I} =— d lp=—=——
L=% ™ R~ R R

The power dissipated by the Zener diode is determined by

Py = Vil (2.19)
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EXAMPLE 2.26

a. For the Zener diode network of Fig. 2.115, determine V;, Vg, I, and P,.
b. Repeat part (a) with R; = 3 k().

+ t,-_' -
R
AN g

1kQ il

z -
+

v="16V V=10V RL§1.2 kQ Vv

FIG. 2.115

Zener diode regulator for Example 2.26.

Solution:
a. Following the suggested procedure, we redraw the network as shown in Fig. 2.116.
Applying Eq. (2.16) gives
RV 12k(16V)
" R+R, 1kQ + 12k0

=813V
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1 kQ2 1"2

+
+ +
V, — 16V v R, & 12kQ V,
L )\
FIG. 2.116

Determining V for the regulator of Fig. 2.115.

Since V = 8.73 V is less than V; = 10 V, the diode is in the “off™ state, as shown on
the characteristics of Fig. 2.117. Substituting the open-circuit equivalent results in the
same network as in Fig. 2.116, where we find that

V,=V=873V
Ve=V,— V., =16V — 873V =127V
I;=0A

and P, = Vs, = V40A) = 0W

b. Applying Eq. (2.16) results in

V= RVi _ 3KkKI6V) _ 1y
R+ R, 1k + 3k
Since V = 12 V is greater than V, = 10 V, the diode is in the “on” state and the

work of Fig. 2.118 results. Applying Eq. (2.17) yields

VL=VZ="}V
and VR=V,'—VL=16V—IOV:6\"
. Vi 10V
th L =—=——=1333mA
. LT R, 3k

Vo 6V

and =5 =g =Wk
so that I; = Ip — I [Eq. (2.18) ]

= 6mA — 3.33mA

= 2.6TmA
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1 kQ l/‘
+
+ -
V.16 V V, =10V R, &3kQ 1,

- -T -

FIG. 2.118
Network of Fig. 2.115 in the “on” state.

The power dissipated is
P; = VzI; = (10 V)N2.67 mA) = 26.7TmW
which is less than the specified Py = 30 mW.

Fixed Vi, Variable RL

Due to the offset voltage V Z , there is a specific range of resistor values (and therefore load
current) that will ensure that the Zener is in the “on” state. Too small a load resistance R L
will result in a voltage V L across the load resistor less than V Z , and the Zener device will be
in the “off” state.

To determine the minimum load resistance of Fig. 2.112 that will turn the Zener diode
on, simply calculate the value of R; that will result in a load voltage V; = V. That is,

v, = v, = Vi
L~ "2 R, +R
Solving for R;. we have
RV,

(2.20)

R, =—72_
fee =V, =V

Any load resistance value greater than the R; obtained from Eq. (2.20) will ensure that the
Zener diode is in the “on” state and the diode can be replaced by its V; source equivalent.
The condition defined by Eq. (2.20) establishes the minimum R;. but in turn specifies

the maximum /; as

Yo _ _Vz

L= R, R (2.21)
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Once the diode is in the “on” state, the voltage across R remains fixed at

VR = V,' — Vz (2-22)
and I remains fixed at
Ve
—_— = - 3
Ip = (2.23)
The Zener current
lz — IR - IL (2-24)

resulting in a minimum / when /; i1s a maximum and a maximum /> when /; 1s a minimum

value. since I is constant.
Since /7 is limited to I74 as provided on the data sheet, it does affect the range of R; and

therefore I; . Substituting /74 for I establishes the minimum /; as

le == IR — IZM (2.25)
and the maximum load resistance as
V.
R,L, =% (2.26)

EXAMPLE 2.27

a. For the network of Fig. 2.119, determine the range of R; and /; that will result in Vg
being maintained at 10 V.
b. Determine the maximum wattage rating of the diode.

I
1 kQ ad

+ R ‘12
V, =50V Vz=10V Ry
Iz =32 mA

FIG. 2.119
Voltage regulator for Example 2.27.
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Solution:
a. To determine the value of R; that will turn the Zener diode on. apply Eq. (2.20):
RV
R,  — zZ =(l kQ)(lOV)= 10 k22 — 230 O
i V, — V;, S50V - 10V 40

The voltage across the resistor R is then determined by Eq. (2.22):
Ve =V, — V=50V — 10V = 40V
and Eq. (2.23) provides the magnitude of Ig:
Ve 40V
R 1 kQ2
The minimum level of /; is then determined by Eq. (2.25):
Iy . = Ig — Iz = 40mA — 32 mA = SmA

Ip = = 40 mA

with Eq. (2.26) determining the maximum value of R;:
_ Vs _ 1oV

Iy .. 8 mA
A plot of V; versus R; appears in Fig. 2.120a and for V; versus I; in Fig. 2.120b.

R = 1.25kQ

‘VL ||"L
| | | |
[ | [ |
| | | |
[ | | |
L | - | |
0| 250Q 1.25 k2 R, 0| 8mA 40 mA IL
(a) (b)
FIG. 2.120

V, versus R; and 1 for the regulator of Fig. 2.119.

b. Puax = Vzlzn
= (10V)32mA) = 20mW
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1. Become familiar with the basic construction and operation of the
Bipolar Junction Transistor.
2. Be able to apply the proper biasing to insure operation in the active

region.
3. Recognize and be able to explain the characteristics of an npn or pnp transistor.

AL 5 pdlaall Cile gl ga

1. definition of the Bipolar Junction Transistor.
2. Understand the characteristics of an npn or pnp transistor.

.3. apply the proper biasing to insure operation in the active region
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3.1 INTRODUCTION @
During the period 1904 t01947, the vacuum tube was the electronic device of interest and
development. In 1904, the vacuum-tube diode was introduced by J. A. Fleming. Shortly

thereafter, in 1906, Lee De Forest added a third
66

element, called the control grid, to the vacuum diode, resulting in the first amplifier, the
triode. In the following years, radio and television provided great stimulation to the tube
industry. Production rose from about 1 million tubes in 1922 to about 100 million in 1937.
In the early 1930s the four element tetrode and the five-element pentode gained
prominence in the electron-tube industry. In the years to follow, the industry became one
of primary importance, and rapid advances were made in design, manufacturing
techniques, high-power and high-frequency applications, and miniaturization. On
December 23, 1947, however, the electronics industry was to experience the advent of a
completely new direction of interest and development. It was on the afternoon of this day
that Dr. S. William Shockley, Walter H. Brattain, and John Bardeen demonstrated the
amplifying action of the first transistor at the Bell Telephone Laboratories as shown in Fig.
3.1 . The original transistor (a point-contact transistor) is shown in Fig. 3.2 . The
advantages of this three-terminal solid-state device over the tube were immediately
obvious:

It was smaller and lightweight; it had no heater requirement or heater loss; it had a rugged
construction; it was more efficient since less power was absorbed by the device itself; it
was instantly available for use, requiring no warm-up period; and lower operating voltages
were possible. Note that this chapter is our first discussion of devices with three or more
terminals. You will find that all amplifiers (devices that increase the voltage, current, or
power level) have at least three terminals, with one controlling the flow or potential
between the other two.

3.2-Transistor construction
The transistor is a three-layer semiconductor device consisting of either two n- and one p-
type layers of material or two p- and one n-type layers of material. The former is called an
NPN transistor, while the latter is called a PnP transistor. Transistor composed from
3.2.1-The emitter layer is heavily doped
3.2.2- The base lightly doped
3.2.3-The collector only lightly doped
This lower doping level decreases the conductivity (increases the resistance) of this
material by limiting the number of “free” carriers

The outer layers have widths much greater than the sandwiched p - or n -type

material

The terminals have been indicated by the capital letters E for emitter, C for collector, and
B for base, the term bipolar reflects the fact that holes and electrons participate in the
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injection process into the oppositely polarized material. If only one carrier is employed
(electron or hole), it is considered a unipolar device.

3.3 TRANSISTOR OPERATION

The basic operation of the transistor will now be described using the pnp transistor of Fig.
3.2a. The operation of the npn transistor is exactly the same if the roles played by the
electron and hole are interchanged. In Fig. 3.3 the pnp transistor has been redrawn without
the base-to-collector bias. The depletion region has been reduced in width due to the
applied bias, resulting in a heavy flow of majority carriers from the p- to the n-type
material.

._I

Figure 3.3 Forward-biased
junction of a pnp transistor.

Let us now remove the base-to-emitter bias of the pnp transistor of Fig. 3.2a
as shown in Fig. 3.4.. Recall that the flow of majority carriers is zero,
resulting in only a minority-carrier flow, as indicated in Fig. 3.4. In
summary, therefore:

One p-n junction of a transistor is reverse biased, while the other is
forward biased.
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Figure 3.4 Reverse-biased junction of a pnp
transistor.

In Fig. 3.5 both biasing potentials have been applied to a pnp transistor, with

the resulting majority- and minority-carrier flow indicated. Note in Fig. 3.5

the widths of the depletion regions, indicating clearly which junction is

forward-biased and which is reverse-biased. As indicated in Fig. 3.5, a large

number of majority carriers will diffuse across the forward-biased p-n

junction into the n-type material. The question then is whether these carriers will
contribute directly to the base current Is or pass directly into the p-type

material. Since the sandwiched n-type material is very thin and has a low conductivity, a
very small number of these carriers will take this path of high resistance to the base
terminal. The magnitude of the base current is typically on the order of microamperes as
compared to mill amperes for the emitter and collector currents.

¥ Mujorily varmess 7 Mine

'] » o
¥y LArTETS vil Y CETICTS

—
*
e

Figure 3.5 Majority and minority
carrier flow of a pnp transistor.
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Applying Kirchhoff’s current law to the transistor of Fig. 3.5 as if it were a sin-
gle node, we obtain

I_E':.Ic‘l‘fg {3]}

The majority and minority carriers as indicated in Fig. 3.5. The minority-current
component is called the leakage current and is given the symbol Ico (Ic current with
emitter terminal Open). The collector current, therefore, is determined in total by Eq. (3.2).

IC - Icmajoﬂr}' + ICGmmDﬂr}. {:1 '-'}

For general-purpose transistors, IC is measured in milliamperes, while 1CO is measured in
microamperes or nanoamperes. 1CO, like is for a reverse-biased diode, is temperature
sensitive and must be examined carefully when applications of wide temperature ranges
are considered. It can severely affect the stability of a system at high temperature if not
considered properly. Improvements in construction techniques have resulted in
significantly lower levels of Ico, to the point where its effect can often be ignored.

