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ABSTRACT

'This book, Amplifiers: Analysis and Design, is the second of four books of a larger work, Funda-
mentals of Electronics. It is comprised of four chapters that describe the fundamentals of amplifier
performance. Beginning with a review of two-port analysis, the first chapter introduces the mod-
eling of the response of transistors to AC signals. Basic one-transistor amplifiers are extensively
discussed. The next chapter expands the discussion to multiple transistor amplifiers. The coverage
of simple amplifiers is concluded with a chapter that examines power amplifiers. This discussion
defines the limits of small-signal analysis and explores the realm where these simplifying assump-
tions are no longer valid and distortion becomes present. The final chapter concludes the book
with the first of two chapters in Fundamental of Electronics on the significant topic of feedback
amplifiers.

Fundamentals of Electronics has been designed primarily for use in an upper division course
in electronics for electrical engineering students. Typically such a course spans a full academic
years consisting of two semesters or three quarters. As such, Amplifiers: Analysis and Design, and
two other books, Electronic Devices and Circuit Applications, and Active Filters and Amplifier Fre-
quency Response, form an appropriate body of material for such a course. Secondary applications
include the use with Electronic Devices and Circuit Applications in a one-semester electronics course
for engineers or as a reference for practicing engineers.

KEYWORDS

active loads, amplifier configurations, amplifiers, cascaded amplifiers, cascode, cur-
rent mirror, current sources, Darlington amplifiers, distortion, feedback amplifiers,
feedback topologies: shunt-series feedback, series-series feedback, series-shunt feed-
back, shunt-shunt feedback; gain, multistage amplifiers, optimal biasing, power am-
plifiers: class A, class B, class AB, push-pull; return difference, transistor modeling,
two-port networks: A-parameters, g-parameters, z-paramters, y-parameters; thermal
modeling
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Preface

The basic principles of the operation of the four basic active elements, as described in Book 1,
provide a good foundation for further study of electronic circuitry. Analog amplifiers constitute
a major class of electronic circuitry and are a primary component in many applications. While
it has been shown that electronic devices are basically non-linear, amplifiers typically operate
within a region of incremental linearity. That is, a region where small variation in the input pro-
duces linearly amplified variation in the output. Analysis of such systems uses the principle of
superposition: DC (or bias) conditions are separated from the AC (or variational) components
of the input and output of an amplifier. The term “small-signal analysis” refers the use of linear
models. "Large-signal analysis” implies operation near the transition between operational regions
of an active device: such large-signal operation is typically non-linear and leads to distorted am-
plification.

'This book begins with a review of two-port analysis. This review provides a basis for model-
ing transistors: they are most commonly modeled as two-port networks for small-signal analysis.
At low frequencies the BJT is modeled by an A-parameter two-port and the FET as a modi-
fied hybrid- two-port. Simple amplifiers are approached by observing the previously observed
region of operation that appeared between the two logic states of an inverter. All single-transistor
amplifier configurations are analyzed and performance characteristics compared.

Multiple transistor amplifier circuitry is initially approached through cascading single tran-
sistor amplifiers using capacitive coupling. Only after the basic concepts are mastered, are the more
complex circuits studied. Compound transistor configurations, such as the Darlington circuit, and
direct-coupled amplifier stages are studied. As with single-transistor amplifiers, the previously
observed linear region in ECL logic circuits leads to the study of emitter-coupled and source-
coupled amplifiers. Common integrated circuit practices such as current source biasing and active
loads are discussed.

Power amplifiers provide a good counterexample to the use of small-signal analysis. By
necessity, the output of a power amplifier is not small and consequently may contain distorted
components. Both harmonic and intermodulation distortion analysis techniques are introduced
and compared. Amplifier conversion efficiency is discussed for class A, B, and AB power ampli-
fiers. Thermal considerations are presented using simple heat transfer models and are related to
power amplifier design criteria and limitations.

Feedback principles are introduced initially as a technique to stabilize amplifier gain, re-
duce distortion, and control impedance. The various configurations are introduced and analyzed
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through two-port network analysis techniques. Improvement in frequency response is mentioned
as an additional benefit but discussion is left for the next book in this series.

Thomas F. Schubert, Jr. and Ernest M. Kim
October 2015
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CHAPTER 5

Single Transistor Amplifiers

Circuits containing single Bipolar Junction and Field Effect Transistors are capable of providing
amplification in six basic configurations: three configurations for each type of transistor. In the
common-emitter and common-collector configurations for BJTs, the input signal is injected at
the base of the transistor: in the common-base configuration it is injected at the emitter. Similarly,
FET configurations have the input injected in the gate for common-source and common-drain
configurations, and at the source for the common-gate configuration. These six single-transistor
configurations are basic building blocks of amplifier design.

'The focus of attention in this chapter is on the significant performance characteristics of
each amplifier configuration: the voltage gain, current gain, input resistance and output resistance.
Each configuration has a unique set of performance characteristics that are dependent on the
transistor characteristics as well as the configuration and value of surrounding circuit elements.
'This chapter primarily investigates discrete amplifiers where biasing is accomplished with voltage
sources and resistances: later chapters will highlight BJ T biasing with current sources as developed
in Section 3.6 (Book 1). The performance of transistor amplifiers with current source biasing can
be directly derived from the results presented in this chapter. The frequency range of interest is the
socalled midband region: that range of frequencies below where the transistor characteristics begin
to change with increasing frequency and above where any capacitive elements (many circuits have
no capacitors and therefore the midband frequency range begins at DC) have significant effect
on the circuit performance

Although amplifiers are usually comprised of more than one amplification stage, at least
one of these six configurations is contained as an amplification stage in nearly every amplifier.
The properties derived here form a solid foundation for the analysis and design of multistage
amplifiers presented in later chapters.

5.1 REVIEW OF TWO-PORT NETWORK BASICS

Electronic amplifiers are a subset of the system class commonly identified as fwo-port networks. In
a two-port electronic network, signals are fed into a pair of terminals, amplified and/or modified
by the system, and finally extracted at another pair of terminals. Each pair of terminals is identified
as a port: signals are fed into an input port and extracted from an output port. The modeling and
analysis of transistor-based amplifiers as well as feedback systems' is greatly simplified through
the use of two-port network principles.

The interconnection of two-port networks as used in the analysis of feedback amplifiers will be discussed in Chapter 8 (Book 2).
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'The items of interest in an electronic two-port network are the relationships between input
port and output port voltages and currents. There are a few restrictions, upon which two-port
analysis techniques are based, that must be identified:

¢ The network must be linear and time invariant.

* External connections may be made only to port terminals: no external connections can be
made to any node internal to the port.

* All current entering one terminal of a port must exit the other terminal of that port.
* Sources and loads must be connected directly across the two terminals of a port.

Given the highly non-linear behavior of transistors, it may seem unusual to attempt to
use two-port network analysis to describe transistor systems. It is possible, under small-signal
conditions, however, to adequately model non-linear systems as incrementally linear. Electronic
circuits previously discussed in this text have shown, along with non-linear operation, regions
of linear operation. It is within these regions of linear operation that two-port analysis proves a
particularly useful technique for the modeling of electronic systems.

As with all electronic systems, it is important to define sign conventions: Figure 5.1 is a
representation of a two-port network with appropriate voltage and current polarity definitions.
As is standard in electronic systems, the voltage and current at each port obey the passive sign
convention. Typically, the input port is identified as port #1 and the output port as port #2.”

Three-terminal devices, such as transistors, can also be modeled using two-port techniques.
One terminal is selected as a common terminal: that terminal is extended to both of the ports and
becomes the reference (negative) terminal to each port.

I I
o—p— —<—o
+ S +
v wo-Port v
! Network 2

oO—<— [ —>»—0

L A

Figure 5.1: Two-port network sign conventions.

There are six basic sets of equivalent descriptive parameters for every two-port network:

1. Impedance parameters (z-parameters)—port voltages in terms of port currents.

*The numbering of ports is not universal in acceptance. It does, however, allow for simple notation in the description of
the parameters relating currents and voltages. In some electronic two-port descriptions of systems, the numbering system
is replaced by a more descriptive identification of parameters. One common example of descriptive notation occurs in /-
parameter modeling of Bipolar Junction Transistors as presented in Section 5.2.
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2. Admittance parameters (y-parameters)—port currents in terms of port voltages.

3. Hybrid parameters (5-parameters)—input voltage and output current in terms of input cur-
rent and output voltage.

4. Hybrid parameters (g-parameters)—input current and output voltage in terms of input volt-
age and output current.

5. Transmission parameters (4BCD-parameters)—input current and voltage in terms of out-
put current and voltage.

6. Transmission parameters (ABCD-parameters)—output current and voltage in terms of in-
put current and voltage.

The first four of these sets are of particular interest in the study of electronic feedback
systems, set numbers three and four (hybrid parameters) are often used in the description of
transistor properties, and the last two sets of parameters are particularly useful in the study of
communication transmission systems. A short description of the first four two-port parameter
set descriptions follows.

Impedance parameters (z-parameters) The independent variables for this set of parameters are
the port currents and the dependent variables are the port voltages: voltage as a function of current
is an impedance. It is most common to write the equations in matrix form:

Vi Z11 Z12 I
= : 5.1
|:V2] |:221 222:||:12:| G.1)
The parameters {z;;} are called the impedance (or z-) parameters of the network. For a linear,

time-invariant network, the z-parameters can be obtained by performing simple tests on the

network:
V.
Zij = I—l |Ik;éj=0 . (52)

For a non-linear system that is operating in a region of linearity, a similar definition holds:

Vi

Zj = E {Ik;é_j:Constant > (53)

where the constant value of I is taken near the midpoint of the region of linearity. If a quiescent
(zero-input) point exists, the constant value of /i is chosen as its quiescent value.

Example 5.1

Determine the z-parameters for the given two-port network.
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10 6Q

I I
¥ i
1 40 V)

Solution:
'The z-parameters are defined for this linear system as open-circuit parameters: one of the
currents is always set to zero. Zero current implies an open circuit in the appropriate path. Thus:

z11=14+4=5Q  (zero current in the 6  resistor)
Z1p = 4Q (no voltage drop across the 1 Q resistor)
Zy1 =4 (no voltage drop across the 6 Q resistor)
Z3p =6+ 4=10Q (zero current in the 1 Q resistor)

Admittance parameters (y-parameters) Admittance parameters are defined with the indepen-
dent variables are the port voltages and the dependent variables are the port currents: current as
a function of voltage carries the units of admittance. The y-parameter equations are:

[ ]=[ ) s

'The parameters can be determined by performing the tests:

I;
25 = 3 [Vewr=o - (5-3)
or
al;
Yij = ﬁ |Vk¢j=Constant . (56)
J

In a linear system the test for finding y-parameters indicates that a voltage must be set to zero:
thus, the parameters are often called shorz-circuit admittance parameters.

Example 5.2
Determine the y-parameters for the network shown using standard phasor techniques, that is,

find Y (s).
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220 18 mH 470

I

Ip)

Solution:

It can be seen that this network is a linear system. Both two-port and phasor techniques are
appropriate for such a system. The phasor equivalent impedance of the inductor and the capacitor
are:

Zp =0.018s Zc = 1000/s.

The y-parameter tests for a linear system are given by Equation (5.5):

4 |
yl] - 7] Vk;éj=0 .
In order to solve for y;; and y,i, the output terminals are short-circuited (V> = 0). A loop equa-
tion can then be written around the remaining left loop:

Vi—221; —0.018sI; —5I; = 0.

Which leads to:
I

Y11:71

1
vymo  27+0.018s

Since the capacitor has been shorted out by setting V, = 0, a loop equation can be written around
the remaining right loop:

5 +47[, =0 = [, =-0.10641,,

and
1, 1

Vily—o 253 +0.16925

Y21 =

The other two parameters, y12 and y,2, are obtained by shorting the input terminal (V; = 0). A
loop equation around the left loop of this configuration yields:

221, +0.018s1; -5, =0 = I, =0.

Obviously
I
Vi2 = — =0.
V2 V1=0
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With I; = 0, the current /, is the sum of the currents in the 47  resistor and the capacitor (the
dependent voltage source has zero value):

I

T = Y47Q + Y1mF = 0.02128 + 0.001 s.
V2 V1=0

Y22 =

The y-parameter matrix is then given by:

1

274 0.018s
1

253 +0.1692s

Y(s) =
0.02128 4 0.001 s

Hybrid parameters (h-parameters) The independent variables are the input voltage and output
current; the dependent variables are the input current and output voltage.

41 hiv hiz :| |: I ]
= . 5.7
[ 1> :| [ ha1 haa V2 G.7)
Notice that these parameters, unlike the z- and y-parameters, do not all have the same dimensions.

Each is different: h1; is the input port impedance; &1, is a dimensionless (input over output)
voltage ratio; h»; is a dimensionless (output over input) current ratio; and /5, is output port

admittance.

Hybrid parameters (g-parameters)

The parameters can be determined by performing the tests:

V V;
hy = — hip = —
11 V=0 V2 1;=0
I I (5.8)
2 2
th = 5 h22 = 1,5
I V>=0 V2 11=0
or
7 R
11 — 55 12 — 5y,
811 V> =Constant 8V2 I =Constant 5
ol al (-9)
hoy = = ho = - :
811 V> =Constant aVZ I =Constant

'The independent variables are the input current and output
voltage; the dependent variables are the input voltage and output current.

[ I } _ [ g11
Va g21

(5.10)

g12 ][ Vi }
822 L |’
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Notice that these parameters, like the A-parameters, do not all have the same dimensions. Each

is different: g;; is the input port admittance; g1» is a dimensionless (input over output) current

ratio; g1 is a dimensionless (output over input) voltage ratio; and g», is output port impedance.
'The parameters can be determined by performing the tests:

11 11
811 = 812 = +
Vl I,=0 12 Vi=0 (5 11)
2 A '
821 = 7 o 822 = A vizo
or
ol a4
g1 = 812 = 75
8V1 I>=Constant 812 V1 =Constant (5 12)
avs av; '
1= — = — .
2 aVl I>=Constant &2 312 V1 =Constant

5.1.1 CIRCUIT REPRESENTATION OF A TWO-PORT NETWORK

Itis often important to create a simple equivalent circuit for a two-port network where the network
parameters are known. While there are several techniques for the creation of these equivalent net-
works, the most useful in electronic applications involves Thévenin and Norton input and output
realizations. In general, network parameters are replaced by simple circuit elements as shown in
Table 5.1. Relationships between currents and voltages at the same port are treated as impedances
or admittances, while relationships at different ports are treated as dependent sources.

Table 5.1: Two-port network replacement circuit elements for network parameters

Network Parameter Replacement Circuit Element

Same Port Opposite Port

impedance impedance current-controlled voltage source
admittance admittance voltage-controlled current source
current ratio (not applicable)  current-controlled current source
voltage ratio (not applicable)  voltage-controlled voltage source

Example 5.3
A two-port network has been found to have the following g-parameters:

g11 = 0.025S g12 = 47TmA/A
821 = 14V/V g22=27OQ.

Determine an equivalent circuit representation of the two-port network.
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Solution:
'The matrix equation for the g-parameter representation of a two-port network can be writ-
ten as two separate equations:

L =guVi+gul, and Vo =g Vi + g22la.

