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The subject matter of electronics may be divided into two broad categories: the application of physical
properties of materials in the development of electronic control devices and the utilization of electronic
control devices in circuit applications. The emphasis in this book is on the latter category, beginning
with the terminal characteristics of electronic control devices. Other topics are dealt with only as
necessary to an understanding of these terminal characteristics.

This book is designed to supplement the text for a first course in electronic circuits for engineers. It
will also serve as a refresher for those who have previously taken a course in electronic circuits.
Engineering students enrolled in a nonmajors’ survey course on electronic circuits will find that portions
of Chapters 1 to 7 offer a valuable supplement to their study. Each chapter contains a brief review of
pertinent topics along with governing equations and laws, with examples inserted to immediately clarify
and emphasize principles as introduced. As in other Schaum’s Outlines, primary emphasis is on the
solution of problems; to this end, over 350 solved problems are presented.

Three principal changes are introduced in the second edition. SPICE method solutions are presented
for numerous problems to better correlate the material with current college class methods. The first-
edition Chapter 13 entitled ‘““Vacuum Tubes” has been eliminated. However, the material from that
chapter relating to triode vacuum tubes has been dispersed into Chapters 4 and 7. A new Chapter 10
entitled “Switched Mode Power Supplies” has been added to give the reader exposure to this important
technology.

SPICE is an acronym for Simulation Program with Integrated Circuit Emphasis. It is commonly
used as a generic reference to a host of circuit simulators that use the SPICE2 solution engine developed
by U.S. government funding and, as a consequence, is public domain software. PSpice is the first
personal computer version of SPICE that was developed by MicroSim Corporation (purchased by
OrCAD, which has since merged with Cadence Design Systems, Inc.). As a promotional tool, Micro-
Sim made available several evaluation versions of PSpice for free distribution without restriction on
usage. These evaluation versions can still be downloaded from many websites. Presently, Cadence
Design Systems, Inc. makes available an evaluation version of PSpice for download by students and
professors at www.orcad.com/Products/Simulation| PSpice/eval.asp.

The presentation of SPICE in this book is at the netlist code level that consists of a collection of
element-specification statements and control statements that can be compiled and executed by most
SPICE solution engines. However, the programs are set up for execution by PSpice and, as a result,
contain certain control statements that are particular to PSpice. One such example is the .PROBE
statement. Probe is the proprietary PSpice plot manager which, when invoked, saves all node voltages
and branch currents of a circuit for plotting at the user’s discretion. Netlist code for problems solved by
SPICE methods in this book can be downloaded at the author’s website www.engr.uky.edu/~cathey.
Errata for this book and selected evaluation versions of PSpice are also available at this website.

The book is written with the assumption that the user has some prior or companion exposure to
SPICE methods in other formal course work. If the user does not have a ready reference to SPICE
analysis methods, the three following references are suggested (pertinent version of PSpice is noted in
parentheses):

1. SPICE: A Guide to Circuit Simulation and Analysis Using PSpice, Paul W. Tuinenga, Prentice-
Hall, Englewood Cliffs, NJ, 1992, ISBN 0-13-747270-6 (PSpice 4).

iii



v Preface

2. Basic Engineering Circuit Analysis, 6/e, J. David Irwin and Chwan-Hwa Wu, John Wiley &
Sons, New York, 1999, ISBN 0-471-36574-2 (PSpice 8).

3. Basic Engineering Circuit Analysis, 7/e, J. David Irwin, John Wiley & Sons, New York, 2002,
ISBN 0-471-40740-2 (PSpice 9).

JimMmIE J. CATHEY
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Circuit Analysis: Port
Point of View

1.1. INTRODUCTION

Electronic devices are described by their nonlinear terminal voltage-current characteristics. Circuits
containing electronic devices are analyzed and designed either by utilizing graphs of experimentally
measured characteristics or by linearizing the voltage-current characteristics of the devices. Depending
upon applicability, the latter approach involves the formulation of either small-perturbation equations
valid about an operating point or a piecewise-linear equation set. The linearized equation set describes
the circuit in terms of its interconnected passive elements and independent or controlled voltage and
current sources; formulation and solution require knowledge of the circuit analysis and circuit reduction
principles reviewed in this chapter.

1.2. CIRCUIT ELEMENTS

The time-stationary (or constant-value) elements of Fig. 1-1(a) to (¢) (the resistor, inductor, and
capacitor, respectively) are called passive elements, since none of them can continuously supply energy to
a circuit. For voltage v and current i, we have the following relationships: For the resistor,

v=Ri or i=Gv (1.1)

where R is its resistance in ohms (2), and G = 1/R is its conductance in siemens (S). Equation (/.7) is
known as Ohm’s law. For the inductor,

di 1
U:LE; or i:zJ_oc vdt 1.2)
where L is its inductance in henrys (H). For the capacitor,
1 d
U:ELOW or  i= Ci’ (1.3)

where C is its capacitance in farads (F). If R, L, and C are independent of voltage and current (as
well as of time), these elements are said to be linear: Multiplication of the current through each by a
constant will result in the multiplication of its terminal voltage by that same constant. (See Problems 1.1
and 1.3.)

1
Copyright 2002, 1988 by The McGraw-Hill Companies, Inc. Click Here for Terms of Use.



2 CIRCUIT ANALYSIS: PORT POINT OF VIEW [CHAP. 1

The elements of Fig. 1-1(d) to (h) are called active elements because each is capable of continuously
supplying energy to a network. The ideal voltage source in Fig. 1-1(d) provides a terminal voltage v that
is independent of the current i through it. The ideal current source in Fig. 1-1(e) provides a current i that
is independent of the voltage across its terminals. However, the controlled (or dependent) voltage source
in Fig. 1-1(f) has a terminal voltage that depends upon the voltage across or current through some other
element of the network. Similarly, the controlled (or dependent) current source in Fig. 1-1(g) provides a
current whose magnitude depends on either the voltage across or current through some other element of
the network. If the dependency relation for the voltage or current of a controlled source is of the first
degree, then the source is called a /inear controlled (or dependent) source. The battery or dc voltage
source in Fig. 1-1(h) is a special kind of independent voltage source.

N y 11 \ iI—Tl
i v v i v 4
(e) o)) (@

(h)

(@) (b) (©)

Fig. 1-1

1.3. SPICE ELEMENTS

The passive and active circuit elements introduced in the previous section are all available in
SPICE modeling; however, the manner of node specification and the voltage and current sense or
direction are clarified for each element by Fig. 1-2.  The universal ground node is assigned the
number 0. Otherwise, the node numbers n; (positive node) and n, (negative node) are positive integers

() Q) () () ()

+ l,(R...) + l,(L.._) :Lll(c“) + lI(V...) -
Viny, ny) S R Viny, ny) & Lo+ Viny, ny) == C- = Viny, ny)
S Y R
() () ()

() ()

Resistor Inductor Capacitor Independent Independent
voltage source current source

@ @
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selected to uniquely define each node in the network. The assumed direction of positive current flow is
from node n; to node n,.

The four controlled sources—voltage-controlled voltage source (VCVS), current-controlled voltage
source (CCVS), voltage-controlled current source (VCCS), and current-controlled current source
(CCCS)— have the associated controlling element also shown with its nodes indicated by c¢n; (positive)
and cn, (negative). Each element is described by an element specification statement in the SPICE netlist
code.  Table 1-1 presents the basic format for the element specification statement for each of the
elements of Fig. 1-2.  The first letter of the element name specifies the device and the remaining
characters must assure a unique name.

Table 1-1

Element Name Signal Type Control Source Value
Resistor R Q
Inductor L-- H
Capacitor C F
Voltage source \'AS AC or DC* &
Current source I AC or DC* AP
VCVS E- (cny, cny) V)V
CCVS H-- A V/A
VCCS G- (cny, cny) AV
CCCS F-- V- A/A
a. Time-varying signal types (SIN, PULSE, EXP, PWL, SFFM) also available.
b. AC signal types may specify phase angle as well as magnitude.

1.4. CIRCUIT LAWS

Along with the three voltage-current relationships (/.7) to (1.3), Kirchhoff’s laws are sufficient to
formulate the simultaneous equations necessary to solve for all currents and voltages of a network. (We
use the term network to mean any arrangement of circuit elements.)

Kirchhoff’s voltage law (KVL) states that the algebraic sum of all voltages around any closed loop of a
circuit is zero; it is expressed mathematically as

> ue=0 (1.4)
k=1

where 7 is the total number of passive- and active-element voltages around the loop under consideration.
Kirchhoff’s current law (KCL) states that the algebraic sum of all currents entering every node (junc-
tion of elements) must be zero; that is

> k=0 (1.5)
k=1

where m is the total number of currents flowing into the node under consideration.
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1.5. STEADY-STATE CIRCUITS

At some (sufficiently long) time after a circuit containing linear elements is energized, the voltages
and currents become independent of initial conditions and the time variation of circuit quantities
becomes identical to that of the independent sources; the circuit is then said to be operating in the
steady state. 1If all nondependent sources in a network are independent of time, the steady state of the
network is referred to as the dc steady state. On the other hand, if the magnitude of each nondependent
source can be written as K sin (wf + ¢), where K is a constant, then the resulting steady state is known as
the sinusoidal steady state, and well-known frequency-domain, or phasor, methods are applicable in its
analysis. In general, electronic circuit analysis is a combination of dc and sinusoidal steady-state
analysis, using the principle of superposition discussed in the next section.

1.6. NETWORK THEOREMS

A linear network (or linear circuit) is formed by interconnecting the terminals of independent (that is,
nondependent) sources, linear controlled sources, and linear passive elements to form one or more closed
paths. The superposition theorem states that in a linear network containing multiple sources, the voltage
across or current through any passive element may be found as the algebraic sum of the individual voltages or
currents due to each of the independent sources acting alone, with all other independent sources deactivated.

An ideal voltage source is deactivated by replacing it with a short circuit. An ideal current source is
deactivated by replacing it with an open circuit. In general, controlled sources remain active when the
superposition theorem is applied.

Example 1.1. Is the network of Fig. 1-3 a linear circuit?
The definition of a linear circuit is satisfied if the controlled source is a linear controlled source; that is, if « is a
constant.

i R,
—_—
A%

Fig. 1-3

Example 1.2. For the circuit of Fig. 1-3, v, = 10sinwtV, V; =10V, Ry =R, =R; =12, and « =0. Find
current i, by use of the superposition theorem.

We first deactivate V;, by shorting, and use a single prime to denote a response due to v, alone. Using the
method of node voltages with unknown v5 and summing currents at the upper node, we have

/ / /
vy — V) ) )

R, R, R

Substituting given values and solving for v;, we obtain

Then, by Ohm’s law,
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Now, deactivating v, and using a double prime to denote a response due to V), alone, we have

i// _ Vh
TR+ RIR,
RiR,
h R|IR, =
where 1” 2 Rl +R2
10 20
he — =— A
so that 13 1+1,2 3
Then, by current division,
l.//_ Rl l//:l //:EQ—QA
2T R+R 2772373

Finally, by the superposition theorem,
. ./ N 10 .
h=bh+i = ?(l +sinw?) A

Terminals in a network are usually considered in pairs. A port is a terminal pair across which a
voltage can be identified and such that the current into one terminal is the same as the current out of the
other terminal. In Fig. 1-4, if i; = i,, then terminals 1 and 2 form a port. Moreover, as viewed to the
left from terminals 1,2, network A4 is a one-port network. Likewise, viewed to the right from terminals
1,2, network B is a one-port network.

. — + | Zmn
Linear iy Network % Network I Yy Network
network i Th N N
A —2 B B . B

2 2 2

(a) (b) (©)
Fig. 1-4

Thévenin’s theorem states that an arbitrary linear, one-port network such as network A in Fig. 1-4(a)
can be replaced at terminals 1,2 with an equivalent series-connected voltage source Vy, and impedance Z ,
(= R,, +jX1y) as shown in Fig. 1-4(b). Vrp, is the open-circuit voltage of network A at terminals 1,2 and
Z 1y, is the ratio of open-circuit voltage to short-circuit current of network A determined at terminals 1,2 with
network B disconnected. If network A or B contains a controlled source, its controlling variable must be in
that same network. Alternatively, Z;, is the equivalent impedance looking into network A4 through
terminals 1,2 with all independent sources deactivated. If network A contains a controlled source, Z7, is
found as the driving-point impedance. (See Example 1.4.)

Example 1.3. In the circuit of Fig. 1-5, V, =4V, I, =2A, R, =22, and R, =3Q. Find the Thévenin
equivalent voltage V7, and impedance Zy, for the network to the left of terminals 1,2.

R, R, 1
A AAA—e
R B
+ +
v, () <D I Vs
2

Fig. 1-5
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With terminals 1,2 open-circuited, no current flows through R,; thus, by KVL,
Vin=Vi=V4+ 1R =4+(2)2) =8V

The Thévenin impedance Z;, is found as the equivalent impedance for the circuit to the left of terminals 1,2 with the
independent sources deactivated (that is, with V', replaced by a short circuit, and 7, replaced by an open circuit):

ZT/,:RTh:R1+R2:2+3ZSQ

Example 1.4. In the circuit of Fig. 1-6(a), V, =4V, =025A/V, Ry =2, and R, =3 Q. Find the Thévenin
equivalent voltage and impedance for the network to the left of terminals 1,2.

R, L, R, ) L e
VWA
+
+ +
vy avy, V., SR, Vdp
2 2
(a) ®)

Fig. 1-6

With terminals 1,2 open-circuited, no current flows through R,. But the control variable V; for the voltage-
controlled dependent source is still contained in the network to the left of terminals 1,2. Application of KVL yields

Vip=Ve=Vs+aVpRy

v, 4
“Ter, 10250 oV

so that Vi

Since the network to the left of terminals 1,2 contains a controlled source, Z;, is found as the driving-point
impedance V,/1,,, with the network to the right of terminals 1,2 in Fig. 1-6(a) replaced by the driving-point source
of Fig. 1-6(b) and V', deactivated (short-circuited). After these changes, KCL applied at node a gives

L =aVy,+ 1y (1.6)
Application of KVL around the outer loop of this circuit (with V4 still deactivated) yields
Vap = 1Ry + L Ry (1.7)
Substitution of (/.6) into (/.7) allows solution for Z;, as

Vi R +R, 243
Zp=-2 = 2 - =10Q
"Iy 1—aR, T 1-(025(2)

Norton’s theorem states that an arbitrary linear, one-port network such as network A in Fig. 1-4(a)
can be replaced at terminals 1,2 by an equivalent parallel-connected current source Iy and admittance Yy as
shown in Fig. 1-4(c). Iy is the short-circuit current that flows from terminal 1 to terminal 2 due to network
A, and Yy is the ratio of short-circuit current to open-circuit voltage at terminals 1,2 with network B
disconnected. If network A or B contains a controlled source, its controlling variable must be in that same
network. It is apparent that Yy = 1/Zp,; thus, any method for determining Zy, is equally valid for
finding Y.
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Example 1.5. Use SPICE methods to determine the Thévenin equivalent circuit looking to the left through
terminals 3,0 for the circuit of Fig. 1-7.

0.17,

® ® | o O

-
Ry=5Q
+ +
V1:10V<> CT)IZZZA R=3Q 1R, CT)IdpzlA
P
© ©
b
@ Fig. 1-7 @

In SPICE independent source models, an ideal voltage source of 0V acts as a short circuit and an ideal current
source of 0 A acts as an infinite impedance or open circuit. Advantage will be taken of these two features to solve
the problem.

Load resistor R; of Fig. 1-7(a) is replaced by the driving point current source I, of Fig. 1-7(b). The netlist code
that follows forms a SPICE description of the resulting circuit. The code is set up with parameter-assigned values
for Vy, I, and I,.

Ex1_5.CIR - Thevenin equivalent circuit

.PARAM V1value=0V I2value=0A Idpvalue=1A

V110DC {Vlivalue}

R112 lohm

I202DC {I2value}

R2 2 0 3ohm

R3 2 3 50hm

G323 (1,0) 0.1; Voltage-controlled current-source
Idp 0 3DC {Idpvalue}

.END

If both ¥} and 7, are deactivated by setting Vlvalue =12value =0, current /;, = 1 A must flow through the Thévenin
equivalent impedance Zp, = Ry, so that v3 = I, Ry, = Ry, Execution of <Ex1_5.CIR> by a SPICE program
writes the values of the node voltages for nodes 1, 2, and 3 with respect to the universal ground node 0 in a file
<Ex1_5.0UT>. Poll the output file to find v3 = V(3) = Ry, = 5.75Q.

In order to determine Vg, (open-circuit voltage between terminals 3,0), edit <Ex1_5.CIR> to set
Vlvalue= 10V, I2value=2A, and Idpvalue=0A. Execute <Exl_5.CIR> and poll the output file to find
VTh =V = V(3) =14V.

Example 1.6. Find the Norton equivalent current /y and admittance Yy for the circuit of Fig. 1-5 with values as
given in Example 1.3.
The Norton current is found as the short-circuit current from terminal 1 to terminal 2 by superposition; it is

V4 Rl

Iy = I, = current due to V4 + current due to [, = ——

N 12 u u 4Fcu u 4 R1+R2+R1+R2
4 2O

=——+-—"—"=1.6A

2437243
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The Norton admittance is found from the result of Example 1.3 as

1
ZTh

Yy - é =028

We shall sometimes double-subscript voltages and currents to show the terminals that are of interest.
Thus, V5 is the voltage across terminals 1 and 3, where terminal 1 is at a higher potential than terminal
3. Similarly, /5 is the current that flows from terminal 1 to terminal 3. As an example, V; in Fig. 1-6(a)
could be labeled V', (but not V).

Note also that an active element (either independent or controlled) is restricted to its assigned, or
stated, current or voltage, no matter what is involved in the rest of the circuit. Thus the controlled
source in Fig. 1-6(a) will provide «}'; A no matter what voltage is required to do so and no matter what
changes take place in other parts of the circuit.

1.7. TWO-PORT NETWORKS

The network of Fig. 1-8 is a two-port network if I; = I{ and I, = I,. It can be characterized by the
four variables V7, V5, I}, and I, only two of which can be independent. If 7} and ¥, are taken as
independent variables and the linear network contains no independent sources, the independent and
dependent variables are related by the open-circuit impedance parameters (or, simply, the z parameters)
Z11, Z12, 221, and zy, through the equation set

Vi=znh +zph (1.8)
Vy=z3l1 + 20205 (1.9)
I I
lo— | | ">
; Linear ;
_1 network _2
R — —2
I{ 5
Fig. 1-8

Each of the z parameters can be evaluated by setting the proper current to zero (or, equivalently, by
open-circuiting an appropriate port of the network). They are

(1.10)
(1.11)

Iy = —/ (1[2)

Zyy) = — (1]3)
In a similar manner, if ¥; and I, are taken as the independent variables, a characterization of the
two-port network via the hybrid parameters (or, simply, the h-parameters) results:

V] :111111 +1112V2 (][4)
Iy = hy 1y + hyp Vs (1.15)



CHAP. 1] CIRCUIT ANALYSIS: PORT POINT OF VIEW

Two of the /i parameters are determined by short-circuiting port 2, while the remaining two parameters

are found by open-circuiting port 1:

Vi

hy = 7
1 1yy=0
4

hy =
Valn=o
I

1’!21 :l
Iy,
b4

hyy =—
V2 =0

Example 1.7. Find the z parameters for the two-port network of Fig. 1-9.
With port 2 (on the right) open-circuited, /, = 0 and the use of (/.10) gives

% Ri(Ry + R3)
211271 :R1||(R2+R3)=W
1 ln=o 1+ R+ R
1y Ry I
A%%
¥ +
V] Rl RZ VZ
Fig. 1-9

Also, the current Iz, flowing downward through R, is, by current division,

Ry
Ipp=— ]
R R +R+R !

But, by Ohm’s law,

R{R
Vy=IpR = m i
Hence, by (1.12),
__hn _ R Ry
2T o Ri+ R+ R;

Similarly, with port 1 open-circuited, /; = 0 and (/./3) leads to

_r

Ry(R; + R;)
| = Rel(Ri+R) = g

=0 R+ R+ R;

2

The use of current division to find the current downward through R; yields
Ini = Ry I
R = R ¥Ry + Rs 2

and Ohm’s law gives

R Ry

Vi=Rip =71
1 1{R1 R1+R2+R32

(1.16)

(1.17)

(1.18)

(1.19)
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Thus, by (1.11),

Example 1.8. Find the 4 parameters for the two-port network of Fig. 1-9.
With port 2 short-circuited, ¥, = 0 and, by (/.16),

Vi R\ R;
hyy = — =RI|IRy=—2
n=g Vo 1IR; R+ R;
By current division,
L= R
R +R; "
so that, by (1.138),
hyy = L — __ R
B I 7 Ry + Ry

If port 1 is open-circuited, voltage division and (/.17) lead to

__ &
"TRI+ R,
V R
and hyy =—L =—-1
Valp—y Ri+R3

Finally, /,, is the admittance looking into port 2, as given by (/.19):

I
hyy ==
2

_ 1 _ Rl + R2 —+ R3
=0 Roll(Ri+R3)  Ry(R +R3)

The z parameters and the s parameters can be numerically evaluated by SPICE methods. In electron-
ics applications, the z and & parameters find application in analysis when small ac signals are impressed on
circuits that exhibit limited-range linearity. Thus, in general, the test sources in the SPICE analysis should
be of magnitudes comparable to the impressed signals of the anticipated application. Typically, the
devices used in an electronic circuit will have one or more dc sources connected to bias or that place the
device at a favorable point of operation. The input and output ports may be coupled by large capacitors
that act to block the appearance of any dc voltages at the input and output ports while presenting negligible
impedance to acsignals. Further, electronic circuits are usually frequency-sensitive so that any set of z or &
parameters is valid for a particular frequency. Any SPICE-based evaluation of the z and /& parameters
should be capable of addressing the above outlined characteristics of electronic circuits.

Example 1.9. For the frequency-sensitive two-port network of Fig. 1-10(a), use SPICE methods to determine the z
parameters suitable for use with sinusoidal excitation over a frequency range from 1 kHz to 10 kHz.

The z parameters as given by (/.10) to (/.13), when evaluated for sinusoidal steady-state conditions, are formed
as the ratios of phasor voltages and currents. Consequently, the values of the z parameters are complex numbers
that can be represented in polar form as z; = z;/ ¢;;.

For determination of the z parameters, matching terminals of the two sinusoidal current sources of Fig. 1-10(b)
are connected to the network under test of Fig. 1-10(a¢). The netlist code below models the resulting network with
parameter-assigned values for I, and Is. Two separate executions of <Ex1_9.CIR > are required to determine all
four z parameters. The .AC statement specifies a sinusoidal steady-state solution of the circuit for 11 values of
frequency over the range from 10kHz to 100 kHz.
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Ex1_9.CIR - z-parameter evaluation

.PARAM Ilvalue=1mA I5value=0mA

I1 O01AC {Ilvalue}

R1010 1Tohm ; Large resistor to avoid floating node

Ci
RB
VB
R1
R2
c2
Co
I5

12 100ufF

2 3 10kohm

0 3DC 10V

2 4 1kohm

4 0 5kohm
400.05uF

54 100uF

0 5AC {I5value}

R50 50 1Tohm ; Large resistor to avoid floating node
.ACLIN 11 10kHz 100kHz

.PROBE

.END

The values of R10 and R50 are sufficiently large (1 x 10'>Q) so that I, = I; and Is = I,. If source I is
deactivated by setting ISvalue =0 and Ilvalue is assigned a small value (i.e., l mA), then z;; and z,; are determined
by (1.10) and (1.12), respectively. <Ex1_9.CIR > is executed and the probe feature of PSpice is used to graphically
display the magnitudes and phase angles of z;;, and z,; in Fig. 1-11(a). Similarly, ; is deactivated and I is assigned
a small value (I1value =0, I5value=1mA) to determine the values of z;, and z,, by (/.11) and (/.13), respectively.
Execution of <Ex1_9.CIR > and use of the Probe feature of PSpice results in the magnitudes and phase angles of
z1» and zp, as shown by Fig. 1-11(b).

Example 1.10. Use SPICE methods to determine the /1 parameters suitable for use with sinusoidal excitation at a
frequency of 10kHz for the frequency-sensitive two-port network of Fig. 1-10(a).

The h parameters of (1.16) to (1.19) for sinusoidal steady-state excitation are ratios of phasor voltages and
currents; thus the values are complex numbers expressible in polar form as h; = h;/ ¢;;.

Connect the sinusoidal voltage source and current source of Fig. 1-10(c) to the network of Fig. 1-10(a). The
netlist code below models the resulting network with parameter-assigned values for I; and V5. Two separate
executions of <Ex1_10.CIR > are required to produce the results needed for evaluation of all four / parameters.



12

(@)

()

CIRCUIT ANALYSIS: PORT POINT OF VIEW

400 e aam

o Vp(5)-Ip(Co)
Frequency

Fig. 1-11

[CHAP. 1



CHAP. 1] CIRCUIT ANALYSIS: PORT POINT OF VIEW 13

Through use of the .PRINT statement, both magnitudes and phase angles of V;, Vs, I_C;, and I_C,, are written to
<Ex1_10.0UT> and can be retrieved by viewing of the file.

Ex1_10.CIR - h-parameter evaluation

.PARAM Ilvalue=0mA V5value=1mV

I1 01AC {Ilvalue}

R10 10 1Tohm ; Large resistor to avoid floatingnode

Ci 12 100uF

RB 2 3 10kohm

VB 0 3DC 10V

R1 24 lkohm

R2 4 0 5kohm

C2 400.05uF

Co 54 100uF

V5 50AC {V5value}

.ACLIN 1 10kHz 10kHz

.PRINTACVm(1) Vp(1l) Im(Ci) Ip(Ci) ; Mag & phase of inputs
.PRINT AC Vm(5) Vp(5) Im(Co) Ip(Co) ; Mag & phase of outputs
.END

Set VSvalue=0 (deactivates V5) and Ilvalue=1mA. Execute <Ex1 10.CIR> and retrieve the necessary
values of Vy, I;, and I, to calculate h;; and hy by use of (1.16) and (1.18).

_ ym(D) . 0.9091 e )
1 = ey £ (VPO — Ip(Ci)) = G /(=0.02° +07) = 9091/~ 0.02

_Im(CO) 908 x 107" L )

21 = ey £ (P(CO) = Ip(Ch) = =T==m— /(1807 4-0°) = 0.908 / — 180

_ Set V5value=ImV and Ilvalue =0 (deactivates I)). Execute <Exl_10.CIR > and retrieve the needed values of
Vy, Vs, and I, to evaluate hy, and h,, by use of (/.17) and (/.19).

_ vm(l) N9O8x104 o e 5
by =y 5 /(Vp(1) = Vp(3)) 2 =~ ==~ /(07 = 0°) = 0.908/0
_ Im(Co) 3.15%x 107° 4
L(Ip(Co) — Vp(5)) = ===~ /(84.7° — 0°) = 3.15 x 107> /84.7°
2 = 0) (Ip(Co) — Vp(5)) 1x 103 ( ) X

1.8. INSTANTANEOUS, AVERAGE, AND RMS VALUES

The instantaneous value of a quantity is the value of that quantity at a specific time. Often we will be
interested in the average value of a time-varying quantity. But obviously, the average value of a
sinusoidal function over one period is zero. For sinusoids, then, another concept, that of the root-mean-
square (or rms) value, is more useful: For any time-varying function f(f) with period T, the average value
over one period is given by

1 to+T
Fy== [ f(dt (1.20)
T Iy
and the corresponding rms value is defined as
1 t+T
F=|= J f(dt (1.21)
T),

where, of course, F, and F are independent of #,. The motive for introducing rms values can be
gathered from Example 1.12.
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Example 1.11. Since the average value of a sinusoidal function of time is zero, the half-cycle average value, which
is nonzero, is often useful.  Find the half-cycle average value of the current through a resistance R connected
directly across a periodic (ac) voltage source v(f) = V,, sin wt.

By Ohm’s law,

t Vi .
i(7) :% :% sin wt

and from (/.20), applied over the half cycle from t, =0 to 7/2 =,

E RS

1L (" V, . 1V, - Vin
Iy =— { 2 sin wt d(wt) = - 7[— coswt]l,_g = =z (1.22)

0o R
Example 1.12. Consider a resistance R connected directly across a dc voltage source V.. The power absorbed by
Ris

Vi,
Py = % (1.23)

Now replace V4. with an ac voltage source, v(t) = V), sinwt. The instantaneous power is now given by

2 2
n Vo
P =" T o (1.24)
Hence, the average power over one period is, by (1.20),
1 (Ve v
=— | —Zsin‘wrd(wt) === 1.25
: 271[0 o Sin? ot d(r) = 5 (1.25)

Comparing (1.23) and (/.25), we see that, insofar as power dissipation is concerned, an ac source of amplitude V,,, is

equivalent to a dc source of magnitude
Vi 1 (7 )
— == | v()dt=V (1.26)
V2 \T Jo

For this reason, the rms value of a sinusoid, V = V,,/+/2, is also called its effective value.

From this point on, unless an explicit statement is made to the contrary, all currents and voltages in the
frequency domain (phasors) will reflect rms rather than maximum values.  Thus, the time-domain voltage
u(t) = V,, cos(wt + ¢) will be indicated in the frequency domain as V= Vg, where V = V,”/«/Z

Example 1.13. A sinusoidal source, a dc source, and a 10 Q2 resistor are connected as shown by Fig. 1-12. If
v, = 10sin(wt — 30°) V and V' = 20V, use SPICE methods to determine the average value of i(J), the rms value of
i(1), and the average value of power (P) supplied to R.

R=10Q

Fig. 1-12

The netlist code below describes the circuit. Notice that the two sources have been combined as a 10V
sinusoidal source with a 20-V dc bias. The frequency has been arbitrarily chosen as 100 Hz as the solution is
independent of frequency.
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Ex1 _13.CIR-Avg & rms current, avg power
vsVB 1 0 SIN(20V 10V 100Hz 0 0 -30deq)

R 10 10ohm

.PROBE

.TRAN 5us 10ms

.END

The Probe feature of PSpice is used to display the instantaneous values of i(7) and pz(f). The running average
and running RMS features of PSpice have been implemented as appropriate. Both features give the correct full-
period values at the end of each period of the source waveform. Figure 1-13 shows the marked values as I, = 2.0 A,
I=2.1213A, and Py =45.0W.

(2.1213 )

(45.0 W)

o AVG(V(1)*I(R)) ¢ V(1)* I(R)
Time

Fig. 1-13

Solved Problems

1.1  Prove that the inductor element of Fig. 1-1(») is a linear element by showing that (/.2) satisfies the
converse of the superposition theorem.

Let i; and i, be two currents that flow through the inductors.  Then by (/.2) the voltages across the
inductor for these currents are, respectively,

UIIL% and ’U2:L— (1)
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Now suppose i = ki + ki, where k| and k, are distinct arbitrary constants. Then by (/.2) and (1),
d . . di di
U:La(klll+k2l2):k|L?tl+k2L7t2:kl’Ul+k21}2 (2)

Since (2) holds for any pair of constants (ki, k,), superposition is satisfied and the element is linear.

IfR =5Q, R, =10Q, VV, =10V, and I, = 3 A in the circuit of Fig. 1-14, find the current i by
using the superposition theorem.

Fig. 1-14

With [, deactivated (open-circuited), KVL and Ohm’s law give the component of i due to V, as

) v, 10
_—— = =0. A
=R TR 5110 667

With V, deactivated (short-circuited), current division determines the component of i due to /:

" Rl I 5

= =——3=1A
R +R ™ 5+10

By superposition, the total current is

i=i"+i"=0667+1=1.667A

In Fig. 1-14, assume all circuit values as in Problem 1.2 except that R, = 0.25/ 2. Determine the
current i using the method of node voltages.

By (1.1), the voltage-current relationship for R, is
v = Roi = (0.251)(i) = 0.25/°
so that i=2/0y (1)
Applying the method of node voltages at a and using (/), we get
Yo = Vs o o —1,=0
R,
Rearrangement and substitution of given values lead to

Vap + 10«/’{)“[) — 25 = 0

Letting x° = v,;, and applying the quadratic formula, we obtain

—10 4+ /(10)> — 4(—-25
(10" — 4 ):2.071

2 or —12.071

The negative root is extraneous, since the resulting value of v, would not satisfy KVL; thus,

v = (2.071)> =4280V  and  i=2x2071 =4.142A
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Notice that, because the resistance R, is a function of current, the circuit is not linear and the superposition
theorem cannot be applied.

1.4  For the circuit of Fig. 1-15, find v, if (a) k=0 and (b) £k =0.01. Do not use network
theorems to simplify the circuit prior to solution.

O ¢ s0e @ ©) a
i +
10093 vnthLZIOOQ
100i 1 1
b
Fig. 1-15

(a) For k =0, the current i can be determined immediately with Ohm’s law:
. 10

Since the output of the controlled current source flows through the parallel combination of two 100-
resistors, we have

(100)(100)

vy = —(1007)(100[1100) = —100 x 0.02 100 + 100

—-100V @))
(b) With k # 0, it is necessary to solve two simultaneous equations with unknowns i and v,,. Around the
left loop, KVL yields
0.01v,, 4 500i = 10 2
With i unknown, (/) becomes
Vgp + 50000 =0 3

Solving (2) and (3) simultaneously by Cramer’s rule leads to

’10 500'
0 5000 50,000
_ =22 v
Yab ZT001 500] | —450
1 5000

1.5  For the circuit of Fig. 1-15, use SPICE methods to solve for v, if (a) kK =0.001 and
(b) k =0.05.

(a) The SPICE netlist code for k = 0.001 follows:

Prb.1_5.CIR

Vs 1 0DC 10V

R1 12 5000hm

E 20(3,0) 0.001 ; Last entry is value of k
F 03Vs 100

R2 3 0 100ohm

RL 3 0 100ohm

.DCVs 10101

.PRINT DC V (3)

.END

Execute <Prbl_5.CIR > and poll the output file to find v,, = V(3) = —101 V.
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(b) Edit <Prbl 5.CIR> to set k=0.05 execute the code, and poll the output file to find
vy = V(3) = =200 V.

1.6  For the circuit of Fig. 1-16, find i; by the method of node voltages if (a¢) « =0.9and (b) « =0.

ai
i
—t c a
AAA —AAA
R=1Q + Ry=1Q + llL
.
P
v, U2§R2719 Vb gR, 10Q
b
Fig. 1-16

(a) With v, and v,, as unknowns and summing currents at node ¢, we obtain

Vy — Uy (%) V) — Ugp .
242 ad =0 1
r/ TRTTR ¢ D

L U —
But = 2
u i R, (®)

Substituting (2) into (/) and rearranging gives

-« + 1 n 1 1 l—« 3)
—— UV = ——
Rl Rz Rg 2 R3 ab R1 K
Now, summation of currents at node a gives

Vap — V2 . Yap
e 4
7 ai + R, 4)

Substituting (2) into (4) and rearranging yields

1 o + 1 + 1 o« )
R R vy &R vabel Vg

Substitution of given values into (3) and (5) and application of Cramer’s rule finally yield

‘ 2.1 0.1vug
—0.1 0.9v 1.9v;
= =5 —().8597v,
vab 21 —1] 221 s

—-0.1 1.1
and by Ohm’s law,

g 0.8597v;
ip = R,- 10 0.08597v, A

(b) With the given values (including « = 0) substituted into (3) and (5), Cramer’s rule is used to find

‘ 3w,

-1 0 Vg

Vgp = T3 -1l = 3= 0.4348v;
-1 1.1
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Then i; is again found with Ohm’s law:

. vy 0.4348v;
= Vab T 043480, A
L=R, 10 s

1.7 If V=10V, V, =15V, R, =4Q, and R, = 6 in the circuit of Fig. 1-17, find the Thévenin
equivalent for the network to the left of terminals «, b.

ab

+ Vub g R3

Fig. 1-17

-V

"

T

S¥ Y

With terminals a, b open-circuited, only loop current 7 flows. Then, by KVL,
V] —IR| = V2 +1R2

- 10— 1
[ Vi=Va 1015

that = =
so tha R +R  4+6

=-05A

The Thévenin equivalent voltage is then
Vip =V =V —IR = 10— (-0.5)(4) = 12V

Deactivating (shorting) the independent voltage sources V; and V), gives the Thévenin impedance to the left
of terminals a, b as
RiR, _ (#(0)

=22 24Q
R +R, 4+6

Zr, = Ry = Ri||Ry =

Vo, and Zypy, are connected as in Fig. 1-4(b) to produce the Thévenin equivalent circuit.

1.8 For the circuit and values of Problem 1.7, find the Norton equivalent for the network to the left of
terminals a, b.

With terminals a, b shorted, the component of current 1, due to V; alone is

, V10
I, =—=—=25A
@R 4
Similarly, the component due to V/, alone is
s Vy 15
Ly, :FzZKZZSA

Then, by superposition,
Iy=1,=1,+1,=25+25=5A
Now, with Ry, as found in Problem 1.7,

1 1
Yy=—=-—=04167A
NT Ry 24

Iy and Yy are connected as in Fig. 1-4(c) to produce the Norton equivalent circuit.
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For the circuit and values of Problems 1.7 and 1.8, find the Thévenin impedance as the ratio of
open-circuit voltage to short-circuit current to illustrate the equivalence of the results.

The open-circuit voltage is ¥, as found in Problem 1.7, and the short-circuit current is Iy from
Problem 1.8. Thus,
Vo 12

= S=24Q
Iv 5

Zpy =
which checks with the result of Problem 1.7.
Thévenin’s and Norton’s theorems are applicable to other than dc steady-state circuits. For the

“frequency-domain” circuit of Fig. 1-18 (where s is frequency), find («) the Thévenin equivalent
and (b) the Norton equivalent of the circuit to the right of terminals a, b.

I (s) l N

a
sL
m sC
Load + +
Vi(s) Va(s)
b

Fig. 1-18

(a) With terminals a, b open-circuited, only loop current /(s) flows; by KVL and Ohm’s law, with all
currents and voltages understood to be functions of s, we have
_ =N
T sL+1/sC

Now KVL gives

SL(Vy— V7)) Vi +$LCY,
m=Va=Vits LA 1sC T PLO+]

With the independent sources deactivated, the Thévenin impedance can be determined as

7 L 1 sL(1/sC) sL
=5 —_—= =
i sC~ sL+1/sC~ $2LC+1

(b) The Norton current can be found as

V) +s*LCV,
Vi 2LC41 Vit+SLCY,
T Zn sL = L
S2LC + 1

Iy

and the Norton admittance as

1 SLC+1

Yyv=—=
N Zom sL

Determine the z parameters for the two-port network of Fig. 1-19.
For I, =0, by Ohm’s law,

i n

le=1036" 16
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Fig. 1-19

Also, at node b, KCL gives

14
I, =030,+1,=13I,=13 1—6‘

Thus, by (1.10),

Vi 16
=— =—=12.308Q
T 13
Further, again by Ohm’s law,
v
1, =—
6
Substitution of (2) into (/) yields
£
L =13—=
! 6
so that, by (1.12),
== =—=4615Q
T 13

Now with I} = 0, applying KCL at node a gives us
L, =1,+03,=1.3],
The application of KVL then leads to

3L

Vi= V2= (1000.30,) = 61, =31, =31, = 13

so that, by (1.11),

v, 3
212 = 7

- =7 —2308Q
Ly 13

Now, substitution of (2) in (3) gives
Vs
L=13[,=13—+=
2 a 6

Hence, from (7.13),

v, 6
=2 = =4615Q
2T Ll 13

1.12  Solve Problem 1.11 using a SPICE method similar to that of Example 1.9.

The SPICE netlist code is

21

()

@)

)



22

CIRCUIT ANALYSIS: PORT POINT OF VIEW [CHAP. 1

Prbl 12.CIR z-parameter evaluation
.PARAM Ilvalue=1mA I2value=0mA
I101AC {Ilvalue}

F 10VBO.3

R1 12 10ohm

VB 2 30V ; Current sense

R2 3 0 6ohm

I202AC {I2value}

.DCI10 1mA ImAI2 ImA O 1ImA ; Nested loop
L.PRINTDC V(1) I(I1) V(2) I(I2)

.END

A nested loop is used in the .DC statement to eliminate the need for two separate executions. As a
consequence, data is generated for /1 = 72 = ImA and /1 = I2 = 0, which is extraneous to the problem.

Execute <Prbl_12.CIR > and poll the output file to obtain data to evaluate the z parameters by use of
(1.10) to (1.13).

AR B (O] _LBLx107 o
I lp=o 1A 14220 1x 1073

Y U] _2308x 107 oo
Lo 1U2)|141=0 1x 1073

=2 Y2 _ABISx 107 s
I =0 1D |1g1)=0 1x 1073

Z”)2:é :LZ) ZM:4.6159

“ Ll 1U2) =0 1x1073

Determine the /1 parameters for the two-port network of Fig. 1-19.

For V, =0, 1, = 0; thus, I, = V,/10 and, by (1.16),

Further, I, = —1; and, by (/.18),

Now, I, = V,/6. With I; =0, KVL yields
1%
V=V, —100.31,) =V, — 10(0.3)?2 =_V,

and, from (/.17),

Finally, applying KCL at node a gives
V.
L=1,+03I,= 1.3?2
so that, by (1.19),

1.
1’[27 = — 273:021678
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1.14 Use (1.8), (1.9), and (1.16) to (1.19) to find the /h parameters in terms of the z parameters.
Setting V, = 0 in (/.9) gives
0=z + 2z or 12=—ZAIl (1)
b))

from which we get

/ L 2
) =+ -
I V=0 Zn
Back substitution of (/) into (/.8) and use of (/.16) give
V z
h11=1—1 =211—Zl,2 -
1 1y,=0 Zn

Now, with I; =0, (/.8) and (/.9) become

Vl = 212]2 and V2 = 222]2
so that, from (1.17),

V
hyy = 7‘ - fﬁ
2lh=0 2
and, from (/.19),
L _b| _ b 1
n =7 = =—
Valn—o  Zznh  zn

1.15 The & parameters of the two-port network of Fig. 1-20 are /;; = 100 2, i}, = 0.0025, h,; = 20,

and /1, = 1mS. Find the voltage-gain ratio V,/V.

1k _h b
‘ +
Two-port B
Vs network V2 Ry =2kQ
1y I
Fig. 1-20

By Ohm’s law, I, = —V,/R;, so that (/.15) may be written

V.
2= L = hy Iy + V)
Ry,

Solving for I; and substitution into (/.14) give

—(1/R; +h
Vi=hyli+hpVs — ~WR. + k) Vohy + hi Vs
21

which can be solved for the voltage gain ratio:

v, 1 1

V= s = (g, o Y1/ Ry, + i)~ 00025 — (100/20)(1/2000 + 0.001) ~ >0
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Determine the Thévenin equivalent voltage and impedance looking right into port 1 of the circuit

of Fig. 1-20.
The Thévenin voltage is ¥ of (1.8) with port 1 open-circuited:
Vi =Vily=o = z212h

Now, by Ohm’s law,

Vy,=—=R. ],
But, with 7; =0, (1.9) reduces to

Vy=zph
Subtracting (2) from (3) leads to

(zn+R)L=0

Since, in general, z,, + R; # 0, we conclude from (4) that I, = 0 and, from (/), V', = 0.
Substituting (2) into (/.8) and (1.9) gives

212
Vi=zul +zi0h = 211 R Vs
L

Z
and Vo =znly + 2l = 231, — 22 V3
Ry

V7 is found by solving for V, and substituting the result into (5):

Z12221
V1221111—7R I
Zn+ Ry

Then Zy, is calculated as the driving-point impedance V,/I;:

Vap _ V1 21221

= = =gy ——==
1y, 1 U zm+ R,

()

®)

G)

4

)

(©)

Find the Thévenin equivalent voltage and impedance looking into port 1 of the circuit of Fig.
1-20 if R; is replaced with a current-controlled voltage source such that V, = BI;, where B is a

constant.
As in Problem 1.16,
Vi = Vily=0o = 20
But if 7; =0, (1.9) and the defining relationship for the controlled source lead to
Vy=BLI=0=znl

from which 7, = 0 and, hence, V7, = 0.

Now we let V; = Vy,, so that I} = I,,, and we determine Zy, as the driving-point impedance.

(1.8), (1.9), and the defining relationship for the controlled source, we have

Vi=Vyp=zulyp+ 2121
Vy = Bly, = 2311, + 22215

Solving (2) for I, and substituting the result into (/) yields

B— 22

Vip = z11dgp + 212 Iy

from which Thévenin impedance is found to be

7 Vap 211220 + 212(B — 221)
m=5=—"""""—

Ly, Zn

From

()
@
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1.18 The periodic current waveform of Fig. 1-21 is composed of segments of a sinusoid. Find («) the
average value of the current and (b) the rms (effective) value of the current.

i, A
[ll’l
4 / ’
/ / /
1 wt
0 a T wta 2w

Fig. 1-21

l 7T
Iy =—
=),

(a) Because i(t) = 0 for 0 < wt < «, the average value of the current is, according to (/.20),
. m T IVH
I, sinwtd(wt) = = [—coswt],,—, = — (1 + cos)
b4 bid
(b) By (1.21) and the identity sin®x = 1(1 — cos 2),

T [2 T
r’=- J I sin’(wr) d(wt) = 22 J
T o

I (1 = cos2wt) d(wt)
I 1. i I 1.
=5 [wt ) sin Zwt]w’:af = (JT —a+ 3 sin 2a>
so that

7 — o+ Lsin 2«
I=1, o

1.19 Assume that the periodic waveform of Fig. 1-22 is a current (rather than a voltage).
(a) the average value of the current and (b) the rms value of the current.

Find
v,V

Fig. 1-22

(a) The integral in (/.20) is simply the area under the f(¢) curve for one period. We can, then, find the
average current as

T T
10=?<4><5+1 xz):Z.SA

(b) Similarly, the integral in (/.21) is no more than the area under the /%(r) curve. Hence,

1(,T T\
I=|=(#Z-+122)| =425A
[r(#5005)] —ea

2
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1.20

1.21

1.22
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Calculate the average and rms values of the current i(f) =4 + 10sinwr A.

Since () has period 2, (1.20) gives

|l _ 1
Iy =— J (4 + 10sin wr) d(wf) = — [4wt — 10cos wf]_y =4 A
21 Jo 2
This result was to be expected, since the average value of a sinusoid over one cycle is zero.
Equation (/.27) and the identity sin® x = %(1 — cos 2x) provide the rms value of i(7):

1 2 1 2
P=— [ (4 + 10sin a)t)2 d(wt) = — j (16 4+ 80 sin wt + 50 — 50 cos 2wt) d(wt)
2 )y 21 )y
1 27
=— [66wt — 80cos wt — 5—0 sin 2wt:| =66
2w 2 10

so that [ = /66 = 8.125A.

Find the rms (or effective) value of a current consisting of the sum of two sinusoidally varying
functions with frequencies whose ratio is an integer.

Without loss of generality, we may write
i(t) = I cos wt + I, cos kwt
where k is an integer. Applying (1.2]) and recalling that cos’x = $(1 4 cos2x) and cosxcosy =

L[cos(x + p) + cos(x — p)], we obtain

1 27
rP=— J (1; cos ot + I, cos kawrt)? d(wt)

2 0
1 (7|1} B
=5 > (1 4 cos2wt) + > (1 4+ cos 2kwt) + I L[cos(k + 1wt + cos(k — Dwt] ¢ d(wt)
T Jo

Performing the indicated integration and evaluating at the limits results in

s
I=\3+75

Find the average value of the power delivered to a one-port network with passive sign convention
(that is, the current is directed from the positive to the negative terminal) if v(¢) = V,,, cos wt and
i(t) = I,,, cos(wt + 6).

The instantaneous power flow into the port is given by

p() = v(0)i(t) = V,,1,, cos wt cos(wt + 0)
=1 V,,1,[cosQwt + 6) + cos 6]
By (1.20),
27

| 14
Py=— J p(dt=-"1, J [coswt + ) + cos 6] d(wt)
21 Jo 4 0

After the integration is performed and its limits evaluated, the result is

Vo, Vin 1
MM 0s 0 =~ M 66050 = VI cos O

2 T A

POZ
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1.23

1.24

1.25

1.26

1.27

1.28

1.29

Supplementary Problems

Prove that the capacitor element of Fig. 1-1(c) is a linear element by showing that it satisfies the converse of
the superposition theorem. (Hint: See Problem 1.1.)

Use the superposition theorem to find the current i in Fig. 1-14if R; = 5Q, R, = 10, V; = 10cos 2t V, and
I, =3cos(3t+ n/4) A. Ans. i =0.667cos2t+ cos(3t+m/4)A

In Fig. 1-23, (a) find the Thévenin equivalent voltage and impedance for the network to the left of
terminals a, b, and (b) use the Thévenin equivalent circuit to determine the current /.
Ans. (@) Vg =Vi— LRy Zp =R + Ry (b)) I =(V1 — LR)/(Ri + Ry + Ry)

At
vYV_ VI + 1 I
1
I R, Ry
b
Fig. 1-23

In the circuit of Fig. 1-18, V; =10cos2tV, V, =20cos2tV,L=1H,C=1F, and the load is a 1-Q
resistor. (a) Determine the Thévenin equivalent for the network to the right of terminals @, b. (b) Use
the Thévenin equivalent to find the load current I;. (Hint: The results of Problem 1.10 can be used here with
s=j2)  Ans. (a) Vg, =23.333/0°V, Zy, = —j0.6672;  (b) I, = 19.4/33.69° A.

In Fig. 1-24, find the Thévenin equivalent for the bridge circuit as seen through the load resistor R;.
Ans. V= Vp(RoRs — RiRy)/(Ry + Ro)(Ry + Re), Zyy, = RiRy/(Ry + R3) + RyRy/(Ry + Ry)

Fig. 1-24

Suppose the bridge circuit in Fig. 1-24 is balanced by letting R; = R, = R; = R4, = R. Find the elements of
the Norton equivalent circuit. Ans. Iy =0,Yy=1/R

Use SPICE methods to determine voltage v, for the circuit of Fig. 1-24if V;, =20V, R; = 10Q, R, = 1%,
R, =2Q, Ry =39, and Ry =4 Q. (Netlist code available at author download site.)
Ans. vy = V(2,3) =1.538V
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1.30

1.31

1.32

1.33

1.34

1.35

1.36
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For the circuit of Fig. 1-25, (a) determine the Thévenin equivalent of the circuit to the left of terminals a, b,

and (b) use the Thévenin equivalent to find the load current i;.
Ans. (a) V=120V, Z7, =20Q; (b)) ip =4A

O] 5Q )
A

+ e

i
+

30V <> 0.25v,, <1> 10Q U $ R,=10Q

© b

Fig. 1-25

Apply SPICE methods to determine load current i; for the circuit of Fig. 1-25if (@) the element values are
as shown and (b) the VCCS has a value of 0.5v,, with all else unchanged. (Netlist code available at author

download site.) Ans. (a) ip =4A; (b) ii =—6A

In the circuit of Fig. 1-26, let R; = R, = R = 1 Q and find the Thévenin equivalent for the circuit to the

right of terminals a, b (a) if ve = 0.5/ and (b) if ve = 0.56.
Ans. (a) VTII = 0, ZT/, = RTh =1.75 Q, (b) VT/, = 0, ZTh = RTh =1.667Q2

a R L _12_.
VA
+ Re
R
v <> + 2

_ Ve

. +

Fig. 1-26

Find the Thévenin equivalent for the network to the left of terminals «, b in Fig. 1-15
(b) if k=0.1. Use the Thévenin equivalent to verify the results of Problem 1.4.
Ans. (a) VT/, = —ZOOV, ZTll = RT/, =100 Q, (b) VTh = -250 V, ZT/] = RT/’[ =125Q

(a) if k = 0, and

Find the Thévenin equivalent for the circuit to the left of terminals a, b in Fig. 1-16, and use it to verify the

results of Problem 1.6. Ans. Vy =31 4aw, Zp =Ry =53 -a)Q

An alternative solution for Problem 1.3 involves finding a Thévenin equivalent circuit which, when con-
nected across the nonlinear R, = 0.25/, allows a quadratic equation in current i to be written via KVL. Find

the elements of the Thévenin circuit and the resulting current.
Ans. V5, =25V, Zp, = Ry, =5Q,i = 4.142A

Use (1.10) to (1.15) to find expressions for the z parameters in terms of the /1 parameters.

Ans. zyy = hy — hahay/hy, 210 = hia /oy, 21 = —hyy [y, 200 = 1/ 1y
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1.37

1.38

1.39

1.40

1.41

1.42

1.43

1.44

1.45

For the two-port network of Fig. 1-20, («) find the voltage-gain ratio ¥,/ in terms of the z parameters,
and then (b) evaluate the ratio, using the /i-parameter values given in Problem 1.15 and the results of
Problem 1.36. Ans. (a) Z21RL/(Z”RL+211222 7212221); (b) — 200

Find the current-gain ratio /,/1; for the two-port network of Fig. 1-20 in terms of the & parameters.
Ans. 1121 /(1 =+ hZZRL)

Find the current-gain ratio I,/I; for the two-port network of Fig. 1-20 in terms of the z parameters.
Ans. — 221/(222 + RL)

Determine the Thévenin equivalent voltage and impedance, in terms of the z parameters, looking right into
port 1 of the two-port network of Fig. 1-20 if R; is replaced with an independent dc voltage source V,
connected such that V2 = Vd' Ans. VT/, =Z1p V({/Zz2, ZTh = (Z|1222 — 212221)/222

Find the Thévenin equivalent voltage and impedance, in terms of the & parameters, looking right into port 1
of the network of Fig. 1-20 if R, is replaced with a voltage-controlled current source such that I, = —a V],
where « > 0 and the / parameters are understood to be positive.

Ans. Vi =0, Zp, = (hyhyy — hiahyy)/(hyy + ahyy)

Determine the driving-point impedance (the input impedance with all independent sources deactivated) of
the tWO-pOrt network of Flg 1-20. Ans. (Z]]RL =+ Z11Z2p — 212221)/(222 =+ RL)

Evaluate the z parameters of the network of Fig. 1-16.
Ans. Z]]:29,212:19,221:0[+1S2,222:2S2

Find the current /; in Fig. 1-3ifa=2,Ri =R, =R;=1Q,V;, =10V, and v, = 10sinwt V.
Ans. —2A

For a one-port network with passive sign convention (see Problem 1.22), v=V,,coswtV and
i=1 +Lcos(wt+6)A. Find (a) the instantaneous power flowing to the network and (b) the average
power to the network.  Ans. (a) V1 coswt + 31V, LlcosQwt + 6) +cos6];  (b) 1V,,I,cos6



Semiconductor Diodes

2.1. INTRODUCTION

Diodes are among the oldest and most widely used of electronic devices. A diode may be defined as
a near-unidirectional conductor whose state of conductivity is determined by the polarity of its terminal
voltage. The subject of this chapter is the semiconductor diode, formed by the metallurgical junction of
p-type and n-type materials. (A p-type material is a group-IV element doped with a small quantity of a
group-V material; n-type material is a group-IV base element doped with a group-III material.)

2.2. THE IDEAL DIODE

The symbol for the common, or rectifier, diode is shown in Fig. 2-1(a). The device has two terminals,
labeled anode (p-type) and cathode (n-type), which makes understandable the choice of diode as its name.
When the terminal voltage is nonnegative (v, > 0), the diode is said to be forward-biased or ““on’’; the
positive current that flows (ip > 0) is called forward current. When vp < 0, the diode is said to be
reverse-biased or “off,” and the corresponding small negative current is referred to as reverse current.

ip D (D) D
Anode s— " N — Cathode

>
Up @ N (ny, ny) B @

(@) (b)

Fig. 2-1

The ideal diode is a perfect two-state device that exhibits zero impedance when forward-biased and
infinite impedance when reverse-biased (Fig. 2-2). Note that since either current or voltage is zero at any
instant, no power is dissipated by an ideal diode. In many circuit applications, diode forward voltage
drops and reverse currents are small compared to other circuit variables; then, sufficiently accurate
results are obtained if the actual diode is modeled as ideal.

The ideal diode analysis procedure is as follows:

Step 1: Assume forward bias, and replace the ideal diode with a short circuit.
Step 2: Evaluate the diode current ij, using any linear circuit-analysis technique.

Step 3: If ip > 0, the diode is actually forward-biased, the analysis is valid, and step 4 is to be omitted.

30
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i
2
Forward-biased
+ vp=0 -
o zero
infinite impedance
impedance in=0
——— D
) — . ® Reverse-biased
Up + vp<0 -
(a) Terminal characteristics (b) Circuit models
Fig. 2-2 Ideal diode

Step 4: If ip < 0, the analysis so far is invalid. Replace the diode with an open circuit, forcing ip = 0,
and solve for the desired circuit quantities using any method of circuit analysis. Voltage vp
must be found to have a negative value.

Example 2.1. Find voltage v; in the circuit of Fig. 2-3(a), where D is an ideal diode.
The analysis is simplified if a Thévenin equivalent is found for the circuit to the left of terminals a, b; the result is
R] RI RS'
=— and Zm =Ry, = R||Rg = ——
U R R, an Th Th 1R R + Ry
vl\jii,x ) D Ry, a ; Ip
+ AT + D N
Vs R, R Sy U R Sy
b b
(@) (b)
RTh a iD D
+ +t vp ~ N
Ut RL vy
b
()
Fig. 2-3
Step 1: After replacing the network to the left of terminals a, b with the Thévenin equivalent, assume forward bias
and replace diode D with a short circuit, as in Fig. 2-3(b).
Step 2: By Ohm’s law,
i = Urp
T Ry + R,
Step 3: 1If vg > 0, then ip > 0 and
. L
vy =ipR;y = ———"
L=RL =g R VT

Step 4:

If vg < 0, then iy, < 0 and the result of step 3 is invalid. Diode D must be replaced by an open circuit as
illustrated in Fig. 2-3(c), and the analysis performed again.  Since now ip =0, v; =ipR; =0. Since
vp = vg < 0, the reverse bias of the diode is verified.

(See Problem 2.4 for an extension of this procedure to a multidiode circuit.)
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2.3. DIODE TERMINAL CHARACTERISTICS

Use of the Fermi-Dirac probability function to predict charge neutralization gives the static (non-
time-varying) equation for diode junction current:

ip=1L"""T-1) A 2.0

where Vi =kT/q, V
vp = diode terminal voltage, V
1, = temperature-dependent saturation current, A
T = absolute temperature of p-n junction, K
k = Boltzmann’s constant (1.38 x 107 J/K)
g = electron charge (1.6 x 107 C)
n = empirical constant, 1 for Ge and 2 for Si

Example 2.2. Find the value of V7 in (2.1) at 20°C.
Recalling that absolute zero is —273°C, we write

kT (1.38 x 1077)(273 + 20)

v
Ty 1.6 x 10719

=2527mV

While (2.7) serves as a useful model of the junction diode insofar as dynamic resistance is concerned, Fig. 2-4
shows it to have regions of inaccuracy:

ip, mA 1
, Calculated from (2.7)
, Measured
!
L/, >
—_— e e — . o _”‘_[0 L/D,V
T+l =1y
Avalanche
region
—ip, HAY
Fig. 24
1. The actual (measured) forward voltage drop is greater than that predicted by (2.7) (due to ohmic resistance
of metal contacts and semiconductor material).
2. The actual reverse current for —V < vp < 0 is greater than predicted (due to leakage current /g along the
surface of the semiconductor material).
3.

The actual reverse current increases to significantly larger values than predicted for vy < — V% (due to a
complex phenomenon called avalanche breakdown).

In commercially available diodes, proper doping (impurity addition) of the base material results in distinct static
terminal characteristics. A comparison of Ge- and Si-base diode characteristics is shown in Fig. 2-5. If
—Vr <vp < —0.1V, both diode types exhibit a near-constant reverse current /. Typically, 1 uA < Iy < 500 nA
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ip, MA h
Ge Sil ~N

I

’ Region of

l r low-resistance

' conduction

Ip=1,+ I (Ge) = 4
/

Ip=1,+ I5(Si) / {
l Y g M N

- 1—_—_

-— Up, A\

7

—ip, MA

Fig. 2-5

for Ge, while 1073 uA < I < 1 uA for Si, for signal-level diodes (forward current ratings of less than 1 A). For a
forward bias, the onset of low-resistance conduction is between 0.2 and 0.3 V for Ge, and between 0.6 and 0.7 V for Si.

For both Si and Ge diodes, the saturation current 7, doubles for an increase in temperature of 10°C; in other
words, the ratio of saturation current at temperature 7, to that at temperature 77 is

@_ (T,—T1)/10
) 2 @2

Example 2.3. Find the percentage increase in the reverse saturation current of a diode if the temperature is
increased from 25°C to 50°C.
By (2.2),

(L) _
(Iu)l

Static terminal characteristics are generally adequate for describing diode operation at low
frequency. However, if high-frequency analysis (above 100 kHz) or switching analysis is to be per-
formed, it may be necessary to account for the small depletion capacitance (typically several picofarads)
associated with a reverse-biased p-n junction; for a forward-biased p-n junction, a somewhat larger
diffusion capacitance (typically several hundred picofarads) that is directly proportional to the forward
current should be included in the model. (See Problem 2.25.)

200-259/10 1009 — 565.7%

2.4. THE DIODE SPICE MODEL

The element specification statement for a diode must explicitly name a model even if the default
model parameters are intended for use. The general form of the diode specification statement is as
follows, where the model name is arbitrarily chosen:

D..-nny, model name

Node #n; is the anode and node #, is the cathode of the diode. Positive current and voltage directions are
clarified by Fig. 2-1(b).

In addition, the .MODEL control statement must be added to the netlist code even if the default
parameters are acceptable. This control statement is

.MODEL model name D (parameters)



34 SEMICONDUCTOR DIODES [CHAP. 2

If the parameters field is left blank, default values are assigned. Otherwise, the parameters field contains
the number of desired specifications in the format parameter name = value. Specific parameters that are
of concern in this book are documented by Table 2-1.

Table 2-1
Parameter Description Reference Default | Units
Is saturation current I, of (2.1) Ix107" A
n emission coefficient n of (2.1) 1
BV reverse breakdown voltage | Vy of Fig. 2-4 | oo v
IBV reverse breakdown current | I of Fig. 2-4 1x1071°
Rs ohmic resistance Section 2.3 0 Q

Example 2.4. The circuit of Fig. 2-6(«) can be used to determine the static characteristic of diode D provided that
the ramp of source v, spans sufficient time so that any dynamic effects are negligible. Let source v, ramp from —5V
to 5V over a span of 2s. Use SPICE methods to plot the silicon diode static characteristic (@) if the diode is
nonideal with a voltage rating of V' =4V and (b) if the diode is ideal.

3.OmAT ----------------- 3.0 mAT ———————————————————

1(0.52 V,2.2 mA) 1 {679 uv,2.5 mA)
I

1 ]
1 ]
I 1 t
[} ] 1 1
~ i : X :
! D 2.0 mA

PESC e |
1
+up - ! Nonideal | ! i Ideal '
N i | ‘ i
C@ ‘ : ‘ ‘
vg R:2kQ§ 1 1 ' _ - '
1 i [ 1
0 a4 1 0Ad ?
y | ‘ (
° ! | ; :
(@) 1. 0mA$-mm-mmmmmmmmm oo I “1.0mAH--—---mmmmmm oo - i
-5.0V 1.0V -5.0V 1.0V

a I(D) a I(D)

V{l)-v{(2) V(1) -V {(2)
(b) (o)

Fig. 2-6

(a) The SPICE netlist code below describes the nonideal diode for a typical saturation current /, = 15 uA. An
emission coefficient n = 4 > 2 has been used to yield a typical forward voltage drop for a silicon diode.

Ex2_4.CIR-Diode static characteristic
vs 1 0 PWL (Os -5V 2s 5V)

D 12 DMOD

R 2 0 2kohms

.MODEL DMOD D (n=4 Is=15uA BV=4) ; Nonideal
* _MODEL DMOD D(n=0.0001) ; Ideal

.TRAN . lus 2s

.PROBE

.END
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After executing <Ex2 4.CIR>, I(D) is plotted with the x-axis variable changed from time to
vp = V(1) = V(2) = V(1, 2) giving the static diode characteristic of Fig. 2-6(b).

(b) Edit <Ex2_4.CIR > to move the asterisk preceding the second .MODEL statement to the first MODEL
statement, thereby preparing for the ideal diode analysis. Setting the emission coefficient parameter (1) to a small
value ensures a negligibly small forward voltage drop. Execute <Ex2_5.CIR > and plot the result as in part (a) to
give the static characteristic of Fig. 2-6(¢). Inspection of the marked points on the curve shows that the diode is
approaching the ideal case of negligible reverse current and negligible forward voltage drop.

2.5. GRAPHICAL ANALYSIS

A graphical solution necessarily assumes that the diode is resistive and therefore instantaneously
characterized by its static ip-versus-vy curve. The balance of the network under study must be linear so
that a Thévenin equivalent exists for it (Fig. 2-7). Then the two simultaneous equations to be solved
graphically for ip and vy are the diode characteristic

ip = fi(vp) (2.3
and the load line
. 1 Urh
ip=fr(vp) = ——vp+ 24
b =hn) =~ vp + " @4
ip, MA

v, /Ry,

44 Diode characteristic
e 34
Ip
R .
T Thévenin + 2T
+ equivalent vp ! Load line
of balance 14 ’

h

v of network - !

0.75

Fig. 2-7 Fig. 2-8

Example 2.5. In the circuit of Fig. 2-3(a), v, = 6 Vand Ry = Ry = R; = 500 Q. Determine i, and vy graphically,
using the diode characteristic in Fig. 2-8.
The circuit may be reduced to that of Fig. 2-7, with

R, 500
= vg = 6=3V
U= R T Ry S T 500 + 500
B ~(500)(500) -
and RT/I _Rl||RS+RL —m+500—7509

Then, with these values the load line (2.4) must be superimposed on the diode characteristic, as in Fig. 2-8. The
desired solution, i, = 3mA and v, = 0.75V, is given by the point of intersection of the two plots.

Example 2.6. If all sources in the original linear portion of a network vary with time, then vy, is also a time-
varying source. In reduced form [Fig. 2-9(a)], one such network has a Thévenin voltage that is a triangular wave
with a 2-V peak. Find i, and vp for this network.
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Ry, =50Q

Urn
(a)
A ip, mA ip, mA A
40 Diode characteristic
430 30

Dynamic load line
forvpy, =2V

vp, V

vy, V

—_ o - ——_—

(b)
Fig. 2-9

In this case there is no unique value of i, that satisfies the simultaneous equations (2.3) and (2.4); rather, there
exists a value of i corresponding to each value that vy, takes on. An acceptable solution for ip may be found by
considering a finite number of values of vy;,. Since vy, is repetitive, ip will be repetitive (with the same period), so
only one cycle need be considered.

As in Fig. 2-9(b), we begin by laying out a scaled plot of v, versus time, with the vy, axis parallel to the vy axis
of the diode characteristic. We then select a point on the v, plot, such as v, = 0.5V at t = ¢;. Considering time to
be stopped at 1 = ¢;, we construct a load line for this value on the diode characteristic plot; it intersects the v, axis at
vy, = 0.5V, and the ip axis at vg,/Ry, = 0.5/50 = 10mA. We determine the value of ip at which this load line
intersects the characteristic, and plot the point (¢, ip) on a time-versus-ip, coordinate system constructed to the left
of the diode characteristic curve. We then let time progress to some new value, ¢ = ¢,, and repeat the entire process.
And we continue until one cycle of vy, is completed. Since the load line is continually changing, it is referred to as a
dynamic load line. The solution, a plot of ip, differs drastically in form from the plot of vz, because of the
nonlinearity of the diode.



CHAP. 2] SEMICONDUCTOR DIODES 37

Example 2.7. If both dc and time-varying sources are present in the original linear portion of a network, then vy,
is a series combination of a dc and a time-varying source. Suppose that the Thévenin source for a particular
network combines a 0.7-V battery and a 0.1-V-peak sinusoidal source, as in Fig. 2-10(«¢). Find i, and vp for the
network.

We lay out a scaled plot of vy, with the vy, axis parallel to the vy axis of the diode characteristic curve. We
then consider vy, the ac component of vy, to be momentarily at zero (¢ = 0), and we plot a load line for this instant

in=ig+Ipg
—
Ry, =10Q
+ +
V=07V "
A AT
" _
Uty
vy, = 0.1 sinwt (V)

ip, MA A ip, mA {

Diode characteristic

0 point

DC load line

Dynamic load line

. 1 g el R
t V[I)Q 0.5 i [ | 1.0 v V
R
0 06 07 08 vy V
| T >
| |
P
!
(|
0.7 ») 0.1
N
(b)

Fig. 2-10
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on the diode characteristic. This particular load line is called the dc load line, and its intersection with the diode
characteristic curve is called the quiescent point or Q point. The values of i and v at the Q point are labeled Ipg
and Vpg, respectively, in Fig. 2-10(b).

In general, a number of dynamic load lines are needed to complete the analysis of ij, over a cycle of vy,
However, for the network under study, only dynamic load lines for the maximum and minimum values of vy, are
required. The reason is that the diode characteristic is almost a straight line near the Q point [from « to b in Fig.
2-10(b)], so that negligible distortion of i,, the ac component of ip, will occur. Thus, i; will be of the same form as
vpy, (i.e., sinusoidal), and it can easily be sketched once the extremes of variation have been determined. The
solution for iy is thus

iD:[DQ+id:IDQ+Ideil'l(l)[:36+8Sinwl mA

where I, is the amplitude of the sinusoidal term.

2.6. EQUIVALENT-CIRCUIT ANALYSIS
Piecewise-Linear Techniques

In piecewise-linear analysis, the diode characteristic curve is approximated with straight-line
segments. Here we shall use only the three approximations shown in Fig. 2-11, in which combinations
of ideal diodes, resistors, and batteries replace the actual diode. The simplest model, in Fig. 2-11(a),
treats the actual diode as an infinite resistance for vy < Vp, and as an ideal battery if vp tends to be
greater than V5. V7 is usually selected as 0.6 to 0.7V for a Si diode and 0.2 to 0.3V for a Ge diode.

If greater accuracy in the range of forward conduction is dictated by the application, a resistor Ry is
introduced, as in Fig. 2-11(b). If the diode reverse current (ip < 0) cannot be neglected, the additional
refinement (Ry plus an ideal diode) of Fig. 2-11(c) is introduced.

Small-Signal Techniques

Small-signal analysis can be applied to the diode circuit of Fig. 2-10 if the amplitude of the ac signal
vy, 18 small enough so that the curvature of the diode characteristic over the range of operation (from b
to a) may be neglected. Then the diode voltage and current may each be written as the sum of a dc
signal and an undistorted ac signal. Furthermore, the ratio of the diode ac voltage v, to the diode ac
current i; will be constant and equal to

U_d _ 2Vdm _ UD'a — UDIb _ A/UD

id 2[(l'm iD|a - iD|b AlD

_dvp

= — =Ty (25)
0 dlD 0

where r; is known as the dynamic resistance of the diode. It follows (from a linear circuit argument) that
the ac signal components may be determined by analysis of the “small-signal” circuit of Fig. 2-12; if the
frequency of the ac signal is large, a capacitor can be placed in parallel with r; to model the depletion or
diffusion capacitance as discussed in Section 2.3. The dc or quiescent signal components must generally

be determined by graphical methods since, overall, the diode characteristic is nonlinear.

Example 2.8. For the circuit of Fig. 2-10, determine ip.
The Q-point current Iy has been determined as 36 mA (see Example 2.7). The dynamic resistance of the diode
at the Q point can be evaluated graphically:
_Avp  037-033

y= b DTS 55
"= Nipy T 0.044 — 0.028

Now the small-signal circuit of Fig. 2.12 can be analyzed to find i;:

vy, _ 0.dsinwt

[ = = = 0.008 si t A
iy Ry 47y 10+25 0.008 sin w

The total diode current is obtained by superposition and checks well with that found in Example 2.7:

iDZIDQ+id:36+SSinwt mA
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Example 2.9. For the circuit of Fig. 2-10, determine ip, if @ = 10® rad/s and the diffusion capacitance is known to
be 5000 pF.
From Example 2.8, r, =2.5Q. The diffusion capacitance C, acts in parallel with r, to give the following
equivalent impedance for the diode, as seen by the ac signal:
Zd:r,njx;:rdu(—ji>: = 25
@ wCy 1+ jwCyry 14 j(10%)(5000 x 10712)(2.5)
=1.56|—51.34° = 0.974 — j1.218

In the frequency domain, the small-signal circuit (Fig. 2-12) yields

- Vn 0.1]=90° o 011=%" .
lo= Ry +Z; 1040974 —j1.218 ~ 11.041|=6.33° S

In the time domain, with Ip, as found in Example 2.7, we have

ip = Ipg +ig = 36 +9.1cos (10% — 83.67°) mA

2.7. RECTIFIER APPLICATIONS

Rectifier circuits are two-port networks that capitalize on the nearly one-way conduction of the
diode: An ac voltage is impressed upon the input port, and a dc voltage appears at the output port.