1- Emitter-Base — forward bias junction

2- Collector-base— reverse bias junction
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3.8 COMMON-COLLECTOR CONFIGURATIO ) )_siw 3l 5 aelall & jikall

The third and final transistor configuration is the common-collector configuration, shown
in Fig. 3.20 with the proper current directions and voltage notation. The common-collector
( purposes since it has 4=ileall (38 siconfiguration is used primarily for impedance-matching )
a high input impedance and low output impedance, opposite to that of the common-base
and common-emitter configurations.
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Vg e

= VEE

(®

3.7 Common-Collector Conliguration

A common-collector circuit configuration is provided in Fig. 3.21 with the load resistor
connected from emitter to ground. Note that the collector is tied to ground even though the
transistor is connected in a manner similar to the common-emitter configuration. From a

Figure 3.20 Notation and sym-
bols used with the common-col-

lector configuration: (a) pnp tran-
sistor; (h) npn transistor.

127

for a set of common collector characteristics to choose the parameters of the circuit of
Fig.3.2 It can be designed using the common-emitter

characteristics of Section 3.6
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¥

Fioure 3.21 Common-collector
configuration used for
impedance-matching purposes.

For all practical purposes, the output characteristics of
the common-collector configuration are the same as for the common-emitter configuration.
For the common-collector configuration the output characteristics are a plot of IE versus
VEC for a range of values of IB.

.The input current, therefore, is the same for both the common-emitter and

common collector characteristics. The horizontal voltage axis for the common-collector
configuration is obtained by simply changing the sign of the collector-to-emitter voltage of
the common-emitter characteristics. Finally, there is an almost unnoticeable change in the
vertical scale of Ic of the common-emitter characteristics if Ic is replaced by IE for the
common-collector characteristics For the input circuit of the common-collector
configuration the common-emitter base characteristics are sufficient for obtaining the
required information

3.9 LIMITS OF OPERATION

For each transistor there is a region of operation on the characteristics which will ensure )
)2 that the maximum ratings are not being exceeded) Jstaiy(

(. Such a region has been 453 Jiland the output signal exhibits minimum distortion)
defined for the transistor characteristics of Fig. 3.22. All of the limits of operation are
defined on a typical transistor specification sheet described in Section 3.9.

Some of the limits of operation are self-explanatory, such as maximum collector current
(normally referred to on the specification sheet as

continuous collector current) and maximum collector-to-emitter voltage (often abbreviated
as VCEO or V(BR)CEO on the specification sheet). For the transistor of Fig. 3.22, ICmax was
specified as 50 mA and VVceo as 20 V. The vertical line on the characteristics defined as
VCEsat specifies
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1 Be able to determine the dc levels for the variety of important BJT configurations.
2 Understand how to measure the important voltage levels of a BJT transistor

configuration and use them to determine whether the network is operating properly.
AN 8 pilaall Cile gl g0

Dc biasing- BJT
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4.1 INTRODUCTION e

The analysis or design of a transistor amplifier requires a knowledge of
both the dc and the ac response of the system. Too often it is assumed that
the transistor is a magical device that can raise the level of the applied ac
input without the assistance of an external energy source. In actuality,
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any increase in ac voltage, current, or power is the result

of a transfer of energy from the applied dc supplies.

The analysis or design of any electronic amplifier therefore has two
components: a dc and an ac portion.

The following important basic relationships for a transistor:

'Iﬂ;._' =07V {"I'.l'
Jr;._' = 1}3 T ]]f;; = f(' {4.2'
f(_‘ = Bf;; {'I'..}'

4.2 OPERATING POINT

The term biasing appearing in the title of this chapter is an all-inclusive term for the
application of dc voltages to establish a fixed level of current and voltage. For transistor
amplifiers the resulting dc current and voltage establish an operating point on the
characteristics that define the region that will be employed for amplification of the applied
signal.
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' .ff_- (mA)

I &

25
1
1
20
15

Saturation

10

D~ 20 pA
: "i— -
i
1 0pA
1 1
1
] i
i 1 Ip=0pA
1 1
1 | - | I -
] w 15 20 Vg (V)
Ve o Cutoff I
Vok e
FIG. 4.1

Various operating points within the limits of operation of a transistor.

For the BJT to be biased in its linear or active operating region the following must be true:
1. The base—emitter junction must be forward-biased (p-region voltage more
positive), with a resulting forward-bias voltage of about 0.6 V to 0.7 V.

2. The base—collector junction must be reverse-biased (n-region more positive),
with the reverse-bias voltage being any value within the maximum limits of the

device.
93

[Note that for forward bias the voltage across the p—n junctionisp - p
ositive, whereas for reverse bias it is opposite (reverse) with n -positive.]
Operation in the cutoff, saturation, and linear regions of the BJT
characteristic are providedas follows:

1. Linear-region operation:
Base—emitter junction forward-biased
Base—collector junction reverse-biased
2. Cutoff-region operation:
Base—emitter junction reverse-biased
Base—collector junction reverse-biased
3. Saturation-region operation:
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Base—emitter junction forward-biased
Base—collector junction forward-biased

4.3 FIXED-BIAS CONFIGURATION
The fixed-bias circuit of Fig. 4.2 is the simplest transistor dc bias configuration.

T Ve
' Voo Voo

Rg ac Ry
& pulpul
signal
e '
in o L] o—a
pul H B
signal e + _
Vge ~ T E
= =
FIG. 4.2 FIG. 4.3
Fixed-bias circuil. DC eguivalent of Fig. 4.2,
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4.4 EMITTER-BIAS CONFIGURATION
Base-Emitter Loop

The base—emitter loop of the network of Fig. 4.18 can be redrawn as shown in Fig. 4.19.
Writing Kirchhoff’s voltage law around the indicated loop in the clockwise direction
results in the following equation:

+Vee — IgRg — Vg — IgRp = 0 (4.15)
Recall from Chapter 3 that
g = (B + iy (4.16)
Substituting for I in Eq. (4.15) results in
Voo — IpRp — Ve — (B + DIgRg = 0
Grouping terms then provides the following:
—IpRp + (B + DRp) + Ve — Ve =0
Multiplying through by (—1), we have
Ig(Rg + (B + DRg) — Vee + Ve =0
with Ig(Rg + (B + )RE) = Ve — Vg

and solving for Iz gives

Yoo — Ve )
le = Ry + (B + DR (4.17)
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Ve 3 Vee

FIG. 4.19 FIG. 4.18
Base—emitter loop. DC equivalent of Fig. 4.17.

Collector-Emitter Loop
The collector—emitter loop appears in Fig. 4.22. Wnting Kirchhoff's voltage law for the
indicated loop in the clockwise direction results in
HRe + Vegp + IcRe — Ve =0
Substituting [ = [~ and grouping terms gives
Vep — Voo + IR+ Rp) = 0

and Ve = Voo — IAR- + Rp) 14.19]

EXAMPLE 4.4 For the emitter-bias network of Fig. 4.23 ,
determine: a. Is. b.Ic.c. Vce.d. Vc.e. VeE.f. VB. g.Vec.

+20V

430 kO

10 uF

; 2 k&)

10 puF
\l

FIG. 4.23
Emitter-stabilized bias circuit for Example 4.4.
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Solution:
Vee — Vae 20V — 07V
. 40T Iy = — =
a. Ea.( ) B Rp+ (B + DRy 430kQ + (51)1 k1)
193V
= BIka 40.1 pA
b. ff = ,G!ig
= (50)40.1 wA)
= 2.0l mA

c. Eq.(4.19y: Vg = Voo — IAR: + Rg)
=20V — 201 mA}2 kD + 1k)) =20V — 603V
= 1397V
d. Vo = Ve — I-Re
20V — (2.0l mA)2kQ) =20V — 402V
1598 V
e. Vp=Ve— Ve
= 1598V — 1397V
=201V
or Vg = IRy = IRy
= (2.01 mA)(1 k2)
=201V
f. Vg = Vpr + Vi
=07V +201V
=27Yy
g. Vegc=Vg - V¢
=271V — 15098V
= —13.27 V (reverse-biased as required)
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4.5 VOLTAGE-DIVIDER BIAS CONFIGURATION

Exact A'nalysis

RTh The voltage source is replaced by a short-circuit
equivalent as shown in Fig. 4.32

Rm = R|R,
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FIG. 4.32
Determining Ryp.
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ETh The voltage source Vcc s returned to the network and the open-circuit
Thévenin voltage of Fig. 4.33 determined as

follows:

Applying the voltage-divider rule gives
., RiVee
ETh B iR: B R] + R:

The Thévenin
network is then
redrawn as
shown in Fig.

FIG. 4.33
Determining Eqy.

1'-"171 - I,;R-rh — "III. — I,R, =

> Iy = (B + 1)Ip and solving for Iz yields

Ip =

Etn — Vae

Rm + (B + DR;
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Vee = Voo — Ic(Re + Rg)
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Because R; = (B + 1)Rp = PBRpg the condition that will define whether the approxi-
mate approach can be applied is

BRy = 10R, IB will be much
: - smaller than I2

then I1 = I2, and R1 and R2 can ke
be considered series elements. T :
The voltage across R2 , which is ,4 R, g | Ri>R
actually the base voltage ‘ (h=L)
v T -
FIG. 4.36

Partial-bias circuit for calculating the approximate base
voltage \',;.

e S T

Ve = Vg — Vg

and the emitter current can be determined from

L-.Il
IF=—
E RJ’
and
Ie, = Ig

The collector-to-emitter voltage is determined by
Vee = Voo — IcRe — IeRg

i

but because I = I,

Vee, = Vee — IdRe + Rp)
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EXAMPLE 4.9 Repeat the analysis of Fig. 4.35 using the approximate technique, and
compare solutions for I(-Q and F{'f:'ﬁ-

-
. . FIG. 4.35
SOl ution: Te Sti ng: Beta-stabilized circuit for Example 4.8,
R’?E’ﬂ:'{"

432 Vp = ———

PR = 10R, wa TR + Ry
(100)(1.5 k) = 1(3.9 k1) _ (3.9kON22V)
150 k) = 39 k() (satisfied) 39k} + 3.9k0

=12V Note that

the level of VB is the same as Eth determined in Example
4.7 . Essentially, therefore, the primary difference between the exact and
approximate techniques is the effect of RTh in the exact analysis that

separates Ethand VB.

Eq.(4.34): Vg = Vp — Vg

=2V -07V
=13V
'k 1.3V
Ieg = Ip = R, 15KQ 0.867 mA

compared to (.84 mA with the exact analysis. Finally,
Ver, = Vee — IdRe + Rg)
=22V — (0867 mANIOkV + 1.5kM})
=22V —-097V

= 1203V The results for ICQ and VCEQ

are certainly close, and considering the actual
variation in parameter values, one can certainly be considered as accurate as
the other. The larger the level of Ri compared to R2, the closer is the
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approximate to the exact solution. Example 4.11 will compare solutions at a
level well below the condition established by Eq. (4.33).