'The equation for I; reveals that two currents must be added together to make the input port
current. Referring to Table 5.1, one finds that the currents emanate from an admittance and a
current-controlled current source: they must be connected as a Norton source. The equation for V;,
implies that two voltages must be added together. Table 5.1 shows the elements are an impedance
and a voltage-controlled voltage source: they are connected in Thévenin fashion. The equivalent
circuit representation is shown in Figure 5.2 (Note: for clarity, g1 is shown as a resistance rather
than a conductance).

I 2700
+ +
Vi 400 0.0471, 14V 12
. | _

Figure 5.2: Two-port realization of Example 5.3.

5.2 BJT LOW-FREQUENCY MODELS

In previous sections it has been shown that the Ebers-Moll model is an effective model in all
regions of Bipolar Junction Transistor operation. It has also been shown that for large-signal
behavior, a simplified set of models can bring additional insight into the operation of an electronic
circuit. These models are first-order approximations to BJT operation, and exhibit some degree
of error. When a BJT is operating in the forward-active region, it is appropriate to improve the
modeling of its operation with a second-order approximation. As in most series approximations to
behavior, second-order effects are a linearization, about the first-order (in this case, the quiescent)
behavior, and are therefore added to the first-order behavior.

In the case of BJT operation, small-signal (often called AC) variations are linearized ap-
proximates to the operation of a transistor about its large-signal (often called DC or quiescent)
behavior. Previous discussions of Bipolar Junction Transistors® have shown that the forward-
active region (and, similarly, the inverse-active region) of B] T operation are approximately linear
*See Section 3.5 (Book 1)—Digital Applications. In particular, discussions of the transfer relationship for the logic inverter

and ECL logic OR gate showed a linear transition region between the two logic levels. These transition regions occurred when
the BJT was operating in the forward-active region in transition between the cut-off and saturation regions.
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in nature. It is therefore quite reasonable to assume that small-signal approximations have great
validity in the modeling of BJ T operation. The small-signal approximations are made in the form
of approximate models that take the form of two-port networks. Two-port network characteri-
zations are valid for non-linear systems that have regions of linearity: the BJT operating in either
of its active regions is such a system.

'The first obvious problem in modeling a BJ T as a two-port is that there are only three ter-
minals rather than the four that seem to be necessary. This obstacle is overcome by assigning one
BJT terminal cormmon to both ports. Practice has made two possibilities for this common terminal
standard: either the emitter or the base are chosen to be the common terminal. In Figure 5.3, an
npn BJ'T is shown as a two-port network with the emitter terminal chosen as common. In Chap-
ter 3 (Book 1), it was shown that the major controlling port of a BJT is the base-emitter junction.
'Thus, the port containing the base-emitter junction is considered the input port and the remain-
ing port (which contains the collector terminal and the common terminal), the output port. Since
the terminal voltages and currents for B] Ts have previously been identified with subscripts that
are descriptive rather than the general numerical form of Section 5.1, the descriptive subscripts
will be continued in the BJ T two-port representation.

Figure 5.3: A bipolar junction transistor as a two-port network (emitter as common terminal).
'The modeling process for transistor circuit performance is:
1. Model the BJT with an appropriate DC model.
2. Determine the circuit quiescent (DC) conditions—verify BJ T active region.
3. Determine the BJT AC model parameters from the quiescent conditions.
4. Create an AC equivalent circuit.
5. Determine the circuit AC performance by:

(a) replacing the BJT by its AC model, or

(b) using previously derived results for the circuit topology.

6. Add the results of the DC and AC analysis to obtain total circuit performance.
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Techniques for the DC modeling of BJTs and the determination of quiescent conditions
have been discussed thoroughly in Chapter 3 (Book 1): discussions of AC modeling follow. The
steps relating to circuit performance are discussed in later sections of this chapter.

'The choice of which set of two-port parameters will be most helpful in the modeling of a
BJT is important. One good starting point is the Ebers-Moll model. The Ebers-Moll model for
an npn B]T is shown in Figure 5.4.

C
Ic
IR
arlfp
Ip
B
arlr
Ir
Ig
E

Figure 5.4: The Ebers-Moll model of an npn BJT.

In the forward-active region of operation, the base-emitter junction is forward-biased and
the base-collector junction is reverse biased. Approximate models* for forward-biased and reverse-
biased diodes lead to the base-collector junction diode taking on the appearance of a very large
resistance, while the base-emitter junction diode can be linearized about the quiescent point to a
much smaller resistance. The forward current source (described by o f) remains significant while
the reverse current source supplies very little current. This small-signal model is shown in Fig-
ure 5.5, with the two junction dynamic resistances defined as:

rgr = base-emitter diode forward dynamic resistance,

rq4r = base-collector diode dynamic reverse resistance.

'The dynamic resistance of a junction was derived in Chapter 2 (Book 1) to be:
v V Vi _v_

_ e Ve (5.13)
al Iy +1 I

'The forward-biased value of this dynamic resistance is strongly dependent on the quiescent con-

ditions, while the reverse-biased value is, in an active-region BJT, not. Thus, ry is strongly de-

rq

*Models of a diode were derived in Chapter 2 (Book 1). The forward-biased biased model also includes a DC voltage source.
The presence of that DC voltage source only affects quiescent behavior and not small signal (AC) behavior. For that reason it
is eliminated in these discussions.
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pendent on the quiescent conditions while 4, a much larger value, is not. While the derivation
of this small-signal model was based on the Ebers-Moll model of an zpn BJ'T, the small-signal
model itself is valid for both npn and pnp BJTs. Reversing the direction of the junctions only
changes quiescent conditions, it does not change the expressions for dynamic resistance.

The analysis of electronic systems could be implemented using the model of Figure 5.5,
however two-port techniques simplify many aspects of analysis. The two-port realization of

Figure 5.5: A forward-active small-signal model of a B]'T.

such a system would most effectively be accomplished by an A-parameter representation. This
h-parameter realization is a common representation for small-signal, low-frequency B]T opera-
tion.” Figure 5.6 shows the A-parameter realization of a small-signal model of a BJT.

ol
q

Figure 5.6: 'The common-emitter h-parameter model for a BJT.

*Other possible models include the T-model and the hybrid-7r model. The 4-parameter model is chosen as an introductory
small-signal model for its simplicity. The hybrid-7r model will be introduced in Chapter 10 (Book 3) where its added com-
plexity is necessary to adequately describe frequency-dependent effects.
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The governing equations® for the A-parameter model are:
Ube = hielp + hreVee (5.14a)
and
ic = hpip + NoeVce (5.14b)

where descriptive subscripts have been chosen for the subscripts of the A-parameters. The second
subscript defines which terminal is chosen as common (either the base or the emitter), and the
first subscript identifies the function of the parameter:

hie = input impedance—emitter as common terminal
h, = reverse voltage gain—emitter as common terminal
hy = forward current gain—emitter as common terminal

hoe = output admittance—emitter as common terminal.

The parameters’ can be found as:

a1y Ver=Ver, Vee Ip=Ig, (5.15)
I dl¢c I dl¢c '
'fe = o5 oe — .

B lyee=ves, Wer |1=1,,

Equations (5.15) can be revised using AC voltages and currents. Realizing that AC signals are
variations about the quiescent point and that constant values have zero AC component, the 4-
parameters can also be defined as:

Upe Upe
hie = - hre = —
lp Vee=0 Uce ir=0 (5 16)
ic ic '
hfe = - hoe = — .
b |y..=0 Uce ip=0

All the signals in Equation (5.16) are AC signals. Setting an AC signal (i.e., ip or v.,.) to zero
holds the AC variation of that signal to zero, it does not change the quiescent conditions of the
BJT.
Determination of the small-signal BJ T -parameters is accomplished by applying Equa-
tions (5.16) to the circuit of Figure 5.5.
®Small letters with small subscripts indicate that these parameters are AC (or small-signal) parameters. They are a linearization
of the transistor characteristics about a quiescent point and therefore depend on that quiescent point.

”The final subscript “q” indicates the quiescent value of the circuit parameter. Thus, I Bg and Vg, are the quiescent (DC) values
of the base current and the collector-emitter voltage for the transistor.
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5.2.1 DETERMINATION OF #;, AND #y,
The determination of these two parameters necessitates that the collector and emitter terminals
be shorted, according to the requirements of Equation (5.16), in an AC sense. A DC quiescent

current flows the quiescent collector-emitter voltage is greater than V(s and the B] T is in the
forward-active region.

o C

afFiF

QRIR

oF

'The small-signal ratios can be obtained by applying Kirchhoft’s current law applied at the

base node:
ip =ir(1—ar)+ir(1—agr). (5.17)
where
ir = Use  and ir = Ybe (5.18)
rqf Yar

The relationships of (5.18) inserted into Equation (5.17) yield:

Vbe Ube
ip=—"(l—ar)+—(1—ag). (5.19)
Yar Tar
Equation (5.19) directly leads to the first of the A-parameters. The relative size of the forward and
reverse dynamic resistances of the junctions, r4- > rg, leads to a simplified expression for A;,:

hie = 22 = (L) //( ar ) ~—L = (Br+ )1y (5.20)
odF

ip l—ar 1 —ag 1-—

'The value for &, is dependent on r4, a quantity that strongly depends on the quiescent conditions:
hj, must also strongly depend on quiescent conditions. Equation (5.13) can be used to obtain and
expression for ;. in terms of the quiescent collector current and nV; ~ 26 mV:

nVi

nVi
~ 1) —. 5.21
Tt 1Is (BF + )Ilcl (5.21)

hie ~ (IBF + 1)




314 5. SINGLE TRANSISTOR AMPLIFIERS
An additional equation must be written to find Az. At the collector node Kirchhoff’s Current
Law gives:
v v
io = apip —igp = ap 2% — 2, (5.22)
rgg Tar

which, noting the relative dynamic resistance sizes, can be reduced to

Vpe v 2
e C L (5.23)
le OF oOF
'The required current ratio for /y, is found using Equations (5.20) and (5.23):
oF
le rar
hp =S 4 __ _ B 5.24
A (o 24
rdf

5.2.2 DETERMINATION OF #,, AND #h,,

The tests for these two A-parameters (as seen in Equation (5.16)) require that the small-signal
base current be set to zero. Again, remember that there is still a quiescent (DC) current flowing
and the BJT is in the forward-active region. Kirchhoff’s Current Law applied at the base node
yields:

ir(1—afp)+ir(1—ag) =0, (5.25)
where,
ip =2t and g = Je” Ve (5.26)
rqf Tar

'Then inserting (5.26) into (5.25) yields

Up Vpe — U,
(1 —ap) + ——=
Tar Tar

(1 —ag) =0, (5.27)
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- 1 1—
Ube OF L TR *R\ (5.28)
rdf Tar Tar

'The required voltage ratio can now be determined as:

or

( rqf /) Tdr )
po— Ve _ \l-ar "1-og NE(I—“R)_E(”'SF) (5.29)
" Ve Tdr T \l—ap) 1y \1+Br)’ '
1—ap

The value for A, is seen to be a very small quantity and can safely be assumed to be zero in the
modeling of a BJT in either active region. In order to solve for A, Kirchhoft’s Current Law is
applied at the emitter node:

. . . VUpe Upe — Uce 1 afF Uce
zc=zF—aRlR=——ozF—=vbe(—— )—1——. (5.30)
rqf Tar rqf Tar

Again using the property that r4 < 4y, a simplification can be made

1) v
i 2y e (5.31)
raf Tar

Equation (5.29) can be used to eliminate v, from Equation (5.31):

ce 1 - ce ce 1
ic%v_rﬂ( “R)+"_=”_( +’3F+1). (5.32)
rgp rar \1 —aFp Far rar \ 1 + Br
'The relationship for A, is obtained from Equation (5.32):
ic 1 1+ ,BF )
Hpg= —~ — | ———+1]. 5.33
Uce Tar ( 1 + ,BR ( )

'This is a very small output conductance (the equivalent of a very large output resistance). The sim-
plified expression of Equation (5.33) does not adequately model all the resistances contributing
to output resistance for a real BJ'T. The actual output resistance is much smaller that is predicted
by the Ebers-Moll model. A more accurate predictor of the output resistance, r,, is defined in
terms of another quantity, the early voltage, V4.*

1
h oe

V4

Tl (5.34)

:ro:

¥The early voltage is a parameter that describes the change in the width of the base region of a BJT which results from a change
in base-collector junction voltage. A basic description of the effect can be found in most solid state electronics texts, but is
beyond the scope of this text.
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'The early voltage for a BJ T is usually determined experimentally by observing the slope of the I¢
vs. Vcg curves for a BJT in the forward-active region. It typically has a value of 100 V or more

and is defined as:
Ic

dlc

V4= (5.35)

'This output resistance is often large compared to the resistances connected to the collector-emitter
port of the BJT and £, can, in that case, be assumed approximately equal to zero. When the
external resistances are not small compared to the output resistance it is necessary to include 4,
in the model for the B]T.

The h-parameters for a BJT are summarized in Table 5.2. Only one parameter, /iy, is es-
sentially independent of quiescent conditions, while the other three parameters depend to varying
degrees on the bias conditions, specifically on the quiescent collector current, Ic.

Table 5.2: BJT h-parameter summary

V;
hia ~ (BF + 1)t
lc|
l’lﬁ %ﬂp
1
rar 1+,8R
I
Noe =|<|~0
Va

'The extremely small values of &, and . lead to a simplified A-parameter model of a BJT
where these two parameters are assumed to be approximately zero, as shown in Figure 5.7. When
large resistances are connected to the collector-emitter port of the BJT it is important to reintro-
duce h,, into the A-parameter model as a conductance shunting the dependent current source. In

typical BJT applications, A, is not significant.
ip

Ve hie

O @

Figure 5.7: Simplified small-signal s-parameter model for a BJT.
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Example 5.4
Given a Silicon zpn BT with parameters:

Br = 150 V4 =350V,

operating in the given circuit at room temperature. Determine an appropriate small-signal /-
parameter model for the BJT.

Solution:
'The quiescent conditions must first be obtained: KCL taken around the base-emitter loop
yields
3—22klIg —0.7—100(15113) =0
Ip =62.0uA and I¢c = 1501 = 9.30mA.

Checking to see if the BJT is in the forward-active region by using KCL around the collector-
emitter loop yields:

151
Vee =20 —1.2kI¢c — 100 (ﬁlc) =790 V.

'This value is greater than Veg(sr), which implies that the B] T is in the forward-active region and
the A-parameter model parameters itemized in Table 5.2 may be used.

]’lfe ~ IBF = 150

nV; 26 mV
hip ~ D _ sy 22 _ ;g
Br D7 = WD 30 0A]
Ic| [9.30mA
hoe = |2 ] = — 26.6 4S ~ 0
Va ‘ 350V ‘ H

hye =~ 0.
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It is necessary to check to see if /1, can be approximated as zero value. It is equivalent to a
resistance, ro, of 37.6kQ (the resistance is the inverse of &,,), which is large with respect to the
1.2k and 100 €2 resistors connected to the collector-emitter port of the B] T: 4, can be assumed
in this application to be approximately zero in value.