The simplest rectifier circuit (Fig. 2-13) contains a single diode. It is commonly called a half~-wave
rectifier because the diode conducts over either the positive or the negative halves of the input-voltage
waveform.

Rectifier
r= -
Ry i . | D !
+ | I ' I -
| Up | +
v Input I [ Output RSy
port I [ port
N | |
I
Fig. 2-13

Example 2.10. In Fig. 2-13, vg = V,, sinwt and the diode is ideal. Calculate the average value of v;.
Only one cycle of vy need be considered. For the positive half-cycle, ip > 0 and, by voltage division,

Ry

=——=— (V,sinwt) = Vy,,sinwt
RL+RS(mlw) Lm SN @

v

For the negative half-cycle, the diode is reverse-biased, i, = 0, and v; = 0. Hence,

P

1 (> 1 v
Vip=— J vy (f) d(of) = — J Vo sin ot d(wf) = —22
21 Jo 21 ) b4

Although the half-wave rectifier gives a dc output, current flows through R; only half the time, and the average
value of the output voltage is only 1/7 = 0.318 times the peak value of the sinusoidal input voltage. The output
voltage can be improved by use of a full-wave rectifier (see Problems 2.28 and 2.50).

When rectifiers are used as dc power supplies, it is desirable that the average value of the output voltage remain
nearly constant as the load varies. The degree of constancy is measured as the voltage regulation,

_ (no-load V) — (full-load V)

Reg full-load 7,

(2.6)

which is usually expressed as a percentage. Note that 0 percent regulation implies a constant output voltage.
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Example 2.11. Find the voltage regulation of the half-wave rectifier of Fig. 2-13.
From Example 2.10, we know that
VLm RL
Full-load Vi = =—1,
oA P = = TR, A R
Realizing that R; — oo for no load, we may write
. RL Vm
No-load VLO = R}llinoo m I/m = 7
Thus, the voltage regulation is
Vim _ Ry 1%
7 a(R,+Rs) ™ Rs 100Rg
Reg = e 0
eg R, R, R, %o
(R, + Rs) "

41

(2.7)

Example 2.12. The half-wave rectifier circuit of Fig. 2-14(a) forms a battery charger where the battery terminal

voltage (v,) appears across the battery ideal voltage (}'3) and the battery internal resistance (Rp).
Use SPICE methods to determine the

15-V, 200-Hz trapezoidal waveform with equal rise and fall times of 0.5 ms.

The source is a

average value of the voltage appearing at the battery terminals (V) and the average value of current (/) supplied to

the battery.

(@)

-0.0Aa
0s

o AVG(I(RB))

Fig. 2-14

The netlist code that follows describes the circuit.

o AVG(V(2))

o V(2)

(12.87 V)

5.0 ms

o I(RB)
Time

®)

Ex2_12.CIR - Half-wave rectifier

D 12 DMOD

RB 2 30.50hm

VB 3012V

.MODEL DMOD D() ; Default diode
.TRAN lus 5ms

.PROBE

.END

vs 1 0 PULSE ( =15V 15V -0.25ms 0.5ms 0.5ms 2ms 5ms )
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After execution of <Ex2_12.CIR >, the Probe feature of PSpice is used to plot the instantaneous values of vy, vy,
and / on the common time-axis of Fig. 2-14(b) for reference. The Running Average feature of PSpice (gives the
correct full-period average value at the end of each waveform period) is invoked to find V,, = 12.87V and
Iy = 1.7383 A, as marked on Fig. 2-14(b).

2.8.  WAVEFORM FILTERING

The output of a rectifier alone does not usually suffice as a power supply, due to its variation in time.
The situation is improved by placing a filter between the rectifier and the load. The filter acts to
suppress the harmonics from the rectified waveform and to preserve the dc component. A measure
of goodness for rectified waveforms, both filtered and unfiltered, is the ripple factor,

__maximum variation in output voltage Aw,
r = =7

(2.8)

average value of output voltage ¥
A small value, say F, < 0.05, is usually attainable and practical.

Example 2.13. Calculate the ripple factor for the half-wave rectifier of Example 2.10 (a) without a filter and (b)
with a shunt capacitor filter as in Fig. 2-15(a).

v Actual v

Approximate v,
S .
Ve b= .
N - _[J\\ Av,
\ e !

\ Unfiltered v /
vg C R, L vy \ /

- T T \\ 1/ .

| —
I~ r >
(b)
Fig. 2-15

(a) For the circuit of Example 2.10,

AUL VLm

=——=—"—-=n~3.14
Vio  Vim/7

(b) The capacitor in Fig. 2-15(a) stores energy while the diode allows current to flow, and delivers energy to the
load when current flow is blocked. The actual load voltage v; that results with the filter inserted is sketched in
Fig. 2-15(b), for which we assume that vg = Vg, sinwt and D is an ideal diode. For 0 < ¢ < #;, D is forward-
biased and capacitor C charges to the value V,,. For ¢ <t <1, vy is less than v;, reverse-biasing D and
causing it to act as an open circuit. During this interval the capacitor is discharging through the load R;,
giving

vy = Vg,e TRE (1 <1< 1) 2.9)

Over the interval 1, < t < 1, + 6, vg forward-biases diode D and again charges the capacitor to V,. Then vg
falls below the value of v; and another discharge cycle identical to the first occurs.

Obviously, if the time constant R; C is large enough compared to T to result in a decay like that indicated
in Fig. 2-15(b), a major reduction in Av; and a major increase in V', will have been achieved, relative to the
unfiltered rectifier. The introduction of two quite reasonable approximations leads to simple formulas for Av;
and V', and hence for F,, that are sufficiently accurate for design and analysis work:
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1. If Avy is to be small, then § — 0 in Fig. 2-15(b) and t, — t; = T.
2. If Avy is small enough, then (2.9) can be represented over the interval ¢; < ¢ < t, by a straight line with a
slope of magnitude V,,/R; C.

The dashed line labeled “Approximate v;” in Fig. 2-15(b) implements these two approximations. From right
triangle abc,

AUL VS‘m VS'm

it Av; = —

7 RrC L= R, C

where /" is the frequency of vg. Since, under this approximation,

— 1
VLO - VSm ) A’UL

and R;C/T = fR; C is presumed large,
AUL 2 1

F=——=— ~ ——
" Vi 2R C—1 fR.C

(2.10)

Example 2.14. The half-wave rectifier of Fig. 2-16(«) is similar to that of Fig. 2-15 except an inductor that acts to
reduce harmonics has been added. If source v, is a 120-V (rms) sinusoidal source, use SPICE methods to determine
the ripple factor F,.

@—i»'D@ ©)

L=8mH

u5<~> C=7000uF == v, R, =100Q

(@)

(137.725 v

137v

(136.60 V)
136 VA ---mmmmm o - qmmmmmmmm e To—mmmm e |
0s 20 ms 40 ms 60 ms
o V(3) o AVG(V(3))
Time
@]

Fig. 2-16
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A set of netlist code for analysis of the circuit is shown below where an initial condition voltage (IC = 137V)
has been placed on the capacitor to eliminate transient conditions.

Ex2_14.CIR-HWrectifier withL-C filter
vs 10 SIN ( OV {sqrt(2) *120V} 60Hz)

D 12 DMOD

L 2 38mH

C 30 700uF IC=137V ; Set initial condition
RL 3 0 100ohm

.MODEL DMOD D() ; Default diode

.TRAN lus 50ms UIC

.PROBE

.END

Execution of <Ex2_14.CIR > and use of the Probe feature of PSpice leads to the plot of output voltage
vy = V(3), shown by Fig. 2-16(h). The maximum and minimum values have been marked. Hence, the ripple
voltage is

Avp =138.93 — 136.60 = 2.33V

The running average of Fig. 2-16(b) has the full-period average value of v; marked at the end of three source cycles
giving Vo = 137.725V. By (2.8),

Ay, 233

=20 _ =0.017
TV,  137.725

2.9. CLIPPING AND CLAMPING OPERATIONS

Diode clipping circuits separate an input signal at a particular dc level and pass to the output,
without distortion, the desired upper or lower portion of the original waveform. They are used to
eliminate amplitude noise or to fabricate new waveforms from an existing signal.

Example 2.15. Figure 2-17(a) shows a positive clipping circuit, which removes any portion of the input signal v;
that is greater than V;, and passes as the output signal v, any portion of v; that is less than V;,. As you can see, vp is
negative when v; < V), causing the ideal diode to act as an open circuit. With no path for current to flow through
R, the value of v; appears at the output terminals as v,. However, when v; >V, the diode conducts, acting as a
short circuit and forcing v, = V},. Figure 2-17(b), the transfer graph or transfer characteristic for the circuit, shows
the relationship between the input voltage, here taken as v; = 2V, sin wt, and the output voltage.

Clamping is a process of setting the positive or negative peaks of an input ac waveform to a specific
dc level, regardless of any variation in those peaks.

Example 2.16. An ideal clamping circuit is shown in Fig. 2-18(b), and a triangular ac input waveform in Fig.
2-18(a). If the capacitor C is initially uncharged and V/;, = 0, the ideal diode D is forward-biased for 0 <t < T'/4,
and it acts as a short circuit while the capacitor charges to ve = V,,. At = T/4, D open-circuits, breaking the only
possible discharge path for the capacitor. Thus, the value ve = V), is preserved; since v; can never exceed V,, D
remains reverse-biased for all ¢ > T'/4, giving v, = vp = v; — V),. The function v, is sketched in Fig. 2-18(c); all

positive peaks are clamped at zero, and the average value is shifted from 0 to —V,.

Example 2.17. For the clamping circuit of Fig. 2-18(b), let v; = 10sin(200077) V, V=5V, and C = 10 uF.
Assume an ideal diode and use SPICE methods to determine output voltage v,.

The netlist code describing the circuit is shown below. Since the capacitor will charge so that v = V=5V,
this value is set as an initial condition (IC = 5V) to circumvent the transient response.
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Fig. 2-17
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N (;)I)_ - 27,
(a) (b) ()
Fig. 2-18

Ex2_17.CIR - Clamping circuit
vi 10 SIN ( OV 10V 1kHz )

C 12 10uF IC=5V; Set initial condition

D 2 3 DMOD

VB 305V

.MODEL DMOD D(n=0.0001) ; Ideal diode
.TRAN lus 2ms UIC

.PROBE

.END

Execute <Ex2_17.CIR > and use the Probe feature of PSpice to plot the resulting output voltage v, = V(2) as
shown by Fig. 2-19(a) where it is seen that the output voltage is simply v; clamped so that the maximum value is

equal to Vz =5V.
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o V(2) o V(3)
Time

(a)

Fig. 2-19

Example 2.18. The positive clamping circuit of Fig. 2-18(h) can be changed to a negative clamping circuit by
inverting battery V3. Make this change (V3 = —5V) and use SPICE methods to determine the output voltage v, for
the circuit if v; and C have the values of Example 2.17.

The netlist code of Example 2.17 can be modified to describe the reversal of V'3 by simply assigning a value of
—5V (VB30 —5V) or by reversing the order of the node listing (VB 0 3 5V). Since the capacitor will charge so that
ve = 15V, set IC = 15V to yield an immediate steady-state solution.

Execution of the modified netlist code (available at the author website as < Ex2_18.CIR >) and use of the Probe
feature of PSpice leads to the plot of Fig. 2-19(b) where it is seen that the output voltage v, = V(2) is v; clamped to
the maximum value of Vg = —5V.

2.10. THE ZENER DIODE

The Zener diode or reference diode, whose symbol is shown in Fig. 2-20(a), finds primary usage as a
voltage regulator or reference. The forward conduction characteristic of a Zener diode is much the same
as that of a rectifier diode; however, it usually operates with a reverse bias, for which its characteristic is
radically different. Note, in Fig. 2-20(), that:

V
v, Z )
" g vz
—————— 0.1,

(@) 1

Fig. 2-20
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1. The reverse voltage breakdown is rather sharp. The breakdown voltage can be controlled
through the manufacturing process so it has a reasonably predictable value.

2. When a Zener diode is in reverse breakdown, its voltage remains extremely close to the break-
down value while the current varies from rated current (/) to 10 percent or less of rated current.

A Zener regulator should be designed so that iy > 0.1/, to ensure the constancy of v.

Example 2.19. Find the voltage v, across the Zener diode of Fig. 2-20(a) if i, = 10 mA and it is known that
V, =56V, I, =25mA, and R, = 10Q.
Since 0.17, < i, < I,, operation is along the safe and predictable region of Zener operation. Consequently,

vy~ Vy+izR; =56+ (10 x 1073)(10) = 5.7V

R is frequently neglected in the design of Zener regulators. Problem 2.31 illustrates the design
technique.

Example 2.20. Back-to-back Zener diodes, as shown between 3,0 of Fig. 2-21(a), are frequently used to clip or
remove voltage spikes. SPICE-based analysis programs generally do not offer a specific model for the Zener diode,
but rather the model is implemented by model parameter specification of the reverse breakdown voltage (BV) and
the associated reverse breakdown current (IBV). For the circuit of Fig. 2-21(a), let v, = 10 sin(200077) V and source
v, model a disturbance that results in a 10V spike appearing at the positive crest of v,. Set values for the reverse
breakdown voltage of the Zener diodes and assess the effectiveness of the circuit in clipping the disturbance spike.

@ r=12 (3

AAA% ;
+ +
Up Z,
RO @ v, IR =500
"
Vg Zg
©

(@)

Zener current

Fig. 2-21
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The netlist code describing the circuit follows:

Ex2_20.CIR - Zener diode spike clipper
.PARAM f=1kHz T={1/f}

vs 10 SIN ( OV 10V {f} )

* Set 10V spike at positive peak of vs
vp 2 1 PULSE ( OV 10V {T/4} {T/100} {T/100} lus {T} )
R 23 lohm

D1 4 3 DMOD ; Zener diode Z1

D2 4 O DMOD ; Zener diode Z2

RL 3 0 500hm

.MODEL DMOD D( BV=9.3V IBV=1A)

.TRAN 1 us 2ms

.PROBE

.END

The final values of BV and IBV shown in the code were determined by trial and error to give acceptable results,
knowing that severe avalanche is approximately 1 V beyond the value of BV. Parameter IBV strongly influences the
slope of the diode characteristic in the avalanche region.

The plot of Fig. 2-21(b) shows both the voltage (v, + v,) impressed on the circuit and the resulting Zener current

as the spike is clipped. Examination of the output voltage v; shows that the spike is clipped so that only a 0.42V
remnant of the original 10V spike appears across the load resistor R;.

2.1

2.2

2.3

Solved Problems

At a junction temperature of 25°C, over what range of forward voltage drop vp can (2.7) be
approximated as ip ~ Ioe"’)/ T with less than 1 percent error for a Ge diode?

From (2.1) with n = 1, the error will be less than 1 percent if ¢”»/'7 > 101. In that range,

kT (1.38 x 1072)(25 +273)
’UD>VTII1101=71I1101= 16x10-1

4.6151 =0.1186V

A Ge diode described by (2.1) is operated at a junction temperature of 27°C. For a forward
current of 10 mA, vp is found to be 0.3 V. (a) If vp = 0.4V, find the forward current. (b) Find
the reverse saturation current.

(a) We form the ratio

ipy Iu(ezrpz/l/r -1 O4/002587 _

il L™/ —1) = 03/0.02587 _ | =47.73
Then ipy = (47.73)(10mA) = 477.3 mA
(b) By (2.D),
[ o 10 x 1073

oo /Vr — 1 QN3/0038T _ ] 91nA

For the circuit of Fig. 2-22(a), sketch the waveforms of v; and v if the source voltage vg is as
given in Fig. 2-22(b). The diode is ideal, and R; = 100 €2.
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v

(b)

Fig. 2-22

If vg > 0, D conducts, so that v, =0 and

R; 100
= Ve =
R, +Rg ° 100+ 10
If vg < 0, D blocks, so that vp = vg and v; =0.

v

24

and vg is a 10-V square wave of period 1 ms.

R, ip)
<22
’ Dy
— 1,

K

@ RL

(®)

Fig. 2-23

Vg = 0909’[)5

Sketches of vp and v; are shown in Fig. 2-22(c).

Extend the ideal diode analysis procedure of Section 2.2 to the case of multiple diodes by solving
for the current i; in the circuit of Fig. 2-23(a). Assume D; and D, are ideal.

R2 == RL == 1009,

R, Im

<2
l D,

©

—

- D
ip !

Ry

(c)
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Step 1: Assume both diodes are forward-biased, and replace each with a short circuit as shown in Fig.

2-23(b).
Step 2: Since D, is “on,” or in the zero-impedance state, current division requires that
0
Iy = ————— ] = 1
TR0 &
Hence, by Ohm’s law,
. . Us
= == 2
173 Ip| RL ( )

Step 3:  Observe that when vg = 10 > 0, we have, by (2), ip; = 10/100 = 0.1 A > 0. Also, by (1), ip, = 0.
Thus all diode currents are greater than or equal to zero, and the analysis is valid. However, when
vg = —10 < 0, we have, by (2), ip; = —10/100 = —0.1 A < 0, and the analysis is no longer valid.

Step 4: Replace D with an open circuit as illustrated in Fig. 2-23(¢). Now obviously ip; = 0 and, by
Ohm’s law,

Vs —-10

[ = —ipy = = = —0.05A
=i = R S0+ 100 - 00

Further, voltage division requires that
Ry
Up1 = —R2 TR, Us
so that vp; < 0 if vg < 0, verifying that Dy is actually reverse-biased. Note that if D, had been

replaced with an open circuit, we would have found that vy, = —vg =10V > 0, so D, would not
actually have been reverse-biased.

In the circuit of Fig. 2-24, D; and D, are ideal diodes. Find ip; and ip,.

D, ip1 B ) D,
Upy Up2
500 Q
+ +
V=5V == = 7,=3V
- isT il
+
T_ Vg=5V
b
Fig. 2-24
Because of the polarities of D; and D,, it is necessary that ig > 0. Thus, v, < Vg=V;. But

vp1 = Vg — V7; therefore, vp < 0 and so ip; = 0, regardless of conditions in the right-hand loop. It follows
that ip, = is. Now using the analysis procedure of Section 2.2, we assume D, is forward-biased and replace

it with a short circuit. By KVL,
V=V, 5-3
=852 277 AmA
02 =500 500 ™

Since ipy > 0, D, is in fact forward-biased and the analysis is valid.

The logic OR gate can be utilized to fabricate composite waveforms. Sketch the output v, of the
gate of Fig. 2-25(a) if the three signals of Fig. 2-25(b) are impressed on the input terminals.
Assume that diodes are ideal.

For this circuit, KVL gives

Uy — U2 =Up1 — Up2 Uy — U3 = Up| — Up3
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Fig. 2-25

i.e., the diode voltages have the same ordering as the input voltages. Suppose that v is positive and exceeds
vy and v3. Then D; must be forward-biased, with vp; = 0 and, consequently, v, < 0 and vp; < 0. Hence,

D, and D; block, while v; is passed as v,.
positive input signal is passed as v,, while the remainder of the input signals are blocked.

This is so in general: The logic of the OR gate is that the largest

If all input signals

are negative, v, = 0. Application of this logic gives the sketch of v, in Fig. 2-25(c).

The diode in the circuit of Fig. 2-26(a) has the nonlinear terminal characteristic of Fig. 2-26(b).
Find ip and vp analytically, given vg = 0.1coswtV and V), =2 V.

2.7
100 Q B
N AN\
inl
Vs
- 1OOQ§
i

(@)

Up
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The Thévenin equivalent circuit for the network to the left of terminals a, b in Fig. 2-26(a) has

100
Vi = 200 (2+40.1coswt) =1+0.05coswt V

(100
200

The diode can be modeled as in Fig. 2-11(b), with V' = 0.5V and

0.7—-0.5
0.004

Together, the Thévenin equivalent circuit and the diode model form the circuit in Fig. 2-26(c). Now by
Ohm’s law,

Ro =500

Ry = =50Q

_ Vp—=Vr _(1+0.05coswf) — 0.5
"Ry +Rp 50 + 50
vp = Vi + Rpip = 0.5 4 50(0.005 + 0.0005 cos wf) = 0.75 +0.025coswt V.

=540.5coswt mA

Ip

2.8  Solve Problem 2.7 graphically for ip.

The Thévenin equivalent circuit has already been determined in Problem 2.7. By (2.4), the dc load line
is given by

. Vo vp 1 v

lD:R—m—R—m:%—%:20—2OUD mA (])
In Fig. 2-27, (1) has been superimposed on the diode characteristic, replotted from Fig. 2-26(h). As in
Example 2.7, equivalent time scales for vy, and ij are laid out adjacent to the characteristic curve. Since the
diode characteristic is linear about the Q point over the range of operation, only dynamic load lines
corresponding to the maximum and minimum of vy, need be drawn. Once these two dynamic load lines
are constructed parallel to the dc load line, ip can be sketched.

2.9  Use the small-signal technique of Section 2.6 to find i;, and vp in Problem 2.7.

The Thévenin equivalent circuit of Problem 2.7 is valid here. Moreover, the intersection of the dc load
line and the diode characteristic in Fig. 2-27 gives Ipp = SmA and Vpy = 0.75V. The dynamic resistance
is, then, by (2.5),

o AUD 7 0.7-0.5

2% _ 2T 500
A~ 0004 "0

raq

We now have all the values needed for analysis using the small-signal circuit of Fig. 2-12. By Ohm’s law,
. [ 0.05 cos wt
T Ry 4ra 50450
vy = rqig = 50(0.0005 cos wt) = 0.025coswt 'V
ip=1Ipg+i;=5+05coswt mA
vp = Vpo +v4 =0.75+0.025coswt 'V

=0.5coswt mA

2.10 A voltage source, vg = 0.4+ 0.2sinwt V, is placed directly across a diode characterized by Fig.
2-26(b). The source has no internal impedance and is of proper polarity to forward-bias the
diode. (a) Sketch the resulting diode current ip. (b) Determine the value of the quiescent
current Ipg.

(a) A scaled plot of vg has been laid out adjacent to the vy, axis of the diode characteristic in Fig. 2-28.
With zero resistance between the ideal voltage source and the diode, the dc load line has infinite slope
and vy =wvg. Thus, ip is found by a point-by-point projection of vg onto the diode characteristic,
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followed by reflection through the i, axis. Notice that i} is extremely distorted, bearing little resem-
blance to vg.

(b) Quiescent conditions obtain when the ac signal is zero. In this case, when vg = 0.4V, ip = Ipy =0.

2.11 In the circuit of Fig. 2-3(«a), assume Rg = R; =200, R; = 50k, and vg = 400sinwt V. The
diode is ideal, with reverse saturation current /, = 2 uA and a peak inverse voltage (PIV) rating
of VR =100V. (a) Will the diode fail in avalanche breakdown? (b) If the diode will fail, is
there a value of R; for which failure will not occur?

(a) From Example 2.1,

R, 200
U= RIE Ry S T 200 + 200

RiRs _ (200)(200)
R+ Rs _ 200 + 200

(400 sinwt) = 200sinwt 'V

Ry = =100Q

The circuit to be analyzed is that of Fig. 2-3(c); the instants of concern are when wt = (2n + 1)7/2 for
n=1,2,3,..., at which times vy, = —200 V and thus v, is at its most negative value. An application
of KVL yields

vp = v, — ip(Ryy + Ry) = =200 — (=2 x 107%)(100 + 50 x 10°) = —199.9V ()

Since vy < —Vi = —100V, avalanche failure occurs.

(b) From (1), it is apparent that vy, > —100V if

opn— ~200 — (—100
Ry > =t g 22001000 00 some

ip —2x107°

2.12 In the circuit of Fig. 2-29, vg is a 10-V square wave of period 4ms, R = 1002, and C = 20 uF.
Sketch v for the first two cycles of vg if the capacitor is initially uncharged and the diode is ideal.

Il

Us

Fig. 2-29

In the interval 0 < ¢t < 2ms,
ve(t) = vs(1 — e *) =10(1 =) vV
For 2 <t < 4ms, D blocks and the capacitor voltage remains at
ve(2ms) = 10(1 — ¢ 73000002y — g 37y
For4 <t < 6ms,
ve(t) = vg — (vg — 6.32)e”THVRE =10 — (10 - 6.32)e N0y
And for 6 <t < 8ms, D again blocks and the capacitor voltage remains at

ve(6ms) = 10 — (10 — 6.32)e 000002 — g 654V
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2.13

v, VA

Vg

ve - 8.65V

- ————

5 - 632V

Fig. 2-30

The waveforms of vg and v¢ are sketched in Fig. 2-30.

The circuit of Fig. 2-31(a) is an “inexpensive” voltage regulator; all the diodes are identical and
have the characteristic of Fig. 2-26(h). Find the regulation of v, when V), increases from its
nominal value of 4V to the value 6 V. Take R =2kQ.

Nk
l

Via

(a) (b)
Fig. 2-31
We determined in Problem 2.7 that each diode can be modeled as a battery, V' = 0.5V, and a resistor,
Ry =500 %, in series. Combining the diode strings between points ¢ and b and between points b and ¢ gives

the circuit of Fig. 2-31(b), where

Vil =2Vp =1V Vp=4Vy; =2V Ry =2Ry, =100Q  Rpy = 4Ry =200

Ve =V = Vi
By KVL, [ =—2 £ '
g "7 R+ R + Rp
Vy—Ve — V)R
whence V,= Vg + IRpy = VF2+( b Fl ) Re

R+ Rp1 + Rps
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For V)y =4V and V), =6V,

(4= 1-2)00)
Vot = 243000 + 100 + 200

(6 — 1 — 2)(200)

—209V ¥, =24 01220
09 2= =F3000 + 100 + 200

=226V
and (2.6) gives

V-V,
Reg = % (100%) = 8.1%

ol

2.14 The circuit of Fig. 2-22(a) is to be used as a dc power supply for a load R; that varies from 10
to 1kQ; vgis a 10-V square wave. Find the percentage change in the average value of v; over the
range of load variation, and comment on the quality of regulation exhibited by this circuit.

Let T denote the period of vg. For R, =10%,

R, 10
= 10=5V 0 T/2
o= R+ R T 10110 st<1/
0 (diode blocks) T/2<t<T
5(T/2)+0(T/2
and so Vip= w =25V
For R; = 1kQ,
R, 1000
———— g =——-10=99V 0<t<T)2
v =1 R+ Rs " T 1010 st<1/
0 (diode blocks) T/2<t<T
9.9(T/2)+0
and so Vip= % =495V

Then, by (2.6) and using R; = 10 as full load, we have

495-25
Reg = ——— (100%) = 98%
25
This large value of regulation is prohibitive for most applications. Either another circuit or a filter network

would be necessary to make this power supply useful.

2.15 The circuit of Fig. 2-32 adds a dc level (a bias voltage) to a signal whose average value is zero. If
vg is a 10-V square wave of period 7, R; = R; = 10, and the diode is ideal, find the average
value of v;.

vg Ry vy,

Fig. 2-32

For vy > 0, D is forward-biased and v; = vg = 10V. For v; <0, D is reverse-biased and

R, 10
- - ~10)= -5V
SRR S T 1010 10
Thus, Vs = 2T+ T/ 5 5y

T
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For some symmetrical input signals, this type of circuit could destroy the symmetry of the input.

2.16 Size the filter capacitor in the rectifier circuit of Fig. 2-15(a) so that the ripple voltage is approxi-
mately 5 percent of the average value of the output voltage. The diode is ideal, R; = 1k, and
vg = 90sin 20007 V. Calculate the average value of v; for this filter.

With F, = 0.05, (2.10) gives

1 1
C~ R, 005~ (2000/27)(1 x 10%)(0.05)

= 62.83 uF

Then, using the approximations that led to (2.10), we have

VSm
2R, C

1 05
SAvp =V, — ~ V5m<1 - %) =(90)(0.975) =87.75V

Vio=Vem — >

2.17 In the positive clipping circuit of Fig. 2-17(a), the diode is ideal and v; is a 10-V triangular wave
with period 7. Sketch one cycle of the output voltage v, if V;, =6V.

The diode blocks (acts as an open circuit) for v; < 6V, giving v, = v;. For v; > 6V, the diode is in
forward conduction, clipping v; to effect v, = 6 V. The resulting output voltage waveform is sketched in

Fig. 2-33.
v,V{A
10 p-
/) Ny,
7 \
6 -
AWV
Pl
0 | 1 i >
3720 T4 7720 T2 T t
Fig. 2-33

2.18 Draw a transfer characteristic relating v, to v; for the positive clipping network of Problem 2.17.
Also, sketch one cycle of the output waveform if v; = 10sinwt V.

The diode blocks for v; < 6 V and conducts for v; > 6 V. Thus, v, =v; for v; < 6V, and v, = 6V for
v; > 6 V. The transfer characteristic is displayed in Fig. 2-34(a). For the given input signal, the output is a
sine wave with the positive peak clipped at 6V, as shown in Fig. 2-34(b).

2.19 Reverse the diode in Fig. 2-17(a) to create a negative clipping network. (@) Let V;, =6V, and
draw the network transfer characteristic.  (b) Sketch one cycle of the output waveform if
vg = 10sinwt V.
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v,, V4 v,, VA

10 =

6 —— — 6

of— — —

-10 |~

(@) ()

Fig. 2-34

(a) The diode conducts for v; <6V and blocks for v; > 6 V.  Consequently, v, = v; for v; > 6V, and
v, =6V for v; < 6V. The transfer characteristic is drawn in Fig. 2-35(a).

(b) With negative clipping, the output is made up of the positive peaks of 10sin wt above 6V and is 6 V
otherwise. Figure 2-35(b) displays the output waveform.

2.20 The signal, v; = 10sinwt V, is applied to the negative clamping circuit of Fig. 2-18(b). Treating
the diode as ideal, sketch the output waveform for 1% cycles of v;.  The capacitor is initially
uncharged.

For 0 <t < T/4, the diode is forward-biased, giving v, = 0 as the capacitor charges to vo = +10V.
For t > T/4, v, <0, and thus the diode remains in the blocking mode, resulting in

v, = —ve+v;=—-104+v;, = —=10(1 —sinwt) V

v,, V4 v,, V 1’.
10 p=

I ‘[ \
|
| ! \\ ',
| ! \ !
1 > 0 >
6 v.V T2 T t

v '

\ !
\ /
\ /
\ /
\\Il
(a) )

Fig. 2-35
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2.21

v, VA

Fig. 2-36

The output waveform is sketched in Fig. 2-36.

The diodes in the circuit of Fig. 2-37 are ideal. Sketch the transfer characteristic for
—20V <V, <20V.

Inspection of the circuit shows that 7, can have no component due to the 10-V battery because of the
one-way conduction property of D,. Therefore, D; is “off” for V| < 0; then vp, = =10V and V, = 0.

Now Dy is “on” if V| > 0; however, D, is “off” for ¥, < 10. The onset of conduction for D, occurs
when V,, = 10 V with I, = 0, or when, by voltage division,

Ry

Vy=V,=10=—=— 1V
ab 2 Rl-‘rRz 1
R + R, 5410
H V= 10 = 10=15V 1
ence, 1 i 0 10 0 5 @)
D
I 1 R, a 'R3 5 .
+ 5Q + 5Q +
+
vpy Y. D>
v V(,,,g R,=10Q 1 »
>
IOV-Jr
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2.22

2.23

2.24
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Thus, if V} > 15V, D, is “on” and V, = 10V. But, for0 < V| < 15V, D, is “off,” I, = 0, and V), is given
as a function of V| by (/). Figure 2-38 shows the composite result.

V5,V
204

/ Problem 2.22

1
\‘[\ Problem 2.21

Problem 2.23
Vi,V

Suppose diode D, is reversed in the circuit of Fig. 2-37. Sketch the resulting transfer character-
istic for =20 < V| <20V.

Diode D, is now “on” and V, =10V until V| increases enough so that V,, = 10V, at which point
I, =0. Thatis, ¥, =10V until

Vi )

or until
Vl :%Vz = ISV

For V| > 15V, I, = 0 and (/) remains valid. The resulting transfer characteristic is shown dashed in Fig.
2-38.

Suppose a resistor Ry = 5Q is added across terminals ¢, d of the circuit of Fig. 2-37. Describe the
changes that result in the transfer characteristic of Problem 2.21.

There is no change in the transfer characteristic for V; < 0. However, D, remains “off” until V; > 0
increases to where V, = 10 V. At the onset of conduction for D,, the current through D, is zero; thus,

v Vi R, I,

f=—"— = and Lh=——— [ =—
"T R+ RII(Ry+Ry) 10 T R+tR AR T2

Hence, by Ohm’s law,

EbR=T ==
Thus, ¥} =40V when V, =10V, and it is apparent that the breakpoint of Problem 2.21 at V; = 15V has
moved to V; =40V. The transfer characteristic for —20 < V; < 20 is sketched in Fig. 2-38.

Sketch the i-v input characteristic of the network of Fig. 2-39(a) when (@) the switch is open and
(b) the switch is closed.

The solution is more easily found if the current source and resistor are replaced with the Thévenin
equivalents V', = IR and Ry, = R.

(a) KVL gives v = iRy, + IR, which is the equation of a straight line intersecting the 7 axis at —/ and the v
axis at IR. The slope of the line is 1/R. The characteristic is sketched in Fig. 2-39(b).

(b) The diode is reverse-biased and acts as an open circuit when v > 0. It follows that the i-v characteristic
here is identical to that with the switch open if v > 0. But if v < 0, the diode is forward-biased, acting
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R 1 / IR v IR v
=1 =1

2.25

2.26

(@) (b) (©)
Fig. 2-39

as a short circuit. Consequently, v can never reach the negative values, and the current i can increase
negatively without limit. The corresponding i-v plot is sketched in Fig. 2-39(c).

In the small-signal circuit of Fig. 2-40, the capacitor models the diode diffusion capacitance, so
that C = C; = 0.02 uF, and v, is known to be of frequency w = 10" rad/s. Also, r;, = 2.5 and
Zm = Ry, = 10Q.  Find the phase angle (a) between i; and v; and (b) between v, and v,

Fig. 2-40

(a) The diffusion capacitance produces a reactance

1 1
M= o0, T 107002 x 1079
(2.5)(5]1=90%)

so that Za=rl(—x) = =55 5 = 22360122051 =2 - j1Q

5Q

Thus, i; leads v, by a phase angle of 26.57°.
(b) Let Z,, be the impedance looking to the right from v,,; then

Zoy=Zmn+Zg =104+ Q2 —j1) = 12— j1 = 12.04|=4.76° @

Hence, v, leads v, by an angle of 26.57° — 4.76° = 21.81°.

Using ideal diodes, resistors, and batteries, synthesize a function-generator circuit that will yield
the i-v characteristic of Fig. 2-41(a).

Since the i-v characteristic has two breakpoints, two diodes are required. Both diodes must be oriented
so that no current flows for v < —5V. Further, one diode must move into forward bias at the first
breakpoint, v = —5V, and the second diode must begin conduction at v = +10V. Note also that the
slope of the i-v plot is the reciprocal of the Thévenin equivalent resistance of the active portion of the
network.
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Fig. 2-41

The circuit of Fig. 2-41(b) will produce the given i-v plot if Ry =6k, R, =3kQ, V; =5V, and
V, =10V. These values are arrived at as follows:

1. Ifv< =5V, both vp; and vp, are negative, both diodes block, and no current flows.
2. If-5<wv <10V, D, is forward-biased and acts as a short circuit, whereas v, is negative, causing D, to

act as an open circuit.

3. Ifv> 10V, both diodes are forward-biased,

and

10 — (=5)

Ri=— >

1= 70.0025
RR, Av 20— 10

“Ri+R Ai (15-25x1073
RiRpy, (6% 10%)(2 x 10°)

=6kQ

:RI_RTII_ 4X103

=2kQ

R; is found as the reciprocal of the slope in that range:

2.27 For the resistor and battery values of Problem 2.26, use SPICE methods to simulate the function

generator circuit of Fig. 2-41(b).
values of input voltage v for which the two break points occur.

The describing netlist code appears below:

Prb2_27.CIR

v 10DC OV

D1 1 2 DMOD

R1 2 3 ckohm
V10 3DC5V

D2 1 4 DMOD

R2 4 5 3kohm

V2 50DC 10V
.DCv -10V 25V 0.25V
.MODEL DMOD D ()
.PROBE

.END

Implement using default diode parameters. Determine the

After executing <Prb2_27.CIR >, the Probe feature is used to plot the resulting i-v characteristic of Fig.
2-42, where it is seen that the nonideal diodes have resulted in shifts of the —5V and —10V break points of
Fig. 2-41(a) to —4.54V and 10.61 V, respectively.
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(-4.54 V)

(10..61 V)

ov 20V 40V

Fig. 2-42
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2.28 Find vy for the full-wave rectifier circuit of Fig. 2-43(a), treating the transformer and diodes as

ideal.

Assume Rg = 0.

ip1

© & @ @ in, D
n:ly

Pt

Dy

T
N 4] vg/n
_ R]_ RL il_
vs\ ™~ ‘ M ® N NN
’ O v - g Ty
4] vg/n
ﬁ ~ ip D,
ln: 1o
© ® g
(a) (b)
Fig. 2-43

The two voltages labeled v, in Fig. 2-43(a) are identical in magnitude and phase. The ideal transformer
and the voltage source vg can therefore be replaced with two identical voltage sources, as in Fig. 2-43(b),
without altering the electrical performance of the balance of the network. When vg/n is positive, Dy is

forward-biased and conducts but D, is reverse-biased and blocks.

conducts and D; blocks. In short,
vg/n  vg
ip = Ry :)Z
0 s
n
By KCL, ip =ip1+ipp =——

and so v; = Ryi; = |vg/n]|.

>0 0
and iDZ Us/f’l
<0 _TL
lvg/n|
_ R

Vs
—=>0
n
(%
n

Conversely, when vg/n is negative, D,
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For the full-wave rectifier circuit of Fig. 2-43(a), let vg = 120+/2sin(12071) V, Ry = 0.001 22,
R; =5, and the ideal transformer has a turns ratio of 10:1.  Using SPICE methods and
assuming ideal diodes, plot the output voltage v; and diode currents ip; and ip,. Compare
the results with predicted values based on the solution of Problem 2.28.

The netlist code for analysis of the circuit is

Prb2_29.CIR-FWrectifier

vs 10 SIN( OV {sqrt(2)*120V} 60Hz )
Rs120.00100hm

* Tdeal transformer, 10:1 ratio
L1201H IC=-0.39A

L2 30 10mH

L3 04 10mH

kallL1L2L31

D1 3 5 DMOD

D2 4 5 DMOD

RL 5 0 50hm

.MODEL DMOD D(n=0.0001) ; Ideal diode
.TRAN lus 16.667ms Os 1le-6s UIC
.PROBE

.END

Execution of <Prb2_29.CIR > and use of the Probe feature of PSpice result in the plots of Fig. 2-44
where the peak values of v; and ip; have been marked.

-0.02

OTs folms 20 ms
o I(Dl) o I (D2)
Time
Fig. 2-44

Based on the results of Problem 2.28, the predicted peak values of v; and ip; are given by

’ 1204/2/1
iDlmax = US‘;;:‘(/H = 0{/ 0 =339A
L 1204/2
oy = Vs 120V2 ooy
n 10

The predicted values and the SPICE results are in agreement.
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2.30 The Zener diode in the voltage-regulator circuit of Fig. 2-45 has a constant reverse breakdown
voltage V, =8.2V, for 75mA <iy <1A. If Ry =9, size Ry so that v; = V', is regulated to
(maintained at) 8.2V while 7}, varies by £10 percent from its nominal value of 12'V.

Is Rg
—= AA—— .
izl le
Vhi‘! + + 12
7
- vz R
Fig. 2-45
By Ohm’s law
. v, V, 82
=—=—"S=—=0911A
TR, TR, 9
Now an application of KVL gives
V,—V
Ry=—"1——* ()

and we use (/) to size Rg for maximum Zener current /, at the largest value of V:

_(L1)(12) - 8.2

Rg = =2.62Q
s 1+0.911 6
Now we check to see if i; > 75mA at the lowest value of V:
. Vy—vz . (0.9)(12)—8.2
= —ip = —0911 =81.3mA
iy Rs ir 262 0.9 81.3m

Since i, > 75mA, v, = V, = 8.2V and regulation is preserved.

2.31 A Zener diode has the specifications ¥, =52V and Ppp.x =260mW.  Assume R, = 0.
(a) Find the maximum allowable current i, when the Zener diode is acting as a regulator.
(b) If a single-loop circuit consists of an ideal 15-V dc source Vg, a variable resistor R, and
the described Zener diode, find the range of values of R for which the Zener diode remains in
constant reverse breakdown with no danger of failure.

 Ppmax | 260 1077

(@) izmax =1z = v, t—=; = S0mA
() By KVL,
V¢=Ri,+V, sothat R= ﬂ
iz
From Section 2.10, we know that regulation is preserved if
rets=Vz_ 13252 46
0.177max  (0.1)(50 x 1073)
Overcurrent failure is avoided if
R> VS—Vz: 15-52 — 1969

IZmax 50 x 10_3
Thus, we need 196 Q2 < R < 196k<.
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A light-emitting diode (LED) has a greater forward voltage drop than does a common signal
diode. A typical LED can be modeled as a constant forward voltage drop vp = 1.6 V. Its
luminous intensity I, varies directly with forward current and is described by

I, = 40ip ~ millicandela (mcd)

A series circuit consists of such an LED, a current-limiting resistor R, and a 5-V dc source V.
Find the value of R such that the luminous intensity is 1 mcd.

By (/), we must have

. 1, 1
lD_%_E_%mA
From KVL, we have
Vg = Rip+1.6
so that reVsm16_ S=16  h0g
ip 25 x 1073

The reverse breakdown voltage V' of the LED of Problem 2.32 is guaranteed by the manufac-
turer to be no lower than 3V. Knowing that the 5-V dc source may be inadvertently applied so
as to reverse-bias the LED, we wish to add a Zener diode to ensure that reverse breakdown of the
LED can never occur. A Zener diode is available with ¥, =4.2V, I, = 30mA, and a forward
drop of 0.6 V. Describe the proper connection of the Zener in the circuit to protect the LED, and
find the value of the luminous intensity that will result if R is unchanged from Problem 2.32.

The Zener diode and LED should be connected in series to that the anode of one device connects to the
cathode of the other. Then, even if the 5-V source is connected in reverse, the reverse voltage across the
LED will be less than 5 —4.2 = 0.8V < 3V. When the dc source is connected to forward-bias the LED, we
will have

. Vs—Vpep—Viz 5-16-06
= R =T 136
so that 1, = 40ip = (40)(20.6 x 107) = 0.824 med

=20.6mA

Supplementary Problems

A Si diode has a saturation currrent 7, = 10nA at 7 = 300°K. (a) Find the forward current i, if the
forward drop vy is 0.5V. (b) This diode is rated for a maximum current of SA. What is its junction
temperature at rated current if the forward drop is 0.7 V. Ans. (a) 2.47A; (b) 405.4°K

Solve Problem 2.1 for a Si diode. Ans. wvp > .02372V
Laboratory data for a Si diode described by (2.7) show that i, = 2mA when v, = 0.6V, and i;, = 10 mA for
vp =0.7V. Find (a) the temperature for which the data were taken, and (b) the reverse saturation

current. Ans. (a) 87.19°C; (b) 2.397 uA

For what voltage vj will the reverse current of a Ge diode that is described by (2.7) reach 99 percent of its
saturation value at a temperature of 300°K? Ans. vp =—0.1191V

Find the increase in temperature A7 necessary to increase the reverse saturation current of a diode by a
factor of 100. Ans.  66.4°C
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2.39

2.40

2.41

2.42

2.43

2.44

2.45

2.46

The diode of Problem 2.34 is operating in a circuit where it has dynamic resistance r;, = 100 Q. What must
be the quiescent conditions? Ans. Vpg =0.263V, Ipp = 0.259mA

The diode of Problem 2.34 has a forward current ip, =2+ 0.004sinwrmA.  Find the total voltage,
vp = Vpo + vy, across the diode. Ans.  vp =339.540.0207 sin ot mV

Find the power dissipated in the load resistor R; = 100 Q of the circuit of Fig. 2-22(a) if the diode is ideal
and vg = 10sinwt V. Ans.  206.6 mW

The logic AND gate of Fig. 2-46(a) has trains of input pulses arriving at the gate inputs, as indicated by Fig.
2-47(b). Signal v, is erratic, dropping below nominal logic level on occasion. Determine v,.
Ans. 10V for 1 <t <2ms, 5V for 4 <t < 5ms, zero otherwise.

vy, V4
+10V -
R=1kQ T
D,
|
H + 0 1 2 3 4 5 £, ms
DZ Uy, \ r
U(} 10 —
+ |‘
v, .
L 1 N
= 0 1 2 3 4 5 {, ms
(@) (%)
Fig. 2-46

The logic AND gate of Fig. 2-46(a) is to be used to generate a crude pulse train by letting v; = 10sinwt V
and v, =5V. Determine (a) the amplitude and (b) the period of the pulse train appearing as v,.
Ans. (a) 5V; (b) 2n/w

In the circuit of Fig. 2-29, vg is a 10-V square wave with a 4-ms period. The diode is nonideal, with the
characteristic of Fig. 2-26(b). If the capacitor is initially uncharged, determine v for the first cycle of wv.
Ans. 9.5(1 — 333V for 0 <t <2ms and 4.62V for 2 <t < 4ms

The forward voltage across the diode of Problem 2.35is v, = 0.3 +0.060cos ¢ V. Find the ac component of
the diode current i;. Ans. 2.52costmA

The circuit of Fig. 2-47(a) is a voltage-doubler circuit, sometimes used as a low-level power supply when the
load R; is reasonably constant. Itis called a ““doubler” because the steady-state peak value of v; is twice the
peak value of the sinusoidal source voltage. Figure 2-47(b) is a sketch of the steady-state output voltage for
vy, = 10coswt V. Assume ideal diodes, w = 120zrad/s, C; =20uF, C, =100 uF, and R; = 20k%Q.
(a) Solve by SPICE methods for the decay time 7;. (b) From the SPICE results, determine the peak-to-
peak value of the ripple voltage. (Netlist code available from author website.)

Ans. (a) 15.52ms; (b) 0.75V
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2.47

2.48

2.49

2.50

2.51

2.52

2.53
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© ¢ @ 20

H o\ ¢\
vg t D, C R, 173 \\ U \ 1! \
\

\ A

Fig. 2-47

Find the diode current during one capacitor-charging cycle in the rectifier circuit of Fig. 2-15(a) if
C =47 uF, R; = 1k, and vg = 90c0s2000: V. (Hint: The approximate ripple formula cannot be used,
as it implicitly assumes zero capacitor charging time. Instead, solve for capacitor current and load current,
and add.) Ans. ip = —8.49sin(20007 — 0.6°) A for 2.966 ms < t < 3.142ms

In the circuit of Fig. 2-32, Ry = R; = 10 Q. If the diode is ideal and vg = 10sin wt V, find the average value
of the load voltage v;. Ans. 3.18V

Rework Problem 2.20 with the diode of Fig. 2-18(b) reversed and all else unchanged. (The circuit is now a
positive clamping circuit.)
Ans. v, =10sinwtV for 0 <t < T/2,0 for T/2 <t <3T/4, and 10(1 —sinw?)V for t > 3T /4

Four diodes are utilized for the full-wave bridge of Fig. 2-48. Assuming that the diodes are ideal and that
vg = V,,sinwt, (a) find the output voltage v; and (b) find the average value of v;.
Ans. (a) vy = V,,|sinwt|V; (b) Vig=2V,/7

A shunt filter capacitor (see Example 2.13) is added to the full-wave rectifier of Problem 2.50. Show that the
ripple factor is given by F, =2/(4fR; C — 1) =~ 1/2fR, C.

Add a 470 uF filter capacitor across points a, b in the full-wave rectifier circuit of Fig. 2-48. If R; = 1kQ
and vg = 120+/2sin(12077) V, use SPICE methods to determine (a) the magnitude (peak-to-peak) of the
output ripple voltage and (b) the average value of output voltage. (Netlist code available at author
website.) Ans. (a) Avy =2.79V; (b) Viy=168.34V

The level-discriminator circuit (Fig. 2-49) has an output of zero, regardless of the polarity of the input signal,
until the input reaches a threshold value. Above the threshold value, the output duplicates the input. Such
a circuit can sometimes be used to eliminate the effects of low-level noise at the expense of slight distortion.
Relate v, to v; for the circuit.

Ans. v, =v;(1 — A/|v;]) for |v;| > A4, and 0 for |v;| < 4

Fig. 2-49
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2.54

2.55

2.56

2.57

2.58

2.59

2.60

The diode of Fig. 2-39(«) is reversed, but all else remains the same. Write an equation relating v and i when
(a) the switch is open and () the switch is closed.
Ans. (a) v=R(Gi+1); () v=R(i+I)fori<I,andv=0fori>1

The Zener diode in the voltage-regulator circuit of Fig. 2-45 has v; = V, = 18.6V at a minimum i, of
I15SmA. If V, =24 £ 3V and R, varies from 250 Q to 2k, («) find the maximum value of Ry to maintain
regulation and () specify the minimum power rating of the Zener diode.

Ans. (a) 26.8; (b) 4.65W

The regulator circuit of Fig. 2-45 is modified by replacing the Zener diode with two Zener diodes in series to
obtain a regulation voltage of 20 V. The characteristics of the two Zeners are

Zener 1: V,=9.2V for 15 <iy, <300mA

Zener 2: V, =108V for 12 <i, <240mA
(a) if iy varies from 10 mA to 90 mA and V), varies from 22V to 26 V, size Ry so that regulation is preserved.
(b) Will either Zener exceed its rated current?
Ans. (a) 19.62; (b) for V,, =26V, iy =iz =296 mA, which exceeds the rating of Zener 2

The two Zener diodes of Fig. 2-50 have negligible forward drops, and both regulate at constant V, for
S0mA <iy <500mA. If Ry=R; =10Q, V; =8V, and V =5V, find the average value of load
voltage when v; is a 10-V square wave. Ans. 0.75V

R, Z Z
—\—Pf ¢

it

Fig. 2-50

The Zener diode of Problem 2.31 is used in a simple series circuit consisting of a variable dc voltage source
Vs, the Zener diode, and a current-limiting resistor R = 1 kQ2. (a) Find the allowable range of Vg for which
the Zener diode is safe and regulation is preserved. (b) Find an expression for the power dissipated by the
Zener diode. Ans. (a) 102V < Vg <552V, (b)) Pp=V,(Vs—V,)/R

The varactor diode is designed to operate reverse-biased and is manufactured by a process that increases the
voltage-dependent depletion capacitance or junction capacitance C;. A varactor diode is frequently con-
nected in parallel with an inductor L to form a resonant circuit for which the resonant frequency,
fr=1/2n,/LC;,, is voltage-dependent. Such a circuit can form the basis of a frequency modulation (FM)
transmitter. A varactor diode whose depletion capacitance is C; = 1071 /(1 = 0.75vp)* F is connected in
parallel with a 0.8-uH inductor; find the value of v, required to establish resonance at a frequency of
100 MHz. Ans. vp = —11.966V

An LED with luminous intensity described by (/) of Problem 2.32 is modeled by the piecewise-linear
function of Fig. 2-11(b), with Rr =3Q and Vy =1.5V. Find the maximum and minimum luminous
intensities that result if the LED is used in a series circuit consisting of the LED, a current-limiting resistor
R =125Q, and a source vg = 5+ 1.13sin 0.1/ V. (Note: Since the period of vg exceeds 1 minute, it is logical
to assume that luminous intensity follows ip without the necessity to consider the physics of the light-
emitting process.) Ans.  Iyma = 1.798 med, 1, pin = 0.9204 med



Characteristics of
Bipolar Junction
Transistors

3.1. BJT CONSTRUCTION AND SYMBOLS

The bipolar junction transistor (BJT) is a three-element (emitter, base, and collector) device made
up of alternating layers of n- and p-type semiconductor materials joined metallurgically.  The
transistor can be of pmp type (principal conduction by positive holes) or of mpn type (principal
conduction by negative electrons), as shown in Fig. 3-1 (where schematic symbols and positive current
directions are also shown). The double-subscript notation is utilized in labeling terminal voltages, so
that, for example, vgz symbolizes the increase in potential from emitter terminal E to base terminal B.
For reasons that will become apparent, terminal currents and voltages commonly consist of super-
imposed dc and ac components (usually sinusoidal signals). Table 3-1 presents the notation for
terminal voltages and currents.

Table 3-1
Symbol

Type of Value Variable Subscript Examples
total instantaneous lowercase | uppercase ip, Vpg
dc uppercase | uppercase I, Vg
quiescent-point uppercase | uppercase plus Q | Ipg, Vpgp
ac instantaneous lowercase | lowercase ip> Vpe
rms uppercase | lowercase Iy, Ve
maximum (sinusoid) | uppercase | lowercase plus m | I, Viem

70
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Example 3.1. In the npn transistor of Fig. 3-1(a), 10® holes/us move from the base to the emitter region while 10'°
electrons/us move from the emitter to the base region. An ammeter reads the base current as iz = 16 nA.
Determine the emitter current i; and the collector current ic.

Emitter Collector Emitter Collector
L —4 n P n — . —4 p n P p—
(£) ©) (E) ©)
Base Base
(B) (B)
ip ic ig e
—— Alfp——e — —-

(a) npn Transistor (b) pnp Transistor

Fig. 3-1

The emitter current is found as the net rate of flow of positive charge into the emitter region:

ip = (1.602 x 107 C/hole)(10" holes/s) — (—1.602 x 107 C/electron)(10'° electrons/s)
=1.602 x 107 +1.602 x 107> = 1.618 mA

Further, by KCL,
ic=ip—ip=1618x 1073 =16 x 107% = 1.602mA

3.2. COMMON-BASE TERMINAL CHARACTERISTICS

The common-base (CB) connection is a two-port transistor arrangement in which the base shares a
common point with the input and output terminals. The independent input variables are emitter current
ir and base-to-emitter voltage vgz. The corresponding independent output variables are collector
current i~ and base-to-collector voltage vcp. Practical CB transistor analysis is based on two experi-
mentally determined sets of curves:

1. Input or transfer characteristics relate ir and vgg (port input variables), with vcp (port output
variable) held constant. The method of laboratory measurement is indicated in Fig. 3-2(a), and
the typical form of the resulting family of curves is depicted in Fig. 3-2(b).

2. Output or collector characteristics give ic as a function of vcp (port output variables) for con-
stant values of ir (port input variable), measured as in Fig. 3-2(a). Figure 3-2(c) shows the
typical form of the resulting family of curves.

3.3. COMMON-EMITTER TERMINAL CHARACTERISTICS

The common-emitter (CE) connection is a two-port transistor arrangement (widely used because of
its high current amplification) in which the emitter shares a common point with the input and output
terminals. The independent port input variables are base current iz and emitter-to-base voltage vg, and
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ig ic
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)

> — -
g V +0.5 [0 -5 ? -10 vep V
Cutoff region

Iepo
(b) ()

Fig. 3-2 Common-base characteristics (pnp, Si device)

the independent port output variables are collector current i and emitter-to-collector voltage vcg. Like
CB analysis, CE analysis is based on:

1. Input or transfer characteristics that relate the port input variables iz and vgg, with vog held
constant.  Figure 3-3(a) shows the measurement setup, and Fig. 3-3(b) the resulting input
characteristics.

2. Output or collector characteristics that show the functional relationship between port outport
variables i~ and v for constant iz, measured as in Fig. 3-3(a). Typical collector characteristics
are displayed in Fig. 3-3(c).

3.4. BJT SPICE MODEL

The element specification statement for a BJT must explicitly name a model even if the default model
parameters are intended for use. The general form of the transistor specification statement is as follows:

Q- --ny ny ny model name

Nodes ny, n,, and n3 belong to the collector, base, and emitter, respectively. The model name is an
arbitrary selection of alpha and numeric characters to uniquely identify the model. Positive current and
voltage directions for the pnp and npn transistors are clarified by Fig. 3-4.

In addition, a .MODEL control statement must be added to the netlist code. This control statement
specifies whether the transistor is pnp or npn and thus has one of the following two forms:
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(b) (0)

Fig. 3-3 Common-emitter characteristics (npn, Si device)

- VC(Q) +
IE(Q-) 1C(0)

(b) pnp Transistor

(a) npn Transistor

Fig. 3-4

.MODEL model name PNP (parameters)
.MODEL model name NPN (parameters)

If the parameter field is left blank, default values are assigned. Non-default desired parameter specifica-
tions are entered in the parameter field using the format parameter name = value. Specific parameters
that are of concern in this book are documented by Table 3-2.

All parameter values are entered with positive values regardless of whether the transistor is pnp or

npn. Two transistor models will be used in this chapter—generic model and default model—as intro-

duced in Example 3.2.
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Table 3-2
Parameter Description Major Impact Default | Units

Is saturation current 1 Is, | Veg 1x1071¢ A
Ikf high current roll-off Ik, | I 00 A
Isc base-collector leakage 4 Isc, 1 Ic 0 A
Bf forward current gain 4+ Bf, 1+ I 100

Br reverse current gain 4 Br, 1 rev. I¢ 1

Rb base resistance 4+ Rb, | dig/dvgg 0 Q
Re collector resistance 1+ Re, 1 VeEgsat 0 Q
Va forward Early voltage J Va, 1 di¢/dt 00 \%
Cjc base-collector capacitance | high freq. response | 0 F
Cje base-emitter capacitance high freq. response | 0 F

[CHAP. 3

Example 3.2. Use SPICE methods to generate the CE collector characteristics for an npn transistor characterized
by (@) the default parameter values and (b) a reasonable set of values for the parameters appearing in Table 3-2.

(a) Figure 3-5(a) shows a connection method to obtain data for the collector characteristics. The netlist code that
follows will generate the desired data for default parameter values.

Ex3_2.CIR

Ib 0 10uA
0210 QNPN
*Q 2 1 0 QNPNG
VC 200V
.MODEL QNPN NPN () ; Default BJT
* .MODEL QNPNG NPN (Is=10fA Ikf=150mA Isc=10fA Bf=150
*+ Br=3 Rb=1lohm Rc=1lohm Va=30V Cjc=10pF Cje=15pF)
.DCVC OV 15V 1V Ib OuA 150uA 25uA
.PROBE
.END

Execute (Ex3_2.CIR) and use the Probe feature of PSpice to produce the collector characteristics for the default
BJT model (QNPN or QPNP) shown by Fig. 3-5(b).

@

(@)

Fig. 3-5
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1
] 1
i 1
1 1
I 1
! ,1B=150 uA !
1 1
i 1
i 1
1 1
L 1
1 n
1 t
1 I
1 [
10 mA 4 !
i :
H t
1 1
[ [
] '
1 ]
! 1
t 1
! 1
1 ]
[ 1
] 1
[ 1
1
1
OA< - T {
ov 5V 10V 15v

a IC(Q)

vC
(b)

iB=150 uvA

(b) Edit (Ex3_2.CIR) to move the leading asterisks up one position on both the transistor specification statement
and the MODEL statements. Execute the revised (Ex3_2.CIR) and use the Probe feature of PSpice to produce

the collector characteristics for the generic BJT model (QNPNG or QPNPG) as displayed by Fig. 3-5(c).

Example 3.3. Apply SPICE methods to determine the CE transfer characteristics for the generic npn transistor

(QNPNG).

Figure 3-6(a) presents the connection method chosen for determination of the transfer characteristics.

associated netlist code follows:

@
@ +
—1 ¢ T
+ \A -
th T
©
(@)

Fig. 3-6

The
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Ex3_3.CIR

Vbe 100V

Q2 10 QNPNG

Ve 201V

.MODEL QNPNG NPN (Is=10fA Ikf=150mA Isc=10fA Bf=150
+ Br=3 Rb=1lohm Rc=1ohm Va=30V Cjc=10pF Cje=15pF)
.DC Vbe OV 2V 0.01V Vc OV 2V 0.2V

.PROBE

.END

Execution of (Ex3_3.CIR) and use of the Probe feature of PSpice yields the desired transfer characteristics
displayed by Fig. 3-6(b).

Example 3.4. Using SPICE methods, determine the CB collector characteristics for the generic pnp transistor
(QPNPG).
Figure 3-7(a) shows the circuit for use in the determination. The netlist code below describes that circuit.

(@)

_‘___a___.____l_____,... [ N R PG

10V -15V
o - IC(Q)

Vcb

(b)

Fig. 3-7

Ex3_4.CIR

Ie 010mA

Q2 01QPNPG

Vcb 2 0 OV

.MODEL QPNPG pnp (Is=10fA Tkf=150mA Isc=10fA Bf=150
+ Br=3 Rb=1lohm Rc=1lohm Va=30V Cjc=10pF Cje=15pF)
.DCVcb 1V =15V 1V Ie OmA 100mA 10mA

.PROBE

.END

Execution of (Ex3_4.CIR) and use of the Probe feature of PSpice results in the desired CB collector character-
istics of Fig. 3-7(b).
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3.5. CURRENT RELATIONSHIPS

The two pn junctions of the BJT can be independently biased, to result in four possible transistor
operating modes as summarized in Table 3-3. A junction is forward-biased if the » material is at a lower
potential than the p material, and reverse-biased if the » material is at a higher potential than the p
material.

Table 3-3
Emitter-Base | Collector-Base Operating
Bias Bias Mode
forward forward saturation
reverse reverse cutoff
reverse forward inverse
forward reverse linear or active

Saturation denotes operation (with |vcg| &2 0.2V and |vgc| = 0.5V for Si devices) such that max-
imum collector current flows and the transistor acts much like a closed switch from collector to emitter
terminals. [See Figures 3-2(c) and 3-3(¢).]

Cutoff denotes operation near the voltage axis of the collector characteristics, where the transistor
acts much like an open switch. Only leakage current (similar to 7, of the diode) flows in this mode of
operation; thus, ic = I-go ~ 0 for CB connection, and i = I-3o =~ 0 for CE connection. Figures 3-2(c)
and 3-3(¢) indicate these leakage currents.

The inverse mode is a little-used, inefficient active mode with the emitter and collector interchanged.

The active or linear mode describes transistor operation in the region to the right of saturation and
above cutoff in Figs. 3-2(c¢) and 3-3(¢); here, near-linear relationships exist between terminal currents,
and the following constants of proportionality are defined for dc currents:

I-— 1,
(X(E hFB) ECI—ECBO (31)
o Ic—1I¢
B(= hpr) EmECIiBCEO (3.2)

where the thermally generated leakage currents are related by

Icpo = (B+ Dicpo (3.3

The constant @ < 1 is a measure of the proportion of majority carriers (holes for pnp devices, electrons
for npn) injected into the base region from the emitter that are received by the collector. Equation (3.2)
is the dc current amplification characteristic of the BJT: Except for the leakage current, the base current
is increased or amplified B times to become the collector current. Under dc conditions KCL gives

Ig=1Ic+14 3.4)

which, in conjunction with (3.7) through (3.3), completely describes the dc current relationships of the
BJT in the active mode.

Example 3.5. Determine « and g for the transistor of Example 3.1 if leakage currents (flow due to holes) are
negligible and the described charge flow is constant.
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If we assume Icpp = Icgo = 0, then

ic ig—ig 1.602—0.016

= =T T 1em Y
e ip—ip  1.602-0.016
and p= is iy 0.016 =99.125

Example 3.6. A BJT has o =0.99, iz = Iz = 25 uA, and I-30 = 200nA. Find (@) the dc collector current, (b) the
dc emitter current, and (c¢) the percentage error in emitter current when leakage current is neglected.

(a) With @ =0.99, (3.2) gives

Using (3.3) in (3.2) then gives
Ic = Blz+ B+ Dlcgo = 9925 x 107%) + (99 + 1)(200 x 107°) = 2.495mA
(b) The dc emitter current follows from (3.17):

CIe—1Icpo 2495 x 1071 =200 x 1077

Ir = 0.99 =2.518mA
(¢) Neglecting the leakage current, we have
1 2.475
Io=PBlz=9925x 107 =2475mA so [;=-C= Too = 2SmA
a .

giving an emitter-current error of

2518 —2.5

0 J— [\
Sag (100%) = 0.71%

3.6. BIAS AND DC LOAD LINES

Supply voltages and resistors bias a transistor; that is, they establish a specific set of dc terminal
voltages and currents, thus determining a point of active-mode operation (called the quiescent point or Q
point). Usually, quiescent values are unchanged by the application of an ac signal to the circuit.

With the universal bias arrangement of Fig. 3-8(«), only one dc power supply (V¢¢) is needed to
establish active-mode operation. Use of the Thévenin equivalent of the circuit to the left of «, b leads to
the circuit of Fig. 3-8(b), where

R\ R, R,

Rp=—""— Vegp =——7V
B R1+R2 BB R1+R2 cC

If we neglect leakage current so that Igy = (8 + 1)l and assume the emitter-to-base voltage Vgo
is constant (= 0.7V and ~ 0.3V for Si and Ge, respectively), then KVL around the emitter loop of Fig.
3-8(b) yields

(3.5)

Iy,
Vs = 5_4_91 Rg+ Vigp + Igp R (3.6)

which can be represented by the emitter-loop equivalent bias circuit of Fig. 3-8(c). Solving (3.6) for I
and noting that

Ic
Irg = 7Q ~ g

we obtain

Ve — Vaeo

feo o0 =R+ + Ry G
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@ & +Vec @+ Ve
R¢ Re¢
Rz C § C
a @ a IEQ
——
@O B
ol +
R
@ lIEQ Ry lIEQ ﬁ—fl = Varo
Ré
Ry Veg J: R Vg = R
b b
© = =
(a) (b) (©)
Fig. 3-8
If component values and the worst-case 8 value are such that
Ry Rp
~— <R 3.8
G < Re (3.8)

then Iy (and thus I¢p) is nearly constant, regardless of changes in B; the circuit then has g-independent
bias.

From Fig. 3-3(c) it is apparent that the family of collector characteristics is described by the
mathematical relationship ic = f(vcg, ig) with independent variable vcg and the parameter iz. We
assume that the collector circuit can be biased so as to place the Q point anywhere in the active region.
A typical setup is shown in Fig. 3-9(a), from which

o Vero | Vee
@7 R | Rge
dc dc
Thus, if the dc load line,
_ _Yer Vee (3.9)

lc =
Rdc Rdc
and the specification
i =1Ipp (3.10)

are combined with the relationship for the collector characteristics, the resulting system can be solved
(analytically or graphically) for the collector quiescent quantities /¢ and V.

Example 3.7. For the transistor circuit of Fig. 3-8(a), R; = 1k, R, =20kQ, R =3kQ, R; =102, and
Veoe = 15V, If the transistor is the generic npn transistor of Example 3.3, use SPICE methods to determine the
quiescent values Ipp, Viggg, Icg, and Vegg.

The netlist code below models the circuit.
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f

AA'AY
R

de

ic, mA A
14 DC load line (Example 3.8)
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Fig. 3-9



CHAP. 3] CHARACTERISTICS OF BIPOLAR JUNCTION TRANSISTORS 81

EX3_7.CIR - CE quiescent values

R1 01 1lkohm

R2 2 1 20kohm

RC 2 3 3kohm

RE 4 0 10ohm

VCC 2 0 15V

03 14 QONPNG

.MODEL QNPNG NPN (Is=10fA Tkf=150mA Isc=10fA Bf=150
+ Br=3 Rb=1lohm Rc=1ohm Va=30V Cjc=10pF Cje=15pF)
.DCVCC 15V 15V 1V

.PRINT DC IB(Q) IC(Q) V(1,4)V(3,4)

.END

Execute (Ex3_7.CIR) and poll the output file to find

vce IB(Q) IC(Q) v(1l,4) V(3,4)
1.500E+01 1.428E-05 2.575E-03 6.748E-01 7.252E+00

where IBQ = IB(Q), I('Q = IC(Q), VBEQ = V(l, 4), and VCEQ = V(3, 4)

Example 3.8. The signal source switch of Fig. 3-9(a) is closed, and the transistor base current becomes
IBIIBQ+lb:40+ZOSln(D[ ILA

The collector characteristics of the transistor are those displayed in Fig. 3-9(b). If Ve =12V and Ry, = 1k,
graphically determine (a) Iy and Vegg, (b) i and v,,, and (¢) hpg(= B) at the Q point.

(a) The dc load line has ordinate intercept Vc/ Ry, = 12mA and abscissa intercept V- = 12V and is constructed
on Fig. 3-9(h). The Q point is the intersection of the load line with the characteristic curve ig = Igp = 40 uA.
The collector quiescent quantities may be read from the axes as Iop = 4.9mA and Vegy =7.2V.

(b) A time scale is constructed perpendicular to the load line at the Q point, and a scaled sketch of i, = 20 sin wt uA
is drawn [see Fig. 3-9(b)] and translated through the load line to sketches of i. and v.. As i, swings £20 uA
along the load line from points a to b, the ac components of collector current and voltage take on the values

i.=225sinwt mA and Ve = —2.37sinwt V

The negative sign on v,, signifies a 180° phase shift.
(¢) From (3.2) with Icgo = 0 [the iz = 0 curve coincides with the v axis in Fig. 3-9(b)],

Icp  49x107°

hpp =-2="""—— = 1225
" Igp 40 x 10°°

It is clear that amplifiers can be biased for operation at any point along the dc load line. Table 3-4
shows the various classes of amplifiers, based on the percentage of the signal cycle over which they
operate in the linear or active region.

Table 3-4
Percentage of Active-Region
Class Signal Excursion
A 100
AB between 50 and 100
B 50

C less than 50
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3.7. CAPACITORS AND AC LOAD LINES

Two common uses of capacitors (sized to appear as short circuits to signal frequencies) are illu-
strated by the circuit of Fig. 3-10(a).

©® p+Vee

(a) (b)

Fig. 3-10

Coupling capacitors (Cc) confine dc quantities to the transistor and its bias circuitry.

2. Bypass capacitors (Cg) effectively remove the gain-reducing emitter resistor Ry insofar as ac
signals are concerned, while allowing Ry to play its role in establishing g-independent bias
(Section 3.6).

The capacitors of Fig. 3-10(«a) are shorted in the circuit as it appears to ac signals [Fig. 3-10(h)]. In
Fig. 3-10(a), we note that the collector-circuit resistance seen by the dc bias current Ico(~ Igg) is
R4 = Rc+ Rg. However, from Fig. 3-10(b) it is apparent that the collector signal current i, sees a
collector-circuit resistance R,, = RcR;/(Rc+ R;). Since R,. # Ry in general, the concept of an ac
load line arises. By application of KVL to Fig. 3-10(b), the v-i characteristic of the external signal
circuitry is found to be

Vee = IeRac (3.1D)
Since i, = ic — I¢g and v, = vep — Vegg, (3.11) can be written analogously to (3.9) as
vee | Vero
ic=———+ + I¢ 3.12)
¢ Ra(’ RélC CQ

All excursions of the ac signals i, and v, are represented by points on the ac load line, (3.12). If the
value i¢c = I¢ is substituted into (3.12), we find that veg = Vgp; thus, the ac load line intersects the dc
load line at the Q point.

Example 3.9. Find the points at which the ac load line intersects the axes of the collector characteristic.
The ic intercept (icmax) 1s found by setting vep = 0 in (3.12):

. VCE
icmax = 0+ leg (3.13)
ac

The vcg intercept is found by setting ic = 0 in (3.12):

VcEmax = Verg + IcoRac (3.14)
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3.1

3.2

3.3

34

Solved Problems

For a certain BJT, 8 =50, Icgp = 3 1A, and I = 1.2mA. Find /Iy and I5.

By (3.2),
Ce—Iepp  12x 107 —3x107°

I B 50

=23.94 uA

And, directly from (3.4),
Ip=Ic+13=12x10"-2394 x 107 = 1.224mA

A Ge transistor with 8 =100 has a base-to-collector leakage current /-y of 5uA.