Transistor Saturation

The output collector—emitter circuit for the voltage-divider configuration has the same
appearance as the emitter-biased circuit analyzed in Section 4.4. The resulting equation for
the saturation current (when V¢ is set to 0 V on the schematic) is therefore the same as
obtained for the emitter-biased configuration. That is,

Vee
- 43
L-anl I‘-Fru.u. RC + RE l.-l' s]

Load-Line Analysis

The similarities with the output circuit of the emitter-biased configuration result in the
same intersections for the load line of the voltage-divider configuration. The load line will
therefore have the same appearance as that of Fig. 4.25, with

Vee
lp=—" (4.39)
© Rc+ R Veg=0V

and Vee = Veelie=oma (4.40)

Voo — BlgRe — IgRp — Vg — BlgREp = 0
It = I = Blgand Iy = [ results in
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FIG. 4.39

Gathering terms, we have
Vec — Vee — Blg(Re + Rg) — IgRp = 0

and solving for I yields

_ V[T__ - IL'Ir.E.F:'
Ry + B(Rc + Rp)

I
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EXAMPLE 4.12 Determine the quiescent levels of ."CE and V(-;__-E for the network of Fig.

4.41.

Solution: Eq.(4.41): Iy

Vee — Vee

~ R, + BR. + Ry

10V -07V

T 250kQ + (90)(4.7 kL) + 1.2kL))
93V

03V

T 250k + 531k 781k
= 1191 pA

Ic, = Blg = (90)(11.91 pA)

= 1.07 mA

Ver, = Vee — IdRe + Ri)

= 369V

10V — (1.07T mA}4.Tk) + 1.2k{2)
10V — 631V
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EXAMPLE 4.14 Determine the dc level of Iy and V- for the network of Fig. 4.42.

18V

91 kQ 110 kL2

510 Q IEEI]JF

10V
47 kO
250 k)
AN 1; aVs
FJ 10 uF
o Al
Vie i B=90
10 uF
1.2 kQ

Solution: In this case. the base resistance for the dc analysis is composed of two resistors
with a capacitor connected from their junction to ground. For the dc mode, the capacitor
assumes the open-circuit equivalence, and Ry = Ry, + Rp,.

Solving for Iy gives

Iy Vee — Ve
Rp + B(Rz + Rp)
B 18V — 07V
T (01kQ + 110kQ) + (75)3.3kQ + 0.51 k)
B 173V 173V
201 k) + 28575k} 486.75k()
— 35.5 pA
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Ic = Blp
= (T5)35.5 pA)
= 2.60 mA
Ve = Vee — IcRe = Ve — IcRe

18V — (2.66 mA)(3.3 k(1)
I8V — 878V

u2zy

Saturation Conditions

~91~

Using the approximation I~ = I, we find that the equation for the saturation current is the
same as obtained for the voltage-divider and emitter-bias configurations. That 1s,

Ie,

Vee

. =—%%
Co ™ Rc + Rg

Load-Line Analysis

(4.43)

Continuing with the approximation I> = [ results in the same load line defined for the
voltage-divider and emitter-biased configurations. The level of IBQ 1s defined by the chosen

bias configuration.
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Applying Kirchhoff’s voltage law to the entire outside perimeter of the network of Fig.
4.51 will result in

—Vieg + IgRe + Vg + IeRe — Vee = 0

and solving for Vg Vee = Veg + Vee — IgRE — IcRc
Because Iy = I
Ve = Ve + Voo — Ig(Re + Rp) (4.47)
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+
Vin
Ry _ R
- +
- +
Ver — Ve =—_
iC -T

The voltage V-5 of Fig. 4.51 can be found by applying Kirchhoff's voltage law to the
output loop of Fig 4.51 to obtain:

Vep + IcRe — Ve = 0

or 1r'r|:1ﬂ = V'C-f — IC.RC.
Using Ie = Ig
we have V(_‘g - V({' - L_FR( l4.48]
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EXAMPLE 4.17 Determine the currents [ and Iy and the voltages Vi and V-5 for the
common-base configuration of Fig. 4.52.

B=060
Vi o }l I{ oV,
Rg 1.2 kid B & 24 k02
Vr.n__ av oo == 10V
T -
FIG. 4.52
Example 4.17.
Vip — V
Solution: Eq.4.46: =%
R
4V — 0TV
= BT = 275 mA
I — Ig  _275mA _ 2.75mA
BT B+1 60+ 1 61
= 45.08 pA
Eq. 4.47: VL"E = VEE + V(_‘E‘ - fpr;_" + Rpjl'

=4V + 10V — (275 mA)N24 k) + 1.2k)
14V — (275 mAX3.6 k(1)

=14V —-00V
=41V

Eg. 4.48: Ver = Vee — IeRe = Ve — BlgRe
= 10V — (6004308 pnAN24 k12)
=10V — 640V
= 351V
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EXAMPLE 4.20 Determine V- and Vp for the network of Fig. 4.55.

v

k<2

{

B

R:g 2.2 kO

10 uF

FIG. 4.55
Example 4.20.

Solution: The Thévenin resistance and voltage are determined for the network to the left
of the base terminal as shown in Figs. 4.56 and 4.57.

R
Rm = 8.2k |22k} = 1.73k{}

8.2 k2
AN 5 a f
R —+
I 1
AA——+ B ! +
52 kD + R, 2.2 ki)
R &22k0 Voo = 20V _ 1
—— - —
I Vep o 20V
T _
w
FIG. 4.56 FIG. 4.57
Determining R Determining Evy,.
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Ern
Vee + Vie 20V +20V 40V
T R, + R, B82k0l +22kQ 104kQ
= 385 mA
Emy = IRy — Vig
= (3.85mA)(2.2kQ) — 20V
= —11.53V

The network can then be redrawn as shown in Fig. 4.58, where the application of
Kirchhoff's voltage law results in

—kmn — IgRmy — Vpg — IeRp + Vg = 0

Ve =20V

FIG. 4.58
Substituting the Thévenin equivalent circuit.

Substituting I = (B + 1) gives
Vee — Emn — Vae — (B + DIgRg — IgRmy = 0
Vee — Em — Ve
Rm + (B + DRy
20V - 1153V -0V
LT3k + (121)(1.8 k1)
1TV
219.53 k0
— 3530 uA
Ic = Blp
= (1200(35.39 uA)
=425 mA
Ve = Vee — IcRe
=20V — (425 mAN2.Tk{})
= 853V
Vg = —Fry — IgR
= —(11.33V) — (3539 pA)1.73 kL2)
= —11.59%V

and Ig =
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EXAMPLE 4.18
For the network of Fig. 4.53 : a. Determine Icqand VcEeq. b. Find
VB, Vc, VE, and Vsc.

Ve =20V
R @ 4TKQ
Ry 10 uF
— AV | S——
680 kQ c,
10 uF
"in—" f=120

FIG. 4.53
Collector feedback with R = 0 (1.
Solution:

a. The absence of R reduces the reflection of resistive levels to simply that of R, and the
equation for /5 reduces to

_ Vec — Ve
Ip=—7"—"
Rp + BR¢
=2 20V -07V D
680k + (120)(4.7kQ) 1.244 MQ)
= 1551 pA
Ic, = Blg = (1201551 pA)
= 1.86 mA

Ve, = Vee — IcRc
20V — (1.86 mA)(4.7 k(1)

= 1126V
b. Vg = Vg = 0.7V
Ve = Vep = 1126V
V=0V
Vac = Vg — Ve =0TV — 1126V
= —10.56 V
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MULTIPLE BJT NETWORKS
The BJT networks introduced thus far have only been single-stage configurations.
This section will cover some of the most popular networks using multiple

transistors. It will

demonstrate how the methods introduced thus far in this chapter can be applied to

networks with any number of components.

The R-C coupling of Fig. 4.64 is probably the most common. The collector output
of one stage is fed directly into the base of the next stage using a coupling

capacitor C C . The capacitor

Is chosen to ensure that it will block dc between the stages and act like a short

circuit to any ac signal.
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FIG. 4.64
R-C coupled BJT amplifiers.
Darlington configuration
The Darlington configuration of Fig. 4.66 feeds the output
of one stage directly into the input of the succeeding stage.
Since the output of Fig. 4.66 is taken directly off the emitter

+Vero

.

[

-

|

=

FIG. 4.66
terminal. Darlington amplifier. For the dc analysis of
Fig. 4.67 assuming a beta b 1 for the
first transistor and b 2 for thesecond, the base current for
the second transistor is Is2= Ie1 = (B1 + 1)Is1and the emitter
current for the second transistor is lez= (B2 + 1)Is2= (B2 + 1)(B1+ 1)lB:
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Veo Ve

Assuming B < 1 for each transistor, we find the net beta
for the configuration is

Bp = BiB: (4.50)

which compares directly with a single-stage amplifier having a gain of B,
Applyving an analysis similar to that of Section 4.4 will result in the following equation
for the base current:

Vee — Vae, — Vi,

In =
B Ry + (Bp + DR

Defining
Vpe, = Vae, + Vi, (4.51)
we have
= Ry T‘-'F[ﬁ_ﬂ :im;f?f; (4.52)
The currents
Ig, = Ig, = Bplp, (4.53)
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The Cascode configuration of Fig. 4.68 ties the collector of
one transistor to the emitter of the other. In essence itis a
voltage-divider network with a common-base configuration at

the collector.
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=0

) ——
—

*
o

FIG. 4.68
Cascode amplifier.

(4]

3
R, §

w

FIG. 4.69
DC equivalent of Fig. 4.68.

The dc analysis is initiated by assuming the current through the bias resistors R1,
R2, and Rz of Fig. 4.69 is much larger than the base current of each transistor.

That is, IR1=IrR2= IRz << IB1 OF IB2

The result is that the voltage at the base of the transistor Q 1is simply determined

by an application of the voltage-divider rule:

R;
Vo =——— V-
BT R AR+ R CC

(4.57)

The voltage at the base of the transistor (J; is found in the same manner:

Ry + R3)

Vo = —— Vrr
BT R +R+ R CC

(4.58)
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The emitter voltages are then determined by

and

Ve, = Vi

=1

— Vg,

1

Ve

- VE; - VBE:

with the emitter and collector currents determined by:

Ip, = Ig, = I

: EIE1: RF

e, + Rg,

Ve, — Vg,

The collector voltage V¢ :

and the collector voltage V- :

Ve, = Vi, — Vi,

Ve, = Voo — IcRe

The current through the biasing resistors is

I, = Ip, = Ip,

Veo

'=R|+R2+R3

and each base current is determined by

with

fq

Ig, = =
b g,
I,
fﬂ_’=—_
* B

(4.59)

(4.60)

(4.61)

(4.62)

(4.63)

(4.64)

(4.65)

(4.66)
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EXAMPLE 4.26 Determine the dc levels for the currents and
voltages of the direct- coupled amplifier of Fig. 4.72 . Note
that it is a voltage-divider bias configuration followed by a
common-collector configuration; one that is excellent in
cases where in the input impedance of the next stage is
quite low. The common-collector amplifier is acting like a

buffer between stages.