'The approximate small-signal model of this BJ T operating in this circuit is therefore found
to be:

B ib ic C

150ip Ve

5.3 COMMON-EMITTER AMPLIFIERS

A description of the general performance of a common-emitter amplifier can be derived directly
from the voltage transfer relationship of a B] T logic inverter. The BJ T logic inverter, discussed in
Section 3.5 (Book 1), has two distinct regions where the voltage output is relatively constant: when
the BJT is in either the saturation or in cut-off region. Between these two regions lies a linear
region where the variation in the output voltage about the quiescent point is directly proportional
to the variation in the input voltage. This linear-region proportionality constant for the logic
inverter was seen in Example 3.5-1 to be negative and greater than 1 in magnitude: the input
signal variations were amplified and inverted. The discussions of Section 3.5 (Book 1) were based
on coarse, first-order approximations of the operation of a B] T in each of its regions of operation.
'This section develops the characteristics of this type of amplifier (and its close relatives) using the
second-order A-parameter approximations developed earlier in this chapter.
Common-emitter amplifiers have the same general circuit topology as the logic inverter:

* the input signal enters the BJT at the base,
* the output signal exits the BJT at the collector, and

* the emitter is connected to a constant voltage, often the ground (common) terminal, some-
times with an intervening resistor.

A simple common-emitter amplifier is shown in Figure 5.8. It is necessary that the qui-
escent point of the BJT be set with the circuitry external to the transistor so that it is in the
forward-active region. The values of the resistors, R, and R;, and the DC voltage sources, V¢
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— VCC

Figure 5.8: A simple common-emitter amplifier.

and Vg, have therefore been chosen so that the BJ T is in the forward-active region and the circuit
will operate as an amplifier. The voltage source, vy, is a small-signal AC source.

Once the circuit quiescent (vs = 0) conditions have been calculated and it has been deter-
mined that the BJ T is in the forward-active region of operation, the significant A-parameters can
be calculated to form the small-signal model of the transistor:

I
hfe:ﬂF hoe=76%0.

v 4 (5.36)
h,»e:(ﬂﬁl)‘% .

C

'The small-signal (often called AC) circuit performance can now be calculated. Total circuit per-
formance is the sum of quiescent and small-signal performance: the process is basically a su-
perposition of the zero-frequency solution with the low-frequency AC solution.” In each case,
solutions are formed by setting the independent sources at all other frequencies to zero. AC cir-
cuit performance is obtained through analysis of a circuit obtained by setting the original circuit
DC sources to zero, and then replacing the BJ T with its A-parameter two-port model. This circuit
reconfiguration process, applied to Figure 5.8, is shown in Figure 5.9.

The small-signal performance characteristics' that are of interest in any amplifier are: zhe
current gain, the input resistance, the voltage gain, and the output resistance. For the simple common-
emitter amplifier under consideration, these characteristics can be obtained from analysis of the
circuit of Figure 5.9b. Definitions for these quantities often vary due to differing definition of the
exact location of the point of measurement. Care must always be taken to ensure that measurement
points are clearly understood before any analysis begins.

°At high frequencies the BJT performance characteristics change. See Book 3.

19Tt should be remembered that the quantities discussed in this section and following sections are small-signal (or AC) quantities.
The ratios considered here are the ratios of AC quantities not the ratios of total currents and/or voltages.
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c

Vo

Ry

Vs

@

R R,
®

Figure 5.9: AC modelling of a simple common-emitter amplifier. (a) The small-signal circuit: DC
sources set to zero; (b) BJT replaced by h-parameter model.

Current Gain
For this simple transistor amplifier, the current gain is defined as the ratio of load current to input
current, that is:

A = l—l = _,lc. (5.37)
Ip Ip
From the circuit of Figure 5.9b, it can easily be determined that the collector and base currents are
related through the dependent current source by the constant /.. The current gain is dependent
only on the BJT characteristics and independent of any other circuit element values. Its value is
given by:

Ar = —hyg, (5.38)
where the negative sign implies that the small-signal current input is inverted as well as amplified.
If the resistor R, is large then the output resistance of the BJ T must be considered in calculating
the current gain. Including /,, in the BJ T A-parameter model divides the output current between
the output resistance, r, = 1/ h,, and the collector resistance:

Fo

Ap = —hp—10—.
! fro+Rc

(5.39)

Input Resistance

Input resistance is measure of the AC input current as a function of the input voltage. If the AC
input voltage, vp, is taken at the input terminal of the B] T (the base), the input resistance (shown
if Figure 5.9b with the bold arrow and labeled as R;) is given by:

Ri = — = ]’l,’e. (540)

'The input resistance is unaffected by finite r,.
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Voltage Gain
'The voltage gain is the ratio of output voltage to input voltage. If the input voltage is again taken
to be the voltage at the input to the transistor, v, the voltage gain is defined as:

Ay = 22 (5.41)
Up

One of the best methods for obtaining this ratio is through the use of quantities already calculated

or otherwise easily obtained:
o=t () (1) (2). s
Up ir ) \ip ) \vp

'The expressions for each quantity, when substituted into Equation (5.42), yield:

L o (5.43)
Again, the small-signal output voltage is an inverted, amplified replica of the input voltage.
The voltage gain can be very large in magnitude. Equation (5.43) indicates it is limited only by
the BJT parameter /1, and the external resistance R.. That conclusion is based, however, on the
assumption that R, is small with respect to r,. If R, approaches the magnitude of r,, the gain
becomes limited by the output resistance of the amplifier, and R, must be replaced by R.//r, in
Equation (5.43).
Often the voltage gain from the source to the load is of interest as well. This overall voltage
gain can be defined as:
N
'This ratio can be directly derived from the simple voltage gain, Ay, with a voltage division using
the amplifier input resistance and the source resistance:

Vo Vo vp R;
v Us (vb)(vs) V(Ri‘f'Rs)’ (5 5)

_hfeRc hie _hfeRC
S ( hie ) (hie + Rs) hie + Rs ( )

Since Ays is dependent on Ay it is also limited in magnitude by finite r,. To include the effect of
finite r,, R, must be replaced by R.//r, in Equation (5.46).

or

Output Resistance
'The output resistance is defined as the Thévenin resistance at the output of the amplifier (in this
case the BJT collector) looking back into the amplifier. As in the case of voltage gain, the exact
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point of measurement is not always clear. The arrow in circuit diagram of Figure 5.9 indicates that
R, is to be measured without considering R.: it is also possible to define an output resistance, R,
that includes the effects of collector resistance, R.. The AC equivalent circuit used to calculate
the output resistance is shown in Figure 5.10a. The input independent source is set to zero and
the Thévenin resistance is calculated looking into the output. It can easily be seen that i = 0 in
this circuit. Kirchhoff’s Voltage Law taken around the base loop gives:

ip (hie + Rs) =0 = ip = 0.

E
o | R,
L
() (b)

Figure 5.10: Circuit for calculation of output resistance. (a) Small-signal output circuit: AC source
set to zero; (b) More accurate BJ'T h-parameter model.

Zero base current implies that the dependent current source is also zero-valued and the

output resistance becomes:
R, ~ oo. (5.47)

While the output resistance is certainly large, a more revealing result could be obtained with a
better model of the BJT. A more accurate A-parameter model of a B] T includes £, (as derived in
Section 5.2). When this model is used to determine the output resistance of a simple common-
emitter amplifier (see Figure 5.10b), the output resistance is given by:

1

R0:r0:_=

hoe

Va

el (5.48)

'The output resistance is therefore a large value which is dependent strongly on the quiescent
conditions of the transistor.

As mentioned above, it is also possible to define output resistance of a common-emitter
amplifier to include the collector resistor, R.:

Ry = Ro//Re ~ R.. (5.49)

'The common-emitter amplifier has been shown to have:
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* moderate input resistance,
* high output resistance,
* high current gain, and

* moderate to high voltage gain, depending on the presence and size of any resistance con-
nected to the collector terminal.

A Summary of the common-emitter amplifier performance characteristics is found in Subsec-
tion 5.3.4.

Example 5.5
Given a Silicon zpn BT with parameters:

Br = 150 V4 =350V,

operating in the given circuit at room temperature.
Determine the amplifier small-signal performance characteristics.

22V

Solution:

'The modeling process for transistor circuit performance was described in Section 5.2 to
contain the following steps:

1. Model the BJT with an appropriate DC model.
2. Determine the circuit quiescent (DC) conditions—verify B]T active region.

3. Determine the BJT AC model parameters from the quiescent conditions.

4. Create an AC equivalent circuit.
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5. Determine the circuit AC performance by:

(a) replacing the BJT by its AC model, or
(b) using previously derived results for the circuit topology.

6. Add the results of the DC and AC analysis to obtain total circuit performance.
Step#1 Model the BJ T with an appropriate DC model. Hopefully, the BJT will be found to be

in the forward-active region so that the circuit can operate as an amplifier. The DC forward-active
model of the BJ T is derived in Section 3.4 (Book 1), and shown below. The appropriate transistor
quantities that must be used in this case are B = 150 and V,, = 0.7 (Silicon BJT).

C
1501p
B@_’H

07V g

Step #2  Determine the circuit quiescent (DC) conditions—verify BJ T active region.
'The BJT model of step #1 replaces the BJ T as shown. Quiescent conditions are then cal-
culated. Around the base-emitter loop, Kirchhoft’s Current Law yields:

1.5—22k(Ig) — 0.7 = 0.
So that

Ip = 36.36 uA
and

Ic = 15015 = 5.45mA.

22V
1.2kQ
C Vo
1507
22k0 0.7V B
VVVp Ig
15V E
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Both currents are positive: only Vg must be checked to see if it is larger than Veg(ay =
0.2 V. Kirchhoft’s Current Law applied to the collector-emitter loop yields:

Vep = 22— 1.2k(I¢c) = 15.46 V.
The transistor is in the forward-active region: the circuit will operate as an amplifier.

Step #3  Determine the BJT AC model parameters from the quiescent conditions.
The relevant A-parameters are:

na 26mV
hy ~ Br =150 hy ~ 2 = sy _ 700
e ~ BF (Br + )|IC| ( )|5.45mA|
Ic 5.45mA
h, =0 By = |2C| = |22 456,48 0.
Vs ' 350V ‘ #

Step #4  Create an AC equivalent circuit.
'The DC sources are set to zero and the output voltage becomes a small-signal quantity.

Vo
22kQ

1.2kQ

Us

L

Step #5 Determine the circuit AC performance by:
1. replacing the BJT by its AC model, or

2. using previously derived results for the circuit topology.

In this case, it appears easiest to use previously derived results. The input resistance at the
base of the BT is given by:
Ri = hie = 7209

If the input resistance is measured to the left of the 22 k2 resistor then:

R, = 22kQ + 720Q = 22.7kQ.

The current gain is given by:
Ap = —hy = —150.
'The voltage gain from the base of the BJT is given by:

—h,R, —150(1.2k
Ay = 7 _ (12K _ s,
R 720
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'The voltage gain from the source is given by:

_ —heR.  —150(1.2k)
" hie+ Ry 720+22k

Avys —7.92.

'The output resistance is given by:
1
R, = h_ =64.17k2.

oe

If the collector resistance is included in the output resistance,

(64.17k)(1.2k)
R, =R,//R, = 2 "OU28 18k,
1= Ro/ I Re = T+ 12Kk 8
Step #6 is beyond the requirements of this problem, but all the data is present to

add the quiescent solution to the small-signal solution for total circuit response.

53.1 COMMON-EMITTER AMPLIFIERS WITH NON-ZERO EMITTER
RESISTANCE

Several of the characteristics of a common-emitter amplifier can be altered through the addition
of a resistor connected between the emitter and ground.

It has previously been shown in Section 3.7 (Book 1) that the addition of such a resistor
greatly improves bias stability due to BJT variations. The addition of an emitter resistor has the
following effects on common-emitter amplifiers:

* increased input resistance,
* increased output resistance,
* decreased voltage gain, and
* unchanged current gain.

Derivation of these effects follows the process described in Section 5.2.

In order to determine the AC performance of this amplifier, the quiescent conditions must
first be obtained. If the BJT is operating in the forward-active region, an AC equivalent model
of the circuit can be obtained (Figure 5.12a) and the BJT can be replaced by its A-parameter
model" (based on the quiescent conditions) in the AC equivalent circuit (Figure 5.12b). Circuit
performance parameters can now be obtained from this equivalent circuit.

"The initial calculations assume that A, is small and can be ignored. Calculations to determine the effect of non-zero A,
follow in Subsection 5.3.2.
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— VCC

Figure 5.12: AC modeling of a common-emitter amplifier with an emitter resistor. (a) The small-
signal circuit: DC sources set to zero; (b) BJT replaced by h-parameter model.

Current Gain
'The current gain is defined as the ratio of load current to input current, that is:

Ay =L ="l (5.50)
ip ip

'The ratio of collector to base current remains unchanged from the simple common-emitter am-
plifier. The current gain is dependent only on the BJT characteristics and independent of any
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other circuit element values. Its value is given by:

Ap = —hg. (5.51)

Input Resistance

The input resistance (shown in Figure 5.12b) is given by:
Vp _ hielp + Re(ip + hyeip)
ip N ip

R;

= hie + (he + DRe. (5.52)

'The addition of an emitter resistor has greatly increased the input resistance of the amplifier.
From the input of the BJ'T, the emitter resistor appears to act as a resistor in series with £, that
is (hy + 1) times its true value.

Voltage Gain
'The voltage gain is the ratio of output voltage to input voltage. If the input voltage is again taken
to be the voltage at the input to the transistor, vp:

Ay = 2. (5.53)
Up

Using methods similar to those of the simple common-emitter amplifier to calculate the voltage

gain yields:
b))

Vp 12 lp Vp
or
1 —hp R,

Ay = (R.) (A — | = . 5.55
v =(Re)( I)(Ri) e & (i + DR (5.55)

For large values of &y, the external resistors dominate the expression for voltage gain. A rough
approximation, which somewhat over-estimates the magnitude of the gain, is:

AV ~ ——. (556)

Often the voltage gain from the source to the load is of interest as well. This overall voltage gain
can be defined as: .
This ratio can be directly derived from the voltage gain, Ay, and a voltage division between the

source resistance, Ry, and the amplifier input resistance, R;:

Vo Vo vp R;
A = — =| — — |1 =A P — .
& Us (Ub)(vs) V(Ri+Rs)’ (558)
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—h,R R; —hpR
AV5=( & )( ! ): Je . (5.59)
R; hie + (he + DRe + Ry )~ hie + (hye + D)Re + Ry

or

Output Resistance

'The output resistance is defined as the Thévenin resistance at the output of the amplifier looking
back into the amplifier. As in the case of the simple common-emitter amplifier, R, is measured
without considering R, (Figure 5.12). Once again, the resistance looking into the collector of the
BJT is very large, R, ~ oo.

Example 5.6
Given a Silicon npn BJ T with parameters:

Br =150  V4=350V,

operating in the given circuit at room temperature.
Determine the small-signal characteristics:

Voltage Gain, v, /v

Input Resistance, R;

Output Resistance, R,.

— 20V

Solution:

'The modeling process begins with solving for the quiescent circuit conditions. In this par-
ticular circuit, the identical transistor was placed in the same quiescent circuit in Example 5.4.
There is no need to repeat identical operations to find the small-signal model of the BJT. The
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results of process steps 1 through 3 were:

I =62.0uA Ic = 9.30mA
he = 150 hie =429  r,=37.6kQ.