83

If the

transistor is connected for common-emitter operation, find the collector current for

(@) Ig=0and (b) Iz =40 uA.
(a) With Iz = 0, only emitter-to-collector leakage flows, and, by (3.3),

Icpo = (B+ DIcpo = (100 4 1)(5 x 107%) = 505 uA
(b) 1If we substitute (3.3) into (3.2) and solve for I, we get

Ic = BIz+ (B+ Dlcgo = (100)(40 x 107%) + (101)(5 x 107°) = 4.505mA

A transistor with o = 0.98 and I¢pp = 5 uA is biased so that Izg = 100 uA. Find oo and I.

By (3.2) and (3.3),
@ 0.98
P e~ T-008
so that Iego = (B+ Diggo = (49 + 1)(5 x 107%) = 0.25mA

49

And, from (3.2) and (3.4),

Ieo = Blpg + Icxo = (49)(100 x 1076) +0.25 x 1073 = 5.15mA
IEQ = ICQ +13Q = 515 X 1073 + 100 X 1076 = 525mA

The transistor of Fig. 3-11 has « = 0.98 and a base current of 30 uA. Find (a) B,
and (c) Igp. Assume negligible leakage current.

Re
¢ +
-

—F7 VCC

Fig. 3-11

(b) Ico.
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3.5

3.6

3.7
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o 0.98
@ =T~ 109~
(b) From (3.2) with /¢y = 0, we have I = Blpo = (49)(30 x 107%) = 1.47mA.

(¢) From (3.1) with Icpp =0,

49

The transistor circuit of Fig. 3-11 is to be operated with a base current of 40 uA and Vzp =6V.
The Si transistor (Vg = 0.7 V) has negligible leakage current. Find the required value of Rpg.

By KVL around the base-emitter loop,

Vg — V., 6—0.7
Ves = IsgRs + Vo sothat Ry =—22 o BEQ oo = 1325ke

In the circuit of Fig. 3-11, 8 =100, Izg = 20 uA, Vee = 15V, and Re = 3kQ. If I¢po = 0, find
(@) Igg and () Vegp. (¢) Find Vg if Re is changed to 6k and all else remains the same.

__p _100_
(@) o=y =1op = 09901

Now, using (3.2) and (3.1) with I-39 = Icpo = 0, we get
Icp = Blpo = (100)(20 x 107°) = 2mA

Icg 2x1073
and Tro =" = 09001

(b) From an application of KVL around the collector circuit,

Vero = Vee —IcpRe = 15— (2)(3) =9V

=2.02mA

(¢) 1If Iy is unchanged, then I¢y is unchanged. The solution proceeds as in part b:

Vepo = Vee — legRe = 15— (2)(6) =3V

The transistor of Fig. 3-12 is a Si device with a base current of 40 uA and I-pp = 0. If Vpp =6V,
Ry =1kQ, and B =280, find (a) Igp and (b) Rp. (c) If Ve =15V and Re = 3kQ, find
Veeo-

2'A"A%
R
c c
e
Ry B
—_— +
ig llL T Ve
N
~ Vgp E
Rg

Fig. 3-12
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3.8

3.9

3.10

B 80
=——=—=0.9876
(@ I 3|

Then combining (3.7) and (3.2) with I-pp = Icgo = 0 gives

Igp  40x107°

Ipfp=—"=F=—"
BT —a ™ 1-0.9876
(b) Applying KVL around the base-emitter loop gives

=3.226mA

Vs = IpoRp + Vprp + IgoRe
or (with Vg equal to the usual 0.7V for a Si device)

Ve — Veeo — IpoRe _ 6 —0.7 = (3.226)(1)
Ipo 40 x 10~

Ry = =51.85kQ

(¢) From (3.2) with I-go =0,
Ico = Blgg = (80)(40 x 107°) = 3.2mA
Then, by KVL around the collector circuit,
Vego = Vee — IegRg — IcgRe = 15— (3.226)(1) — (3.2)(3) = 2.174V

Assume that the CE collector characteristics of Fig. 3-9(b) apply to the transistor of Fig. 3-11. If
Igo =20 A, Vepg =9V, and Ve = 14V, find graphically (a) Icp, () Re,  (¢) Igp, and
(d) B if leakage current is negligible.

(a) The Q point is the intersection of iy = Ipg = 20 uA and vep = Viegg = 9V. The de load line must pass
through the Q point and intersect the v axis at Vo = 14 V. Thus, the dc load line can be drawn on
Fig. 3-9(b), and I¢p = 2.25mA can be read as the ic coordinate of the Q point.

(b) The ic intercept of the dc load line is Vee/Rye = Vee/Re, which, from Fig. 3-9(b), has the value
6.5mA; thus,

- Ve _ 14 =2.15kQ
6.5x 1073 6.5x 1072

((7) By (34), IEQ = ICQ + IBQ =225x 1073 +20 x 1076 =2.27mA.
(d) With Iz = 0, (3.2) yields

Rc

g 225x107°

= == =1125
[BQ 20 x 10_6

In the pnp Si transistor circuit of Fig. 3-13, Ry =500k, Rc =2kQ, R =0, Ve =15V,
Icpo =20 uA, and B =70. Find the Q-point collector current /¢g.

By (3.3), Iczo = (B+ Dicgo = (704 1)(20 x 107%) = 1.42mA. Now, application of the KVL around
the loop that includes V¢, Ry, Rp(=0), and ground

Vee=Virg _ 15-07 _ 0 o

Vee = Varo + InoR that  Ipp = = -
cc = Vpro T 1golp 50 tha 50 Ry 500 x 10°
Thus, by (3.2),

Icg = Bl + Icpo = (70)(28.6 x 107%) 4+ 1.42 x 1077 = 3.42mA

The Si transistor of Fig. 3-14 is biased for constant base current. If 8=280, Vg =8V,
Re=3kQ, and Ve =15V, find  (a) Icp and (b) the required value of Rg. (c) Find Ry if
the transistor is a Ge device.
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—Vee
Re
4
Rp c
B +
l ic T Ve
ip
—
B
g
E
Fig. 3-13 Fig. 3-14

(a) By KVL around the collector-emitter circuit,

Vee =Verp 1538
I = = =2.333mA
€0 R, 3% 10° m

(b) If leakage current is neglected, (3.2) gives

Icp  2.333x107°

Igp =—= =29.16 uA
BQ B 30 122

Since the transistor is a Si device, Vpgo = 0.7V and, by KVL around the outer loop,
_ VCC — VBEQ _ 15-0.7

R = =4904kQ
i Ipo 29.16 x 1076
(¢) The only difference here is that Vpgy = 0.3V; thus
15-03
Ro = 516w 105 041k

3.11 The Si transistor of Fig. 3-15 has « = 0.99 and Icgp =0. Also, Vg =4V and Ve =12V.

ip ic

—— E C —
Ry ’-Z Re
B
i _
Ve ;,' Tik —[: Vee
Fig. 3-15

(a) By KVL around the emitter-base loop,

_ Vee+Vprg 4+4+(=0.7)

= = =3Q
£ Io 1.1 x 1073
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() By KVL around the transistor terminals (which constitute a closed path),
Vepo = Verg — Ve = =71—(=0.7) = =63V
With negligible leakage current, (3.7) gives
Iep = algy = (0.99)(1.1 x 107°) = 1.089 mA
Finally, by KVL around the base-collector loop,

_Vec+Vegg  12-63

R. = - =5.234kQ
¢ Ico 1.089 x 1073

3.12 Collector characteristics for the Ge transistor of Fig. 3-15 are given in Fig. 3-16. If Vg =2V,
Vee =12V, and Re = 2k, size Rg so that Vegy = —6.4V.

ic, mA

ip=T7mA

6 mA

SmA

4 mA

Ai for g, 3mA Aip for hy,

d Aicfor h

\ ob
2 mA

\ I mA

-8 -10 -12 -14 -16 —-18 =20

vep, V
Fig. 3-16
We construct, on Fig. 3-16, a dc load line having vcp intercept —Vee = —12V and ic intercept
Vee/Re = 6mA.  The abscissa of the Q point is given by KVL around the transistor terminals:
VCBQ = VCEQ - VBEQ - —64 - (—03) - —61 V

With the Q point defined, we read Izp = 3mA from the graph. Now KVL around the emitter-base loop
leads to

_ VEE + VBEQ _ 2+ (—03)

R
£ Iro 3x 1073

= 566.7Q

3.13 The circuit of Fig. 3-17 uses current- (or shunt-) feedback bias. The Si transistor has I-5o =~ 0,
Vegsat = 0, and hpp =100, If R =2kQ and Ve = 12V, size Ry for ideal maximum symme-
trical swing (that is, location of the quiescent point such that Vegg = Vee/2).
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Vs

® ¢4V
Rc
v IIRTANC
lic 1AY + llL
RS iS iB
Ny l —
AT 4
@ é} ® ) $PRL
{ -
Fig. 3-17

Application of KVL to the collector-emitter bias circuit gives

(Isp + Ico)Re = Vee — Verp

With Icp = hpglpg, this leads to

Then, by KVL around the transistor terminals,

Vee = Vero 12-6
Iny = = =29.7 nA
B0 = (hor + DRe (100 + D2 x 10°) ’
Vero — Vs —o.
Ry =CFQ— "BEQ _ 6=07 _ 1785k

Ig 297 x 1070

[CHAP. 3

For the amplifier of Fig. 3-17, Co=100uF, Ry =180k, R; =2kQ, Rg= 100k,

Vee =12V, and vg = 4sin(20 x 10°71) V.
model of Example 3.2.

The transistor is described by the default npn
Use SPICE methods to (@) determine the quiescent values

(Upg: Icos Veg: Verp) and (b) plot the input and output currents and voltages (vg, ig, vy, iz).

(a) The netlist code that follows models the circuit:

Execute

Prb3_14.CIR-CE amplifier

vS 10 SIN(OV 4V 10kHz)

RS 12 100kohm

CC1 2 3 100uF

Q 4 3 0 QNPN

RF 34 180kohm

RC 45 2kohm

VCC 50 12V

CC2 4 6 100uF

RL 6 0 2kohm

.MODEL QNPN NPN() ; Default transistor
.DCVCC 12V 12V 1V

.PRINT DC IB(Q) IC(Q) V(3) V(4)
.TRAN lus O0.1lms ; Signal values
.PROBE

.END

(Prb3_14.CIR) and poll the output file to find [Izp =IB(Q)=29.3uA,
IC(Q) =2.93mA, Vg = V(3) =0.80V, and Vigp = V(4) = 6.08 V. Since Vigp = Vie/2, the tran-
sistor is biased for maximum symmetrical swing.

Icg =
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3.15

3.16

(b) The Probe feature of PSpice is used to plot ig, iy, Vg, and v; as displayed by Fig. 3-18. Notice the 180°
phase shift between input and output quantities.

a V(6) o V(1)
Time

Fig. 3-18

Find the value of the emitter resistor Ry that, when added to the Si transistor circuit of Fig. 3-17,
would bias for operation about Vegp =5V. Let Iegp =0, 8 =80, Rp =220k, Rc = 2k,
and VCC =12V.

Application of KVL around the transistor terminals yields

Bo Ry 220 x 10°

= 19.545 uA

Since leakage current is zero, (3.7) and (3.2) give Iy = (B + 1)I¢p; thus KVL around the collector circuit
gives

(Ipp + Blpo)Rc + (B+ DIgg R = Vee — Vero

_ Vee—Vepo — (B+ DIggRe  12—5 — (80 + 1)(19.545 x 107°)(2 x 10°)

Rp = =2.42kQ
0 E B+ Diggy (80 + 1)(19.545 x 10-9)

In the circuit of Fig. 3-12, Igy = 30 uA, Ry = 1kQ, Voe =15V, and = 80. Find the minimum
value of R, that will maintain the transistor quiescent point at saturation, if Vegg = 0.2V, Bis
constant, and leakage current is negligible.

We first find

__ B _80_
=g =g = 09876
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Then the use of (3.2) and (3.7) with negligible leakage current yields
Ico = Blpo = (80)(30 x 107%) = 2.4mA

Icg 2.4 x 10_3
and Tro == = 59876

Now KVL around the collector circuit leads to the minimum value of R to ensure saturation:

_ Vee = Vepsae — IpgRe 15 —0.2 —(2.43)(1)
- Ico T 24x1073

=2.43mA

Re =5.154kQ

The Si transistor of Fig. 3-19 has 8 =50 and negligible leakage current. Let Ve = 18V,
Vep =4V, Rp =200Q, and Re =4kQ. (a) Find Rp so that Icp =2mA. (b) Determine the
value of Vg for Vi of part (a).

+Vec
Re
B
[S RB
G R
Ve
Fig. 3-19
(a) KVL around the base-emitter-ground loop gives
Vg = IpoRp + Vapo + IpoRr (1)
Also, from (3.7) and (3.2),
B+1
Irg = B Ico 2

Now, using (3.2) and (2) in (/) and solving for Ry yields
_50(4—-0.7)

_ PV = Ving) _ B+ DRy =0 (50 + 1)(200) = 72.3kS2

R
5 Ico 2x 1073

(b) KVL around the collector-emitter-ground loop gives

B+1
Vero = Vee + Ve — (RC +T Rg )co

=1844— (4 x 10 +% 200)(2 x 107%) = 13.59V

The dc current source Ig = 10 uA of Fig. 3-19 is connected from G to node B. The Si transistor
has negligible leakage current and 8 = 50. If Rz = 75kQ, R = 2002, and R = 4k, find the
dc current-gain ratio Ico/lg for (a) Vee =18V and Vg =4V, and (b) Vee =22V and
VEE - O V
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A Thévenin equivalent for the network to the left of terminals B, G has V4, = Rzlg and Ry, = Rp.
With the Thévenin equivalent circuit in place, KVL around the base-emitter loop yields

Rpls + Vg = IpoRp+ Vpep + IpoRe ()

Using (3.2) and (2) of Problem 3.17 in (/), solving for Iy, and then dividing by /g results in the desired
ratio:

Icg _ Rels+Vie—Vagg (75 x10°)(10 x 10°%) +4-0.7

Is <R3 B+1 )_ 75% 10° 50+ 1
(24 PR 6
s\t Re) 0% 1076 S+ - 200

=237.67 )

Note that the value of V¢ must be large enough so that cutoff does not occur, but otherwise it does not
affect the value of I¢p.

Vee = 0 in (2) directly gives

Ieg  (75x 10°)(10 x 107) = 0.7

75 %100 50 +1
E)Y A -
(10 x 10 )( ot 50 200)

=293

Obviously, Vg strongly controls the dc current gain of this amplifier.

3.19 In the circuit of Fig. 3-20, Vo =12V, Vg =2V, Rc =4kQ, and Rg = 100k2. The Ge tran-
sistor is characterized by 8 =50, Icgp =0, and Vigg = 0.2 V.  Find the value of Rp that just
results in saturation if (a) the capacitor is present, and (b) the capacitor is replaced with a short
circuit.

(a)

Application of KVL around the collector loop gives the collector current at the onset of saturation as

Vee = Vegar  12—0.2
Lo — - —295mA
co Re 4% 10° m

With C blocking, Is = 0; hence the use of KVL leads to

Vee = Vero _ Vee = Viro _ 12-0.3
Ing Ico/P (295 x 107%)/50

Ry = =198.3kQ

Fig. 3-20
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(b) With C shorted, the application of (3.2), KCL, and KVL results in

I Vs —Veeo | Vec — Ve
IBQ:?QZIS‘FIRB: Ry £ 4 R, o
Vee =V, 12-03
so that Ry=-—"CC  "BEO = =278.6kQ
Ico Vs—=Vero 295%x107° 2-03
B Ry 50 100 x 10°

3.20 The Si Darlington transistor pair of Fig. 3-21 has negligible leakage current, and 8; = 8, = 50.

3.21

Let Vee = 12V, Ry = 1k, and R, — oco. (a) Find the value of R; needed to bias the circuit so
that Veggo =6V.  (b) with R; as found in part a, find Vg, .

—e + V(e
Rg
Fig. 3-21
(@) Since Ry — 00, Igy =0 and Ipy; = Ig;. By KVL,
Vee = Vergga  12-6
e === =11~ 0mA
E
Iggr
Now Ipor =——=1I¢
802 =g~ = ko
I I 6x107°
and Iy = Ipgy =22 = £Q2 x =231 A

TBAL BB+ 50+ D0+ 1)
By KVL (around a path that includes R;, both transistors, and Ry) and Ohm’s law,

Ve _ Vee = Vaeor = Virgs = IsgpRe  12-0.7—-0.7— (6 x 107)(1 x 10°)

= 1.99MQ
Tal Tal 231 x 10-°

R1:

(b) Applying KVL around a path including both transistors and Ry, we have
Vergr = Vee — Vagor — IroaRe = 12— 0.7 — (6 x 107°)(1 x 10°) = 5.3V

The Si Darlington transistor pair of Fig. 3-21 has negligible leakage current, and 8; = 8, = 60.
Let Rl = R2 = 1MQ, RE = 500 Q, and VCC =12V. Find ([l) 1EQ27 (b) VCEQZv and (C) [CQI'

(a) A Thévenin equivalent for the circuit to the left of terminals a, b has

R, 1 x 10°
Veyp=——Vofp=——-r———12=6V
TR +R, C T Ix105+1 x 109
6 6
and Ry, RiRy _ (1x 1090 x 10 _ (0 o

TRAR  1x100+1x10°
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With the Thévenin circuit in place, KVL gives

Viw = Ipo1 Ry + Veot + Veepr + 1pp2 Re (1)
Realizing that

Ipgr = (By + Diggr = (B2 + 1)(B1 + Dipgp:

we can substitute for Iy in (1) and solve for Igp,, obtaining

_ (B + D)(B2 + DV — Vgt — Vega) (60 +1)(60 4 1)(6 — 0.7 — 0.7)

I = =7.25mA
Fo2 Rop+ (B + D(Bs + DRy 500 x 10° + (60 + 1)(60 + 1)(500) m
(b) By KVL,
Vergs = Vee — IngaRp = 12— (1.25 x 1073)(500) = 8.375V
(¢) From (3.7) and (3.2),
Bi Bi B rg 60 7.25x107°
Ip = Iep = F— = =1169 uA
COl = g RO T g T B T g T B 1 60+1 60+ 1 #

3.22 The Si transistors in the differential amplifier circuit of Fig. 3-22 have negligible leakage current,
and B = B, = 60. Also, Rr = 6.8k, Rz =10k, and Ve = Vg = 15V. Find the value of
Rp needed to bias the amplifier such that Vieggr = Veggo =8 V.

®¢+Vee

OpS
Fig. 3-22
By symmetry, Ipo; = Igg,. Then, by KCL,
ip = Igg1 + Ipgr = 2pgp) ()

Using (/) and (2) of Problem 3.17 (which apply to the 7 circuit here), along with KVL around the left
collector loop, gives

Bi
+1

Vee+ Ve = B Igp1 Re + Vegpr + 2Ig01 R )
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Applying KVL around the left base loop gives

Igor

Ve = Ipg1 Rp+ Vg1 + igRp = B+

Rp + Vo1 + 2lgo1 R 3

Solving (3) for 2/ R, substituting the result into (2), and solving for Iy, yield
B+ DVee = Veegr + Veegr) (604 1)(15 -8 +0.7)

Tgor = = =1.18mA
£ol BiRc — Ry (60)(6.8 x 10°) — 10 x 107 m
and, by (3),
R 10 x 10°
Vee = Vagor — ———Iggr 15— 0.7 — ——— 118 x 1073
Ry = hirl — 60+1 — 597kQ
£ 2Upor 2118 x 107%) :

3.23 The Si transistor of Fig. 3-23 has negligible leakage current, and 8 =100. If V=15V,
VEE = 4V, RE =33 kQ, and R(‘ =7.1 kQ, find (a) IBQ and (b) VCEQ'

Ve ¢ @ ® 1+ Vee

L ®

® ¢, *

Ry Svp

Fig. 3-23
(a) By KVL around the base-emitter loop,
VEE - VBEQ 4 — 07
EQ R, 33x100
Then, by (3.7) and (3.2),
I 1x1073
Ipp=—-"2 =" _—99,A

B+1_ 100+1

(b) KVL and (2) of Problem 3.17 yield

B
Veeo = Vee + Ve — IpgRe — IcgRe = Vee + Vg — (RE + Bl Re ko

7.1 x 103)(1 x107%) =8.67V

=154+4—-(33x10°
5+ (33><0+100+1

3.24 For the transistor circuit of Fig. 3-23, Cr = 100 uF, Rr = 3.3kQ, Rc = 8.1kQ, R; = 15k,
Vee =15V, Vep =4V, and vg = 0.01sin(20007r7) V.  The transistor can be described by the
generic npn model.  Use SPICE methods to () determine the quiescent voltage V¢gp and
(b) plot the input and output currents and voltages.

(a) The netlist code below describes the circuit.
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Prb3_24.CIR-CBamplifier

vs 10 SIN(OV 10mV 1kHz)

CC1l 12 100uF

RE 24 3.3kohm

VEE 04 4V

03 02 QNPNG

RC 358.1k

VCC 50 15V

CC2 3 6 100uF

RL 6 0 15kohm

.MODEL QNPNG NPN (Is=10fA ITkf=150mA Isc=10fA Bf=150
+ Br=3 Rb=1lohm Rc=1lohm Va=30V Cjc=10pF Cje=15pF)
.DCVCC 15V 15V 1V

.PRINTDCV(3,2)

.TRAN lus 1lms

.PROBE

.END

After executing (Prb3_24.CIR), examine the output file to find Vepg =V(3,2) =7.47V. Since
Vero = Vee/2, the transistor is biased for maximum symmetrical swing.

(b) Use the Probe feature of PSpice to plot the input and output currents and voltages as displayed by Fig.
3-24. Notice that this circuit amplifies the output voltage while the output current is actually less in
amplitude than the input current.

o I(CCl) ¢ I(RL)
Time

Fig. 3-24

3.25 Find the proper collector current bias for maximum symmetrical (or undistorted) swing along the
ac load line of a transistor amplifier for which Vi ge: = Icgo = 0.

For maximum symmetrical swing, the Q point must be set at the midpoint of the ac load line. Hence,
from (3.13), we want

1. 1 VCEQ
[(,'Q:E’Cmax:§< Rac +ICQ (1)
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But for a circuit such as that in Fig. 3-9(a), KVL gives
Veeo = Vee — IcgRac )

which becomes an equality if no emitter resistor is present. Substituting (2) into (/), assuming equality, and
solving for I¢y yield the desired result:

Vee
Icp =———7 3
@ Rac + Rdc ( )

In the circuit of Fig. 3-8(a), Rx = 3002, Rc = 50022, Ve = 15V, B =100, and the Si transistor
has g-independent bias. Size R; and R, for maximum symmetrical swing if Vgg, =~ 0.
For maximum symmetrical swing, the quiescent collector current is

oL Vee 15 B
CT 2R+ Re 2(300 4 500)

9.375mA

Standard practice is to use a factor of 10 as the margin of inequality for g independence in (3.8). Then,

R 100)(300

and, from (3.7),
Vg ~ Vg + Ico(1.1Rg) = 0.7 4+ (9.375 x 107%)(330) = 3.794 V

Equations (3.5) may now be solved simultaneously to obtain

Ry 3x 103
R, = - =4.02kQ
YT = Ves/Vee  1—3.794/15
and R = Ry L€ — 3510 -2 _ 1186k
4 2=y T 3794

In the circuit of Fig. 3-10(a), the transistor is a Si device, Ry =200, R, = 10R; = 10k€2,
R; = R =2kQ,B8=100, and Voc=15V. Assume that Co- and Cg are very large, that
Vegsat 2 0, and that ic =0 at cutoff.  Find (a) I¢g, (b) Vegg. (¢) the slope of the ac load
line, (d) the slope of the dc load line, and (e) the peak value of undistorted i;.

(a) Equations (3.5) and (3.7), give

1 x 10%)(10 x 10° 1 x 10°
RB:(X)(—?):909Q and  Vyp=-—— 15=1364V
11 x 10 11 x 10°
Vg —V 364 — 0.
50 1 b Veeg 1364207 5 00

T Ry/(B+ )+ Ry (909/101) + 200
(b)) KVL around the collector-emitter circuit, with Icp & I, gives

Verg = Vee — Iep(Rg + Re) = 15— (3.177 x 1077)(2.2 x 10°) = 8.01 V

1 1 1 1
(¢) Slope = =—+4+—=2

—  _1imS
Re Re R, T2xi ™

(d) Slope = 1 1 !

- - — 0.454mS
R Ret Ry 22x 100~ O44m

(e) From (3.14), the ac load line intersects the vy axis at

Vermax = Vero + IegRae = 8.01 +(3.177 x 107°)(1 x 10°) = 11.187V
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Since vepmax < 2V erg, cutoff occurs before saturation and thus sets V,,,,. With the large capacitors

appearing as ac shorts,
YL _ Ve

TR, R,

or, in terms of peak values,

_ Veem _ VUCEmax — VCEQ _ 11.187 —8.01

I, = —on - — 1.588 mA
Ln =", R, 2% 10° m

3.28 In the circuit of Fig. 3-8(a), Rc =300, Ry =200, R} =2k, R, = 15kQ, Ve =15V, and
B =110 for the Si transistor. ~Assume that /oo ~ Igp and Vg~ 0. Find the maximum
symmetrical swing in collector current (a) if an ac base current is injected, and (b) if Vi is
changed to 10V but all else remains the same.

(a) From (3.5) and (3.7),

2 % 10%)(15 x 10° 2 x 10°
RB:M:Lmﬁ(Q and  Vgp = =2 0315:1.765V
17 x 10° 17x 10
Vg —V, 1. —0.
o) Icg = Irg 5B BEQ 765207 =4.93mA

=Ry B+ 1)+ Ry 1765/111 + 200
By KVL around the collector-emitter circuit with Ico ~ Igg,
Vero = Vee — Iep(Re + Rg) = 15 — (4.93 x 107)(200 + 300) = 12.535V

Since Vegp > Vee/2 =7.5V, cutoff occurs before saturation, and i¢ can swing +4.93mA about Iy
and remain in the active region.

R, 2 x 10°
b Vg = ——— Vee = ——"10 = 11765V
®) BETR 4R, CT17x10°
Vas = Varg 11765 - 0.7
h Iep ~ Ipp = = =2.206mA
so that co™ 1o =g i+ Ry~ 1765/111 1200 200%™
and Vero = Vee — Ieo(Re + Ry) = 10 = (2.206 x 107°)(0.5) = 8.79V

Since Vegg > Vee/2 =5V, cutoff again occurs before saturation, and i¢ can swing £2.206 mA about
I¢p and remain in the active region of operation. Here, the 33.3 percent reduction in power supply
voltage has resulted in a reduction of over 50 percent in symmetrical collector-current swing.

3.29 If a Si transistor were removed from the circuit of Fig. 3-8(a) and a Ge transistor of identical
were substituted, would the Q point move in the direction of saturation or of cutoff?

Since Ry, R,, and V¢ are unchanged, Rz and Vzpz would remain unchanged. However, owing to the
different emitter-to-base forward drops for Si (0.7 V) and Ge (0.3 V) transistors,
~ Vee — Varg
Rp/(B+ 1)+ Rg

would be higher for the Ge transistor. Thus, the Q point would move in the direction of saturation.

ICQ

3.30 In the circuit of Fig. 3-10(a), Ve =12V, Rc = R; = 1kQ, Ry =100, and Cr = Cp — o0.
The Si transistor has negligible leakage current, and g = 100. If Vg = 0 and the transistor
is to have B-independent bias (by having R;||R, = BR/10), size R, and R, for maximum sym-
metrical swing.

Evaluating R,. and Ry, we find

_(1x 10%)(1 x 10%)

Ry = RplIRc = TEERRvaTE =500Q  Rye=Rc+Rp=1x10°+100= 11008
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Thus, according to (3) of Problem 3.25, maximum symmetrical swing requires that

Vee 12
Iep=——CC —7.5mA
€07 Rt Ry 50041100 ™M
BR; _ (100)(100)

10 10

Now, Ry =R/|R, = =1kQ

and, by (3.6) and (2) of Problem 3.17,

B+1 1x10° 100+ 1 ,3

Finally, from (3.5),

Ry L1 ke and Ry = R8Vec _(1x10012)

R, = = = =
YT = Ves/Vee  1—-1.53/12 Vs 1.53

=10.53kQ

The Si transistor of Fig. 3-10(a) has Vg = Icpo =0 and B=75. Cg is removed from the
circuit, and Co — oco.  Also, R = 1kQ, Ry, =9kQ, Ry = R, = R = 1kQ, and Vg =15V.
(a) Sketch the dc and ac load lines for this amplifier on a set of ic-vcp axes. (b) Find the
maximum undistorted value of i;, and determine whether cutoff or saturation limits i; swing.

(a) Rie=Rc+Rp=1x10°+1x10° =2kQ
) 5 (1x 1051 x 10%)
and Rie=Rp+Rc|R,=1x%x10 +m:1.5k9
By (3.5),
3 3 3
Vg = 20 X015 1667V and Ry = Ry[|Ry = L 1OXT0) o500

R, CTox10° 1 x10°+9 x 10°
and from (3.7),

_(B+DVas—Varg) (754 1)(1.667 —0.7)
T TR, +(B+DRe 900 + (75 + 1)(1 x 10%)

By KVL around the collector loop and (2) of Problem 3.17,

= 0.96mA

1
Verg = Vee — (RC +ﬂ% RE)ICQ =15- <1 x 10° +757—§ 1 x 103>0.96 x 1073 =13.07V

The ac load-line intercepts now follow directly from (3.7/3) and (3.14):

. Ve 13.07
femn =R 0 =515
ac N

Vermax = Vero + Lo Rae = 13.07 4 (0.96 x 107°)(1.5 x 10°) = 14.51V

+0.96 x 107 =9.67mA

The dc load-line intercepts follow from (3.9):

o V. 15
ic-axis intercept = chc RCIET 7.5mA

vcg-axis intercept = Ve = 15V

The required load lines are sketched in Fig. 3.25.
(b) Since Icp < %iCmaX, it is apparent that cutoff limits the undistorted swing of i, to £l¢p = £1.92mA.
By current division,

Rp . _ 1 x 10°
Rp+R;, C 1x10°+1x10

i = 5 (£0.96mA) = +0.48 mA
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ic, mA
) DC load line
Iemax = 9:67 1 AC load line
Vee _ 4 _\ /
RdL‘ '
Icp=0.961 /—Vc:c:15
T T T . v

VCE max = 14.51
Fig. 3-25

3.32 In the common-collector (CC) or emitter-follower (EF) amplifier of Fig. 3-26(a), Ve =
12V, Ry = 1kQ, R, =3k, and C¢c — oco.  The Si transistor is biased so that Vegy = 5.7V
and has the collector characteristic of Fig. 3-26(h). (a) Construct the dc load line. (b) Find the
value of B. (¢) Determine the value of Rp.

(a) The dc load line must intercept the vy axis at Ve = 12V. It intercepts the i axis at

Vee  Vee 12

_Vec_ —12mA
Ree Ry Ix100 "

The intercepts are connected to form the dc load line shown on Fig. 3-26(b).

(b) Ipp is determined by entering Fig. 3-26(b) at Vg = 5.7V and interpolating between i curves to find
Ipo ~ S0 uA.  Icg is then read as ~ 6.3mA. Thus,

I 63x107°

=0 00X T %6
P = 1o = 50 % 10°8
(¢) By KVL,
B+1 126 + 1
Vee =Virg==5— lcoRe  12-0.7 - 16 x 1071 x 109
Ry = - 126 ____ =105.05kQ
Ipo 50 x 10

3.33 The amplifier of Fig. 3-27 uses an Si transistor for which Vg =0.7V.  Assuming that
the collector-emitter bias does not limit voltage excursion, classify the amplifier according to
Table 3-4 if (a) Vp=1.0V and vg =0.25coswtV, () V=10V and vg=0.5coswtV,
(¢) Vg =0.5Vand vg =0.6coswtV, (d) Vy=0.7V and vg = 0.5coswt V.

As long as vg + Vp > 0.7V, the emitter-base junction is forward-biased; thus classification becomes a
matter of determining the portion of the period of vg over which the above inequality holds.

(a) wvg+ Vp>0.75V through the complete cycle; thus the transistor is always in the active region, and the
amplifier is of class A.

(b) 0.5 <wg+ Vy < 1.5V; thus the transistor is cut off for a portion of the negative excursion vg. Since
cutoff occurs during less than 180°, the amplifier is of class AB.

(¢) —0.1 <wvwg+ Vy < 1.1V, which gives conduction for less than 180° of the period of vg, for class C
operation.

(d) wvg+ Vy>0.7V over exactly 180° of the period of vg, for class B operation.



+ V(‘(f

ic, mA
DC load line (Problem 3.32)
AC load line (Problem 3.54)

144

10 +

|
| |
| |
’ Ll i5=10
ip=10uA
| [ .
N L N ip=0
0 T L | ™ T 1 y T T ; l/(vE,V
0 2 4 g6 8 10 12 14 16 18
47 57 ().|7
4)' veps V
I
wt
(b)
Fig. 3-26
Ry

Fig. 3-27
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3.34

3.35

3.36

3.37

3.38

3.39

3.40

3.4

3.42

343

Supplementary Problems

The leakage currents of a transistor are Irpp = S nA and Icgp = 0.4 mA, and I = 30 nA. Determine the
value of . Ans. 277 mA

For a BJT, Ic =52 mA, Iz =50 pnA, and Icpo = 0.5 uA. (@) Find B and Iy. (b) What is the percentage
error in the calculation of g if the leakage current is assumed zero? Ans.  (a) 102.96, 5.25 mA; (b) 1.01%

Collector-to-base leakage current can be modeled by a current source as in Fig. 3-28, with the understanding
that transistor action relates currents /¢, Ip, and I (I = aly, and I = BIp). Prove that

1
(@ Ie = Bl + B+ Dlcwo 8) In =525~ leso () Iy =0~ e = Ieno)
e
ICRO
C

()
—/

Ip Is

Fig. 3-28

If the transistor of Problem 3.4 were replaced by a new transistor with 1 percent greater v, what would be the
percentage change in emitter current? Ans. a 96.07% increase

In the circuit of Fig. 3-11, Vegg = 0.2V, 0 = 0.99, Iz =20 uA, Ve = 15V, and Re = 15kQ. What is the
value of Vggp? Ans. Vegg = Vepa = 0.2V

In many switching applications, the transistor may be utilized without a heat sink, since P- ~ 0 in cutoff and
Pc is small in saturation. Support this statement by calculating the collector power dissipated in (a) Prob-
lem 3.6 (active-region bias) and (b) Problem 3.38 (saturation-region bias).

Ans. (a) 18mW; (b) 0.39mW

The collector characteristics of the transistor of Fig. 3-11 are given in Fig. 3-9(b). If
Igp =40 uA, Vee = 15V, and Re = 2.2k, specify the minimum power rating of the transistor to ensure
there is no danger of thermal damage. Ans.  22.54mW

In the circuit of Fig. 3-13, Vo =20V, Rc = 5kQ, Ry =4k, and Rz = 500k2. The Si transistor has
ICBO =0 and ﬂ =50. Find ICQ and VCEQ' Ans. 191 mA, 2.64V

The transistor of Problem 3.41 failed and was replaced with a new transistor with /3o =0 and 8 =75. Is
the transistor still biased for active-region operation?
Ans.  Since the calculated Vegy = —6.0V < 0, the transistor is not in the active region.

What value of Ry will result in saturation of the Si transistor of Fig. 3-13 if V¢ =20V, R =5k,
Ry =4kQ, =50, and Vi pgg =0.2V? Ans. Rp <442.56kQ
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ig ic
-— -—

Rp=1kQ §R(~2k9
i

AN AV
R, R, =10kQ
Vee=15V
I
i
Fig. 3-29

The circuit of Fig. 3-29 illustrates a method for biasing a CB transistor using a single dc source. The
transistor is a Si device (Vggp =0.7V), =99, and Izy =30uA. Find (a) Ry, and (b) Vegop-
Ans. (a) 3.36kQ; (b) 6.06V

Rework Problem 3.28(a) with R, = 5k and all else unchanged.
Ans.  £13.16mA and Iy = 16.84mA

Because of a poor solder joint, resistor R; of Problem 3.28(a¢) becomes open-circuited. —Calculate the
percentage change in Iy that will be observed. Ans.  +508.5%

The circuit of Problem 3-28(a) has p-independent bias (Rg > 10Rp/B). Find the allowable range of gif Iy
can change at most +2 percent from its value for g = 110. Ans. 86.4 < B <149.7

For the circuit of Fig. 3-27, vg = 0.25coswt V, R =30k, Vy =1V, and Ve = 12V. The transistor is
described by the default npn model. If Vg, =~ 0 and I3 = 0, use SPICE methods to determine the range
of R; for class A operation. Hint: A sweep of R; values can determine the particular value of R; for which
Verpg = Vee/2.  (Netlist code available at author website.) Ans. R;p <7.74kQ

If an emitter resistor is added to the circuit of Fig. 3-17, find the value of Ry needed to bias for maximum
symmetrical swing. Let Ve =15V, Ry = 1.5k, and Rc = 5kQ. Assume the transistor is an Si device
with Icpo = Vega: = 0 and 8 = 80. Ans. 477.4kQ

In the circuit of Fig. 3-20, the Ge transistor has Iczp = 0 and g = 50. Assume the capacitor is replaced with
a short circuit. Let Vg =2V, Ve =12V, R = 4kQ, Ry = 100k, and Rz = 330kQ. Find the ratios
(@) Icg/Iy and (D) Veg/Vs. Ans. (a) 374.6; (b) 0.755

In the differential amplifier circuit of Fig. 3-22, the two identical transistors are characterized by the default
npn model.  Let Ry =10kQ, Rr = R =6.8kQ, and Ve = Vg =15V, Use SPICE methods to
determine (a) Vpgo and  (b) voltages v,; = vy. (Netlist code available from author website.)

Ans.  (a) Vgpor = V(4,3) =8.89V; (D) v, =v, = V(@) =V(6) =8.01V

In the amplifier of Fig. 3-10(a), R, =1kQ, R, =9kQ, R =100, R; = 1kQ, Ve =12V, Cc =
Cp — oo, and B =100. The Si transistor has negligible leakage current, with Vg = Icgo = 0. Find
R so that v; exhibits maximum symmetrical swing. Ans. 1.89kQ

If in Problem 3.31, R is changed to 9k and all else remains unchanged, determine the maximum undis-
torted swing of i,. Ans. £1.5mA

In the CC amplifier of Problem 3.32, let ig = 10sinw? nA. Calculate v; after graphically determining v¢p.
Ans. The ac load line and vy are sketched on Fig. 3-26: vop & 5.7 —sinwt V; v, =sinwt V



Characteristics of Field-
Effect Transistors and
Triodes

4.1. INTRODUCTION

The operation of the field-effect transistor (FET) can be explained in terms of only majority-carrier
(one-polarity) charge flow; the transistor is therefore called unipolar. Two kinds of field-effect devices
are widely used: the junction field-effect transistor (JFET) and the metal-oxide-semiconductor field-effect
transistor (MOSFET).

4.2. JFET CONSTRUCTION AND SYMBOLS

The physical arrangement of, and symbols for, the two kinds of JFET are shown in Fig. 4-1.
Conduction is by the passage of charge carriers from source (S) to drain (D) through the channel between
the gate (G) elements.

The transistor can be an n-channel device (conduction by electrons) or a p-channel device (conduc-
tion by holes); a discussion of n-channel devices applies equally to p-channel devices if complementary
(opposite in sign) voltages and currents are used. Analogies between the JFET and the BJT are shown
in Table 4-1. Current and voltage symbology for FETs parallels that given in Table 3-1.

4.3. JFET TERMINAL CHARACTERISTICS

The JFET is almost universally applied in the common-source (CS) two-port arrangement of Fig.
4-1, where vgg maintains a reverse bias of the gate-source pn junction. The resulting gate leakage
current is negligibly small for most analyses (usually less than 1 nA), allowing the gate to be treated as an
open circuit. Thus, no input characteristic curves are necessary.

Typical output or drain characteristics for an n-channel JFET in CS connection with vgg < 0 are
given in Fig. 4-2(a). For a constant value of vgg, the JFET acts as a linear resistive device (in the ohmic
region) until the depletion region of the reverse-biased gate-source junction extends the width of the
channel (a condition called pinchoff). Above pinchoff but below avalanche breakdown, drain current ip,

103
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(b) p-channel JFET

Fig. 4-1

remains nearly constant as vpg is increased. For specification purposes, the shorted-gate parameters
Ipss and V), are defined as indicated in Fig. 4-2(a); typically, V), is between 4 and 5V. As gate potential
decreases, the pinchoff voltage, that is, the source-to-drain voltage V/, at which pinchoff occurs, also
decreases, approximately obeying the equation

VI’ = VpO + VGs (41)
Table 4-1
JFET BIT
source S emitter £
drain D collector C
gate G base B

drain supply Vpp | collector supply Ve
gate supply Vg base supply Vg

drain current ip collector current i




CHAP. 4] CHARACTERISTICS OF FIELD-EFFECT TRANSISTORS AND TRIODES 105

ind | Aip
Ipss =10 / VGs=0V
Ohmic
Vop region vps >V,
; F oo DS = Vpo
Ry + Ry | =" Pinchoff region Inss
-1
|
, | 1IN0
Do | | 2= V(iSQ
|1 T\)C load line . Ing Transfer
LB \ | bias line
AT 4 l \<
et _
;411 \1 75: i
o234 I’ Vpso Vop vps,V Vo Vaso vGs
Voo
(a) Drain characteristics (b) Transfer characteristic

Fig. 4-2 CS n-channel JFET

The drain current shows an approximate square-law dependence on source-to-gate voltage for
constant values of vpg in the pinchoff region:

2
io = Ioss 1+ 52) (+42)
V/}O

This accounts for the unequal vertical spacing of the characteristic curves in Fig. 4-2(a). Figure 4-2(b) is
the graph of (4.2), known as the transfer characteristic and utilized in bias determination. The transfer
characteristic is also determined by the intersections of the drain characteristics with a fixed vertical line,
vps = constant. To the extent that the drain characteristics actually are horizontal in the pinchoff
region, one and the same transfer characteristic will be found for all vpg > V. (See Fig. 4-4 for a
slightly nonideal case.)

44. JFET SPICE MODEL

The element specification statement for a JFET must explicitly assign a model name that is an
arbitrary selection of alpha and numeric characters. The general form is

J---ny ny ny model name

Nodes ny, ny, and n3 belong to the drain, gate, and source, respectively. Only the n-channel JFET is
addressed in this book. Positive voltage and current directions for the device are clarified by Fig. 4-3.

l[D ()
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A .MODEL control statement must appear in the netlist code for a JFET circuit. The control
statement has the following format:

.MODEL model name NJF (parameters)

If the parameter field is left blank, default values are assigned. Nondefault parameters are entered in the
parameter field using the format parameter name = value. The specific parameters of concern in the
book are documented by Table 4-2. The SPICE model describes the JFET in the pinchoff region by

1
ip= DSS2 (Vto + vGS)2 = Beta(Vto + UGS)2
(Vto)
Table 4-2
Parameter Description Major Impact Default | Units

Vto pinchoff voltage | shorted-gate current | —2 Vv
Beta transcond. coeff. | shorted-gate current | 0.0001 A/V?
Rd drain resistance current limit 0 Q
Rs source resistance | current limit 0 Q
CGS gate-source cap. | high frequency 0 F
CGD gate-drain cap. high frequency 0 F

Example 4.1. Use SPICE methods to generate (a) the CS drain characteristics and (b) the transfer characteristic
for an n-channel JFET that has the parameter values Vto = —4 'V, Beta = 0.0005 A/Vz, Rd=1Q,Rs=1%, and
CGS = CGD =2pF.

(a) Figure 4-4(a) shows a connection method for measurement of both the drain characteristics and the transfer
characteristic. The following netlist code generates the drain characteristics that have been plotted using the
Probe feature of PSpice as Fig. 4-4(b).

Ex4_la.CIR-JFET drain characteristics
vGS 100V

vDS 2 0 OV

J2 10NJFET

.MODEL NJFET NJF ( Vto=-4V Beta=0.0005ApVsqg
+ Rd=1lohm Rs=lohm CGS=2pF CGD=2pF)

.DC vDS OV 25V 0.5V vGS OV -4V 0.5V

.PROBE

.END

(b) The netlist code below holds vpg constant to calculate the transfer characteristic that has been plotted by use of
the Probe feature as Fig. 4-4(c).

Ex4_1b.CIR - JFET transfer characteristic
vGS 1 0 0V

vDS 2 0 10V

J2 10NJFET

.MODEL NJFET NJF ( Vto=-4V Beta=0.0005ApVsq
+ Rd=1lohm Rs=1lohm CGS=2pF CGD=2pF)

.DC vGS OV -4V 0.5V

.PROBE

.END
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4.5. JFET BIAS LINE AND LOAD LINE

The commonly used voltage-divider bias arrangement of Fig. 4-5(a) can be reduced to its equivalent
in Fig. 4-5(b), where the Thévenin parameters are given by

R R,

R, = Ry
TR +R,

—V 4.3
R+ R, PP (4.3)

and VGG =
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I+VDD @1+ Vo

O 1 O o] §ﬁ

ll}—
©
i

(a) (b)
Fig. 4-5

With iz = 0, application of KVL around the gate-source loop of Fig. 4-5(b) yields the equation of the
transfer bias line,

_Vee ves

S (4.4)

Ip
which can be solved simultaneously with (4.2) or plotted as indicated on Fig. 4-2(b) to yield Ipy and
Viso» two of the necessary three quiescent variables.

Application of KVL around the drain-source loop of Fig. 4-5(b) leads to the equation of the dc load
line,

_ Vop __ Yps
Rs+Rp Rs+Rp

ip (4.5)
which, when plotted on the drain characteristics of Fig. 4-2(a), yields the remaining quiescent value,
Vpsg- Alternatively, with I already determined,

Vpso = Vpp — (Rs + Rp)Ipg

Example 4.2. In the amplifier of Fig. 4-5(a), Vpp =20V, R} = 1 MQ, R, = 15.7TMQ, R = 3k, and Rg = 2kQ.
If the JFET characteristics are given by Fig. 4-6, find (a) Ipg, (b) Visg» and (¢) Vpsg-

(@) By (4.3),

R, 1 x10°

VG(} = DD

20=12V
R +R, 5 20

T167x 10

On Fig. 4-6(a), we construct the transfer bias line (4.4); it intersects the transfer characteristic at the Q point,
giving Ipp = 1.5mA.

(b) The Q point of Fig. 4-6(a) also gives Vggp = —2V.

(¢) We construct the dc load line on the drain characteristics, making use of the vpg intercept of Vpp =20V and

the ip intercept of Vpp/(Rs+ Rp) =4mA. The Q point was established at Ipy = 1.5mA in part ¢ and at
Viso = —2V in part b; its abscissa is Vpgo = 12.5V.  Analytically,

Voso = Voo — (Rs + Rp)pg = 20 — (5 x 10°)(1.5 x 107) = 12.5V
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4.6. GRAPHICAL ANALYSIS FOR THE JFET

As is done in BJT circuits (Section 3.7), coupling (or blocking) capacitors are introduced to confine
dc quantities to the JFET and its bias circuitry. Further, bypass capacitors Cy effectively remove the
gain-reducing source resistor insofar as ac signals are concerned, while allowing Rg to be utilized in
favorably setting the gate-source bias voltage; consequently, an ac load line is introduced with analysis
techniques analogous to those of Section 3.7.

Graphical analysis is favored for large-ac-signal conditions in the JFET, since the square-law rela-
tionship between vgg and iy leads to signal distortion.

Example 4.3. For the amplifier of Example 4.2, let v; = sin #(w = 1rad/s) and Cg — co. Graphically determine
Vs and id’

Since Cg appears as a short to ac signals, an ac load line must be added to Fig. 4-6(b), passing through the Q
point and intersecting the vpg axis at

Vpso + IngRae = 12,5+ (1.5)3) = 17V

We next construct an auxiliary time axis through Q, perpendicular to the ac load line, for the purpose of showing, on
additional auxiliary axes as constructed in Fig. 4-6(b), the excursions of i; and v, as vy, = v; swings 1V along the
ac load line. Note the distortion in both signals, introduced by the square-law behavior of the JFET characteristics.

4.7. MOSFET CONSTRUCTION AND SYMBOLS

The n-channel MOSFET (Fig. 4-7) has only a single p region (called the substrate), one side of which
acts as a conducting channel. A metallic gate is separated from the conducting channel by an insulating
metal oxide (usually SiO,), whence the name insulated-gate FET (IGFET) for the device. The p-channel
MOSFET, formed by interchanging p and n semiconductor materials, is described by complementary
voltages and currents.

Drain
Metal oxide Enhanced
Metal channel D
Gate Substrate l i
(@) (B) + ,
- Vop [¢—— B
G
+
Voo ™= S

Source
()
(a) (b)

Fig. 4-7

4.8. MOSFET TERMINAL CHARACTERISTICS

In an n-channel MOSFET, the gate (positive plate), metal oxide film (dielectric), and substrate
(negative plate) form a capacitor, the electric field of which controls channel resistance. When the
positive potential of the gate reaches a threshold voltage V1 (typically 2 to 4 V), sufficient free electrons
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are attracted to the region immediately beside the metal oxide film (this is called enhancement-mode
operation) to induce a conducting channel of low resistivity. If the source-to-drain voltage is increased,
the enhanced channel is depleted of free charge carriers in the area near the drain, and pinchoff occurs as
in the JFET. Typical drain and transfer characteristics are displayed in Fig. 4-8, where V' = 4 V is used
for illustration. Commonly, the manufacturer specifies V7 and a value of pinchoff current 7p,,; the
corresponding value of source-to-gate voltage is Vggon-

i,”

vps=0

VGs = Vson

8V Ipon

7V

|
|
I
|
|
I
I
|

- | -

10 20 Ups: V 0 Vr VGson vGs

(@) (b)

The enhancement-mode MOSFET, operating in the pinchoff region, is described by (4.1) and (4.2) if
V0 and Ipgg are replaced with —V¢ and Ip,,, respectively, and if the substrate is shorted to the source,
as in Fig. 4-9(a). Then

2
v
iD = IDon(l - ﬂ) (4.6)

where vgg > V.

Although the enhancement-mode MOSFET is the more popular (it is widely used in digital switch-
ing circuits), a depletion-mode MOSFET, characterized by a lightly doped channel between heavily
doped source and drain electrode areas, is commercially available that can be operated like the JFET
(see Problem 4.22). However, that device displays a gate-source input impedance several orders of
magnitude smaller than that of the JFET.

4.9. MOSFET SPICE MODEL

The element specification statement for a MOSFET must explicitly assign a model name (an arbi-
trary selection of alpha and numeric characters) having the general form

M .- ny ny ny ny model name

Nodes ny, ny, n3, and ny belong to the drain, gate, source, and substrate, respectively. Only the n-
channel MOSFET is addressed where the device positive voltage and current directions are clarified by
Fig. 4-10.
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Format of the .MODEL control statement that must appear in the netlist code for a MOSFET
circuit is as follows:

.MODEL model name NMOS (parameters)

A blank parameter field results in assignment of default parameter values. Nondefault parameters are
entered in the parameter field as parameter name = value. The specific parameters of concern in this
book are documented by Table 4-3. The SPICE model characterizes the enhancement mode MOSFET
in the pinchoff region by

o Kp
Ip = IL;(;TH (vgs — VT)2 = > (vgs — VT)2
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Table 4-3
Parameter Description Default | Units
Vto Threshold voltage | 0 v
Kp Transcond. coeff. | 2 x 107° | A/V?
Rd Drain resistance 0 Q
Rg Gate resistance 0 Q

Example 4.4. Use SPICE methods to generate (a) the CS drain characteristics and (b) the transfer characteristic
for an n-channel MOSFET that has the parameter values Vto = 4V, Kp = 0.0008 A/V?, Rd = 1 ©, and Rg = 1 kQ.

(a) Figure 4-11(a) shows the chosen connection method for measurement of both the drain characteristics and the
transfer characteristic. The netlist code below generates the drain characteristic that has been plotted using the
Probe feature of PSpice as Fig. 4-11(b).

| —'D +
ORI ol B L
. | s :
Vgs —/
(@)
""""""""""""""""" : 8.0 MA-rommmmmmc oo m oo e ooy
| : |
(IDon=6.4000 ma) i { (VGS=8 V, IDon=6.4 mA) !
vGS=8 V | i : i
: | '
1 ' "
t ! 1
] ! |
] ! ]
' ' |
] ( 1
] ! (
| f !
1 L I
7V ' 4.0 mAA !
: l i
| { 1
1 I 1
1 L 1
' ! 1
| t 1
sV : |
I f |
| t 1
1 : :
5 \4 : 1 1
] f 1
pp— ! !
! ' 0 A+ LT —— I
. io0v 20V 30V ov 4.0V 8.0V
a ID (M) o ID(M)
VDS vGsS
(b) (o)

Fig. 4-11
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Ex4_4a.CIR - MOSFET drain characteristics
vGS 10 0V

vDS 2 0 OV

M2 10 0NMOSG

.MODEL NMOSG NMOS (Vto=4V Kp=0.0008ApVsq
+ Rd=1lohm Rg=1kohm)

.DC vDS OV 25V 0.5V vGS OV 8V 1V

.PROBE

.END

(b) The following netlist code maintains vpg constant to determine the transfer characteristic that is plotted by use
of Probe as Fig. 4-11(¢).

Ex4_4b.CIR - MOSFET transfer characteristic
vGS 10 0V

vDS 2 0 15V

M2 10 0NMOSG

.MODEL NMOSG NMOS (Vto=4V Kp=0.0008ApVsq

+ Rd=lohm Rg=1kohm)

.DCvGS 0V 8V 0.1V

.PROBE

.END

4.10. MOSFET BIAS AND LOAD LINES

Although the transfer characteristic of the MOSFET differs from that of the JFET [compare Fig. 4-
2(b)] with Figs. 4-8(b) and 4-27], simultaneous solution with the transfer bias line (4.4) allows determina-
tion of the gate-source bias Vggo. Further, graphical procedures in which dc and ac load lines are
constructed on drain characteristics can be utilized with both enhancement-mode and depletion-mode
MOSFETS.

The voltage-divider bias arrangement (Fig. 4-5) is readily applicable to the enhancement-mode
MOSFET; however, since Vggo and Vo are of the same polarity, drain-feedback bias, illustrated in
Fig. 4-9(a), can be utilized to compensate partially for variations in MOSFET characteristics.

Example 4.5. In the amplifier of Fig. 4-9(a), Vpp = 15V, R; = 3kQ, and Ry = 50 MQ. If the MOSFET drain
characteristics are given by Fig. 4-9(b), determine the values of the quiescent quantities.

The dc load line is constructed on Fig. 4-9(h) with vpg intercept of Vpp =15V and ip intercept of
Vpp/R; = SmA. With gate current negligible (see Section 4.3), no voltage appears across Ry, and so
Ves = Vps.  The drain-feedback bias line of Fig. 4-9(b) is the locus of all points for which Vg = Vpg. Since
the Q point must lie on both the dc load line and the drain-feedback bias line, their intersection is the Q point. From
Flg 4-9([7), IDQ ~ 2.65mA and VDSQ = Vng ~690V.

Example 4.6. The drain-feedback biased amplifier of Fig. 4-9(a) has the circuit element values of Example 4.5
except that the MOSFET is characterized by the parameter values of Example 4.4. Apply SPICE methods to
determine the quiescent values.

The netlist code below describes the circuit.
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Ex4_6.CIR -Drain-feedback bias

vi 100V ; Value inconsequential
CC 12 100uF; Value inconsequential
RF 2 3 50MEGohm

RL 34 3kohm

VDD 4 0 15V

M3 20 0NMOSG

.MODEL NMOSG NMOS (Vto=4V Kp=0.0008ApVsqg
+ Rd=1lohm Rg=1kohm)

.DC VDD 15V 15V 1V

.PRINT DC ID(M) V(2) V(3)

.PROBE

.END

Execute (Ex4_6.CIR) and poll the output file to find Ipp=IDM)=279mA, Vps=V(Q3) =

4.11. TRIODE CONSTRUCTION AND SYMBOLS

A vacuum tube is an evacuated enclosure containing (1) a cathode that emits electrons, with a heater
used to elevate the cathode temperature to a level at which thermionic emission occurs; (2) an anode or
plate that attracts the emitted electrons when operated at a positive potential relative to the cathode; and
usually (3) one or more intermediate electrodes (called grids) that modify the emission-attraction process.
Analogous to FETS, the voltage applied to the grids controls current flowing into the plate lead.

The single grid of the vacuum triode is called the control grid; it is made of small-diameter wire and
inserted between the plate and cathode as suggested in Fig. 4-12(a). The mesh of the grid is sufficiently
coarse so as not to impede current flow from plate to cathode through collision of electrons with the grid
wire; moreover, the grid is placed physically close to the cathode so that its electric field can exert
considerable control over electron emission from the cathode surface. The symbols for the total
instantaneous currents and voltages of the triode are shown in Fig. 4-12(b); component, average, rms,
and maximum values are symbolized as in Table 3-1.

/——\( Plate (P)
Control grid (G) \Kx/a/ Cathode (K) vrG
Q

{
-
N/
N
N
s N

Heater —

T
D
vg

(a) (b)
Fig. 4-12

4.12. TRIODE TERMINAL CHARACTERISTICS AND BIAS

The voltage-current characteristics of the triode are experimentally determined with the cathode
sharing a common connection with the input and output ports. If plate voltage vp and grid voltage vg
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are taken as independent variables, and grid current i; as the dependent variable, then the input char-
acteristics (or grid characteristics) have the form

ig = f1(vp, v6) (4.7)
of which Fig. 4-13(a) is a typical experimentally determined plot. Similarly, with vp and vg as inde-

pendent variables, the plate current ip becomes the dependent variable of the output characteristics (or
plate characteristics)

ip = /2(vp, vg) (4.8)

of which a typical plot is displayed in Fig. 4-13(b).

i, mA A ip, mA 4

25
50

vp = 100V

1
10 ' 15 Ve V vp, V
Vea Veo Vpp

(a) Grid characteristics (b) Plate characteristics

Fig. 4-13

The triode input characteristics of Fig. 4-13(a) show that operation with a positive grid voltage
results in flow of grid current; however, with a negative grid voltage (the common application), negligible
grid current flows and the plate characteristics are reasonably approximated by a three-halves-power
relationship involving a linear combination of plate and grid voltages:

ip = k(vp + 1vg)’"? (4.9)

where « denotes the perveance (a constant that depends upon the mechanical design of the tube) and u is
the amplification factor, a constant whose significance is elucidated in Chapter 7 when small-signal
amplification of the triode is addressed.

To establish a range of triode operation favorable to the signal to be amplified, a quiescent point
must be determined by dc bias circuitry. The basic triode amplifier of Fig. 4-14 has a grid power supply
Ve of such polarity as to maintain v negative (the more common mode of operation). With no input
signal (vg = 0), application of KVL around the grid loop of Fig. 4-14 yields the equation of the grid bias
line,

. Ve ve

ig = R,  Re (4.10)
which can be solved simultaneously with (4.7) or plotted as indicated on Fig. 4-13(a) to determine the
quiescent values Igp and Vgo. If Vg is of the polarity indicated in Fig. 4-14, the grid is negatively
biased, giving the Q point labeled Q,. At that point, Iy ~ 0 and Vg & —Vg; these approximate
solutions suffice in the case of negative grid bias. However, if the polarity of V;; were reversed, the grid
would have a positive bias, and the quiescent point Q, would give Iy > 0 and Vg < Vig-
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Fig. 4-14 Basic triode amplifier

Voltage summation around the plate circuit of Fig. 4-14 leads to the equation of the dc load line

. Vpp  vp
__pPr_ 7P 4.11
Ip R, R, ( )

which, when plotted on the plate characteristics of Fig. 4-13(b), yields the quiescent values Vp, and Ipg
at its intersection with the curve vg = Vyp.

Example 4.7. In the triode amplifier of Fig. 4-14, Vg =4V, Vpp =300V, R; = 10k, and R; =2kQ. The
plate characteristics for the triode are given by Fig. 4-13(b). (a) Draw the dc load line; then determine the quiescent
values (b) Igg, (¢) Vgo. (d) Ipg, and (e) Vpg.

(a) For the given values, the dc load line (4.11) has the ip intercept

Vep 300
Zer 20 30mA
R, _10x10° ™

and the vp intercept Vpp =300V. These intercepts have been utilized to draw the dc load line on the plate
characteristics of Fig. 4-13(b).

(b) Since the polarity of Vg is such that vg is negative, negligible grid current will flow (Igo ~ 0).

(¢) For negligible grid current, (4.10) evaluated at the Q point yields Vg = —Vgg = —4 V.

(d) The quiescent plate current is read as the projection of 9, onto the ip axis of Fig. 4-13(b) and is Ipyp = 8 mA.
(e) Projection of Q, onto the vp axis of Fig. 4-13(b) gives Vpy =220V.

Solved Problems

4.1 If Cg =0 and all else is unchanged in Example 4.2, find the extremes between which vg swings.

Voltage v,, will swing along the dc load line of Fig 4-6(b) (which is now identical to the ac load line)
from point a to point b, giving, as extremes of ip, 3.1 mA and 0.4mA. The corresponding extremes of
vg = ipRg are 6.2V and 0.8 V.

4.2  For the MOSFET amplifier of Example 4.5, let V59 = 6.90 V. Calculate I from the analog of
(4.2) developed in Section 4.8.

From the drain characteristics of Fig. 4-9(b), we see that V; =4V and that Ip,, = SmA at
VGSon =8V. ThuS,
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4.3

4.4

4.5

4.6
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Veso\’ 90\°
Ing = Ipon(1 = =22} =5x 107 1 =899 5 63ma
VT 4

(Compare Example 4.5.)

By a method called self-bias, the Q point of a JFET amplifier may be established using only a

single resistor from gate to ground [Fig. 4-5(b) with Vg =0]. If Rp =3kQ, Rg =2k,

R; =5MQ, and Vpp =20V in Fig. 4-5(b), and the JFET characteristics are given by Fig. 4-6,

find (a) Ipg. (b) Vgsg,and (c) Vpsg.

(@) On Fig. 4-6(a) we construct a transfer bias line having a vgg intercept of Vs =0 and a slope of
—1/Rg = —0.5mS; the ordinate of its intersection with the transfer characteristic is /pp = 1.15mA.

(b) The abscissa of the Q point of Fig. 4-6(a) is Vggo = —2.3 V.

(¢) The dc load line from Example 4.2, already constructed on Fig. 4-6(b), is applicable here. The Q point
was established at Ipp = 1.15mA in (a); the corresponding abscissa is Vpgp ~ 14.2V.

Work Problem 4.3, except with the JFET described by the parameter values of Example 4.1, using
SPICE methods to illustrate the ease with which quiescent values for a JFET circuit can be
determined.

The netlist code below describes the circuit of Fig. 4-5(b) with Vg5 = 0.

Prb4_4.CIR - Self-bias

RG 10 5MEGohm ; VGG not used

RS 2 0 2kohm

RD 34 3kohm

VDD 4 0 20V

J3 12NJFET

.MODEL NJFET NJF ( Vto=-4V Beta=0.0005ApVsq
+ Rd=1lohm Rs=1lohm CGS=2pF CGD=2pF)
.DC VDD 20V 20V 1V

.PRINT DC ID(J) V(1,2) V(3,2)

.END

Execute <Prb4_4.CIR> and examine the output file to find (a) Ipgp =1D(J)=122mA,
(b) Vgso =V(1,2) = =2.44V, and (c) Vpspo =V(3,2)=139V.

Replace the JFET of Fig. 4-5 with an n-channel enhancement-mode MOSFET characterized by
Flg 4-8. Let VDD = 16V, VGSQ = 8V, VDSQ = 12V, [DQ = lmA, R] = SMQ, and R2 =3MQ.
Find (@) Vg, (b)) Rg,and (¢) Rp.

(@) By (4.3), Vo = R Vpp/(Ri + Ry) =10V.
(b) Application of KVL around the smaller gate-source loop of Fig. 4-5(b) with iz = 0 leads to

Voo — Vaso _ 10-28

=2kQ
IDQ 1 x 10_3

RSZ

(¢) Using KVL around the drain-source loop of Fig. 4-5(b) and solving for R}, yield

Voo = Voso — IppRs _ 16— 12— (1 x 10732 x 10%) _

2kQ
IDQ I x 1073

RD:

The JFET amplifier of Fig. 4-15 shows a means of self-bias that allows extremely high input
impedance even if low values of gate-source bias voltage are required. Find the Thévenin
equivalent voltage and resistance for the network to the left of a, b.
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Fig. 4-15

With a, b open there is no voltage drop across Rz, and the voltage at the open-circuited terminals is
determined by the R;-R, voltage divider:
R,

—V
R+ R, PP

vy = Vee =

With Vpp deactivated (shorted), the resistance to the left of a, b is

R Ry
R+ R,

Ry =Re=R;s +

It is apparent that if R; is made large, then R; = Z;, is large regardless of the values of R; and R,.

4.7  The manufacturer’s specification sheet for a certain kind of n-channel JFET has nominal and
worst-case shorted-gate parameters as follows:

Value Ipss, mA | Vyy, V

maximum 7 4.2
nominal 6 3.6
minimum 5 3.0

Sketch the nominal and worst-case transfer characteristics that can be expected from a large
sample of the device.

Values can be calculated for the nominal, maximum, and minimum transfer characteristics using (4.2)
over the range —V),) < vgs < 0. The results are plotted in Fig. 4-16.

4.8 A self-biased JFET amplifier (Fig. 4-15) is to be designed with Vpgo =15V and Vpp =24V,
using a device as described in Problem 4.7. For the control of gain variation, the quiescent drain
current must satisfy Ipp =2+ 0.4mA regardless of the particular parameters of the JFET
utilized. Determine appropriate values of Rg and Rp.

Quiescent points are first established on the transfer characteristics of Fig. 4-16: Qp,x at Ipg = 2.4mA,
Onom at Ipg = 2.0mA, and Qy,;, at Ipg = 1.6mA. A transfer bias line is then constructed to pass through
the origin (i.e., we choose Vg5 = 0) and Q, . Since its slope is —1/Rg, the source resistor value may be
determined as



120 CHARACTERISTICS OF FIELD-EFFECT TRANSISTORS AND TRIODES [CHAP. 4

Problem 4.8

A ip, mA
—s8
Maximum
Nominal 6
Minimum
Rg=1750 Q Ommax =14
Onom -2
Qmin
] | L
-4 -3 -2 -1 0 1 2 Vs ;
Fig. 4-16
0—(-3
Rg = % =750
4-0)x 10

The drain resistor value is found by applying KVL around the drain-source loop and solving for Rp:

 Vop — Viso — InpRs 24 — 15 — (0.002)(750)
B Ing - 0.002

Rp

When Rg and R)p have these values, the condition on Ip, is satisfied.

=3.75kQ

4.9  Ann-channel JFET has worst-case shorted-gate parameters given by the manufacturer as follows:

Value Ipss, mA | Vi, V
maximum 8 6
minimum 4 3

If the JFET is used in the circuit of Fig. 4-5(b), where Rg =0, R; =1MQ, Rp =2.2kQ,
Veg =—1V, and Vpp =15V, use SPICE methods to find the maximum and minimum values
of Ipp and the maximum and minimum values of Vg, that could be expected. Model the JFET
by default parameters except for Vto and Beta.

The netlist code below describes the circuit.

Prb4_9.CIR - Worst-case study

.PARAM Vpo=-3V, Ion=8mA

RG 15 1MEGohm

VGG 50 -1V

RD 34 2.2kohm

VDD 4 0 15V

J 3 1 0NJFET ; RSnot used

.MODEL NJFET NJF ( Vto={Vpo} Beta={Ion/Vpo 2} )
.DC PARAM Vpo -3V -6V 3V PARAM Ion 4mA 8mA 4mA
.PRINT DC ID(J) V(3)

.END
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Execute (Prb4_9.CIR) and examine the output file to find the two pairs of values

IDQmin =1.78 mA, VDSQmax =11.09V
IDQmax = 515mA, VDSQmin =3.66V

4.10 Gate current is negligible for the p-channel JFET of Fig. 4-17. If Vpp = =20V, Ipgg = —10mA,
IDQ = -8 mA, Vp() = —4V, RS = 0, and RD =15 kQ, find ((l) VGG and (b) VDSQ'

(a) Solving (4.2) for vgg and substituting Q-point conditions yield

Ino 172 _g\ /2
VGSQ = I)O|:(1DSS) _1i| = _4|:<_10) —1i| =0.422V

With negligible gate current, KVL requires that Vg = Vg = 0.422V.
(b) Applying KVL around the drain-source loop gives

Viso = Voo — IngRp = (=20) — (=8 x 107)(1.5 x 10°) = -8V

4.11 The n-channel enhancement-mode MOSFET of Fig. 4-18 is characterized by V;y =4V and
Ipon = 10mA.  Assume negligible gate current, R; = 50k, R, = 04MQ, Rg =0, Rp = 2k,
and VDD =15V. Find (a) VGSQ’ (b) IDQa and (C) VDSQ'

(a) With negligible gate current, (4.3) leads to

R, 50 x 10°
Ve, =V =—2 Vpp =
G PGE T R AR, PP T 50103 +0.4 x 10

F15=1.67V

(b) By (4.0),

v, 2 . 2
Ipg = IDm<1 - ﬁjg) =10 x 10*3<1 7?) =339mA

(¢) By KVL around the drain-source loop,

Voso = Vop — IpgRp = 15— (3.39 x 107)(2 x 10%) =8.22V
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VDD

Fig. 4-18

4.12 For the n-channel enhancement-mode MOSFET of Fig. 4-18, gate current is negligible,
IDon = IOmA, and VT =4V. If RS = 0, Rl =50 kQ, VDD = 15V, VGSQ = 3V, and
Vpso =9V, determine the values of (a) R, and (b) Rp.

(@) Since ig =0, Vgsp = Vg of (4.3).  Solving for R, gives

1
R, =R, oo 1) =50 % 10°(22— 1) = 200k
Vch 3

(b) By (4.0),

VGSQ : -3 3 :
Ing = Ipen( 1 = -72¢ ) =10 107 (1= =0.625mA

Then KVL around the drain-source loop requires that

R :VDD_VDSQ: 15—9
b Ing 0.625 x 10

5 =9.6kQ

4.13 A p-channel MOSFET operating in the enhancement mode is characterized by V7 = —3V and
IDQ = —8mA when VGSQ =—-45V. Find (a) VGSQ if IDQ = —16mA and (b) IDQ if
Veso =—5V.

(a) Using the given data in (4.6) leads to

IDQ —8 x 10_3

(0~ Voso/ V) (= (—45) 37 —32mA

I, Don =

Rearrangement of (4.6) now allows solution for Vggp:

I 1/2 _ 172
Voso = VT|:1 - (1;"2) } = (_3)[1 - (_—éi’) =—0.88V

(b) By (4.0),

v 2 —_5\2
Ipp = IDnn<1 - ;SQ> =-32x 10*3(1 - —3) =—1422mA
. -
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4.14 The n-channel JFET circuit of Fig. 4-19 employs one of several methods of self-bias. (a) Assume

4.15

negligible gate leakage current (i &~ 0), and show that if Vpp > 0, then Vo < 0, and hence the
device is properly biased. (b) If Rp =3kQ, Ry =1k, Vpp =15V, and Vg =7V, find Iy
and VGSQ'

VDD
RD
R
G R
-
Fig. 4-19
(a) By KVL,
Voo — Vbso
Ipp=——= 1
0= "R R 0

Now Vpsg < Vpp, soitis apparent that Ipy > 0. Since iz ~ 0, KVL around the gate-source loop gives

Vch = _IDQRS <0 (2)
(b) By (1),
15-7
Ipp=——>—"——-=2mA
TR i x10r T
and (2),

Viso = —(2x 107)(1 x 10°) = =2V

The n-channel JFET of Fig. 4-20 is characterized by Ipgs =5mA and V,, =3V. Let
RD = 3kQ, RS = SkQ, VDD =15 V, and VSS =-8V. Find VGSQ and VO (a) if VG =0 and
b) if Vg =10V.