Ve
Tlav

R, § 33 k0

R § 6.8 k)

]
=350
Cp
R, C, g i -
[ 1) ia
N E Eﬁl = [
W00 1uF
N ' Re, &12k0 ﬁ‘ag [ k0
Ry gm k)
Vg [
Y Rﬁ]éz.z k0 == i
- Iz:} uF
- L 3 -

FIG. 4.72
Direct-coupled amplifier.
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Solution: The dc equivalent of Fig. 4.72 appears as Fig. 4.73. Note that the load and
source are no longer part of the picture. For the voltage-divider configuration, the follow-
ing equations for the base current were developed in Section 4.3.

I = Em — Vie
B Ry + (B + DRy,
With RTh — R| ”Rz
and = —EZVLT
n R| + Rg
14V
R § 33 k0
LB Ba=50
"|'.5|
1.2k}
Rjg 10 kL2
. 2 -
FIG. 4.7T3

DC equivalent of Fig. 4.72.
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In this case,
R = 33kQ |10k = 767k

O 10kQU4V)
and Em=10%a + 3k~ 20V

326V — 0.
s0 that Iy = 320V — 07V

bOT6TRO + (100 + 1) 2.2k()

256V
229.2k0)

= 11.17 pA
with Ie, = Blp,
= 100 (11.17 nA)
= 1.12 mA
In Fig. 4.73 we find that

Vg, = Voo — IcRc

2

= 14V — (LL12mA)6.8 k()

=14V —T62V
=638V
and Vi, = Vg, — Vag,
=638V - 0TV
= 568V
resulting in
Vi,
I = —
E, Rr,
568V
1.2k
= 4.73mA
Obviously,
Ve, = Veo
=14V
Ell'ld. V('E: — Vc': — V;._'z

Vee, = Vee — Vi,

=14V - 568V
=832V

(4.76)

(4.77)

(4.78)

(4.79)

Jbr Jlez Las a0 1 olus]

a9 AU $il909 ligSe galiss



~108~

4885 120 100l - s Aol B loead] - duwnoliel Bu gl

20_pdlaad) dile g ga

FET transistor characteristics
Become familiar with the construction and operating characteristics of Junction Field
Effect (JFET), Metal-Oxide Semiconductor FET (MOSFET),
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Gate Gate
oxide () terminal

Drain O ® Source
terminal terminal

6.1 INTRODUCTION

The field-effect transistor (FET) is a three-terminal device used for a variety of
applications that match, to a large extent, those of the BJT transistor described in Chapters
3 through 5. Although there are important differences between the two types of devices,
there are also

many similarities, which will be pointed out in the sections to follow.

The primary difference between the two types of transistors is the fact that:

The BJT transistor is a current-controlled device as depicted in Fig. 6.1, whereas the
JFET transistor is a voltage-controlled device as shown in Fig. 6.1b.

Differences:

1- FETs are voltage controlled devices. BJTs are current
controlled devices.

2- FETs have a higher input impedance. BJTs have higher
gains.

3- FETs are less sensitive to temperature variations and are
more easily

8)ly=JBl,3) Lslwldlintegrated on ICs.

sSl4- FETs are generally more static sensitive than BJTs.
LSLud! £b oS Al

5- The FET is a unipolar device depending solely on either
electron ( n -channel) or hole ( p -channel) conduction.

6.2 CONSTRUCTION AND CHARACTERISTICS OF JFETs
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1-the JFET is a three-terminal device with one terminal capable of controlling the current

between the other two
2-the major part of the structure is the n -type material, which forms the channel between

the embedded layers of p -type material
3-the drain and the source are connected to the ends of the n -type channel and the gate to

the two layers of p -type material.

T Drain 12}
(hmic ]
contacts

A
\ |
Gate (G ]_ ﬂ i EI ‘

,-f'f/ -
Depletion

Dieprletion
region region
Source (5)

FIG. 6.3
Junction field-effect transistor (JFET).

m-channel

for the JFET transistor can defined the following
1-The input circuit ( gate to source) of a Jfet is reverse bias, that means the device has high
input impedance 2-the drain is so biased with respect to the source , Ip flows from source
to drain 3- in all Jfet Io=Is

When
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{fu
D +

n-channel

Depletion

region
BN

FIG. 6.5
JFET at Vs =0Vand Vpgs =0 V.

The current 1o will establish the voltage levels through the channel the greater the applied
reverse bias in p type material , the wider is the depletion region.

FIG. 6.6
Varving reverse-bias potentials across
the p—n junction of an n-channel JFET.
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|

i, |

Saturation level
Ipgs = — —
I Vog=0V
| Increasing resistance due
| to narrowing channel
I
I
N
I n-channel resistance
|
| .
0 Vp Vﬂs

FIG. 6.7
.f;) VErsus F;}_gﬁir 1‘1(;5' =0V

Pinch-off (Ves=0 V, Vbs = Vp).
IDss is the maximum drain current for a JFET and is defined by the conditions Ves = 0 V and Vs > Vp.

I +
Pinch-oft
/
p !
It
bs =0V
v—

- .

£ -
FIG. 6.8

Pinch-off (Ve =0V, V= Vpl

When Ves<0 V Vesis The voltage from gate to source a negative voltage is applied between G and
S
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dIp mA) | ocus of pinch-off values
Ohmic | Saturation Region
Reoi
; eglon | Vs =0V
Vgg=—1V
’ SEEEEEEEEEEEEEEEE
21 | Vgg=—-2V
N [om Ve =3V
| ’ .
] . . . L VYos=—4V=1
0 S 10 15 20 25 Yps (V)

Vp (for Vg =0'V)

FIG. 6.11
n-Channel JFET characteristics with Inss=8mA and Ve=—4 V.

The resulting saturation level for ID has been reduced and in fact will continue to decrease
as VGs is made more and more negative and a pinch-off voltage continues to drop as VGS
becomes more and more negative and the device has been “turned off.” In summary:
The level of Vesthat results in Io= 0 mA is defined by Ves =Ve, with VP being a
negative voltage for n channel devices and a positive voltage for p-channel JFETSs.
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Iy
] +
c ff; =0A
——> P P Vps > OV
n
+ _--
IV =
+

FIG. 6.10
Application of a negative voltage to the pate of a JFET.

FIG. 6.14
JFET svmbals: (a} n-channel; (b) p-channel.

Voltage-Controlled Resistor
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The region to the left of the pinch-off locus of Fig. 6.11 is referred to as the ohmic or
voltage-controlled resistance region. possibly for an automatic gain control system whose
resistance is controlled by the applied gate-to-source voltage

— Fo

(1 — Vgs/ V)

rd {ﬁ-l'

Where rois the resistance with Ves =0 V and rd the resistance at a particular
level of Ves.

For an n-channel JFET with roequal to 10k -+ (Ves=0V, Vr=6V), Eq. (5.1)

will result in 40 k- at Ves=3 V.
p -Channel Devices

FIG. 6.12

) ) ) p-Channel JFET.
The defined current directions are reversed
Applied voltage is positive voltages from gate to source and the double-subscript notation
for VVDs will result in negative voltages for VDs
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4 I, (mA)

FIG. 6.13
p-Channel JFET characteristics with Ipss=6 mA and Vp=+6 V.

0 mA < In< Ings

+

Ip = Vpp

(c)

FIG. 6.15
(a) Vag=0V, In=Inge ( b) cutaff (1= 0A) Vg less than the pinch-off level; (c) I is between 0 A and
Ings for Vieg = 0 Vand greater than the pinch-off level.
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6.2 TRANSFER CHARACTERISTICS
The relationship between Ioand Vesis defined by Shockley’s equation:

control variable

oo 2
Ip=Ipss|1— —%5) (5.3)
A KP

constants !

The transfer curve can be obtained using Shockley’s equation or from the output
characteristics of Fig. 6.11 . In Fig. 6.17 two graphs are provided
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Ves=—-1V
Vog=-2V
Vos=-3V
= Ves= 4V
| | |~ TGS T
15 20 25 Vog
\‘f =0mA V. =V
D= »VGs = Vp
FIG. 6.17
Obtaining the transfer curve from the drain characteristics.
In review:
When VGS = DV, Iﬂ' = IDSS (6.4)

When Vg = Vp = —4 V| the drain current is 0 mA. defining another point on the
transfer curve. That is:

When VGS — Vp, ID = 0OmA (6.5)

Applying Shockley’s Equation
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Substituting V5 = 0V gives

Vv 2
Eq.(63): Ip= 1555(1 = ﬂ)

Vp
0\? .
= fﬂss(l - ;) = Ipss(1 = 0)°
P
and
Ip = Ipss | vg=o0v (6.6)

Substituting V;5 = Vp yields

'Irf'P 2
In=1 1 — =
D DSS( 1,P)

= Ipss(1 — 1)% = Ipgs(0)

‘JD = 0.."-“;.| Vas=Vp (6'?}
For the drain characteristics of Fig. 6.17. if we substitute V;o = —1 'V,
'-”a;)2

Ip=1 1 — —
D DSS( Vp

= 8 A(] - ﬂ)z = 8 A(l — lf = 8 mA (0.75)*

= 8m —av) " m 1) = 1 :

= 8 mA (0.5625)

= 4.5mA

By using basic algebra we can obtain [from Eq. (6.3)] an equation for the resulting level of
Vas for a given level of Ip. The derivation is quite straightforward and results in equation
(6.8)
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Vs = Vp(l - 1."%) ‘ (6.8)

Let us test Eq. (6.8) by finding the level of V¢ that will result in a drain current of 4.5 mA
for the device with the characteristics of Fig. 6.17. We find

[45mA
vﬁ:—aw(] - - )

V 8mA
= —4V(1 — V0.5625) = —4 V(1 — 0.75)
= —4V(0.25)
= -1V

as substituted in the above calculation and verified by Fig. 6.17.
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Shorthand Method

If we specify Vs to be one-half the pinch-off value Vp, the resulting level of Io will be the
following, as determined by Shockley’s equation:

_ Ves '\
Ip = I’Dss(l v, )

1 — Vp/2\2 1)? .
= Ipss v, )" Ipss\ 1 — 5 | = Ipss(0.5)°

— .’555({}.25}

I :
and ID — %| Vs = Vp/'2 (6‘.9]
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The result specifies that the drain current will always be one-fourth the saturation level
Ioss as long as the gate-to-source voltage is one-half the pinch-off value

If we choose ID = IDss/2 and substitute into Eq. (6.8), we find that

['Ip
L;GS == lirfp(l - ||I—)
 Ipss

EW F ey
= vp( 1 - 2 ) = Vp(1 — V0.35) = Vp(0.293)

V' Ipss

and VG.S' = D'BVP|1’D:1F!.‘-'5.E.';Q {6.10]
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EXAMPLE 6.1 Sketch the transfer curve defined by Ipgs = 12mA and Vp = —6 V.