The next step is to create an AC equivalent circuit and insert the BJT A-parameter model into
the AC equivalent circuit or use previously derived results. The general topology of a common-
emitter amplifier with an emitter resistor has previous results. The AC equivalent circuit is shown
below.

Vo

1.2kQ

1 <?|R(,

The voltage gain, as defined, is determined from Equation (5.59):

B —(150)(1200)
422 + (151)(100) + 22,000

Us

Avys = —4.7972 ~ —4.80.

R;, as shown, is given by Equation (5.52):
Ri = 422 + (151)(100) = 15,522 ~ 15.5kQ.

'The output resistance, Ry, is given by the parallel combination of the output resistance of the
amplifier and the collector resistor, R,:

R, ~ 00//1.2kQ = 1.2k,

5.3.2 THE EFFECT OF NON-ZERO /,, ON COMMON-EMITTER
AMPLIFIERS WITH AN EMITTER RESISTOR

As with simple common-emitter amplifiers, the effects of non-zero h,, can only be seen when the
collector resistance becomes large: when R, approaches or exceeds r, in magnitude. With simple
common-emitter amplifiers, the most noticeable effect of non-zero A,, is on the output resistance
of the amplifier. Input resistance is unaftected, while the current and voltage gain are limited if
the external collector resistance, R, is large. Non-zero h,, in the presence of an emitter resistor
effects all the common-emitter amplifier characteristics in a complex fashion.
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Expressions for the input resistance, voltage gain, and current gain are obtained using the
AC equivalent circuits of Figure 5.13. Figure 5.13b is obtained from the more-traditional Fig-
ure 5.13a through a source transformation on the dependent current source and r,. Symbolic
manipulations of Kirchhoft’s Laws are facilitated through this well-known transformation.

(a) (b)

Figure 5.13: AC equivalent circuits—non-zero /.

Input Resistance
'The input resistance can be determined by first finding R; (as shown on Figure 5.13) and then
adding the resistance, /;,:

Ri — hie + Rt- (560)
In the usual Thévenin process, a voltage, v, is applied across R,. The input current is then found
to be:

. v UV — hf'eibro
=—+ —. 5.61
b=t TR (5.61)
Collecting terms yields:
. (1+hfe)ro} { 1 1 }
pl———t=v{—+ . 5.62
b{ fo + R¢ R, Fo + R¢ ( )
Which leads to the Thévenin resistance, R;:
v To
Ri=—=04+hp)Re | ———|. 5.63
R L P (5:69)
'The desired input resistance is found using Equation (5.60):
To
R, =hj, + R; = h;, 1+hy)Re | ————— | 5.64
i + Ry +(+f)e|:ro+Rc+Rei| ( )

An interesting result of these calculations is that large values of the collector resistor, R, will
reduce the value of the amplifier input resistance!
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Voltage Gain

'The voltage gain can be calculated as follows by continuing with the circuit of Figure 5.13 and
many of the calculations used in determining the input resistance. The output voltage for this
circuit is taken across the collector resistor, R.. It can be obtained through a simple voltage division
from the voltage, v, (taken across R):

R,
= — hy,i , 5.65
Vo R, +rg [v fe lbro] ( )
where, including the presence of h;, in Figure 5.13,
R; . Us

= L B d = . 5.66
T [hie + Rt] e hie + R, (5.66)

Substitution of these two expressions into Equation (5.65) leads directly to the voltage gain:
Ay = Y _hye(Re/ 1) R R ~ ——hfe(Rc//rO). (5.67)

Us Ri RC + o Ri Ri

For the special case of significantly large R,,

nVi
Re > —,
T
the numerator and denominator of this expression have approximately the same dependence on
the relationship of R. and r,. The voltage gain for this special case of large R, is approximately
independent of r, and unchanged from the expression of Equation (5.55).

—hg R,

Ay ~ . 5.68
" it (e + DRe 569
Current Gain
The current gain can be calculated using Equations (5.66) and the two expressions:
iv=-% and  v=iyR, (5.69)
R
and:
[y = 22 L GoR, = hpiyry) (5.70)
o= — = ibRy — hpipro). .
o R, Re + 1y b1yt felbTo
From which the current gain is calculated:
Ay = lo T Re __hero (5.71)

ip To + Re ro+RcN ro+Rc.

Basically, the output current is divided between the collector resistor and r,. It decreases as the
collector resistance increases in magnitude.
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Output Resistance

Calculations to determine output resistance including the effect of the BJ T output resistance, r,,
are based on an AC equivalent circuit with a more complete s-parameter model of the BJT as
shown in Figure 5.14.

Figure 5.14: Circuit for calculation of output resistance.

If a current, i, is applied to the collector terminal, the base current can be found through a current
division:

—R,

iy = ——————. 5.7
YT Ret+hie+ R, .72
'The voltage that appears at the output terminals is then given by:
v={Re//(Rs + hi)} i + 1o (i - hfeib) (5.73)
or, including the relationship between i and ip:
hfeRero .
= Re Rs ie ] [) —_— .74
0= (Re/ (R4 b} + o+ et (5.74)
Simple division leads to the expression for the output resistance:
v hfeRe
Ro =~ ={R. Ry ie o1 - . b (- .
- =R/ /( -l-h)}—l-r{ +Re+hie+Rs} (5.75)

'This is a very large resistance: the addition of an emitter resistor has significantly increased the
output resistance over the simple common-emitter amplifier (the increase is by a factor on the
order of {/i, + 1}). The infinite output resistance approximation, R, A 00, is therefore valid over

a greater range of load resistance, R, than in the simple common-emitter amplifier.
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5.3.3 COUPLING AND BYPASS CAPACITORS

Often the demands of properly biasing a BJ'T into the forward-active region and applying an AC
signal to the input create conflicting circuit topology requirements. It is not always possible to put
the AC input in series with a DC biasing voltage as has been previously described. In addition,
the need for high voltage gain and good bias stability creates a design requirement conflict in
the magnitude of the emitter resistor, R.. One possible design alternative that can resolve these
conflicts involves the use of capacitors to couple the AC signal into the amplifier and/or to bypass
the emitter resistor.

If an AC signal is imposed upon a capacitor, the complex impedance of the capacitor is
given by:

1

c = ——,
¢ joC

where

C = the capacitance of the capacitor in farads (F)

w = the frequency of the sinusoidal signal in rad/sec.

At DC (w = 0), the capacitor has infinite impedance: a capacitor blocks DC signals. If
either the frequency or the capacitance is large, the impedance approaches zero or becomes rela-
tively small compared to adjacent circuit resistances. For purposes of demonstration, assume that
a band of frequencies exist for which the impedance of all discrete capacitors in a circuit will be
essentially zero. This band of frequencies is called the midband frequency region'” of a circuit. If
the AC input signals to a circuit are within the midband frequency region of the circuit, each
discrete capacitor will appear to be the equivalent of a short circuit. Each capacitor will, however,
appear to be the equivalent of an open circuit to the bias (DC) circuitry."

In the presence of coupling and/or bypass capacitors, the modeling of amplifier circuit
performance is slightly altered. In determining quiescent conditions, each capacitor is replaced by
an open circuit in addition to replacing the BJT with an appropriate model. The AC equivalent
circuit is drawn with each capacitors replaced by a short.

Example 5.7
A Silicon BJT with parameters:

Br =150 and V4 = 350,

2Often called the midband region.
PThe transition as frequency increases between an apparent open circuit and an apparent short circuit is beyond these early
discussions. It is extensively covered in Section III—Frequency Dependence.
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is placed in the amplifier shown. Assume the amplifier is operating in its midband frequency
range, and determine the following circuit performance parameters:

Vo Lout
Ay = —, A1 =—,

Us Lin
Rim and Rout-

» 015V
2kQ  Rou
82kQ
(e
;% | fout
|

<
<

1.8kQ
Vs CD 12kQ
— T 470 Q)

Ris S

Solution:

'The quiescent point of the BJ T must be found first to ensure that it is in the forward-active
region and to find its A-parameters. For DC operation, all capacitors appear as open circuits.
'The DC equivalent circuit, after replacing the base circuit with its Thévenin equivalent, is shown
below:

'The base and collector currents are:

1.915-0.7
Ip — — 14.92 uA,
B = 1047k + 151(470) a

and
Ic = 1501 = 2.238 mA.

Ve must be checked to verify that the BJT is in the forward-active region.

151
Vep = 15— Ic(2k) = o5 1c(470) = 947V > 0.2V.
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15V

2kQ

10.47 kQ)

Now that the forward-active region is verified, the BJ T A-parameters can be determined:

Va

C

v 1
Tt _1755kQ. and — =

hp = 150,  hy = 151
| C oe

= 156.4kQ.

An AC equivalent circuit can now be determined. All DC sources are set to zero and, since
the circuit is in its midband frequency range, all capacitors are replaced by short circuits: the 470 €2
resistor is totally eliminated from the circuit. The AC equivalent circuit leads to the determination
of amplifier performance characteristics.

_heRe  150Q2k//1.8k)

Ay = = —81.0

hie 1.755k
Ry, = 82k//12k//R; = 10.47k//h; = 1.50kS2
Row = 2k//ro = 1.98k &~ 2.0k

_ dowr _ flowr) (Vo) (Vs _ (1 _ _
Ar=75= (va)(vs) (im) = (I.Sk)( 81.0)(1.50k) = —67.5.
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5.3.4 SUMMARY OF COMMON-EMITTER AMPLIFIER PROPERTIES

A summary of common-emitter amplifier performance characteristics, as derived in this section,

is given in Table 5.3.

Table 5.3: Common-emitter amplifier characteristics

CE CE +R,
A —hfg —/’lfe
Ri hie hie + (hfe + 1)Re
—hgRe —hgR,
Ay
hie hie + (hfe + 1)Re
1
R, h_oe 00 ~ 00

54 COMMON-COLLECTOR AMPLIFIERS

Common-collector amplifiers have the following general circuit topology:
* the input signal enters the BJT at the base,
* the output signal exits the BJT at the emitter, and

* the collector is connected to a constant voltage, often the ground (common) terminal, some-
times with an intervening resistor.

A simple common-collector amplifier is shown in Figure 5.15. The collector resistor, R,
is unnecessary in many applications, it is shown here for generality. The quiescent point of the
BJT must be set with the circuitry external to the transistor so that it is in the forward-active
region. 'The values of the resistors, R, and Rp, and the DC voltage sources, Ve and Vgg, have
therefore been chosen so that the BJT is in the forward-active region and the circuit will operate
as an amplifier.

Once the circuit quiescent conditions have been calculated and it has been determined that
the BJT is in the forward-active region of operation, the significant A-parameters are calculated
to form the small-signal model of the transistor:

hy = Br hae:{/—czo.

4 (5.76)

UG
Ic

hie = (BF + 1)'
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— VCC

Figure 5.15: A typical common-collector amplifier.

'The small-signal circuit performance can now be calculated. Total circuit performance is
the sum of quiescent and small-signal performance. The process of AC modeling of the circuit and

replacing the BJT with an appropriate AC model, applied to Figure 5.15, is shown in Figure 5.16.

R R,
(b)

Figure 5.16: AC modeling of a common-collector amplifier. (a) The small-Signal circuit: DC sources
set to zero; (b) BJT replaced by h-parameter model.

'The small-signal performance can be obtained from analysis of the circuit of Figure 5.16b.
Definitions for these quantities often vary due to differing definition of the exact location of the
point of measurement. Care must always be taken to ensure that measurement points are clearly
understood before any analysis begins. Many similarities exist between the circuit topologies of a
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common-collector amplifier and a common-emitter amplifier with an emitter resistor: those sim-
ilarities will be utilized in calculating common-collector amplifier performance characteristics.

Current Gain
For this simple transistor amplifier, the current gain is defined as the ratio of load current to input
current, that is: . .
A = l—l = _'le. (5.77)
Ip Ip
From the circuit of Figure 5.16b, it can be determined that the emitter and base currents are related
through the dependent current source by the constant /5, + 1. The current gain is dependent only

on the B] T characteristics and independent of any other circuit element values. Its value is given

by:

Ar =he + 1. (5.78)

Input Resistance

The input resistance (shown in Figure 5.16b) is given by:
Vp _ hiclp + Re(ip + hpeip)
ip ip

R;

= hie + (hpe + DR, (5.79)

'This result is identical to that for a common-emitter amplifier with an emitter resistor. The input
resistance to a common-collector amplifier is large for typical values of the load resistance, R,.

Voltage Gain
'The voltage gain is the ratio of output voltage to input voltage. If the input voltage is again taken

to be the voltage at the input to the transistor, vp:
v
Ay = 2. (5.80)
Up

Using previously introduced methods to calculate the voltage gain yields:

s ()

or, replacing each term with its equivalent expression:

_ 1y (he+1)Re
Ay = (R.) (A1) (E) RSN (5.82)

Equation (5.82) is somewhat less than unity. A form of the voltage gain expression that shows

this approximation is:

1 hie _
hie + (hee + DRe

hie
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Often the voltage gain from the source to the load is of interest as well. This overall voltage gain

can be defined as:

Ays = 2. (5.84)

N

This ratio can be directly derived from the voltage gain, Ay, and a voltage division between the
source resistance, Ry, and the amplifier input resistance, R;:

Vo Vo vp R;
Ays = — = — — | =Ay | —. .
v Vg (vb)(vs) V(Ri+Rb) (5.85)

Appropriate substitutions lead to:

hie + Rb

Ays =1— .
v Ri + Rp

(5.86)

Output Resistance

'The output resistance is defined as the Thévenin resistance at the output of the amplifier look-
ing back into the amplifier. The circuit of Figure 5.17 defines the necessary topology and circuit
variables for output resistance calculations.

R,
Figure 5.17: Common-collector output resistance AC equivalent circuit.

If a voltage, v, is applied to the output terminals, the base current is found to be:

—V

= m. (587)

ip

The total current flowing into the emitter of the BJT is given by:

i = —ip — hpip. (5.88)
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From which the output resistance is calculated:

R hie
R, =2 = ot hie (5.89)
1 hfe +1

'The output resistance for a common-collector amplifier is typically small.
'The common-collector amplifier has been shown to have:

* high input resistance,

* low output resistance,
* high current gain, and
* low voltage gain.

A summary of common-collector performance characteristics, as derived in this section, is
given in Table 5.4.

Table 5.4: Common-collector amplifier characteristics'*

Ag hﬁ+1

Ri  hi+ (he+1DRe

hz’e

A 1——
|4 R;
R hie
R, Kp 7 o3
hﬁ +1

Example 5.8
A Silicon BJT with parameters:

Br =100 and V4 =250V,

is placed in the amplifier shown. Assuming the amplifier is operating in its midband frequency
range, determine the following circuit performance parameters:

Vo i()ut
AV = AI = —, R;, and Rous.
Us Lin

“These characteristics are based on approximations assuming that the BJT output resistance, r, is much larger than the sum
of the total resistance connected to the collector and emitter terminals of the transistor. Large resistances necessitate the use
of the expressions derived in Subsection 5.4.1.




342 5. SINGLE TRANSISTOR AMPLIFIERS

+——o10V

27kQ

Solution:

'The quiescent point of the BJ T must be found first to ensure that it is in the forward-active
region and to find its A-parameters. For DC operation, all capacitors appear as open circuits.
'The DC equivalent circuit, after replacing the base circuit with its Thévenin equivalent, is shown
below:

10V
20.31kQ

The base and collector currents are:

7.523 - 0.7
20.31k + 101(330)

Ip = = 1272 A,

and
Ic = 1001 = 12.72mA.