Vpp

Rp

"

Fig. 4-20
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Applying KVL around the gate-source loop yields
Ve =Vsso+ Rslpg + Vss

Solving (1) for Ipy and equating the result to the right side of (4.2) gives

Ve —Veso — Vss Veso :
z ss o1+ 26
RS VpO

Rearranging (2) leads to the following quadratic in Vggp:

Voo + 2IpssRs Vi
————Viso +

V¢273Q + Vo (UpssRs =V +Vss) =0

IDSSRS IDSSRS

[CHAP. 4

()

@

)

Substituting known values into (3) and solving for Vo with the quadratic formula lead to

34(2)(5 x 10738 x 1073) (3)
(5% 1073)(8 x 10°%) G52 (5% 1073)(8 x 103)

Viso +3

so that Véso +6.225Vg50 +72=0

[(6x107H)8 x10)—0-8=0

and Vggo = —4.69V or —1.53V.  Since Vggo = —4.69V < —V, this value must be considered

extraneous as it will result in i, =0. Hence, Vg0 = —1.53 V. Now, from (4.2),

Veso\’ -1.53\’
IDQ:IDSS(1+ GSQ) =5x 1073<1+7) =1.2mA
V/)O 3

and, by KVL,
Vo =IpoRs + Vs = (1.2 x 107°)(8 x 10°) + (=8) = 1.6V
Substitution of known values into (3) leads to

Viso +6.225V G50 +4.95 =0

which, after elimination of the extraneous root, results in Vgsp = —0.936 V. Then, as in part a,

Veso\> —0.936\>
Ing = IDSS<1 T ;SQ) —5x 10—3(1 + ) —237mA
p0

and Vo = IpgRs + Vss = (2.37 x 107°)(8 x 10°) + (=8) = 10.96 V

4.16 Find the equivalent of the two identical n-channel JFETs connected in parallel in Fig. 4-21.

iDll linz

T C

Fig. 4-21
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Assume the devices are described by (4.2); then

2 2 2
v, v, v,

ip=1ip| +ipy= [1)55(1 +£) +[Dss(1 +ﬁ> = 2IDSS<1 +ﬂ>
V,,() VpO Vp()

Because the two devices are identical and connected in parallel, the equivalent JFET has the same pinchoff
voltage as the individual devices. However, it has a value of shorted-gate current /pgg equal to twice that of
the individual devices.

4.17 The differential amplifier of Fig. 4-22 includes identical JFETs with Ipgs = 10mA and V,, =4 V.
Let Vpp =15V, Vgg =5V, and Rg = 3kQ. If the JFETs are described by (4.2), find the value
of Rp required to bias the amplifier such that Vpgor = Vpggr =7V.

@ I Vb
Rp %RD
@ @
p——o + v, — —
O
—y 0
+
©)
+
Ve 3R(, . Ry
Vo1 lsl Vs
©
© <
Fig. 4-22

By symmetry, Ipg; = Ipgr. KCL at the source node requires that
Isp = Ipg1 + Ipg> = 2Ipgi (1)
With ig; = 0, KVL around the left gate-source loop gives
Vasor = Vss — IsoRg = Vs — 2Ipgi Ry )

Solving (4.2) for Vg and equating the result to the right side of (2) gives

Ingr\ 2
I/])O|:<) —1} = Vss — 2pg1 Rs 3

IDSS

Rearranging (3) results in a quadratic in Ipg:

Vss + Vo Vo) 1 Vs + Vi)
[2 — P L R I NG L
bt [ Ry T\aRs) Tss |2 T\ 2Rs 0 @

Substituting known values into (4) yields
Ipor —3.04 x 107 I +2.25x 107° =0 5)

Applying the quadratic formula to (5) and disregarding the extraneous root yields /pp; = 1.27mA.
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Now the use of KVL around the left drain-source loop gives

Vpp + Vss — Vpso1 = Ipg1 Rp + IspRs (6)

Substituting (/) into (6) and solving the result for Ry leads to the desired result:

_ Vop+Vss = Vosor = 2IpgiRs 1545 —7—2(1.27 x 107)(3 x 10°)

=420k
IDQI 1.27 x 1073

Rp

4.18 For the series-connected identical JFETs of Fig. 4-23, Ipgg =8mA and V), =4V. If
VDD = 15V, RD = SkQ, RS = 2k§2, and RG = IMQ, find (CZ) VDSQI’ (b) IDQl’ (C) VGSQI’
(d) Vgspa, and  (e) Vipspa-

(@)

®)

(©)

)
Rp
C l’i
0, ¢
i
i Cc R 31/
| ) 2
+ I ! _
P.
vi RG% Rg
-
Fig. 4-23

By KVL,

Vasor = Vasoz + Vpsoi
0))

But, since Ipg| = Ipg,, (4.2) leads to

Vesot ? Vesor :
1 1+——) =1 1
DSS( + Vo pss| 1+ Voo

or, VGSQl = VGSQZ 2

Substitution of (2) into (1) yields Vpgpr = 0.

With negligible gate current, KVL applied around the lower gate-source loop requires that
Vesor = —Ipg1 Rs. Substituting into (4.2) and rearranging now give a quadratic in Ipg;:

Vo\:/ 1 2R Vo2
() G e ()
bol Rs) \Ipss Vo bol Rg

Substitution of known values gives

Ipor —4.5x 107 Ipg; +4x 1070 =0

from which we obtain Ipg; =3.28mA and 1.22mA.  The value Ipy; = 3.28mA would result in
Visor < —Vpo, so that value is extraneous. Hence, Ipg; = 1.22mA.

Visol = —IpgiRs = —(1.22 x 107)(2 x 10°) = —2.44V



CHAP. 4] CHARACTERISTICS OF FIELD-EFFECT TRANSISTORS AND TRIODES

(d) From (1) with VDSQ| = 0, we have VGSQ2 = VGSQI =-244V.
(e) By KVL,

V psor = Vop — Vosor — Ipoi(Rs + Rp) = 15— 0 — (1.22 x 107)(2 x 10° + 5 x 10%) = 6.46 V

127

4.19  Identical JFETs characterized by iz = 0, Ipgg = 10mA, and V), = 4V are connected as shown in

Flg 4-24. Let RD = le, RS = 21(9, and VDD = lSV, and find (a) VGSQI’
(©) Vgsga,  (d) Vpsor, and  (e) Vpgpo.

Vbp
Rp
0,
0,
<
Sk
>
Rg
Fig. 4-24

(a) With negligible gate current, (4.2) gives

Vaso :
Iy =Ipg1 = 0=1Ipss| 1 + %
0
SO VGSQI = 7Vp0 = -4V
(b) With negligible gate current, KVL applied around the lower left-hand loop yields
Vesor = —Vasor — IpoaRs
Substituting (/) into (4.2) and rearranging give
V,0\°T 1 v, R Voo — Vasor )
B - <7,,0> [7“(1 ,ﬂ) J][DQZ + (u) —0
Rs) |Ipss Voo J Vo Ry
which becomes, with known values substituted,

Ippr — 84 x 107 Ipgy + 1.6 x 107° =0

The quadratic formula may be used to find the relevant root Ipg, = 2.92mA.

(¢) With negligible gate current, KVL leads to
Vasor = —Vesor — IpgaRs = —(—4) — (292 x 107°)(2 x 10°) = —1.84V
(d) By KVL,

VDSQI =Vpp— ([DQI + 1DQ2)RD - IDQZRS - VGSQZ
=15— (04292 x 1073)(1 x 10*) — (2.92 x 1073)(2 x 10°) — (—1.84) = 8.08 V

(b) Ipga.

()
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(¢) By KVL,

VDSQ2 =Vpp — ([DQI + IDQZ)RD - IDQZRS
=15—-(042.92 x 1073)(1 x 10°) = (2.92 x 1072 x 10°) = 6.24V

Fixed bias can also be utilized for the enhancement-mode MOSFET, as is illustrated by the
circuit of Fig. 4-25. The MOSFET is described by the drain characteristic of Fig. 4-9. Let
Rl =60 kQ, R2 =40 kQ, RD = 3kQ, RL = le, VDD = 15V, and CC —> OQ. ((1) Find VGSQ'
(b) Graphically determine Vjgo and Ip.

VDD
R
4 >Fo ¢,
$R1 |(
CC ] }_‘ ]‘ +
[
M «
) < I v, $RL
Vi R, 4
Fig. 4-25
(a) Assume ig =0. Then, by (4.3),
R, 40 x 10°

5=6V

Veie = Ve = Vpp = 1
GO T Ry+ Ry PP T 40 x 107+ 60 x 10°

(b) The dc load line is constructed on Fig. 4-9 with vpg intercept Vpp =15V and ip intercept
Vpp/R; = 5mA. The Q-point quantities can be read directly from projections back to the ip and
vps axes; they are Vpgp ~ 11.3V and Ipp ~ 1.4mA.

For the enhancement-mode MOSFET amplifier of Problem 4.20, let v; = sin wt and graphically
determine v,,.

We have, first,

(3% 10°)(1 x 10%)

Rae = RollRL = G0+ 1 100~ 077K

An ac load line must be added to Fig. 4-9; it passes through the Q point and intersects the vpg axis at
Voso + IpoRae = 11.3 4 (1.4 x 107°)(0.75 x 10%) = 12.35V

Now we construct an auxiliary time axis through the Q point and perpendicular to the ac load line; on it, we
construct the waveform v, = v; as it swings £1 V along the ac load line about the Q point. ~An additional
auxiliary time axis is constructed perpendicular to the vpg axis, to display the output voltage v, = vg, as vy,
swings along the ac load line.

If, instead of depending on the enhanced channel (see Fig. 4-7) for conduction, the region
between the two heavily doped n" regions of the MOSFET is made up of lightly doped n
material, a depletion-enhancement-mode MOSFET can be formed with drain characteristics as
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ip, mA
b 15+ 4V
]
|
|
| 3
o+ 4
! 2

o Mem—tma——y I = vps, V

™ v *
0 10 20 YO

Vesor=—4V

Fig. 4-26

displayed by Fig. 4-26, where vgg may be either positive or negative.  Construct a transfer
characteristic for the drain characteristics of Fig. 4-26, and clearly label the regions of deple-
tion-mode and enhancement-mode operation.

If a constant value of vpg = Viggon =4V is taken as indicated by the broken line on Fig. 4-26, the
transfer characteristic of Fig. 4-27 results. vgg = 0 is the dividing line between depletion- and enhancement-
mode operation.

ip, mA
15+
Depletion | Enhancement -7
Don
mode mode
vps=4V
Vés ot Vs on
- t { t 4 1 } 4 vgs» \%
-4 -3 2 -1 0 1 2 3 4

4.23 A common-gate JFET amplifier is shown in Fig. 4-28. The JFET obeys (4.2). If Ipgs = 10mA,
Vp() = 4V, VDD = 15V, Rl = R2 =10 kQ, RD =500 Q, and RS = 21(9, determine (a) VGSQ,
(b) Ipg, and (c) Vpsg. Assume iz =0.

(a) By KVL,

R,
Veer =
@S¢ TR + R,

Vpp — IpoRs ()
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© 5 O s p @ (5 ®
—C m [
RD
SR S A TP
P
5 .
Fig. 4-28

Solving (1) for Ipy and equating the result to the right side of (4.2) yield

R,
R+R Voo — Vaso _, . Veso 2 o
Rs = Ipss Vo

Rearranging leads to a quadratic in Vg,

2
2 Sy Vio Vv 21 R, Vpp -0 3
Gso T+ 0+ IpssRs Gso+ Vol l = m B ©

or, with known values substituted,

Veso +88Vgso +10=0 “)
Solving for Vggp and disregarding the extraneous root Vigp = —7.46 < —V),, we determine that
Vcsg = —134V
(b) By (4.2),

Vaso\> —1.34\2
Ing :IDSS(I + “Q) =(10 x 10—3)(1 +—> =442mA
Vp() 4

(¢) By KVL,
Viso = Voo — Ipo(Rs + Rp) = 15— (4.42 x 107)(2 x 10° + 500) = 3.95V

4.24 For a triode with plate characteristics given by Fig. 4-29, find (a) the perveance « and (b) the
amplification factor w.

(a) The perveance can be evaluated at any point on the v = 0 curve. Choosing the point with coordinates
ip = 15mA and vp = 100V, we have, from (4.9),

_dp 15x107°

== = I5uA/V?
o2 1007 A/

(b) The amplification factor is most easily evaluated along the vp axis. From (4.9), for the point
ip=0,vp =100V, v; = —4V, we obtain

4.25 The amplifier of Example 4.7 has plate current

ip=1Ip+i, =8+ coswt mA
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ip, mMA K

30

20

\ ip, MA

~A

Fig. 4-29

Determine (a) the power delivered by the plate supply voltage Vpp, (b) the average power
delivered to the load R;, and (c) the average power dissipated by the plate of the triode. (d) If
the tube has a plate rating of 2 W, is it being properly applied?

(a) The power supplied by the source Vpp is found by integration over a period of the ac waveform:
1 T
Ppp = T [ Vppipdt = Vpplp = (300)(8 x 107%) = 2.4W
Jo
T 2 2 3 3y2 1x107° '
b) PL:—J ipRpdt = R (Ip+1,) =10 x 107 | (8 x 107°)" + 7 =0.645W
0

(¢) The average power dissipated by the plate is
Pp=Ppp—P; =2.4—-0.645=1.755W
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(d) The tube is not properly applied. If the signal is removed (so that ip = 0), then the plate dissipation
increases to Pp = Ppp = 2.4 W, which exceeds the power rating.

The plate efficiency of a vacuum-tube amplifier is defined as the ratio of ac signal power delivered
to the load to plate supply power, or P;,./Ppp. (a) Calculate the plate efficiency of the amplifier
of Problem 4.25. (b) What is the maximum possible plate efficiency for this amplifier without
changing the Q point or clipping the signal?

IZR -3 2 3
(@) n = Pre 1009y = 2 RL (10004 = (107/¥2)*(10 x 10°) (100%) = 0.208%
Prp Voplp 2.4

(b) Ideally, the input signal could be increased until ip swings +8 mA; thus,

2
Nmax = G) (0.208%) = 13.31%

The triode amplifier of Fig. 4-30 utilizes cathode bias to eliminate the need for a grid power
supply. The very large resistance R provides a path to ground for stray charge collected by the
grid; this current is so small, however, that the voltage drop across R is negligible. It follows
that the grid is maintained at a negative bias, so

v = —Rgip ()

Ce /-
11 2 T
vg Re
1

i
Vep
Fig. 4-30

A plot of (1) on the plate characteristics is called the grid bias line, and its intersection with the dc
load line determines the Q point. Let R; = 11.6kQ, Ry =400, Rz = 1 M, and Vpp =300 V.
If the plate characteristics of the triode are given by Fig. 4-31, (a) draw the dc load line,
(b) sketch the grid bias line, and (¢) determine the Q-point quantities.

(a) The dc load line has horizontal intercept Vpp = 300V and vertical intercept

- - =25mA
Ree R.+R¢ (116104 x10° ™

as shown on the plate characteristics of Fig. 4-31.

(b) Points for the plot of (/) are found by selecting values of ip and calculating the corresponding values of
vg. Forexample, if ip = 5mA, then vg = —400(5 x 1073) = =2V, which plots as point 1 of the dashed
grid bias line in Fig. 4-31. Note that this is not a straight line.

(¢) From the intersection of the grid bias line with the dc load line, Ipp = 10mA, Vpp =180V, and
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4.28

4.29

4.30

4.31

4.32

4.33

4.34

0 100 200 300 vp V

L—zV —]

pm

Fig. 4-31

Supplementary Problems

In the JFET amplifier of Example 4.2, R, is changed to 2 M to increase the input impedance. If Rp, Rg,
and Vpp are unchanged, what value of R, is needed to maintain the original Q point? Ans. 15.67MQ

Find the voltage across Rg in Example 4.2. Ans. 3V
Find the input impedance as seen by source v; of Example 4.2 if C is large. Ans. 940k

The method of source bias, illustrated in Fig. 4-32, can be employed for both JFETs and MOSFETs. For a
JFET with characteristics given by Fig. 4-6 and with Rp = 1kQ, Rg = 4kQ, and R; = 10 MQ, determine
Vpp and Vg so that the amplifier has the same quiescent conditions as the amplifier of Example 4.2.
Ans. Vg =4V, Vpp =16V

In the drain-feedback-biased amplifier of Fig. 4-9(a), Vpp =15V, Ry =5MQ, Ipp =0.7mA, and
Voso =4.5V. Find (a) Vpgo and (b) Ry. Ans. (a) 4.5V; (b) 14kQ

A JFET amplifier with the circuit arrangement of Fig. 4-5 is to be manufactured using devices as described in
Problem 4.7.  For the design, assume a nominal device and use Vpp =24V, Vpgo = 15V, Ipg = 2mA,
R, =2MQ, and R, =30MSQ. (a) Determine the values of Ry and R for the amplifier. (b) Predict the
range of Ipp that can be expected. Ans. (a) Rg=1475kQ, Rp =3.03k2; (b) 1.8 to 2.2mA

To see the effect of a source resistor on Q-point conditions, solve Problem 4.10 with Rg = 500 2 and all else
unchanged. Ans. (@) Vgg=—3.58V; (b) Vpgo =—4V
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+Vbp
Rp

Ce

]l .

LA

i
Vs Rg
Rg
— = —Vss

Fig. 4-32

Solve Problem 4.12 with a 200-Q source resistor Rg added to the circuit, and all else unchanged.
Ans. (a) R, =190k2; (b) Rp =9.4RQ

For the n-channel JFET circuit of Fig. 4-20, Ipgg = 6 mA, V0 =4V, Rp = 5kQ, Rg = 10k, Vpp =15V,
and Vg =10V. The JFET is described by (4.2). (@) Find the value of Vg that renders ¥, =0, and
(b) determine Vpgp if V, = 0. Ans. (a) 17.63V; (b) 10V

In the differential amplifier of Fig. 4-22, the identical JFETs are characterized by Ipgs = 10mA, V,p =4V,
and iG =0. If VDD = 15V, VSS = SV, RS = 3kQ, and RD = SkQ, find IDQI and VDSQI’
Ans. 1.27mA, 6.03V

The differential amplifier of Fig. 4-22 has the circuit element values of Problem 4.37. The identical JFETs
are described by the model of Example 4.1. Use SPICE methods to determine voltage v,; = v,,. (Netlist
code available from author website.) Ans. 8.81V

A voltage source is connected to the differential amplifier of Fig. 4-22 such that V; =0.5V. Let
Vpp =15V, Vg =2V, Ipss = 10mA, V,g =4V for the identical JFETs, Rp = 6k, and Rg = 1kQ.
Find (a) v,y and (b) v,,. Ans. (a) 2.53V; (b) 842V

For the series-connected, nonidentical JFETs of Fig. 4-23, ig; = igo = 0, Ipgs1 = 8 mA, Ipgsr = 10mA, and
Vp()l = V[?OZ =4V. Let VDD = ISV, RG =1 MQ, RD = SkQ, and RS =2kQ. Find ([l) IDQ]?
(0) Visors (0 Vespas  (d) Vpsgr, and  (e) Vpsgo.

Ans. (a) 1.22mA; (b)) —2.44V; (¢) —2.605V; (d) 0.165V; (e) 6.295V

The series-connected, identical JFETs of Fig. 4-23 are characterized by Ipss =8mA, V,0 =4V, and
iG = OSMA If VDD = 15V, RD = SkQ, RS = ZkQ, and RG = IMQ, find (a) VGSQ]? (b) Vgsgz,
(©) Vpsoi-and (d) Vpsp- Ans. (a) = —-3.44V; (b) —3.44V; (c) OV; (d) 6.46V

In the circuit of Fig. 4-24, the identical JFETs are described by Ipgs = 8mA, V,g =4V, and ig = 0.1 pA. If
RD = le, RS = sz, RG = IMQ, and VDD = 15V, find (Cl) VGSQ]’ (b) Vchz, (C) IDQZ?
(d) Vpsgzs and  (e) Vpsor-

Ans. (a) —3.986V; (b) —1.65V; (c) 276 mA; (d) 6.72V; (e) 8.37V

For the enhancement-mode MOSFET of Problem 4.20, determine the value of Ip,,. Ans. 5.6 mA

Let Vpp =15V, Rp = 1kQ, Rg = 5002, and R, = 10kS2 for the circuit of Fig. 4-18. The MOSFET is a
depletion enhancement mode device that can be characterized by the parameters of Example 4.2 except that
Vto = —4V. Use SPICE methods to determine the range of R; such that the MOSFET is («) biased for
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4.45

4.46

depletion-mode operation (Vggo < 0) and  (b) enhancement-mode operation (Vggo > 0).  (Netlist code
available from author website.) Ans. (a) Ry >2.71kQ; (b)) Ry <2.71kQ

The common-gate JFET amplifier of Problem 4.23 is not biased for maximum symmetrical swing. Shift the
bias point by letting R; = 10k and R, = 5k while all else is unchanged. Does the amplifier bias point
move closer to the condition of maximum symmetrical swing? Ans. Yes; Vpgg = 6.59V

In the circuit of Fig. 4-33, Rg > Ry, Rgy. The JFET is described by (4.2), Ipss = 10mA, V,, =4V,
VDD = 15V, VDSQ = IOV, and VGSQ =-2V. Find (a) RS]? (b) Rsz, and (C) Vs.
Ans. (a) 800%2; (b)) 1.2kR2; (¢) 5V

VDD




Transistor Bias
Considerations

5.1. INTRODUCTION

In the initial design of transistor circuits, the quiescent operating point is carefully established to
ensure that the transistor will operate within specified limits. Completion of the design requires a check
of quiescent-point variations due to temperature changes and unit-to-unit parameter differences, to
ensure that such variations are within an acceptable range.  As the principles of operation of the
BJT and FET differ greatly, so do the associated methods of Q-point stabilization.

5.2. B UNCERTAINTY AND TEMPERATURE EFFECTS IN THE BJT

Uncertainty as to the value of 8 may be due either to unit-to-unit variation (which may reach 200
percent or more) or to temperature variation (1 percent/°C or less); however, since unit-to-unit variation
has the greater effect, a circuit that has been desensitized to such variation is also insensitive to the effect
of temperature on 8. The design must, however, directly compensate for the effects of temperature on
leakage current /3o (Which doubles for each 10°C rise in temperature) and base-to-emitter voltage Vo
(which decreases approximately 1.6 mV for each 1°C temperature increase in Ge devices, and approxi-
mately 2mV for each 1°C rise in Si devices).

Constant-Base-Current Bias

The constant-base-current bias arrangement of Fig. 3-14 has the advantage of high current gain;
however, the sensitivity of its Q point to changes in g8 limits is usage.

Example 5.1. The Si transistor of Fig. 3-14 is biased for constant base current. Neglect leakage current /-5, and
let Vee =15V, Rp = 500k, and R = 5kQ. Find I¢p and Vg (a) if p = 50, and (b) if g = 100.

(a) By KVL,
Vee = Vo + IpgRp (.0

136
Copyright 2002, 1988 by The McGraw-Hill Companies, Inc. Click Here for Terms of Use.



CHAP. 5] TRANSISTOR BIAS CONSIDERATIONS 137

Since Iy = Icp/B, we may write, using (5.1),
BVee — Verp)  50(15—0.7)

Icg = Blgg = R, = S00x100 = 1.43mA 5.2
so that, by KVL,
() With B changed to 100, (5.2) gives
100(15 —0.7)
0 =—>"’=2.86mA
€= 7500 x 10° m

and, from (5.3),
Vegg =15 —(2.86)(5) =0.7V

Note that, in this example, the collector current /¢, doubled with the doubling of g, and the Q point
moved from near the middle of the dc load line to near the saturation region.

Example 5.2. Show that, in the circuit of Fig. 3-14, I, varies linearly with g even if leakage current is not
neglected, provided B> 1.
Using the result of Problem 3.36(a) and KVL, we have
Icog — (B+ Dicpo
B

Rearranging and assuming 8 >> | lead to the desired result:

Vee =V, +1 Vee —V
B(Vee BEQ)+/3 Ieso %ﬂ( cc BEQ)+ICBO
Rp B Rp

IgoRp = Rp=Vee — Vaeg

ICQ =

Constant-Emitter-Current Bias

In the CE amplifier circuit of Fig. 5-1, the leakage current is explicitly modeled as a current source.

@

R(]

tVec

Jie

Fig. 5-1

Example 5.3. Use the circuit of Fig. 5-1 to show that (3.8) is the condition for B-independent bias even when
leakage current is not neglected.
By KVL,

Vg = IpoRp + Vo + 1o RE (5.9
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Using the results of Problem 3.36 and assuming that > 1, we may write

+1
Ipg = /37 (Icg — Icpo) = Icg — Icso (5.5
Ieg B+1 I
and Ipp = % 5 Icpo = % —Icpo (5.6)

Substituting (5.5) and (5.6) into (5.4) and rearranging then give

[ — Vg — Verg + Icpo(Rp + Ri)
e Ry/B+ Re

(5.7)

From (3.7) it is apparent that leakage current /¢y increases Iog. However, I is relatively independent of g only
when Rp/B < Rg.

Shunt-Feedback Bias

A compromise between constant-base-current bias and constant-emitter-current bias is offered by
the shunt-feedback-bias circuit of Fig. 3-17, as the following example shows.

Example 5.4. In the shunt-feedback-bias circuit of Fig. 3-17, Ve =15V, Rc =2k, Rp = 150k, and
Icgo ~ 0. The transistor is a Si device. Find I¢p and Vg if (@) = 50 and () g = 100.

(@) ByKVL,
ICQ ICQ
Vee = Ueg +1p9)Re + IpoRr + Vg = | Ico +T3 Rc+ B Rr + Viro

_ BVee—Varo) 50(15—-0.7)

= = —2.84mA
R+ (B+ DRc 150 x 10° + (51)(2 x 10%) m

so that Ico
Now KVL gives

1
Vero = Vee — Upg + Icg)Re = Ve — <B + 1>ICQRC

=15— <%+ 1)(2.84 x 1072 x 101 =9.21V
(b) For B =100,
100(15 — 0.7)

Iep = — 406mA
€ =150 x 10° + (101)2 x 10°) m

1
and Verp = 15— (@ + 1>(4.06 x 10732 x 10%) = 6.80V
With shunt-feedback bias the increase in I is appreciable (here, 43 percent); this case lies between
the B-insensitive case of constant-emitter-current bias and the directly sensitive case of constant-base-
current bias.

Example 5.5. Neglecting leakage current in the shunt-feedback-bias amplifier of Fig. 3-17, find a set of conditions
that will render the collector current I insensitive to small variations in g. Is the condition practical?
From Example 5.4, if > 1,

I — Vee = Veeo . Vec — Virg
€©@~R, B+1_ R
F F
_ RC —+ R(.
B B B
The circuit would be insensitive to g variations if Rp/B < Rc. However, since 0.3 < Vpgp < 0.7, that would lead to
IcoRe — Ve hence, Vegy would come close to 0 and the transistor would operate near the saturation region.
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5.3. STABILITY-FACTOR ANALYSIS

Stability-factor or sensitivity analysis is based on the assumption that, for small changes, the variable
of interest is a linear function of the other variables, and thus its differential can be replaced by its
increment. In a study of BJT Q-point stability, we examine changes in quiescent collector current /¢¢
due to variations in transistor quantities and/or elements of the surrounding circuit. Specifically, if

Ico =f(B, Icros Vg, - - -) (5.8

then, by the chain rule, the total differential is

8] ol ¢ Ao

We may define a set of stability factors or sensitivity factors as follows:

Alcg| e

i =24 S (5.10)
Al al
S =2 & ‘ (5.11)
Alcpolg  9lcpo g
5, =2l | Oleo (5.12)
YT AV lo Varolo '

and so on. Then replacing the differentials with increments in (5.9) yields a first-order approximation to
the total change in /¢y:

Example 5.6. For the CE amplifier of Fig. 5-1, use stability-factor analysis to find an expression for the change in
I¢p due to variations in B, Icpp, and Vpgyp.
The quiescent collector current I¢y is expressed as a function of B, Icgp, and Vggp in (5.7). Thus, by (5.13),

Alcg = Sg AR+ S; Alcpo + Sy AVgrg (5.19)

where the stability factors, according to (5.10) through (5.12), are

_ dlco _0 {ﬂ[VBB — Virg + Icpo(Rp + RE)]} _ Rp[Vpg — Viro + Icpo(Rg + Rp)] (5.15)
P~ g~ op Ry + R (Rg + BRg)’ ’
dlcg  Ry+Rp
s BT RE 5.16
"= s~ Ra/B+ Ry ©.16)
al
Sy=—2 - _ A (5.17)

WV Eo Rp + BRg

5.4. NONLINEAR-ELEMENT STABILIZATION OF BJT CIRCUITS

Nonlinear changes in quiescent collector current due to temperature variation can, in certain cases,
be eliminated or drastically reduced by judicious insertion of nonlinear devices (such as diodes) into
transistor circuits.

Example 5.7. In the CE amplifier circuit of Fig. 5-1, assume that the Si device has negligible leakage current and
(3.8) holds to the point that Rz/B can be neglected. Also, Vg decreases by 2mV/°C from its value of 0.7V at
25°C. Find the change in Iy as the temperature increases from 25°C to 125°C.

Let the subscript 1 denote “at 7 = 25°C,” and 2 denote “at 7 = 125°C.” Under the given assumptions, (5.7)
reduces to

Vee — Veeo
Rg
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The change in /¢ is then

0.002(T, — Ty) 0.2
Aleg = Iegy — Icgi = # = R,

Example 5.8. Assume that the amplifier circuit of Fig. 5-2 has been designed so it is totally insensitive to varia-
tions of 8. Further, Rg > Rp. Asin Example 5.7, Vg is equal to 0.7V at 25°C and decreases by 2mV/°C.  Also
assume that V7, varies with temperature exactly as Vggo does. Find the change in /¢y as the temperature increases
from 25°C to 125°C.

Ve
Re
l’ co
A Iy
‘j —_—
+ |
Ry Vp | VsQ
y o+ [
BB
Rp |
- R C
I | )
-—
- +*
Fig. 52

A Thévenin equivalent circuit can be found for the network to the left of terminals 4, 4, under the assumption
that the diode can be modeled by a voltage source V. The result is

Rry = RpllRg ~ Rp
Ve —Vp R — VegRp + VpRp
Rp+Rp P Rp+ Ry

Viw="Vp+

With the Thévenin equivalent in place, KVL and the assumption Iy = Ico/B ~ Igp/B give
_ (VgsRp + VpRg)/(Rp + Rp) — Vpo
Rp/B+ Rg

Now if there is total independence of B, then R,/ must be negligible compared with R;. Further, since only V),
and Vg are dependent on temperature,

Ry 8Vp WVapg

~

Ieg ~ Ing

0co Rz+Rp T 9T _ 0.002R, _0.002 Rp
aT Rg " Rp(Rp+ Rp) Rp Rp
al, 0.002 R 02 R
Hence, Aleg = —2 AT === "2 100 = == 22
aT R; Ry R Ry

Because Rp < Rj here, the change in /¢y has been reduced appreciably from what it was in the
circuit of Example 5.7.

5.5. O-POINT-BOUNDED BIAS FOR THE FET

Just as B may vary in the BJT, the FET shorted-gate parameters /gg and V), can vary widely within
devices of the same classification. It is, however, possible to set the gate-source bias so that, in spite of
this variation, the Q point (and hence the quiescent drain current) is confined within fixed limits.

The extremes of FET parameter variation are usually specified by the manufacturer, and (4.2) may
be used to establish upper and lower (worst-case) transfer characteristics (Fig. 5-3). The upper and
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]DSSmux

1 DSSmin

n IDQmaX

/ DQOmin

7Vp0max - VpO min VGSQmax VGSQI‘nin VGG vGs

Fig. 5-3

lower quiescent points Oy, and Qp, are determined by their ordinates Ipgmax and Ipgmin; We assign
Ipomax and Ipgmin as the limits of allowable variation of I along a dc load line superimposed on the
family of nominal drain characteristics. (These in turn establish Vpggmax and Vpsomin, respectively.)
This dc load line is established by choosing Rp + Rg in a circuit like that of Fig. 4-5 so that vpg remains
within a desired region of the nominal drain characteristics.

If now a value of Ry is selected such that

-~ |VGSQmaX - VGSQ minl

Ry (5.18)

IDQ max — IDQmin
Then the transfer bias line with slope —1/Rg and vgg intercept Vg > 0 is located as shown in Fig. 5-3,
and the nominal Q point is forced to lie beneath Q,,, and above Q,.,, so that, as desired,

IDQmin = IDQ = IDQmax

With Ry, Rp, and Vs already assigned, R is chosen large enough to give a satisfactory input
impedance, and then R; and R, are determined from (4.3). Generally, Rg will be comparable in
magnitude to Rp. To obtain desirable ac gains, a bypass capacitor must be used with Rg, and an ac
load line introduced; they are analyzed with techniques similar to those of Section 3.7.

5.6. PARAMETER VARIATION ANALYSIS WITH SPICE

PSpice offers two features that allow direct study of circuit performance change due to parameter
variation. The first of these features is simply called sensitivity analysis. It is invoked by a control
statement of the following format:

.SENS sensitive variable

The sensitive variable can be any node voltage or the current through any independent voltage source. A
table is generated in the output file that gives the sensitivity of the sensitive variable to each parameter
(specified or default) in the model of all BJTs and diodes that are directly comparable with (5.77) and
(5.12).

Example 5.9. For the amplifier of Fig. 5-1, use SPICE methods to determine the sensitivity of /¢ to changes in 8
(@) if Rp/B < R and (b) if Rp/B > Rg. Bias the transistor such that Vgy has approximately the same value for
both cases.
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(a) The generic npn transistor of Example 3.2 is used. It is not necessary to add the current source /5o of Fig. 5-1
as the parameter Isc of the transistor model specifies the collector-base leakage current. Set Vg = —1V,
Vee = =15V, R =2kQ, Re = 5k, and R =2002. The netlist code below describes the resulting circuit.

Ex5_9.CIR

VBB O 1-1V

VCC 04 -15V

RB 12 2kohm

RC 34 5kohm

RE 50 2000hm

03 25 QNPNG

.MODEL QNPNG NPN (Is=10fA Ikf=150mA Isc=10fA Bf=150
+ Br=3 Rb=1lohm Rc=1lohm Va=75V Cjc=10pF Cje=15pF)
.SENS I(VCC)

.PRINT DC IC(Q) IB(Q)

.END

Execute (Ex5_9.CIR) and examine the output file to find values for calculation of 8.

_I(VCC)  1.568 x 107

- — =160.8
p I(VBB) ~ 9.751 x 10=°

Hence,
Ry 2x10°
Bt _124Q <« Ry =200Q
B~ 160.8 < Rg

From the sensitivity output table, find Sg = 6.127 x 1077 A/unit.

(b) Edit (Ex5_9.CIR) to set Vpp = —1.32 and Rz = 35kQ2. Leave other values unchanged. Execute (Ex5_9.CIR)
to see that V(3, 5) = Vo = 6.86 V [V(3) — V(5) from small signal bias solution in output file] which is approxi-
mately equal to the value of 6.84V in part (¢). With the same quiescent point, 8 is unchanged and

Ry 35x10°

B _W:223.9Q>RE:2OOQ

From the sensitivity table in the output file, find S = 4.945 x 107 A/unit. Thus, the sensitivity of Icp to
variation in B has increased by a factor of 8 over the case of part (a) where R/ < R.

The second PSpice feature for convenient study of circuit performance change due to parameter
variation is known as worst-case analysis. It is implemented by a control statement of the following
format:

\WCASE analysis type sensitive variable YMAX DEVICES device type

The analysis type may be ac, dc, or transient as specified in the netlist code. The sensitive variable can be
any current or voltage. The device type can be any element of the circuit that has a model explicitly
appearing in the netlist code. The percentage deviation (DEV) for the parameter of interest must be
specified within the model parameter list.

The worst-case analysis actually calculates the circuit performance at the extremes of operation
rather than giving a projected change as results from the sensitivity analysis. Owing to the nonlinear
nature of many device parameter changes, the worst-case analysis should be used if other than a small
change in the operating point is anticipated to give a better accuracy than would result from sensitivity
analysis.

Example 5.10. For the circuit of Fig. 5-1, let Vpp=—132V, Ve =—15V, Ry =35kQ, Rc = 5k, and
Rr =200Q. Use the npn transformer of Example 5.9, where the current source /o is modeled by the parameter
Isc = 10fA. As in part (b) of Example 5.9, the transistor is biased for near-maximum symmetrical swing, but with
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Rp/B > R so that its collector current /¢ is significantly sensitive to changes in the value of 8. Use SPICE
methods to determine the worst-case change in /¢y due to a 50 percent change in the value of 8.

The transistor parameter list in the . MODEL statement must be modified from that of Example 5.9 to add the
DEV =50% immediately following Bf =150 as shown in the netlist code that follows:

Ex5_10.CIR

VBB O 1-1.32V

VCC 04 -15V

RB 12 35kohm

RC 34 5kohm

RE 50 2000hm

0 3 2 5 QNPNG

.MODEL QNPNG NPN (Is=10fA Tkf=150mA Isc=10fA Bf=150
+ DEV 50% Br=3 RB=1lohm Rc=1ohm Va=75V Cjc=10pF Cje=15pF)
.DCVCC -15V =15V 1V

.WCASE DC IC(Q) YMAX DEVICES Q

.END

Execute (Ex5_10.CIR) and poll the output file to find the worst-case deviation is a 495 uA reduction of /o which
occurs for B =75 or for 50 percent of the nominal value of 8. Due to the nonlinear nature about the point of
operation, the deviation for 8 = 225 or for 150% of the nominal value of B was the lesser deviation. The particular
value of Iy for f =225 can be determined by changing YMAX to MIN in the .WCASE statement, executing
(Ex5_10.CIR), and examining the output file.

Solved Problems

5.1  Leakage current approximately doubles for every 10°C increase in the temperature of a transistor.
If a Si transistor has Iz = 500 nA at 25°C, find its leakage current at 90°C.

Icpo = (500 x 1072)200-29/10 — (500 x 107°)(90.51) = 45.25 A

5.2 Sketch a set of common-emitter output characteristics for each of two different temperatures,
indicating which set is for the higher temperature.

The CE collector characteristics of Fig. 3-3(¢) are obtained as sets of points (I, V) from the ammeter
and voltmeter readings of Fig. 3-3(a). For each fixed value of I, I = Bl + (B + 1)Ipo must increase with
temperature, since I-po increases with temperature (Problem 5.1) and B is much less temperature sensitive
than I-pp. The resultant shift in the collector characteristics is shown in Fig. 5-4.

5.3 In the circuit of Fig. 3-13, a transistor that has g = B; is replaced with a transistor that has
B = B,. (a) Find an expression for the percentage change in collector current. (b) Will collector
current increase or decrease in magnitude if 8, > 8;? Neglect leakage current.

(a) By KVL,
Vee = IpoRp + Ve + IpgRe o)

Using (3.2) and (3.4) in (/) and rearranging lead to

I
Vee = Varo = (Ry+ Re) =2 + Relco @
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This equation may be written for the original transistor (with 8 = 8, and I¢o = I¢o;) and for the
replacement transistor (with 8, and I¢g,). Subtracting the former from the latter then gives

legr  Icgi
B Bi

If we define Iegy = Icg1 + Alcg, then (3) can be rewritten as
Billcor + Alcg) — Palcoi

0=(Rp+ RE)( > + Re(Icgr — Icor) (3

0= (Rp+ Rp) 516 + Ry Al
which, when rearranged, gives the desired ratio:
Alcg (B, — B1)(Rp+ Rp) (100%) 4)

Icoi  BilRp+ (B2 + DR

(b) By inspection of (), it is apparent that Al is positive for an increase in 8 (8, > fy).

5.4  Use SPICE methods to show the sensitivity of 8 and Vpgp as the operating temperature ranges
from 0 to 125°C if the transistor is the npn device of Example 5.9.

The netlist code that follows establishes the desired sweep of temperature with gz =Ib set at a
reasonable value of 150 uA.

Prb5_4.CIR

Ib 0 1150uA

0 2 10 QNPNG

vC 20 15V

.MODEL QNPNG NPN (Is=10fA Ikf=150mA Isc=10fA Bf=150
+Br=3 Rb=1lohm Rc=1ohm Va=75V Cjc=10pF Cje=15pF)
.DC TEMP 0 125 5

.PROBE

.END

After executing (Prb5_4.CIR), use of the Probe feature of PSpice allows plotting of 8 versus temperature and
Vpgo versus temperature as shown by Fig. 5-5.  Inspection of the plot shows that the variation of g with
temperature is significantly less than 1%/°C, supporting the implication of Section 5.2 that it is the unit-to-
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Fig. 5-5

unit variation of g rather than temperature that is of concern. However, the plot shows that the value of
Vo does change significantly with temperature as claimed in Section 5.2.

If the transistor of Problem 5.4 is supplied by a constant base current /g = 75 uA, use SPICE
methods to let B range from 50 to 200 and plot the resulting collector characteristics to show the
impact of unit-to-unit variations in B.

The netlist code below sets B as a parameter to range from 50 to 200 in increments of 50.

Prb5_5.CIR

.PARAM Beta=0

Ib 01 75uA

Q 210 QNPNG

vC 200V

.MODEL QNPNG NPN (Is=10fA Ikf=150mA Isc=10fA Bf={Beta}
+ Br=3 Rb=1ohm Rc=1lohm Va=75V Cjc=10pF Cje=15pF)

.DCVC OV 15V 1V PARAM Beta 50 200 50

.PROBE

.END

After executing (Prb5_5.CIR), the plot of Fig. 5-6 is made using the Probe feature of PSpice. Inspection of
the resulting plot shows that for a particular value of Vg and Ipg, the collector current I varies nearly
directly with g; thus, the conclusion of Example 5.2 is substantiated by numerical example.

The transistor in the circuit of Fig. 3-19 is a Si device with Icpp ~ 0. Let Ve = 18V, Vi =4V,
Ry =2kQ, Rc =6kQ, and Ry =25kQ. Find Iy and Vegy (@) for =50 and () for
B8 = 100.

(a) By KVL around the base-emitter loop,
Vie — Ve = IpoRp + Igg Re ()

We let Ipg = Ico/B and Igy = Ico(B + 1)/B in (1) and rearrange to obtain
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Beta=50

Ve —V, 4-0.
ICQ = EE BEQ = 3 0.7 =1.3mA
ﬁ+ﬂ+1R 25 x 10° 51(2X103)

BB " T 50 two
Then KVL around the collector loop with Iy = Ico(B + 1)/ yields

1 51

(b) For =100,

4-07

I =

€2 7 25 % 10%/100 + (101/100)(2 x 10)
101

Verp = 1844 — <6+ITO 2)(1.45) =1037V

=1.45mA

5.7  In the circuit of Fig. 3-19, under what condition will the bias current /¢, be practically indepen-
dent of ,8 if ICEO ~ 0?

With 8> 1, the expression for /¢y from Problem 5.6 gives

o= Vee = Viro _ VEe — Virg
@Ry B+ T Rg
—+——R —+R
[
It is apparent that I¢y is practically independent of gif Rg/B <« Rg. The inequality is generally considered
to be satisfied if Rz < BRy/10.

5.8  In the circuit of Fig. 3-23, the Si transistor has negligible leakage current, Ve = 15V, Vg =5V,
RE = 31(9, and RC =7kQ. Find [CQ, IBQ’ and VCEQ if (LZ) ,B =50 and (b) /3 = 100.
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(a) KVL around the base loop yields
Vie = Veso  4—0.7

Ino = =1.1mA
EQ R, 3% 10° m
B 50
I 1.078 x 1073
and Ing =%=7X=21.56,m

50
and KVL around the collector loop gives

(b) For B=100, Igy is unchanged. However,
100

1.089 x 10~
and Vepg =15+ 5 — (1.1)3) — (1.089)(7) = 9.077V

5.9  In the circuit of Fig. 3-14, let Vo = 15V, Rz = 500k, and R = SkQ. Assume a Si transistor
with Iego ~ 0. (@) Find the B sensitivity factor Sz and use it to calculate the change in /¢y when
B changes from 50 to 100. (b) Compare your result with that of Example 5.1.

(@) By KVL,

Vee = Vaep + IpoRp = Virg +7 Rp

_ BVee — Virg)

so that Ico R
B

and by (5.10),

L blcg Vee— Vg 15—07

S, = = = =28.6x 107¢
£ =98 Rs 500 x 10° x

According to (5./3), the change in Iy due to f alone is
Alcg ~ SpApg = (28.6 x 107%)(100 — 50) = 1.43mA
(b) From Example 5.1, we have
Alcg = Icglp=ioo — Tcglp=so = 2.86 — 1.43 = 1.43mA

Because I is of the first degree in B, (5./3) produces the exact change.

5.10 For the amplifier of Fig. 3-8, (a) find the 8 sensitivity factor and (b) show that the condition
under which the 8 sensitivity factor is reduced to zero is identical to the condition under which the
emitter current bias is constant.

(a) Since

Icp B+1
IEQ=7=TICQ

we have, from (3.6),

R B+1
Vg =1co ?B-F Vo + IcgRE
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Rearranging gives

o~ Vep— Veeo  B(Vep — Virg)
CTRp BH1 , T Ry+(B+ DR
BT Re

()

and, from (5.10),
S — dlco _ (Rg+ Rp)(Vg — Varg)
P ap [Ry + (B+ DR:]
(b) Note in (2) that Blim Sg=0. Now if g — oo in (/), then Icp = (Vpp — Vpgp)/ R = constant.
—> 00

@

Temperature variations can shift the quiescent point by affecting leakage current and base-to-
emitter voltage. In the circuit of Fig. 5-1, Vpp =6V, Ry = S0k, R = 1kQ, Rc = 3k,
B="75Vcc =15V, and the transistor is a Si device. Initially, ZIcpo =0.5pA and
Vseo = 0.7V, but the temperature of the device increases by 20°C. (@) Find the exact change
in Iop. (b) Predict the new value of /¢ using stability-factor analysis.

(a) Let the subscript 1 denote quantities at the original temperature 7, and 2 denote quantities at
T, +20°C = T,. By (3.7),

Vs — Vieor + Icso1(Rg + Rp) 6= 0.7+ (0.5 x 107°)(51 x 10°)

Icor = =3.1953mA
cot Ru/B + Ry 50 % 103/75+ 1 x 10° m
Now, according to Section 5.2,
Iepor = Iepoi22T/1° = 0.5 x 10762210 — 2 yA
AVgpo = =2 x 1077 AT = (=2 x 107)(20) = —0.04 V
s0 Virgr = Vipor + AVggo = 0.7 —0.04 = 0.66 V
Again by (5.7),
Vg — Veggs + Iepor(Rg + Rg) 6 —0.66 4 (2 x 1079)(51 x 10%)
Ty = = =3.2652mA
co2 Ru/B+ Ry 50 x 105/75 + 1 x 10° m
Thus, Alcg = Icgy — Iegr = 3.2652 — 3.1953 = 0.0699 mA

(b) By (5.16) and (5.17),
Ry + Rp 50 41
= Ry/B+R;  50/75+1
o _ B _ 75
"7 Rg+BRr 50 x 10% + (75)(1 x 10°)
Then, according to (5.13),

=30.6

=-0.6x10"°

Alcg ~ S; Mego + Sy AVgpg = (30.6)(1.5 x 107) + (—0.6 x 107)(—0.04) = 0.0699 mA

and Tegy = Icgr + AMcg = 3.1953 +0.0699 = 3.2652 mA

In Problem 5.11, assume that the given values of /cpp and Vpgp are valid at 25°C (that is, that
T, =25°C). (a) Use stability-factor analysis to find an expression for the change in collector
current resulting from a change to any temperature 7. (b) Use that expression to find Al¢y
when T, = 125°C.  (¢) What percentage of the change in /¢ is attributable to a change in
leakage current?

(a) Recalling that leakage current I-p, doubles for each 10°C rise in temperature, we have

7,-25)/10
Alcpo = Icpolr, — Icsolr, = [(‘30\250(;(2( 20 )
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5.14

Since Vpgo for a Si device decreases by 2mV/°C, we have
AVpge = —0.002(T, — 25)
Now, substituting S; and Sy as determined in Problem 5.11 into (5.13), we obtain

Alcg = S;Alcgo + Sy AVpgg

_ B(Rz + Rg)
Rp+ BRE

(b) At T, = 125°C, with the values of Problem 5.11, this expression for Algo gives

B
Rt BRs (0.002)(T; — 25)

(T5-25)/10
Iepolysec(2? - 1)+RB+

Al = (30.6)(0.5 x 107427210 _ 1) 4+ (0.0006)(0.002)(125 — 25)
=15.65mA +0.12mA = 15.77mA

(¢) From part b, the percentage of Alcy due to Icpp is (15.65/15.77)(100) = 99.24 percent.

In the constant-base-current-bias circuit arrangement of Fig. 5-7, the leakage current is explicitly
modeled as a current source Icpp. (a) Find I as a function of Icpo, Ve, and B. (b) Deter-
mine the stability factors that should be used in (5.13) to express the influence of I¢po, Vg, and

Bon Icg.
(a) By KVL,
Vee = IpoRy + IgpRE ()
Substitution of (5.5) and (5.6) into (/) and rearrangement give

Lo 2 Vee = Vo + Icpo(Ry + Rg)
@ Ry/B+ R

®)

(b) Based on the symmetry between (2) and (5.7) we have, from Example 5.6,

_ Ry, + Rg _ —B 5. - Ry[Vee = Veo + Iepo(Ry + Rp))
"7 R,/B+ R "7 R, +BR; g (R, + BRg)

I+ Vee +Vee
é Re

Ry f
3 A%
é R, l Ico —~ l oo
—
Iepo /
Icpo V
Tro | =
11‘“‘9 Ing
B
R
» RE
Fig. 5-7 Fig. 5-8

In the shunt-feedback bias arrangement of Fig. 5-8, the leakage current is explicitly shown as a
current source Icpp. (@) Find I¢p as a function of Icpo, Vpgg, and B (b) Determine the
stability factors that should be used in (5.13) to express the influence of /o, Vpgp. and B on I¢y.
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(@) By KVL,
Vee = IcoRe + Igp(Re + Rp) + Vigpo + Igo Rg ()

Substituting (5.5) and (5.6) into (/), rearranging, and then assuming B >> 1, we obtain
Vee — Ve + Icpo(Re + Rp + Rp) ~ Vee — Vieo + Iepo(Re + Rp + Rg)

Icp ~ ()]

1 R
&Rc-i-—F-i-RE Rp/B+ Rc+ R
B B
(b) Based on the symmetry between (2) and (5.7) we have, from Example 5.6,
Rc+ Rr + Rg -8
S[ —_ s~ A

= S, =—
Rp/B+Rc+ R "7 Rp+ B(Rc + Rg)

_ RelVee — Vgg + Icpo(Re + Rp + Rp))

[Rr + B(Rc + Rp)I’

Sp

In the CB amplifier of Fig. 5-9, the transistor leakage current is shown explicitly as a current
source Icgo. (a) Find I¢p as a function of Icpp, Vg, and B. (b) Determine the stability
factors that should be used in (5.13) to express the influence of I¢po. Vpeg, and B on I¢y.

Irp e
Rg Rc
— ]CB() -
VEE [BQI 7V('C
T ]
Fig. 5-9
(a) By KVL,
Vee = Vieo + o Re (1)
Substituting (5.5) into (/) and rearranging yield
+1 Ve — Ve
Ico =ﬁ—u+1090 2
B Rg

(b) Direct application of (5.10) through (5.12) to (2) gives the desired stability factors as

_ Mg 1 Ver— Vg G o s Mg B+l
P~ o B Rg "™ blcpo T Veo  BRg

The CB amplifier of Fig. 5-9 has Ve = 15V, Vg =5V, Ry = 3kQ, Rc =7k, and B =50. At
a temperature of 25°C, the Si transistor has Vggp = 0.7V and Icgo =0.5uA.  (a) Find an
expression for /¢ at any temperature. (b) Evaluate that expression at 7" = 125°C.

(a) Let the subscript 1 denote quantities at 7; = 25°C, and 2 denote them at any other temperature 75.
Then, according to Section 5.2,

Icpor = 27720 iy,
VeEeg: = Virgl + AVrg = Vpepr — 0.002(T, — 25)
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Hence, by (2) of Problem 5.15,

B+1 Vg — Viror +0.002(T, — 25) 1 5510
+2 Icpoi

Icgr = B R, )

(b) At T, =125°C, (1) gives us

51'5—0.7 4 (0.002)(125 — 25)

_o! (125-25)/10 -6y _ _
legr =35 PRss + )(0.5 x 107%) = 1.53 4+ 0.512 = 2.042mA

5.17 For the Darlington-pair emitter-follower of Fig. 5-10, find /¢¢; as a function of the six tempera-
ture-sensitive variables Icpor, Icpor, Verol» Vaeg2s Bi» and B;.

Ry Ve
11('Q1
Ile Icgzl
Iepor
0,
Iepon
— 0,
Ipo1 = Ipgn
R
he
Fig. 5-10
By KVL,
Vee = Ipoi Re + Vepr + Vegr + 1pga R o)
By KCL, Iggr = Igo1 + Icgn @)

Using the result of Problem 3.36 in (2) and then substituting 79, = I, We obtain
Ipgs = Igo1 + Balpor + (B + Dlcgor = (B2 + Digor + (B2 + Dlcpor
Assuming f;, B, > 1 and substituting for Iy, according to (5.5), we obtain
Ipor = (B2 + Dlcgr + (B2 + DU cpor — Iepor) 3

Also, from (5.6),
1
Ipo1 “;—fl—lwm @

Now we substitute (3) and (4) into (/) and rearrange to get

VC(‘ - VBEQI - VBEQ2 + I(‘BO](RF + /32RE) - 16‘802/32RE

legr = Re/Br + PoRs ©)
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5.18 (a) Determine a first-order approximation for the change in /¢, in the circuit of Fig. 5-10, in
terms of the six variables Icpor, Icpors Veroi» Veee2, B, and B, (b) Use g, as found in
Problem 5.17 to evaluate the sensitivity factors (that is, the coefficients) in the expression deter-
mined in part a.

(@) Since Icg1 = f(Ucors Icpozs Veors Veegss Bis B2), its total differential is given by

alch alch alcgl
dlcg = eson dlcpor + Aepos dlcpoa + W ar dVBEQl

Ao Ao

+ AVgsor + =2 ap, + g, )
WV pEg2 BEO2 T Tap, 9B, ?
Using the method of Section 5.3, we may write this as
Alcgr = Spi Alcpor + S Acpos + Syt AVror + Sva AVgegs + Sp1 ABL + Spy ABy ()]

(b) The sensitivity factors in (/) may be evaluated with the use of (5) of Problem 5.17:

S - dcgr  Rp+PBRg
n= =
cpgor  Rp/Br+ BRe
S, — lcgr  —PoRg
2= =
cpor  Rp/Br+ BRe
o _ g _ -1 - lcgr
v = = =S =
Veeor  Rp/Bi+ BRg VgEg>
S 8ICQ1 _ RelVee = Veor — Vega + Icgoi(Re + BaRE) — Icpo2BaRE]
Bl = —
e (Rp + BB RE)
S, = dlcgy  P1Re[Rr(Icpor — Icpo2) — Bi(Vee — Vrgr — Virgr + Icso1 Rr))
o= =
S (Rp + BiBRE)

5.19 It is possible that variations in passive components will have an effect on transistor bias. In the
circuit of Fig. 3-8(a), let R = R¢c =500, R, = 5kQ, R =100+ 109, 8 =75, Icpo = 0.2 uA,
Vee =20V. (a) Find an expression for the change in /¢y due to a change in Rp alone.
(b) Predict the change that will occur in I¢p as Rg changes from the minimum to the maximum
allowable value.

(a) We seek a stability factor

SrE = such that Alcg ~ Sge ARg

ORg
Starting with Iy as given by (5.7), we find

dlcog  B(Rp+ BREp)cpo — B Vs — Ve + Iepo(Rp + Rp)]
IRy (Rp + BRr)’
ﬁRBICBO — B (Vs — Veeo + IcgoRp)

(Rg + BRy)’
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() We first need to evaluate Sz at Ry = 100 — 10 =90 Q:
Ry = R, |R, = 454.5Q

R, 500
75(454.5)(0.2 x 107%) — (75)*[1.818 — 0.7 + (0.2 x 107°)(454.5)]

(454.5 + 75 x 90)°

and SrE

=—-1212x 107*A/Q
Then Alcg = Sgi ARg = (—1.212 x 107*)(110 — 90) = —2.424mA

5.20 The circuit of Fig. 5-11 includes nonlinear diode compensation for variations in Vpggp.
(a) Neglecting I¢pp, find an expression for /¢, that is a function of the temperature-sensitive
variables B, Vggg, and V. (b) Show thatif Vpgy and Vp are equal, then the sensitivity of /¢ to
changes in Vggo is zero. (c¢) Show that it is not necessary that Vgpo = V), but only (and less
restrictively) that dVggo/dT = dV/dT, to ensure the insensitivity of I, to temperature 7.

@1+ Vee

Fig. 5-11

(a) The usual Thévenin equivalent can be used to replace the R,-R, voltage divider. Then, by KVL,
Ve = Rplgg + Vpro + IgoReg — Vp ()
Substitution of gy = Icp/B and Iy = Icp(B+ 1)/ into (/) and rearranging yield

. _ﬁ[VBB_(VBEQ_ VD)]
T Ry +(B+ DR,

®)

(b) From (2) it is apparent that if V), = Vpgg, then Iy is independent of variations in Vygp.
(¢) 1If Bis independent of temperature, differentiation of (2) with respect to 7 results in

dT ~ Rz+(B+ )Ry \ dT dT

Hence, if dVp/dT = dVgpo/dT, I¢¢ is insensitive to temperature.

5.21 For the diode compensated circuit of Fig. 5-11, Ve = 15V, Vg =4V, Ry = 1002, R, = 20k,
Rc=15Q, Ry =200, and Rp = 2kQ. Use SPICE methods to show that the collector current
I¢g is reasonably insensitive to change in operating point temperature. Assume that the tran-
sistor is the device of Example 5.9 and that the diode is adequately described by the SPICE
default model.
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Netlist code for the circuit is shown below:

Prb5_21.CIR

VCC 2 0 15V

VEE 0 7 4V

VIC 340V

R1 10 100ohm

R2 21 20kohm

RC 2 3 15kohm

RE 56 2000hm

RD 6 7 2kohm

D 0 6 DMOD

04 15QNPNG

.MODEL DMOD D ()

.MODEL QNPNG NPN (Is=10fA Ikf=150mA Isc=10fA Bf=150
+ Br=3 Rb=1lohm Rc=1lohm Va=75V Cjc=10pF Cje=15pF)
.DC TEMP 25 1255

.PROBE

.END

After executing (Prb5_21.CIR), the plots of Fig. 5-12 can be generated showing that over the temperature
range of 25 to 125°C, the quiescent collector current /¢y changes by only 7.1 percent. Over the same
temperature range, Vpgo changes by 42.2 percent.  To fully appreciate the temperature stabilization
attained, one can edit the netlist code to replace the diode D by a 400 2 resistor. This change results in
approximately the same quiescent point for normal operating temperature but will show that I increases
by more than 130 percent over the temperature range of 0 to 125°C.

(0.64 V).

+Vee
R(]
1~

: . : fieo

1 1

1 1

i // (

1 1

1

1 . . i ’g cro

[ 1CQ i —

i i

SEL>>! ! Ry IIEQ
400 A4 --------- Fosmmmmen Foomm-o-- i 4 Vi
0 50 100 150 Vg + ‘ / Rg
o IC(Q) —-I; b
TEMP
Fig. 5-12 Fig. 5-13

The circuit of Fig. 5-13 includes nonlinear diode compensation for variations in /cpo. (@) Find
an expression for /¢ as a function of the temperature-sensitive variables Viggo, B, Icpo, and Vp.
(b) What conditions will render /¢, insensitive to changes in I¢pp?

(@) By KVL,

Vs = (o + Ip)Rp + Vgo + Igo R
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Substitution for /gy and Iy via (5.5) and (5.6) and rearranging give

Ves — Viro + Icpo(Rpg + Rg) — IpRp
Rp/B+ Rg

(b) According to (1), if Rg> Rg and Ip = I¢cpo, then I is, in essence, independent of I¢pp.

Show that if a second identical diode is placed in series with the diode of Example 5.8 (see Fig.
5-2), and if R is made equal in value to R, then the collector current (I¢p = Ipp) displays zero
sensitivity to temperature changes that affect Vgpy. Make the reasonable assumption that

The equation we found for Iy in Example 5.8 describes /¢ in this problem if V), is replaced by 2Vp;
that gives

_ (VeeRp +2VpRp)/(Rp + Rp) — Virp

fee Ryl Ry)/B+ Ry 0
Assuming that only Vg and Vp are temperature dependent, we have
2Rp  Vp Wgrg
dlco R,+Rg 0T T )

9T~ (2RplRp)/B+ R

With 8V /0T = dVpo/dT and Rz = Rp, (2) reduces to zero, indicating that Iy is not a function of
temperature.

A JFET for which (4.2) holds is biased by the voltage-divider arrangement of Fig. 4-5. (a) Find
Ipp as a function of Ipgg, V), and Vgg.  (b) Find the total differential of Ipy, and make
reasonable linearity assumptions that allow you to replace differentials with increments so as
to find an expression analogous to (5.7/3) for the JFET.

(a) We use (4.4) to find an expression for Vg0 and then use (4.2) to obtain

Voe — InoRs\’
Ipg = IDSS<1 +V—Q (N
0
which we can solve for Ipg:
VetV Vo Ve (Vp())z L4066+ Vi)Rs @
be Rg 2R%Ipss ~ 2R: \ \Ipss Ipss

(b) Since Vggsp depends upon the bias network chosen, our result will have more general application if we
take the differential of (4.2) and then specialize it to the case at hand, instead of taking the differential of
(2). Assuming that Ipgg, Vyo, and Vggp are the independent variables, we have, for the total differ-
ential of (4.2),

Al pg lpo dlpg

dlpp = dI —=dV —=dV, 3
Do =75 Tpss pss T V0 0 T Vaso GSO 3

For the case at hand, Vs is given by (4.4), from which
chsg = _RSdIDQ (4)

Substituting (4) into (3) and rearranging, we find
dlpo/d1, Alpo/dV

dlpy = po/0Ipss s + po/ V0 " )

1+RS81DQ/8VGSQ . 1+R581DQ/8VGSQ
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The assumption of linearity allows us to replace the differentials in (5) with increments and define

appropriate stability factors:

Alpg ~ S; Alpss + Sy AV

5 — dlpg/dlpss _ 1+ VGSQ/Vpo)2
T4+ Rsdlpo/dVaso 1+ Q2Rslpss/ Vo)1 + Vaso/ Vo)
S Mpo/dlpss  —2pss(1+ Vaso/ Vo) Vaso/ Vo)
v

14+ Rsdlpg/IVeso 1+ QRsIpss/ Vi) + Vaso/ Vi)

(©)
@)

®)

5.25 The JFET of Fig. 4-5(b) is said to have fixed bias if R¢ =0. The worst-case shorted-gate

parameters are given by the manufacturer of the device as

Value IDS.S" mA Vpo, \'

maximum 8 6

minimum 4 3

Let Vpp =15V, Vg =—1V, and Ry =2.5kQ. (a) Find the range of values of /p, that could
be expected in using this FET. (b) Find the corresponding range of Vpgy. (¢) Comment on the

desirability of this bias arrangement.

(a) The maximum and minimum transfer characteristics are plotted in Fig. 5-14, based on (4.2).

Because

Veso = Voo = —1V is a fixed quantity unaffected by Ipp and Vpgp, the transfer bias line extends
vertically at Vgg = —1, as shown. Its intersections with the two transfer characteristics give

IDQmaX ~ 5.5mA and IDQmin ~ [.3mA.

4 ip, mA

Transfer bias line
Problem 5.25 \

Transfer bias line
Problem 5.48

IDQmax

Fig. 5-14

(b) For Ipp = Ipgmax- KVL requires that
Vpsomax = Vop — IpomaxRp = 15— (5.5)(2.5) = 1.25V
And, for Ipg min,
Vpsomin = Vop — IpgminRp = 15— (1.3)(2.5) = 11.75V
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(¢) The spread in FET parameters (and thus in transfer characteristics) makes the fixed-bias technique an
undesirable one: The value of the Q-point drain current can vary from near the ohmic region to near the
cutoff region.

5.26 The self-biased JFET of Fig. 4-19 has a set of worst-case shorted-gate parameters that yield the
plots of Fig. 5-15. Let Vpp =24V, Rp =3k, Rg =1k, and R; = 10MQ. (a) Find the
range of I that can be expected. (b) Find the range of Vg0 that can be expected. (c) Discuss
the idea of reducing Ipy variation by increasing the value of Rg.

(a) Since Vg = 0, the transfer bias line must pass through the origin of the transfer characteristics plot,
and its slope is —1/Rg (solid line in Fig. 5-15). From the intersections of the transfer bias line and the
transfer characteristics, we see that Ipgmax ~ 2.5mA and Ipgmin ~ 1.2mA.

ip, mA

\zﬁin 1000
\\ 43
o< 3 TS~ Y —H=—25mA
-~ kQ 1 >~ |
~ ~e +2
1 ~< 2000 "~
-~ -
3000 ~— S~ ----—=—12mA
- \\\
\\\\\
: : : . : = vas V
-6 -5 -4 -3 -2 -1 0
Fig. 5-15

(b) For Ipg = Ipgmax» KVL requires that
Vpsomax = Vpp — Ipgmax(Rs + Rp) =24 — (2.5)(1 +3) = 14V
And, for Ipgmin,
Vpsomin = Vop — Ipomin(Rs + Rp) =24 — (1.2)(1 +3) = 192V

(¢) The transfer bias lines for Rg = 2k and 3 k<2 are also plotted on Fig. 5-15 (dashed lines). An increase
in Rg obviously does decrease the difference between Ipgmax and Ipgmin; however, in the process I is
reduced to quite low values, so that operation is on the nonlinear portion of the drain characteristics
near the ohmic region where appreciable signal distortion results. But if self-bias with an external
source is utilized (see Problems 5.27 and 5.48), the transfer bias line can be given a small negative slope
without forcing Ipy to approach zero.

5.27 In the JFET circuit of Fig. 4-5(a), using self-bias with an external source, Vpp =24V and
Rg =3kQ. The JFET is characterized by worst-case shorted-gate parameters that result in
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the transfer characteristics of Fig. 5-16. (@) Find the range of Ip, that can be expected if
Ry =1MQ and R, =3MQ. (b) Find the range of Ip, that can be expected if R, =1MQ
and R, = 7M. (c¢) Discuss the significance of the results of parts ¢ and b.

(@)

(b)

(©)

ip, mA

By (4.3),

Vee 24 =6V

R yoo_ 1
TR A+R PP 143
In this case the transfer bias line, shown on Fig. 5-16, has abscissa intercept vgg = Vg = 6 V and slope
—1/Rs. The range of I is determined by the intersections of the transfer bias line and the transfer
characteristics: Ipgmax = 2.8 MA and Ipgmin ~ 2.2mA.

Again by (4.3),

1
Voo =175 24=3V

The transfer bias line for this case is also drawn on Fig. 5-16; it has abscissa intercept vy = Vg =3V
and slope —1/Rg. Here Ipgmax ~ 1.9mA and Ipgmin ~ 1.3mA.

We changed Vg by altering the R;-R, voltage divider. This allowed us to maintain a small negative
slope on the transfer bias line (and, thus, a small difference /pgmax — Ipomin) While shifting the range of

Ing.

The MOSFET of Fig. 4-18 is an enhancement-mode device with worst-case shorted-gate para-
meters as follows:

Value Ipeony, mA | V7, V

maximum 8 4
minimum 4 2
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These parameter values lead to the transfer characteristics of Fig. 5-17 because the device may be
assumed to obey (4.6). Let Vpp =24V, R =2MQ, R, =2MQ, Rp = 1k, and Rg = 2kQ.
(a) Find the range of I that can be expected. (b) Find the range of Vg to be expected.

(c) Discuss a technique, suggested by parts a and b, for minimizing the range of I, for this
model of MOSFET.

ip, MA

Transfer bias line

T t Vg V

(@) By (4.3),

TR +R,

2
Vop = 24 =12V

Ve 712

The transfer bias line, with abscissa intercept vgg = Vg = 12V and slope —1/Ryg, is drawn on Fig.

5-17. From the intersections of the transfer bias line with the transfer characteristics, we see that
IDQmax ~ 4rnA and IDQmin ~ 28 mA

(b) VDSQmax = VDD - IDQmax(RS + RD) =24 (4)(2 + 1) =12V
Vpsomin = Vop — Ipomin(Rs + Rp) =24 — (2.8)2 + 1) = 15.6V
(¢) As in the case of the JFET, the range of Ipy can be decreased by increasing Rg. However, to avoid

undesirably small values for /Ipg, it is also necessary to increase Vg by altering the R;-R, voltage-
divider ratio.

Supplementary Problems

In the constant-base-current-biased amplifier of Fig. 3-13, Ve =15V, R =2.5kQ, R = 5002, and
Rp =500kS2.  Icpo ~ 0 for the Si device. Find Iop and Vegg if (a) =100 and (b) = 50.
Ans. (a) 2.6mA, 7.19V; (b) 1.36mA, 11.09V

Under what condition will the bias current Iy of the amplifier in Fig. 3-14 be practically independent of ?
Is this condition practical?

Ans.  Rp/B < Rg. Itisnot practical, as a value of Rp large enough to properly limit 7, leads, through the
condition, to a value of Ry so large that it forces cutoff.
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5.32

5.33

5.34

5.35

5.36

5.37

5.38

5.39
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The amplifier of Fig. 5-13 uses a Si transistor for which Icpp ~ 0. Let Ve =15V, Re =2.5kQ,
Ry =500, and Rz = 500k2. (a) Find the value of the B sensitivity factor Sy = dlco/9p for g = 50.
(b) Use Sg to predict /o when g = 100.

Ans. (a) (Rg~+ Rp)(Vee — Vro)/[Rp+ (B+ DR:P:  (b) 2.65mA (compare with the result of Problem
5.29)

(a) Solve Problem 3.28(a) if B =75 and all else is unchanged. (b) Use the 8 sensitivity factor found in
Problem 5.10 to predict the change in I¢p when B changes from 110 to 75.
Ans. (a) Icg =47TmA; (b) Sp=3.643 x 107, Alpg = —0.127mA

In the shunt-feedback-biased amplifier of Fig. 3-17, Ve =15V, Rc =2kQ, Ry = 150k, Icgp ~ 0, and
the transistor is a Si device. (a) Find an expression for the g sensitivity factor Sg. (b) Use Sg to predict the
change in quiescent collector current due to a change in 8 from 50 to 100.

Ans. (@) Sg=(Rp+ Re)Vee — Vipg) /IRy +(B+ DRI (b) Sp=3.432x 1077, Alcp = 1.71 mA
(compare with Example 5.4)

In the CB amplifier of Fig. 3-23, Ve = 15V, Vg =5V, Ry =3kQ, Rc =7k, and = 50. (a) Find an
expression for the g sensitivity factor S5. (b) Evaluate Sy assuming the transistor is a Si device.

Ans. (@) Sg= Ve — Vapo)/(B+1Rg; (b)) Sp=35.51x10"" (very low sensitivity, but see Problem
5.8)

The circuit of Fig. 5-1 has the values given in Problem 5.11; assume that the initial values of Icpp and Vo
are for 25°C. (@) Find an expression for the value of I at any temperature 7, > 25°C if the transistor is a
Si device. (b) Evaluate the expression for 7o at T, = 125°C.

Vg — 0.7 +0.002(T5 — 25) + (0.5 x 107°)(Rg + Rp)2T>2/10

Ans. (a) Icp = ;
«© (Rg/B+ Ry)
The constant-base-current-biased amplifier of Fig. 5-7 contains a Si transistor. Let Vee =15V,

Re =2.5kQ, Ry = 5009, R, =500k, and B = 100. At 25°C, Icpo =0.5uA and Vg =0.7V.
(@) Find the exact change in Iy if the temperature changes to 100°C.  (b) Use the stability factors
developed in Problem 5.13 to predict Al for a temperature increase to 100°C.