Solution: Two plot points are defined by

‘ID.S'S = 12 mA and VG.S' =0V
and ID = 0mA and VG.S' — Vp
At Vgg = Vp/2 = =6V /2 = =3V the drain current is determined by I, = Ipgs/4 =
12mA /4 = 3mA. At Ip = Ipgs/2 = 12 mA /2 = 6 mA the gate-to-source voltage is
determined by Vizg = 0.3Vp = 0.3(—6 V) = — 1.8 V. All four plot points are well defined
on Fig. 6.18 with the complete transfer curve.

§ I (mA)

12 Iy = Ipeo = 12 mA

_ kW B Lh gn =] D8 WO

Ves=Vp=—6V

¥ I

=

—6 -5 -4 =3 =2 -1 Vis

FIG. 6.18
Transfer curve for Example 6.1.
EXAMPLE 6.2 Sketch the transfer curve for a p-channel device with Ipge = 4 mA and
Vp=3V.
Solution: At Vgg = Vp/2 =3V/2 = 15V, Ip = Ipgs/4 = 4mA /4 = 1 mA. At
Ip = Ipss/2 = 4mA /2 = 2mA, Vgg = 0.3Vp = 0.3(3V) = 0.9 V. Both plot points
appear in Fig. 6.19 along with the points defined by Ipgg and Vp.
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FIG. 6.19

Transfer curve for the p-channel device of Example 6.

The name MOSFET stands for metal-oxide—semiconductor field -effect transistor

1-A slab of p -type material is formed from a silicon base and is referred to as the
substrate.
2- In some cases the substrate is internally connected to the source terminal
3-The source and drain terminals are connected through metallic contacts to n -doped
regions linked by an n -channel as shown in the figure
4-The gate is also connected to a metal contact surface but remains insulated from the n -
channel by a very thin silicon dioxide (SiO2) layer. SiO2 is a type of insulator referred to
as a dielectric
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: \ n-doped
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FIG. 6.24

n-Channel depletion-type MOSFET.

In Fig. 6.27, Vesis set at a
negative voltage such as -1 V. The negative potential at the gate will tend to pressure
electrons toward the p -type substrate (like charges repel) and attract holes from the p -type
substrate (opposite charges attract) as shown in Fig. 6.27. Depending on the magnitude of
the negative bias established by Ves, The resulting level of drain current is therefore
reduced with increasing negative bias for Ves
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Si0), layer n-channel

L+

74
o + Eecombination
,f/

process

e
¢ — ——+ p-material

- _@__ subsirate

N

"+ \ Holes attracted

/ to negative
g\& / potential at gate
\\. +

Metal
coniact

Electrons repelled
by megative
potential at gate

FIG. 6.27
uction in free carriers ina c
Reduction in free carriers in a channel due to a
negative potential at the gate terminal.

In Fig. 6.26 for VGS =-1V, -2 V, and so on, to the pinch-off level of -6 V. The resulting
levels of drain current and the plotting of the transfer curve proceed exactly as described
for the JFET. For positive values of Vs, the positive gate will draw additional electrons
(free carriers) from the p -type substrate due to the reverse leakage current and establish
new carriers through the collisions resulting between accelerating particles As the gate- to-
source voltage continues to increase in the positive direction, Fig. 6.26 reveals that the
drain current will increase
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1-p -type material is formed from a silicon base and is again referred to as the substrate
2-the construction of an enhancement-type MOSFET is quite similar to that of the
depletion-type MOSFET, except for the absence of a channel between the drain and source
terminals.

3-The drain current is now cut off until the gate-to-source voltage reaches a specific
magnitude.
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f _ no=chanmned
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—

Metallic _—
contacts )

p-type Substrate
substrate - 3

N n ~-doped
reEion

FIG. 6.32
n-Channel enhancement-type MOSFET.

1- If Vesis set at OV and a voltage applied between the drain and the source of the device
of Fig. 6.32, the absence of an n -channel (with its generous number of free carriers) will
result in a current of effectively 0A

2-In Fig.6.33, both Vbs and Vs have been set at some positive voltage greater than 0V,
establishing the drain and the gate at a positive potential with respect to the source

3-The positive potential at the gate will pressure the holes (since like charges repel) in the
p -substrate along the edge of the SiO2 layer to leave the area and enter deeper regions of
the p -substrate, as shown in the figure. The result is a depletion region near the SiO2
insulating layer void of holes. However, the electrons in the p -substrate (the minority
carriers of the material) will be attracted to the positive gate and accumulate in the region
near the surface of the SiO2 layer.

4- with VGS increases in magnitude, the concentration of electrons near the SiO2 surface
increases until eventually the induced n -type region can support a measurable flow
between drain and source
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Electrons attracted to positive gate
{induced n-channel)

Region depleted of p-tvpe
carriers { holexs)

ss T
P Vos —
T \
Insulating layer Holes repelled
g by positive gate
FIG. 6.33
Channel formation in the n-channel enhancemeni-type
MOSFET.
Ve = Vs — Vs (6.13)
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Pinch-off (beginning}

5105 Depletion region
rd

/[

substrate Vs "=

f_§=fﬂ

FIG. 6.34
Change in channel and depletion region with increasing
level of Vg for a fixed value of Vs

The drain characteristics of Fig. 6.35 reveal that for the device of Fig. 6.34 with
Vs = 8V, saturation occurs at a level of Vs = 6 V. In fact, the saturation level for Vpg

is related to the level of applied Vg by

Vps, = Vos — Vr

(6.14)
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Locus of me

VGS:-FE Vv

=
I

vﬂ.i' =47V

Vog=+V

VGS = '+5 "I‘r

[ S S S R =N th o =l = I =

" VGS:+4V
- : : : i Vs =43V X
5\": 10v 15V 20V 25 V™ FDS
f)"-'r VG.‘Q':VT:Z""

FIG. 6.35
Drain characteristics of an n-channel enhancement-type MOSFET with
Vip=2Vandk = 0.278 X 1077 A/V~,
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(7.1)

and Ip = Ig (7.2)

For JFETs and depletion-type MOSFETs and MESFETS, Shockley’s equation is applied
to relate the input and output quantities:

/ Ve 2
I[) = I[)g»\'( 1 — L) (7.3'
\[)

For enhancement-type MOSFETs and MESFETs, the following equation is applicable:

Ip = k(Vgs — \"1": (7.4)
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DSS

/,/ 3 0
‘L,'/l//l l\;‘\,’l, AN 5 = Ve ¥ Vps + Vg, = Vpp =0
: Vps = Vop — Vay = Ve, = Vop — IsRs — IpRp
but Ip = Is
and Vs = Vpp — Ip(Rs + Rp) (7.11)
[n addition,
Vs = IpRs (712)
Ve=0V (7.13)
and Vp = Vps + Vs = Vpp — Vi, (7.14)
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VGS=0.3VP ID =1/2 IDSS

VGS=1/2VP ID=1/4 IDSS

VGS=VP ID=0

VGS=0 ID = IDSS

DSS

The graphical approach requires that we first establish the device transfer characteristics as
shown in Fig. 7.10 one point on the straight line is defined by ID=0A and VGS =0V
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The second point for Eq. (7.10) requires that a level of VGS or ID be chosen and the
corresponding level of the other quantity be determined using Eq.
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EXAMPLE 7.7 Repeat Example 7.6 with Rg = 150 ).

Solution:
a. The plot points are the same for the ransfer curve as shown in Fig. 7.32. For the bias lne,
Vs = Vg = IpRs = 15V - (150 0))
Setting [y = 0 mA resuls in
Vs =13V
Setting Vg = 0V yields

I @A)

====Ip =7.6mA
DQ J

|
|
I
|
|
|
|
|
|
|
i

a4 0 \
VGS =+),35V

The bias line is included on Fig. 7.32. Note in this case that the quiescent point results
in a drain current that exceeds /g, with a positive value for V5. The result is

Ip, = 7.6 mA
Vas, = +035V
b. Eq.(7.19): ’
Vps = Vpp — Ip(Rp + Ry)

= 3.18V

18V — (7.6 mA)(1.8 k(2 + 150 1)
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EXAMPLE 7.8 Determine the following for the network of Fig. 7.33:

a. [[)” and ""'(_'I.S',_;'
b. VD'

020V
Cl
I "
I
G 1[)5’5; =8 mA
1l _ - f— _8]V
. )l . Vp=—8V
Gy S
R & 1 MQ 24 kO
-

Vop
Ip
R
D Rp
IL |
— VWV 1 * I =0A
R C, —ef— )
D |_‘ ‘ +
| Vbs
vio—) ¢_| s
L + -
“ s Vos S
FIG. 7.37 FIG. 7.38
Feedback biasing arrangement. DC equivalent of the
network of Fig. 7.37.
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OP-AMP and its applications

Introduction

- The operational amplifier (Op-Amp) concept was introduced by Tellegen in 1954 under
the

name of “ideal amplifier”. The first Op-Amps with discrete transistors appeared in
production

in 1956. One of the first analog ICs was an Op-Amp developed by R. Widlar in 1964. The
operational amplifier is still the integrated circuit with highest production volume.

- OP-AMP is a very high-gain directly-coupled negative-feedback amplifier which can
amplify

signals having frequency ranging from 0 Hz to 1 MHz.

- OP-AMP is so named because it was originally designed to perform mathematical
operations

like summation, subtraction, multiplication, differentiation integration ...etc. Present day
usage

is much wider in scope but the popular name OP-AMP continues.

nd in analog computers applications.

- Typical applications of OP-AMP are scale changing, analog computer operations, in
instrumentation and control systems and a great variety of phase-shift and oscillator
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circuits.

- Example of OP-AMPs [LM 108, LM 208, 741,....]

OP-AMP Circuit and Symbol

Standard triangular symbol of an OP-AMP is shown in Fig.1. All OP-AMPs have a minimum
of five terminals:

. inverting input terminal (labeled with a minus sign),

. hon-inverting input terminal (labeled with a plus sign),

. output terminal,

. positive bias supply terminal,

. hegative bias supply terminal.