Vce must be checked to verify that the BJ T is in the forward-active region.

101
Ver = 10— 1-1c(330) = 576V > 0.2V.
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The BJT A-parameters can now be determined:

Va

% 1
MVt 2109, and — =
Ic

|] C | hoe
An AC equivalent circuit can now be determined. All DC sources are set to zero and, since the
circuit is in its midband frequency range, all capacitors are replaced by short circuits. The AC
equivalent circuit leads to the determination of amplifier performance characteristics. Care must
be taken concerning parameter definitions.

hs, = 100, h; = 101 = 19.65k2.

R; = hie + (hfe + I)Re
— 210 + (101)(330//50) = 4.596 k2
Rin = 82kQ//27kQ//R; = 375k

je Rin 21

Ay =l = (V) () = (1 e ) (R Y 2 (12 2O (3730 _ o
Vg Up Vg R; R;, + 50 4596 ) \ 3800

_ Rpy+hie  50//82k//27k +210

R, = =
T hp+1 101
Row = R,//330 =2.55Q

i (i (io\ { iou 82k//27k ) 330 )
Ay =t — (1) (o) (o) = 101) [ ——— ) = 74.0.
L (i,-,,) (ib)(io) (82k//27k+3.75k 10D 330130

5.4.1 THE EFFECT OF NON-ZERO /,, ON COMMON-COLLECTOR
AMPLIFIERS

'The basic circuit topology of a common-collector amplifier is essentially the same as a common-
emitter amplifier with an emitter resistor. The only significant difference is the location of the
output. Many of the calculations necessary to obtain amplifier performance characteristics can
be drawn from those performed in Section 5.3.2. Figure 5.18 serves as a reference for amplifier
performance calculations.

<

=2.573Q
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hie

Ri R L Ry
Figure 5.18: AC equivalent circuit—common-collector amplifier.

Current Gain
'The current gain is defined as the ratio of load to base current:
—i
A = —=. (5.90)
lp

In the circuit diagram of Figure 5.18 it can be seen that:
ip=— and —i,= —. (5.91)

The quantity R, is measured here in the identical fashion as with a common-emitter amplifier
with an emitter resistor. Using the results obtained in Section 5.3 (Equation (5.63)), the current
gain becomes:

g, et DR

fo + Rc + Re
Ar = =L = 59
"7 Re Re ’ 592
which can be simplified to become:
hy + Dro
= et Dro (5.93)
ro + Re + R,

Current gain is reduced by the presence of non-zero /..

Input Resistance
The input resistance of a common-collector amplifier is identical to the input resistance of a
common-emitter amplifier with an emitter resistor:

To
Ri =hie+ (hpe + DR | —————— |- 5.94
= ity DR | .94
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As in the common-emitter case, the input resistance is reduced.

Voltage Gain
'The voltage gain can be obtained as a voltage division between £, and R;:
Vo Rt hie
Ay = — = _=]__, 595
v Up hie + Rt Ri ( )

which is the same equation as (5.83) except for the definition of R;. Here, R; is given by Equa-
tion (5.94): the slight decrease in R; due non-zero h,, will also very slightly reduce the gain.

Output Resistance
'The output resistance is best calculated by setting the input source to zero and performing a source
transformation on the dependent current source in Figure 5.18. In order to simplify the diagram,
the BJT output resistance, r, has been combined with the collector resistor, R, into a single
resistance, R, + r,.

0 Vg
hfeibro
Rp

R. + 71, <

1 F
— R,
Figure 5.19: AC equivalent circuit for output resistance calculation.

If a voltage, v, is applied across the output terminals, the total current flowing into the
terminal is given by:

i =—ip + r_— (5.96)
where,

(5.97)
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Substitution of Equation (5.97) into Equation (5.96) leads to:

]’l,’e hie
Ry =2 = ~ . (5.98)

i 1+ hpro ( To )
14+ —— 1+hp| —————
o + R. % o + Re

Non-zero h,, will slightly increase the output resistance.

5.5 COMMON-BASE AMPLIFIERS

Common-base amplifiers have the following general circuit topology:
* the input signal enters the BJT at the emitter,
* the output signal exits the BJ T at the collector, and

* the base is connected to a constant voltage, often the ground (common) terminal, sometimes
with an intervening resistor.

A simple common-base amplifier is shown in Figure 5.20. The quiescent point of the BJ T must
be set with the circuitry external to the transistor so that it is in the forward-active region. The
values of the resistors, R, the base resistors, Rp; and Rp;, and the DC voltage sources, Ve and
Vs, have therefore been chosen so that the BJT is in the forward-active region and the circuit
will operate as an amplifier.

Ry

Figure 5.20: A typical common-base amplifier.

The circuit quiescent conditions must be determined to ensure that the BJT is in the
forward-active region of operation. The significant A-parameters are then calculated to form the
small-signal model of the transistor:

hie =Br  hoe = -5 ~0. (5.99)
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'The small-signal circuit performance can now be calculated. Total circuit performance is, as usual,
the sum of quiescent and small-signal performance. The process of AC modeling of the circuit and
replacing the BJT with an appropriate AC model, applied to Figure 5.20, is shown in Figure 5.21.

In order to simplify calculations, the base resistors have been combined as a parallel combination:

Ry = Rp1//Rp>. (5.100)

Vo

Ry

Us Ry

=
L [ "

Ro |

)

Figure 5.21: AC modeling of a common-base amplifier. (a) The small-signal circuit: DC sources set
to zero. (b) BJT replaced by h-parameter model.

'The small-signal performance can be obtained from analysis of the circuit of Figure 5.21b.
Definitions for these quantities often vary due to differing definition of the exact location of the
point of measurement. Care must always be taken to ensure that measurement points are clearly
understood before any analysis begins. A few similarities exist between the circuit topologies of a
common-base amplifier and the other amplifier types previously discussed: those similarities will
be utilized in calculating performance characteristics.

Current Gain
For this simple transistor amplifier, the current gain is defined as the ratio of load current to input
current, that is:

P " (5.101)

Lin ie

This current ratio for a BJT in the forward-active region is well-known:

hye

= (5.102)

Ag

This gain is very nearly unity.
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Input Resistance
'The input resistance is defined as:

_ Ve _(ve) (e _ Iy
Ri = L (ib) (l.m) = (Rp + hie) (hfe - 1). (5.103)

Common-base amplifiers have low input resistance.

Voltage Gain
'The voltage gain is the ratio of output voltage to input voltage. If the input voltage is again taken
to be the voltage at the input to the transistor, ve:

Ay = —. (5.104)

Using previously introduced methods to calculate the voltage gain yields:

Ay =l o (v_) (l_z) (l_) (5.105)
Ve 1 Lin Ve

or, after replacing each term with its value,

1 heRe
Ay = (R¢) (Ar) (R?) = h'f‘l‘—Rb. (5.106)

'The voltage gain can be large and is non-inverting.

Output Resistance

'The output resistance is defined as the Thévenin resistance at the output of the amplifier looking
back into the amplifier. The circuit topology for this operation is the same as for the common-
emitter amplifier with an emitter resistor (with the names of the resistors changed). The results
are the same:

R, ~ 00, (5.107)

a very large value.
'The common-base amplifier has been shown to have:

* low input resistance,
* high output resistance,
* low gain, and

* moderate to high voltage gain.
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Table 5.5: Summary of common-base amplifier performance characteristics®

hy
hfe +1
hi. + Ry
he+1
hgR.
hi. + Ry

i

Ay

R, ~ 00

A summary of common-base performance characteristics, as derived in this section, is given in
Table 5.5. Increased voltage gain and decreased input resistance can be obtained with a bypass
capacitor from the BJT base terminal to ground thereby making R, = 0 in the AC sense.

Example 5.9
A Silicon BJT with parameters:

Br =120,  V4=-200V,

is placed in the amplifier shown. Determine the following circuit performance parameters:

Vo
AV = —, Ry, and Rous.
v

N

Solution:
'The DC equivalent circuit is shown below (a Thévenin equivalent of the base biasing circuit
was made). The quiescent conditions can be calculated beginning with the base current. Around

the base-emitter loop, Kirchhoft’s Voltage Law yields:
12115(100) — 0.7 + Ip(8191) +1.998 = 0

5These characteristics are based on approximations assuming that the BJT output resistance, 7o, is much larger than the sum
of the total resistance connected to the collector and emitter terminals of the transistor. Large resistances necessitate the use
of the expressions derived in Subsection 5.5.1.
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or,
Ig = —63.96 uA Ic = Brlp = —7.675mA.

Brlp

100Q2 2.2kO
A AR v

— 0.7V

Ip
—1.9978V

8.191kQ

The collector-emitter voltage is:
Ver = —20 — (12175)(100) — (I¢)(2200) = —2.341 V.

The constraints for a pnp BJ T in the forward-active region are met.
'The A-parameters for the pnp BT are obtained in the same manner as 7pn B] T parameters.
At this quiescent point they are given by:

V4

Ic

v 1
hy = 120, hie:121|’7—’|%410sz, and — =

= 26.06kS2.
Ic Roe

'The AC equivalent circuit is shown below. The circuit performance parameters can be calculated
as:

9.882kQ

R _ hiet Ry _ 41049191
" e+l 121
Rou = 2.2k

Ay = Vo (Vo Ve \| hfeRc R;,
Vs \w ) \u) T\ Ry ) \ Ry + 100

[ (120)(2200) 71.1 127
—\ 41048191 J\71.1+100) T

=71.1Q
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5.5.1 THE EFFECT OF NON-ZERO #,, ON COMMON-BASE AMPLIFIERS
Non-zero h,, is modeled by altering the circuit of Figure 5.21b to include the output resistance,

ro, of the BJT. After a source transformation is performed on the dependent current source, the
AC equivalent circuit becomes the circuit shown in Figure 5.22.

hﬁibrg

Figure 5.22: Common-base amplifier AC equivalent circuit including r,.

Input Resistance
If a voltage, v,, is applied to the emitter of the amplifier (assuming the source and source resistor
are removed), the input current is given by:

. Ve Ve — hfeibro
Iin = + , 5.108
hie + Rp To + R ( )
where
. —Ve
= 5.109
" hic + Rp ( )
Substituting (5.109) into (5.108) yields:
' e 4 e (1 4 wro ) (5.110)
lin = . .
hie + Rp ro + R hie + Rp
The input resistance can now be determined as:
hie + R
Ry = Ve = X (5.111)

lin 1+ (hie + Rp + hfero)‘
o + R.
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In typical common-base amplifiers, Rj is not a large resistance. It is therefore reasonable to assume
that:

hie + Rp <K hpery. (5.112)
Under that assumption, the input resistance expression reduces to:

hie + Rb

R, ~ . . (5.113)
14 hy, ? )
£ (ro + R,
The presence of non-zero h,, increases the input resistance.
Current Gain
'The current gain is defined as the output current divided by the input current:
Ap = (5.114)
Lin
'The output current was expressed as a component of Equation (5.110):
. Ve hfer 0
—i. = 1+ —++]. 5.115
N ro+Rc(+hie+Rb) G115
Algebraic manipulations on Equations (5.110) and (5.115) lead to:
hye hi. + R
Ay = fel'o + Mie + R (5.116)

(hfe+1)r0+hie+Rb+Rc.

The current gain remains essentially unchanged by the presence of non-zero /,.. Small external
resistances will very slightly increase the gain while extremely large R, will decrease the gain

slightly.

Voltage Gain
'The output voltage can be determined through a voltage division between r, and R, in Figure 5.22:
Rc
= (ve — hpi . 5.117
Vo (Ue flbro) (Rc n ro) ( )

The emitter voltage, ve, and the base current, ip, are related by h; and Rj through Equa-
tion (5.109). Substitution of this expression yields:

hfero R
= 1 . 5.118
v Ue( +hie+Rb)(Rc+ro) ( )
'The voltage gain is easily obtained:
o= 0nt) () ~ (05 (5
Ay = 2 =1+ A . 5.119
Y Ve ( hie + Rp Re + 1o hie + Rp Re + 1o ( )

'The voltage gain is reduced by the presence of non-zero /.
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Output Resistance
'The output resistance is the same as that seen for a common-emitter amplifier with an emit-
ter resistor (Equation (5.75)). The external resistors have changed name so that the expression
becomes:

hfeRs

_— . 5.120
Rs+hie+Rb ( 2)

Ro = {Rs//(Rp + hie)} + 1o 31 +

This is a very large resistance.

5.6 COMPARISON OF BJT AMPLIFIER TYPES

Single-B]JT amplifiers have been shown to fall into three general categories: Common-Emitter
(both with and without an emitter resistor), Common-Collector, and Common-Base. The per-
formance characteristics for each type of amplifier are summarized in Table 5.6.

Table 5.6: Qualitative comparison of B] T amplifier configurations

A;  High High High ~ Unity

R; Medium High High Low

Ay High Medium ~ Unity Medium to High
R, High Very High Low Very High

'The common-emitter configuration appears the most useful of the three types: it provides
both significant current and voltage gain (in each case with an inversion).

The common-emitter amplifier input and output impedances are high. In fact, this con-
figuration is the most versatile of the three types and will often form the major gain portion of
multiple-transistor amplifiers.

The common-collector and common-base configurations amplify either current or volt-
age, but not both. Neither inverts either the voltage or current signal. These configurations find
greatest utility as impedance-matching (or buffer) stages of multi-stage amplifiers. Common-
collector amplifier stages are capable of easily driving low-impedance loads. Common-base stages
can impedance-match a very low-impedance source.

Quantitative expressions for the amplifier performance characteristics are found in Ta-
ble 5.7. These expressions are based on the often realistic assumption concerning the relative
size of the external resistors (connected to the collector and emitter terminals) and the B] T out-
put resistance: /,.(R. + R.) < 1. High resistance loads require the more exact expressions for
amplifier performance that do not depend on that assumption. These expressions can be found in
previous subsections concerning the effects of non-zero &,,.




354 5. SINGLE TRANSISTOR AMPLIFIERS
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5.7 FET LOW-FREQUENCY MODELS

'The FET saturation region with small-signal input variations about the DC quiescent operating
point (Q-point) is considered approximately linear in nature. Therefore, like the BJ T, small-signal
approximations, in the form of approximate circuit networks, are commonly used to model FET
operation in the saturation region. The model is used to approximate all FET types.

Figure 5.23a shows a “generic” FET biased in the saturation region by a gate-source volt-
age Vgso, with a drain-source voltage Vpgp and drain current Ipg. The effect of small changes
of the bias voltages on Ip can be found by independently varying V5o and Vpsp as shown in
Figure 5.23b and c, respectively.

Ipg Ipg+ Alp
D D
G G
FET T 0 FET
or ¢
Veso S 0S
()

(@) (b)

Figure 5.23: (a) Generic FET biased in the saturation region by a gate-source voltage Viso, with
a drain-source voltage Vpsop and drain current Ipg. (b) Method for determining gate small-signal
transconductance with small variations in Vg causing small changes in Ip. (c) Method for determining
drain small-signal conductance with small variations in Vpg causing small changes in /p.