Ans. (@) Alcg = Icgr — Icgr = 10.864 —2.645 = 8.219mA; (b)) Algp =8.22mA

In the constant-base-current-biased amplifier of Fig. 5-7, the Si transistor is characterized by Iz = 0.5 uA
and Vppy = 0.7V at 25°C. (@) Find an expression for Iy at any temperature 7, > 25°C. (b) Evaluate I
at 100°C if Ve = 15V, Re = 2.5k, Ry = 500 2, R, = 500k, and B = 100.

Vee — 0.7 +0.002(T5 — 25) + (0.5 x 107 )(R;, + R)2 7272/

Ans. Irp = )
ns. (@) eg Ro/B+ R

(b) Icg =10.864mA

In the current-feedback-biased amplifier of Fig. 5-8, Vi = 15V, Rc = 1.5k, Ry = 150k, Ry = 500 €2,
and B =100. Icpo =0.2uA and Vggy = 0.7V at 25°C for this Si transistor. (@) Find the exact change in
Icp when the temperature changes to 125°C.  (b) Use the stability factors developed in Problem 5.14 to
predict Aloy when the temperature is 125°C. Ans. (a) Alcg =8.943mA; (b)) Algy =8.943mA

The shunt-feedback-biased amplifier of Fig. 5-8 uses a Si transistor for which I-5o = 0.2 A and
Veo = 0.7V at 25°C. (@) Find an expression for I at any temperature 7, > 25°C.  (b) Evaluate /¢
at 7, = 125°C if Vee =15V, Re = 1.5kQ, Ry = 150k, R = 500 2, and g = 100.

Vee — 0.7+ 0.002(T, — 25) + (0.2 x 107)(Re + Ry + Rp)2 /10

Ans. (a) 1o = ;
@ e Rp/B+ Rc+ Ry

(b) Icp = 13.037mA
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5.40

5.41

5.42

5.43

5.44

5.45

5.46

5.47

In the CB amplifier of Fig. 5-9, Ve =15V, Vg =5V, Ry =3kQ, Rc =7k, and B=50. For the Si
transistor, Icpo = 0.5 uA and Vppy = 0.7V at 25°C.  (a) Find the exact change in /¢ when the tempera-
ture changes to 125°C. (b) Use the stability factors developed in Problem 5.15 to predict Al¢¢ for the same
temperature change. Ans. (a) Alpg =2.042 —1.4625=0.5795mA; (b)) Algp = 0.5769mA

Sensitivity analysis can be extended to handle uncertainties in power-supply voltage. In the circuit of
Fig. 3-8(a), let Ry = Rc =500Q, R, =5kQ, Ry =100Q, B=75, Vg =07V, Icgo =0.2uA, and
Vee =20£2V. (a) Find an expression for the change in /¢y due to changes in Ve alone. (b) Predict
the change in I¢y as Ve changes from its minimum to its maximum value.

Ans. ((1) AI('Q = SVCC A VCC? where SVCC = [ﬂRl/(Rl —+ R2)]/[RB + (ﬂ + I)RE], (b) AI('Q = 3.428 mA

In the circuit of Fig. 5-11, Ry = Rc =500Q, R, = 5kQ, R, =100, 8=75, and Vc =20V. Leakage
current is negligible. At 25°C, Vg = 0.7V and V) = 0.65 V; however, both change at a rate of —2mV/°C.
(a) Find the exact change in /¢y due to an increase in temperature to 125°C. (b) Use sensitivity-analysis to
predict the change in /o when the temperature increases to 125°C.

Ans. ([l) Alcg = 0, (b) AICQ =0

In Problem 5.24, it was assumed that Vs, and hence Vpp, was constant. Suppose now that the power-
supply voltage does vary, and find an expression for Alp, using stability factors.

Ans.  Alpg ~ S; Alpss + Sy AV + Syge AVgg, where

dlpo/0Vgso Q@Ipss/ V) + Viso/ Vi)

1+ Rsdlpg/Vsso 1+ QRsIpss/ V)1 + Vaso/ Vo)

and S; and S are given by (7) and (8) of Problem 5.24.

SVGG =

The MOSFET of Fig. 4-18 is characterized by V7 =4V and I, = 10mA. The device obeys (4.6). Let
ig~0,R =04MQ, R, =5kQ, Rg =0, Rp =2kQ, and Vpp =20V. (a) Find the exact change in Ipg
when the MOSFET is replaced with a new device characterized by V' = 3.8 V and Ipon) = 9mA. (b) Find
the change in Ipy predicted by sensitivity analysis when the original device is replaced as in part a.

Ans. (a) Alpg =2.836 —3.402 = —0.566mA; (b) Alpy = —0.548mA

The circuit of Fig. 4-18 uses MOSFETSs characterized by the device model of Example 4.6 except that V' can
vary £10 percent from the nominal value of 4V among different batches of MOSFETs. Use SPICE
methods to determine the maximum change of Ipy from the nominal value that can be expected. (Netlist
code available at author website.) Ans.  Alpg =0.689mA for V7 =3.6V

In the JFET amplifier of Fig. 4-5, Vpp =20V, Ry = 1 MQ, R, = 15.7TMQ, Rp =3k, Ry =2k, and
ig ~#0. The JFET obeys (4.2) and is characterized by Ipgg = SmA and V,p =5V. Due to aging, the
resistance of R, increases by 20 percent. (a) Find the exact change in Ipy due to the increase in resistance.
(b) Predict the change in Ipy due to the increase in resistance, using sensitivity analysis.

Ans. (a) Alpp =1.735—-1.658 =0.077mA; (b) Alpg = Sy AVge = 0.0776 mA

For a FET, the temperature dependence of Vg is very small when I is held constant. Moreover, for
constant Vg, the temperature dependency of Vs is primarily due to changes in the shorted-gate current;
those changes are given by

Ipss = Ipsso(k AT +1.1) 0))

where Ipggo = value of Ipgg at 0°C
AT = change in temperature from 0°C

k = constant (typically 0.003°C™")
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For the JFET of Fig. 4-5; Vpp=20V,R =1MQ, R, =157MQ, Rp =3kQ, Rg =2kQ,i; ~ 0,
Ipsso =5mA, and V,, =5V (and is temperature-independent).  (a) Find the exact value of Ipy at
100°C.  (b) Use sensitivity analysis to predict Ipy at 100°C.

Solve parts a and b of Problem 5.25 if Rg =2k, V56 = 1V, and all else remains unchanged.
Ans. (a) The transfer bias line is drawn on Fig. 5-14: Ipgmax ~ 2mA, Ipgmin & 1.IMA; (b)) Vpsomax =
6V, Vpsomin ~ 10.05V



CHAPTER 6

Small-Signal
Midfrequency BJT
Amplifiers

6.1. INTRODUCTION

For sufficiently small emitter-collector voltage and current excursions about the quiescent point
(small signals), the BJT is considered linear; it may then be replaced with any of several two-port
networks of impedances and controlled sources (called small-signal equivalent-circuit models), to which
standard network analysis methods are applicable. Moreover, there is a range of signal frequencies
which are large enough so that coupling or bypass capacitors (see Section 3.7) can be considered short
circuits, yet low enough so that inherent capacitive reactances associated with BJTs can be considered
open circuits. In this chapter, all BJT voltage and current signals are assumed to be in this midfrequency
range.

In practice, the design of small-signal amplifiers is divided into two parts: (1) setting the dc bias or Q
point (Chapters 3 and 5), and (2) determining voltage- or current-gain ratios and impedance values at
signal frequencies.

6.2. HYBRID-PARAMETER MODELS

General hybrid-parameter analysis of two-port networks was introduced in Section 1.7. Actually,
different sets of / parameters are defined, depending on which element of the transistor (E, B, or C)
shares a common point with the amplifier input and output terminals.

Common-Emitter Transistor Connection

From Fig. 3-3(b) and (c¢), we see that if i- and vpg are taken as dependent variables in the CE
transistor configuration, then

vge = f1(ig, vcE) 6.1)
ic = fo(ig, vcE) 6.2)
163
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If the total emitter-to-base voltage vy goes through only small excursions (ac signals) about the Q point,
then Avgg = vp,, Aic = i., and so on. Therefore, after applying the chain rule to (6.7) and (6.2), we
have, respectively,

9 ]
Vpe = AUBE ~ dUBE = M b UBE ce (63)
313 0 8UCE 0
i i
i, = Nie ~dic =S| iy +——| v, (6.4)
alB 0 81)(5 0

The four partial derivatives, evaluated at the Q point, that occur in (6.3) and (6.4) are called CE hybrid
parameters and are denoted as follows:
_ a'UBE ~ AUBE

Input resistance ~ h;, = ——| ~— 2= (6.5)
313 0 AIB 0

a A
Reverse voltage ratio h,, = UBE | 2UBE (6.6)
ducelg  Avcely
i Ai
Forward current gain hy, = E ~ l (6.7)
313 0 AZB 0
ai o0Ai
Output admittance hye = lc | n 220 6.8)

BUCE 0 A’UCE 0

The equivalent circuit for (6.3) and (6.4) is shown in Fig. 6-1(a). The circuit is valid for use with
signals whose excursion about the Q point is sufficiently small so that the & parameters may be treated as
constants.

.

ie

i b
—— C
— —A\A\N t .
.
Upe hyeVee hyiy, e (S) Vee
_ N E _

(a) CE small-signal equivalent circuit

sV

+

hl})

i(’
—
AN +
4
Vep hypVep hpyi, hop (S) Veh
_ N B _

(b) CB small-signal equivalent circuit

+o b

Fig. 6-1

Common-Base Transistor Connection
If vgp and ic are taken as the dependent variables for the CB transistor characteristics of Fig. 3-2(b)
and (c¢), then, as in the CE case, equations can be found specifically for small excursions about the Q
point. The results are
Vep = hibie + hrbvcb (69)
i(' = hﬂ)le + hobUcb (6 [0)
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The partial-derivative definitions of the CB h-parameters are:

v Av
Input resistance hy, = —L8 LB
dig | Aip
v Av
Reverse voltage ratio hy, = —22 LB
ducglg  Avcs
i A
Forward current gain  hy, = —<| ~—C
’ alE 0 AIE 0
di Al
Output admittance h,y = —C ¢
ducplg  Avcs

165

6.11)

(6.12)

(6.13)

(6.14)

A small-signal, h-parameter equivalent circuit satisfying (6.9) and (6.70) is shown in Fig. 6-1(b)

Common-Collector Amplifier

The common-collector (CC) or emitter-follower (EF) amplifier, with the universal bias circuitry of
Fig. 6-2(a), can be modeled for small-signal ac analysis by replacing the CE-connected transistor with its
h-parameter model, Fig. 6-1(a). Assuming, for simplicity, that 4,, = h,, = 0, we obtain the equivalent

circuit of Fig. 6-2(b).

tVee i i
b a h; b e
B  ——— | ¢ E [ ——n
by 1 AA'A" t
| |
e | b
i, | | )
RiRy I i T | R
+ v R+ R, | el | & ‘i
Ré | |
Rg Vg | |
I |
- | |
L a c
(a) (b)
B b, hie E

()

Fig. 6-2 CC amplifier

RiRy
hg,+ DR
§R1+R2 (ﬂ) ) E§

An even simpler model can be obtained by finding a Thévenin equivalent for the circuit to the right

of a, a in Fig. 6-2(b). Application of KVL around the outer loop gives
v =iphje + i, R + iphie + (hy, + iR

The Thévenin impedance is the driving-point impedance:

v
Ry, = no hie + (he, + DRg

(6.15)

(6.16)
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The Thévenin voltage is zero (computed with terminals a, @ open); thus, the equivalent circuit consists
only of Ry,. This is shown, in a base-current frame of reference, in Fig. 6-2(¢). (See Problem 6.13 for a
development of the CC h-parameter model.)

6.3. TEE-EQUIVALENT CIRCUIT

The tee-equivalent circuit or r-parameter model is a circuit realization based on the z parameters of
Chapter 1. Applying the z-parameter definitions of (1.10) to (1.13) to the CB small-signal equivalent
circuit of Fig. 6-1(b) leads to

hph
21 = hy == (6.17)
hoh
- (6.18)
hob
h
Zy = — hi’ (6.19)
ob
1
Zyy = 5— (620)
hab
(See Problem 6.17.) Substitution of these z parameters into (/.8) and (1.9) yields
haphg\ . b, .
Vep = (h,—b - be”)ze +ﬁ (—i,) (6.21)
/ 1
v = =2 b+ (i) (6.22)
hoh hob
If we now define
Iy = Z—’Z (6.23)
hrb
r,=hy — Iy (14 hg,) (6.24)
I el (6.29)
hoh
hg + h,
r_ Mt
o == I, (6.26)
then (6.21) and (6.22) can be written
Vep = (Ve + rb)ie - rbic (627)
and v = (@1, +1p)i, — (rp +71,)i, (6.28)

Typically, —0.9 > Ay, > —1and 0 < &, < 1. Letting h,;, ~ 0in (6.26), comparing (6.13) with (3.1) while
neglecting thermally generated leakage currents, and assuming that gz = hy, (which is a valid assump-
tion except near the boundary of active-region operation) result in

a' ~ —hyp =« (6.29)

Then the tee-equivalent circuit or r-parameter model for CB operation is that shown in Fig. 6-3. (See
Problems 6.3 and 6.5 for r-parameter models for the CE and CC configurations, respectively.)
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ai,
E L e ¢
— —_—
> AAA —~AA
+ , M +
e c
Vep Tp Veh

= 4

Fig. 6-3

6.4. CONVERSION OF PARAMETERS

Transistor manufacturers typically specify /gg (= hy) and a set of input characteristics and collector
characteristics for either CE or CB connection. Thus the necessity arises for conversion of / parameters
among the CE, CB, and CC configurations or for calculation of r parameters from /& parameters.
Formulas can be developed to allow ready conversion from a known parameter set to a desired para-
meter set.

Example 6.1. Apply KVL and KCL to Fig. 6-1(«a) to obtain v,, = g;(i,, vep) and i, = g»(i,, v,). Compare these
equations with (6.9) and (6.10) to find the CB / parameters in terms of the CE / parameters. Use the typically
reasonable approximations /,, <« 1 and hy, + 1> h;h,, to simplify the computations and results.

KVL around the E, B loop of Fig. 6-1(a) (with assumed current directions reversed) yields

Vop = —hjplyy — NyoVe (6.30)
But KCL at node E requires that
Iy = —lp — I = —lp — hppiyy — DoV
or —iy=—1i,+ e Vee 6.31)
e +1° " hy + 1
In addition, KVL requires that
Ve = Ueh — Vel (6.32)
Substituting (6.37) and (6.32) into (6.30) and rearranging give
Oohet b, e (ke ), -
Use of the given approximations reduces the coefficient of v,, in (6.33) to unity, so that
Vop h,()hi Dot ( h}:i’rl - h,‘())vch (6.34)
Now KCL at node C of Fig. 6-1(a) (again with assumed current directions reversed) yields
I = hppiy + hoevee (6.35)

Substituting (6.31), (6.32), and (6.34) into (6.35) and solving for i give

he  hoh P
o= | e g Mol g il A L, (6.36)
hy + 1 (hp+1) (hp+ 1) hy +1

Use of the given approximations then leads to

_ hfe i hnc
I + 15 Iy +

¢

- (6.37)
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Comparing (6.34) with (6.9) and (6.37) with (6.10), we see that

e
hip = ot (6.38)
hi,h
b =0 .39
Typ szc+1 Tye (63 )
by =~ 1% (6.40)
= Iy + 1 .
h
iy = —2 6.41
Py + 1 64D

6.5. MEASURES OF AMPLIFIER GOODNESS

Amplifiers are usually designed to emphasize one or more of the following interrelated performance
characteristics, whose quantitative measures of goodness are defined in terms of the quantities of Fig. 6-4:

1. Current amplification, measured by the current-gain ratio 4; = i,/i;,.

2. Voltage amplification, measured by the voltage-gain ratio 4, = v,/v;,.

3. Power amplification, measured by the ratio A, = A, 4; = Vyi,/lyiis-

4.  Phase shift of signals, measured by the phase angle of the frequency-domain ratio 4,(jw) or
A,(jo).

5. Impedance match or change, measured by the input impedance Z;, (the driving-point impedance
looking into the input port).

6. Power transfer ability, measured by the output impedance Z, (the driving-point impedance
looking into the output port with the load removed). If Z, = Z;, the maximum power transfer
occurs.

Amplifying
circuit

Fig. 6-4

6.6. CE AMPLIFIER ANALYSIS

A simplified (bias network omitted) CE amplifier is shown in Fig. 6-5(a), and the associated small-
signal equivalent circuit in Fig. 6-5(b).

Example 6.2. In the CE amplifier of Fig. 6-5(b), let h;, = 1k, h,, = 107%, hg, =100, hye = 128, and R = 2kQ.
(These are typical CE amplifier values.) Find expressions for the (a) current-gain ratio 4;, (b) voltage-gain ratio
A,, (c) input impedance Z;,, and (d) output impedance Z,. (e) Evaluate this typical CE amplifier.

(a) By current division at node C,

1/hy,

jp =1 (i 42
i l/hoe+RL( elp) (6.42)



CHAP. 6] SMALL-SIGNAL MIDFREQUENCY BJT AMPLIFIERS 169

and

iy I
B - C
WA
+ " hie % * l ip *
Vg Vpe hravcc hﬁ’ ib h()e Vee RL vr
/ E \ i
Zin 0
(b)
Fig. 6-5
j h 100

A, = L_ e =_-977 (6.43)

0 14h,R, I+ (12x 1092 x 10%)

Note that A4; ~ —hy,, where the minus sign indicates a 180° phase shift between input and output currents.

(b

(©

(d)

By KVL around B, E mesh,
Vg = Vpe = hiel.b + hrevce (644)
Ohm’s law applied to the output network requires that

—he Ry i

1
— b R, | =/t Lh .
Uce hyei (hoe I L) 1+ h,R; 6.43)

Solving (6.45) for i, substituting the result into (6.44), and rearranging yield
& _ hjeRL
B Uee B hie + RL(hiehoe - h_/'ehrf)

B (100)(2 x 10%) _
1 x 103 4+ (2 x 103)[(1 x 103)(12 x 1076) — (100)(1 x 104)] —

~199.2 (6.46)

Observe that A4, ~ —hy R /h;,, where the minus sign indicates a 180° phase shift between input and output
voltages.

Substituting (6.45) into (6.44) and rearranging yield

hohp, R —4 3
=h, — reltfeRp, % 1037(1 x 1077)(100)(2 x 107)

=% el =980.5Q 6.47
i, 1+ ho R, 1+ (12 x 10-6)(2 x 10°) 6.47)

Note that for typical CE amplifier values, Z;, ~ h;,.

We deactivate (short) v, and replace R, with a driving-point source so that vy, = v,. Then, for the input mesh,
Ohm’s law requires that

. hre
lp = _/1_- vdp (648)

However, at node C (with, now, i, = i), KCL yields
it’ = idp = llfeib + hoevdp (649)
Using (6.48) in (6.49) and rearranging then yield

Udp _ 1 _ 1
lgp oo — hphye/hie 12 x 1070 — (100)(1 x 107%)/(1 x 10°)

Z, = = 500k (6.50)

The output impedance is increased by feedback due to the presence of the controlled source £,,v,,.
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(e) Based on the typical values of this example, the characteristics of the CE amplifier can be summarized as

follows:

1. Large current gain

2. Large voltage gain

3. Large power gain (4;4,)

4. Current and voltage phase shifts of 180°
5. Moderate input impedance

6. Moderate output impedance

6.7. CB AMPLIFIER ANALYSIS

A simplified (bias network omitted) CB amplifier is shown in Fig. 6-6(a), and the associated small-signal

equivalent circuit in Fig. 6-6(b).
i i
E e PRI
+ ‘Ah/\’ + li +
+ ib + L

Vg Vep hrhvch h/bi(’ hoh Vep RL vy

/ B \

Z, Z,

in 0

(b)

Fig. 6-6 CB amplifier

Example 6.3. In the CB amplifier of Fig. 6-6(b), let hi;, = 30 Q, h,y = 4 x 107°, hyg, = —0.99, hyp, = 8 x 107", and
R; =20k2. (These are typical CB amplifier values.) Find expressions for the (a) current-gain ratio A;,
(b) voltage-gain ratio 4,, (c) input impedance Z;,, and (d) output impedance Z,. (e) Evaluate this typical
CE amplifier.

(a) By direct analogy with Fig. 6-5(b) and (6.43)

hyy —0.99
A= — . = =0.974 6.51
T+ hpR, 1T+ (8x107)20 x 109 (6.51)

Note that 4; ~ —hy, < 1, and that the input and output currents are in phase because /1 < 0.
(b) By direct analogy with Fig. 6-5(b) and (6.46),

hyR, . (=0.99)(20 x 10%)
iy + Rp(hiphoe — hpphyy) — 30+ (20 x 10%)[(30)(8 x 10~7) — (—0.99)(4 x 10-9)]

A, =— =647.9 (6.52)

Observe that 4, & —hy Ry /hj, and the output and input voltages are in phase because /iy < 0.
(¢) By direct analogy with Fig. 6-5(b) and (6.47)

hyhpRy 304X 107%)(=0.99)(20 x 10°)

Zig =hy —————= =30.08 Q2 6.53
= T T  h R, 1+ (8 x 1077)(20 x 10%) 6.53)
It is apparent that Z;, = hy,.
(d) By analogy with Fig. 6-5(b) and (6.50),
1 1
Z =1.07MQ (6.54)

" hop — hpphu /By 8 x 1077 — (—0.99)(4 x 10-5)/30

Note that Z, is decreased because of the feedback from the output mesh to the input mesh through 4,,v,;.
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(e) Based on the typical values of this example, the characteristics of the CB amplifier can be summarized as

follows:

1. Current gain of less than 1

2. High voltage gain

3. Power gain approximately equal to voltage gain
4. No phase shift for current or voltage

5. Small input impedance

6. Large output impedance

6.8. CC AMPLIFIER ANALYSIS

Figure 6-7(a) shows a CC amplifier with the bias network omitted. The small-signal equivalent
circuit is drawn in Fig. 6-7(b).

B h,'cA ib ‘ l-(,’ E ‘
+ v ¥ i+
+ + tlz
2 Upe hyeVee hyi, Moo Ve R, v
/ C \
Zin Zn
(b)

Fig. 6-7 CC amplifier

Example 6.4. In the CC amplifier of Fig. 6-7(b), let h;, = 1kQ, h,, = 1, hy, = =101, hy, = 1248, and R, = 2kQ.
Drawing direct analogies with the CE amplifier of Example 6.2, find expressions for the (a) current-gain ratio 4;,
(b) voltage-gain ratio 4,, (c) input impedance Z;,, and (d) output impedance Z,. (e) Evaluate this typical CC
amplifier.

(a) In parallel with (6.43),

e —101
T U4 h R, 1+(12x 1092 x 109

=98.6 (6.55)
Note that 4; ~ —hy,., and that the input and output currents are in phase because /i, < 0.
(b) In parallel with (6.46),

W heR, o (=101)(2 x 10%)
U e+ Rp(hichge — by 1 x 1034+ (2 x 109)[(1 x 103)(12 x 1076) — (=101)(1)]

=0.995 (6.56)

Observe that A, ~ 1/(1 — hih,./hy) ~ 1. Since the gain is approximately 1 and the output voltage is in phase
with the input voltage, this amplifier is commonly called a unity follower.

(¢) In parallel with (6.47),

e Ry (D)(=101)(2 x 10%)

Zi = hy, =1x10° - =841 MQ 6.57
n =M T TR, TS 1+ (12 x 1092 x 109 (6.57)
Note that Ziy ~ —hg/hy,.
(d) In parallel with (6.50),
Z, = ! ! =99Q

hoe — hyehee /e~ 12 x 1076 — (=101)(1)/(1 x 10%)

Note that Z, ~ —h;./hy,.



172 SMALL-SIGNAL MIDFREQUENCY BJT AMPLIFIERS [CHAP. 6

(e) Based on the typical values of this example, the characteristics of the CB amplifier can be summarized as

follows:

1. High current gain

2. Voltage gain of approximately unity

3. Power gain approximately equal to current gain
4. No current or voltage phase shift

5. Large input impedance

6. Small output impedance

6.9. BJT AMPLIFIER ANALYSIS WITH SPICE

Since SPICE models of the BJT (see Chapter 3) provide the device terminal characteristics, a
transistor amplifier can be properly biased and a time-varying input signal can be directly applied to
the completely modeled amplifier circuit. Any desired signal that results can be measured directly in the
time domain to form signal ratios that yield current and voltage gains. With such modeling, any signal
distortion that results from nonlinear operation of the BJT is readily apparent from inspection of signal-
time plots. Such an analysis approach is the analytical equivalent of laboratory operation of the
amplifier where the time plot of signals is analogous to oscilloscope observation of the amplifier circuit
signals.

SPICE capabilities also lend themselves to BJT amplifier analysis using the small-signal equivalent
circuits.  In such case, the voltage-controlled voltage source (VCVS) and the current-controlled
current source (CCCS) introduced in Section 1.3 find obvious application in the small-signal equiva-
lent circuits of the type shown in Fig. 6-1. Either time-varying analysis (TRAN command statement)
or sinusoidal steady-state analysis (AC command statement) can be performed on the small-signal
equivalent circuit.

Example 6.5. For the amplifier of Fig. 3-10(a), let v; = 0.25sin(200077) V, Ve =15V, CCy = CC, = CC =
100 uF, Ry = 6kQ, Ry =50kQ, Rc = R;, = 1kQ, and R, = Ry =100Q. The transistor is characterized by the
model of Problem 5.4. Use SPICE methods to determine the CE hybrid parameters of (6.5) through (6.8) for this
transistor at the point of operation.

The netlist code below describes the circuit.

EX6_5.CIR

vi 10 SIN(OV 250mV 10kHz)

Ri 12 1000hm

CC1l 2 3 1000uF

CC2 4 7 1000uF

R1 3 0 6kohm

R2 3 6 50kohm

RC 64 lkohm

RE 50 100ohm

RL 7 0 lkohm

VCC 6 0 15V

04 35 QNPNG

.MODEL QNPNG NPN (Is=10fA Ikf=150mA Isc=10fA Bf=150
+ Br=3 Rb=1lohm Rc=1lohm Va=75V Cjc=10pF Cje=15pF)
.TRAN lus 0. 1lms

.PROBE

.END

After executing (Ex6_5.CIR), the plots of Fig. 6-8 can be generated by use of the Probe feature of PSpice. The
resulting A-parameter value is indicated on each of the four plots of Fig. 6-8.
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1.0 K.]I_ __________________________________________________ .
) T
hie=628 Ohm : \
3 . ]

0 ]

o ( MAX(V(3,5))-MIN(V(3,5)))/( MAX(IB(Q))-MIN(IB(Q)))

10m. o _______
e e kbbb 1

U 3

o ( MAX(V(3,5))-MIN(V(3,5)))/( MAX(V(4,5))-MIN(V(4,5)))
150 o oo o oo om el __ N
| hfe=143.9 |
) |
: |
0 o 3

o (MAX(IC(Q))- MIN(IC(Q)))/( MAX(IB(Q))- MIN(IB(Q)))
2.0m___________

B bbb 1

e e e o

SEL>>:
O . = m e e o2
0s 50 us 100 us
o { MAX(IC(Q))- MIN(IC(Q))})/( MAX(V(4,5))- MIN(V(4,5)))
Time
Fig. 6-8

Example 6.6. For the amplifier of Example 6.5, use SPICE methods to determine (a) the input impedance Z;,,
(b) the current gain 4;, and (c) the voltage gain A4,,.
Netlist code that describes the amplifier circuit follows:

Ex6_6.CIR

vi 10AC1V

Ri 12 100ohm

CC1 2 3 1000uF

CC2 4 7 1000uF

R1 3 0 6kohm

R2 3 6 50kohm

RC 64 lkohm

RE 50 1000hm

RL 70 lkohm

VCC 6 0 15V

Q4 35QNPNG

.MODEL QNPNG NPN (Is=10fA Tkf=150mA Isc=10fA Bf=150
+ Br=3 Rb=1lohm Rc=1lohm Va=75V Cjc=10pF Cje=15pF)
.ACLIN 1 100Hz 100Hz

.PRINT ACVm(1) Vp(1l) Vm(7) Vp(7)

.PRINT AC Im(Ri) Ip(Ri) Im(RL) IP(RL)

.END

(a) Execute (Ex6_6.CIR) and poll the output file to find the values of input voltage and current. Thus,

V(1) 1
== = 4.056kQ
"= 1) 2465 x 107~ 098
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(b) The output file contains the magnitudes and phase angles of the input and output voltages. Hence,

Vm(7) _ _4.649 — —4.649

T vm(l) T 1
The negative sign accounts for the 180° phase shift [see Vp(7)] of V(7) with respect to V(1).
(¢) The output file values of Ip(Ri) and Ip(RL) show the two signals to be 180° out of phase. The current gain is

found as

_ ImRL) 4649 x 10~°

= =— = —18.86
! Im(Ri) 2.465 x 1074

Solved Problems

6.1  For the CB amplifier of Fig. 3-23, find the voltage-gain ratio 4, = v; /vg using the tee-equivalent
small-signal circuit of Fig. 6-3.

The small-signal circuit for the amplifier is given by Fig. 6-9. By Ohm’s law,
Ueh _ (R( + RL) vL

i = = %)
RcllRy RcRy
ai,
i i, i
— - AA— —AAA —
N 7, 7, C 11L
+ +
Vg Rp > Vep rp Vo> Re RSV
- _ l ih
B
Fig. 6-9
Substituting (/) into (6.27) and (6.28) gives, respectively,
. (R + Rp)v
Vs = Ve = (1o +1p)ip — 1 (RTQLL ()]
. Re+ Rp)v
vy = vy = (r 4 )i, — (ry v REFRLL 3
RcRy
where we also made use of (6.29). Solving (2) for i, and substituting the result into (3) yield
S r(Rc + Ry) .
ST R+ R Rc+R
v = @) ——— T = (1) Tpp )
The voltage-gain ratio follows directly from (4) as
v (ar. +ry)RcRy

" T 0s  ReRL(re+ )+ (Re + RO — a)rery + 1oy + 7o)l
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6.2

6.3

Assume that r,. is large enough so that i, = «i, for the CB amplifier of Fig. 3-23, whose small-
signal circuit is given by Fig. 6-9. Find an expression for the current-gain ratio 4; = iy /i; and
evaluate it if r, = 30,7, =300, r, = IMQ, R =5kQ, Rc = R, =4kQ, and o = 0.99.

Letting i. ~ i, in (6.27) allows us to determine the input resistance R,:

Veh = (l’(, + rb)ie - rb(al.e)
Veh

from which Ro=—=r.+(0 -0,
l(’
By current division at node E,
. Ry .
fp=—"—
RE + Rin

Solving for i gives

i :RE+Rinl~ :RE+V()+(1 —oz)r,,i
s RE e RE e

()

Current division at node C, again with i, =~ «i,, yields

Rc Rcai,
_ C i = cql, )
Re+ Ry, Re+ R,

ip
The current gain is now the ratio of (2) to (/):
i aRc/(Re + Rp) aRcRg

A= TRt ro+ (1 —@r/Ry ~ (Re ¥ ROWRs 70 + (1 — ey

Substituting the given values results in

0.99)(4 x 10%)(5 x 10%)

A = =0.492
T @x 105 +4 x 109)[5 x 10° + 30 + (1 — 0.99)(300)]

The transistor of a CE amplifier can be modeled with the tee-equivalent circuit of Fig. 6-3 if the
base and emitter terminals are interchanged, as shown by Fig. 6-10(«); however, the controlled
source is no longer given in terms of a port current—an analytical disadvantage. Show that the
circuits of Fig. 6-10(b) and (c¢), where the controlled variable of the dependent source is the input
current i, can be obtained by application of Thévenin’s and Norton’s theorems to the circuit of
Fig. 6-10(a).
The Thévenin equivalent for the circuit above terminals 1,2 of Fig. 6-10(a) has
vy = or.ie AR
By KCL, i, = i, + i}, so that
Uip = arcic + o”‘t'ib (])

We recognize that if the Thévenin elements are placed in the network, the first term on the right side of (/)
must be modeled by using a “‘negative resistance.” The second term represents a controlled voltage source.
Thus, a modified Thévenin equivalent can be introduced, in which the “negative resistance” is combined
with Z,, to give

,Ul/h = Cll”(l.b = rmib Zz/h = (1 - Cl)r,: (2)
With the modified Thévenin elements of (2) in position, we obtain Fig. 6-10(b).

The elements of the Norton equivalent circuit can be determined directly from (2) as

1 ’ ) .
Iy=—s=Zh=(—ay, Iy=-t= 2

Yy = Bip 3

:Z_/_ (l —Ol)l‘(, B

th

The elements of (3) give the circuit of Fig. 6-10(c).
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Iy c
B e AAA —AAA — wC
+ 7 T 1 +
Vbe Te Vee
_ it _
E
(@)
. i
J”_ B mtb .

B A% <>—-/\/v~—~—~ c
* 7y 2 (I-ayr, 1+
Vpe Te Vee
_ iy _

- E
(b)
IBib
L
B —\AA VWA C
+ "p 2 (1 - a)r(, 1 +
Vpe Te Vee
_ i) _
E
(o)
Fig. 6-10

6.4  Utilize the r-parameter equivalent circuit of Fig. 6-10(b) to find the voltage gain ratio 4, = vy /v;

for the CE amplifier circuit of Fig. 3-10.

The small-signal equivalent circuit for the amplifier is drawn in Fig. 6-11. After finding the Thévenin

equivalent for the network to the left of terminals B, E, we may write

Ry RpR; .
= o; 1
Ve = Ryt R TRy AR D
i R i[ rmil) i
e i - b - AN S —
WV B N andddar: ;
. B (1-ayr, liz
+< <
Vi Rp S vpe Te Ve «5 Re Ry $ VL
> >
- i} - -
E
Fig. 6-11
Ohm’s law at the output requires that
RcR
Voo =0y = —L %)
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6.5

Applying KVL around the B, E mesh and around the C, E mesh while noting that i, =i, + i, yields,
respectively,

Vpe = —Ipip = Tele = —(1p +1)ip — el 3
and Vee = _reie + rmib - (1 - a)rci( = _(re - rm)il) - [(1 - a)rc + re]i( (4)

Equating (/) to (3) and (2) to (4) allows formulation of the system of linear equations

RpR; \ Rp+ R; r(Rp + R;)
—(r+re+ - :
Ry + R; R Rp [lb:|*|:vii|
R-R il Lo
~(re = 1) —[(1 — e+ - p ;L]

from which, by Cramer’s rule, i, = A,/A, where

R+ R; RpR; RcR;
A=—" 3 1 — . = = | _ — 7
Rb’ {<rb+’f+RB+Ri ( a)l(+re+RC+RL )”(,(V(, lm)

Ay = (V‘, - rm)vi

v _ (RLlIRe)ie _ Ry Re 1o =1
vi Vi R, +Rc A

Then A, =

The CE tee-equivalent circuit of Fig. 6-10(b) is suitable for use in the analysis of an EF amplifier if
the collector and emitter branches are interchanged. Use this technique to calculate (a) the
voltage-gain ratio 4, = v; /vg and  (b) the input impedance for the amplifier of Fig. 3-26(a).

(a) The appropriate small-signal equivalent circuit is given in Fig. 6-12. By KVL around the B, C loop,
with r,, = ar, (from Problem 6.3),

Up = rbib + rmil) + (1 - C{)}’(.(l'], - le) = (rb + rc)ib - (1 - a)r('il’ (1)
B vy B
VA

fi

+ rmib < +

ig vp SRy RL‘eF vy

- (1-ayr. -

Fig. 6-12
Application of KVL around the C, E loop, again with r,, = ar,., gives
. . . RpR; . . ReR; j| .

0=rp,—rpip— (1 =iy — i)+ ———F7 i, = —rip+ |r. + (1 —0)r, + ————|i, 2
p= (e~ i)+ o b[ (1=t £ @

By Cramer’s rule applied to the system consisting of (/) and (2), i, = A,/A, where

ReR; ReRy
A:. . 1_ . I . . e s
'b|:'¢+( a)'(+RE+RI:|+rL<l£+RE+RL

A2 =Tr.Up
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Now, by Ohm’s law,

. RegRp Ay
= (R Ry )i, = —E—L 22
vy = (RelIRp )i R, + R, A

VL _ RpRpre/(Rg + Ryp)
vg  Iplre + (1 —a)re + ReRp/(Rg + Rp)l + relre + ReRp/(Re + Rp)]

Then A, =

(b) The input impedance can be found as Z;, = Rp|(vg/iy). Now, in the system consisting of (/) and (2),
by Cramer’s rule, i, = A;/A, where

ReR,
AN=|r,+(0 -, +———7F—
1 |:’c +( a)lc +RE+RL]UB

RrR RER
Rpry|r. +(1 —a)r(,—l-# +RBr(,(r(,+ EZL )
A R+ R, Rrp+ R;
Hence, Zin=Rplll — v | =
AI (R +}’)I‘+(1—(¥)I‘ +M +r ;ﬂ_Fﬂ
B b e ¢ RE +RL c\le RE +RL

Answer the following questions relating to a CE-connected transistor: (a¢) How are the input
characteristics (i versus vgg) affected if there is negligible feedback of vcx? () What might be
the effect of a too-small emitter-base junction bias? (¢) Suppose the transistor has an infinite
output impedance; how would that affect the output characteristics? (d) With reference to Fig.
3-9(b), does the current gain of the transistor increase or decrease as the mode of operation
approaches saturation from the active region?

(a) The family of input characteristics degenerates to a single curve—one that is frequently used to approx-
imate the family.

(b) 1If Ipp were so small that operation occurred near the knee of an input characteristic curve, distortion
would result.

(¢) The slope of the output characteristic curves would be zero in the active region.

(d) Aic decreases for constant Aip; hence, the current gain decreases.

Use a small-signal Ah-parameter equivalent circuit to analyze the amplifier of Fig. 3-10(a), given
Rc=R;, =800Q2, R, =0,R =12kQ, R, =27kQ, h,=0,h,=100uS,h, =90, and
hi, =200. Calculate (a) the voltage gain 4, and (b) the current gain A;.

(a) The small-signal circuit is shown in Fig. 6-13, where Rz = R|R,/(R; + R,) =831 Q. By current
division in the collector circuit,

_iL — RC(I/hoc) h _ i[
Re(1/hoe) + Rp(1/hy0) + R R 7
ii Ip ic U
e B — - C "

RB hic hfe ib h()a § RC RL § VL= Vee

N

’
n Zin

Fig. 6-13
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The voltage gain is then

_vL_ Rpip he R Rc (90)(800)>

y=—t=EL o =— =—173.08 (I
v iy he(Re+ Ry +hoeRiRe) — 200[1600 + (100 x 10-6)(800)*] &

(b) By current division,

b=
b RB ¥ hie i
i Ry if Ryh, (831)(200)(—173.08)
go=L_ L_ = = —34.87
5 T T Rp+he iy Ru(Rg+ ) (800)(1031)

6.8  For the amplifier of Example 6.5, use SPICE methods to determine the voltage gain 4, = v; /v;.

Execute the file (Ex6_5.CIR) of Example 6.5, then use the Probe feature of PSpice to generate the
instantaneous waveforms of input voltage v; and output voltage v; shown by Fig. 6-14. The peak values of
v; and vy are marked. Hence,

vy Vim 1.1528
A, =—=— =————=-461
Yy Vim 0.250

1.5 Vo mmmmmm e oo -

( 250 mv)

SEL>> |
=300 MV 4 ------ - e mm - —m e o ~
0s 50 us 100 us
o V(1)
Time
Fig. 6-14

6.9  Suppose the emitter-base junction of a Ge transistor is modeled as a forward-biased diode.
Express #;, in terms of the emitter current.

The use of transistor notation in (2.7) gives

iy = Icpo(e™/'" = 1) (1)
Then, by (6.5),
1 dip 1 »
- TB 7 UpEQ/VT 2
he  dugp 0 Vr CBOC )



180

6.10

6.11

6.12

SMALL-SIGNAL MIDFREQUENCY BJT AMPLIFIERS [CHAP. 6

But, by (/) and Problem 2.1,

Ipg = Iepo(e2!'n — 1) & Iepoet#e/'r (&)
Iro
and IBQ = m (4)
Equations (2), (3), and (4) imply
b= Vr(B+1)
e — IbQ

For the CB amplifier of Problem 3.12, determine graphically (a) hg and (b)) hyp.
(a) The Q point was established in Problem 3.12 and is indicated in Fig. 3-16. By (6.73),

. -3
e Az.c _ (3.97 —2.0) x 1(;) — 0.985
k Aig veng=—6.1V “4-2)x 10~
(b) By (6.149),
Ai .05 —2. 107
hyy ~ ic _ (3.05 95) x 10 — 12,548
UCB | 1p=3mA —10-(-2)

Find the input impedance Z;, of the circuit of Fig. 3-10(a) in terms of the /# parameters, all of
which are nonzero.

The small-signal circuit of Fig. 6-13, with Rz = R|R,/(R| + R;), is applicable if a dependent source
h,ovee 1s added in series with %, as in Fig. 6-1(a). The admittance of the collector circuit is given by

1 1
G=1 —+—
Nloe + R, + Re
and, by Ohm’s law,
—/’lﬁ,ib
. = ——— 1
Vee C )]
By KVL applied to the input circuit,
ib — Vi — hl‘()va) ( 2)
hi,

Now (/) may be substituted in (2) to eliminate v,,, and the result rearranged into

v; hyohy,

zZ =1 =p —I) 3
1] ib 1[(’ G ( )
RpZi,  Rplhie — hyohy/G)

7 = =
" Rp+Z), Rp+hi —hyehy/G

Then C))

In terms of the CB & parameters for the amplifier of Fig. 6-15(a), find (@) the input impedance
Zn, (b) the voltage gain 4,, and (c) the current gain 4;.

(a) The h-parameter equivalent circuit is given in Fig. 6-15(h). By Ohm’s law,

hgi hai,
Veh = — e =—- pole ()
hop +1/Re + 1/R; G

Application of KVL at the input gives
Vs = hrbvcb + lzibie (2)
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Vg +Vece
Ry Re
Cc Ce L
| [} T
N { r
i
g Z R &y
— —_— -
(@)
iin ie h’/ iL'
—_— —— ib —
4"A'AY
+ + U
; |
vg §RE hypVep hypi, §h0b S éRC Vep §RL
Sl B o -
Zin Z;n
(b)
Fig. 6-15
Now (/) may be substituted into (2) and the result solved for Z;, = vg/i,. Finally, Z;, may be found as
the parallel combination of Z;, and Rg:
Re(hy,G — hyyl
Z, = Ee(hi b 7/?)) 3)
ReG + hypG — hyyhy,
(b) By elimination of i, between (/) and (2) followed by rearrangement,
Vo T
' v hiyG — hyphy,
(¢) From (1),
Ueh hﬂJiL’
——b_ _Z 4
L R, R.G 4
By KCL at the emitter node,
i() = iin - va = .in - iinZin = iin 1— é (5)
Rp R Rp
Now elimination of i, between (4) and (5) and rearrangement give
Lin RLG RE
6.13 The CE h-parameter transistor model (with 4., = h,, = 0) was applied to the CC amplifier in

Section 6.2. Taking iz and vgc as independent variables, develop a CC /-parameter model which
allows for more accurate representation of the transistor than the circuit of Fig. 6-2(c).

CC characteristics are not commonly given by transistor manufacturers, but they would be plots of i

vs. vpc With vge as parameter (input characteristics) and plots of i vs. vgc with ip as parameter (output or

emitter characteristics).

vpe = f1(ip, vEC)
ip = f(ip, vEc)

With iz and vge as independent variables, we have

)
®)
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Next we apply the chain rule to form the total differentials of (/) and (2), assuming that v,. = Avgc = dvgc,

and similarly for i,:

v 'BC

a’UBC

Vpe = AUBC ~ dUB(' = 8— Iy 3 Vee (3)
B o VEC lo
. . . aiE 8iE
i, = Aip = dig =—| i Vee 4
313 0 81}5(' 0
Finally, we define
v Av
Input resistance  h;. = 81‘BC %T?C ®)
B lo B lo
9 Avge
Reverse voltage ratio  h,, = BUB(‘ 2 % (6)
VEC o VEC o
i Ai
Forward current gain - hy, = Ll ~ —E (7)
ol 0 Aip 0
i Al
Output admittance h,. = 3 £l ~ X £ ¥
VEC 0 VEC 0

A circuit that satisfies (3) and (4) with definitions (5) to (8) is displayed by Fig. 6-16.

i ) i
By i << E
—
+ +
+
<
Uhe h/‘cvcc h/cib $ hou (S) Vec

c

6.14

Fig. 6-16 CC small-signal equivalent circuit

Redraw the CE small-signal equivalent circuit of Fig. 6-1(a) so that the collector C is common to
the input and output ports. Then apply KVL at the input port and KCL at the output port to
find a set of equations that can be compared with (3) and (4) of Problem 6.13 to determine the CC

h parameters in terms of the CE / parameters.

Figure 6-1(a) is rearranged, to make the collector common, in Fig. 6-17.

B, C loop, with v, = —v,,, results in

Upe = hieih + hl‘l’vfl’ F Ve = hieih + (1 - hr(})vec

Applying KVL around the

Ip
B
A <S> .
+ Iy, PN - i
hl‘evc(’
Uhe h/() ib hoe Vec

Fig. 6-17

()
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6.15

6.16

Applying KCL at node E gives
i = —ip = Nl + ogVee = — (N + )iy + Do, )
Comparison of (/) and (2) above with (3) and (4) of Problem 6.13 yields, by direct analogy,
hie = hy, he=1—=h, hye = —(hy, + 1) Noe = o, 3

Use the CC transistor model of Fig. 6-16 to find the Thévenin equivalent for the circuit to the
right of terminals B, C in Fig. 6-2(b), assuming %,. ~ 1 and h,, &~ 0. Compare the results with
(6.16) to determine relationships between /;, and h;., and between /y, and hy,.

The circuit to be analyzed is Fig. 6-16 with a resistor Ry connected from E to C. With terminal pair
B, C open, the voltage across terminals C, E is zero; thus, the Thévenin equivalent circuit consists only of
Z1, = Ry, Now consider v, as a driving-point source, and apply KVL around the B, C loop to obtain

Vip = Vpe = Nicly + MyreVee & hiclly + Ve, (1)
Use KCL at node E to obtain
Vee = i, Rp = —(Ngdpy + hoeVee) R = —hy Rl 2
Substitute (2) into (), and solve for the driving-point impedance:

Ry, = % =l — h_t'cRE &)

Now (3) is compared with (6.76), it becomes apparent that ;. = h;, and hy, = —(hg + 1), as given in (3) of
Problem 6.14.

Apply the definitions of the general & parameters given by (1.16) to (1.19) to the circuit of Fig.
6-1(b) to determine the CE /& parameters in terms of the CB /i parameters. Use the typically good
approximations /,, <« 1 and h,,h;, < 1+ hy, to simplify the results.

By (1.16),
By = 2 (1)
I ly,=0

If v., = 0 (short-circuited) in the network of Fig. 6-1(b), then v, = —vy,, so that, by KVL around the E, B
loop,

Upe = _hibie - h}‘bv('b = _hibie + hrbvbe
Ny — 1
which gives =" ©)
hip
KCL at node B then gives
1+ hg)(1 = hy
ib = _(1 + h./h)ie - hobvcb = [% + hob]”be
ib
Now, (/) and the given approximations,
h — hib ~ hib
T hphoy + (L4 hg)(1 —hy) 1+ hy,
By (1.17),
hyp =2 3
Uce ip=0

If i, =0, then i, = —i, in Fig. 6-1(b). By KVL,

Vee = Ueh — hrbv(‘b - ]7ibie = (1 - hr‘b)vch - hibie (4)
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KCL at node C then gives

i(' = _ie = h/bie + hobvcb
hah

so that fe=—7 i ®)]

Substituting (5) into (4) with v, = v, — v, gives

I[7h0b (U

1+ ]1 Ube)

Vee = (1 - hrb)(’”te Ube) o

After rearranging, (3) and the given approximations lead to

ho— hrb(l + /’l/b) - hibhyb ~ hibhab _
e _hibhob + (hrb - 1)(1 + hﬂ’) 1+ hﬂ) !

By (1.18),

hye == ©)
i
b lv,,=0

By KCL at node B of Fig. 6-1(b), with v,, = 0 (and thus v, = v, = —vp,),
ib = _(1 + h/b)ie - habv('b = _(1 + hﬂ))ie + habvbe
Solving (2) for v, with i, = —i, — i, and substituting now give

lb ob

lh—(1+hfh)(lb+l)+ (h+l)

After rearranging, (6) and the given approximations lead to

S —hp(1 = hyp) = hiphyp ~ —hyg
fe (1 + h/},)(l — h,.;,) + hibhab 1+ h/b

By (1.19),

i
hoe =

Uce

@)

ip=0

If i, = 0, then —i, = i,. Replacing i, with —i, in (4) and (5), solving (4) for v, and substituting into (5) give

. hoh Uce hlh .
l. = le
¢ 1+ h/b 1- hlb 1- h:[) ¢

After rearranging, (7) and the given approximations lead to

hnb ~ hob
(1 = hg)(X + hy) + hiphgy, 1+ Iy

hoe =

Apply the definitions of the z parameters given by (/.10) through (/.13) to the CB h-parameter
circuit of Fig. 6-1(b) to find values for the z parameters in terms of the CB / parameters.

The circuit of Fig. 6-1(b) is described by the linear system of equations
/’l,';, /’l,;, I Vep
=17 1
i La] L 0

= )

By (1.10) and Fig. 1-8,
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Setting i, = 0 in (/) yields

h
Veh = _ﬁ ie (3)

Substituting (3) into the first equation of (/) and applying (2) yield

hph
Zn = hy — ]: bfh
By (1.12) and (3),
_a| _ M
2= ie i.=0 N hab
By (1.11),
Vg,
Z1p = —b (4)
I i,=0

Setting i, = 0 in (/), solving the two equations for v, and equating the results give

Ueb fz' : h"b
== fi hich Z]p = —
Ry By rom wiie 12 Nop
Finally, by (1.13),
oy =t &)
e li=0

Letting i, = 0 in the second equation of (/) and applying (5) yield z,, = 1/h,, directly.

For the CE amplifier of Fig. 3-17, assume that h,, = h,, ~ 0, h;, = 1.1k, hy, = 50, C, — oo,
Rr =100k, Rg =5k, and Rc = R; +20kQ. Using CE & parameters, find and evaluate
expressions for (a) A; =iy /is, (b) Al =iy /iy, (¢) A, =wv./vs, and (d) A}, = v /Vp,.

(a) The small-signal equivalent circuit for the amplifier is given in Fig. 6-18. By the method of node

voltages,
Us = Upe | Uce — Ube  Upe
+ ——=0 (1)
RS RF hie
Upe — Vge . Rc+Rp
FR “— h/elb “"R-R, Vee =0 )
F chkp
Ry s p Ry Joooe
VW ' VW n liL
+ I\
Us hie Dl Vee Rc Ry > 173
B ‘ib B -
J E
Fig. 6-18

Rearranging (/) and (2) and substituting i, = v,./h;, lead to

1 " 1 n 1 1 .
Rs  Rp I Ry Ube | R—q
he 1 I Re+ Ry |Lu " |y

h. Re Rp ' RcR,
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The determinant of coefficients is then

I 1 1\/1  Rc+R 1 (1
Y LI | N Tl 2 R L
Rs  Rp  hi)\Rr  RcR; Rp \hi; Ry

(U1 1IN\l 10410\, o 1 (50 1\ ¢ B
_<5+100+1.1>(1oo+10x10)“0 )+100(1.1 100)10 =4.357x10

By Cramer’s rule,

I Re+R, L1y, s
B ! —~ 2 )
A (RF+ RCR, )”3 <1oo+10 (10 )vs

="1= = =4.828x 1073 3
Vbe =7 Rs A (5 x 10%)(d.557 x 109 s ©)
1 Iy 1 50\, ,
— - )ug — —— (107 )vg
A, (RF I ) 5 (100 1.1) :
d =y, =—2= e/ = =—1.995 4
and L= Yee =75 Rs A (5 x 103)(4.557 x 10-5) vs “)
So Al _vw/R Ry _ Gx109C195) o
! iS ('US — vbe)/RS RL(US — vbe) (20 X 103)(1)5' —4.828 x 10731}5) ’
®) i _v/Re _ b (11x 10%)(—=1.995v,) o
LT T U/ Rpupe (20 x 103)(4.828 x 10 30g) :
(©) A, =0 2 =199 ) g95
Us Us
(d) A] :ﬂ_ﬂ: —4132

Upe  4.828 x 1030

6.19 Inthe CBamplifier of Fig. 6-19(a),let Ry = R, = 50k, R = 2.2k, R =3.3kQ, R; = 1.1k,
Co=Cp— 00, hy ~0,hy =259, h,, =107°8S, and hyp = —0.99. Find and evaluate expressions
for (a) the voltage-gain ratio 4, = v; /v, and (b) the current-gain ratio A; = iy /i.

(a) With h,, =0, the CB h-parameter model of Fig. 6-1(b) can be used to draw the small-signal circuit of
Fig. 6-19(h). By Ohm’s law at the input mesh,

s ]
o= ()
Ohm’s law at the output mesh requires that
1 . RCRthbiF
= |—IRcIIRL |(=hpi,) = — - 2
vg <h0b IR L)( i) Re T R, + hyReR, )
Substitution of (/) into (2) allows the formation of A4,:
A _ UiL _ RCRLhﬂ)
" wg hy(Re+ Ry + hoyReRy)
B (2.2 x 10%)(1.1 x 10%)(—0.99) 9.0
72922 10° + 1.1 x 103 +(107°)(2.2 x 10°)(1.1 x 10%)] ~
(b) By current division at node E,
. Rg .
= 3
Current division at node C gives
1/hp)lIRe Rchpi,
i = (1/hp)IR¢ (_hjbie): chpl, 4)

BT (Uhg)IRe + Ry, " Re+ R+ hyyRiRe
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+Vee

B ¢

|
5
h/bie hoh RC Rl vr

\

Z,

(b) ’

Fig. 6-19
Now substitution of (3) into (4) allows direct calculation of 4;:
PR ReRchy
B (Rg + hip)(Re + Ry + hogy R R¢)
3 3y
(3.3 x 107)(2.2 x 10°)(—0.99) 0655

T (3% 105+ 2522 x 10° + 1.1 x 10° + (10-%)(1.1 x 10°)(2.2 x 10)]

6.20 Let vg = sin(200077) V and apply SPICE methods to the small-signal equivalent circuit of Fig.
6-19(b) to solve Problem 6.19.

(a) The netlist code below describes the circuit:

Prb6_20.CIR

vs 10 SIN( OV 1V 1kHz )
RE 10 3.3kohms
Rhib 12 25o0hms
Vsen 2 0DC OV

Fhfb 3 0Vsen-0.99
Rhob 30 {1/1le-6S}
RC 30 2.2kohms
RL 30 1.1lkohms
.TRAN 5 us 1ms
.PROBE

.END

After executing (Prb6_20.CIR), the traces of the input voltage vg = V(1) and the output voltage
vr = V(3) of Fig. 6-20(a) are generated using the Probe feature of PSpice. Since the input voltage
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has been conveniently selected at 1 V peak, the voltage gain is simply equal to the peak value of v;, or
A, = 29.02 as marked on Fig. 6-20(«a).

(b) The resulting instantaneous waveforms for ig = —I(vs) and i; = I(RL) are shown by the upper plot of
Fig. 6-20(b). The current gain is determined by the ratio of maximum or peak values of output current
(i) to input current (ig) as displayed by the lower plot of Fig. 6-20(b) where 4; = 654.6 x 1073,

0s 0.5 ms 1.0 ms
o MAX(I(RL))/ MAX(-I(vs))
o V{3) o V(1) Time
Time
“ (b)

Fig. 6-20

Use the CC h-parameter model of Fig. 6-16 to find expressions for the current-gain ratios
(a) Al =1i,/i and (b) A; =i,/i; for the amplifier of Fig. 6-2(a).

(a) The equivalent circuit is given in Fig. 6-21. At the output port,

1 he.Rg
—i,Ry = vy = —hgiy(— Ry ) = ——L"E i
Rp =, e b<hw I E) Ry 1" (1)
L.. b B . i E .—lf_
) hi(‘ *
+ + +
R\R, ) g p
) = ) . Ry :
Vi C) RB Rl + RZ hl‘('UL’(' h_fz’lb < h(}L’ Vec E $ Vg
L[ . — -
/ b C \
Rin Rn
Fig. 6-21
and A] is obtained directly from (I) as
i, hf(

T
"dy hyeRp+1
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(b) With Ry, = Ry = hie — hy oy Rp/(hoe Rg + 1), current division at node B gives

i, 1| Ry i Ry 1
ie B Ai/ B RB + Rin ie B RB + Rin A[
R R hy,
) A, = B 4] = i fe
RB + Rin RB + hi(’ + h/‘('h/k’RE/(l7ocRE + 1) ho('RE + 1
hﬂ,RB

T (Rp + hi)(hoeR + V) + hychy Ry

6.22  In the two-stage amplifier of Fig. 6-22, the transistors are identical, having /;, = 1500 2, &, = 40,
h. ~0,and h,, =30uS. Also, R, = 1kQ, R, =20k, Ry = 10k,

R] 1 R12 R21 R22
Ry =——-"—=5kQ and Rp =———=5kQ
U7 R+ R P27 Ry + Ry
I+ Vee
Rey Rey
C.
Rlzé {fL Ry,
T
R; G
— AV~ -IF n K.T] y KTZ
+ v,
Vi <> Vin §R11 Vo1 §R21
- Rp T Cr
[ /
Zinl an -TL ZinZ

Fig. 6-22

Find (@) the final-stage voltage gain A,, = v,/v,;; (b) the final-stage input impedance Z;,,;
(¢) the initial-stage voltage gain A, = v,;/v;y; (d) the amplifier input impedance Z,;;; and
(e) the amplifier voltage gain 4, = v,/v;.

(a) The final-stage voltage gain is given by the result of Problem 6.7(a) if the parallel combination of R;
and R is replaced with Rc:

 MRe (40)(20 x 10%)
hio(1+ 1y Rey) — (1500)[(1 + (30 x 107)(20 x 10°)]
(b) From (4) of Problem 6.11 with /,, ~ 0,

Ay = =-3333

3
Rpohye _ (5 x 1(1 )(1500) 154KkD
Rpy +hie 5 x10° 4 1500

Ziny =

(¢) The initial-stage voltage gain is given by the result of Problem 6.7(a) if Rc and R; are replaced with R
and Z,,,, respectively:

heZina Re @aIshaoh

Ay =— - —
ol hie(Rer + Zing + hpeZina Re1) (1500)(10* + 1154 + 346.2)
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(d) Asin part b,

R .
z. = Relie _ysip0
Rpy + hge
(e) By voltage division,
Vin Zinl 1154
Uin _ — =0.5357
Vi Zinl +R[ 1154+]000
and Ay =0 = g A, = (0.5357)(—26.8)(—333.3) = 4786
v

[CHAP. 6

6.23 In the amplifier of Fig. 6-23(a), the transistors are identical and have 4,, = h,, = 0. Use the CE

h-parameter model to draw an equivalent circuit and find expressions for

(a) the current-gain

ratio A; = ig/i;, (b) the input resistance R;,, (c¢) the voltage-gain ratio 4, = v,/v;, and (d) the
output resistance R,,.

(@)

(b)

Ve | Blil’/}{\/‘ E,
L ie
— £
T
hie
e AAA——d
’l—"
BZ iy EZ )
v; Rg $
P
hypip hyeiyy
- o
1 c ¢y
Rin ! }0
()
Fig. 6-23

R +

With 4, = h,, =~ 0, the small-signal equivalent circuit is given by Fig. 6-23(h). KCL at node E gives

ip = iy + hipy + ipy + iy = (B + D + ip2)

Since i; = i) + i, the current-gain ratio follows directly from (/) and is 4; = hy, + 1.

KVL applied around the outer loop gives

v = (hielhie)i; + Re(hy, + 1)i;

2. 1
so that Ry =2 = 5 hie + (e + DRy
;

i

By KVL,

Vo = v; — (M| e )i = vi — %hieii
But ii = Riln
Substitution of (4) and then (2) into (3) allows solution for the voltage-gain ratio as
U, 1 hie %h,‘e (]1/,3 + l)RE

Ay =lo 2 ey -
v 2 Ry, Shie+ (he + DRg  Lhy + (e + DR

()

@

G)
“)
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(d) 1If Ry is replaced by a driving-point source with v; shorted, KCL requires that

. . . Uq
lgp = —hp(ip) + ip2) + ™ It‘ph
e e
. . . Vdp Vdp
But l““rl[z:l-:—‘—:—
’ ’ ' h[L’”hi(’ %hie
Substituting (6) into (5) leads to
Vg 1 hie

T b/ She+1/3h 2+ D)

6.24 The cascaded amplifier of Fig. 6-24(a) uses a CC first stage followed by a CE second stage.
RSZO, R]] = IOOkQ, R12 :90kQ, R21 = IOkQ, R22 :90](9, RL :RCZSkQ,
Ry =9kQ. For transistor Q;,h, ~0, h, =1k, h,~1, and h, =—100.

191

©)
(©)

Let
and
For 0,

hye = hoe = 0, hy, = 100, and h;, = 1kQ.  Find (@) the overall voltage-gain ratio 4, = v, /v,

and (b) the overall current-gain ratio 4; = iy /i,.

® I +Vee

Fig. 6-24

(a) The small-signal equivalent circuit is drawn in Fig. 6-24(b), where

(90 x 10*)(100 x 10%)
90 x 103 + 100 x 103
(90 x 10%)(10 x 10%)
90 x 10° + 10 x 103

Rpi = RyllRip = =47.37kQ

and Rpy = Ry||Ry = =4.5kQ
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From the results of Problem 6.44,
hi(Rell Rpa llhie) (—100)(818.2)

A =— =— =0.9879
o hic = hyehp (R | Rpa ll hie) 1 10% — (1)(—100)(818.2)
and from the results of Problem 6.7,
o heRLRe —— (100)(5 x 10%)(5 x 10°) 100
2T T ho(RL+Re) T (Ix 105 x 103 +5x 103)
Then A, = A, Ap = (0.9879)(—100) = —98.79
(b) From the results of Problem 6.21,
= hyRp, . (—100)(47.37 x 10%)
T T TRy A h + heeh(REIIRp )~ 47.37 x 10° + 1 x 10° + (1)(—100)(818.2)
= 36.38
and again from Problem 6.7,
3 3
__ RelRphie @Sx 1001 10) e

2T R ReRpr + 1) "2 T (5 x 109)(4.5 x 100 + 1 x 10%)

Then A; = Ay Ay = (36.38)(—16.36) = —595.2

Note that, in this problem, we made use of the labor-saving technique of applying results deter-
mined for single-stage amplifiers to the individual stages of a cascaded (multistage) amplifier.

For the cascaded amplifier of Fig. 6-24(a), let Cq = Cyp =100uF, R, = 6002, and
vg = 10sin(207r x 103) mV. All other resistors have the values of Problem 6.24. The transistors
are characterized by the SPICE default npn model. Apply SPICE methods to determine (a) the
overall voltage gain and (b) the overall current gain.

(a) The following netlist code describes the circuit:

Prb6_25.CIR

vs 10 SIN(O 10mVv 10kHz)
VCC 50DC 15V
CCl 12 100uF

CC2 34 100uF

CC3 68 100uF

CE 70 100uF

R11 2 0 100kohm
R12 52 90kohm
R22 54 90kohm
R21 4 0 10kohm

RE 3 0 9kohm

RC 5 6 5kohm

RL 8 0 5kohm

RE2 7 0 600ohm

Q1 52 3 QNPN

02 64 7 QNPN
.MODEL QNPN NPN ()
.PROBE

.TRAN 5us 0.2ms Os lus
.END

Execute (Prb6_25.CIR) and use the Probe feature of PSpice to plot the waveform of output voltage v,
shown in the upper plot of Fig. 6-25(a). Since the waveform has some distortion, the Fourier trans-
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{ 273.2 nn)

a I(CCl)

{ 200.6 ud)

SEL>>!
O A4Y--4=- T
0 Hz 50 KHz 100 KHz
a I(RL)
Frequency
()

Fig. 6-25

form has been implemented using the FFT feature of PSpice to determine the value of the fundamental
frequency component of v; as shown in the lower plot of Fig. 6-25(a). Then

1.003
V=g = 1003

The negative sign indicates that v; has a 180° phase shift with respect to vg.

(b) Use the Probe and FFT features of PSpice to plot the Fourier spectra of the input current I(CC1) and
the output current [(RL) as shown by Fig. 6-25(b). The current gain is found as the ratio of the marked
spectra fundamental component values of Fig. 6-25(b).

2006 x 1077

= = 7343
1T 2732 % 10°

The negative sign indicates a 180° phase shift between ig and i;.

6.26 The cascaded amplifier of Fig. 6-26(a) is built up with identical transistors for which
e = hoe 20, hy, =100, and h, =1kQ.  Let Rg =1kQ, Rep=10kQ, Rp =100,
Rey =R = 3k, and C, = Cp — o0. Determine (a) the overall voltage-gain ratio
A, = v /v, and  (b) the overall current-gain ratio A; = i /i,.

(a) The small-signal equivalent circuit is given in Fig. 6-26(b). From the results of Problem 6.7 with /,, = 0
and R replaced with Rcs,

h R R (100)(3 x 10*)(3 x 10%)

Ap=-— =- =—150
2T T R+ Rey) (1 x 1093 x 103 + 3 x 10%)

From the results of Problems 6.48, in which R¢, R;, and Ry are replaced with R¢y, h;, and Ry,
respectively,

_ g Rerhie . (100)(10 x 10%)(1 x 10%)
T Rer + il + DRey + ]~ (11 x 109)[(100 + 1)(1 x 10%) + 1 x 107]

A =—0.891
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I* Vee
%Ra Cg _L Rpy
Ty
4 c
ix C(' l[L
—
o 0, +
ps R Sy
v. _
: Ry Rey
I* Ve
(a)
G
i
d+
hiyy SR Rl‘g vy
: N\
E, \
Rin (b) RO

Fig. 6-26

Thus, Ay = Ay Ay = (—0.891)(=150) = 133.6

(®)

From the results of Problem 6.48 with R~ and R; replaced with R, and #,,, respectively,

Ry (100)(10 x 10%)
Ay = — = = -90.91
i Rey + hy, 10 x 103 + 1 x 103

Now, by current division at the output network,

ir = —hoi L
L fe'b2 RCZ ¥ RL
- hR 100)(3 x 10°
Hence, A=l eRer  _— ( )3( x )}:_50
Iy R(‘ZJ’»RL 3)(10“1‘3)(10‘
and A, = Ay Ap = (=90.91)(=50) = 4545.4

6.27
hyr =50, and hy = —0.99.
hic2 = 500 Q, and /1/1'(,2 = —100.
R2 = IOOkQ, REl = SkQ, and CB = C(, — OQ. Find
A, =wvr/vg and (b) the overall current-gain ratio 4; = iy /ig.
(a) The small-signal equivalent circuit is shown in Fig. 6-27(b).
Rp = Ry||R,,

A= hp Rphicy
B hipi (Rg + hi2)

~(=0.99)(33.3 x 10*)(500)

(50)(33.3 x 10° + 500) 975

By the results of Problem 6.44,

[CHAP. 6

In the cascaded CB-CC amplifier of Fig. 6-27(a), transistor Q; is characterized by h,,; = h,,; ~ 0,

The h parameters of transistor Q, are h,., ~ 0,
Let R, = Ry = 2k, Rp = 30kQ, Ry = 60k, R, = 50k,
(a) the overall voltage-gain ratio

hcm =1,

From the results of Problem 6.19, with
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+V((
R R Re2
El B2
Ayt
. 0 IL

\ ]C\ .
¢ RI_$UL
% CBT ) _

c, lm B

hypiier R||IR, hicy

B
()
Fig. 6-27
ho(Rea | R —100)(1 x 10°
Ay = — 12 (Re21R) _ ( )(1 x 107) 0,995
I — heaha(Rea IR~ 500 — (1)(=100)(T x 10%)
Thus, A, = Ay A, = (9.75)(0.995) = 9.70
(b) Based on the results of Problem 6.19,
hp R R —0.99)(5 x 10°)(33.3 x 10°
Ay = — iR Rp |« )(5 x 107)(33.3 x 10°) — 0966

(Rg1 + hip )(Rg + hia) (5 x 103 +50)(33.3 x 10° + 500)
By current division at node E,,

Ly hoRpy (=100)2 x 10°) 5
T =A4Ap = — = — 3 =
Iy Rpy+ Ry 2 x10°)+ (2 x 10°)

Then, A; = Ay Ap = (0.966)(50) = 48.3

6.28 Use the CE h-parameter model to calculate the output voltage v, for the amplifier of Fig. 3-22,

thus demonstrating that it is a difference amplifier. Assume identical transistors with
Ny = hye = 0.
The small-signal circuit is given in Fig. 6-28. Let a = hj, + (h, + )Rg and b = (hy, + 1)R; then, by
KVL,
vy = aiy + biyy (1)
vy = by + aip 2
v, = hpRe(ipy — i) 3

Solving (/) and (2) simultaneously using Cramer’s rule gives

A=d* -V
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)|
RC
UU -
gl
i
+ M I +
vy Ry Ry v,
Fig. 6-28
) . A av = by,
and p = A - az _b2 (4)
. Az _ avy — b’Ul
2 = AT - ©)
Substituting (4) and (5) into (3) gives, finally,
he R heR hy,
Vo = azf_ Zz (avy — bvy — avy + bvy) = af_[i (v —vp) = é Re(vy —v2)

which clearly shows that the circuit amplifies the difference between signals v; and v,.

Supplementary Problems

For the CB amplifier of Fig. 3-23, find the voltage-gain ratio 4, = v; /v,, using the tee-equivalent circuit of
Fig. 6-3 if r. is large enough that i, =~ «i,. Ans. A, = (@RcRp)/{(Rc + Rp)[r. + (1 — )]}

For the CB amplifier of Fig. 3-23 and Problem 6.29, R = R; = 4kQ,r, =30Q,r, =300, r. = 1 MQ,
and o = 0.99. Determine the percentage error in the approximate voltage gain of Problem 6.29 (in which we
assumed i, ~ ai,), relative to the exact gain as determined in Problem 6.1.

Ans. Approximate gain is 1.99 percent greater.

Use the r-parameter equivalent circuit of Fig. 6-10(b) to find the current-gain ratio 4; = i; /ij for the CE
amplifier of Fig. 3-10.

A = RC(F(’ - rm)
" Re+ R —a)re+r]+ ReR,

Ans.