U b~ WN B

- When an OP-AMP is operated without connecting any resistor or capacitor from its
output to

any one of its inputs (i.e., without feedback), it is said to be in the open-loop condition.
The

specifications of OP-AMP under such condition are called open-loop specifications and
exhibiting the open-loop voltage gain (AOL).

- An op amp amplifies the difference between two input signals v1&v2; i.e amplifies (vd),
where

(vd=v1-v2)

vo= AOL*vd (AOL for actual op amp is extremely high i.e., about 106)

However, if (vd=1 V), it does not mean that will be amplified to 106 V at the output.
Actually, the maximum value of vo is limited by the basis supply voltage and is called its
saturation voltage. This voltage is approximately 2V smaller than the power-supply
voltage

(VCCQ). In other words, the amplifier is linear over the range
-(VCC-2)<vo<VCC-2,typically £ 15 V.

Examplel: An op amp has saturation voltage Vsat =10 V, an open-loop voltage gain of -
105,

and input resistance of 100k. Find (a) the value of vd that will just drive the amplifier to
saturation and (b) the op amp input current at the starting of saturation.
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Feedback Path

R, R;
+ A
Vi AN AN\
1 —> i —» i,
Vi :\
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/

V)

7 0
o 0
o +

Fig. 2

Ideal Operational Amplifier

An ideal OP-AMP has the following characteristics :

1. its open-loop gain AOL is infinite i.e., Av = — o

2. its input resistance Ri (measured between inverting and non-inverting terminals) is
infinite

1.e., Ri =0 Q. This means that the input current 1 = 0.

3. its output resistance RO (seen looking back into output terminals) is zero i.e., RO =0 Q.
This

means that vO is not dependent on the load resistance connected across the output.

4. it has infinite bandwith i.e., it has flat frequency response from dc to infinity.

Virtual Ground and Summing Point

Fig. 2 shows an OP-AMP which employs negative feedback with the help of resistor Rf
which

feeds a portion of the output to the input. The concept of virtual ground arises from the fact
that

input voltage vi at the inverting terminal of the OP-AMP is forced to a small value
(assumed

zero). Hence, point A is essentially at ground voltage and is referred to as virtual ground.
Obviously, it is not the actual ground.

When vl is applied, point A attains some positive potential and at the same time vO0 is
brought

into existence. Due to negative feedback, some fraction of the output voltage is fed back to
point A antiphase with the voltage already existing there (due to v1). The algebraic sum of
the two voltages is almost zero so that vi = 0. Obviously, vi will become exactly zero
when negative feedback voltage at A is exactly equal to the positive voltage produced by
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vl at A.

Another point worth considering is that there exists a virtual short between the two
terminals of the OP-AMP because vi = 0. It is virtual because no current flows (remember
I = 0) despite the existence of this short.
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OP-AMP Applications

1- Inverting Amplifier

The inverting amplifier of Fig. 3 has its noninverting input connected to ground. A signal
(vin)

is applied through input resistor R1, and negative current feedback is implemented
through

feedback resistor Rf . Output voltage (vo) has polarity opposite that of input.

v
Vin O—A—9 ANA
+ ) > i
+
Vo
o ® o
Fig. 3

The gain of the inverting amplifier can be driven as follow:
Since point A is at ground potential (VA=0) and iin=0,
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Fig. 3
The gam of the mvertme amphfier can be driven as follow:
Since point 4 15 at ground potential (V=0 and 1, =0,

Vin=Vid Vi-v
- . _m . 1
il=i ¥ i R and i, ¥,
lllrl."l.' ) ~ El_"'l-lj 3 'l.'lu 3 I"Il_i-. o ""I_-;'|_ E
Ry Rr' R."' Rl Vi k
R ¢ f
4, = ?l Also. vy =-Av,

It 15 zeen from above, that closed-loop gam of the mverting amphfier depends on the ratio of the
two external resistors Kl and Rf and 15 independent of the amplifier parameters.

2- Noninverting Amplifier

The nonmverting amplifier of Fig. 4 15 realized by zroundmg Rl of Fiz. 3 and applyme the
nput signal at the nomnverting. Here, polanty of v{) 1z the same as that vin.

R E.
| 1 A i
o—AN—® AM————

i— |y, i+
~
P — A
E’:C: - l 1"I|.l
Fie. 4

The gain of the noninverting amplifier can be driven as follow:
Because of virtual short between the two OP-AMP terminals, voltage across R1 is the input
voltage vin. Also, v0 is applied across the series combination of R1 and Rf.
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- Voltage Follower

It provides a gain of unity without any phaszs reversal. Thas circust (Fig. 3] 1z useful as a buffer
or 1solation amplifier becauze it allows, mpuat voltage vin to be transferred as cutput voltage i
while at the same time preventing load rezistance RL from loading dovm the mput source. It 1=
dus to the fact that itz Fi = o= and R0 = {.

+0
v]ﬂ.
_G -
(Vi = V)
Fig. 5

4- Adder or Summer Amplifier

The adder circurt provides an output voltage proporbionzl to or equal to the alsebralc zum of
two or mere mput voltages each multipliad by a constant gain factor. It 15 basically spmilar to a
Fie. 3 except that it has more than cne input. Fiz. 6 shows a three-input inverting adder circuit.
A= zeen, rhe owpur voltage v phase-inverted.

PR B,
W | A

e i, R A R;
W D AAA

_ll'
»
&l
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Calculations
As before, we will treat point 4 as virtual ground
. V v \Y
1 . 2 = 1 -
W o5 = , j, = = and i=
1 Rl 2 R: 3 Rj <

Applying KCT to point 4, we have

Vi, Vo Vg Vo | _
or ﬂ]+}ﬂz+}{3_[f{,-] 0
R, R, R,
V= — R v, + R v, + R x'.‘]
If R = R,=R,=R, then
R,
Yoo T T (Vi vyt vy)
It Rf‘ R, then ouput exactly equals the sum ol inputs.

Vo
Rj-
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&- Subtractor
The fimction of 2 subtracior is to provide an puiput properticnz] to the difference of two mput
zigmals. Az showm in Fig. 7. The imputs are applying 2t the inverting and noninverting termisals.

E A B
W, O A A
. ‘ Ny
Wa 0 . +.--"’-
Fig. 7
Calculations
According o Superpositon theorsm;
Wik =l + 0"
where (' is the owipat produeced by v1 and v0* iz that produoced by 2.
MNeow ¢ — _ﬁ . -,-I-[!.E-E mverting amplifier equaticn)
! i

'I"::
Vi ["' E, ]";{memninvuﬁmgamplﬁarequaﬁnn}
If Rf>=FR1 an:il.q_.i',fi'.] == 1, henre
o = - -w)

Further, If §f= 21, then
vl ={v2 —vl} = difference of the two mput voltzges

Example: Find the outpurt voltizzes of an OP-AMP imverting adder for the following =tz of
imput woltazes and resistors. Im all casez, Bf =1 KI{L

vlI==—3WV.v2=+3V,w3i=+1IV; Rl =230 KO, B2=30E{Q. F3I=1M 0 (ans. Vo=dv)
Example: In the subtractor circoit. Bl =5 E. Bf= 10K, vl =4V and +v2 = 5V. Find the walae

of guipoi voliage.
Solation:

| R, ) It N 10 -
Vi ||.— 0 l|'-| —Jéi—"a_.=[]|Th-1- T}{_:-_‘l

Example: Desizn an OP-AMP circwit that will pro<duace 2n ouipat eguoal o — {4 w1 +v2 =0-1v3).
Writs an expreszion for the cutput and sketch its cuiput wavefom when vl = 2 sin @i, w2 ==3%
drc and v3 =—100 Vidc.

Solation:

R, R, L I
V. = - L e+ W s
' R, 'R, R ° o
v, = — (4w, +v, 01 v,) ..(2)

Comparing equations {1} and {2}, we find,
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Re R R
® R R

Tharefurei.t'we-assume.ﬂi".= 100 K, then Rl =15 K, R2 = 100 K and &3 = 10 K With there
values of R1, R] and B3, the QP-4 P circuit 12 2= shown in Fig. 8 (4.

Y + 1 - "|I:
5K f
N E. R. W,
Vi R | Al

A [ . '
INE K ! "r'-. TAN 4 "-r;
Ry

Y3 A — .
1K 1 T ;

il )
&40 &
1
=
]

-

L[] [
Fiz. 8

With the ziven values of vl = 2 sin @f, v2 = + 5V, 3 = — 100 V dc, the output voltage,
vl = 1sim @i+ 5 - 100 =2 sin of — 95 V. The waveform of the output veltage iz sketched as
shown in Fig & (5).
6- Intesrator
The fonction of an integrator is to provide an output voltaze which is proportional to the
imt=gral of the input voltage A simple exampls of intezration is shown m Fig 9, whers inpat iz
dc lewel and its integral iz g Enearfy-increasing ramp oudpit. The actual integration circuit iz
similar to the mverting circuit except that the feedback component = a capacitor C instead of
& resistor Bf

1 i
0, 2 |} %
L * 5
vy
¥ =
-
o
= ¥y
la i gt
Irissgrarny
Fiz 0
Calculations

As before, If the op amp 12 ideal, point A will bs treated as virtual sround, and v, appears across
R,. Thus

i
i
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. ez, )
I--Q-FE-—Eﬁ [zince v.=-v,}

d
But, with nezlizible ourrent into the op amp, the corrent thooush E1 = current flpw thoowsh C
Then
L1 A Ty
R — # di=-nd 3 1,-—E_I1..,4ﬂ

It iz zeen from abows that oufput [laft.-hzmd side) is an imtapral of the input, with an imversion
and a scale factor of 1/CE;. This abilify o intezrate a given siemal enables 2n analogz computer
salve differential equation: and fo set up 2 wide variety of clecirical circuit analogs of phyzical

syIiem OperRton
Note: we can intezrate more than oms input 23 shown below in Fig. 10, Witk multiple inputs,
the owtput is given by
Wy lf) = -1 K J-.'_ {f) et + K, j--.-: {ry s + iy J'.'jl |.l:-.-|'.']
where K, _I Ey=— ad K, _J
CR R,
]
¥ I
L] A L
’ e |
b A b
R
L ]
'.'n
Fig. 10

Example: A SmV, 1-kHz sinoseidal sizpal is applisd to the input of an OP-AMP intezmater, for
which .= 100 E and = =1 uF. Find the ouiput veliaze.
Solotion:

D SIS ST
CR 10" =107
The equation for the simusoidal voltage is
v, 5sin 2wt 5 sin 2000 &y
Crviowsly, 1 has been assumicd thal al r=0, v =0
cos 2000 T [
2UI0RE a

Wyl 10 | 5=m 2000 T =—50
0

1 %
= — — (o 2000w - 1)
-I-{l:l't{ :

Jbr Jlez Las a0 1 olus] a9 ASUI 1909 i gSe galiy



~150~

48,85 120 103 - 09ty daslud! B poloeal! - duwdlud! Basgll

25 uialaall Cijss/
Operational Amplifiers and their applications «Uall agdy o)
Differentiato
20 pdlad) Sile g ga
Operational Amplifiers and their applications

Differentiator

Leauleilf Siley ol g ALaii¥) g callus¥)

duodazd! 5l gll dpordaid) ddaii¥lg cadlud)! o
Cygwl>jlg> o Bpolxe @
o2 lex e didle o

Sygaw @ 9‘39.:99“5—“' 1
My 3yl Sk

Jbr Jlez Las a0 1 olus] a9 ASUI 1909 i gSe galiy




~151~
rduolatl Bl

7- Differentiator

Its function is to provide an output voltage which is proportional to the rate of the change
of

the input voltage. It is an inverse mathematical operation to that of an integrator. As
shown in

i I
+ i1 -l" - iy
\.I v'
¥ n L 1§ — L
. - e I
.-"'-- 1* a
o N |
> L + Chuipas
| rpat
Driferemtiator
Fig. 11
Calculation:

The expression for the cutpuf signal of the imwvertmg differentiator amphifier assumme the op
amp 1z 1daal can be derrved as follows:
Takmg point 4 as virtual sround, consequently, v, appears acress capacitor (v, =v_}

- I:i-.l':.: d"":lﬂ
i=c¢ =—p—=
Feig dr
v, =—v,=—il=—¢ v, R=—cR ™
ot dr

A= seen, output voltage 1s proporfional to the derrvate of the input veltaze, the constant of
proporbonality (ie., scale factor) bemg (—RC).

Example: The mput to the differentiator ciremit 15 a sinuscidal voltage of peak value of 5 mWV
and fregquency 1 kHz. Find out the cutput if B = 1000 K and C =1 pF.

Solution

The aguation of the input voltage 1z vl =5sm 2 x = 100 r =35 51 2000 mz mV

scale factor = CR = 10—" » 10°=0-1

s~ 01 5 (5 sin 2000 ) — (0-5 % 2000 ) cos

e (5 sin 2000 mz) = (0-53 = 2000 =) cos 2000 7z = 1000 = cos 2000 mr mW

A= zeen, output 1= a cosimzoidal voltage of frequency 1| kHz and peak walue 1000 m mWV.

E- Comparator

It 1= 2 circuit which compares two signals or voltage levels. The circuit 13 the sumpls because 1t
needs no addibional external components shown m Fig. 12 If vl and +2 are egual, then 0

should ideally be zero.
Voo e _‘-""-\-\.._\_H
- -
Va *

Fig 12
Output of the comparator can be summarized az follows
If V=V, then V=W (W=at)
If W=V then V=V {Vzat)

3
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Application of comparator

1- Zero Crossing Detector

Comparator can be ussd az a2 zero croszing detector. A fypical circuit for such a detscior i=
showm below:

=  Fig 14
Dharing the positive half-cycle, the ngnot woltags iz pesitive, kence the outpat voltzEe is +Fsat .
Dharing the nezative half-opcle, the input voltags iz negative, hencs the outpet voltzze is -Foad .
Thuz the putput veltage switchs: between +Wsat and -Vsat whenever the mpuot siznal crosses
the zaro lewel

-

T,

L)

-1

T

Fiz. 15

Lookine at the waveform shown abowe, we realizs that 2 zero crossing detector can be nsed as a
sine- to sguars-wave comverter. This iz an fmpractical circwit, since any moize on the input
waveform near the zeto crossing: will czuse multiple level transitons in the owtpot sizmal
{cmuze 3 comparator to srratically switch owignat states]) In order to make the comparator less
sensitive t0 noisze, 2 comparater with posiiive feedback, called Bvsteresis, can be used. This
comparatar is called Schmitt rigzer

2- Oaiput Boanding {or Voltage Llimiter)

In zome applications, it is peceszary to limit the ouwtpnot voltzge levels of 2 comparatar to a valus
less tham the saturztion veltage. A sinsls zener diode cam be w2ed, as showmm in Fig 14, to limi
the output voltage to the zener voltags in one direction and to the forward diods veltaze drop in
the ather. This process of limiting the poiput enze is called bonnding

The oparation is 23 follows. Since the anpde of the zener is conmected to the inverting input, it iz
at virtual sround Therefors, when the outpnot voltaze reaches a pozitive valoe sgual to the zener
voltaze, it limitz atf that valoe, as llustated in Figure 17({2). When the cwiput switches negative,
the zemer acts as a regular diode and becomes forward-biased at 0.7 W, limiting the nezative
autpat voltaze to this valoe, as shown in pant (b). Toming the zener arpund limits the output
voltaze in the oppozite direction.

n
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i Y l.-' OF W" 3 -
A LR —
LT W
o
Fiz. 17-{a}) Boundsd at a positdve valus
|
,f'mx ) L e
! T oAy v b —
'-l‘- . .

.t

Fiz. 17-{b) BEounded at a nezative vahee
Two zener digde conmecied back to back with a2 comparator as in Fiz. 18 to limit the owtput
valtage to the zener veltage pho: the veltaze drop {007V} of the forward biaz zepsr diede, both

positively and nagativaly. . |
i Iz,

| ";- .._"L

,,f_\\\‘f"u_- "n'l::l"r l Vg # 07 Y ——

Fig. 18

Q- Logaritbmic and Antilog Amplifier

Lo apd artiloz amplifier: are used in application: that require compreszien of analog
imput data, limearization of transducers: that have sxponsniial putputs, 2nd anales paltiplication
and division. They are often uzed in high-frequency communication systems, includins fiber
aptics, for procezsing wide dynamic ranze signals.
NMote: The logarithm of a mumber is the power to which the base must be raised fo gst thas
mamber. & logarithmic {log) amplifer produces an outpuat that is proportional to the logarithm
of the mput, and an astilozarthmric (amtiles) amplifisr take: the antileg or insearse log of the

imput. i )

a- Logarithmic Amplifier

The logarithmic amplifier iz the uzs of a feedback-loop device that haz an exponential termisal
characteristic carve (diode or BIT transiztor) which is characterized by

I, =1 (e™="" —D=Iie="" (1)
TWhere Iy is reverzs leakage carrent, o is the forweard dieds camesnt, Ty is the forward diede
valtage (eppromimately 0.7 V), Fr is the thermal weltage amd is a comstaot eguoal to
approcrimately 215 mW oat 1507,
e
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2

Fig. 19
Arn anahraiz of the circwit in Figare 19 is as follows, bezinming with the facts that:
;_-%-;: SN ) |
and Fo=F, ...l (3%
Substituting imto the formula ofeg. 1,
A R T
Take the natural logarithm (in ) of both =ides
_ ¥,
()} = In(RI_a "~ "-}::rln:iif.:l=1niﬂf.1:l—?"‘ e )
I
- _ - K
I;-:hr_Fanl:ﬂR:l IIH:FHII__I';]H'E S o |

Tlndar the condition that the term Rl iz neslizible {which can be accomplizhed by controlling B
so that A1z = 1, where the factor . is 2 constant for 2 given diode], then gives Fo. = -Frin (Tl
Miofe: fm iz the natural logarithm to the base & A patoral logarithm is the exponsnt to which
the base & pust be raized in crder to egual 2 given quantity. Althoush eg. 5 will use natural
logarithmmz in the formuolaz, sack expreszion can be comverted to 2 logarithms to the base
10(Log 10 waing the ralationskip In x = 2.3 logl0x.
Example: Detarmins the output valtage for the log amplifier in Fig. 19, dzsums T, = 504 and
B=1{0k.
Solation:

i I'I"-\- HES ! I'..: b I-"'.i i 3

ey = 025 II'I-_I':,:n'-? -.I PES % II'I-.-=-::||'|.-|IIH:-I.':!-'I

OGS N il AR LN s B [ Y —ik150Y

Mofel: Ths output valtzze of the logarittmic amplifier is limited to a2 mazimum valoe of
approcrimataly (-0, 7V
NMaotel: The input mu=t be positive when the diode iz conmected in the direction sheown im the
Fiz. 19. Ta handls pegative npat:, the diads most be revarzad.
Logd Ter wirh o BJT
The baze-emiiter juncton of a bipelar junction transiztor exhibits the zams tyvps of logarthmic
charactaristic as a dipde becanse it is also a sa juncton. A log amplifer with a BEIT comnected
in a comipon-base form in the feedback loop iz skowm in Figare 10 Motics that Fouwr with
razpact to sround iz agual to -Fge.

W

L
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= = Fig. 20
The amalysiz for thiz circait is the same as for the diods log amplifisr encapt that P replacss
Vo, f-replaces Iz and Jpzp replaces Iz The expreszion for the Ier versus J- characteristic cumre
is

I_=I_ ="
wihera I, iz the amitter-to-baze leakase current The expre:sion for the gutpat voltags @z

F_ —-F 1.5;_Fu._}

- IR
b- Antilog Amplifier
The antilogarithm of a pumber iz the remlt obiained when the baze is raised to a power equal
to the logarithm of that pumber. To get the antilogarithm, vou mmust t2ke the exponential of the
logarithm (antilogarithm of x=a™").
An zmiilog amplifier iz formed by cormectng a fransiztor {or diods) a2z the Inpot elament az
showm in Fiz. 11. The exponential formmula stll applis: to the bazs-emitter pre junciion. The
ourtpaat valtzge is determined by the carrent (equal to the collactor oorent) through the faedback

rezistar.
Fout = -R-,
The chararteristic eguation of the ga junction is
Io=J pa™="™

Substiuting into the equation for I, .
I:-rihr =_R:'I.F_F-E'EF: =

Asvooncan see mFig 21, Fa= Fu
I:-r-r. =_'R:I:_mﬂﬂ. "
The exponential term can be sxpressed as an antilesaritkm as follows:
[
F - —R:_i’mmuﬂng.’irﬁ}

TWhere Friz approximately 25 mW.

=
b _@ — A
Far i,
—u ‘“.