'The change in Ip with respect to small variations in Vg and Vpg are expressed as conduc-
tance parameters. These parameters are:

1. Small-signal transconductance or mutual conductance, g, often referred to simply as
“transconductance.” The mathematical relation for determining transconductance corre-
sponding to the measurement in Figure 5.23b is,

_Alp
W

Alp

~ 5.121
AVgs (5.121)

&m

Vps=constant Vps=constant

2. Small-signal drain conductance or output conductance, g 4. Corresponding to the measurement
in Figure 5.23c¢, the output conductance is defined as,

-1 aID

B _Alp
T Vps

~ : 5.122
AV (5.122)

Vis=constant

8d =T

VGs=constant

where r;! is the drain resistance or output resistance in Ohms.
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Both gy, and g4 have units of conductance and are expressed in Siemens [S].
Consider the general case where both Vps and Vg changed simultaneously. The corre-
sponding total change in the drain current is,

dlp
Alp = | —
P (3VGS

ol
AVgs + | =2
Vps=constant d VDS

If Alp, AVps, and AVgs are time-varying quantities about the Q-point they are AC signals.

AVps. (5.123)
Vs=constant

Equation (5.123) can then be re-written as:

iy = dip - dip
dvGs | g & dvps

Substituting the small-signal conductances into Equation (5.124) yields,

) Vgs- (5.124)
Q

id = 8mUgs + gaVas- (5125)
Recall from Chapter 4 (Book 1) that the gate current is assumed to be zero. Therefore,
Alg = 0. (5.126)

Equations (5.125) and (5.126) relate small-signal quantities that can are represented by the small-
signal equivalent circuit of Figure 5.24.

» D
G5 ¥
Vgs 8mUgs rq Vg5

So— . oS

Figure 5.24: Low frequency small-signal model of an FET.

'The voltage-controlled current source in the low frequency small-signal FET model in
Figure 5.24 may be changed to a voltage-controlled voltage source by source transformation. The
source transformed FET model is shown in Figure 5.25. The gain or amplification factor p is

defined as,

w= &m _ gmld. (5.127)

8d
'The FET models shown in Figures 5.24 and 5.25 are valid for all types of FETs biased in the
saturation region. The actual values of the elements in the model vary for different FETs.
The value of ry = g;' can be obtained from the output characteristic curve of the FET at
the desired Q-point. From Equation (5.122), g4 is the slope of the line defined by Ip and Vs at
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rd
Go oD
- AVAAY
Vgs HVgs
So—e oS

Figure 5.25: Equivalent low frequency model of a FET with a voltage-controlled voltage source.

the desired Q-point defined by a constant Vs,

Aip
8d =

= =r;L 5.128
AUDS rd ( )

Vaso

Typical values for rg = g;l range from 10k to 100 k2. r4 can also be determined from /p and
the Early voltage, V4, using the following relationship:

=

The small-signal value for g, for the JFET and depletion MOSFET is found by taking the
derivative of Ip from Table 4.2 (Book 1) with respect to Vs,

2
0 | Ipss (1 - @)
81D . Veo

rd (5.128a)

&m = Was WVos
Vi
—2Ipss (1 - V—GS) 7
PO DSS
= =2(— ) Ves — Vpo) . 5.129
Voo ( szo) (Vss P0) ( )
But, by definition,
VGS 2 ID
ID = IDSS (1 — —) or IDSS = TN (5130)
VPO (1 V(;s)
Vpo

Substituting Equation (5.130) into (5.129) and simplifying yields an alternate expression for the
small-signal transconductance of depletion type FETs:

2Ip (]DSS)
=——F—=2[Ip|—=]. 5.131a
g (Vs — Veo) P Vo ( )
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For the enhancement MOSFET, g, is found by taking the derivative of Ip from Ta-
ble 4.2 (Book 1) with respect to Vgs,

dp _ IK(Ves = Vr)’]

= Wes Wos
21
Ves = Vr)

Typical values for g, range from 107 to 1072 S.

An alternate method for arriving at the small-signal FET model is through the use of two-
port analysis. The y-parameter two-port parameters are used since the independent variables are
port voltages (Vs and Vps) and the dependent variable is the drain current Ip. As in the BJT,
one terminal of the FET is assigned as a common terminal to both ports. In practice, the FET
source is assigned as the common terminal.

Figure 5.26: Generic y-parameter two port network.

'The generic y-parameter two port network is shown in Figure 5.26. Recall the y-parameter
equations from Equation (5.4) and (5.6):

|:11:|:|:y11 y121||:V1]
I Y21 Y22 Vo |’

)
=

and

Yij

Vk # j =constant

For the FET, v, and vg; are represented as V; and V5 in the two-port network, respectively.
'The currents /4 and I, are I and Ip, respectively. However, the gate current in the FET is ap-
proximately zero. Therefore, I; = 0, which implies that the dependent current source y12V2 = 0,
and the two port network exhibits an infinite input impedance (y1; = 0). The remaining two
parameters of the y-parameter two-port network the transadmittance y,; and the output admit-
tance y2». The real components of the transadmittance and output admittance were found in

Equations (5.121) and (5.122):

|v21] = gm (5.133)
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and

|y22] = ga (5.134)

y-parameters with descriptive subscripts are often used to specify parameters in manufacturers’
data sheets. The second subscript defines which terminal is chosen as common (the source), and
the first subscript identifies the function of the parameter:

Vs = |y21] = gm = input admittance—source as common terminal (5.133)

Yos = |¥22| = g4 = output admittance—source as common terminal (5.134).

The small-signal parameters for the FET are summarized in Table 5.8. The FET parameters are

dependent on quiescent conditions.

Table 5.8: FET small-signal parameters

Small-Signal Parameter Value
JFET and Depletion ( I DSS) 2Ip ( 1 DSS)
2 BE ) Ves — Vpo) = ——2— =2 |1, 2
MOSFET: g, V2 (Vas =Veo) = 5 0 P\,
Enhancement 2Ip
2K(Vgs—Vr) = —— =2+/IpK
MOSFET: gy, Ves = V) = =5 °
All FETs: ry E
Ip
Example 5.10
Given a depletion NMOSFET with parameters:
IDSS =5mA Vpo = —2V,

operating in the circuit shown, determine the small-signal transconductance for the FET.

+10V

Rp
5.1kQ

1kQ
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Solution:
'The quiescent conditions must first be obtained. Note that Vg = 0. Therefore,

Vos = Vg — Vs = —Vs = —Ip(1000).
Solving for Vps,

Vps = 10 — I(1000 + 5100)
=10 — Ip(6100).

Assume that the FET is in saturation. That is,

Vps > Vgs — Vpo.

Then,
Vos \°
Ip=1 (1 . —)
DSS Voo
Ip x 103\°
= Ipss (1 + D—)
Vro

=5x1072(1-5001p)*> = 5x 1073 (1 — 10001p + 250 x 10°13) .
Use the quadratic equation to solve for Ip. The two roots of the second order equation are:
Ip = 1.07mA or3.725 mA.
For Ip = 1.07mA,
Vos = —Ip(1K) = —1.07 x 1073(1000) = —1.07 V,
and

Vps = 10 — Ip(6.1k)
= 10— 1.07 x 1073(6100)
=3.47V.

Similarly, for Ip = 3.725mA,
Vos = —Ip(1k) = —3.725 x 1073(1000) = —3.725V,
and

Vis = 10 — Ip(6100)
=10 —3.725 x 1073(6100)
= —12.7V. < 'This solution is clearly not valid.
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Therefore, the drain current is Ip = 1.07 mA.
Confirm that the FET is in saturation:

VDS > VGS — Vo =—1.07+2 =10.93 V,
and
3.47V > 0.93V. < The FET is in saturation.

The transconductance of the FET is

—2Ip _ —2(1.07x107?)

(Vo — Vas) -2 —(~=1.07) m

Em

5.8 COMMON-SOURCE AMPLIFIERS

Between the ohmic and cut-off regions of the FET characteristics lies a linear region where the
variation in the output voltage about the quiescent point is directly proportional to the variation
in the input voltage. This section develops the characteristics of the common-source amplifier
using the small-signal parameters developed in Section 5.7.

Common-source amplifiers have the following general circuit topology:

* the input signal enters the FET at the gate,
* the output signal exits the FET at the drain, and

* the source terminal is connected to a constant voltage, often the ground (common) terminal,
sometimes with an intervening resistor.

A simple common-source amplifier is shown in Figure 5.27. Although a enhancement
NMOSFET amplifier is shown, the small-signal analysis of the amplifier is valid for all types
of FETs. As in BJ T amplifiers, the quiescent point of the FET must be set with circuitry external
to the transistor so that it is in the FET saturation region. The values of the resistors, Rp and
R, and the DC voltage sources, Vi and Vpp, have therefore been chosen so that the FET is in
the saturation region and the circuit will operate as an amplifier. Since the gate current is zero,
Ve = Vi and the gate to source voltage, Vs, must have a value that places the operation of the
FET in the saturation region. The voltage source, vs, is a small-signal AC source with source
resistance Rg.

One the quiescent conditions (v = 0) have been calculated, and it has been determined
that the FET is in the saturation region, the significant small-signal conductances can be calcu-

lated by referring to Table 5.8.
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Rg

Rg

O

Vee T

Figure 5.27: A simple common-source amplifier.

For the enhancement NMOSFET,

gm = 2K (Vgs —Vr) =24/IpK
Aip (5.135)

from the characteristic curves.

and gd = Aons

Vaso

'The small-signal circuit performance can now be calculated. Total circuit performance is the
sum of the quiescent and small-signal performance. The process of AC modeling of the circuit and
replacing the FET with an appropriate AC model, applied to Figure 5.27, is shown in Figure 5.28.

'The small-signal performance can be obtained from analysis of the circuit of Figure 5.28b.
'The small-signal characteristics that are of interest are: #he input resistance, the voltage gain, and the
output resistance. Definitions of these quantities may vary due to differing definition of the exact
location of the point of measurement.

Input Resistance

The input resistance (shown in Figure 5.28b) is given by:

R (5.136)

lg

R;

Because the gate current is zero, the input impedance is infinite.
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Rg . .
=0
D o ! G g D
Rs D + +
¢ T
Rp Vs RG Ugs gmvg: d RD Vo
o i : RG% s |—> 4—|
L | R; S Jj* | R,

Figure 5.28: AC modeling of a common-source amplifier. (a) The small-signal circuit: DC sources
set to zero. (b) FET replaced by the small-signal model.

Voltage Gain
'The voltage gain is the ratio of output voltage to input voltage. If the input voltage is taken to be
the voltage input to the FET, vy,

Ay = —. (5.137)

Using previously introduced methods to calculate the voltage gain yields,

Vo Vo Vo i
Ay = 2 =22 (2 -, 5.138
g Vg Ugs (il ) (UgS) ( )

where i; = the current through the parallel combination of the load resistor Rp and r4. But

i] = —&mUgs. (5.139)

Therefore, the voltage gain is,
av = Roffra) () =~ (Ro ). (5,140
'The voltage gain from the source is of interest as well. This overall voltage gain can be defined as:
Avs = ? (5.141)

'This ratio can be directly derived from the voltage gain, Ay, and a voltage division between the
source resistance, Rg, and the bias resistance, Rg (the amplifier input resistance, R;, is infinite),

Vo _ (o) ((Ves) _ (Rg//Ri) _ Rg
A = = (vgs) (vs) = ((RG//Ri) + RS) = (RG+RS)' 142

'The appropriate substitutions lead to,

Avs = —gm (ra//Rp) (%) : (5.143)
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Output Resistance

'The output resistance is defined as the Thévenin resistance at the output of the amplifier look-
ing back into the amplifier. The circuit of Figure 5.29 defines the necessary topology and circuit
variables for output resistance calculations.

Figure 5.29: Circuit for calculating the output resistance of the common-source amplifier.

Since ig = 0, the dependent source is also zero-valued and the output resistance is the
parallel combination of 4 and the resistance of the zero-valued dependent source,

V4

Sk (5.144)

Ro =rq//oc=r4q

where Vy is the Early voltage of the FET and Ip is the quiescent drain current.
'The output resistance is dependent on the quiescent conditions of the FET. It is also possible
to define the output resistance of a common-source amplifier to include the drain resistor, Rp,

Roi = Ro//Rp =ra//Rp. (5.145)

Example 5.11
Given an n-JFET with parameters:

Vpo = =5V Vi=100V
IDSS=6IHA 15=1pA

operating in the circuit shown at room temperature, determine the amplifier small signal perfor-
mance characteristics in its midband frequency range.

Solution:
'The modeling process for FET circuit performance contains the following steps:

1. Determine the quiescent (DC) conditions - verify FET in saturation region.

2. Determine the FET AC model parameters from the quiescent conditions.

3. Create the AC equivalent circuit.
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4. Determine the AC performance by replacing the FET by its AC model.

365

5. Add the results of the DC and AC analysis to obtain total circuit performance.

Vbp
+10V
Rp
2.2kO
Ry Vo
510 C
Rg
Us C_D 510kQ
v
T 2

Step #1  Determine the circuit quiescent (DC) conditions - verify that the FET is in the satu-
ration region. Using the equations in Table 4.2 (Book 1) for the n-JFET,

Ves=Ve —Vs =—2—-0==-2V

2
) =6x10—3(

Vps = Vpp — IpRp = 10 — (2.16 x 1073) (2200) = 5.25V.

and

Vs

Vro

-2
1— =

2
ID=ID53(1 ) =216mA

So the drain-source voltage is

The condition for saturation is

Vps = Vgs — Vpo = =2 —(=5) =3V
525V >3V.

The circuit is confirmed to be in saturation.
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Step#2 Determine the FET AC model parameters from the quiescent conditions. The relevant
P p q
parameters are:

1% 100
rg == s = 463 kQ
Ip ~ 2.16x 10
v, )
2pss (1 -2 —2(6x1073) (1 - —=
Voo -5
em = — = 1.44 mS.

Veo -5

Step #3  Create an AC equivalent circuit. The DC sources are set to zero and the output voltage
becomes a small-signal quantity.

Step #4 Determine the AC performance by replacing the FET by its AC model. The small-

signal circuit model of the amplifier is shown below.

The input resistance to the gate of the FET is,
R, = 0.
If the input resistance is measured to the left of Rg then,
Ris = Rs + (Rg//Ri) = 51 + 510k ~ 510kQ.
'The voltage gain from the gate of the FET is,

Ay = —gm (ra//Rp) = —1.44 x 1073 (46.3k//2200) = —3.
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'The voltage gain from the source is given by,
Rg
Avs = —gm (ra)/Rp) [ ——2—
Vs gm (ra// D)(RG+RS)

510k
=144 x1073463k//22k) [ ——— | ~ Ay = —3.
X 1077463 k// )(510k+51) 4

'The output resistance is,

Va

Ip

B 100
216 x 1073

If the drain resistance is included in the output resistance,
Roi = Ro//Rp =r4q//Rp = 46.3k//2.2k =2.1kQ.

Step #6 is beyond the requirements of this problem, but all the data is present to add the quiescent
solution to the small-signal solution for total circuit response.

5.81 COMMON-SOURCE AMPLIFIERS WITH NON-ZERO SOURCE
RESISTANCE

Several characteristics of the common-source amplifier (Figure 5.30) can be altered through the
addition of a resistor connected between the source and common (ground). The source resistor
has the following effects on common-source amplifiers:

* increased output resistance
* decreased voltage gain

Derivation of these effects follows the process described in Section 5.7.