For the EF amplifier of Fig. 3-26(«), use an appropriate r-parameter model of the transistor to calculate the
current-gain ratio 4; = iy /ij.
RpRpr,

Ans. A; =
(Rg + Rp)(Rp +1p)lre + (1 —a)re + Rel| R ]+ (Rg + Ry)r (v, + Rel|Ry)

Apply the definitions of the /i parameters, given by (1.16) through (1.19), to the r-parameter circuit of Fig.
6-3 to find the CB /& parameters in terms of the r parameters.
Ans. hi/) =T + (1 - O[)I”[)I‘(,/()‘h + I'(,), hr'h = "/)/(rh + r(:)a hfb = —(I'/) + ar(f)/(rh + r(:)w hob = 1/(’”/) + I‘(.)
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6.34

6.35

6.36

6.37

6.38

6.39

6.40

Apply the definitions of the z parameters, given by (/.10) through (7.13), to the circuit of Fig. 6-3 to find
values for the z parameters in the equivalent circuit of Fig. 6-29, which contains two dependent voltage
sources. Ans. zZy\ = TFe+ Ty 210 =Ty, 2o =T+ 0Fey 2y =1 + 71,

Apply the definitions of the z parameters, given by (/.10) through (/.13), to the CE h-parameter circuit of
Fig. 6-1(a) to find values for the z parameters in the equivalent circuit of Fig. 6-29 in terms of the CE A
parameters. Ans.  zyp = hip — hphyo [ hoes 212 = Nyo/Roes 221 = —Npp/Boer 220 = 1/ Ny,

Use the z-parameter model of Fig. 6-29 to calculate (a) the current-gain ratio 4; = i;/i; and (b) the
voltage-gain ratio 4, = vy /v; for the amplifier of Fig. 3-10(a).
Ans.  A; = ReRpzy/(Re + Rp)[(Rp + 211)(22 + RellRp) + z12221],

A, = 2 Rp(RLIRC)/{(z22 + Rl RIRgR; + 211(Rp + R)]}

For the CE amplifier of Fig. 3-17 with values as given in Problem 6.18, find (a) the input resistance R; and
(b) the output resistance R,. Ans. (a) 24.26Q; (b) 2.154kQ

A CE transistor amplifier is operating in the active region, with V- = 12V and Ry, = 2kQ. If the collector
characteristics are given by Fig. 3-9(b) and the quiescent base current is 30 uA, determine (a) /iy, and
) hye- Ans. (a) 190; (b) 83.33uS

In the circuit of Fig. 6-30, h,, = 107, h;, = 200 , hyg, =100, and h,, = 100 uS. (@) Find the power gain as
A, =14;4,]|, the product of the current and voltage gains. (b) Determine the numerical value of R, that
maximizes the power gain.  Ans. (@) hj,/|(hpeRp + D(hoohic — hohphie REDI: (b) 14.14kQ

Fig. 6-30

The EF amplifier of Fig. 3-26(«) utilizes a Si transistor with negligible leakage current and g =59. Also,
Vee =15V, Vy =3V (V; is the dc component of v;), and Ry = 1.5kQ. Calculate (a) Rz, (b) the
output impedance Z,, and (c¢) the input impedance Z;,,.

Ans. (a) 339kQ; (b)) 1.185kR; (¢) 50.98k
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6.41

6.42

6.43

6.44

6.45

6.46

6.47
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The amplifier of Fig. 6-31 has an adjustable emitter resistor Ry, as indicated, with 0 < A < 1. Assume that
hye = hye = 0 and C. — oo, and find expressions for (a) the current-gain ratio 4; = iy /i;, (b) the voltage-
gain ratio 4, = v /v, and (¢) the input impedance Z;,,.

4 @ A hpRpRy,
ns. (a = ;
(Re + Rp[Rp + hie + (hy, + DARE]
B) A, = heRcRgR; .
" (Rc+ R){RsRg + (Rs + Rp)lhie + (hy, + DARg]Y
© R = Rplhie + (hy, + DARE]

- RB + ]’l,‘e + (hﬁ; + I)A.RE

i ) C,

Iy

— R S
]
.
Vg RB
V4

T

—

in

Fig. 6-31

For the CB amplifier of Problem 6.19, use SPICE methods to find (a) the input impedance Z;, and (b) the
output impedance Z,. (Netlist code available at author website.) Ans. (a) 24.81Q; (b) 2.195kQ

The exact small-signal equivalent circuit for the CC amplifier of Fig. 6-2(a) is given by Fig. 6-21. Find the
Thévenin equivalent for the circuit to the right of terminals b, b, assume that 4,, = h,, ~ 0, and show that the
circuit of Fig. 6-2(c) results. (Hint: The conversion from CE to CC & parameters was worked out in Problem
6.14.)

Apply the CC h-parameter model of Fig. 6-16 to the amplifier of Fig. 6-2(a) to find an expression for the
voltage-gain ratio 4, = vg/v;. Bvaluate 4, if b, = 100 2, h,. = 1, hy, = —100, h,, = 1078, and Ry = 1kQ.
Ans. A, = —hgRp/[hie(hyeRg + 1) — hy e Rg] ~ 0.999

Find an expression for R, in the CC amplifier of Fig. 6-21; use the common approximations /,. &~ 1 and
hoe 70 to simplify the expression; and then evaluate it if R, =1kQ, R, = 10k, iy, = —100, and
hi. = 100 Q. Ans. R, = hi/(hochic — hehy) = —hie /By = 1Q

The cascaded amplifier circuit of Fig. 6-24(«) matches a high-input-impedance CC first stage with a high-
output-impedance CE second stage to produce an amplifier with high input and output impedances. To
illustrate this claim, refer to Fig. 6-24(b) and determine values for (a) Z, = Ri,, (b) Zi,, (c¢) Z,, and
(d) Z,if Rg =5k and all other circuit values are as given in Problem 6.24.

Ans. (a) 29.18kQ; (b) 818.2Q; (c¢) 5k (d) 9.99Q

To illustrate the effect of signal-source internal impedance, calculate the voltage-gain ratio 4, = vy /v, for
the cascaded amplifier of Fig. 6-24(a) if Rg = 20k and all other values are as given in Problem 6.24; then
compare your result with the value of 4, found in Problem 6.24.

Ans. A, = —58.61, which represents a reduction of approximately 40 percent
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6.48  For the amplifier of Fig. 6-32, find expressions for  (a) the voltage-gain ratio 4, = v; /v, and (b) the
current-gain ratio 4; =iy /i;. Assume that h,, = h,, ~ 0.
Ans. (a) A, = —hpRcRp/{(Re + Rp)[(hye + DR + Rl () A; = —hpRe/(Re + Ry)

+Vee

R C CC

~Vig

Fig. 6-32

6.49  Find expressions for (a) Ry, and (b) R, for the amplifier of Fig. 6-32 if &, = h,, =~ 0.
Ans. (a) Ry, =hi + (h, + DR (b)) R, =R

6.50  Suppose v, is replaced with a short circuit in the differential amplifier of Fig. 3-22.  Find the input
impedance R;,; looking into the terminal across which v; appears if Ry =20k, Ry = 1k, h,, =252,
hy =100, and h,, = h,, = 0. Ans. 9.11kQ

6.51 For the Darlington-pair emitter-follower of Fig. 6-33, h,.; = hyeo = hye1 = hyer = 0. In terms of the (non-
zero) h parameters, find expressions for (a) Zi,; (b) the voltage gain A, = vz/v,; (¢) the current gain
Ai =in/in; (d) Zy; and  (e) Z, (if the signal source has internal resistance Ry).

By + Do + DR
Ans. (@) Ziy = b + Oy + Dl + (yga + DR (8) 4, = Lt T D2 DRz,

zZ!
m
he + D(hyy + DRE i’
© A[:(_/L‘f' )(?/2‘/*’ ) Fo(d) Zy = RFZm/;
Rr + Zin Rr + Zin
) 7, = hia  [RsRp/(Rs + Rp) + hie]
hp 41 (b + D + 1)
R +Vee
AYA'A%
in CC I
———
i} i 0
I 3
p |
N > I 1
= | +
Zin——’ Z i’n—:> RE vE
1 _
T

<

Fig. 6-33



Small-Signal
Midfrequency FET and
Triode Amplifiers

7.1. INTRODUCTION

Several two-port linear network models are available that allow accurate analysis of the FET for
small drain-source voltage and small current excursions about a quiescent point (small-signal operation).
In this chapter, all voltage and current signals are considered to be in the midfrequency range, where all
capacitors appear as short circuits (see Section 4.6).

There are three basic FET amplifier configurations: the common-source (CS), common-drain (CD) or
source-follower (SF), and common-gate (CG) configurations. The CS amplifier, which provides good
voltage amplification, is most frequently used. @~ The CD and CG amplifiers are applied as buffer
amplifiers (with high input impedance and near-unity voltage gain) and high-frequency amplifiers,
respectively.

7.2. SMALL-SIGNAL EQUIVALENT CIRCUITS FOR THE FET

From the FET drain characteristics of Fig. 4-2(«), it is seen that if i is taken as the dependent
variable, then

ip = f(vGs, vps) (7.1

For small excursions (ac signals) about the Q point, Aip = iy; thus, application of the chain rule to (7.7)
leads to

1
id = AlD ~ dlD = 8&mVgs +— Vg (72)
Tds
200
Copyright 2002, 1988 by The McGraw-Hill Companies, Inc. Click Here for Terms of Use.
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where g, and r,, are defined as follows:

di Ai
Transconductance g, = B (7.3)
8UGS 0 A’UGS 0
9 A
Source-drain resistance  ry = UP 51~ U.D s (7.4)
alD 0 AID 0

As long as the JFET is operated in the pinchoff region, iz = i, = 0, so that the gate acts as an open
circuit. This, along with (7.2), leads to the current-souce equivalent circuit of Fig. 7-1(a). The voltage-
source model of Fig. 7-1(b) is derived in Problem 7.2. Either of these models may be used in analyzing an
amplifier, but one may be more efficient than the other in a particular circuit.

G
e G——
+ + + Vv +
Vgs EmVgs Tds Vs Vgs Hvgg Vs
+
S N

(a) )

Fig. 7-1 Small-signal models for the CS FET

7.3. CS AMPLIFIER ANALYSIS

A simple common-source amplifier is shown in Fig. 7-2(«); its associated small-signal equivalent
circuit, incorporating the voltage-source model of Fig. 7-1(b), is displayed in Fig. 7-2(b). Source resistor
R, is used to set the Q point but is bypassed by C, for midfrequency operation.

VDD

(a) CS amplifier (b) Small-signal equivalent circuit

Fig. 7-2

Example 7.1. In the CS amplifier of Fig. 7-2(b), let R, = 3k, u = 60, and rz = 30kQ. (@) Find an expression
for the voltage-gain ratio 4, = v,/v;. (b) Evaluate 4, using the given typical values.
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(a) By voltage division,

Rp
Vyg = ———— [LUgy
o RD + ]‘dS l’L g5
Substitution of v, = v; and rearrangement give
, R
A== KT (7.5)
V; Rp +ry

(b) The given values lead to

3
603 x10) o,

Ad=—- 7]
3 x 10 430 x 10°

where the minus sign indicates a 180° phase shift between v; and v,.

7.4. CD AMPLIFIER ANALYSIS

A simple common-drain (or source-follower) amplifier is shown in Fig. 7-3(a); its associated small-
signal equivalent circuit is given in Fig. 7-3(b), where the voltage-source equivalent of Fig. 7-1(b) is used
to model the FET.

VDD
D
G
+

S
Vi Rg +
RS Vo

(a) CD or SF amplifier (b) Small-signal equivalent circuit

Fig. 7-3

Example 7.2. In the CD amplifier of Fig. 7-3(b), let Ry = 5k, u = 60, and r4 = 30k2. (a) Find an expression
for the voltage-gain ratio 4, = v,/v;. (b) Evaluate A, using the given typical values.

(a) By voltage division,

Rs [ v — URsUgy
.=
Re+rg/(u+ 1) w+1 % (u+ DR +ry

Vo =

Replacement of vgy by v; and rearrangement give

R
_Y__ KB (7.6)

" (A DR + 1

(b) Substitution of the given values leads to

B (60)(5 x 10%)
Y615 x 10%) + (30 x 10%)

Note that the gain is less than unity; its positive value indicates that v, and v; are in phase.

=0.895
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7.5. CG AMPLIFIER ANALYSIS

Figure 4-28 is a simple common-gate amplifier circuit. Its small-signal equivalent circuit, incorpor-
ating the current-source model of Fig. 7-1(a), is given in Fig. 7-4.

Tds I
A
ORI AN )
+ ~ D
d+ Vs +
v; Rg ? Vg RpS v,
! G \
Rin @ Rn

Fig. 7-4 CG small-signal equivalent circuit

Example 7.3. In the CG amplifier of Fig. 7-4, let Rp = 1k, g,, =2 x 107°S, and ry, = 30kQ. () Find an
expression for the voltage-gain ratio 4, = v,/v;. (b) Evaluate A, using the given typical values.

(@) By KCL, i, =iz — Vg Applying KVL around the outer loop gives
Vo = (’d - gmvg.r)rds — Ugs
But vg, = —v; and i; = —v,/Rp; thus,
oy ras+
v, =|——— Vi | Fras + U;
o RD EmVi |Tds i
) (gmrdx + l)RD
d A, === 7.
o Cy Rp + 1y -
(b) Substitution of the given values yields
61)(1 x 10°
4 = ODA X107,

YT Ix 103 4+30x 103

7.6. FET AMPLIFIER GAIN CALCULATION WITH SPICE

SPICE models of the JFET and MOSFET (introduced in Chapter 4) provide the terminal char-
acteristic of the devices; thus, an amplifier can be properly biased and a time-varying input signal directly
applied to the completely modeled amplifier circuit. Such a simulation is the analytical equivalent of
laboratory amplifier circuit operation. Any desired signal can be measured directly in the time domain
to form signal ratios that yield current and voltage gains. Any signal distortion that may result from
device nonlinearity is readily apparent from inspection of the signal time plots.

Example 7.4. For the JFET amplifier of Fig. 7-5, Vpp =15V, R, =100kQ, R, = 600k, R, = 5k<,
Rg=25kQ, R; =3kQ, and Cr| = Cer, = Cg = 100 uF. The n-channel JFET has the parameter values of Exam-
ple 4-1. If vg = 0.25sin(2 x 10*7) V and r; is negligible, use SPICE methods to determine the voltage gain of the
amplifier circuit.
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® ¢+ Vo

The following netlist code describes the circuit:

Ex7_4.CIR

vs 1 0SIN(OVO0.25V 10kHz)

VDD 5 0 DC 15V

CC112100uf

CC2 36 100uF

CS 4 0 100uF

R1 2 0 100kohm

R2 5 2 600kohm

RD 5 3 5kohm

RS 4 0 2.5kohm

RL 6 0 3kohm

J 3 2 4 NJFET

.MODEL NJFET NJF (Vto=-4V Beta=0.005ApVsq
+ Rd=lohm Rs=1lohm CGS=2pF CGD=2pF)
.TRAN lus 0. 1lms

.PROBE

.END

Execute (Ex7_4.CIR) and use the Probe and FFT features of PSpice to plot the input voltage v; and output voltage
vy, waveforms and their Fourier spectra as displayed by Fig. 7-6. The voltage gain is found as the ratio of the
marked spectra fundamental components of Fig. 7-6.

v 0.748
Ay =—==——"—"—=-299
Y g 0.250
The negative sign indicates the 180° phase difference between v; and v; as noted by inspection of the instantaneous
waveforms.

The capabilities of SPICE are also suited to FET amplifier analysis using the small-signal equivalent
circuit of the types shown by Figs. 7-1 through 7-4. Use of the voltage-controlled voltage source
(VCVS) and the voltage-controlled current source (VCCS) of Section 1.3 finds obvious application in
the small-signal equivalent circuit analysis.

Example 7.5. Rework Example 7.1 using SPICE methods. For purposes of computation, let
v; = 0.25sin(27 x 10*7) V.
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(0.250 V)

a V(1) o V(6)

. ov
Time
1.0 Voo mmmmmmmm e cmccccmcm e
1 i
1 1
1 1
: (0.748 V) :
i |
t 1
; (0.250 V) i .
SEL>> : (~1.363 V)
oOv+-- —- £ T ° 1= {
0 Hz 100 KHz 200 KHz 2.0 V+---rmmmmm o e R |
o V(1) o V(6) 0s 50 us 100 us
Frequency a V(1) o V(3)
Time
Fig. 7-6 Fig. 7-7

The following netlist code describes the circuit:

Ex7_5.CIR

vi 10SIN(OV0.25V 10kHz)
RG 10 100kohm

E 02(1,0) 60

rds 2 3 30kohm

RD 30 3kohm

.TRAN lus 0. 1lms

.PROBE

.END

Execute (Ex7_5.CIR) and use the Probe feature of PSpice to plot the instantaneous waveforms of v; and v, as shown
in Fig. 7-7. The gain is found as the ratio of the marked peak values with the 180° phase shift accounted for by the
negative sign.

v,  1.363

7.7. GRAPHICAL AND EQUIVALENT CIRCUIT ANALYSIS OF TRIODE AMPLIFIERS

The application of a time-varying signal vg to the triode amplifier circuit of Fig. 4-14 results in a grid
voltage with a time-varying component,

Vg = VGQ + ’Ug

It is usual practice to ensure that v; < 0 by proper selection of the combination of bias and signal. Then
ic = 0, and the operating point must move along the dc load line from the Q point in accordance with
the variation of v,, giving instantaneous values of vp and ip that simultaneously satisfy (4.8) and (4.11).

Example 7.6. The triode amplifier of Fig. 4-14 has Vg, Vpp, Rg, and R;, as given in Example 4.7. If the plate
characteristics of the triode are given by Fig. 7-8 and vg = 2sinwt V, graphically find vp and ip.
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Fig. 7-8

The dc load line, with the same intercepts as in Example 4.7, is superimposed on the characteristics of Fig.
7-8; however, because the plate characteristics are different from those of Example 4.7, the quiescent values are
now Ipp =11.3mA and Vpp =186V. Then a time axis on which to plot vz = —4 + 2sinwtV is constructed
perpendicular to the dc load line at the Q point. Time axes for ip and vp are also constructed as shown, and
values of ip and vp corresponding to particular values of v;(f) are found by projecting through the dc load line,
for one cycle of vg. The result, in Fig. 7-8, shows that vp varies from 152 to 218V and ip ranges from 8.1 to
14.7mA.

The following treatment echoes that of Section 6.2 For the usual case of negligible grid current,
(4.7) degenerates to iz = 0 and the grid acts as an open circuit. For small excursions (ac signals) about
the Q point, Aip = i, and an application of the chain rule to (4.5) leads to

. . .1
iy = Aip ~ dip = U + &mUg (7.8)
P

where we have defined
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] A
Plate resistance 1, = E ~ ﬁ (7.9)
81P 0 Alp 0
ai Ai
Transconductance g, = il e (7.10)
8UG 0 A’UG 0

Under the condition i; = 0, (7.8) is simulated by the current-source equivalent circuit of Fig 7-9(a).
The frequently used voltage-source model of Fig. 7-9(b) is developed in Problem 7.19.

L
2 T, 2
y : J\/\p/\r —S
— —
+ + + +
Vg Enly T, v, Vg Uvg v,
+
K K

(a) (b)

Fig. 7-9 Triode small-signal equivalent circuits

Solved Problems

7.1  (a) For the JFET amplifier of Example 4.2, use the drain characteristics of Fig. 4-6 to determine

the small-signal equivalent-circuit constants g,, and r. (b) Alternatively, evaluate g, from the
transfer characteristic.

(a) Let vy change by 1V about the Q point of Fig. 4-6(b); then, by (7.3),

Aip
A’UGS

_(33-03)x107°

&m ~
0 2

= 1.5mS

At the Q point of Fig. 4-6(b), while vpg changes from 5V to 20V, ip changes from 1.4mA to 1.6 mA;
thus, by (7.4),

= 20-5 =75kQ
o (1.6—14)x107%

o~ Avps
ds A iD

(b) At the Q point of Fig. 4-6(a), while i;, changes from 1 mA to 2mA, vgg changes from —2.4V to
—1.75V; by (7.3),

AfD
A’UGS

_2-Dx107°

gﬂ‘l ~ -
o —L75—(=24)

= 1.54mS

7.2 Derive the small-signal voltage-source model of Fig. 7-1(b) from the current source model of Fig.
7-1(a).

We find the Thévenin equivalent for the network to the left of the output terminals of Fig.7-1(a). If all
independent sources are deactivated, vy, = 0; thus, g,v,, = 0, so that the dependent source also is deacti-
vated (open circuit for a current source), and the Thévenin resistance is Ry, = rg. The open-circuit voltage
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appearing at the output terminals is vy, = v = —€yVgsTds = —LVgs, Where we have defined a new equiva-
lent-circuit constant,

Amplification factor = Elds

Proper series arrangement of vy, and Ry, leads to Fig. 7-1(b).

In the drain-feedback-biased amplifier of Fig. 4-9(a), Rr = SMQ, R; = 14kQ, rys = 40k, and
gn=1mS. Find (a) A, =vy4/vi, (b) Zy, (¢) Z,looking back through the drain-source
terminals, and (d) A; = i;/iy.

(a) The voltage-source small-signal equivalent circuit is given in Fig. 7-10. With v, as a node voltage,

Vi — Va5 _ % + Ugs + HY;
RF RL Tas

Fig. 7-10

Substituting for u = g,,r4 and rearranging yield

— % _ Rers(l — RFgm)

Vi Rprgg+ Rprgs + R Rp
B (14 x 10%)(40 x 10%)[1 = (5 x 10%)(1 x 107%)] B
T (5 x 108)(40 x 10%) + (14 x 10%)(40 x 10%) + (14 x 10%)(5 x 10°) —

A

v

—10.35

(b) KVL around the outer loop of Fig. 7-10 gives v; = i;Rr + vy = i;Rr + A,v;, from which

v, R 5% 10°
Zn = T4, T To(—1033) 0k

(¢) The driving-point impedance Z, is found after deactivating the independent source v;. With v; =0,
Mg = pv; = 0 and

raRp (40 x 10°)(5000 x 10°)

= = = 39.68kQ
rqs + Rp 5040 x 10°
. 3
7 A= z_L _ vgs/ Ry _ A, Z;, _ ( 10.35)(4402>< 107) 3253
i vi/Zip R, 14 x 10

For the JFET amplifier of Fig. 7-5, g, =2mS,r, =30kQ, Rg =3kRQ, Rp = R; =2k,
R; =200k, R, =800kS2, and r;, = SkQ. 1If Cr and Cg are large and the amplifier is biased
in the pinchoff region, find («) Z;,, (b) A, =v./v;, and (¢) A; = ir/i;.
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(a) The current-source small-signal equivalent circuit is drawn in Fig. 7-11. Since the gate draws negligible

current,
R\R 2 10%)(8 10°
Zi = Rg =L QX TDEO X0 _ 600
R+ R, 1000 x 10
i; r G D ld i
m—— YV . -
s +
v; RG§ Vgs 8mVgs § T Vs § Rp Ry § v
s
Fig. 7-11
(b) By voltage division at the input loop,
R 160 x 10°
Vgy = Gy = x 5 v; = 0.97v; @)
RG+r1 165 x 10°
The dependent current source drives into R,,, where
1 1 I 1 n 1 n 1 S
Ry, res Rp Ry 30x10° " 2x10°  2x10°" 967.74
and so v = 7gm’ug.vRL’/J (2)

Eliminating v,, between (/) and (2) yields

A, =L =0.97(~g,Rey) = —(0.97)(2 x 107)(967.74) = —1.88
i

v,

. . -~ 3
© A[:i: v /Ry :AU(RG—H,):( 1.88)(1653>< 10 ):—155.1
i vi(Rg+r) R; 2 x 10°

7.5  Show that a small-signal equivalent circuit for the common-drain FET amplifier of Fig. 4-15 is
given by Fig. 7-12(b).

The voltage-source model of Fig. 7-1(b) has been inserted in the ac equivalent of Fig. 4-15, and the result
redrawn to give the circuit of Fig. 7-12(a), where R is determined as in Problem 4.6. Voltage vy4, which is

. ds
i
G —_— G ft N
i . AAN
lid
+ +

oLy

(a) (b)
Fig. 7-12
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more easily determined than vg,, has been labeled. With terminals a, b opened in Fig. 7-12(a), KVL around
the S, G, D loop yields
v, =2
&+l

Then the Thévenin voltage at the open-circuited terminals «, b is

m
UTn = Mg = T Vad 0))

The Thévenin impedance is found as the driving-point impedance to the left through a, b (with v;
deactivated or shorted), as seen by a source v, driving current i, into terminal a.  Since vy, = —vy,
KVL around the output loop of Fig. 7-12(a) gives

Vab = /“ngs + l.ardS = — MUV + iard.v
. v T
from which Ry = b _ _Tds )
i, wp+1

Expressions (/) and (2) lead directly to the circuit of Fig. 7-12(b).

Figure 7-13(«) is a small-signal equivalent circuit (voltage-source model) of a common-gate JFET
amplifier.  Use the circuit to verify two rules of impedance and voltage reflection for FET
amplifiers:

(a) Voltages and impedances in the drain circuit are reflected to the source circuit divided by
w+ 1. [Verify this rule by finding the Thévenin equivalent for the circuit to the right of a, a’
in Fig. 7-13(a) and showing that Fig. 7-13(b) results.]

(b) Voltages and impedances in the source circuit are reflected to the drain circuit multiplied by
w—+ 1. [Verify this rule by finding the Thévenin equivalent for the circuit to the left of b, b’
in Fig. 7-13(a) and showing that Fig. 7-13(¢) results.]

MUgg
RS a S + g Vg D b ld
_ -l
AAN——— <> AN ;
+ I l .
v, s
v; ! & ! Rp v,
| G |
> | [ | -
} - !
o b
(a)
Tds
Ry la ul (u+ DR iy s
— S " ds
NNV AN N M A'AAY
- +
Rp
w1 WDy Rp &,
(b) (©)
Fig. 7-13

(a) With a,a’ open, iy = 0; hence, v, = 0 and vy, = 0. After a driving-point source v, is connected to
terminals a, @’ to drive current i, into terminal a, KVL gives

Vaa' = HUgg + ia(rdr + RD) (1)
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7.7

But vy, = —v,,, Which can be substituted into (/) to give
Vaa’ — T'ds RD
iy, wn+1 wp+l

With vy, = 0, insertion of Ry in place of the network to the right of @, a” in Fig. 7-13(a) leads directly
to Fig. 7-13(b).

b) Applying KVL to the left of b, " in Fig. 7-13(a) with b, b’ open, while noting that v; = —v,,, yields
e

RTh =

®)

Uy = VU — Mg = (i + 1)y G)

Deactivating (shorting) v;, connecting a driving-point source vy, to terminals b, b’ to drive current i,
into terminal b, noting that vy, = —i, Ry, and applying KVL around the outer loop of Fig. 7-13(a) yield

vppr = Bp(rgs + Rs) — pvgy = iplrgs + (n + DRs] 4
The Thévenin impedance follows from (4) as

Upp'
Ry, = f—b’ = rg +(u+ DR ©)

When the Thévenin source of (3) and impedance of (5) are used to replace the network to the left of
b, b’, the circuit of Fig. 7-13(c) results.

Suppose capacitor Cg is removed from the circuit of Problem 7.4 (Fig. 7-5), and all else remains
unchanged. Find (a) the voltage-gain ratio 4, = v;/v;, (b) the current-gain ratio A; = iy /i;,
and (c) the output impedance R, looking to the left through the output port with R; removed.

(a) The voltage-source small-signal equivalent circuit is given in Fig. 7-14 (the current-source model was
utilized in Problem 7.4). Voltage division and KVL give

gs RG +r U — i(lRS (1)
D <L i
+
Rp N9
Fig. 7-14
But by Ohm’s law,
. HUgy
j=———— 2
= ru+ Rs + RolIRy @
Substituting (2) into (/) and solving for vy, yield
o = Rg(ras + Rs + RpllRp)vi 3)
® (Rg +rlras + ( + DRs + RplIR;]
Now voltage division gives
RpllR,
V= Uy 4
LT T rat R+ RplIR, M @
and substitution of (3) into (4) and rearrangement give
A, = UL —nRGRp R (5)

v (Rg + ml(Rp + R)lrgs + (10 + DRs]+ RpRy)
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With u = g,,r4 and the given values, (5) becomes
=2 x 107)(30 x 10°)(160)(2)(2)
YT (160 + 5){(2 + 2)[30 + (60 + 1)3] + (2)(2)}
(b) The current gain is found as

/Ry _ ARgHr) _ (0272160 +5) _ .,

=-0.272

A=t
" vi/(RgHr) R 2

(¢) Ry is disconnected, and a driving-point source is added such that v,, = v;. With v; deactivated (short-
circuited), vy, = 0 and

Rp(rgs + Rs) (2% 10°)(30 x 10° + 3 x 10°)
Rp+rs+Rs 2x10°+30x 10343 x 103

Note that when Rg is not bypassed, the voltage- and current-gain ratios are significantly reduced.

Ro = RD”("{[S + RS) = = 1.89kQ

7.8  Use SPICE methods to determine the voltage gain for the CG amplifier of Example 7.3. Let
Rs =2kQ and v; = 0.25sin(27 x 10%7) V for computational purposes.

The netlist code that follows describes the circuit:

Prb7_8.CIR

vi 10 SIN(OV0.25V 1kHz)
RS 10 2kohm

RD 2 0 lkohm

rds 12 30kohm

G 12(1,0) 2e-3

.TRAN lus 1lms

.PROBE

.END

Execute (Prb7_8.CIR) and use the Probe feature of PSpice to give the resulting waveforms for v; and v,
shown by Fig. 7-15. The voltage gain is found as the ratio of the marked peak values.

V; 0.492
Ay = v, 0250 197

(0.250 V)
oV e e

500 MV rr-mmmmmmmmma qmmm e ST e e |
0s 0.5 ms 1.0ms
o V(1) o V(2)
Time

Fig. 7-15
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7.9

7.10

Find a small-signal equivalent circuit for the two parallel-connected JFETs of Fig. 7-16 if the
devices are not identical.

ipi l b l iny l i

Q1 Qz +
R; g vy
! _

R d

T
k7
Fig. 7-16
By KCL,
ip =ip; +ipm (N

Since the parallel connection assures that the gate-source and drain-source voltages are the same for both
devices, (1) can be written as

ip = fi(vgs, vps) +/2(vGs, Vps) )

Application of the chain rule to (2) yields

. . . 1 1
g = AlD ~ dll_) = (gml +g)112)7]gs + ( + - )UdS (3)
Tast T'as2
afDl aiDz BvDS a’UDS
where Eml =5 m2 = Fast = = Tas2 = =7
dvGs | dvGs | dip1 |o dipy o

Equation (3) is satisfied by the current-source circuit of Fig. 7-1(a) if g,, = g1 + &m and rg = rge1 1745

In the circuit of Fig. 7-16, R¢ = 3kQ, Rp = R; =2kQ,r; = 5kQ, and R; = 100kQ. Assume

that the two JFETs are identical with r; = 25k and g,, = 0.0025S. Find (a) the voltage-gain

ratio A, = vy /v;, (b) the current-gain ratio 4; = iy /i;, and (c¢) the output impedance R,.

(a) The small-signal equivalent circuit is given in Fig. 7-17, which includes the model for two parallel
JFETs as determined in Problem 7.9. By voltage division,

—
n
28V 37ds Rp R Svy
B
s \
R

Fig. 7-17
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Rg 100
Vgs = Rotr % =700 s v; = 0.952v; @)
Now let
rasRpR 25)(2)(2) x 10°
Reg = rallRolIRy = 1 Rp Ry (25) _ 9020 2

2R Ry +ry(Ry + Rp) ~ Q)2+ 252 +2)
Then, by Ohm’s law, v, = —2g,,ve,R,,; With (1) and (2), this gives

R
A4,= oL —2gy —2— R, = —2(0.0025)(0.952)(962) = —4.58
v; Rg +r;

(b) The current-gain ratio is

g i /R ARgEr)  (CAS80+5)

i v/(Rg+1) Rr 2

(¢) We replace R; with a driving-point source oriented such that v, =wv;. With v; deactivated (short-
circuited), vgs = 0; thus,

Rpry  (2)(25) x 10°

= =1.72kQ
2Rp + 1y 2)2)+25

Ro = RD”(% rds) =

Move capacitor Cg from its parallel connection across Rg, to a position across Rg; in Fig. 4-33.
Let RG = 1MQ, Rg; =800, Ry, = 1.2k, and R; = 1kQ. The JFET is characterized by
g, =0.002S and r; = 30kQ2. Find (a) the voltage-gain ratio A, = v;/v;, (b) the current-
gain ratio 4; = iy /i;, (c) the input impedance R;,, and (d) the output impedance R,.

(a) The equivalent circuit (with current-source JFET model) is given in Fig. 7-18. By KVL,

Vgg = V; — UL (])
i v, iy i
— G + & - § — —_—
~/
iy
Rg +
v; EmVgs Tds Rgy RS v

3
B

Fig. 7-18

Using v; and v, as node voltages, we have

) v — v
= &)

R R T I I I I
owie R, 1o Ry R, 30xI0° 12x10°  1x10° 536

By KCL and Ohm’s law,
v = (lr + gng.v)Req (3)
Substitution of (/) and (2) into (3) and rearrangement lead to

v @R HDRy _ [0.00)(1x 10+ 1(536) oo
"0 Rg+(@mRg+ DRy 1 x 108 +[(0.002)(1 x 106) + 1](536)
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7.12

7.13

(b) The current-gain ratio follows from part a as

. 6
g i w/Re ARg SN0 X109 o0
i (—v)/Rg  (1—A)R, (1 —0.517)1 x 10%)

Vi~V v(l1-4,)

(¢) From (2), i = Ro Ro

4
R, is found directly from (4) as

R _Ui_ R _ 1x10°
"G T 1-4, 1-0517

=2.07MQ

(d) We remove R; and connect a driving-point source oriented such that v,, =v;. With v; deactivated
(shorted), vy = —vg,. Then, by KCL,

1 1 1 1 1
id = Yy, —+—+—>—g,,71)S:’U( (_+_+_+gm>
v p<Rsz res  Rg ¢ v Rsy 1y Rg

and Ry=-t= ! 1 =— 1 ! - —348.7Q
ldp - . _ 0.002
R ra Re T T2x10° T30x10° T Tx 106 T

Use the small-signal equivalent circuit to predict the peak values of i; and v, in Example 4.3.
Compare your results with that of Example 4.3, and comment on any differences.

The values of g, and r, for operation near the Q point of Fig. 4-6 were determined in Problem 7.1. We
may use the current-source model of Fig. 7-1(a) to form the equivalent circuit of Fig. 4-5. In that circuit,
with vg, = sin#V, Ohm’s law requires that

—gmlasRpvgs  —(1.5 x 107)(75 x 10°)(3 x 10%)vy,
: = ‘ . = —4.330,
rgs + Rp 75 x 103 +3 x 10°

Vs = _gmvgs(rds”RD) =

Thus, Viagm = 433V = 4.33(1) = 4.33V
Also, from Fig. 7-1(a),

. Vs
g = gng.v +—
T'as

|
50 Lim = 8V + L5 — (1.5 x 1073)(1) o= 1LS1ImA
v

T'as 10

The £1-V excursion of v, leads to operation over a large portion of the nonlinear drain characteristics.
Consequently, the small-signal equivalent circuit predicts greater positive peaks and smaller negative peaks
of i; and v, than the graphical solution of Example 4.3, which inherently accounts for the nonlinearities.

For the JFET drain characteristics of Fig. 4-2(a), take vpg as the dependent variable [so that
vps = f(vgs, ip)] and derive the voltage-source small-signal model.

For small variations about a Q point, the chain rule gives

aUDS 81}])5 .
Vgs = Avpg X dvpg = ——| g - iq (D
87)03 0 0i D lo
Now we may define
v, v
D3 =un and [ .DS = Tds
aUGS 0 dll) 0

If the JFET operates in the pinchoff region, then gate current is negligible and (/) is satisfied by the
equivalent circuit of Fig. 7-1(b).
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Find a current-source small-signal equivalent circuit for the CD FET amplifier.

Norton’s theorem can be applied to the voltage-source model of Fig. 7-12(b). The open-circuit voltage
at terminals S, D (with Rg removed) is

"
Vpe =——— 0 1
oc M+1 gd ( )
The short-circuit current at terminals S, D is
L

) w1 7
e ="————~="—Vpy = &V 2
SC Tas /(l’« ¥ 1) Fas gd 8mVgd ( )

The Norton impedance is found as the ratio of (1) to (2):

o,
Yoo _pt1 K

Ry =- =
N Isc gmvgd (I‘L + l)gm

The equivalent circuit is given in Fig. 7-19. Usually, p > 1 and, thus, Ry =~ 1/g,,.

s
+
u
EmVgd m R o
D
Fig. 7-19

Replace the JFET of Fig. 7-5 with the n-channel MOSFET that has the parameters of Example
4.4 except Vto= —4V. Let R, =200k, R, =600k, Rp=Rs=2kQ, R; =3k,
Ce1 =Ccy =Cg=100uF, and Vpp = 15V. Assume vg = 0.250 sin(2w x 104Z)V for computa-
tion purposes and determine the voltage gain of this amplifier circuit using SPICE methods.

The netlist code below describes the MOSFET amplifier circuit:

Prb7_15.CIR

vs 10 SIN(OVO0.25V 10kHz)
VDD 5 0 DC 15V

CC1l 12 100uF

CC2 36 100uF

CS 4 0 100uF

R1 20 200kohm

R2 52 600kohm

RD 5 3 2kohm

RS 4 0 2kohm

RL 6 0 3kohm

M3 24 4 NMOSG

.MODEL NMOSG NMOS (Vto=-4V Kp=0.0008ApVsq
+ Rd=1ohm Rg=1kohm)

.TRAN lus O0.1ms

.PROBE

.END

Execute (Prb7_15.CIR) and use the Probe and FFT features of PSpice to plot the instantaneous waveforms
of vg and v; along with their Fourier spectra as shown by Fig. 7-20. The voltage gain follows from ratio of
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100 KHz
o V(1) o V(6)
Frequency

Fig. 7-20

the marked spectra magnitudes with the negative sign accounting for the 180° phase shift observed from
inspection of the instantaneous waveforms.

v, 0.621
=—==———"=248
vs  0.250

v

7.16 In the cascaded MOSFET amplifier of Fig. 7-21, C- — oco. Find (a) the voltage-gain ratio
A, =wvp/v; and (b) the current-gain ratio A; = iy /i;.

Vbp
é Ry éRDI Ry Rpy
> > CC ( CC
. }_ 1 iL
i
_— |/C l Eml 8Em2
M, .
| I—q dsl ds2
+
+ R, Svy
<
Vi C é Ry, $ Ry -
r s
/ B T
Riy R,

Fig. 7-21
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(a) The small-signal equivalent circuit is given in Fig. 7-22. Using the result of Example 7.1, but replacing
RD with RD] ”RGZ where RGZ = R21 ”Rzz, we have

_ —&mi"ast (Rp1llRg2)

o= (1)
T ra + (Rpi [ Rga)
G G, l
. pd *
Eml vgsl ngvgsZ R +
D2
Vi R61'S Vg sl Rpi RS v Faco R Svp
Fig. 7-22
Similarly A= —8marasn(RpallRp) )
’ 27 g+ (RplRy)
Then A =4 lA )= gmlgIand.vlrd.vZ(RD] ||RG2)(RD2”RL) (3)
! U Traa + (RpillRe)1lra2 + (RpalIRp)]
(b) Realizing that RGl = Rll ||R12, we have
A /R Ra
" v/Ra "Ry

where A4, is given by (3).

7.17 For the JFET-BJT Darlington amplifier of Fig. 7-23(a), find () the voltage-gain ratio 4, = v,/v;
and (b) the output impedance R,. Assume h,, = h,, = 0 and that R > Ry, R,.

VDD

g Jag gt c
G
>~—
+ o+
Vi ng[
(a) (b)
Fig. 7-23

(a) The small-signal equivalent circuit is given in Fig. 7-23(b), where the CD model of the JFET (sce
Problem 7.5) has been used. Since i, = iy and vgy = v;, KVL yields

" . 'as .
—_— v, = +h, )+ (h, + 1 R +R 1
1 V; ld( 1 11(’) ( tfe )ld( 1 2) ( )
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7.18

7.19

7.20

By Ohm’s law,
Ve = (hp + Dig(R; + Ry) )
Solving (7) for i,, substituting the result into (2), and rearranging give

4 Ve wulhy + DRy + Ry)
v rg (e D 4 (e + DRy + Ry))

(b) We replace R, + R, with a driving-point source oriented such that vy, = v,. With v; deactivated (short
circuited), v,y = 0. Then, by Ohm’s law,
Vdp

- hi() + Vds/(ll« + 1) (3)

iy =
and by KCL,
igy = — (g, + iy, @
Substituting (3) into (4) and rearranging give

R :vﬂ:rds'i'(/"l'])h[e
"y A D+ )

For a triode with plate characteristics given by Fig. 7-8, find (a) the perveance x and (b) the
amplification factor w.

(a) The perveance can be evaluated at any point on the v = 0 curve. Choosing the point with coordinates
ip = 15mA and vp = 100V, we have, from (4.9),

_ip 15x107°

= X T IspuAV
W2 T 10072 ua/f

(b) The amplification factor is most easily evaluated along the vp axis. From (4.9), for the point ip = 0,
vp =100V, v = —4V, we obtain

_vp_ _100_

— =2
(Uel —4 >

Use the current-source small-signal triode model of Fig. 7-9(a) to derive the voltage-source model
of Fig. 7-9(b).

We need to find the Thévenin equivalent for the circuit to the left of the output terminals in Fig. 7-9(a).
If the independent source is deactivated, then v, = 0; thus, g,,v, = 0, and the dependent current source acts
as an open circuit. The Thévenin resistance is then Ry, =r,. The open-circuit voltage appearing at the
output terminals is

Vrh = —8mVglp = —HUg

where i = g,,1, is the amplification factor. Proper series arrangement of vy, and Ry, gives the circuit of Fig.
7-9(b).

For the amplifier of Example 7.6, (@) use (7.9) to evaluate the plate resistance and (b) use
(7.10) to find the transconductance.

(a) "p%Al‘)P :Lszig: 10k
Aiply—g (147—-8.1)x 107
Aip (147 -8.1)x 1073
(®) En N = T 1.65mS
Avg |,,—136 —2-(-6)
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Find an expression for the voltage gain 4, = v,/v, of the basic triode amplifier of Fig. 4-12, using
an ac equivalent circuit.

The equivalent circuit of Fig. 7-9(b) is applicable if R; is connected from P to K. Then, by voltage
division in the plate circuit,

R v —uR
L (_/'“}g) Ny Av =2L= s

v =
v, Rp+r,

p:RLJrr,,

In the amplifier of Problem 4.27, let vg = 2coswt V. (a) Draw the ac load line on Fig. 4-31.
(b) Graphically determine the voltage gain. (c¢) Calculate the voltage gain using small-signal
analysis.
(a) 1If capacitor Cg appears as a short circuit to ac signals, then application of KVL around the plate circuit
of Fig. 4-30 gives, as the equation of the ac load line, Vpp + Vo = ipR; +vp. Thus, the ac load line has
vertical and horizontal intercepts
Vep+ Voo 300 —4
R,  116x10

S=255mA  and  Vep+ Vg =296V

as shown on Fig. 4-31.

(b) We have v, = vg; thus, as v, swings £2V along the ac load line from the Q point in Fig. 4-31, v, swings

a total of 2V, = 213 — 145 = 68 V as shown. The voltage gain is then

W68
Y

—17

where the minus sign is included to account for the phase reversal between v, and v,.
(¢) Applying (7.9) and (7.10) at the Q point of Fig. 4-31 yields

rp:AilfP :Lm_}:4.g6kg
Aip |y (15-8)x 1073
Ai 15.5-6.5) x 107
8m = ' = ( 7) x =4.5mS
AvG |y,—130 -3-(=5
Then, u = g,,1, = 21.87, and Problem 7.21, yields
3
A= pR, _ _QL8TAL6x10) _ .

R +r,  (11.6+486)x 105

The input admittance to a triode modeled by the small-signal equivalent circuit of Fig. 7-9(b) is
obviously zero; however, there are interelectrode capacitances that must be considered for high-
frequency operation. Add these interelectrode capacitances (grid-cathode capacitance Cg; plate-
grid, C,,; and plate-cathode, Cp) to the small-signal equivalent circuit of Fig. 7-9(b). Then
(a) find the input admittance Y;,, (b) find the output admittance Y,, and (c) develop a high-
frequency model for the triode.

(a) With the interelectrode capacitances in position, the small-signal equivalent circuit is given by Fig. 7-24.
The input admittance is

Is LI+,
Y. =5 — 1
R 1)
Vs
But 11 = m = SCgk VS (2)
.=V,
and L= Vs= Vo _ 5Cpe(Vs = V) 3

1/5Cpq



CHAP. 7]

()

(¢)

7.24  Find the input impedance as seen by the source v; of Example 4.2 if C is large.

7.25  Show that the transconductance of a JFET varies as the square root of the drain current.

SMALL-SIGNAL MIDFREQUENCY FET AND TRIODE AMPLIFIERS

C
L pg
I{
AN
G Ig . P I
+ ; +
11 llpk
Cop = ==C D
Vs gk T~ V, 1~ Sk RL$>
Yln Y”

Fig. 7-24

Substituting (2) and (3) into (/) and rearranging give

Vo
Yin = S|:Cgk (1 - 75) C]}g}

Now, from the result of Problem 7.21,
Vo I‘LRL

VS _RL+rp

so (4) becomes

uRy
Yin = 5| Cor 1 C
in 3|: gk + < + RL T 1‘1,) pg]

_IL _12_11)_117/(
Vo Vu

and Ly = sCyV,

The output admittance is

Let Y, be the output admittance that would exist if the capacitances were negligible; then

L,=Y7,
R; +r ,
so that Y, = s[(l +—;RL ”)C,,g + Cpki| +Y,

221

)

)

(©)

)
©)

&)
(10)

From (6) and (/0) we see that high-frequency triode operation can be modeled by Fig. 7-9(b) with a
capacitor Cj, = Cg +[1 + Ry /(R +71,)]C,, connected from the grid to the cathode, and a capacitor

C, =[14+ (R +1,)/nR]Cpe + Cp connected from the plate to the cathode.

Supplementary Problems

Ans. 8&m = (ZV IDSS/ Vp())\/m

Ans.
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7.26

7.27

7.28

7.29

7.30

7.31

7.32

7.33
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In the amplifier of Fig. 4-15, R| =20kQ, R, = 100k, Ry = 1 MQ, r; = 30k, u = 150 (see Problem 7.2),
and Ry = 1kQ. Find (a) 4, =v,/v;, (b) A; =i,4/i;, and (¢) Z,.
Ans. (a) 0.829; (b) 843; (c¢) 198.7Q

Find the voltage gain of the CG amplifier of Fig. 7-13(a).
Ans. A, =v,/v; = (u+ DRp/[Rp + ras + (1 + DRg]

Find the voltage gain 4,, = v, /v; for the circuit of Fig. 7-25(a). Figure 7-25(b) is a small-signal equivalent
circuit in which impedance reflection has been used for simplification.
Ans. Ay = —puRp/[Rp +rg + (1 + 1)Rs]

Let R;; = Ry, — oo for the amplifier of Fig. 7-25(a). If Rp = Ry, the circuit is commonly called a phase
splitter, since v, = —v; (the outputs are equal in magnitude but 180° out of phase). Find A4,; = v;/v; and, by
comparison with A4,, of Problem 7.28, verify that the circuit actually is a phase splitter.

Ans. A, = puRs/[Rp + rg + (1 + DRg]

For the circuit of Fig. 7-25(a), model the MOSFET by NMOSG of Example 4.4 except use Vto = —4 V. Let
Voo =2V, Vpp =15V, Rp = R¢g = 1.5kQ, R;; = R;, = 10k, and C¢; = C, = 100 uF. Use SPICE

analysis to show that v; = —wv,, thus substantiating the claim of Problem 7.29 that the circuit is a phase
splitter.  (Netlist code available from author website.)
@ t+Vpp
Rp
Cer ®
OF) —
4

<]
+

i

(a) (b)

Fig. 7-25

For the amplifier circuit of Example 7.4, reduce the value of the bypass capacitor Cg to 0.01 uF so that Rg
no longer appears shorted to ac signals and assess the impact on voltage gain. (Netlist code available from
author website.) Ans. A, =122/-139°

The series-connected JFETs of Fig. 4-23 are identical, with u =70, r; = 30kR, R; = 100k, and
Rp=R; =4kQ. Find (@) the voltage-gain ratio 4, = v;/v;, (b) the current-gain ratio 4; =i, /i;,
and (c) the output impedance R,. Ans. (a) A, =-9.32; (b) 4;=-233; (c) R,=2.16MQ

The JFET amplifier of Fig. 4-33 has R; = 1 MQ, Rg; = 8002, Ry, = 1.2k, and R; = 1kQ. The JFET
obeys (4.2) and is characterized by Ipgs = 10mA, V,g =4V, Vggp = =2V, and u = 60. Determine (@) g
by use of (7.3), (b) ry, and (c¢) the voltage-gain ratio 4, = vy /v;.

Ans. (a) 2.5mS; (b)) 24kQ2; (c¢) 0.52
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7.34

7.35

7.36

7.37

7.38

7.39

7.40

7.41

7.42

For the JFET amplifier of Fig. 4-20, find expressions for (a) the voltage-gain ratio 4, = V,/V; and
(b) the voltage-gain ratio 4, = V1/V;.
Ans. (@) Ay = uRs/[(w+ DRs+ Rp +ral;  (B) Ay = —pnRp/l(k+ DRs + Rp +14]

Frequently, in integrated circuits, the gate of a FET is connected to the drain; then the drain-to-source
terminals are considered the terminals of a resistor. ~ Starting with (7.2), show that if > 1, then the small-
signal equivalent circuit is no more than a resistor of value 1/g,,.

For the CS amplifier of Fig. 7-2(b), find (a) the input impedance R;, and (b) the output impedance R,.
Ans. (a) Rin=Rg; (b)) R, =rg

For the CD amplifier of Fig. 7-3(b), find (a) the input impedance R;, and (b) the output impedance R,.
Ans. (a) Ry =Rg; (b)) R, =ry/(u+1)

For the CG amplifier of Fig. 7-4, find («) the input impedance R;, and (b) the output impedance R,.
Ans. (a) Ry = Rs(Rp +rg)/[(n+ DRs+ Rp +ral; (D) Ry =ry

In the circuit of Fig. 7-26, the two FETs are identical. Find («a) the voltage-gain ratio 4, = v,/v; and
(b) the output impedance R,.
Ans. (a) A’L‘ =K RL|{2RL +2[(:u + 1)R+rds]}; (b) Ra :%[(I‘L—*— l)R+ra’s]

VDD

Fig. 7-27

For the cascaded MOSFET amplifier of Fig. 7-21 with equivalent circuit in Fig. 7-22, find (a) the input
impedance R;, and (b) the output impedance R,.
Ans. (a) Rin = RiiRip/(Riy + Rip); (B) R, =rgaRpa/(ran + Rpa)

In the cascaded FET-BIJT circuit of Fig. 7-27, assume 4,, = h,, = 0 and /;, < Rp. Find expressions for
(LZ) Avl = /Uol/vi and (b) Ar2 = U02/Ui'
Ans. (a) Ay = plhy + DRs/l(n + Dy + DRs + hie + rygl;

(D) Ay = [mheRe + ulhy + DRs)/[(1 + D(hs, + DRs + hyp + 14

Suppose the amplifier of Problem 4.25 has plate resistance r, =20k and vg = lcoswtV.  Find its
amplification factor p using the small-signal voltage-source model of Fig. 7-9(b). Ans. 30
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7.43

7.44

7.45

Vg

7.46

7.47

7.48
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Suppose the bypass capacitor Cg is removed from the amplifier of Fig. 4-30. Find («) an expression for
the voltage gain and (b) the percentage deviation of the voltage gain from the result of Problem 7.22.
Ans. Ay, = —uRp/[Ry + 71, + (u+ DR (b) 35.7% decrease

Two triodes are parallel-connected plate to plate, grid to grid, and cathode to cathode. Find the equivalent
amplification factor u,, and plate resistance r,,, for the combination.

Ans. Heq = (/’Llrp2 + :u'2r171)/(r1)l + 1‘172)7 rpeq = plr[JZ/(r])l + rpl)

The circuit of Fig. 7-28 is a cathode follower, so called because v, is in phase with vg and nearly equal to it in

magnitude. Find a voltage-source equivalent circuit of the form of Fig. 7-9(b) that models the cathode
follower. Ans. See Fig. 7-29
1}
G K L
+Vep
P
CC P
1€ = + u+1 N
AN —
k, R R v,
Vg G 4 K 0
———e
Rg + - Hvg -
RK§ v, utl
P
Fig. 7-28 Fig. 7-29

For the cathode follower of Fig. 7-28, r, = 5kQ, u = 25, and Ry = 15kQ. (a) Use the equivalent circuit of
Fig. 7-29 to find a formula for the voltage gain. (b) Evaluate the voltage gain.
Ans. (a) A, = pRg/lr, + @+ DRkl (b) 0.95

The cathode follower is frequently used as a final-stage amplifier to effect an impedance match with a low-
impedance load for maximum power transfer. In such a case, the load (resistor R;) is capacitor-coupled to
the right of Rg in Fig. 7-29. Find an expression for the internal impedance (output impedance) of the
cathode follower as seen by the load. Ans. R, = Rgrp/[r, + (1 + 1)Rg]

The amplifier of Fig. 7-30 is a common-grid amplifier. By finding a Thévenin equivalent for the network to
the right of G, K and another for the network to the left of Rp, verify that the small-signal circuit of Fig. 7-31
is valid. Then, (a) find an expression for the voltage gain; (b) evaluate the voltage gain for the typical
values u = 20,r, = SkQ, Ry = 1kQ, and Rp = 15kR2; (c¢) find the input resistance R;,; and (d) find the
output resistance R,.

Ans. (a) A, = (n~+ DRp/[Rp+ 1, + (n+ DRk];

) 7.7;

(©) Ry =195k (d) R, = 26kQ

Vg

Fig. 7-30
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Ry bk (u+ DRy i P
— -—
A b 'A'A

+ "

n
r, T Rp
Vg e 1 + RP Yy
- (u+ Dug B
G
Fig. 7-31

7.49  In the circuit of Fig. 7-32, the triodes are identical, R ~ oo, and (R +1,)/(n + 1) € Rg. Show that the
circuit is a difference amplifier, meaning that v, = f(v; — v,). Ans. v, = puR(v; —v2)/2R, + 2r,)

I‘*’ Vep




CHAPTER 8

Frequency Effects in
Amplifiers

8.1. INTRODUCTION

In the analyses of the two preceding chapters, we assumed operation in the midfrequency range,
in which the reactances of all bypass and coupling capacitors can be considered to be zero while all
inherent capacitive reactances associated with transistors are infinitely large. However, over a wide
range of signal frequencies, the response of an amplifier is that of a band-pass filter: Low and high
frequencies are attenuated, but signals over a band (or range) of frequencies between high and low are
not attenuated. The typical frequency behavior of an RC-coupled amplifier is illustrated by Fig.
8-1(a). In practical amplifiers the midfrequency range spans several orders of magnitude, so that
terms in the gain ratio expression which alter low-frequency gain are essentially constant over the
high-frequency range. Conversely, terms that alter high-frequency gain are practically constant over
the low-frequency range. Thus the high- and low-frequency analyses of amplifiers are treated as two
independent problems.

4]
Low-frequency range
Amid -----
A md{ A\ 4 e e - - - -
i | High-frequency 11(s) L(s)
} — ——
) | range ——] T .
Midfrequency | + N) e
H range : Vi(s) T(s)= D6 V5 (s)
[l [ @ — -
o wy ~— e
(@) 1)
Fig. 8-1
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8.2. BODE PLOTS AND FREQUENCY RESPONSE

Any linear two-port electrical network that is free of independent sources (including a small-signal
amplifier equivalent circuit) can be reduced to the form of Fig. 8-1(b), where T'(s) = N(s)/D(s) is the
Laplace-domain transfer function (a ratio of port variables).

Of particular interest in amplifier analysis are the current-gain ratio (transfer function) T(s) = A;(s)
and voltage-gain ratio (transfer function) T(s) = A,(s). For a sinusoidal input voltage signal, the Laplace
transform pair

. Vi,,w
v(f) = Vi, sinot < V,(s) = . I’wz
is applicable, and the network response is given by
A, )V
Va(s) = A9V (s) = 1 i (8.1)
T+ w

Without loss of generality, we may assume that the polynomial D(s) = 0 has n distinct roots. Then the
partial-fraction expansion of (8.7) yields

k k k k. k,
1_ + 2_ + 3 + 4 + ... Snt2
s—jo s+jo s+p s+p S+ py

Vs(s) = 8.2)
where the first two terms on the right-hand side are forced-response terms (called the fiequency response),
and the balance of the terms constitute the transient response. The transient response diminishes to zero
with time, provided the roots of D(s) = 0 are located in the left half plane of complex numbers (the
condition for a stable system).

The coefficients k; and k, are evaluated by the method of residues, and the results are used in an
inverse transformation to the time-domain steady-state sinusoidal response given by

'Uz([) = VlmlAu(jw)l Sin(wt + ¢) = V2m Sin(wt + ¢) (83)
(see Problem 8.23). The network phase angle ¢ is defined as

-1 Im{Av(Ja))}

$ =N Re(d, (o)

8.4
From (8.4), it is apparent that a sinusoidal input to a stable, linear, two-port network results in a steady-
state output that is also sinusoidal; the input and output waveforms differ only in amplitude and phase
angle.

For convenience, we make the following definitions:

1. Call A(jw) the frequency transfer function.
2. Define M = |A(jw)|, the gain ratio.
3. Define My = 20log M = 20log |A(jw)|, the amplitude ratio, measured in decibels (db).

The subscript v or i may be added to any of these quantities to specifically denote reference to voltage or
current, respectively. The graph of M, (simultaneously with ¢ if desired) versus the logarithm of the
input signal frequency (positive values only) is called a Bode plot.

Example 8.1. A simple first-order network has Laplace-domain transfer function and frequency transfer function

A(s) and A(jow) =

T +1 1+ jot

where 7 is the system time constant. (a) Determine the network phase angle ¢ and the amplitude ratio M, and
(b) construct the Bode plot for the network.
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(a) In polar form, the given frequency transfer function is
1 1 .
A(jow) = = tan~ wrt
V14 () [tan Y wz/1) /1 + (wr)’
¢=—tan" ot 8.5)
My, = 20log|A(jw)| = 201log = —10log[l + (w1)*] (8.6)

®)

1 4 (w7)?

If values of (8.5) and (8.6) are calculated and plotted for various values of w, then a Bode plot is generated.
This is done in Fig. 8-2, where w is given in terms of time constants t rather than, say, hertz. This particular
system is called a lag network because its phase angle ¢ is negative for all w.

L TN s e o
T T =A(s) = 4 S S I =
2 (s sl T problem 8.1 |
o | N G S / T vl B
| 4 L 1 LR ".’
% T
T~
Example 8.1 7~ "TSy !
_____ K BN : ]
7 PR R A K s 1§ o e i o
- - i 3 |
i _='... .!_:__ g_)
R ARNA ~ oSk T 1k S 1
ELE B e [ B B |
'[)z?:'._,_'_._‘___ : )} AR e HE
AL ””T-";"-..__-.._ ' . : )
=7 I T |
-::‘_4?_- D _-u.__‘s..," e e _
TT1T - { i ':-'-E_ T
..:.quul__ | i = I I “?ll'-

Fig. 8-2

Example 8.2. A simple first-order network has Laplace-domain transfer function and frequency transfer function
A@s) =5+ 1 and A(jw) =1+ jot

Determine the network phase angle ¢ and the amplitude ratio M, and discuss the nature of the Bode plot.
After A(jw) is converted to polar form, it becomes apparent that

¢ = tan! wr 8.7)
and My, = 201log |A(jw)| = 201log /1 + (wt)® = 10log[l + (01)*] 8.8)

Comparison of (8.5) and (8.7) reveals that the network phase angle is the mirror image of the phase angle for the
network of Example 8.1. (As w increases, ¢ ranges from 0° to 90°.) Further, (8.8) shows that the amplitude ratio is
the mirror image of the amplitude ratio of Example 8.1. (As w increases, M, ranges from 0 to positive values.)
Thus, the complete Bode plot consists of the mirror images about zero of My, and ¢ of Fig. 8-2. Since here the
phase angle ¢ is everywhere positive, this network is called a lead network.

A break frequency or corner frequency is the frequency 1/t. For a simple lag or lead network, it is
the frequency at which M? = |4(jw)|* has changed by 50 percent from its value at w = 0; at that
frequency, M, has changed by 3db from its value at w = 0. Corner frequencies serve as key points
in the construction of Bode plots.

Example 8.3. Describe the Bode plot of a network whose output is the time derivative of its input.
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The network has Laplace-domain transfer function A(s) =s and frequency transfer function A(jw) = jw.
Converting A(jw) to polar form shows that

¢ = tan”! % = 90° (8.9)
and My, =20logw (8.10)

Obviously, the network phase angle is a constant 90°. By (8.10), M5 = 0 when w = 1; further, M, increases by
20 db for each order-of-magnitude (decade) change in w. A graph of M, versus the logarithm of @ would thus have
a slope of 20db per decade of frequency. A complete Bode plot is shown in Fig. 8-3.

= Mgp 220 et

3]
(=1

Fig. 8-3

The exact Bode plot of a network frequency transfer function is tedious to construct. Frequently,
sufficiently accurate information can be obtained from an asymptotic Bode plot (see Problem 8.1).

Example 8.4. The exact Bode plot for the first-order system of Example 8.1 is given in Fig. 8-2. (a) Add the
asymptotic Bode plot to that figure. (b) Describe the asymptotic Bode plot for the system of Example 8.2.

(a) Asymptotic Bode plots are piecewise-linear approximations. The asymptotic plot of My for a simple lag
network has value zero out to the single break frequency w = 1/t and then decreases at 20 db per decade. The
asymptotic plot of ¢ has the value zero out to w = 0.1/7, decreases linearly to —90° at w = 10/7, and then is
constant at —90°. Both asymptotic plots are shown dashed in Fig. 8-2.

(b) The asymptotic Bode plot for a simple lead network is the mirror image of that for a simple lag network. Thus,
the asymptotic plot of M, in Example 8.2 is zero out to w = 1/t and then increases at 20 db per decade; the plot
of ¢ is zero out to w = 0.1/, increases to 90° at w = 10/7, and then remains constant.

8.3. LOW-FREQUENCY EFFECT OF BYPASS AND COUPLING CAPACITORS

As the frequency of the input signal to an amplifier decreases below the midfrequency range, the
voltage (or current) gain ratio decreases in magnitude. The low-frequency cutoff point w; is the
frequency at which the gain ratio equals 1/+/2(= 0.707) times its midfrequency value [Fig. 8-1(a)], or
at which M, has decreased by exactly 3db from its midfrequency value. The range of frequencies
below w; is called the low-frequency region. Low-frequency amplifier performance (attenuation, really)
is a consequence of the use of bypass and coupling capacitors to fashion the dc bias characteristics.
When viewed from the low-frequency region, such amplifier response is analogous to that of a high-pass
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filter (signals for which o < w; are appreciably attenuated, whereas higher-frequency signals with
w > w; are unattenuated).

Example 8.5. For the amplifier of Fig. 3-10, assume that C. — oo but that the bypass capacitor Cy cannot be
neglected.  Also, let &, = h,, =0 and R, =0. Find an expression that is valid for small signals and that gives
(a) the voltage-gain ratio A,(s) at any frequency; then find (b) the voltage-gain ratio at low frequencies, (c¢) the
voltage-gain ratio at higher frequencies, and (d) the low-frequency cutoff point. (e¢) Sketch the asymptotic Bode
plot for the amplifier (amplitude ratio only).

(a) The small-signal low-frequency equivalent circuit (with the approximation implemented) is displayed in Fig.
8-4. In the Laplace domain, we have

1 (RE)(l/SCE) Rg
Zry = Rp|— = 8.11
£ b” E RE+ 1/SCE SRECE+ 1 ( )
szn lh
e EQD A C @ L,
iE \/
+ +
-
v; R R, Sv
C é c L$ L
\
in Za
Fig. 8-4
We next note that
]E:Ib+11fe[b:(h/b+ 1)[[, (8[2)
Then KVL and (8.12) yield
Vi=hidy+ Zglp = [hie + (hy, + DZgN, (8.13)
But, by Ohm’s law,
hfcR( R,
V= ~Ud)Rel Rp) = = 2 (8.14)

Solving (8.13) for I, substituting the result into (8./4), using (8.11), and rearranging give the desired voltage-
gain ratio:
hf'eRCRL SRECE + 1

Vi
A(s)=—L=_= v
) Vi Re + Ry sRCphip + hip + (hy + DRg (6.13)

(b) The low-frequency voltage-gain ratio is obtained by letting s — 0 in (8.15):

A,(0) = I —heReRy
,(0) =1lim —=
s=>0 Vl (RC + RL)[hie + (hje + 1)RE]

(8.16)

Comparison of ( 8.16) with (/) of Problem 6.7 (but with /,, = 0) shows that inclusion of the bypass capacitor in
the analysis can significantly change the expression one obtains for the voltage-gain ratio.

(¢) The higher-frequency (midfrequency) voltage-gain ratio is obtained by letting s — oo in (8.15):

(8.17)

A, (00) = hm L_ lim {711»/"’RCRL RpgCr +1/s } . —heRcRy,
g V,- §—00

RC + RL RECE/’I,‘E + [h,'() + (hfl) + I)RE]/S a hiE(RC + RL)
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(d)

and

©)

Equation (8.15) can be rearranged to give

—h,R-R R 1
A(s) = e ReRy sReCp +

(Re + Rp)lhie + (hye + DRg]  RpCrhic

e
hie + (hee + DRE

which clearly is of the form

s+ 1
A s) =k,
O =k S
Thus, we may use (8.18) to write
1
TN T CoRy
1 i+ (hp + DRg
Wy)y=—=——"——
(%) RECEhi(’

Typically, &, > 1 and h,Rg > hy,, S0 a reasonable approximation of @, is

1
@2 Cghie/hy,

231

(8.18)

(8.19)

(8.20)

8.21)

Since hj./hy, is typically an order of magnitude smaller than Ry, , is an order of magnitude greater than wy,

and w; = w,.

The low- and midfrequency asymptotic Bode plot is depicted in Fig. 8-5, where w; and w, are given by (8.19)

and (8.21), respectively. From (8.16) and (8.17),

M 201 hﬁ,RCRL 2
dbL = o . .
L & Re + Ry + (he + DR] (8.22)
hf'eRCRL (8 23)
and Mgy =20log ————— .
o £ hie(Rc + Rp)
| | Lot , | i
: T 4 g ——— 7, - 7 R i
1My g ; : ! L ‘
7; L ; : } Mepy ...
é ' f T ;
: | ‘ : — B c e
1 P // Cod i - ‘
] | [ - iy
: My, // U B
I, e plo
i Lo a3} hieg hyiy Re
! e BE > g
5 ? - R -
| i e - — —
‘l [
Fig. 8-5 Fig. 8-6
Example 8.6. In the circuit of Fig. 3-20, battery Vs is replaced with a sinusoidal source vg. The impedance of the

coupling capacitor is not negligibly small. (a) Find an expression for the voltage-gain ratio M = |4,(jw)| = |v,/vs].
(b) Determine the midfrequency gain of this amplifier. (¢) Determine the low-frequency cutoff point w;, and sketch
an asymptotic Bode plot.

(a) The small-signal low-frequency equivalent circuit is shown in Fig. 8-6. By Ohm’s law,

Ig = Vs
ST Rg+ hy|Rz + 1/sC

(8.24)

+

v,

0
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Then current division gives
Rp RpVs
I, = I = 8.25
"= Ryt S T Ry + hoXRs + I Ry + 1/5C) (#:29
But Ohm’s law requires that
V() = _hjeRCIb (826)
Substituting (8.25) into (8.26) and rearranging give
v, —hgReRpCs
A(s) =2 = L %k Ak (8.27)
Vs (Rg+ )l + sC(Rs + hi | Rp)]
Now, with s = jw in (8.27), its magnitude is
i, ReRzC
M = |A(jw)| = re2c 37 @ (8.29)
Ry + hi) {1 + (@CY(Rs + hi || Ry)’

(b) The midfrequency gain follows from letting s = jw — oo in (8.27). We may do so because reactances asso-
ciated with inherent capacitances have been assumed infinitely large (neglected) in the equivalent circuit. We
have, then,

_hﬂ’RCRB
Ami = \ (829)
* 7 Ry + hi)(Rs + hiel[Rp)
(¢) From (8.27),
1 RB + l’l,'(,
=1/t= = 8.30
=T O Ry + Il R) ~ U+ Ry) + o Ry *-30)
The asymptotic Bode plot is sketched in Fig. 8-7.
My, U B
— C, (C.y
——t4-20 log | 4l — B 7 (Fpy) B u l(/zb ) c
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20 . Ip I
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— T oy Up'e ‘e
P Wy T R e I'z (’b e) »C'-, (Cb'@) ~ b EmVb'e
: E
Fig. 8-7 Fig. 8-8 Hybrid-n model for the BJT
8.4. HIGH-FREQUENCY HYBRID-7 BJT MODEL

Because of capacitance that is inherent within the transistor, amplifier current- and voltage-gain

ratios decrease in magnitude as the frequency of the input signal increases beyond the midfrequency
range. The high-frequency cutoff point wy is the frequency at which the gain ratio equals 1/+/2 times its
midfrequency value [see Fig. 8-1(«a)], or at which M, has decreased by 3 db from its midfrequency value.

The

8-8)

range of frequencies above wy is called the high-frequency region. Like w;, wy is a break frequency.
The most useful high-frequency model for the BJT is called the hybrid-rm equivalent circuit (see Fig.

. In this model, the reverse voltage ratio /,, and output admittance /,, are assumed negligible. The

base ohmic resistance ry,:, assumed to be located between the base terminal B and the base junction B’,
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has a constant value (typically 10 to 50 ) that depends directly on the base width. The base-emitter-
Junction resistance ry, is usually much larger than r,, and can be calculated as

_ViB+1)_ViB

8.31)
IEQ [CQ (

b'e
(see Problem 6.9). Capacitance C, is the depletion capacitance (see Section 2.3) associated with the
reverse-biased collector-base junction; its value is a function of Vpeo. Capacitance C, (> C,) is the

diffusion capacitance associated with the forward-biased base-emitter junction; its value is a function of
IEQ.

Example 8.7. Apply the hybrid-7 model of Fig. 8-8 to the amplifier of Fig. 3-10 to find an expression for its
voltage-gain ratio A,(s) valid at high frequencies. Assume R; = 0.

The high-frequency hybrid-m, small-signal equivalent circuit is drawn in Fig. 8-9(«). To simplify the analysis, a
Thévenin equivalent circuit may be found for the network to the left of terminal pair B', E, with

r
Vi =—"— Vs (8.32)
ry+ry
rnrx
and Ry =rglry = P (8.33)
b s X
Cu
B e B i/ C
VM{ y —I \
+ ) ) N
v Rp [ 5 Ve == Ca ch R, S vy
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E
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Fig. 8-9

Figure 8-9(b) shows the circuit with the Thévenin equivalent in position. Using v, and v; as node voltages and
working in the Laplace domain, we may write the following two equations:

Vb/e — VTh Vb'e Vh’e — VL

=0 8.34
R 1/sC, ' 1/sC, 8349

Vi Vi = Ve
—_— Ve +———F—=0 8.35
R(-”RL +8&m Ve + ]/SC“ ( )

The latter equation can be solved for V},,, then substituted into (8.34), and the result rearranged to give the voltage
ratio Vg, /Vp:
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Vi _ 8 CuCaRii(RellRL) + (1~ 8,)Cu(Rell R+ 1 8.36)
VL (RC H RL)(SC/l - gm)

For typical values, the coefficient of s> on the right side of (8.36) is several orders of magnitude smaller than the other
terms; by approximating this coefficient as zero (i.e., neglecting the s> term), we neglect a breakpoint at a frequency
much greater than wy. Doing so and using (8.32), we obtain the desired high-frequency voltage-gain ratio:

ay Vel ReIRu6C =)

8.37
Vs = rn by s — gmCu(ReRy) + 1 (8:37)

8.5. HIGH-FREQUENCY FET MODELS

The small-signal high-frequency model for the FET is an extension of the midfrequency model of
Fig. 7-1. Three capacitors are added: C,, between gate and source, C,, between gate and drain, and Cy,
between drain and source. They are all of the same order of magnitude—typically 1 to 10pF. Figure
8-10 shows the small-signal high-frequency model based on the current-source model of Fig. 7-1(a).
Another model, based on the voltage-source model of Fig. 7-1(b), can also be drawn.

Caa
I{ D
+ A
B <
Vgs -~ ng 8EmVygs $ Tds ;\: Cds
>

Fig. 8-10 High-frequency small-signal current-source FET model

Example 8.8. For the JFET amplifier of Fig. 4-5(b), (a) find an expression for the high-frequency voltage-gain
ratio A,(s) and (b) determine the high-frequency cutoff point.