4
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2- Precision Rectifiers
Rectifier circuits can be implemented with silicon junction diodes. Recall that for the
diode to conduct, the voltage across it must be = 0.7 V. Therefore, a major limitation of
these
circuits is that they cannot rectify voltages below about 0.7 V. In addition, since the input
voltage has to rise to about 0.7 V before any appreciable change can be seen at the output,
the
output is distorted
- half-wave rectifier (HWR) is a circuit that passes only the positive (or only the negative)
portion of a wave, while blocking out the other portion. The transfer characteristic of the
positive HWR is:
vO =viforvi>0,vO =0 forvi<O0.
- full-wave rectifier (FWR), besides passing the positive portion, inverts and then passes
also
the negative portion. Its transfer characteristic is:
vO =vi for vi >0, vO = vi for vi < 0. or, more concisely, vO = |vi

Full-Wave Fectifiers

There arz many confisuration for ackieving precizsion FWE. Une of them is given in Fiz. 29,
Hers ap amp (041 provides inverting half-waws rectification, and ap amp (0407 sums v and

the HWE. ':ll;t_:".'lt I:'l-': n:l pLs] gl.".'E Y= _:'.F.-\.-.E 5:".'; L rR- R:_:"l-': i ]
Where v, = —(R.R v, for v, = 0, and ¥, = 0 far v, < 0.
Ry
S
R R [ My
Vi T - Tt - S g
.,
Pt ' - ! w ",\_ e
! Viaw P ;
- - ~ A4, = o Vo
— L o
r g L
Ay T
] _|-_.___.-'
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i- Half~Wave Bectifiers
Fizure 18 balow shows a precizion kalf-wave reciifier circuit consisting of a dieds placad
in the pepative-feedback path of an ideal op-2mp.

Saperdiode

—_— 41
W g L b B2
1'_"..:' o T R= p

The anabyziz of the cirowit of Fig. 14§ abowe iz fllustratad as below:

1- when inmat voliags i= posdtive /3, = 0, the op-2mp cwtput (¥} will also pesitive, tuminz OF
the dipde and thus areating the nezative-feedback path shown in Fig. 27-a. This allows op amp
to pperate as voltage follower and zive vo = v (prove that). Ths cutput of the op amp (¥} iz a
dipde drop abewa v, (V= Vo + Fo Jm v, + 07TV,

2- when imput valtage is negative (v, < 0 The op amp owtput (V) i3 pegative, taming the dipde
OFF and thus canzing the ourrent through K to go to zero. Henca, v =0, As shown in Fiz. 17-b,
the op amp iz pow oparating is the open-loop mode

e, s -
__.—|—"'-—|—-.- vV, e oo W 0 g
! Sl ’ .1"1 J * - . I.l.'|'
.'"_'. 'I-- _'\-I'l L
W

d=n ) Vreo = &
T

e o Fiz 17

A disadvantage of this circuit is that when v, chanzes from positive to nezative the op-
amp will ke saturated close fo s nezative supply rail. Thus, the op amp ootpot may exhibi
imtolerabls distartion. The improved HWE of Fiz. 28 alleviats: this incomvenience by usinz a
second diods. Circuif opsration iz sommarized as-
1- v, = 0 = v, =0 (positive input canses D, to conduoct, thus creating a nagative-feadback path
arpund the op amp. By the virtual-sround, IF, now clamps the op amp ouwiput af v=—Fg,.; =
=07 V. Moreover, D, i3 OFF, so se currest flows through 8- apd, kenca, v =00,
-1 < 0 = vp = v . (negative impuf canse: the op amp cufpuf positive, thoo: dhoreing DS ON.
This craataz an alternative negative-faadback path via D, and B Clearly, I), iz now OFF, so the
ap 2mp operzie 23 inverting amplifier, i.e. vo= ~&R h).

& H;

I |'.'-\.- - 'i.'l |;'. " L };I:.
P Iy s
H" ' [ -l. _'
by - e
) ¥

Fig. 28
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Examplel: Draw the ouiput showinz its proper relatiomship to the input zignal of the
comparatar circait shown in Fig 30, Assums the maxismom gutpat levels of the op-amp are =
1%,

(? )

Fiz 30
Solation:
When Vin = 0 =% Vst =+11 (maximum positisve leval)
When Vin = 0 = Viowt =-12 {maximum negative laval)
’ Fig 40

Example?: Draw the output showing its proper relatiomship to the imput sizmal of the
comparatar circuit shown n Figdl, Azsume the maxinmm ouotpat levels of the op-amp are
=12

o
Ve s—Io
i —-.- H""'\-:T -
.____.-rP"F’
"
. L0 kil
' - Fiz 41
Solation:
The reference voliaze (Vasg ) 12 22t by B and B (ose veliage divider male)
o . B s 1.0 k) VY = LGSV
REF g+ Ry 0 B2k + LOKDC

As shewn in Fiz. 42, each time the input excesds +1 63 'V, the cuwtput veltage switche: to its
+12W level, and each time the nput gees balow +1.63 W, the oufput voltaze switchez fo s -
1387 lewal

=
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Diigital o Amalog conversion

It is am impertant mterface process for copverting digital sizrals to analog zignals. An
crample iz a woice sigmal that is digitized for storaze, proceszing, of Tansmizzion and must be
chan=ed back into an apprecimation of the arginal andio signal in order o drive a speaker.
The R2R ladder iz mars commonly method nzed for TVA conversion because it reguires only
twe resisior values as showm in Fig. 43 for fouar bits.

[ipumt=

o I, o I, o I, =R

&
IR
i

&'y
IR

|
|| —

Fi=. 48
Aszume that the 03 mpat is HIGH (+5 V) and the pthers are LOW (eround. 0 V). This
condition represents the binary momber 1000, & cirvcuit analyzis will skow that this reduces fo
the egquivalemnt form shown n Fiz. 49 {a).

Ezzsmiially mo omrent go=: throwgh the IR eguivalent resistance (Bgo) becanse the imverting
imput is at virtual ground. Thas, all of the cwmrent (=518} thronshk &7 is alzo thronsh B, and
the ottt voltazes is -5V

+ 5% 4.,
i ] ] K
i W
= |
-
Equivalcal Laddicer 1 o ; [==—] 2R
resistsace with Dy, = gs__f:n \
P anad FF. preomile
- -

{ap Eguivalent cincewl foe Jly = |, &6 =ik [} =0}, & =)

Fizure {b) skows the eguivalsnt circuit when the D1 npuot iz at =5 V and the others are at
ground. Thiz condition represents $100. If we thevenize looking from K2, we get 2.5 WV in series
with R, 2z shown. Thiz results in a curent through B of /= 2.5/2R, which gives an owutpat
valtaze of -2 3V. Keap in mind that there is oo camrest from the op-amp inverting input 2nd that
there is ne current through B7 bacause it has 0V across it, dos to the virtnal srownd.
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b Expmeslei crrusi G 15, Lile= L ey =ik L=

FlE'I.IEE[I:] !.hmztheequﬂ&ni-:lrcunwhmtheﬂl inmat iz af =5 V and the others are at
ground This condifion reprazenis 0010, Aszin thevenizing looking from B2, vou 22t 125 WV in
zeries with R as shown This results in a cumrent throusk Bfof &= 1.23 VAR, which give: an
autpat voltags of -1.25.
=&

T ik=i ¥ ! .:\-% q
B A TN
ﬁq J EX ] EY
LA -

- I|I|::||. - 'I'lIIF:,l,

T :
- F v ].:l? -

| i =11 iy -
loi BEgurvalol coweal boy L5 e UL L0, meil 00 e [ 13,
In Fiz. {d}), the egnivalent circuit reprezeniing the caze whers I iz af +5 V' and the other inpat:
are af groard iz shown Thiz condition represemts 0001 Theveniring from REZ give: an
sqoivalent of 0615 W in zeries with E az shovm. The resuliing cumrest throush §F i=
FE0E25VIR, which gives an owipuet valtzze of -0.625 W

+ 1%
' My 1 L

Il
g2
3

[ i

B 2N

R [ a, Pa
—r '
§Ii_l. .L;It'.r §-FJ~|.- T"'i D— =
?v iv - iHJ-—
|I|i|l1’ll:ll o I = I [ PR A T

Motice that ach an:-:&su.'&‘r'r lervar-weighiad imput produces arm gufpat voltzze that iz habved,
3o that the ouipuot voltags is pmpm-tlmulm ths binary weizht of the inpuat bitz.

In summary, We can prowe that the equivalest analoz wvoltage shown in Fiz. 30 below iz
obtzined from the relztion-

1"'.'r|'|' - Vi+2Vgrd¥ BV

B 2" ((The proof is laft 2s an sxercise))
Where {n} iz the mumbsr of digital inpzts.
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Va ¥ ¥ Fig 50
Fizure 31 zhows: a four—kit B-2R ladder network and an ep—amp coenected to fome a DAC.
The op amp shown is an inverting amplifier and in this case the reference voltage (V) should

be nesative so that the amplifisr output will be positive. Altermataly, 2 non—inverting op amp
conld ke wied with 3 pesitve value of (V)

Wy
HI

'R B K H
7k Fll o 2R P _.-[_— 1 'lll'IIIIIIII o

+

Vo [ kg 51

Example: Figare 52 shows a foor—bit DAC where all four switches are set at the zroumd leval.
Find the analoz voltaze valus at the output of the unity sain amplifier for each of the 21z of the
switch pozitions shown in Takble, Fill-in the right—most column with vour answers.

Hb kLY I K 1 KL 1 KL s |
rﬁ"u‘u ks —"y  — ; <= ‘r‘__""__.
20 Ky 9il Kl I Kok 20 Kl _l__
L1 ¢ |slxj C (H] & mshi
| 0 lg &0 Lg il ]
-
CRN
= Fiz 31
5 " B 2 =43 =
[EX] ] L | ]
ik ] i i ]
ich ] i | i
11 [ i i
=
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Solution:
Thiz iz 2 4-bit DAC and thus we have p=1'=16 distinct binary values from 0000 to 1111

comresponding to decimals O through 15 respectively.
1|.'.|__;'!"|'.|;_'Il'|.| 'f':l'.l: B .I"'\..H ;I |EI *I I'I HIH- :I.h.IL

" N L

analog = e 7
b 'ﬂ..ql..:-_ W=tV .II'-:,. R |]:J4 wll  Bw B $5
& Voo " Vo W, :-II Vi 8V, _ 1ul s |];1.| B Be0 gy
d 'r'_,,,,,,; ".'._-i-!b,.-{;l'l.-'.-M' il -:-I-:I-lail HeD 10V

Bazad on these results, we can now fll-in the rizki-most column with the vahees we obtzined,
and we can plot the output versus inpat: of the B-IF netwark for the voltage levels and a3

showm in Figure 33.
lII'.':|II| ‘I.IIL-I

1.0+ —
3.5+
3.0

25T

20 -

2 3 4 5 g 7 8 i Fiz 53
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