In order to determine the AC performance of this amplifier, the quiescent conditions must
first be obtained. If the FET is operating in the saturation region, an AC equivalent model of
the circuit can be obtained (Figure 5.31a) and the FET can be replaced by its small-signal model
(based on the quiescent conditions) in the AC equivalent circuit (Figure 5.31b). Circuit perfor-
mance can then be obtained from this equivalent circuit.

Input Resistance
The input resistance (shown in Figure 5.31b) is the same as the input resistance for a common-
source amplifier without a source resistor,

R; = oo. (5.146)

'The addition of a source resistor has not changed the input resistance of the amplifier.
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Vop
Rp
Vo
Rs
Rg
()
Rss
Voo
Figure 5.30: A common-source amplifier with source resistor.
D . ou Rs ig=0¢g
R D o L
§ G
—
N RD Vg Rg
Vs Rg
Rgs
4; I Ri — R, I
(a) (b)

Figure 5.31: AC modeling of a common-source amplifier with a source resistor. (a) The small-signal
circuit : DC sources set to zero. (b) The FET replaced by the small-signal model.

Voltage Gain
The voltage gain is the ratio of the output voltage to input voltage. If the input voltage is again

taken to be the voltage at the input to the FET, v,

Ay = 22 (5.146)

Although the voltage gain can be found using the small-signal model of Figure 5.31b, the alternate
source-transformed form of the FET small-signal model of Figure 5.25 may be used. The small-
signal model of the common-source amplifier with source resistor using the small-signal model
of the FET with voltage-controlled voltage source is shown in Figure 5.32.
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Figure 5.32: Alternate small-signal model of the common-source amplifier with source resistor using
the small-signal model of the FET with voltage-controlled voltage source.

Using the methods similar to those of the simple common-source amplifier to calculate the

G- EOE e

Knowing that © = gmmrq, Equation (5.147) is,

voltage gain yields,

_ 8mVgsld
R T R Ugs
Av:(RD) SS+vd+ D (UL)
& £ (5.148)
___ 8mla Rp (@)
Ress+rqg+ Rp \vg )’
By voltage division, the source voltage, vy, is
sTa R
Vg = _8mUgsTdRss (5.149)
Rss+rq + Rp
Using Equation (5.149), the gate-source voltage is,
sTd R
Vgs = Vg — Ugy = Ug — M. (5.150)
Rss +ra + Rp

From Equation (5.150), the expression for the gate voltage, v, as a function of the gate-source
voltage, Vg, s,

(5.151)

Rss+rqg+Rp )

Vg = Ugs (1+
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Substituting Equation (5.151) into (5.148) results in the expression for the voltage gain for the
common-source amplifier with FET source terminal resistor,

_ gmrdRD Ugs
Rss+rq + Rp v (1 + &mVgstd Rss
& Rgs+rg + Rp

Ay =

gmra R 1 (5.152)

" Rss+rq+ Rp (rd + Rp + (1 + gmra) Rss)
Rss+ry + Rp

_ gmra Rp
ra + Rp + (1 + gmra) Rss’

'The voltage gain from the input voltage source is defined as:

AVS = 2. (5153)

Us

This ratio can be directly derived from the voltage gain following the derivation for the common-
source amplifier without source resistor:

Ay = 20— (_) (_) s (_) . (5.154)
Vg Vg Vg Us

Using voltage division to determine v, as a function of vy,

USRG
v R R
AVS=AV(—g)=AV R
Us Vs
_ gmrd Rp ( Rg ) (5.155)
ri + Rp + (14 gmra) Rss \RGg + Rs ) '

Output Resistance

'The output resistance is defined as the Thévenin resistance at the output of the amplifier looking
back into the amplifier. As in the case of the simple common-source amplifier, R, is measured
without considering Rp.

Calculations to determine the output resistance of the common-source amplifier with
source resistor are based on the small-signal model of Figure 5.31b and is similar to the calcula-
tions performed previously for the common-source amplifier without source resistor. The circuit
of Figure 5.33 defines the necessary topology and circuit variables for output resistance calcula-
tions.
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Figure 5.33: Circuit for calculating the output resistance of the common-source amplifier with source
resistor.

'The Thévenin voltage and current at the output are v, and i;, respectively, where the output
resistance, R,, is the Thévenin resistance defined as,

R, = 2. (5.156)

7
Solving for the Thévenin current as a function of the Thévenin voltage,

v Vsl VUt + &mld (Vg — Vg
i = 2t 8mlelad U gmrd (Vg = V) (5.157)
rd+RSS rd+RSS

Since Rs and the gate bias resistor, R¢, are grounded (the independent voltage source is set to
zero), vg = 0. Therefore, Equation (5.157) is,

. Ut — 8&mldUss
= — 5.158
' rq + Rss ( )

The voltage at the source of the FET, vy, is simply,
Uss = It Rgs. (5.159)
Substituting Equation (5.159) into (5.158) yields,

Vs — &mld (i Rss)

(5.160)
rq + Rgs

ly =

Rearranging Equation (5.160) and solving for the Thévenin voltage, vy, in terms of the Thévenin
current, i;,
Ve =it [ra + (1 + gmra) Rss] . (5.161)
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Applying the definition of the Thévenin resistance shown in Equation (5.156) to (5.161) yields
the output resistance,

R, = ll)—t =[ra + (1 + gmra) Rss] . (5.162)

t

Example 5.12
An enhancement NMOSFET with parameters:

K=29x10"A/V?
Vr = 2V rqg = 30k

is placed in the amplifier shown. Assume that the amplifier is operating in its midband frequency

range with quiescent point
ID =5 mA

Vbp

Determine the following circuit parameters:

Vo
Ays = v_’ Rin, and Ry.

N

Solution:

The quiescent point of the FET must be found first to ensure that it is in the saturation
region. For DC operation, all capacitors appear as open circuits. By voltage division, the gate
voltage is

o _ VooRaa _ 1005k oo
¢~ Roi+ Rga 24k+ 15k 7
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'The voltage at the source terminal of the FET is,

Vs = IpRss = (5x 107%) (100) = 0.5 V.
'Therefore, the gate-source voltage is,
Vs =Ve —Vs =3.8—0.5=3.3V.
'The drain source voltage is,
Vs = Voo — Ip (Rp + Rss) = 10— 5 x 1073 (1100) = 4.5 V.
For the FET to be in saturation, Vps > Vs — Vr. For the circuit in this example,

45V >33V-2V
> 13V = the FET is in saturation.

'The small-signal transconductance is,

gm = 2V IpK = 2,/(5x 1073) (2.96 x 107) ~ 7.7mS.

The AC equivalent circuit can be found by setting all DC sources to zero and, since the circuit is

in its midband frequency range, all capacitors are replaced by short circuits.

Lout

Ry, Vo
1kQ
Rgs

100 Q2

RV =
: 5y

373
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The AC equivalent circuit leads to the small-signal equivalent circuit for the amplifier:

lin

gmraRp
Rss +rqg + Rp + gmraRss
7.7 %1072 (30k) (1k) N
100 4+ 30k 4+ 1k + 7.7 x 1073 (30 k) (100)
R, = 24k//15k = 9.23kQ
Roii = Rp//Ro = Rp// (ra + Rss + gmra Rss)
= 1k//[30k + 100 + 7.7 x 1073 (30k) (100)| ~ 980 2.

Ays = Ay = —

Summary of Common-source Amplifier Properties
A summary of common-source amplifier performance characteristics, as derived in this section,

is given in Table 5.9.

Table 5.9: Common-source amplifier characteristics

Parameter CS CS +Rygy
R; o0 00

rqR

Av  —gm(Rp/jra) - gmld "D

ra + Rp + (1 + gmra) Rss

R, rd ra + (1 + gmra)Rss
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5.9 COMMON-DRAIN AMPLIFIERS

Common-drain amplifiers have the following general circuit topology:

* the input signal enters the FET at the gate,
* the output signal exits the FET at the source, and

* the drain terminal is connected to a constant voltage, often the ground (common) terminal,
sometimes with an intervening resistor.

A simple common-drain amplifier is shown in Figure 5.34. Although Figure 5.34 shows a
common-drain n-JFET amplifier, the small-signal analysis of the amplifier is valid for all types of
FETs. As in BJT amplifiers, the quiescent point of the FET must be set with circuitry external to
the transistor insuring linear operation which for the FET is the saturation region. The values of
the resistors, Rp and Rg, and the DC voltage sources, Vi and Vpp, have therefore been chosen
so that the FET is in the saturation region and the circuit will operate as an amplifier. Since the
gate current is zero, Vg = Vi and the gate to source voltage, Vs, must have a value that places
the operation of the FET in the saturation region. The voltage source, vs, is a small-signal AC
source with source resistance Rg.

Once the quiescent conditions (vs = 0) have been calculated, and it has been determined
that the FET is in the saturation region, the significant small-signal conductances can be calcu-

lated by referring to Table 5.8.

Rp

e——oUVy

Vee

Figure 5.34: A simple common-drain amplifier.
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For the n-JFET,
21

m =

(Vs — Vro)
and (5.163)

Aip [Ipgl

gd = =
Avps |y, 1Vl

from the characteristic curves, where V4 is the Early voltage.

'The small-signal circuit performance can now be calculated. Total circuit performance is the
sum of the quiescent and small-signal performance. The process of AC modeling of the circuit and
replacing the FET with an appropriate AC model, applied to Figure 5.34, is shown in Figure 5.35.

Rs

J\/\/\/f ig =0 G iad D
> » O
+
Ugs 8mUgs rd
m - s
R R
_> G§ + § ?
Vo Rss
[r Ll

Figure 5.35: AC modeling of a common-drain amplifier. (a) The small-signal circuit: DC sources set
to zero. (b) FET replaced by the small-signal model.

'The small-signal performance can be obtained from analysis of the circuit of Figure 5.35b.
'The small-signal characteristics that are of interest are: #he input resistance, the voltage gain, and the
output resistance. Definitions of these quantities may vary due to differing definition of the exact
location of the point of measurement.

Input Resistance

'The input resistance (shown in Figure 5.35b) is given by:

p= 28— oo, (5.164)
R
lg

Because the gate current is zero, the input impedance is infinite.
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Voltage Gain

'The voltage gain is the ratio of the output voltage to input voltage. If the input voltage is again
taken to be the voltage at the input to the FET, vg,

Ay = —. (5.165)

Although the voltage gain can be found using the small-signal model of Figure 5.35b, the alternate
source-transformed form of the FET small-signal model of Figure 5.36 may be used. The small-
signal model of the common source amplifier with source resistor using the small-signal model
of the FET with voltage-controlled voltage source is shown in Figure 5.36.

Rs

ig=0¢g d it D

Us C—l_ Rp

Figure 5.36: Alternate small-signal model of the common-drain amplifier using the small-signal
model of the FET with voltage-controlled voltage source.

Using the methods similar to those of the simple common source amplifier with source resistor
to calculate the voltage gain yields,

v=()=(G)E)E) 5169

Knowing that u = gmrs, Equation (5.166) is,

EmUgsld
Ay = (Rss) Rstrg+ Rp (@)
Ugs Vg
R s
__ 8mlaRss (”i) , (5.167)
Rss+71rq + Rp \ vy
By voltage division, the output voltage, v, is
8mVgslq RSS

(5.168)

Vo

- R +rg+Rp’
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Using Equation (5.168), the gate-source voltage is,

E8mUgsld RSS

—_— (5.169)
Rss+rqg + Rp

Vgs = Vg — Vg = Vg —

From Equation (5.169), the expression for the gate voltage, vg, as a function of the gate-source
voltage, Vg, 1S,
gmrd Rss
Vg = Vg [l + ————— ). 5.170
¢ ¢ ( Rss +rq + RD) ( )
Substituting Equation (5.170) into (5.167) results in the expression for the voltage gain for the
common-drain amplifier,

Ay = 8&mrd Rss Ugs
Rss+rqg + Rp . (1 n &mVgsTd Rss )
s Rss +71rq + Rp
 gwraRss { (5.171)
"~ Rss+rq+Rp (”d+RD+Rss(1+gmrd))
Rss +ra + Rp
gmrd Rss

ra + Rp + Rss (1 + gmra)’

For gmra Rss > Rp + rq then Ay ~ 1. The common-drain configuration is therefore called the
source follower, since the output follows the input voltage. The common-drain amplifier is the
FET counterpart to the B]T common collector amplifier.

'The voltage gain from the input voltage source is defined as:

Ays = 2. (5.172)

Us

'This ratio can be directly derived from the voltage gain following the derivation for the common-

source amplifier:
Ayg = 22 = (2) (U_g) — Ay (v_g), (5.173)
Vs ve ) \ vs Vg
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Using voltage division to determine v, as a function of vy,

vsRg
U_g) — Ay RG + Rs

Vs

AVS:AV(

Us

(5.174)

_ gmrd Rss ( Rg )
~ ra+ Rp + Rss (1 + gmra) \RG + Rs
~ K6 Rss > R
~ Re + Rs’ gmrdRss 2> Rp +714.

Output Resistance

'The output resistance is defined as the Thévenin resistance at the output of the amplifier looking
back into the amplifier. Calculations to determine the output resistance of the common-drain
amplifier are based on the small-signal model of Figure 5.36 and are similar to the calculations
performed previously for the common source amplifier with source resistor. The circuit of Fig-
ure 5.37 defines the necessary topology and circuit variables for output resistance calculations.

rd

ve =0 ig=0g D

Rs Rg Rp

Figure 5.37: Circuit for calculating the output resistance of the common-drain amplifier.

The Thévenin voltage and current at the output are v, and i, respectively, where the output
resistance, R,, is the Thévenin resistance defined as,

Ut

Lt
Solving for the Thévenin current as a function of the Thévenin voltage,

D Vr — EmVgsTd VUt — 8mld (Ug - vt) (5 176)
! ra + Rp ra + Rp | |
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Since Rs and the gate bias resistor, R¢, are grounded (the independent voltage source is set to
zero), vg = 0. Therefore, Equation (5.176) is,

i = Ut F 8mld Ve (5.177)
rqa + Rp
Rearranging Equation (5.177) and solving for the Thévenin voltage, v, in terms of the Thévenin
current, i;,

1
i = M_ (5.178)
rqa + Rp

Applying the definition of the Thévenin resistance shown in Equation (5.175) to (5.178) yields

the output resistance,

ve  Trq+Rp
Rp=—=—-—".
i 1+ gmra

'The output resistance of the common-drain amplifier is typically small.

(5.179)

Example 5.13
Given a p-JFET with parameters:
Voo =3V rg =30k
Ipss = —13.8mA
operating at room temperature in the circuit shown, is placed in the amplifier shown. Assume that

the amplifier is operating in its midband frequency range, and determine the following circuit
parameters:

Vo
AVS = U_’ Rin’ and Rout-

N

Vbp

Rout
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Solution:
'The quiescent point of the FET must be found first to ensure that it is in the saturation

region. For DC operation, all capacitors appear as open circuits. By voltage division, the gate

voltage is

VooRga _ —10(510k)

= = ~ —5V.
Re1 + Rgz  510k+ 510k

Ve

'The drain current, Ip, is

VGS)2 ( —VSG)2
Ip=1 (1 AT IR SO
DSS 7o DSS 7o

B —(VSG>)2

= —13.8 x 10—3(1
3

but
Vs =Vs — Vg = IpRss — Vg.