(a) The high-frequency small-signal equivalent circuit is displayed in Fig. 8-11, which incorporates Fig. 8-10. We
first find a Thévenin equivalent for the network to the left of terminal pair a, a’. Noting that vy, = v;, we see
that the open-circuit voltage is given by

§Coq —
Vi, =V — 8m V,= gd — &m v, (838)
ng Sng
C'rl
v Bl
+
+
Vi Rg Vgs T~ Cos l ras =1~ Cuas Rp RSy
gmyg.v —
) ©) S a
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If V; is deactivated, V; = Vg, = 0 and the dependent current source is zero (open-circuited).

source connected to a, a’ sees only
Vap 1

Zyy=——=——
! Idp chd

Now, with the Thévenin equivalent in place, voltage division leads to

vV, = Zeq _ 1 Sng —8m
L= Th — i
Zc'q + ZT/I 1+ ZT/I/Zeq chd
where ! Y, C +1+ 1—f—l Cys+8as+Gp+G
= g — S ¢ — —_— —_— =S ¢ .
qu eq ds Fas RD RL ds T &ds D L

Rearranging (8.40) and using (8.41), we get

ﬁ — Sng —&m
Vi s(Cys+ Coi) + 8as +Gp + G

Ay(s) =

From (8.42), the high-frequency cutoff point is obviously

:gd.r+GD+GL

w
" Cd,s' + Cgt/

235

A driving-point

(8.39)

(8.40)

(8.41)

(8.42)

(8.43)

Note that the high-frequency cutoff point is independent of C, as long as the source internal impedance is

negligible. (See Problem 8.40.)

8.6. MILLER CAPACITANCE

ouput, modeled as admittance Y in the two-port network of Fig. 8-12(a).

High-frequency models of transistors characteristically include a capacitor path from input to

Yi
12 Io
—_— —_—
K +
-
(a) YZ Ya
]i 11 12 Iu
+ ! . — ——
v, Yr(1-Kp) K r(-Kp | 7,
— - 1 ._]_“‘:

Yy (b) ¥,

Fig. 8-12

This added conduction
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path generally increases the difficulty of analysis; we would like to replace it with an equivalent shunt
element. Referring to Fig. 8-12(a) and using KCL, we have

I, L+1
Y, — L 1 TF )
w= =" (8.44)
But Ir =V, — Vy) Yy (8.45)
Substitution of (8.45) into (8.44) gives
1 Vi—-1)Y
Vo= W= Ye ks (8.46)

Vi Vi

where Ky = V,/ V7 is obviously the forward voltage-gain ratio of the amplifier.
In a similar manner,

_ _]0 _ _(12 + IF)
Y, = v, 7 (8.47)
and the use of (8.45) in (8.47) gives us
L V=V
Y, = —(72+% YF) = —[=Y2+ Kz = DY = Y2+ (1 = Kp)Yp (8.48)
2 2

where Kz = V;/ V> is the reverse voltage-gain ratio of the amplifier.

Equations (8.46) and (8.48) suggest that the feedback admittance Y can be replaced with two shunt-
connected admittances as shown in Fig. 8-12(h). When this two-port network is used to model an
amplifier, the voltage gain Ky usually turns out to have a large negative value, so that
(1 —Kp)Yr~|Kp| Yr. Hence, a small feedback capacitance appears as a large shunt capacitance
(called the Miller capacitance). On the other hand, Ky is typically small so that (1 — Kp) Yr =~ Y.

8.7. FREQUENCY RESPONSE USING SPICE

SPICE methods offer a frequency sweep option that allows a small-signal, sinusoidal steady-state
analysis of a circuit. The frequency sweep is invoked by a control statement of the following format:

.AC DEC points start freq end freq

Node voltages and device currents are inherently complex number values. The magnitudes and phase
angles of calculated quantities can be retrieved by the Probe feature of PSpice by appending a p and n,
respectively, to the variable. For example, magnitude and phase angle of the voltage between nodes 2
and 3 are specified by Vm(2,3) and Vp(2,3).

Example 8.9. For the BJT amplifier circuit of Fig. 3-10, assume Cc — oco. The small-signal equivalent circuit is
given by Fig. 8-4 where Rz = R||R,. Let h, =h, =0, h, =90, R =1kQ, R, =16kQ, Ry =500%,
Cr =330uF, Rc = 1kQ, and R; = 10kQ2. Use SPICE methods to determine the low-frequency cutoff point.
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The netlist code that follows describes the circuit:

Ex8_9.CIR

vi 10ACO0.250V
R1 10 lkohm
R2 10 lokohm
Vsen 12 DC OV
Rhie 2 3 2000hm
Fhfe 34 Vsen 90
RE 3 05000hm
CE 3 0 330uF
RC 4 0 1kohm
RL 4 0 10kohm

.ACDEC 25 10Hz 10kHz

.PROBE
.END

Execute (Ex8 9.CIR) and use the Probe feature of PSpice to yield the plots of Fig. 8-13.

237

From the marked

points, it is seen that the low-frequency cutoff is f; = 214.4 Hz, where the voltage gain has a value of 4,; = 289.7.

1(214.4 Hz,289.7)

SEL>>!

The above example utilized the small-signal equivalent circuit.
sensitivity can also be implemented using the SPICE model of the transistor directly.

(6 KHz,408.8)

Small-signal analysis frequency

Example 8.10. For the BJT amplifier of Fig. 3-10, let R; = Rx =0, Rc =3kQ, R, =1kQ, R, =15kQ,
Cci = Cey = L uF, and Ve =15V, The transistor can be modeled by the parameters of Example 3.4, except
Rb =102, Rc =100, and Cje = 100 pF. Use SPICE methods to graphically show the voltage gain magnitude
and phase angle over the frequency range of 100 Hz to 1 GHz and to determine the low- and high-frequency cutoff
points where f; depends on the value of the bypass capacitor Cr and fy depends on the BJT junction capacitance

values.
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The following netlist code describes the circuit:

Ex8_10.CIR

vi 20ACO0.250V

Ccl2 3 1uF

R2 6 3 15kohm

R1 30 lkohm

VCC 6 0 15V

RC 6 4 3kohm

Cc2 4 7 1uF

RL 7 0 5kohm

04 30 QPNPG

.MODEL QPNPG PNP (Is=10fA ITkf=150mA Ise=10fA Bf=150
+Br=3 Rb=10ohm Rc=1000hm Va=30V Cjc=10pF Cje=100pF)
.ACDEC 100 100Hz 1GHz

.PROBE

.END

[CHAP. 8

Execution of (Ex8_10.CIR) and use of the Probe feature of PSpice results in the plots of Fig. 8-14 where it is seen
that the midfrequency range extends from f; = 197.3 Hz to f = 238.3 MHz.

8.1

1(187.3 Hz,0.67),
SEL>>!

1

1

i

. 1

(238.3 MHz,0.67 !
g :

[}

1

‘

]

Frequency
Fig. 8-14

Solved Problems

Calculate and tabulate the difference between the asymptotic and exact plots of Fig. 8-2, for use in
correcting asymptotic plots to exact plots.

The difference ¢ may be found by subtraction. For the My, plot,

1
For0<w<-:
T

enay = 0 — {—10log [1 + (w7)’]} = 101og [1 + (w1)’]

()
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8.2

For o > %z enan = —101og (w7)? — (=101og [1 + (w7)*]) = 101log [1 + 1/(w7)*] 2

and for the ¢ plot,

0.1
For0 <w< T: gy =0—(— tan~! wr) = tan~! wr (©))
0.1 10
For - @< 7: gy = —45°log 10wt + tan™! wr (€))
10 ° -1 -1 o
For w > ?: gy =—90° — (—tan” wt) =tan” wr —90 ®)

Application of (/) to (5) yields Table 8-1.

Table 8-1 Bode-Plot Corrections

w Emap | o
0.1/r | 0.04 | 5.7°
0.5/t |1 —4.9°
0.76/7 | 2 2.4
1/t 3 0°
132/ | 2 2.4°
2t 1 4.9°
10/ | 0.04 | —5.7°

The s-domain transfer function for a system can be written in the form

7y = KolEas + D 1)
o Sn('[p]S + 1)(T1325 + 1) e

()

where n may be positive, negative, or zero. Show that the Bode plot (for M, only) may be
generated as a composite of individual Bode plots for three basic types of terms.

The frequency transfer function corresponding to (/) is

Kb(l +ja)r21)(l +ja)r;2) S

T = Gy T+ jormy )1+ ja) - ©
From definition 3 of Section 8.2,
=T = il
which may be written as
My, =20log K, +201log |1 + jwt.i| + 201log |1 + jwt,| + - -
—20nlog | jw| — 20log|1 + jwt, | — 20log |1 + jot,| — - - - )

It is apparent from (4) that the Bode plot of T'(jw) can be formed by point-by-point addition of the plots of
three types of terms:

1. A frequency-invariant or gain-constant term K, whose Bode plot is a horizontal line at M = 20log K.
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2. Poles or zeros of multiplicity 7, (jw)*", whose amplitude ratio is M, = +£20nlog w, where the plus sign
corresponds to zeros and the minus sign to poles of the transfer function. (See Example 8.3.)

3. First-order lead and lag factors, (1 + jwr)™, as discussed in Examples 8.1 and 8.2. They are usually
approximated with asymptotic Bode plots; if greater accuracy is needed, the asymptotic plots are
corrected using Table 8-1.

8.3  The circuit of Fig. 8-15(a) is driven by a sinusoidal source vg. (@) Sketch the asymptotic Bode
plot (M4 only) associated with the Laplace-domain transfer function 7'(s) = V,/Vs. (b) Use
Table 8-1 to correct asymptotic plot, so as to show the exact Bode plot.

Wl .
e Y
"
L
Vg RL Vo
(a)
T B i 3 I 7 i
My, — ' —1
T ¥ R Bt g =
= e 200k ) e e S
e e t
= ) ..;?( l
| | B
04wt o 2 0.5, L 1]
C 0 = T
L T [ |
201 5 |
o8 R, +Rg 7" _ i E
FEETTESE S g Rl / 34 Exact |
204 | ;44 Bode | i .
= - g plot | :
T [ TTH 20log R,C =
— T +H -
— ; | i i
I e LR il & B 1
(b)
Fig. 8-15
(a) By voltage division,
Rr
Vy=—————-1V 1
°T R, +Rs+1/sC 5 @)
v, R; C K
so that -2 2L i ®)

Vs 1+sC(R,+Rs) 1+ts

Using the result of Problem 8.2, we recognize (2) as the combination of a first-order lag, a constant
gain, and a zero of multiplicity 1. The components of the asymptotic Bode plot are shown dashed
in Fig. 8-15(b), and the composite is solid. =~ For purposes of illustration, it was assumed that
1/[C(R; + Rg)] > 1, which is true in most cases.

(b) The correction factors of Table 8-1 lead to the exact Bode plot as drawn in Fig. 8-15(b).
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8.4

8.5

Sketch the asymptotic Bode plot (M, only) associated with the output-to-input voltage ratio of
the circuit in Fig. 8-16(a).

o fulE -
—H——1—
Myt
2 R, : L _.
AN = —H o
+ T 0 =
20 logR TR <} T ™
Ug R, C, v & T 20{__5‘_“ 1 ""f"*
Iz Decadf ;
- - =) T
— | [
(a) (b)
Fig. 8-16
By voltage division,
Ry
v, = Ry|I(1/5Cy) - SR,Cy + 1 v
R+ Ry +1/5C, Ry
! SR2C2 =+ 1
and the Laplace-domain transfer function is
T(s) = Vn_ R/RA+R) K
Vg < R R, ) SR,y Cr +1
C+1

From T7(s), it is apparent that the circuit forms a low-pass filter with low-frequency gain
T(0) = R,/(R, + R,) and a corner frequency at w; =1/1; = 1/R,,C,. Its Bode plot is sketched in Fig.
8-16(b).

For the amplifier of Fig. 3-10, assume that C- — oo, h,, = h,, =0, and R; =0. The bypass
capacitor C cannot be neglected. Find expressions for («) the current-gain ratio 4,(s), (b) the
current-gain ratio at low frequencies, and (¢) the midfrequency current-gain ratio. (d) Deter-
mine the low-frequency cutoff point, and sketch the asymptotic Bode plot (M, only).

(a) The small-signal low-frequency equivalent circuit is given in Fig. 8-4. By current division for Laplace-
domain quantities,

ALY ()
R+ hip +Zg
1 Ry
h Zp =Ryl —=— "Lt 2
where £ E”SCE SRyCp 11 2
—R,
Also I € hpdy 3)

“Rct R,
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(b)

(©)

(d)
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Substitution of (/) into (3) gives the current-gain ratio as

I —Rc e Rpg

I, Re+R, Rg+hy+Zg

Using (2) in (4) and rearranging leads to the desired current-gain ratio:

—hpRcRp
‘ sSRyCr + 1
A(S):I_L:(RC+RL)(RE+RB+/’1“)( ECE )
Rp+ Rp+ 1y,

The low-frequency current-gain ratio follows from letting s — 0 in (5):

—h,ReR
4,(0) = tim = s
s=0 I;  (Re+ Rp)(Rg + Rp + hie)

The midfrequency current-gain ratio is obtained by letting s — oo in (5):

. I —hRcRp
Aj(00) = lim — = ————r——
( §—00 [,« (RC + RL)(RB + hie)

Inspection of (5) shows that the Laplace-domain transfer function is of the form

s+ 1
A;(s) = K,
i) b 75+ 1
1 1 1 R+ Rp+hy
where w =— = and wy=—=_—L£ T BT e
T ReCy T o RpCe(Rp + hie)

With @; and w, as given by (8) and with

Mg = 201log 4;(0) and M g = 201og A;(c0)

[CHAP. 8

“)

©)

(©)

)

®)

the Bode plot is identical to that of Fig. 8-5. Since w, > wy, w, is closer to the midfrequency region and

thus is the low-frequency cutoff point.

8.6 In the amplifier of Fig. 3-10, Cr — 00, R, =0, Ry =1kQ, Ry =3.2kQ, R, = 17kQ, R; =

10k, and A, =h, =0.
300 < h;, < 1000 €2.

quency cutoff f; < 200Hz and high-frequency voltage gain |4,| > 50.
design, determine the low-frequency voltage-gain ratio if 4, and &, have median values.

The transistors used are characterized by 75 </, <100 and
(a) By proper selection of R and Cp, design an amplifier with low-fre-
(b) For the finished

(@) According to (8.17), the worst-case transistor parameters for high 4,(co) are minimum /y, and max-
imum /;,. Using those parameter values allows us to determine a value for the parallel combination of

Rc and R;:
h, 1000
R,y = RclRy = |4,(00)| 7 =50 —— = 666.7Q
hye 75
R, R .
Then Re=—-4 L (666.7)(10,000) =7143Q

TR.—-R, 93333

Now, from (8.20), for f; <200 Hz,

_ hie + (e + DR 300 + (101)(1000)

Cr w Rgh,  2m(200)(1000)(300)

=268.7 uF
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8.7

(b) By (8.16),

. (100+75)(666.7)
e Req
O _ — —0.654
O = e + DR, 300+1000+(100+75+1>(1000) 065
p 2

Let C;, Cp — oo in the capacitor-coupled amplifier of Fig. 6-22. Assume /7, = hyp] = Hyper =
h..» = 0. Find an expression for the voltage-gain ratio A4,(s).

The first-stage amplifier can be replaced with a Thévenin equivalent, and the second stage represented
by its input impedance, as shown in Fig. 8-17. A4, follows from voltage division and (6.46) if R;, hye, and h,
are replaced with Rey, iy, and kg, respectively:

Ry  —haRei MR Ry

A1/,* = - = (1)
Req + Ri hiel hiel(Req + Rl)
hin Ri1 Ry
h Ry = hietIRg) = hie1 IR 1R = 2
where eq 11 Rp1 et IR 1R 12 Bt (R1 + Riy) + Ry Ria )
Z,; is given by (6.50) with h,, replaced with Rq (and with A, = h,,; = 0):
Zy1 = Re (€)]
C
Zol J ZL
N +
Av; C) Zinzg Vo1
Fig. 8-17
The second-stage input impedance is given by (6.47) if h;, is replaced with /A, ||Rpy = hipy || Ro1 || Rao:
Zy = hix Ry _ hiexRa1 Ry @
hia + Ry hia(Ra1 + Ryp) + Rt Ry
Now, from (2) of Problem 8.3,
Vo $ZinnCy )
AV sCyZim+Zn) + 1
and rearranging yields the first-stage gain as
V, $ZinnC
Avl — ol — { $Zin2C2 (6)
Vi sC(Zimp +Zp) + 1
The second-stage gain follows directly from (6.46) if R; is replaced with R:
herRC2
Ay =272
v2 hie2
Consequently, the overall gain is
sZ;,C i Re
Ay = Ay A = =] 2O ?)

S (Zim F Zo) 1 By
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8.8

8.9
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Substituting (/) into (7) and simplifying yield the desired gain:

hethey Rer Rea Req $Zinn Cy

A (s) =
(é) hielhiel(Req + Rl) SCZ(ZinZ + Zal) +1

®)

In the cascaded amplifier of Problem 8.7 (Fig. 6-22 with Ci, Cgx — 00), let hj = hjpy =
1500 2, hypy = hyy =40, C; = 1 uF, R; = 1kQ, Rey = 10kQ, Rer =20k, and Rp = Rp=5kQ.
Determine (a) the low-frequency gain, (b) the midfrequency gain, and (¢) the low-frequency
cutoff point.

(a) Letting s — 0 in (8) of Problem 8.7 makes apparent the fact that the low-frequency gain 4,(0) = 0.
(b) The midfrequency gain is determined by letting s — oo in (8) of Problem 8.7:
From (2), (3), and (4) of Problem 8.7,
hiethir RerReaReg  Ziy
hielhid(Req + Rl) Zin2 + Zol
hiaRg  (1500)(5000)

A’H(Oo) = ;11320 A:'(S) =

R, = = =1153.8Q
" Dy + Rpy 6500
Zul = RCI = IOkQ
and Zip = hioRp _ (130005000) _ ;55 ¢

hor+ Rpy 6500

3 3
_ (40)(40)(10 x 10°)(20 x 10°)(1153.8) 1153.8 _ es13

Thy A, =
en o(%0) (1500)(1500)(2153.8) 1153.8 + 10 x 10°
(¢) The low-frequency cutoff point is computed from the lag term in (8) of Problem 8.7:

o 1 _ 1
21 27Cy(Ziny + Zo1) ~ 27(1 x 1070)(1153.8 + 10 x 10%)

Ji= = 14.3Hz

The two coupling capacitors in the CB amplifier of Fig. 6-15 are identical and cannot be
neglected. Assume A, = h,, = 0. (@) Find an expression for the voltage-gain ratio V;/Vg.
(b) Find an expression for the midfrequency voltage-gain ratio.

(a) The small-signal low-frequency equivalent circuit is given in Fig. 8-18. Applying Ohm’s law in the
Laplace domain, we obtain
o = VS _ SCC VS
7 1/sCe + Rehiy /(R + hip) — sCcRehiy/(Ri + hyp) + 1

Q
&

Fig. 8-18
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8.10

8.11

Voltage division then gives

Re Rp sCc

I = Is = - 1% 1
hip+ Ry >~ hy+ Ry sSCeRphy/(Rp +hy) +1 % @
By current division at the output,
R(v S/’l/bRLR('Ccl(,
L= AL LRe+1/sCo+R, SCo(R, + Ro) + 1 @
Substituting (/) into (2) and rearranging lead to the desired voltage-gain ratio:
v RgR,Rchy, Cos®
() = TE =~ ey 3
Vs (hip + Rp)sCcRphin/(Rg + hip) + 1[sCe(Rp + Re) + 1]
(b) Letting s — oo in (3) leads to the midfrequency gain:
R Rc/
A,(00) = — TP “@

~ hy(R + Re)

The two coupling capacitors in the CB amplifier of Fig. 6-15 are identical. Also, &, = h,;, = 0.
(a) Find an expression for the current-gain ratio 4,(s) that is valid at any frequency. (b) Find an
expression for the midfrequency current-gain ratio.

(a) The low-frequency equivalent circuit is displayed in Fig. 8-18. By current division,
Rg

I, =——"—1 1
e h,-[, +RE S ( )
R hy R ReCel,
and IL:_—C;%[E:_M %)
Rce+1/sCe+ R, sCc(Rp+ Re)+ 1
Substituting (/) into (2) and dividing by I give the desired current-gain ratio:
I hp Ry ReRgC
Ai(5) = = - G 3
I; (hip + Rp)lsCe(Ry + Re) + 1]
(b) The midfrequency current-gain ratio is found by letting s — oo in (3):
haR; RcR
Affo0) = — Lo *

~ (hp + Re)(R, + Re)

On a common set of axes, sketch the asymptotic Bode plots (M, only) for the voltage- and
current-gain ratios of the CB amplifier of Fig. 6-15, and then correct them to exact plots.
Assume that the coupling capacitors are identical and that, for typical values,
1 < Ce(Relhy) < Cc(Rr + Rg).

The Laplace-domain transfer functions that serve as bases for Bode plots of the voltage- and current-
gain ratios are, respectively, (3) of Problem 8.9 and (3) of Problem 8.10. Under the given assumptions,
inspection shows that the two transfer functions share a break frequency at w = 1/[C(R; + Rc)] and the
voltage-gain transfer function has another at a higher frequency. Moreover, the voltage plot rises at 40 db
per decade to its first break point, and the current plot at 20db per decade. With

1 ) _ _ Rp+hy
" Co(Ry +Re) and - wn = o, = CeRihy
the low-frequency asymptotic Bode plots of voltage and current gain are sketched in Fig. 8-19. The given
assumption assures a separation of at least a decade between w;, and w,, and between w = 1 and w;,. Since
the parameter values are not known, the sketches were made under the assumption that K, = 1 in both plots.
When values become known, the Bode plots must be shifted upward by

RiR, Ry Ce
hib + RE

Wiy = W = O

20log K, = 20log for the voltage plot
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|
Mgy, ! ” |
. L
L =pi3es - L |
801 g e s co R R I T
= ERSIE 3 RS | B | 3 B
- | + II! I / Jasd
T S e i I | ]
N ...,.;_,/. S 7 o
3 H dileadalban I _f_’: Fil | BS] S L U |
Vs I | Current gain .||
../._:,/-" — — ! |
T I : 11 ! -i
— ——,J ----- W), =0y (I”Lli aEa (JUZvI_le/ L
: | o 1 1 | |
il A A 3 B T .
Fig. 8-19
hg Ry ReREC,
and 2010gKb,~:2010gM for the current plot
hib+RE

[CHAP. 8

Correction of the asymptotic plot requires only the application of Table 8-1. The exact plots are shown

dashed.

For the CE amplifier of Fig. 3-10, determine (a) Z;,, (b) Z,, and (c¢) Z, if C, — oo but Cg

cannot be neglected.

(a) The small-signal low-frequency equivalent circuit is given in Fig. 8-4. Using (8./7) and (8.13), we have

shieRgCg + hi + (h + DR
SRECE + l

Vi
Zin = 7 = hje +(hp + NZp =

RBZi/n

b Z. = Ry||Z, = —=2"10
( ) in b’” in RB+Zi/n

Substituting (/) into (2) and rearranging give

RplshieRpCr + hie + (hy, + DRE]

Zin =
SRECE(Rg + hi) + Rg + hye + (M + DR

(¢) With voltage source v; deactivated (shorted), KVL requires that

eIy (Zglhi)
N hie

h ZEll',
so that 1+#:|I =0
[ hZg+h)|"
Since (4) can be satisfied in general only by I, = 0, the output impedance is simply

Z,=R¢

)

®)

&)

4

©)

In this particular case, (3) shows that the input impedance is frequency-dependent, while (5) shows
that the output impedance is independent of frequency. In general, however, the output impedance
does depend on frequency, through a finite-valued coupling capacitor C-. (See Problem 8.13.)
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8.13 To examine the combined effects of coupling and bypass capacitors, let the input coupling
capacitor be infinitely large while the output coupling capacitor and the bypass capacitor have

practical values in the CE amplifier of Fig. 3-10.

For simplicity, assume #,, = h,, =0 and

Rp> Z;. (a) Find the voltage-gain ratio 4,(s) = v, /v;. (b) If Cx =200uF, Ce = 10 uF,
R =Ry =100Q, Rc = R, =2kQ, h, = 1kQ, and &y, = 100, determine what parameters con-

trol the low-frequency cutoff point and whether it is below 100 Hz.

the output impedance Z,.

(a)

()

i; iy £ }lh\ c Ce
T AAA— A . ¥
V/RW’ V'Vh\’ l l \/ ‘l \ 1 i
i ie e
+

)
/
&

Fig. 8-20

The small-signal equivalent circuit is given in Fig. 8-20. We first define

1 Ry
Zr=Ry|| —=—F—
&= Rel sCp  sRpCg+ 1

Then, by KCL,
I, = I, + hp 0y = (hy, + DI,
KVL around the input mesh requires that
Vi= R+ hi)ly + Zgl,
Substituting (2) into (3) and solving for 7, yields

Vi

I, =
TR+ hie + (e + 1) Zg

Current division at the collector node gives

Rc

) S |
L Re+ R, + 1/sCp 7

and Ohm’s law and (5) yield

R Rc

V=R I; =———— ¢
L= AL Re+ R, +1/sC¢

hyely

Substituting (4) and (/) into (6) and rearranging now lead to the desired voltage-gain ratio:

hpRLRcCe
(he + DRg + hjp + R,
CpRe(Ri + hi) i ]

(hfe + DR + R; + Iy,

S(SRECp + 1)

A =TE = -
i [SCo(Re+ Ry + 1] [s

The Laplace-domain transfer function (7) is of the form

—Kps(rys 4+ 1)

T = s s+

(¢) Find an expression for

)

®)

)

4

©)

(6)

)
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here ! ! ! 25rad/s
W w = —= = =
"7 7, 7 Cco(Re + Ry) (10 x 107%)(4000)
1 1 1
wy =— = 50rad/s

n R;Cp  (100)(200 x 10°9)

I (he+DRp+R+he  (101(100) + 100 + 1000
_1_ - — 509.1 rad
@ =7 CrRp(R; + ) (200 x 10-)(100)(1100) rad/s

Since there is at least a decade of frequency (in which the gain can attenuate from its midfrequency

value) between w; and the other (lower) break frequencies, w; must be the low-frequency cutoff w;.
Then

. 509.1
£ =2 =27 _81.02Hz < 100 Hz
’ 2 2
As in Problem 8.12, I, = 0 if v; is deactivated; a driving-point source replacing R; would then see a
frequency-dependent output impedance given by
1

Zy, =24y =Rc¢ +E ()]

8.14 Assume that the coupling capacitors in the CS MOSFET amplifier of Fig. 4-25 are identical.
Determine the voltage-gain ratio (a) for any frequency and (b) for midfrequency operation.

(@)

(b)

The equivalent circuit is drawn in Fig. 8-21. By voltage division,

RG SR6CC RIRZ
V= V.= v, h R = Ry|[Ry = I
o T Ro 4 1jsCo | T sRgCo+1 v Where  Re=RillR =2 0 ?

Current division at the drain node yields

RD ”rds SCC[RDrds/(RD + rds)]gm Vg‘\'

I =— m s — 2
t Rpliras +1/sCc + Ry, e sCclRpras/(Rp +ras) + R+ 1 @
from which
RpR;ryCe/(R  ds
V, = R I, = ——n D 1rasCc/(Rp + rgs) 3 3)
SCc[Rpras/(Rp +14) + Rl + 1

Substitution of (/) into (3) and rearrangement then give

RCC. s2g}R2RDRLmSC%/(RD + i) @
i [sCC<D—“"+ RL) + 1][sCCRG+ 1]
RD + Fds

Since high-frequency capacitances have not been modeled, the midfrequency gain follows from letting
s — oo in (4):

ngDRers
Aqg=A, = -
mid l(OO) RDrds —+ RL(RD + rds)

i Cc Ce
— L D I(
Y M Aanih
p +
v; <> R(;é Vgs > 7 g 5 RD? R; g v,
I nles f -
- N

Fig. 8-21
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8.15 For the CS JFET amplifier of Fig. 7-2, (@) find an expression for the voltage-gain ratio 4,(s) and
(b) determine the low-frequency cutoff point.

(a) The low-frequency equivalent circuit is shown in Fig. 8-22. By KVL,
/’LVgs M(SRSCS + 1) Vg.\'

Iy = = 1
" (Rsll1/sCs) +ra + Ry~ sCsRs(Rp +r4) + Rs + Rp + 4 0
But KVL requires that
1 RSID
Vy=Vi—Ip|Rs|— ) =V, ———32__ 2
gs i D< SHSCS> i SRSCS+ 1 ( )
Substituting (/) into (2) and solving for V,, give
_ SCgRg(Rp +rg) + Rs + Rp + 1y v 3)
£ sCsRs(Rp +rg) + Rp + 74+ (1 + DRg '
Now, by Ohm’s law and (/),
Rp(sRsC, DV,
V, = —Rplp = — Rp(sRsCs + 1)V )
sCsRs(Rp +rqs) + Rs + Rp + ry
Substituting ¥V, as given by (3) into (4) and rearranging yield, finally,
Vo [/LRD SRng + 1
A(s) = —=— = 5
® Vi Rp+rg+(+DRs CsRs(Rp + ras) ©)

Rp + 7145+ (1 + DRg
(b) It is apparent that the low-frequency cutoff is the larger of the two break frequencies; from (5), it is

_ Rp+rg+(u+ DRy

w; =
t CsRs(Rp + ras)
#U &
O g s @ o Tds D@
touy - -— ©)
+ 'p
< B
v, RS RS = Ry S,
r (7
©

Fig. 8-22

8.16 The hybrid-m equivalent circuit for the CE amplifier of Fig. 3-10 with the output shorted is shown
in Fig. 8-23. (a) Find an expression for the so-called 8 cutoff frequency fz, which is simply the
high-frequency current-gain cutoff point of the transistor with the collector and emitter terminals
shorted. (b) Evaluate f3 if r, = 1002, r, = 1k, C,, = 3pF, and C, = 100 pF.

(a) Ohm’s law gives

I 1
b where gr=— (1)

Vie= ———2———
T gn +5(Cr+ Cy) I

But with the collector and emitter terminals shorted,

I =—guVie (2)
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e b, B C
M + 11 .
RB Yz Upe ;\-: Cn + Cu
EmVb'e
E
Fig. 8-23

Substituting (/) into (2) and rearranging give the current-gain ratio

I, &m 8ml'x

= _ =— 3
I, gx+5(Cr+Cp) sr(Cr+C) + 1 3)
From (3), the B cutoff frequency is seen to be
. o 1
fy=52 @

2n 21 (C, + Cp)
(b) Substituting the given high-frequency parameters in (4) yields

1

_ — 1.545MH
272(1000)(103 x 10-12) z

Jp

8.17 Apply the hybrid-7 high-frequency model to the CB amplifier of Fig. 6-15(b): (a) Find an
expression for the high-frequency voltage-gain ratio. (b) Describe the high-frequency behavior
of the CB amplifier.

(a) Use of the hybrid-7r model of Fig. 8-8 results in the high-frequency small-signal equivalent circuit of
Fig. 8-24. The coupling capacitors are assumed to be short circuits at high frequency. For typical
values, ry K 1/sCy, 1y, 1/sC, for frequencies near the break frequencies; thus, letting r, = 0 introduces
little error (but considerable simplicity).

EmVb'e

C,[J_ T ;,,rg v _I—Cu
T T

+
+ <
Us > R B RclIRy

B a'

C a

E
E

-V
<
S

Fig. 8-24

A Thévenin equivalent can be found for the network to the left of terminal pair a, a’. With r, =0,
current from the dependent source flows only through C, so

1
Voo = ——— Vi, 7
Th SCM EmVb'e ( )
By the method of node voltages,
Ve + Vi,
St + 8&m Vb’e + Vb’e(scﬂ + Gb + g”) =0 (2)

Rs



CHAP. §] FREQUENCY EFFECTS IN AMPLIFIERS 251

8.18

Solving (2) for V}, and substituting the result into (/) yield

&m VS

Vi =
7 5C,I1 + Rsgy + Rs(sCy + G + 8]

)

Deactivating (shorting) Vg also shorts E to B’. Consequently, V, = 0, the dependent current source
is open-circuited, and Z;, = 1/sC,,.
Now, the Thévenin equivalent and voltage division lead to
RcllRy,

—_ L 4
LT RAIR A+ Zy @
Substitution of (3) into (4) and rearrangement give the desired voltage-gain ratio:
A _ﬁ ngC”RI_ (5)
v T

VS - [YC;A.(RC”RL) + 1][SC71RS + RS(gm + &x + Gb) + 1]
(b) Since (5) involves the upper frequency range, it describes the amplifier as a low-pass (midfrequency)
filter with break frequencies at

1 RS(gm +grr+GE)+ 1
== and wy) =
C;L(RC”RL) CnRS

(6)

wy

(a) Apply the results of Section 8.6 to the small-signal equivalent circuit of Fig. 8-9(a) to deter-
mine the Miller capacitance. (b) Using the Miller capacitance, draw the associated equivalent
circuit and from it find an expression for the high-frequency voltage-gain ratio.
(a) First, the gain Ky must be found with capacitor C,, and load resistor R, removed. Since
Vi =—=8nVeRc
the desired gain is

— VL
Vh’e

KF = _ngC (])

The Miller capacitance Cy, is the input shunt capacitance suggested by (8.46):
Y
Cur = (1= Kp) =5 = (1 +8uRC)C, )

since comparison of Figs. 8-9(a) and 8-12(a) shows that C,, forms a feedback path analogous to Y.

(b) The output shunt capacitance, as suggested by (8.48), must also be determined. Since 4,, = 0 underlies
the hybrid-m model, the reverse voltage-gain ratio Kz = 0, hence:

Y, =Y, +(1—-Kp)Yp= Y, + Yp =Y, +5C, (€))

Comparison of Fig. 8-9(«a) with Fig. 8-12(b) and the use of (/) to (3) lead to the equivalent circuit of Fig.
8-25. Let

qu = CM + CT[ = (1 +ngC)Cu + Cn

Then, by voltage division,

Vh’g — rn/(srrrceq + 1) V‘ _ rn/(rx +r7z) VS (4)
I'x + rrr/(srrrceq + 1) S(rx”rn)ceq + 1
and by Ohm’s law,
RcllR
VL = e &m Vb’e (5)

S(ReR)C, +1
Substitution of (4) into (5) and rearrangement yield the desired voltage-gain ratio:

A (S') :ﬁ: _ gl11(RC||RL)r7r/(rx+r7r)
o Vs [Y(RC”RL)CM + 1][‘Y(rx”rn)ceq + 1]
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a "WL . -
+
+ | ’ +
i
Vg Rp T~ Upe Iy Cye I‘ RCS Cju’"\ RL$UL
i / 3 mVb'e r -

I
(1 +8uRAC,

A
A

Fig. 8-25

8.19 (a) Apply the results of Section 8.6 to the small-signal equivalent circuit of Fig. 8-11 to determine
the Miller admittance. (b) Utilizing the Miller admittance, draw the high-frequency small-signal
equivalent circuit and determine the voltage-gain ratio.

(a) With load resistor R; and feedback capacitor Cyy removed from the circuit of Fig. 8-11, the forward
gain Ky follows from an application of Ohm’s law:

Ky = VL — _ gm(rds”RD) (1)
" Vgx s(rds”RD)Cds +1

The Miller admittance suggested by (8.46) is

@

IR
Yy =(0—K)Yp= [1 +—EnlalRp) ]A'Cg,,

s
s(rasllRp)Cyy + 1

In the frequency range of interest and for typical values of ry, Rp, and Cy, generally
[s(rgllRp)Cy) < 1; thus, the Miller admittance can be synthesized as a capacitor with value

Y, M
N

Cu=

= [1 +gl11(rds”RD)]ng (3)

(b) Since there is no feedback of output voltage to the input network of Fig. 8-11, Kr = 0. Hence, the
output admittance, as suggested by (8.48), is simply
(1 —Kp)Yp=Yp= S'ng (C)]

The equivalent circuit of Fig. 8-11 can be converted to the form of Fig. 8-12(b), as displayed in Fig.
8-26. By Ohm’s law,

Vs
VL _ EmV gs (5)
S(Ca's + ng) +ga's + GD + GL
Since Vs = V;, the required voltage-gain ratio follows as
14
A(s) ==F = Lo ©)

Vi s(Cy+ Coa) + 845 +Gp + Gy,

As long as the source resistance is negligible, 4, is independent of Cy;. (See Problem 8.25.)
J_ R,
Tcgd

< +

=~

—A\AA-

Vi Rg A~ Vg A~Cu Cus Tas Rp
EmVgs ’

Fig. 8-26
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8.20 The high-frequency equivalent circuit for the CS JFET amplifier of Fig. 4-5 is given by Fig. 8-11.
Let Rg=1MQ, R; =Rp=2kQ, r4=50kQ, g, =0.0168, Co =3pF, Cy4 =1pF, and

8.21

C

The netlist code below d

escribes the circuit:

Prb8_20.CIR

vi 10ACO0.25V

RG 10 1Megohm
Cgs 1 0 3pF
Cgd1l22.7pF
Ggm20 (1,0) 0.016
rds 2 0 50kohm

Cds 2 0 1pF

RD 2 0 2kohm

RL 2 0 2kohm
.ACDEC 100 1MegHz 100MegHz
.PROBE

.END

¢ = 2.7pF. By SPICE methods, determine the voltage gain for a 50 MHz impressed signal.

Execute (Prb8_20.CIR) and use the Probe feature of PSpice to give Fig. 8-27. From the marked points, it is

seen that the voltage gain at 50 MHz is
A, =10.36/128.2°

20 q-----m—mmemmmmmmmm e

:

{

1

]

1

]

i
l (50 MHz,10.36)

I
Y

[
(50 MHz,128.2)

SEL>>!
100 d4-~-mmmmmmm e e |
1.0 MHz 10 MHz 100 MH=z
a Vp(2)
Frequency
Fig. 8-27

For the CG JFET amplifier of Fig. 4-28, let Vpp =15V, R, =R, = 10kQ, R, =500,

Rg¢ =2k, and Cr; = Ce, = 15uF. Add a load resistor R; = 15kQ2.  The JFET is modeled

by the parameters of Problem 4.4. Use SPICE methods to implement a wide frequency range
study to determine low- and high-frequency cutoff points for this amplifier.
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The following netlist code describes the amplifier circuit:

Prb8_21.CIR

vi 10ACO0.25V

CC1l1215uF

RS 2 0 2kohm

J3 4 2NJFET

.MODEL NJFET NJF ( Vto=-4V Beta=0.0005ApVsq
+ Rd=1ohm Rs=1ohm CGS=2pF CGD=2pF)
R1 45 10kohm

R2 4 0 10kohm

RD 35 5000hm

VDD 5 0 15V

CC2 36 15uF

RL 6 0 15kohm

.ACDEC 100 10Hz 50MegHz

.PROBE

.END

[CHAP. 8

Execute (Prb8_21.CIR) and use the Probe feature of PSpice to yield the gain magnitude plot of Fig. 8-28.

The marked points show the cutoff frequencies to be f; = 36.4 Hz and f; = 9.9 MHz.

1.
1.
(36.4 Hz,1.0)
0. . . (9.9 MHz,1.0)

10 Hz 100 KHz 1.0 GHz
a Vm(6) /Vm(1)
Frequency
Fig. 8-28

Supplementary Problems

8.22 Show that if two linear networks are connected in cascade to form a new network such that
T(jw) = T\(jw)T>(jw), then the composite Bode plot is obtained by adding the individual amplitude ratios
My and My, and phase angles (¢; and ¢,) associated with 7T;(jw) and T5(jw) at each frequency.

8.23  Show that (8.3) follows from the evaluation of k; and k, of (8.2).
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8.24

8.25

8.26

8.27

8.28

8.29

8.30

An amplifier has a Laplace-domain transfer function (voltage-gain ratio) given by
K

A =teo K
Vi (s+100)(s + 10°)
(a) If an asymptotic Bode plot of 4,(jw) is made, over what values of frequency (in the midfrequency range)
is the gain constant in amplitude? (b) Find the midfrequency gain in decibels if K, = 10°. (¢) Within 2
percent accuracy, over what range of frequencies is the exact gain constant?
Ans. (a) 100 <w < 10°rad/s; (b)) Mgy =60db;  (¢) My > 58.8db for 500 < w < 5 x 10*rad/s

In Problem 8.19, the gain of the FET amplifier does not depend on the Miller capacitance C, ; however, the
situation changes if the source resistance is nonzero. (a) Add a source resistance R; to Fig. 8-26, and find an
expression for the voltage-gain ratio. (b) Evaluate the gain for R; =0 and for R; = 100 Q if Cy = 3pF,
Cy = 1pF, Coy = 2.7pF, 14y = 50k, g,, = 0.016S, Ry, = Rp =2kQ, Rg = 1 MQ, and f = 50 MHz.

_ngG/(Ri + RG)
[5(Cas + Cue) + 8as + Gp + GLISRGIRNCyy + Cap) + 1]
(b) For R, =0, 4, = 10.348]131.53°; for R; = 100, A, = 3.49]61.26°

Ans. (a) Ay(s) =

Consider the high-pass filter circuit of Fig. 8-15(a). (a) Show that as w becomes large, the amplitude ratio
M, actually approaches 20 log[R; /(R; + Ry)] as indicated in Fig. 8-15(b). (b) Show that |M>(jw, )|, where
w; = 1/C(R;, + Rg), has the value 1| M>(joo)| = L[R. /(R + Rs)].

In the high-pass filter circuit of Fig. 8-15(a), the source impedance Rg = 5k. If the circuit is to have a
high-frequency gain of 0.75 and a break or cutoff frequency of 100 rad/s, size R; and C.
Ans. R; =15kQ,C =0.5uF

In the circuit of Fig. 3-20, replace Vg with a sinusoidal source to give the small-signal circuit of Fig. 8-6.
(a) If the impedance of the coupling capacitor is not negligible, find the current-gain ratio A4;(s) = I /1.
(b) Determine the low-frequency cutoff point.

Ans. (a) A; = hgRp/(Rg+ hi); (b) the gain is independent of frequency down to f =0

Show that the RC network of Fig. 8-29 is a high-pass filter. Determine its low-frequency cutoff point.

v, Ry+R; SRyR;C3/(Ry + R3) + 1 Ri+Ry+ Ry

Ans. — = Wy =— 12 75
Vs Ri+ R+ Ry S(R) + RY)R3C3/(R) + Ry + Ry) + 1 PT (R + R)R; G

Ry
. AAA
+ +
R,
Vg Vo
Ry 1~ Cs
Fig. 8-29

The amplifier of Fig. 3-10 is modeled for small-signal operation by Fig. 8-4. Let Cr — oo, Cp = 100 uF,
Ry =100, Rc = R, =2k, h, =200 and hy, =75. Determine (a) the low-frequency voltage gain,
(b) the midfrequency gain, and (c¢) the low-frequency cutoff point.

Ans. (a) —9.62; (b) —375; (c¢) 3750rad/s
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8.31

8.32

8.33

8.34

8.35

8.36

8.37

8.38

8.39

8.40

8.41
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For the amplifier of Fig. 3-10, show that if the source internal impedance R; is not negligible, but
R; € R = R{||R,, then the low-frequency cutoff point is given by
o — (hie + R;)) + (hy + DRg
L RCr(hi + R))

Show that, for the amplifier of Fig. 3-10 as described in Problem 8.5, if Rz > Ry + h;,, then the current-gain
ratio becomes independent of frequency.

In the amplifier of Fig. 3-10, let C¢c — oo, Cp = 100 uF, Rp =20k, h;, = 1009, hy, =75, Re = Ry =
2k, Ry =2k, and R, =20kQ. Determine (a) the low-frequency current gain, (b) the midfrequency
current gain, and (¢) the low-frequency cutoff point.

Ans. (a) —3.11; (b) —35.54; (c¢) 5.71rad/s

In the amplifier of Problem 8.6, let R; = 500 €2 and all else remain unchanged. Determine the value of the
emitter bypass capacitor required to ensure that f; < 200 Hz. Compare your result with that of Problem 8.6
to see that consideration of the source internal impedance allows the use of a smaller bypass capacitor.
(Hint: See Problem 8.31.) Ans. Cp>101.3 uF

In the amplifier of Fig. 3-10, C, — oo, R; =500, Ry =30k, R; =3.2kQ, R, =17kQ, R; = 10k,
hoe = Nye =0, hy, = 100, and h;, = 100 2. Determine R¢ and Cy so that the amplifier has a midfrequency
current-gain ratio |4;| > 30 with low-frequency cutoff f; > 20Hz. (Hint: See Problem 8.5.)

Ans. R¢ >4517.8Q,Cr > 3.13 uF

In the CE amplifier of Fig. 3-10, let Cr — oo, Cp=100uF, Rr=100Q, R, =0, Rz=5k%Q,
Re = Ry =2kQ, hye = hye =0, hy, =75, and hj, = 1kQ. The small-signal ac equivalent circuit is given
by Fig. 8-4. If a sinusoidal signal v; = V,,, sin wt is impressed (with @ = 400 rad/s), determine («) the phase
angle between v; and i;, (b) the phase shift between input and output voltages, and (c) the phase shift
between input and output currents.

Ans. (a) Current leads voltage by 35.52°; (b) output voltage lags input voltage by 128.98°; (¢) output
current lags input current by 180°

In the amplifier of Problem 8.13, let C; =200 uF, Cc = 10 uF, Ry =50Q, Rc = R, =2kQ, R; =100,
hye = hoe = 0, hjp = 1k, and hy, = 50. (a) Sketch the asymptotic Bode plot (M, only) for the voltage-gain
ratio. (b) Is the 3-db attenuation point below 40 Hz?

Ans.  (a) A,(s) = —0.548s5(0.01s + 1)/[(0.04s + 1)(0.00301s + 1)]. The associated Bode plot is given in Fig.
8-30; (h) no, because M (joo) — M4 (j80m) = 3.79db

In the CE amplifier of Example 8.7, let g,, = 0.035S, r, = 8kQ, r, =30Q, Rc = R;, =10k, C, = 10pF,
and C, =2pF. (a) Determine the high-frequency cutoff point. (b) Find the midfrequency gain.
Ans. (a) fy =1649MHz; (b) Aypa = —174.3

In the CB amplifier of Problem 8.17, let Rg = 1002, Ry = 1kQ, Rc = R, =10k, C,, = 2pF, C; = 40pF,
gn =0.035S, and r, = 5kQ. Determine (a) the midfrequency gain and (b) the high-frequency cutoff
point. Ans. (@) Aymia = 37.88; (b)) fy =15.91 MHz

Add a source resistance R; to the high-frequency small-signal equivalent circuit for the CS amplifier given by
Fig. 8-11.  Let Cg =3pF, Cy = 1pF, Cpy =2.7pF, 14 = 50kQ, g, =0.016S, R, = Rp =2k, and
R; = 1MQ. Determine the high-frequency cutoff point (@) with R; =0 and (b) with R; = 100.

Ans. (a) fy =43.875MHz; (b) fy = 13.69 MHz

For the hybrid-7 model of a CB BJT amplifier circuit given by Fig. 8-24, let Ry =200, Rc = R; = 10k,
ry=25Q, r, =5k, g, =0.02S, and C, = C, =2pF. Use SPICE methods to determine the midfre-
quency voltage gain and the high-frequency cutoff point. (Netlist code available at the author’s website.)
Ans.  Aypig = 100, fi = 16.1 MHz
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— 20
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. [ Vi

20 /
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0 + 1

1 10 25 100 33 1000

Sk
Fig. 8-30

8.42 The CS JFET amplifier of Fig. 7-2(a) is modeled by the equivalent circuit of Fig. 8-22 for low-frequency

operation. Let R; = 500k, Rg = 5002, R =3k, Cy = 10 uF, u = 60, and ry = 30k2. Use SPICE

methods to determine the low-frequency cutoff point. (Netlist code available at the author’s website.)
Ans. f; =40.9Hz



CHAPTER 9

Operational Amplifiers

9.1. INTRODUCTION

The name operational amplifier (op amp) was originally given to an amplifier that could be easily
modified by external circuitry to perform mathematical operations (addition, scaling, integration, etc.) in
analog-computer applications. However, with the advent of solid-state technology, op amps have
become highly reliable, miniaturized, temperature-stabilized, and consistently predictable in perfor-
mance; they now figure as fundamental building blocks in basic amplification and signal conditioning,
in active filters, function generators, and switching circuits.

9.2. IDEAL AND PRACTICAL OP AMPS

An op amp amplifies the difference v; = v; — v, between two input signals (see Fig. 9-1), exhibiting
the open-loop voltage gain
Ao =2 9.1)
Va
In Fig. 9-1, terminal 1 is the inverting input (labeled with a minus sign on the actual amplifier); signal v, is

amplified in magnitude and appears phase-inverted at the output. Terminal 2 is the noninverting input
(labeled with a plus sign); output due to v, is phase-preserved.

Ve
1 @ -
+ + R 1
a Ru @ vy :_ -
Va
‘ Aor V4 + v Vo
A V) o— +
! ~ 2
2 o
oIl v
+
V2
(a) Complete representation (b) Simplified representation

Fig. 9-1 Operational amplifier
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Copyright 2002, 1988 by The McGraw-Hill Companies, Inc. Click Here for Terms of Use.



CHAP. 9] OPERATIONAL AMPLIFIERS 259

In magnitude, the open-loop voltage gain in op amps ranges from 10* to 10’.  The maximum
magnitude of the output voltage from an op amp is called its saturation voltage; this voltage is approxi-
mately 2 V smaller than the power-supply voltage. In other words, the amplifier is linear over the range

~(Vee —2) <v, < Vee —2V 9.2)
The ideal op amp has three essential characteristics which serve as standards for assessing the goodness
of a practical op amp:
The open-loop voltage gain Ay, is negatively infinite.

2. The input impedance R, between terminals 1 and 2 is infinitely large; thus, the input current is
zero.

3. The output impedance R, is zero; consequently, the output voltage is independent of the load.

Figure 9-1(a) models the practical characteristics.

Example 9.1. An op amp has saturation voltage ¥V, = 10V, an open-loop voltage gain of —10°, and input
resistance of 100kQ2. Find (a) the value of v, that will just drive the amplifier to saturation and (b) the op amp
input current at the onset of saturation.

(a) By (9.D),
£V, %10
= = =40.ImV
YT T, T 2100 m
(b) Let iy, be the current into terminal 1 of Fig. 9-1(b); then
-3
v_d_iO.l x 10 — 41nA

i = R, T 100 x 10°

In application, a large percentage of negative feedback is used with the operational amplifier, giving
a circuit whose characteristics depend almost entirely on circuit elements external to the basic op amp.

The error due to treatment of the basic op amp as ideal tends to diminish in the presence of negative
feedback.

9.3. INVERTING AMPLIFIER

The inverting amplifier of Fig. 9-2 has its noninverting input connected to ground or common. A
signal is applied through input resistor R;, and negative current feedback (see Problem 9.1) is imple-
mented through feedback resistor Rp. Output v, has polarity opposite that of input vg.

Rp
AWMV —
Ua
! R, Lin
AR -
+ +

v *
d +

Us T +
UO

—_

Fig. 9-2 Inverting amplifier

Example 9.2. For the inverting amplifier of Fig. 9-2, find the voltage gain v,/vg using (a) only characteristic 1
and (b) only characteristic 2 of the ideal op amp.
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(a) By the method of node voltages at the inverting input, the current balance is

Vg — Uy Vy — Uy . Vg
s d =i =2 9.3
where R; is the differential input resistance. By (9.1), v, = v,/Ao; Which, when substituted into (9.3), gives
- A - A R
Us 'Uo/ OL + Vo ’U(,/ oL _ Uo/ d (94)
R Rr Aor
In the limit as 4p; — —o0, (9.4) becomes
vy Uy Vo RF
—=+-—==0 so that Ay=—=—— 9.5)
R, Rr s R
() Ifi, =0, then vy =i, R; =0, and i = ip =i. The input and feedback-loop equations are, respectively,
vg = iR and v, = —iRp
R
whence A, = Yo _ 2 9.6)
Vg Rl

in agreement with (9.5).

9.4. NONINVERTING AMPLIFIER

The noninverting amplifier of Fig. 9-3 is realized by grounding R; of Fig. 9-2 and applying the input
signal at the noninverting op amp terminal. When v, is positive, v, is positive and current i is positive.
Voltage v; = iR; then is applied to the inverting terminal as negative voltage feedback.

@ +
+ ;d @
s ///// %&

v L < 5
vy [1%131
S A

DERSER

out

Fig. 9-3 Noninverting amplifier

Example 9.3. For the noninverting amplifier of Fig. 9-3, assume that the current into the inverting terminal of the
op amp is zero, so that v; ~ 0 and v; ~ v,. Derive an expression for the voltage gain v,/v,.
With zero input current to the basic op amp, the currents through R, and R; must be identical; thus,

Vo — U1 _ ﬂ . = & ~ & — &
B R and A, = P 1 +R1 9.7)
9.5. COMMON-MODE REJECTION RATIO
The common-mode gain is defined (see Fig. 9-1) as
A= —2 9.8)
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where v; = v, by explicit connection. Usually, 4, is much less than unity (4.,, = —0.01 being typical).
Common-mode gain sensitivity is frequently quantized via the common-mode rejection ratio (CMRR),
defined as

CMRR = % 9.9)

cm

and expressed in decibels as

A
CMRR,, = 201log A"L =20log CMRR (9.10)
cm
Typical values for the CMRR range from 100 to 10,000, with corresponding CMRR 4, values of from 40
to 80db.

Example 9.4. Find the voltage-gain ratio 4, of the noninverting amplifier of Fig. 9-3 in terms of its CMRR.
Assume v; = v, insofar as the common-mode gain is concerned.

The amplifier output voltage is the sum of two components. The first results from amplification of the
difference voltage v, as given by (9.1). The second, defined by (9.8), is a direct consequence of the common-
mode gain. The total output voltage is, then,

Vo = AOL,Ud - AL‘ITI,U2 (911)
Voltage division (with i, = 0) gives

Ry

—_— v, — A2
R1+R2U" Vs 9.12)

Vg =V — Uy =

and substituting (9.12) into (9.11) and rearranging give

Ao Ry
- = (Ao, + A
’U,,( Rl +R2 ( oL+ (m)v2

—(4 A, —A Ap;/CMRR
Then Av — & — ( OL + Lm) — OL _ OL/ (913)
vy 1 =AorRi/(Ri+Ry) 1—=AorRi/(Ri+Ry) 1—AprRi/(R + Ry)

9.6. SUMMER AMPLIFIER

The inverting summer amplifier (or inverting adder) of Fig. 9-4 is formed by adding parallel inputs to
the inverting amplifier of Fig. 9-2. Its output is a weighted sum of the inputs, but inverted in polarity.
In an ideal op amp, there is no limit to the number of inputs; however, the gain is reduced as inputs are
added to a practical op amp (see Problem 9.31).

R, Ry
v —AAN N, —A\ NN
R,
Vsy AN -
R3 UU
Vsz‘-—‘W\r—J _L——— +

Fig. 9-4 Inverting summer amplifier

Example 9.5. Find an expression for the output of the inverting summer amplifier of Fig. 9-4, assuming the basic
op amp is ideal.
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We use the principle of superposition. With vg, = vg3 = 0, the current in R, is not affected by the presence of
R, and Rj, since the inverting node is a virtual ground (see Problem 9.1). Hence, the output voltage due to vg; is, by
9.5), vy1 = —(Rp/Ry)vg;. Similarly, v,y = —(Rp/R,)vs, and v,3 = —(Rp/R3)vgs.  Then, by superposition,
Usi | VUs2 | Us3

Vo = Vg1 + Up2 + Vo3 = —RF<R—1+E+R—3>

9.7. DIFFERENTIATING AMPLIFIER

The introduction of a capacitor into the input path of an op amp leads to time differentiation of the
input signal. The circuit of Fig. 9-5 represents the simplest inverting differentiator involving an op amp.
As such, the circuit finds limited practical use, since high-frequency noise can produce a derivative whose
magnitude is comparable to that of the signal. In practice, high-pass filtering is utilized to reduce the
effects of noise (see Problem 9.7).

R ip
ls C}
e ] J -
b 1€ '
e
v,
L U

Fig. 9-5 Differentiating amplifier

Example 9.6. Find an expression for the output of the inverting differentiator of Fig. 9-5, assuming the basic op
amp is ideal.

Since the op amp is ideal, v; ~ 0, and the inverting terminal is a virtual ground. Consequently, vg appears
across capacitor C:

is=Co

But the capacitor current is also the current through R (since i, = 0). Hence,

d
v, = —I;R = —igR = —RC %

9.8. INTEGRATING AMPLIFIER

The insertion of a capacitor in the feedback path of an op amp results in an output signal that is a
time integral of the input signal. A circuit arrangement for a simple inverting integrator is given in Fig.
9-6.

Example 9.7. Show that the output of the inverting integrator of Fig. 9-6 actually is the time integral of the input
signal, assuming the op amp is ideal.

If the op amp is ideal, the inverting terminal is a virtual ground, and vg appears across R. Thus, ig = vg/R.
But, with negligible current into the op amp, the current through R must also flow through C. Then

(. [, 1
Uy :—EJlel:fEJlgdt:fRJdet
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s -
~0

Fig. 9-6 Integrating amplifier

9.9. LOGARITHMIC AMPLIFIER

Analog multiplication can be carried out with a basic circuit like that of Fig. 9-7. Essential to the
operation of the logarithmic amplifier is the use of a feedback-loop device that has an exponential
terminal characteristic curve; one such device is the semiconductor diode of Chapter 2, which is char-
acterized by

ip=1,e?"T — 1)~ e/ 9.14)
ip Ry
-~ VAA-
Up
ii
—AA— I——ww—- -
TR R,
+ +

l),- v, p v
- = - - -

Fig. 9-7 Logarithmic amplifier

A grounded-base BJT can also be utilized, since its emitter current and base-to-emitter voltage are
related by

ip = Ige"s /T (9.15)

Example 9.8. Determine the condition under which the output voltage v, is proportional to the logarithm of the
input voltage v; in the circuit of Fig. 9-7.
Since the op amp draws negligible current,

i = % —ip (9.16)
Since vp = —v,, substitution of (9.16) into (9.14) yields
v; = RLe /" 9.17)
Taking the logarithm of both sides of (9.17) leads to

Inv, = In RI, — —2 (9.18)
Vr

Under the condition that In R/, is negligible (which can be accomplished by controlling R so that RI, ~ 1), (9.18)
gives v, & —VrInwv;.
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9.10. FILTER APPLICATIONS

The use of op amps in active RC filters has increased with the move to integrated circuits. Active
filter realizations can eliminate the need for bulky inductors, which do not satisfactorily lend themselves
to integrated circuitry. Further, active filters do not necessarily attenuate the signal over the pass band,
as do their passive-element counterparts. A simple inverting, first-order, low-pass filter using an op amp
as the active device is shown in Fig. 9-8(«).

Mg, 4 Asymptotic
I;A;C Bode plot \\
1€ l
R
20 log - =
R SR,
Wy
1
O A2 ~ Jre
Vs(s) ~20 db/decade ——s-
©) V,(s) slope
© + L ! )
I or 1 10 »
= RC RC RC
(a) (b)

Fig. 9-8 First-order low-pass filter

Example 9.9. (@) For the low-pass filter whose s-domain (Laplace-transform) representation is given in Fig.
9-8(a), find the transfer function (voltage-gain ratio) A4,(s) = V,(s)/Vs(s). (b) Draw the Bode plot (M, only)
associated with the transfer function, to show that the filter passes low-frequency signals and attenuates high-
frequency signals.
(a) The feedback impedance Z(s) and the input impedance Z,(s) are

R(1/5C) R

Zp(s) = R+ (/50— RCT1 and  Z,(s) =R, (9.19)

The resistive circuit analysis of Example 9.2 extends directly to the s domain; thus,
_Zp() __ R/R,
Zi(s) SRC + 1

A (s) = (9.20)

(b) Letting s = jow in (9.20) gives
R
My, =20log|A,(jw)| = 20log A 20log|jwRC + 1|
1

A plot of M, is displayed in Fig. 9-8(b). The curve is essentially flat below w = 0.1/RC; thus, all frequencies
below 0.1/RC are passed with the dc gain R/R;. A 3-db reduction in gain is experienced at the corner
frequency 1/t = 1/RC, and the gain is attenuated by 20db per decade of frequency change for frequencies
greater than 10/RC.

9.11. FUNCTION GENERATORS AND SIGNAL CONDITIONERS

Frequently in analog system design, the need arises to modify amplifier gain in various ways, to
compare signals with a generated reference, or to limit signals depending on their values. Such circuit
applications can often be implemented with the high-input-impedance, low-output-impedance and high-
gain characteristics of the op amp. The possibilities for op amp circuits are boundless; typically,
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however, nonlinear elements (such as diodes or transistors) are introduced into negative feedback paths,
while linear elements are used in the input branches.

Example 9.10. The signal-conditioning amplifier of Fig. 9-9 changes gain depending upon the polarity of vg.
Find the circuit voltage gain for positive vg and for negative vy if diode D, is ideal.

Ry
ANV
R, @ D,
R

PIYVN >
’s @ ©,

oL

Fig. 9-9

If vg > 0, then v, < 0 and D, is forward-biased and appears as a short circuit. The equivalent feedback
resistance is then

R. — RyR;
Feq _-R24*R3
Rp, RyR;
and, by (9.9), Ay = —Fea 72T 9.21
y @) R Ri(Ry + R3) @21

If vg <0, then v, > 0 and D, is reverse-biased and appears as an open circuit. The equivalent feedback
resistance is now Rp,, = R3, and

Ry R

9.22
R, R, 9.22)

A, =

9.12. SPICE OP AMP MODEL

Figure 9-1(a) presents the equivalent circuit model of the op amp using a VCVS to implement the
gain. This circuit is easily realized by SPICE methods using the VCVS model of Fig. 1-2 and Table 1-1.
It is frequently convenient to describe the op amp through use of a subcircuit as illustrated by the
following netlist code:

.SUBCKT OPAMP 1 2 3 4

* Model Inv Ninv Out Com
Rd 1 2 500kohm

E 5 4(1,2) -1e5

Ro 5 31000hm

.ENDS OPAMP

The nodes are labeled in Fig. 9-1(¢). Input impedance (R; = 500 k€2), output impedance (R, = 100 ),
and open-loop voltage gain (A, = —1 x 105) are typical values that can be changed if an application
warrants. Also, SPICE libraries usually contain subcircuit models of commercially available op amps
that can be utilized.
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Example 9.11. Use SPICE methods to model the noninverting amplifier of Fig. 9-3 if the op amp has the
parameter values of the subcircuit OPAMP above. Let vg = 0.5sin(200077) V, Ry = 1k, and R, = 10k2. Verify
that the voltage gain predicted by (9.7) results.

Netlist code describing the circuit is shown below:

Ex9_11.CIR

vs 1 O SIN(OV 0.5V 1kHz)

R1 2 0 lkohm

R2 3 2 10kohm

XA 1 2 3 0 OPAMP

.SUBCKT OPAMP 1 2 3 4
* Model 1Inv NInv Out Com
Rd 1 2 500kohm

E 54 (1,2)-1e5

Ro 5 3 100ohm

.ENDS OPAMP

.TRAN lus 2ms

.PROBE

.END

Execute (Ex9_11.CIR) and use the Probe feature of PSpice to plot Fig. 9-10. By use of the marked values of Fig.
9-10,

A4,=2 1

B V(1) o V(3).

Time
Fig. 9-10
The voltage gain predicted by (9.7) is
R, 10 x 10°
A, =1+—=14+—-—-=11
Y +R1 + 1x103

Hence, (9.7) is validated.
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Example 9.12. Model the first-order low-pass filter of Fig. 9-8(a) by SPICE methods where the op amp is
characterized by the parameters of subcircuit OPAMP. Let R; = 1kQ, R = 10k, and C = 0.1 uF to give a corner
frequency f, = 1/2nt = 1/27RC = 159.1 Hz. Show that the gain magnitude characteristic of Fig. 9-8(b) results.

The netlist code that follows describes the circuit where a frequency sweep from 10 Hz to 10 kHz is specified to
give a reasonable band on either side of the corner frequency f,:

Ex9_12.CIR

vs 1 0O AC 1V

R1 1 2 1lkohm

R 2 3 10kohm

C 2 3 0.1luF

XA 2 0 3 0 OPAMP

.SUBCKT OPAMP 1 2 3 4
* Model Inv NInv Out Com
Rd 1 2 500kohm

E 54 (1,2)-1e5

Ro 5 3 100ohm

.ENDS OPAMP

.AC DEC 200 10Hz 10kHz

.PROBE

.END

Execute (Ex9_12.CIR) and use the Probe feature of PSpice to plot the gain magnitude M, as shown in Fig. 9-11.
The low-frequency gain magnitude is seen to have the value predicted by the results of Example 9.9.

10 x 10°
Mgy, =20log(R/R;) = 20log <1><103) =20db

M 20 Tmmmmgme s |
: (159.1 Hz, 17 db) |
d ) '
b :
1 ]
] 1]
i 1
] 1
t 1
t 1
1 1
1 1
1 1
1 1
1 1
01 !
1 1
1 1
1 1
1 1
1 1
1{ 1
1 1
1 1
1 1
] 1
i i
i 1
1 1
] i
1 ]
1 1
“20 4-mmmmmmmm e Frmmmmmmmmmmaean |
10 Hz 1.0 KHz 100 KHz

a DB(V(3)/V(1))

Frequency
Fig. 9-11

The gain magnitude has decreased from the low-frequency value of 20db to 17db (drop of 3db) at the corner
frequency f, = 159.1 Hz. Clearly, the gain magnitude decreases by 20 db per decade of frequency for values of high
frequency. Hence, the characteristic of Fig. 9-8(b) is verified.
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Solved Problems

For the inverting amplifier of Fig. 9-2: (a) Show thatas 4,; — —o0, v; — 0; thus, the inverting
input remains nearly at ground potential (and is called a virtual ground). (b) Show that the
current feedback is actually negative feedback.

(a) By KVL around the outer loop,
Vs =V, = (1 Ry +ipRp (1)
Using (9.7) in (/), rearranging, and taking the limit give

. . —i1Ry —ipRp +v
lim v, = lim L TR E T ES
Aor—>—00 Aor—>—00 Aoy

0 ()]
(b) The feedback is negative if ir counteracts 7;; that is, the two currents must have the same algebraic sign.
By two applications of KVL, with v, = 0,

Vs — Vg _ Vs
R, R,

) —V, + vy —,
and Ip = —2 °

i1:

But in an inverting amplifier, v, and vg have opposite signs; therefore, i; and ir have like signs.

(a) Use (9.4) to derive an exact formula for the gain of a practical inverting op amp. (b) If
R, =1k, Rp = 10k, R, = 1kQ, and Ay, = —10*, evaluate the gain of this inverting
amplifier. (¢) Compare the result of part » with the ideal op amp approximation given by (9.5).

(a) Rearranging (9.4) to obtain the voltage-gain ratio gives

i _ Y _ Aor
" Tug 1T+ (R/Rp)(1—Apr) + R /Ry

(b) Substitution of the given values yields

—10*

A, = =-9979
L4 (1/10)(1 + 10%) + 1/1

(¢) From (9.5),

R
A'uideal = _Rill: =-10
so the error is
—-9.979 — (-10)
— = (100%) = —0.21°9
—-9.979 (100%) 0-21%

Note that R; and A4y, are far removed from the ideal, yet the error is quite small.

A differential amplifier (sometimes called a subtractor) responds to the difference between two
input signals, removing any identical portions (often a bias or noise) in a process called common-
mode rejection. Find an expression for v, in Fig. 9-12 that shows this circuit to be a differential
amplifier. Assume an ideal op amp.

Since the current into the ideal op amp is zero, a loop equation gives

Us1 — Uy
R+ R,

(U :Us]—Ril :Us]—R

By voltage division at the noninverting node,

Uy = Vs2
R S

1
+ R
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In the ideal op amp, v; = 0, so that v; = v,, which leads to

Ry
Vo = R (vs2 — vs1)

Thus, the output voltage is directly proportional to the difference between the input voltages.

@ .
vsi =
Vg -
@ v,
Usz + 3 Yo
R
= ©
Fig. 9-12 Differential amplifier Fig. 9-13 Unity follower

9.4  Find the input impedance Z; of the inverting amplifier of Fig. 9-2, assuming the basic op amp is
ideal.

Consider vg a driving-point source. Since the op amp is ideal, the inverting terminal is a virtual ground,
and a loop equation at the input leads to

Vg = ilRl + 0 SO th'dt Zl = 5

== R,
I

9.5  The unity-follower amplifier of Fig. 9-13 has a voltage gain of 1, and the output is in phase with
the input. It also has an extremely high input impedance, leading to its use as an intermediate-
stage (buffer) amplifier to prevent a small load impedance from loading a source. Assume a
practical op amp having 4,; = —10° (a typical value). (a) Show that v, ~ vg. (b) Find an
expression for the amplifier input impedance, and evaluate it for R; = 1 MQ (a typical value).

(a) Writing a loop equation and using (9.1), we have

1
Vg =V, — Vg =V 1 ———
° ‘ ( A0L>

from which v == 71); = +”150_6 = 0.999999vg ~ v

(b) Considering vg a driving-point source and using (9.7), we have

vs = iinRy +v, = iinRy — Aorvy = iinRy(1 — Aor)

and Zin = ;’i = Ry(1 — Apy) ~ —Apr Ry = —(=10°(10%) = 1 T

in

9.6  Find an expression for the output v, of the amplifier circuit of Fig. 9-14.  Assume an ideal op
amp. What mathematical operation does the circuit perform?
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R
vs1 ——ANANN—
R +
Vg ——ANA——
UO
_ &,
R
Fig. 9-14

The principle of superposition is applicable to this linear circuit. With vg, = 0 (shorted), the voltage
appearing at the noninverting terminal is found by voltage division to be

R v
U2 Imvm I% 0))

Let v,; be the value of v, with vy, = 0. By the result of Example 9.3 and (),

()= (k) S
o= (145)5

1 R,
Uy = Vp1 T Vp2 = E (1 R7>(USI + USZ)

Similarly, with vg; =0,

By superposition, the total output is then

The circuit is a noninverting adder.

The circuit of Fig. 9-15(a) (represented in the s domain) is a more practical differentiator than that
of Fig. 9-5, because it will attenuate high-frequency noise. (a) Find the s-domain transfer

1/sC Mo 4

1L

" 10}

R

NV . o
I (s) T
I5(s) R
> ” AAA L ol
1/sC
V()(s) =
30 b Slope = —20 db/decade
\ Slope = 20 db/decade
(a) (b)

Fig. 9-15
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function relating V, and V. (b) Sketch the Bode plot (M, only), and how high-frequency noise
effects are reduced. Assume an ideal op amp.

(a)

()

In an ideal op amp the inverting terminal is a virtual ground, so Ig(s) = —Iz(s). As in Example 9.9,
R
Zp(s) = ———
HO) = RCF1
V,(s) sRC+1
Then IF(S) = ZF(S) = T VO(S)
SRC + 1 SRC + 1
But Vs(s) = I5(8)Zin(8) = —1p(s)Zin(s) = — R V,(s) -
V. RC
whence A(s) = o) = !

Vs(s)  (SRC+ 1)
From the result of part a,

_ N . N 20logwRC for wRC <1
My, = 20log |A(jw)| = 20log wRC — 40log | jwRC + 1| =~ { _20logwRC for wRC > 1
Figure 9-15(b) is a plot of this approximate (asymptotic) expression for My,. For a true differentiator,
we would have

d
v, = K % or  V,=sKVs

which would lead to M, = 20logwK. Thus the practical circuit differentiates only components of the
signal whose frequency is less than the break frequency f; = 1/27RC Hz. Spectral components above
the break frequency—including (and especially) noise—will be attenuated; the higher the frequency, the
greater the attenuation.

9.8 In analog signal processing, the need often arises to introduce a level clamp (linear amplification
to a desired output level or value and then no further increase in output level as the input
continues to increase). One level-clamp circuit, shown in Fig. 9-16(«a), uses series Zener diodes
in a negative feedback path. Assuming ideal Zeners and op amp, find the relationship between v,
and vg. Sketch the results on a transfer characteristic.

% % o
Vo Ll
—p—e— 1.

ZZ Zl l

ANA- '

R, [

R, | Ry,
AV b 1 e 38
Us R, !
. R Vz |
v,

+ ‘ |

(a) (b)
Fig. 9-16
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Since the op amp is ideal, the inverting terminal is a virtual ground, and v, appears across the parallel-
connected feedback paths. There are two distinct possibilities:

Case I vg > 0. Forwv, < 0, Z, is forward-biased and Z, reverse-biased. The Zener feedback path is an
open circuit until v, = —V,;; then Z; will limit v, at —V,; so that no further negative excursion is possible.

Case II: vg < 0. Forw, > 0, Z; is forward-biased and Z, reverse-biased. The Zener feedback path acts
as an open circuit until v, reaches V,,, at which point Z, limits v, to that value. In summary, for both cases,

R
Vs for vg < 71!#; Vi
R, R, R,
v, = —E Vs for _R_2 Vz2 <wvg < R_2 VZI
R
_VZI for Vs > R—l VZ]

2

Figure 9-16(b) gives the transfer characteristic.

The circuit of Fig. 9-17 is an adjustable-output voltage regulator. Assume that the basic op amp is
ideal. Regulation of the Zener is preserved if i, > 0.17, (Section 2.10). (a) Find the regulated
output v, in terms of V. (b) Given a specific Zener diode and the values of Ry and R;, over
what range of Vg would there be no loss of regulation?

+ Vg

N
e
1}

-

Fig. 9-17

(a) Since V, is the voltage at node a, (9.5) gives

So long as iy > 0.1/, a regulated value of v, can be achieved by adjustment of R,.
(b) Regulation is preserved and the diode current i, = ig — i; does not exceed its rated value I, if

Vs=Vz Vz_

0.11; <ig—i; <1, or 0.1, < Ry R, =

Iz

R R
or 0.11zRs + (1 +R—S> Vz < Vs <IzRs+ (1 +R—S> Vz
I I

9.10 The circuit of Fig. 9-18(a) is a limiter; it reduces the signal gain to some limiting level rather than

imposing the abrupt clamping action of the circuit of Problem 9.8. (a) Determine the limiting
value V, of v, at which the diode D becomes forward-biased, thus establishing a second feedback
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Siope -2
ope = R,

V,,__

() (b)
Fig. 9-18

path through R;. Assume an ideal op amp and a diode characterized by Fig. 2-2(a). (b) Deter-
mine the relationship between v, and vg, and sketch the transfer characteristic.

(a) The diode voltage vp is found by writing a loop equation. Since the inverting input is a virtual ground,
v, appears across R, and

V —w,

vp = —v, — 3Ry = v, — 1
Up v 33 =70 R; + R, (1)
When vy =0, v, = V,, and (/) gives
R

Vi=——V 2
=% @

() For v, > V,, the diode blocks and R, constitutes the only feedback path. Since i; = 5,

Us Vo

S _ e 3
R, R )

For v, < V,, the diode conducts and the parallel combination of R, and R; forms the feedback path.

Since now iy = i, + i3 + iy,
Vg Uy Uy V
[ A 4
R <R2+R3+R4) @

It follows from (2), (3), and (4) that

R, 1R3
— == for vg
Rl Vs Vg < R2R4
U() =
R3 R2 R') R‘; R1R3
— —= vg — =— —J for vg > 14
R+ Ry R, ° R,+R; Ry S=R,R,

This transfer characteristic is plotted in Fig. 9-18(b).

9.11 What modifications and specifications will change the circuit of Fig. 9-16(«) into a 3-V square-
wave generator, if vg = 0.02sinw? V? Sketch the circuit transfer characteristic and the input and
output waveforms.
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Modify the circuit by removing R,, and specify Zener diodes such that V, = V,, =3V. The transfer
characteristic of Fig. 9-16(b) will change to that of Fig. 9-19(a). The time relationship between vg and v, will
be that displayed in Fig. 9-19(b).

U/G»V v,V A

0.02 = we—m om— -

~Y

(@) (b)
Fig. 9-19

Design a first-order low-pass filter with dc gain of magnitude 2 and input impedance 5k2. The
gain should be flat to 100 Hz.

The filter is shown in Fig. 9-8. For an ideal op amp, Problem 9.4 gives Z; = R; = 5kQ. The dc gain is
given by (9.20) as A(0) = —R/R,, whence R = 2R = 10kQ. Figure 9-8(b) shows that the magnitude of the
gain is flat to w = 0.1/RC, so the capacitor must be sized such that

0.1 0.1

% _|59nF
22/R ~ 22(100)(10 x 10°) t

The analog computer utilizes operational amplifiers to solve differential equations. Devise an
analog solution for i(¢), ¢ > 0, in the circuit of Fig. 9-20(«). Assume that you have available an
inverting integrator with unity gain (R;C; = 1), inverting amplifiers, a variable dc source, and a
switch.

For ¢ > 0, the governing differential equation for the circuit of Fig. 9-20(¢) may be written as
—_—— =i @)

The sum on the right side of (/) can be simulated by the left-hand inverting adder of Fig. 9-20(b), where
v,; = —di/dt and where R, and R; are chosen such that R3;/R, = R/L. Then v,, = — jval dt will be an
analog of i(¢), on a scale of 1 A/V.

Find the relationship between v, and v; in the circuit of Fig. 9-21.

Since the inverting terminal is a virtual ground, the Laplace-domain input current is given by

L v, _ V(sRC+1)
"R+ [RI/sC) _ sR2C +2R

With zero current flowing into the op amp inverting terminal, current division yields

1/sC I V(sRC+1) ¥

L=1I= = -
T T R4 1/sCTT T SRC+1 RSRC+2) — R(SRC +2)
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10
—

e

(t=0)
R

Vh

1 [| I

(@)

RC =1

Again, because the inverting terminal is a virtual ground,
__sC(sRC+4)

vV,
I = 2 =
T L L [R4GRC+2) 0
sC/2  sC/2| 2
and, by current division,
_ —R2 _ —sRC sCGRC+4) —s'RCYV,
27 2/sC+R/27 T SRC+4 45RC+2) ° 4(RC+2)
Equating the two expressions for /, yields a Laplace-domain expression relating V,, and V;:
4
Vo= TeRcr 0
or, after inverse transformation,
4 .
vy = — s [(J ,dz) i
(RC)".
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9.15 The circuit of Fig. 9-22 is, in essence, a noninverting amplifier with a feedback impedance Zy and
is known as a negative-impedance converter (NIC). Find the Thévenin or driving-point impe-
dance to the right of the input terminals, and explain why such a name is appropriate.

— 7]
L2y ]
ii
+ — io
L — -
1
i II Zp II — 2
p
]
_ iz _
Fig. 9-22

V,—V,
L =1Iy=—_"0
Zy
so that Vo=Vi—1,Zy ()
: V() - Vi Vi
Since V,; ~ 0, IP:Z—PZIZ:7
Z
so that V,= 71) Vi+ Vi @)

If (/) and (2) are equated and rearranged, they result in

Vi Zy

Observe that if Zp = Zy, then the impedance Z appears to be converted to the negative of its value;
hence the name. See Problem 9.16 for another example.

9.16 (a) Describe a circuit arrangement that makes use of the NIC of Problem 9.15 and Fig. 9-22, with
only resistors and capacitors, to simulate a pure inductor. (b) If only four 10-k<2 resistors and a
0.01-uF capacitor are available for use in the circuit, determine the value of L that can be
simulated.

(a) Consider the circuit of Fig. 9-23. According to (3) of Problem 9.15,

Z R
Z/ :—NZ:——R:—R
N=Z, R
Zy R By
Iin=—""72Z=——(—R)=sR°C=5sL,
and IN Zp I/SC( ) S C S eq

(b) The value of L, is

L, = R*C = (10"%0.01 x 10°°) = 1H
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9.17

R
A
|
R
|
|
Zpy—*>

’ c
I
| ] R
| | +——W—
e
| |
[ I
| |
I I

R

R
Fig. 9-23

The logarithmic amplifier of Fig. 9-7 has two undesirable aspects: V7 and I, are temperature-
dependent, and In RI, may not be negligibly small. A circuit that can overcome these short-
comings is presented in Fig. 9-24. Show that if Q; and Q, are matched transistors, then v, is
truly proportional to Invg.

(%)

Fig. 9-24

In matched transistors, reverse saturation currents are equal. By KVL, with v; = 0,
V2 = Upg> — VBE] (7
Taking the logarithm of both sides of (9.15) leads to

I
vgp = Vrln i 2
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)

Now the use of (2) in (1), with I = I}, gives
1 I
£l = _VT In <l

I

UQIVTIH%—VTIHT 12
s s C

Thus, if Vy is several volts in magnitude,

According to (1), v, is the difference between two small voltages.

then v, € Vg, and
Ve=1v2 ~ Vr )

I~ [ =
2 E2 R, R,

©)

Also, since v; =~ 0,
Vs — U1 Vs
Iey I =—F—~+~
) Ry R,

Thus, by (9.7) along with (3) to (3),
Ry + Ry Ri+ Ry I ( R4>[ (Rl ):|
v, =——— 1, =V In—=-Vy|l14+—)|Invg—In{— V, 6
R 2 TR, Tes T S R, R ()
Also, R; can be

The selection of (R;/R,)V i = 1 forces the last term on the right-hand side of (6) to zero.
selected with a temperature sensitivity similar to that of V7, to offset changes in V. Further, it is simple to

select Ry/R; > 1, so that (6) becomes
R
Uy ~ — VT —4 In Vg

R;
Show that the output v, is

9.18 The circuit of Fig. 9-25 is an exponential or inverse log amplifier.
proportional to the inverse logarithm of the input v;.

1
R, R
ip
+ o+ <= -
vp .
v; + ;
[
Fig. 9-25

Since the input current to the op amp is negligible,

ip A ip = Ioe’”n/nVr
But since the inverting terminal is a virtual ground, v, = v;. Thus,

Ui

v, = —igR ~ —RILe"/"" = —RI,In"!
nVr

9.19 Having now at your disposal a logarithmic amplifier (Example 9.8 and Problem 9.17) and
an exponential (inverse log) amplifier (Problem 9.18), devise a circuit that will multiply two

numbers together.
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Logarithmic
amplifier AAA
2 —klog 7, R
C(log V| +log V) 2
+
Kl Summer Exponential
v, og Vy amplifier amplifier
L
Logarithmic
amplifier
Fig. 9-26

Since xy = &Y the circuit of Fig. 9-26 is a possible realization.

9.20 Two identical passive RC low-pass filter sections are to be connected in cascade so as to create a

9.21

double-pole filter with corner frequency at 1/ = 1/RC. (a) Will simple cascade connection of
these filters yield the desired transfer function T'(s) = (1/7)*/(s + 1/7)*? (b) If not, how may the
desired result be realized?

(a) With simple cascading, the overall transfer function would be

v, ., (1/7)
- =T = 2 2
7 s>+ 3(1/0)s + (1/7)

which has two distinct negative roots. The desired result is not obtained because the impedance
looking into the second stage is not infinite, and thus, the transfer function of the first stage is not
simply (1/7)/(s + 1/7).

(b) The desired result can be obtained by adding a unity follower (Fig. 9-13) between stages (see Problem
9.44), as illustrated in Fig. 9-27.

Fig. 9-27

(a) Find the transfer function for the circuit of Fig. 9-28.  (b) In control theory, there is a
compensation network whose transfer function is of the form (s+ 1/7)/(s + 1/1,); it is called
a lead-lag network if 1/7; < 1/7,, and a lag-lead network if 1/7, < 1/t;. Explain how the circuit
of Fig. 9-28 may be used as such a compensation network.
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(a) By extension of (9.5),
R,
V. Z, sRyCy + 1 Cis+1/7
T(s)=—2=_22—- 2722 = 1
© Vs Z R C, s+ 1/t (1)
SR]C] =+ 1

where T = RICI and T = RzCz.

(b) To obtain unity gain, set C; = C,. To obtain a positive transfer function, insert an inverter stage either
before or after the circuit. Then, the selection of R; > R, yields 1/7; < 1/1,, giving the lead-lag
network, and R; < R, results in 1/7, < 1/1, giving the lag-lead network.

R,
R R
R, A
@ @ RO
+ ﬁ_—
e
+ +
Vg € [ | v R T> + v
i 2 o
i oL ) i i
Fig. 9-28 Fig. 9-29

Show that the transfer function for the op amp circuit of Fig. 9-29 is v, /v; = 1.

Because the op amp draws negligible current, i, =0. Hence, v, =v;.  However, since v; ~ 0,
v & vy, = v; and
Vi — U

=" ~0

Also, by the method of node voltages,

Thus, v; = v, and so v,/v; = 1.

Use an op amp to design a noninverting voltage source (see Problem 9.9). Determine the
conditions under which regulation is maintained in your source.

Simply replace the inverting amplifier of Fig. 9-17 with the noninverting amplifier of Fig. 9-3. Since the
op amp draws negligible current, regulation is preserved if Vg and Ry are selected so that i, remains within
the regulation range of the Zener diode. Specifically, regulation is maintained if 0.1/, < Vg/Rg < I,.

For the noninverting amplifier of Fig. 9-3: (a«) Compare the expressions obtained for voltage
gain with common-mode rejection (Example 9.4) and without (in the ideal amplifier of Example
9.3), for Ap; — —oo. (b) Show that if CMRR is very large, then it need not be considered in
computing the gain.
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(a) Welet Ap; — —oo in (9.13), since that is implicit in Example 9.3:

lim A,= lim [ —Aov —Aor/CMRR ]
Aor—>—00 Aor>—00 | 1 = Ao Ri /(R + Ry) 1 = Ao R /(R + Ry)
R2 1 R')
=1 — 1 — 1
+R1+CMRR< +R1> D

Now we can compare (/) above with (9.7); the difference is the last term on the right-hand side of (/)
above.

(b)) Let CMRR — oo in (/) above to get

. R

lim A4,=1+22
CMRR— 00 Rl
App——o0

which is identical to the ideal case of Example 9.3.

9.25 The amplifier of Fig. 9-9 has been shown in Example 9.10 to be a signal-conditioning amplifier
with gain sensitive to the polarity of vg. Use SPICE methods to simulate this amplifier if
R, =10k and R, = R; =20kQ. Use the op amp model of Section 9.12. The ideal diode
can be realized by specifying the emission coefficient 7 = 1 x 107, Use the simulation results to
validate (9.27) and (9.22).

The netlist code that describes the circuit is as follows:

Prb9_25.CIR
vs 1 0 SIN( OV 0.5V 1000Hz )

R1 1 2 10kohm

R2 2 4 20kohm

D2 4 3 DMOD

R3 2 3 20kohm

X1 2 0 3 0O0OPAMP

.SUBCKT OPAMP 1 2 3 4
* Model 1Inv NInv Out Com

Rd 1 2 500kohm

E 54 (1,2) -le5

Ro 5 3 100ohm

.ENDS OPAMP

.MODEL DMOD D(n=1e-10) ; Ideal diode
.TRAN 1lus 2ms

.PROBE

.END

Execute (Prb9_25.CIR) and use the Probe feature of PSpice to yield Fig. 9-30 where it is seen that for vg > 0,
A, =-0.5/0.5=—1. By (9.21), the predicted gain is

4 RRs (20 x 10%)(20 x 10%) _
YT R(R 4Ry (10 x 103)(20 x 103 +20 x 10%)

Thus, (9.21) is validated.
From Fig. 9-30 for vg <0, 4, = —1/0.5=—=2. By (9.22), the expected gain is

Ry 20x10°

— EEp e h———
Rl 10)(103

AU =
Hence, (9.22) is also validated.

9.26 Add an inverting amplifier (see Fig. 9-2) to the output for the circuit of Fig. 9-28 to give a positive
transfer function.  Select the resistor values for this inverting amplifier to adjust the low-
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oo
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1
1
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1
1
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|

0.5 V4
:
]
1
1
1
1
i
-0.0 v
) t
] ]
] ]
1 ]
] 1
| t
1 1
] 1
1 1
1 ]
0.5 V- = e N | 100 Hz 100 KHz 10 MHz
0s 1.0 ms 2.0 ms a P(V(5) /V(1))
B V(1) ¢ V{(3) Frequency
Time
Fig. 9-30 Fig. 9-31

frequency voltage gain of the complete network to unity. Let C; = C, = 0.001 uF, R; = 500 k€2,
and R, =15kQ. Then from Problem 921, 1/7;, =1/R,C; =2x 10°rad/s > 1/1, =
1/R,C, = 66.7 krad/s, making the circuit a lag-lead network. Use SPICE methods to generate
the Bode plot of this circuit over the frequency range from 100 Hz to 10 MHz. The op amp model
of Section 9.12 is applicable.

Netlist code describing the circuit is shown below:

Prb9_26.CIR
vs 1 0 AC 1V

R1 1 2 5000hm
Cl 1 2 0.001uF
R2 2 3 15kohm
C2 2 3 0.001uF
X1 2 0 3 0 OPAMP

* Inverting amplifier to set

* dc gain tounity

R3 3 4 15kohm

R4 4 5 5000hm

X2 4 0 5 0 OPAMP

.SUBCKT OPAMP 1 2 3 4
* Model 1Inv NInv Out Com
Rd 1 2 500kohm

E 54 (1,2) -1leb

Ro 5 3 10ohm

.ENDS OPAMP

.AC DEC 250 100Hz 1OMegHz

.PROBE

.END

Execute (Prb9_26.CIR) and use the Probe feature of PSpice to generate the gain magnitude plot (Mdb) and
the phase plot (Phi) shown in Fig. 9-31. Notice that the phase angle plot begins to lag toward —90° at 0.1/1,
and then moves in a leading sense back to 0° at 10/7;. Thus, the lag-lead characteristic is exemplified.
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9.27

9.28

9.29

9.30

9.31

9.32

Supplementary Problems

For the noninverting amplifier of Fig. 9-3, (a) find an exact expression for the voltage-gain ratio, and
(b) evaluate it for R, = 1k, R, = 10kQ, R, = 1k, and Ay, = —10*. (¢) Compare your result in part b
with the value produced by the ideal expression (9.7).
R+ R, )
AorRy Aor
(¢) Ayigeat = 11, for a +0.21% difference

Ans. (a) A, = (b) 10.977,

1

In the first-order low-pass filter of Example 9.9, R = 10k, Ry = 1kQ, and C =0.1 uF. Find («a) the gain
for dc signals, (b) the break frequency f; at which the gain drops off by 3db, and (¢) the frequency f, at
which the gain has dropped to unity (called the unity-gain bandwidth).

Ans. (a) —10; (b) 159.2Hz; (c) 1583.6Hz

The noninverting amplifier circuit of Fig. 9-3 has an infinite input impedance if the basic op amp is ideal. If
the op amp is not ideal, but instead R; = 1 MQ and 4,; = —10%, find the input impedance. Let R, = 10kQ
and R; = 1kQ. Ans. 1TQ

Let Ry = R, = R; = 3Ry in the inverting summer amplifier of Fig. 9-4. What mathematical operation does
this circuit perform? Ans. Gives the negative of the instantaneous average value

An inverting summer (Fig. 9-4) has n inputs with Ry = R, = Ry =--- = R, = R.  Assume that the open-
loop basic op amp gain Ay is finite, but that the inverting-terminal input current is negligible. Derive a
relationship that shows how gain magnitude is reduced in the presence of multiple inputs.

4 v, Rr/R
ns. = = —
R __ nRg
(R+ DAor

For a single input vg;, the gain is 4;. For the same input vg, together with n — 1 zero inputs vy, = --- =
vg, = 0, the gain is 4,. But since Ap; <0, |4, < |4;| for n > 1

The basic op amp in Fig. 9-32 is ideal. Find v, and determine what mathematical operation is performed by
the amplifier circuit. Ans. v, = (14 Ry/R;)(vgy — vg1), a subtractor

R,
AN

Fig. 9-32
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9.33  Describe the transfer characteristic of the level-clamp circuit of Fig. 9-16(a) if diode Z, is shorted.
Ans. Let V,, =0 in Fig. 9-16(h)

9.34  Find the gain of the inverting amplifier of Fig. 9-33 if the op amp and diodes are ideal.
Ans. A, = —R,/R, for vg > 0; A, = —R3/R, for vg <0

R,
A4
R, D
V'V I‘ R,
Vg ’
DZ| R, >
R,
R, C =
ANV~ -
Vs
—
v, R,
LU
Fig. 9-33 Fig. 9-34

9.35 The op amp in the circuit of Fig. 9-34 is ideal. Find an expression for v, in terms of vy, and determine the
function of the circuit. Ans. v, = (2/R,C) [vgdt, a noninverting integrator

9.36  If the nonideal op amp of the circuit of Fig. 9-35 has an open-loop gain 4o, = —10%, find v,.
Ans. 0.9999E,

E,
il | I
L
e
U()
T n
Fig. 9-35

9.37 How can the square-wave generator of Problem 9.11 be used to make a triangular-wave generator?
Ans. Cascade the integrator of Fig. 9-6 to the output of the square-wave generator

9.38  Describe an op amp circuit that will simulate the equation 3v; + 2v, + v3 = v,.
Ans.  The summer of Fig. 9-4, with Rp/R|, =3, Rp/R, =2, and Rp/R; = 1, cascaded into the inverting
amplifier of Fig. 9-2, with Rp/R; =1

9.39  The circuit of Fig. 9-36 (called a gyrator) can be used to simulate an inductor in active RC filter design.
Assuming ideal op amps, find (a) the s-domain input impedance Z(s) and (b) the value of the inductance
that is simulated if C = 1nF, R} =2kQ, R, = 100k, and R; = Ry, = 10kQ.

Ans. (a) Z(s) = sR{R,R;C/Ry; (b) 200mH
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9.40

9.41

9.42

9.43

9.44

R,
VvV
@
— +
Z(s) 16
Ry
® ¢
C
R3
@ _
Fig. 9-36

For the double integrator circuit of Problem 9.14, if the output is connected to the input so that v; = v,, an
oscillator is formed. Show that this claim is so, and that the frequency of oscillation is f = 1/7RC Hz.
[Hint: Replace V,, with V; in (1) of Problem 9.14 to get an expression of the form V,f(s) = 0.]

In the logarithmic amplifier circuit of Fig. 9-7, v, must not exceed approximately 0.6 V, or else ip will not be
a good exponential function of vy,. Frequently, a second-stage inverting amplifier is added as shown in Fig.
9-7, so that v, is conveniently large. If the second-stage gain is selected to be A, = —Rp/R; = —1/V, then
its output becomes v, = Inv;. In the circuit of Fig. 9-7, vp is exponential for 0 <ip < 1mA, 0 <y, <10V,
and I, = 100pA. Size R, Ry, and R, so that v, is as given above.

Ans. R = 10mg; arbitrarily select R; = 1k, and then R, = 38.46kQ

In the logarithmic amplifier of Fig. 9-24, let vg =5V, Vx =10V, Ry = 1 kQ, R, = 10k, R; = 1k, and
R, =50kQ. The matched BJTs are operating at 25°C, with V7 = 0.026 V. Find (a) v, and (b) v, (see
Problem 9.17). Ans. (a) —41.8mV; (b)) —2.13V

Having at your disposal a logarithmic amplifier and an exponential amplifier, devise a circuit that will
produce the quotient of two numbers. (Hins: x/y = &™) Ans. See Fig. 9-37

Logarithmic amplifier

/

v, —k(In 77) R R,
— vVVAA- VWA
/ _ Vl
C(InV,—InV,) Vv,
+
v, —k(In V3)
-1 | Exponential amplifier
R <
R,
Logarithmic amplifier
Fig. 9-37

The unity follower of Fig. 9-13 is the noninverting amplifier of Fig. 9-3 if R; — oo and R, — 0. (a) Find
the output impedance R, of the noninverting amplifier of Fig. 9-3 subject to the approximation i; = 0.
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Model the op amp with the practical equivalent circuit of Fig. 9-1(a). (b) Let R{ — oo and R, — 0 in your
answer to part a, to find the output impedance of the unity follower.
Ans. (a) Roul = RO(RI + RZ)/[RU + RZ + Rl(l - A()L)]; (b) Roul ~ Ra/(l - AOL)

9.45  The circuit of Fig. 9-28 is to be used as a high-pass filter having a gain of 0.1 at low frequencies, unity gain at
high frequencies, and a gain of 0.707 at 1 krad/s. Arbitrarily select C; = C, = 0.1 uF, and size R; and R,.
Ans. R; =100k, R, = 10k

9.46  Find the transfer function for the circuit of Fig. 9-38, and explain the use of the circuit.
Ans.  T(s) =1/(sRC + 1), a low-pass filter with zero output impedance

Fig. 9-38 Fig. 9-39

9.47  For the circuit of Fig. 9-39, show that I, = —(1 + R;/R,)I;, so that the circuit is a true current amplifier.
(Note that /, is independent of R;.)

9.48 If the noninverting terminal of the op amp in Fig. 9-29 is grounded, find the transfer function v,/v;.
(Compare with Problem 9.22.) Ans. wv,/v; = —1

9.49  Devise a method for using the inverting op amp circuit of Fig. 9-2 as a current source.
Ans. Let Iz be the output current; then i = ij = vg/R; regardless of the value of Ry

9.50 A noninverting amplifier with gain 4, = 21 is desired. Based on ideal op amp theory, values of R; = 10k
and R, = 200k are selected for the circuit of Fig. 9-3. If the op amp is recognized as nonideal in that
Aoy, = —10* and CMRR;, = 40db, find the actual gain A, = v,/v,. Ans. A, =21.17

9.51 Use SPICE methods to simulate the differential amplifier of Fig. 9-12. Let R; = R = 10k<2 for a unity gain.
Use the op amp model of Section 9.12. Apply signals vg; = sin(200077) V and vg, = 2sin(20007¢) V to show
that the circuit is indeed a differential amplifier yielding v, = vg; — vg; = sin(20007rt) V. (Netlist code
available from author’s website.)

9.52  Use SPICE methods to simulate the circuit of Fig. 9-36 with values of Problem 9.39. Apply a 1-kHz
sinusoidal source and verify that the input impedance Z = 1256.7/90° = j27(1000)(0.200) €2; thus, the circuit
does, in fact, simulate a 200-mH inductor as predicted by Problem 9.39. (Netlist code available from author’s
website.)



CHAPTER 10

Switched Mode Power
Supplies

10.1. INTRODUCTION

A switched mode power supply (SMPS) is a dc—dc converter with an unregulated input dc voltage and
a regulated output voltage. The converter circuitry consists of arrangements of inductor, capacitors,
diodes, and transistors. The transistors are switched between the ON state (saturation) and the OFF
state (cutoff) at rates that typically range from 10kHz to 40kHz. Regulation of the output voltage is
realized by control of the percentage of time that the transistor is in the ON state. The SMPS efficiency
is significantly higher than that of the so-called linear power supplies that realize output voltage control
by active region operation of the transistors.

The material of this chapter will be limited to steady-state operation covering the common case of
continuous inductor current.

10.2. ANALYTICAL TECHNIQUES

Although numerous circuit topologies exist for SMPS, certain analysis techniques are universally
applicable. Clear understanding of the results significantly simplifies analysis of the various SMPS
arrangements. Notation adopted for analysis uses lowercase v and i for instantaneous values and upper
case V and I for average values (dc quantities).

Inductor Voltage and Current

Consider the current i flowing through the inductor L of Fig. 10-1(a). If v¢ changes insignificantly
over an interval of interest (good approximation of C is sufficiently large) so that v-(f) >~ V¢, then

di

’L)L(l): VB_ VC:LE (101)
Whence,
i(1) _ ot
J d,-:uj di
i(0) L 0
287
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i L
o0
oy, T
+ +
V= C ==V
(a)
i(t) i(?)
i(0)
Ve Ve %
i(0) 1 L 1
0 t 0 t
v, v (?)
VB - VC
0 t 0 t
— VC
(b) ()
Fig. 10-1
or
V=V,
i(t) = i(0) + % t (10.2)

From (70.1) and (10.2), it is seen that the inductor voltage is constant and that the inductor current is a
straight line segment as shown by Fig. 10-1(b).

Example 10.1. Let V3 =0 and inductor current i have a nonzero initial value for the circuit of Fig. 10-1(a).
Assume that v changes insignificantly over the interval of interest, and determine the nature of v; and i.
By KVL,
di

UL([):_VC:LE 0))

From (1), it follows that
i(0) V.
J di=—-5 J dv
i0) L )
or
Ve
Oy — i) — L€ 2
i(r) = i(0) 7 t 2
From (/) and (2) it is concluded that the inductor voltage is constant and that the inductor current is a straight line
segment, as shown by Fig. 10-1(c).
Average Inductor Voltage

Consider the case of an inductor L that carries a periodic current i;(¢), so that over a period T,
ir(0) = iz (Ty). The average value of inductor voltage is given by

1 (5 1 (% di; L (i) ]
VL = (’UL> = f JO vy dt = ?Y JO (L E)dt = ? [[L(O) dlL =0 (103)

S

As long as the inductor current i; is periodic, the average value of voltage across the inductor is zero.
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Average Capacitor Current

Consider the case of a capacitor C for which the capacitor voltage vc(¢) is periodic over Ty so that
vc(0) = ve(Ty). The average value of current through the capacitor is found as

1 (5 1 (5 dve C (e
I~-=1{ —_ ] - — —_—— = — = 10.
C (lc> TS _[0 lc dt TS JO <C dr >dl TS _[UC(O) dUC 0 ( 0 4)

As long as the capacitor voltage v is periodic, the average value of current through the capacitor is zero.

10.3. BUCK CONVERTER

The SMPS circuit of Fig. 10-2, known as a buck converter, produces an average value output voltage
Vs = {(v,) < V. The duty cycle D is defined as the ratio of the ON time of transistor Q to the switching
period Ty = 1/f, (switching frequency). When the ideal transistor Q is ON, vy = V. Conversely, when
Q is OFF, continuity of current through inductor L requires that diode D be in the forward conducting
state; thus, vp = 0 for the ideal diode. Thus, v is a rectangular pulse of duration DT, with period 7.

i i L
D= o QL L O
/ M lic 112
+ l + 1 +
V= @ vp AD C == vy Ry

Fig. 10-2 Buck converter

If capacitor C is large, reasonable approximations are that the time-varying component of i; flows
through C and that the voltage across the load resistor R; is constant. Since Q is switched periodically,
voltage v; and current i are periodic once initial transients die out.

As a consequence of the above approximations, v; and i; can be appropriately determined by (/0.1)
and (10.2), respectively, when Q is ON and by (/) and (2) of Example 10.1 when Q is OFF. Figure 10-3
displays the resulting waveforms for diode voltage vy, inductor current i;, inductor voltage v;, and
capacitor current ic. The positive volt-second area of v; must be equal in value to its negative volt-
second area so that (v;) = 0. As a result of (/0.4), current i must be the time-varying component of i; .

Based on (70.3) and the v; waveform of Fig. 10-3,

(Vi = Vo)DT; = V(1 — D)T;

Rearrangement gives the buck converter voltage gain as

_r_
41

The common case of continuous current #; exists only if L is sized sufficiently large. Let L = L., the

critical inductance that results in marginally continuous i;. For this case, I,,;, = 0 in Fig. 10-3. Since
ir(0) = 0, application of (10.2) yields

Gy D (10.5)

V-V
iL(f)Zszt 0<t< DT,
Evaluate for ¢t = DT, and use (10.5) to find
-V 1 —D)T,
lL(DT\) = Imax = b DT\ = u

L L

C c
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Up

DTy Ty (D+ DT 2Ty t

o Vl B VZ

—

LB ’
Ll

_V2

max

L1,
//\ b N
DT \/(D+ 1) Ty \/

= ~Inin)

~

Fig. 10-3 Buck converter waveform

For this triangular waveform, under the assumption that the ac component of i; flows through C and
the dc component of i; flows through R;,

1 V(1 — D)T,

L == 1. =
2 2 max ZLC

However, I, = V,/R; which can be equated to the above expression for /,. Rearrangement of the result
gives

_R(A-D)T; R, (1-D)
B 2 2

L, (10.6)

Example 10.2. A buck converter having a switching frequency of 25 kHz is to be operated with a duty cycle such
that 0.1 < D < 1. The load is described by R; = 5. Determine the value of critical inductance L = L. so that
current i; is continuous.

The critical inductance must be determined for the minimum value of duty cycle. By (10.6),
R,(1-D) (5(1-0.1)

L= — 2 — 90 uH
‘ 2, 205 %105 = 0#

10.4. BOOST CONVERTER

The boost converter SMPS circuit of Fig. 10-4 produces an average value output voltage
Vy = (vp) > V. When the ideal transistor Q is ON, vy =0. Conversely, when Q is OFF continuity
of current through inductor L requires that ideal diode D be in the forward conducting state. With
vp =0,v9 = V5. Thus, vy is a rectangular pulse with a delay of DT, and duration (1 — D)T.

If capacitor C is large, reasonable approximations are that the time-varying component of i, flows
through C and that the voltage across the load resistor R; is constant. Due to periodic switching of Q,
voltage v; and current i are periodic once initial transients die out.
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Wi @ o, D ©

O = —P
+ oy - liQ +up - l,‘c 112
+ + +
= BHe— vy C== v, R,
_ Q\‘— _
©

Fig. 10-4 Boost converter

As a consequence of the above approximations, v; and i; can be appropriately determined by (/0.1)
and (10.2) when Q is OFF and by (/) and (2) of Example 10.1 when Q is ON (replace Vo with —717).
Diode current i, must be equal to i; when Q is OFF. Since load current 7, is the average value of ip,
ic =ip—I,. Figure 10-5 displays the resulting waveforms for vy, iy, vy, ip, and ic.

Based on (/0.3) and the v; waveform of Fig. 10-5,

DTy = (V, = V) — D)T;

Yo &
Vl
DT Iy  (D+ DT 27 t
i =i
ImaX
/\ /\ / IS = IL
]min
f f f f ’
v
L Vl
= 1=
(B ’
i /1 - V2
P Tnax
Imin \ I
DT T, (D+1)Ty 27 t
ic
Lnax =1
\Ilmin_ L \
L L
A

Fig. 10-5 Boost converter waveform



292 SWITCHED MODE POWER SUPPLIES [CHAP. 10

Rearrangement finds the ideal boost converter voltage gain as

V 1
Gy = V=10 (10.7)
Unlike the buck converter, the boost converter gain is not a linear function of D. From (/0.7), the ideal
gain approaches infinity as D approaches 1. When parasitic resistances of the inductor and capacitor
are considered, the actual gain (G},) departs significantly from the ideal gain for values of D > 0.8. (See
Problem 10.11.)
The common case of continuous current i; exists only if the value of L > L, (critical inductance)
that results in marginally continuous conduction for i;.  For this case, I, =0 in Fig. 10-5 and
ir(0) = 0. By application of (10.2),

V
i(h=-'t 0<t<DT,

L.

Evaluate for t = DT, and use (/0.7) to find
V V(1 =D
(DT = ip(DT) = Iy =2 7, = 2072 7,
For the triangular i, waveform,
o1 (1-D)T, V.
L=\ip) =5 Inax ———— =5, D1 = DT,

N c

But I, = V,/R;, which can be equated to the above expression for I,. After rearrangement,

_ (1-D)’DT,R;, (1 -D)’DR;

L.
¢ 2 2f;

(10.8)

Example 10.3. A boost converter with a 20-kHz switching frequency is operating with a 50 percent duty cycle.
The connected load is 7. Determine the value of critical inductance so that current i; is continuous.
By (10.8),

;- DY’DR; (1 —0.5/°(0.5)(7)

¢ 2f. 2(20 x 10%)

=21.9uH

10.5. BUCK-BOOST CONVERTER

The SMPS circuit of Fig. 10-6 is a buck-boost converter. The value of output voltage for this
converter may either be less than or greater than the input voltage, depending on the value of duty cycle
D. Unlike the buck and boost converters, the buck-boost converter produces an output voltage with
polarity opposite to input voltage V;. The polarity of v, and the direction of I, in Fig. 10-6 are chosen
so that V, = (v,) > 0 and I, > 0.

¢ ¢

=~
1|
B
~
700
= +
9}
\|
A
+.5
=

Fig. 10-6 Buck-boost converter
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For a large value of capacitor C, reasonable approximations are that the time-varying component of
ip flows through C and that the voltage across R; is constant. For periodic switching of Q, voltage v;
and current ic are periodic after initial transients subside.

As a direct consequence of the preceding approximations, v; and i; can be appropriately determined
by (10.1) and (10.2) when Q is ON (let V- = 0) and by (/) and (2) of Example 10.1 when Q is OFF.
Since load current I, is the average value of ip, ic = ip — I,. Figure 10-7 shows sketches of the resulting
waveforms for vy, iy, ic, and ip.

vy

D+1) T

o3

21y t

b1,
TT
Ll
i e

NS N\

min
Il Il Il
T T T

Inax =1
\[min -5 \

712
I

<
T

DTy Ty D+ 1) T 2Ty t

In=1,

Fig. 10-7 Buck-boost converter waveforms

Based on (/0.3) and the v; waveform of Fig. 10-7,
VDT, = V(1 — D)T,
Rearrangement gives the ideal buck-boost converter voltage gain as

vV, D
Gy = 7, =1-D (10.9)

As with the boost converter, the buck-boost converter gain is not a linear function of duty cycle D.
Further, (10.9) shows that the ideal gain G approaches infinity as D approaches 1. When parasitic
resistances of the inductor and capacitor are considered, the actual gain (G,) departs significantly from
the ideal gain for values of D > 0.75. (See Problem 10.14.)

The common case of continuous current i; exists only if the value of L > L, (critical inductance)
that results in marginally continuous conduction for i;. For such case, I,;, =0 in Fig. 10-7 and
ir(0) = 0. By application of (10.2),

0<t=<DT,

V.
i) =
;

— 1
L
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Evaluate for t = DT, and use (10.9) to yield

vV
Inax = iy(DT,) = 7 DT, =
.

V- —
»(1-D) T,
L, ‘
For the triangular waveform of ip,

1 (0-DT, V,

b= \ip) =5 hnax ———— =5, (1= D)'T;
s c

But I, = V,/R; which can be equated to the above expression for /,. After rearrangement,

; _(U=DYTR, _(1-D)’Ry
¢ 2 2f,

(10.10)

Example 10.4. A buck-boost converter with a 30-kHz switching frequency is operating with D = 0.25. The
connected load is described by R; = 102. Find the value of critical inductance so that i; is continuous.
By (10.10),

_(1-DYR, _(1-0.25)(10)

L -
¢ 2f, 2(30 x 10%)

—93.75 uH

10.6. SPICE ANALYSIS OF SMPS

For simulation of near ideal (lossless) SMPS, the switch element Q can readily be modeled using the
PSpice voltage-controlled switch. The element specification statement for the voltage-controlled switch
has the form

S"'f’ll n, ¢ ¢ VCS

Any alpha-numeric combination suffix can follow S to uniquely specify the voltage-controlled switch.
The nodes are clarified by Fig. 10-8. A fast rise and fall time (5ns), 1-V pulse should be used for the
control voltage vgy,. Accepting the default ON state and OFF state control voltages of 1V and 0V,
respectively, results in duty cycle ON time approximately equal to the pulse duration. For minimum

Vcs

Fig. 10-8 Voltage-controlled switch



CHAP. 10]

SWITCHED MODE POWER SUPPLIES 295

conduction losses, the ON state resistance of the voltage-controlled switch should be specified in the

.MODEL statement by

.MODEL VCS VSWITCH (RON = 1¢-6)

Example 10.5. Use SPICE methods to model the buck converter of Fig. 10-2; let D =0.5, f; =25kHz,
L=100uH, C =50uF, and R; = 5. Generate the set of waveforms analogous to Fig. 10-3.

The netlist code follows, where the initial conditions on inductor current and capacitor voltage were determined
after running a large integer number of cycles to find the repetitive values.

V1
SW
VSW
L

D

C
RL

Ex10_5.CIR

* BUCK CONVERTER

* D=DUTY CYCLE, fs=SWITCHING FREQUENCY
.PARAM D=0.5 fs=25e3Hz

.MODEL DMOD D(N=0.01)
.MODEL VCS VSWITCH (RON=le-60hm)

0 DC 12V

4 2VCS

PULSE(OV 1V Os 5ns 5ns {D/fs} {1/fs})
100uH IC=0.6A

DMOD

50uF IC=6V

S5ohm

OO N WwN N

.TRAN 5us 0.2ms Os 100ns UIC
.PROBE
.END

Execute (Ex10_5.CIR) and use the Probe feature of PSpice to plot the waveforms of Fig. 10-9.

_10 B YRRy S 1
o V(2,3)

lOATrremmm s m e - (
i - ]
i . i

SEL>>! ic .

“1.0 A4---mmmmmm e Pommmmmm e [
0s 100 us 200 us
o I(C)

Time

Fig. 10-9
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Solved Problems

A lossless buck converter supplies an average power of 20 W to a load with a regulated 12-V
output while operating at a duty cycle of 0.8 with continuous inductor current. Find the average
values of (a) input voltage and (b) input current.

(@) By (10.5),

v, 12
=g =5g=15V

(b) Since the converter is lossless, output power is equal to input power; thus,
Vily = P, =Py,

or

P, 20
h=3r=15= 13334

A buck converter is connected to a 72 load. Inductor L = 50 uH and the switching frequency
fi=30kHz. Determine the smallest value of duty cycle possible if the inductor current is
continuous.

Solve (10.6) for D to find

AL _ | 260 10%)(50 x 107°)

D =Dy = 1= = ; = 0.4286

Assume the buck converter of Fig. 10-2 is lossless so that the input power (P;,) is equal to the
output power (P,). Derive an expression for the current gain G; = I, /1.

The input power and output power are found by use of (/.20).

1 T, 1 T

P,-,,:?SJO Viidt =1, fL iydt = VI, )
1 (5 1 (5

Po = ?v JO vziz dt = V212 i '[0 dt = V212 (2)

Constant values for v, and i, were assumed in (2). Equate (/) and (2). Rearrange the result and use (/0.5)
to find

I V 1
==Fi=p
1 2

A buck converter is fed from a 12-V dc source. It supplies a regulated 5V to a connected 5Q
load. The inductor current is continuous. Determine (a) the duty cycle and (b) the output
power.

(a) Based on (10.5),

v, 5
== =041
v, ~12 - 04167

(b) By (1.23),
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10.5

10.6

10.7

Sketch the source current i; and the diode current ip for the buck converter of Fig. 10-2 with
continuous inductor current.

When Q is ON, i; =i, and ip =0. If Q is OFF, ii =0 and ip =i;. From these observations, the
current i; and ip can be sketched based on Fig. 10-3. The results are shown in Fig. 10-10.

iy
Imax
Imin /
0
DTy Tg  (D+1) Ty 27 t
i
L Imax
1 min
0
DTy Iy D+ 1T 2T t
Fig. 10-10

Determine a set of equations that describe the instantaneous inductor current i;(¢) over a period
T, for the buck converter.

Refer to i; and vy of Fig. 10-3. For 0 <t < DTy, application of (10.2) gives

Vi—V

iL(t) = Iyin + L

t (1)

For DT, < t < T,, create a t'-coordinate frame with origin at t = DT, so that t' = t — DT,. In the ¢’ frame,
application of (2) from Example 10.1 yields
V2 ’ V2

l.L(t/) = Inax — T 1= lnax — T (t - DTS) (2)
To complete the work, expressions for 7,,,,, and I,;, must be found. Evaluate (/) for t = DT to find

Vl—Vz
L

lL(DT&) = Imax = Iyin + DT? (3)

Since (i;) = I; = I, and since the i; waveform of Fig. 10-3 is made up of straight line segments,

1, ax+Imin _ﬁ

L == = 4
p = i 22 @
Simultaneous solution of (3) and (4) result in
V, (Vi=V)D
[ o=—2yg 1 727
AT )
V, (Vi —Va)D
Joo—_2 V17 7Y%
min RL 2/;L (6)

where f; = 1/T.

Find the maximum and minimum values of the inductor current for the buck converter of
Problem 10.2 if the duty cycle D = 0.6 and V| =24 V.

Since D = 0.6 > D,;, = 0.4286, continuous inductor current is assured. Also, by (10.5),

Vy =DV, = 0.6(24) = 144V
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By (5) and (6) of Problem 10.6,
Vo (Vi —V)D 144 (24 — 14.4)(0.6)

Imax = Y :3977A
Ry 2f,L 7+ 2(30 x 10%)(50 x 107°)
V, (V,—V)D 14.4 (24 — 14.4)(0.6)
hnin ===~ =7~ =0.137A
"R, 2L 7 2(30 x 10°)(50 x 10-9)

For work to this point, the output voltage of the buck converter has been assumed constant
(v, >~ V) for sufficiently large values of C; however, since i is a time-varying quantity, v, does
display a small peak-to-peak ripple Av,. Use the change in capacitor charge (Q.), under the
assumption that the time-varying component of i; flows through C, to calculate the voltage ripple
Awv, for the case of continuous inductor current.

Since v, = Q¢/C, the total increment in v, is
Avy = AQc/C (7
The total increment in charge Q. is given by the half-period duration amp-second, triangle-shaped area of i
above I, = I; in Fig. 10-3.
1 T
AQc = E(Imax - 12) 7 (2)

Use I, = V,/R; and (5) of Problem 10.6 in (2) and substitute the result into (/) to yield the peak-to-peak
ripple voltage.

1 /1\ (V, - V,))D T,
AMNy=—[-) — =~ > 3
= (2) 2L 2 )
From (10.5), V; = V,/D. Substitute into (3), use T, = 1/f;, and rearrange to find
d-D)r,
Avy=~—22 4
U SfVZLC ( )

For the buck converter of Example 10.5, (a) calculate the percent voltage ripple by (4) of
Problem 10.8 and (b) formulate a SPICE simulation to numerically determine the percentage

ripple.
(a) By (4) of Problem 10.8 with the values of Example 10.5 and using (/0.5),

Av, (1-D) (1-10.5)
=2 100% = = - —
Vy  8f2LC 8(25 x 10%)%(100 x 10-6)(50 x 10-9)

100% = 2%

(b) Execute (Ex10_5.CIR) and use the Probe feature of PSpice to plot v, = V(3) with marked values shown
in Fig. 10-11. Then,

6.064 + 5.943
. +

)~ 5 = 6.0035
Av, = 6.064 — 5.943 = 0.121
Av,  0.121

2= 2 100% =2.019
V, ~ 6.0035 00% =2.01%

The error in the two methods is much less than 1 percent.

10.10 A boost converter with continuous inductor current is fed from a 12-V source with a 60 percent

duty cycle while supplying a power of 60 W to the connected load. Determine (a) the output
voltage, (b) the load resistance, and (c) the load current.



CHAP. 10] SWITCHED MODE POWER SUPPLIES

10.11

1
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i 1
1 1
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1 1
' 1
t 1
1 1
t 1
] 1
] i
] 1
1 ]
1 1
1 ]
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] i
1 ]
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0 s 100 us 200 us
a v(3)
Time
Fig. 10-11
(a) By (10.7),
14 12
V = = —= V
2=7-p " T06 0
(b) Based on (1.23),
Vi (30)
R, =-2= =15Q
=P, 7 60
(¢) By Ohm’s law,
v, 30
L=, "5
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Let R, be the inherent resistance of the inductor L for the boost converter of Fig. 10-4 and derive
an expression for the actual voltage gain (G = V,/V,) that is valid for continuous inductor
current. Treat V/, as constant in value. Assume that i; can be described by straight line segments.

Figure 10-12(a) represents the circuit of Fig. 10-4 with Q ON and D OFF from which KVL gives

diL

L—+Ri, =V, 0<t<DT;
dt ’ ’
i, R, L I ii R, L L
—_— —_— —_— —_—

+
+

0<<DT, DTg<(<T,
(@) (b)

Fig. 10-12

()
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The equivalent circuit of Fig. 10-12(b) is valid for Q OFF and D ON, yielding

.
LZL4RI =V =V, DT =i=T, @

Integrate both (/) and (2) over their time regions of validity to give

i, (DT,) DT, DT,
L [ di; + R, [ dt =V, [ dt 3
Ji 0 Jo Jo
i (T) T, T, T,
L[ di; + R, [ dt =V, [ dt—V, [ dt 4)
Jiy(oTy) Jpr, Jpr, Jpr,
Add (3) and (4) and divide by T to find
L J’iL(T\) ) 1 (5 ) v, DT V, Ty
— di +R“_J i dt:—J dt——J dt ®)]
T\' ir(0) L T,s' 0 L Ts 0 T\' DT

If i; is periodic, i;(0) = iz (7). Hence, the first term of (5) has a value of zero. The second term is
R.(i;) = R.I;. Thus, (5) can be written as

R =V, —=(1=-D), (©)

From the waveform sketch of Fig. 10-5,

1 (5
1:_J iy dr
g Ts DT\L

Since i; is described by straight line segments, it follows that
IZTS = 1L(1 - D)T\

or

L Vs
IL_]—D_RL(I—D) @)
Substitute (7) into (6) and rearrange to yield
V- 1 —-D)R
G/ _r2_ ( ) L (8)

TV T R+ R, (1-D)

Use SPICE methods to model the boost converter of Fig. 10-4 with f, = 20kHz, D = 0.25,
L=50uH, C =100uF, and R; =7.5Q. From the model, generate a set of waveforms analo-
gous to Fig. 10-5.

The netlist code is shown below where the initial conditions on inductor current and capacitor voltage
were determined after running a large integer number of cycles to find the repetitive values.
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Prbl10_12.CIR

* BOOST CONVERTER

* D=DUTY CYCLE, £s=SWITCHING FREQUENCY
.PARAM D=0.25 £s=20e3Hz

vVl 1 0 DC 15V

SW 2 0 4 0 VCSs

VSW 4 0 PULSE(OV 1V Os 5ns 5ns {D/fs} {1/fs})
L 1 2 50uH IC=1.657A

D 2 3 DMOD

¢ 3 0 100uF IC=20.05V

RL 3 0 7.50hm

.MODEL DMOD D(N=0.01)

.MODEL VCS VSWITCH (RON=1le-60hm)
.TRAN lus 0.25ms Os 100ns UIC
.PROBE

.END

Execute (Prb10_12.CIR) and use the Probe feature of PSpice to plot the waveforms shown in Fig. 10-13.
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10.13 A lossless buck-boost converter with continuous inductor current supplies a 102 load with a
regulated output voltage of 15V. The input voltage is 12V. Determine the value of (@) duty
cycle, (b) input power, and (c¢) average value of input current.

(a) Solve (10.9) for D to find

Vs, 15
D= = = 0.5555
Vi+V, 12415
(b) Based on (/.23) for this lossless converter,
2 2
P,=P,= L6 = 1s) =225W

R, 10
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(¢) The average value of input current follows as

P, 22.5
=_m_Z7" _ 1. A
11 l 2 1.875

10.14 If R, is the inherent resistance of the inductor L for the buck-boost converter of Fig. 10-6, derive

an expression for the actual voltage gain (G = V,/V)) that is valid for continuous inductor
current. Assume that i; is described by straight line segments.

The circuit of Fig. 10-14(a) represents the circuit of Fig. 10-6 with Q ON and D OFF. By KVL,

p
L%um: Vi  0<t<DT, (1)
i

B N N _
vy R, 7 C== v ;RL
+ - +

L

Fig. 10-14

The circuit of Fig. 10-14(b) is valid for Q OFF and D ON. Whence,

LU Ry = DTzi=T, &)
In similar manner to the procedure of Problem 10.11, integrate (/) and (2), add the results, and divide by 7
to find
L JiL(T\-) 1 (5 v, DT 1 (5
- di +Rx—J i dt:—J dt——J v, dt ()]
Tx ir(0) L Ts 0 ‘ Ts 0 Tx DT,

For a periodic i, the first term of (3) must be zero. Recognize the average values of i; and v,, respectively,
in the second term on each side of the equation to give

R, =DV, —(1-D)V; 4
From Fig. 10-14,

dU2 (%}
— = —— <t < DT,
dt Ry 0=1=DT, ©)
dUz . (%)
— =i —— DT, <t<T, 6
dt 3 RL s =t =4y ( )

Integrate, add, and divide by T for (5) and (6).
c (v 1 (5 11 (%
— dvy, = — i dt — — — dt 7
T\' J’uz(()) ” Ts J.DT\. - R Ts‘ JO ” ( )

The first term of (7) must be zero for periodic v,. Owing to the straight-line segment description of i;, the
first term on the right-hand side of (7) can be written as (1 — D)I;. Recognize the average value of v, in the
last term. Thus, (7) becomes

V-
0:(1—D)IL—R—E ©®
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Solve (8) for I;, substitute the result into (4), and rearrange to yield

v D(1 — D)R
Gy=Lao _PUZDR, )2’— ©9)
it Re+(1-D)R,

10.15 By SPICE methods, model the buck-boost converter of Fig. 10-6 with f; = 30kHz, D = 0.4,
L=70uH,C=100uF, and R;, = 10Q2. Use the model to generate a set of waveforms analo-
gous to Fig. 10-7.

The netlist code is shown below where the initial conditions on inductor current and capacitor voltage
were determined after running a large integer number of cycles to find the repetitive values.

Prb10_15.CIR

* BUCK-BOOST CONVERTER

* D=DUTY CYCLE, £s=SWITCHING FREQUENCY
.PARAM D=0.4 £s=30e3Hz

vl 1 0 DC 15V

SW 12 4 2 VCs

VSW 4 2 PULSE(OV 1V Os 5ns 5ns {D/fs} {1/fs})
L 2 0 70uH IC=0.229A

D 3 2 DMOD

C 0 3 100uF IC=10.02V

RL 0 3 10ohm

.MODEL DMOD D(N=0.01)

.MODEL VCS VSWITCH(RON=1le-60hm)
.TRAN lus 0.166667ms Os 100ns UIC
.PROBE

.END

Execute (Prb10_15.CIR) and use the Probe feature of PSpice to plot the waveforms of Fig. 10-15.

Time

Fig. 10-15
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10.19

10.20

10.21

10.22

10.23

10.24

10.25

10.26

10.27
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Supplementary Problems

Determine the smallest value of inductance that could have been used for the buck converter of Example
10.5 and the inductor current remain continuous. Ans. L=L,=50uH

Find the values of I,,,,, and I,;, for the buck converter of Example 10.5 if the value of L = L. = 50 uH, as
determined in Problem 10.16. Ans.  Tpa =24 A5 [, =0

Use the procedure of Problem 10.3 to find an expression for the current gain G; = I,/I; for the ideal boost
converter of Fig. 10-4. Ans. Gy=1-D

Use Problem 10.6 as a guideline to derive expressions for /I, and I;, shown on the boost converter
waveforms of Fig. 10-5.

V, ViD V, VD

Ans. [,.c=—"—+—"- .o = 7
me dm =G TR Torpt min = (T2 D)R, T 2fL

The actual gain G} for the boost converter with inherent inductor resistance was determined in Problem
10.11.  Determine the duty cycle D = D, for which G} has a maximum value.

Ans. D, =1- JR.JR,

Find an expression for the peak-to-peak ripple voltage of a boost converter.
Ans. AUZ = DVz/(fYRLC)

Execute (Prb10_12.CIR) of Problem 10.12 and plot v, = V(3). From the plot, determine the peak-to-peak
ripple voltage Av,. Ans. Av, ~0.383V

Determine the smallest value of inductance that could have been used for the buck-boost converter of
Problem 10.15 and the inductor current remain continuous. Ans. L=1L,=24uH

The actual gain G}, for the buck-boost converter with inherent inductor resistance was determined in
Problem 10.14. Determine the duty cycle D = D, for which G}, has a maximum value.

R, R RN\1?
Ans. D, =(1+=) — [ (1+2
e ( +RL) [RL( +RL>]

Use the procedure of Problem 10.3 to find an expression for the current gain G; = I,/I; for the ideal buck-
boost converter of Fig. 10-6. Ans. G;=(1-D)/D

Show that the expressions for /., and /.,;, shown on the buck-boost converter waveforms of Fig. 10-7 are
identical to those determined for the boost converter in Problem 10.19.

Execute (Prb10_15.CIR) of Problem 10.15 and plot v, = —V(3). From the plot, determine peak-to-peak
ripple voltage Av,. Ans. Avy, ~0.153V



AC load lines, 82
Active elements, 2

Average value of sinusoidal function, 13-15

Active mode of transistor operation, 77 B cutoff frequency, 249
Adjustable-output voltage regulator, 272 Band-pass filter, 226
Ampl?ﬁcation factor, 116, 208, 219 Base-emitter-junction resistance, 233
Amplifiers: Base ohmic resistance, 232

buffer, 269 Battery source, 2

common-base (CB), 170-171
common-collector (CC), 99, 165, 171-172
common-drain (CD), 200, 202
common-emitter (CE), 168-170
common-gate (CG), 200, 203
common-grid, 224

common-source (CS), 200, 201-202
difference, 195

differential, 268

differentiating, 262
emitter-follower (EF), 99, 165
exponential, 278

Bias:
B-independent, 79
in bipolar junction transistors, 78-81
cathode, 132
considerations in transistors, 136-143
constant-base-current, 136-137
constant-emitter-current, 137-138
drain-feedback, 114
in MOSFET, 114
Q-point-bounded, 140-141
shunt feedback, 138
in triode, 115-117

fixed, 156 voltage divider, 107
frequency effects (see Frequency effects in Bias line:
amplifiers) drain feedback, 114

integrating, 262-263

inverse log, 278

inverting, 259-260

logarithmic, 263

noninverting, 260

source-follower (SF), 200, 202

summer, 261-262

triode, 205-207

unity follower, 269

(See also Small-signal midfrequency BJT amplifiers;
Small-signal midfrequency FET amplifiers;
Operational amplifiers)

of JFET, 107-108
of triode grid, 116, 132

Bipolar junction transistors (BJT), 70-102
ac load lines in, 82
amplifiers, small-signal midfrequency, 163-174
B uncertainty in, 136-138
bias and, 78-81
capacitors in, 82
common-base (CB) connection, 71
common-base terminal characteristics of, 71
common-emitter (CE) connection, 71
common-emitter terminal characteristics of, 71-72

Amplitude ratio, 227 constant-base-current bias in, 136-137
Anode, 30, 115 constant-emitter-current bias in, 137-138
Avalanche breakdown, 32 construction of, 70-71
Average power, 14 current relationships in, 77-78
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Bipolar junction transistors (BJT) (continued)
dc load lines in, 78-81
high-frequency hybrid-7 model for, 232-234
nonlinear-element stabilization of, 139-140
shunt-feedback bias in, 138
SPICE model for, 72-76
stability-factor analysis in, 139
symbols for, 70
temperature effects in, 136-138

Bode plot, 227-229
asymptotic, 229

Boost converter, 290-292

Break frequency, 228

Buck converter, 289-290

Buck-boost converter, 292-294

Buffer amplifier, 269

Bypass capacitors, 82, 229-231

Capacitance, 1

depletion, 33

diffusion, 33

Miller, 235-236
Capacitor current, 289
Capacitors:

in amplifiers, 229-232

in bipolar junction transistors, 82

bypass, 82, 229-231

coupling, 82, 229, 231-232
Cathode, 30, 115
Cathode bias, 132
Cathode follower, 224
Circuit analysis, 1-15

elements, 1-2

laws, 3

network theorems in, 4-8

SPICE elements in, 2-3

steady-state, 4
Clamping, 44
Clipping circuits, 44
Collector characteristics:

of common-base (CB) connection, 71

of common-emitter (CE) connection, 72
Common-base (CB) amplifier, 170-171
Common-base (CB) connection, 164-165
Common-base (CB) transistor, 71
Common-collector (CC) amplifier, 99, 165, 171-172
Common diode, 30
Common-drain (CD) amplifier, 200, 202
Common-emitter (CE) amplifier, 168170
Common-emitter (CE) transistor, 71-72
Common-emitter (CE) hybrid parameter, 164
Common-emitter (CE) transistor connection, 163—164
Common-gate (CG) amplifier, 200, 203
Common-grid amplifier, 224
Common-mode gain, 260
Common-mode rejection, 268
Common-mode rejection ratio, 260-261

Common-source (CS) amplifier, 200, 201-202
Common-source (CS) JFET, 103
Conductance, 1
Constant-base-current bias, 136—137
Constant-emitter-current bias, 137-138
Constants of proportionality for dc currents, 77
Control grid, 115
Controlled current source, 2
Controlled voltage source, 2
Converters:

boost, 290-292

buck, 289-290

buck-boost, 292-294
Corner frequency, 228
Coupling capacitors, 82, 229, 231-232
Critical inductance, 289
Current:

amplification, 168

Kirchhoff’s law of, 3

sources, 2
Current-gain ratio, 227
Cutoff, 77

high-frequency point, 232

low-frequency point, 229

DC load line:

in bipolar junction transistors, 78-81

in diodes, 38

in JFETs, 107-109

in vacuum triode amplifiers, 117
DC steady state, 4
DC voltage source, 2
Darlington transistor pair, 92
Default transistor model, 73, 74
Dependent current source, 2
Dependent voltage source, 2
Depletion capacitance, 33
Depletion-enhancement-mode MOSFET, 128
Depletion-mode MOSFET, 111
Difference amplifier, 195
Differential amplifier, 268
Differentiating amplifier, 262
Diffusion capacitance, 33
Diodes, 30-69

definition of, 30

ideal, 30-31

light-emitting (LED), 66

rectifier, 30

reference, 46

varactor, 69

Zener, 46-48

(See also Semiconductor diodes)
Drain characteristics:

of JFET, 103

of MOSFET, 111
Drain-feedback bias, 114
Driving-point impedance, 5



Dynamic load line, 36
Dynamic resistance of diode, 38

Effective value, 14
Element:
active, 2
circuit, 1-2
passive, 1
SPICE, 2-3
Element specification statement, 3
Emitter-follower (EF) amplifier, 99, 165
Enhancement-mode operation, 111
Equivalent circuits:
for BJT, small signal, 163, 164
for FET, small signal, 200-201
hybrid-n, 233
for semiconductor diodes, 38-40
tee, 166-167
Exponential amplifier, 278

Feedback resistor, 259
Field-effect transistors (FET), 103-117
amplifiers, small-signal midfrequency, 200-205
high-frequency model for, 234-235
insulated-gate (IGFET), 110
junction (see Junction field-effect transistor)
metal-oxide-semiconductor (see Metal-oxide-
semiconductor field-effect transistor)
Q-point-bounded bias for, 140-141
SPICE model of, 105-107, 111-114
Filter(s):
application in operational amplifiers, 264
band-pass, 226
high-pass, 229-230
in semiconductor diodes, 42
low-pass, 264
Filtering, waveform, 4244
Fixed bias, 156
Forward-biased diode, 30
Forward current, 30
Forward current gain:
in common-base (CB) connection, 165
in common-collector (CC) connection, 182
in common-emitter (CE) connection, 164
Frequency:
B cutoff, 249
break or corner, 228
response, 227
transfer function, 227
Frequency effects in amplifiers, 226-238
Bode plots, 227-229
of bypass and coupling capacitors, 229-232
high-frequency FET models, 234-235
high-frequency hybrid-7 BJT model, 232-234
Miller capacitance, 235-236
response, 227-229
response using SPICE, 236-238

INDEX

Frequency modulation transmitter, 69
Full-wave rectifier, 40

Gain ratio, 227
Generic transistor model, 73, 75
Graphical circuit analysis:

of JFET, 110

of semiconductor diodes, 35-38
Grid bias line of triode amplifier, 116, 132
Grid characteristics of vacuum triodes, 115-116
Grids in vacuum tubes (triodes), 115, 116
Gyrator, 284

h (or hybrid) parameters, 8
Half-cycle average value, 14
Half-wave rectifier, 40
High-frequency region, 232
High-pass filter, 229-230
Hybrid (or /) parameter(s), 8
CE, 164
models in BJT amplifiers, 163-166
Hybrid-7 BJT model, high-frequency, 232-235

Ideal current source, 2
Ideal diode, 30-31
Ideal voltage source, 2
Impedance(s):
driving-point, 5
match or change, 168
reflection rule, FET amplifier, 210
Inductance, 1
critical, 289
Inductor current, 287-288
Inductor voltage, 287-288
Input characteristics:
of common-base (CB) connection, 71
of common-emitter (CE) connection, 72
of vacuum triodes, 116
Input resistance:
in common-base (CB) connection, 165
in common-collector (CC) connection, 182
in common-emitter (CE) connection, 164
Instantaneous power, 14
Instantaneous values, 13-15
Integrating amplifier, 262-263
Inverse log amplifier, 278
Inverse mode of transistor operation, 77
Inverting adder, 261
Inverting amplifier, 259-260, 261
Inverting differentiator, 262
Inverting input operational amplifier, 258
Inverting integrator, 262
Inverting summer amplifier (adder), 261

Junction field-effect transistor (JFET), 103-110
bias line of, 107-109
bipolar junction transistor compared with, 104
in common-source (CS) connection, 103
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Junction field-effect transistor (JFET) (continued)

construction of, 103

graphical analysis for, 110

load line of, 107-109

n-channel and p-channel, 103
shorted-gate parameters of, 104
SPICE model of, 105-107

symbols for, 103-104

terminal characteristics of, 103—105

Kirchhoff’s current law, 3
Kirchhoff’s voltage law, 3

Lag network, 228
Law(s):

circuit, 3

Kirchhoff’s current and voltage, 3

Ohm’s, 1
Lead network, 228
Level clamp, 271
Level-discriminator circuit, 68
Light-emitting diode (LED), 66
Limiter circuit, 272
Linear controlled source, 2
Linear mode of transistor operation, 77
Linear network, 4
Load line:

ac, 82

dc, 38, 117

diode, 35-38

dynamic, 36

JFET, 107-109

MOSFET, 114-115
Logarithmic amplifier, 263
Low-frequency region, 229
Luminous intensity, 66

Maximum symmetrical swing, 87, 95

Metal-oxide-semiconductor field-effect transistor

(MOSFET), 103, 110-115

bias of, 114

construction of, 110

depletion-mode operation of, 114, 128

enhancement-mode operation of, 114, 128

insulated-gate, 110

load line of, 114-115

SPICE model of, 111-114

symbols for, 110

terminal characteristics of, 110-111
Midfrequency BJT amplifiers, 163—174
Midfrequency range, 163
Miller capacitance, 235-236

n-channel transistor, 103
Negative-impedance converter (NIC), 276
Network(s):

lag, 228

lead, 228

INDEX

Network(s) (continued)

linear, 4

theorems, 4-6

two-port, 8-13
Network phase angle, 227
Noninverting amplifier, 260
Noninverting input operational amplifier, 258
Nonlinear-element stabilization, 139-140
Norton’s theorem, 6

Ohm’s law, 1
Open-circuit impedance (or z) parameters, 8
Operational amplifiers, 258-267
common-mode rejection ratio in, 260-261
definition of, 258
differential, 268
differentiating, 262
exponential, 278
filter applications in, 264
function generators in, 264-265
ideal, 258-259
integrating, 262-263
inverse log, 278
inverting, 259-260
logarithmic, 263
noninverting, 260
practical, 258-259
signal conditioners in, 264-265
SPICE model of, 265-267
summer, 261-262
unity follower, 269
Output admittance:
in common-base (CB) connection, 165
in common-collector (CC) connection, 182
in common-emitter (CE) connection, 164
Output characteristic:
of common-base (CB) connection, 71
of common-emitter (CE) connection, 72
of JFET, 103
of vacuum triodes, 116

p-channel transistor, 103
Parameter(s):
hybrid (or /), 8
open-circuit impedance (or z), 8
variation analysis of, 141-143
Parameter conversion, 167-168
Passive elements, 1
Passive sign convention, 26
Perveance, 116
Phase shift of signals, 168
Phase-splitter circuit, 222
Piecewise-linear techniques, 38
Pinchoft, 103
Pinchoff voltage, 104
Plate characteristic of vacuum triode, 116
Plate resistance, 207



Port, 5

Power amplification, 168

Power supplies (see Switched mode power supplies)
Power transfer ability, 168

Q-point (see Quiescent point)
Quiescent point (Q-point):
of bipolar junction transistors, 78
bounded bias, 140-141
of diodes, 38

r-parameter model, 166—-167
Rectifier circuits, 40-42
full-wave, 40
half-wave, 40
Rectifier diode, 30
Reference diode, 46
Resistance, 1
base-emitter-junction, 233
dynamic, 38
Reverse-biased diode, 30
Reverse current, 30
Reverse voltage ratio:
in common-base (CB) connection, 165
in common-collector (CC) connection, 182
in common-emitter (CE) connection, 164
Ripple factor, 42
Root-mean-square (rms) values, 13-15

Saturation, 77
Saturation voltage, 259
Self-bias, 118
Semiconductor diodes, 30—69
clipping and clamping operations of, 44-46
dynamic resistance of, 38
equivalent-circuit analysis of, 38—40
graphical analysis of, 35-38
ideal, 30-31
in rectifier circuits, 4042
SPICE model of, 33-35
terminal characteristics of, 32-33
waveform filtering and, 42-44
Zener, 4648
(See also Diodes)
Sensitive variable, 141
Sensitivity analysis, 139, 141-143
Shorted gate parameters, 104
Shunt-feedback bias, 138
Sinusoidal steady-state, 4
Small-signal equivalent-circuit models, 163
Small-signal midfrequency BJT amplifiers, 163-174
common-base (CB) analysis, 164-165, 170-171
common-base (CB) transistor connections in,
164-165
common-collector (CC) analysis, 165, 171-172
common-emitter (CE) analysis, 163—-164, 168—170
common-emitter (CE) transistor connections in,
163-164

INDEX
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Small-signal midfrequency BJT amplifiers (continued)
hybrid-parameter models of, 163166
measures of goodness, 168
parameter conversion in, 167-168
SPICE analysis of, 172-174
tee-equivalent circuits in, 166167

Small-signal midfrequency FET amplifiers, 200-205
common-drain (CD) analysis, 200, 202
common-gate (CG) analysis, 200, 203
common-source (CS) analysis, 200, 201-202
equivalent circuits in, 200-201
rules of impedance and voltage reflection for, 210
SPICE gain calculations of, 203-205

Small-signal techniques, 38

Source bias, 133

Source-drain resistance, 201

Source-follower amplifier, 200, 202

SPICE elements, 2-3

SPICE model:
of BJT, 72-76
of diode, 33-35
FET amplifier gain calculation with, 203-205
frequency response in amplifiers using, 236-238
of JFET, 105-107
of MOSFET, 111-114
of op amps, 265-267
parameter variation analysis with, 141-143
of small-signal midfrequency BJT amplifiers,

172-174
of switched mode power supplies, 294-295

Stability factor analysis, 139

Stable system, 227

Steady state, 4
dc, 4
sinusoidal, 4

Steady-state circuits, 4

Substrate, 110

Subtractor amplifier, 268

Summer amplifier, 261-262

Superposition theorem, 4

Switched mode power supplies, 287-295
analytical techniques of, 287-289
boost converters in, 290-292
buck converters in, 289-290
buck-boost converters in, 292-294
definition of, 287
SPICE analysis of, 294-295

Switching period (frequency), 289

Tee-equivalent circuit, 166-167
Theorem(s):

network, 4-6

Norton’s, 6

superposition, 4

Thévenin’s, 5
Thévenin’s theorem, 5
Threshold voltage, 110
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Transconductance, 201, 207
Transfer bias line, 108
Transfer characteristic:
of common-base (CB) connection, 71
of common-emitter (CE) connection, 72
of JFET, 105
of MOSFET, 111
in semiconductor diode, 44
Transfer function(s), 227
current-gain ratio, 227
frequency, 227
voltage-gain ratio, 227
Transfer graph, 44
Transistor models, 73-75
Transistors:
bias considerations in, 136143
operating modes of, 77
unipolar, 103
(See also Bipolar junction transistors; Field-effect
transistors)
Triode amplifiers, 205-207
Triodes, vacuum, 115-117
bias of, 115-116
construction of, 115
symbols for, 115
terminal characteristics of, 115
Tubes, vacuum, 115
Two-port network, 8—13

INDEX

Unipolar transistor, 103
Unity follower amplifier, 171, 269
Unity-gain bandwidth, 283

Vacuum triodes (see Triodes, vacuum)
Vacuum tubes, 115
Varactor diode, 69
Virtual ground, 268
Voltage:
Kirchhoff’s law of, 3
reflection rule, FET amplifier, 210
saturation, 259
(See also entries beginning with the term Voltage)
Voltage amplification, 168
Voltage divider, 107
Voltage-gain ratio, 227
Voltage regulation:
adjustable-output, 272
in diodes, 40
Voltage sources, 2

Waveform filtering, 4244
Worst-case analysis, 142

z (or open-circuit impedance) parameters, 8
Zener diode, 4648
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