Substituting into the equation for Ip in terms of Ipgs,

—(IpRss — 2
Ip = —13.8 x 10—3(1_M)

3

—(22001p + 5))2

=—13.8 x 10—3(1
3

By rearranging the equation, the drain current can be found by solving the second order polyno-
mial equation:
0=13+741x1073Ip + 132 x 107°.

Using the quadratic equation, the solutions to the drain current are:

—3.0mA

Db~ 4 4mA -

To determine which of the two solutions for Ip are valid, test the values in the KVL equation for
the source-drain loop,

0=1Ip (Rss+ Rp) — Vsp — Vpp,
or
Vsp = Ip (Rss + Rp) — Vpp

where Vpp = —10V.
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For Ip = —4.4mA, the resultant Vsp = —1.92 V. Since Vsp < 0, this result clearly indi-
cates that the FET is not in saturation. Additionally, since Vs is,

Vs = Vs — Vg = IpRss — Vg = (—4.4 x 107%) (2200) — (=5) = —4.68 V

and Vsg < —Vpo, the FET is in cut-off.
For Ip = —3.0 mA, the resultant Vsp = 1.87 V. Additionally, since

Vsg = Vs — Vo = IpRss — Vg = (=3.0 x 107%) (2200) — (=5) = —1.6V
and

Vsp = Vs + Vro
or

1.87>-16+3=1.4V

the FET is in saturation. Therefore, the valid solution for the drain current is,

]D = —3.0mA.
'The small-signal transconductance is,
21p 2(-3x107?)
" (Vas=Veo)  [-(=1.6) 3]

The AC equivalent circuit can be found by setting all DC sources to zero and, since the circuit is
in its midband frequency range, all capacitors are replaced by short circuits.

<+
—— o Rp
vs <+> RG1 INeD) R<_ + 5100
_ 510kQ 510kQ 5 2fﬂ Vo
I Rin' ) é Rout

'The small-signal models for p- and z-channel devices are identical and are based on the
Q-points determined by the external circuitry. The AC equivalent circuit leads to the small-signal
equivalent circuit for the p-channel JFET common-drain amplifier:
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rd

30kQ D
Rp
510Q
I Rin' ) ROUt I é
'The voltage gain of the amplifier is,
USRG
Ays = Ay (U_g) = Ay Rg +Rs
Vg Vg
_ gmrd Rss ( Rg )
ra + Rp + Rss (1 + gmra) \Rg + Rs )’

= 0.896 ~ 0.90.

But since Rg = 0, the gain of the amplifier is,
gmra Rss
Rss +7rq + Rp + gmra Rss

Ays = Ay =

B (4.3x107%) (30k) (2.2k)
30k + 510+ (2.2k) [1 + (4.3 x 107%) (30k)]

Riy = Ri// (Rg1//Rgz2) = oo// (510k//510k) = 255kQ

Here R;, is given as

and R, as,
1+ gmld

Ruut = Ro//RSS = (
N [1 + (43 %x107%) (30k)

ra + Rp
—) // Rss
} //2.2k =235//2.2k = 212Q.
A summary of common-drain amplifier performance characteristics, as derived in this sec-

30k + 510

tion, is given in Table 5.10.
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Table 5.10: Common-drain amplifier characteristics

Ri 0.¢]
gmrd Rss
rqa + Rp + Rss(1 + gmra)
v
~1, gmraRss> Rprg
R
R, rq + Rp
14 gmra

5.10 COMMON-GATE AMPLIFIERS

Common-gate amplifiers have the following general circuit topology:
* the input signal enters the FET at the source,
* the output signal exits the FET at the drain, and

* the gate terminal is connected to a constant voltage, often the ground (common) terminal,
sometimes with an intervening resistor.

A simple common-gate amplifier is shown in Figure 5.38. Although Figure 5.38 shows a
common-gate depletion NMOSFET amplifier, the small-signal analysis of the amplifier is valid
for all types of FETs. As in B]T amplifiers, the quiescent point of the FET must be set with
circuitry external to the transistor so that it is in the FET saturation region. The values of the
resistors, Rp and Rg, and the DC voltage sources, Vi and Vpp, have therefore been chosen so
that the FET is in the saturation region and the circuit will operate as an amplifier. Since the
gate current is zero, Vg = Vi and the gate to source voltage, Vs, must have a value that places
the operation of the FET in the saturation region. The voltage source, vs, is a small-signal AC
source with source resistance Rg. Once the quiescent conditions (vs = 0) have been calculated,
and it has been determined that the FET is in the saturation region, the significant small-signal
conductances can be calculated by referring to Table 5.8.

For the depletion NMOSFET,

2Ip
Em = T~
" (Vas — Veo) (5.180)
B Aip B |Ipg| )
and gqa = —— = =<
Avps Vaso |Val

from the characteristic curves, where V4 is the Early voltage.
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Figure 5.38: A simple common-gate amplifier.

'The small-signal circuit performance can now be calculated. Total circuit performance is the
sum of the quiescent and small-signal performance. The process of AC modeling of the circuit and

replacing the FET with an appropriate AC model, applied to Figure 5.38, is shown in Figure 5.39.

Rs

Vg Rp Vo

Rg

AN
l

()

Figure 5.39: AC modeling of a common-gate amplifier. (a) The small-signal circuit: DC sources set
to zero. (b) FET replaced by the small-signal model.

To simplify the analysis of the circuit, the source-transformed version of the FET model
of Figure 5.40 is used to obtain the small-signal performance of the amplifier. The small-signal
characteristics that are of interest are: the input resistance, the voltage gain, and the output resistance.
Definitions of these quantities may vary due to differing definition of the exact location of the
point of measurement.




386 5. SINGLE TRANSISTOR AMPLIFIERS

HUg;
Rg rq
NWT—= °
—
Ugj
+
Vs @) Uss G Vo
%RG
— . o
R L Ry

Figure 5.40: Alternate small-signal model of the common-gate amplifier using the small-signal
model of the FET with voltage-controlled voltage source.

Input Resistance

'The input resistance is defined as the Thévenin resistance at the input of the amplifier looking back
into the amplifier. Calculations to determine the input resistance of the common-gate amplifier
are based on the small-signal model of Figure 5.41 and are similar to the calculations performed
previously for the common source amplifier with source resistor. The circuit of Figure 5.41 defines
the necessary topology and circuit variables for output resistance calculations.

HVgs

ra

Vgs

Uy G+
L

Figure 5.41: Circuit for calculating the input resistance of the common-gate amplifier.

0]

'The Thévenin voltage and current at the input are v; and i;, respectively, where the input
resistance, R;, is the Thévenin resistance defined as,

R =t (5.181)

ir
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Solving for the Thévenin current as a function of the Thévenin voltage,
VUVt — &mVgshd Vy — 8mld (Ug—Ut)

i; = = . (5.182)
rq + Rp rq + Rp

Since the gate bias resistor, Rg, is grounded (the independent voltage source is set to zero), vy =

0. Therefore, Equation (5.176) is,

. Vr + &mld Vs

if = —————. 5.183

! rq + Rp ( )
Rearranging Equation (5.183) and solving for the Thévenin voltage, v;, in terms of the Thévenin

current, i;,

jp = ot gmra) (5.184)
rqa + Rp
Applying the definition of the Thévenin resistance shown in Equation (5.181) to (5.184) yields

the input resistance,

Vi _ Tra + Rp

R; = = .
' it 1+ gmra

(5.185)
'The input resistance of the common-gate amplifier is typically small, and is identical to the output
resistance of the common drain amplifier.

Voltage Gain
'The voltage gain is the ratio of the output voltage to input voltage. If the input voltage is taken to

be the voltage at the input to the FET, vy,
Ay = ;’—" (5.186)

Although the voltage gain can be found using the small-signal model of Figure 5.39b, the alternate
source-transformed form of the FET small-signal model of Figure 5.40 may be used.
Using the methods discussed for other FET amplifier configurations to calculate the voltage

w=() =6 5157

Knowing that © = g;urq, Equation (5.187) is,

gain yields,

Uss — &mUgsTd
_Ta+Rp
vSS

Ay = (Rp) (5.188)
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The gate-source voltage is,
Vgs = Vg — Uy = 0 — Uy = — V. (5.189)

Substituting Equation (5.189) into (5.188) results in the expression for the voltage gain for the
common-gate amplifier,

_ (1 + gmra) Rp

(5.190)
rq + Rp

Ay

Output Resistance

'The output resistance is defined as the Thévenin resistance at the output of the amplifier looking
back into the amplifier. Calculations to determine the output resistance of the common-gate
amplifier are based on the small-signal model of Figure 5.40. The circuit of Figure 5.42 defines
the necessary topology and circuit variables for output resistance calculations.

HUgs
ra
S D
- it +

Vgs
§ RD G+ )
L

Figure 5.42: Circuit for calculating the output resistance of the common-gate amplifier.

o

The Thévenin voltage and current at the output are v; and i,, respectively, where the output
resistance, R,, is the Thévenin resistance defined as,

Ut

I
Solving for the Thévenin current as a function of the Thévenin voltage,

Vi + SmVosl Vs + gmtrg (Ve — i R

jy = Dt 8mluTa Vet gmra (v 1 Rs) (5.192)
ra + Rs ra + Rs

Since the gate bias resistor, Rg, is grounded (the independent voltage source is set to zero), vy =

0. Therefore, Equation (5.192) is,

i, = M_ (5.193)
rqg + Rs
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Rearranging Equation (5.193) and solving for the Thévenin voltage, v, in terms of the Thévenin
current, i;,
%]

ir = . (5.194)
rqg + Rs + gmraRs

Applying the definition of the Thévenin resistance shown in Equation (5.191) to (5.194) yields
the output resistance,

R, = Rs + 714 + gmraRs. (5.195)

'The output resistance of the common-gate amplifier is typically large.

Example 5.14
An enhancement NMOSFET with parameters:

Vr =2V, rq = 30k
K =2.96mA/V?

is placed in the amplifier shown so that the quiescent operating point is /p = 5mA.
Assume that the amplifier is operating in its midband frequency range, and determine the
following parameters:

Vo
AVS = Rin’ and Rout-
vs

Rg
| R,  100Q Rout |

NN r—

: <J +
€

Vg G C Rp Vo

= Rg1 Rga 1kQ
15kQ 24kQ
1 [ S
B [e]
Vbp
+10V

Solution:
'The quiescent point of the FET must be the same as was found in Example 5.12:

Vs =33V Vps = 4.5V
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and the FET is in saturation. The small-signal transconductance is,

gm =2v/IpK = 2,/(5x 1073) (2.96 x 107%) » 7.7mS.

Since the circuit is in its midband frequency range, all capacitors are replaced by short circuits.

I Rin Rout I

O
+

R
D Vo

'The AC equivalent circuit leads to the small-signal equivalent circuit for the common-gate

amplifier:
Mvg:
Rs rd
NNT—= °
—
Vgs
Us C) vss +G Vo
%RG
L 2 O
R L R,

'The voltage gain of this amplifier is,

(1+gmra) Rp _ [(1+(7.7x107%) 30k)) (1k)] 75

A =A = = ~
vs=av ra + Rp 30k + 1k
Here R;, is given as
rq + Rp 30k+ 1k
R, =R;//Rp = —//Rp = 1k~ 134Q
i//Rp 1+gmrd// b 1+(7.7x10—3)(30k)//
and R,,; as

Row = [ra + Rs (1 + gmra)l //Rp
=[rg + Rs (1 + gmra)l//Rp.
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But Rg =0, so
rqi + Rp

R,y = — =9682.
1+ gmra

A summary of common-gate amplifier performance characteristics, as derived in this sec-
tion, is given in Table 5.11.

Table 5.11: Common-gate amplifier characteristics

ra + Rp

1+ gmra
(1 + gmra)Rp

rq + Rp

i

Ay

R, Rs+rg+gmraRs

5.11 COMPARISON OF FET AMPLIFIER TYPES

Single FET amplifiers have been shown to fall into three general categories: Common-Source
(both with and without a source resistor), Common-Collector, and Common-Base. The perfor-
mance characteristics for each type of amplifier are summarized in Table 5.12.

Table 5.12: Qualitative comparison of FET amplifier configurations

R; VeryHigh VeryHigh Very High Low
Ay High Medium ~ Unity = Medium to High
R, High Very High Low High

'The common-source configuration appears the most useful of the three types: it provides
significant voltage gain with inversion. The common-source amplifier input and output resistances
are high. In fact, this configuration is the most versatile of the three types and will often form the
major voltage gain stage portion of multiple-transistor amplifiers.

'The common-drain configuration is, for all practical purposes, a unity gain, non-inverting
buffer amplifier for impedance matching between electronic circuit stages. Common-drain am-
plifiers are capable of easily driving low resistance loads. Common-gate amplifiers can act as an
impedance matching stage from low to high resistance electronic circuit stages.

Quantitative expressions for the amplifier performance are found in Table 5.13.
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5.12 BIASING TO ACHIEVE MAXIMUM SYMMETRICAL
SWING

Amplification can be restricted by the size and positioning of the available undistorted output
swing. Amplifiers consisting strictly of a transistor and resistors can be biased so that the transistor
quiescent point lies in the middle of the linear output voltage range provided by the power supply.
This location of the Q-point allows symmetrical excursion of signal voltages about a central value:
distortion (amplifier saturation) will occur for equal magnitude excursions in the positive and
negative directions.

Amplifiers that have capacitively coupled loads or resistors that are shunted by capacitors in
the output voltage/current relationship do not have the entire range of the power supply for output
voltage swing. Placing the Q-point in the middle of the power supply rails will not provide equal
output voltage swing and will greatly limit the utility of the amplifier. It is therefore important
to be able to easily choose a Q-point that will provide the maximum symmetrical swing for the
amplifier given the various design constraints.

A technique that analytically determines the Q-point for maximum symmetrical swing is
based on transistor output load lines. The output curve for a transistor (either B]T or FET) is
typically given as a current vs. voltage curve. On this curve DC and AC load lines can be drawn
as shown in Figure 5.43.

S = Supply voltage

C = min. linear voltage
0 = Q-point

y = pos. voltage excursion

ac load line
¢ slope = my,

X = neg. voltage excursion

dc load line
slope = my

Figure 5.43: Typical amplifier AC and DC load lines.

'The two load lines always intersect at the quiescent point: if there is zero AC, the output
must be on the Q-point of the DC load line. It is also true that the magnitude of the midband AC
load line for all practical amplifier circuits is greater than that of the DC load line. The increased
magnitude AC load line slope decreases the available oscillatory swing along the abscissa to a value
often significantly less than the power supply limits. The maximum supply limit {S} is typically
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the magnitude of the power supply: the minimum supply limit {C} is determined by the edge of
the linear region of the transistor (for a B] T it is approximately Veg(ar))-

For maximum symmetrical swing it is necessary to choose a Q-point that allows equal
oscillatory space in both the positive and negative directions. A choice either to the right or
left of this optimum value will decrease the symmetrical output voltage swing capability of the
amplifier. In Figure 5.43, the Q-point is chosen so that:

X =Y.

Simple geometry applied to the Figure yields the expressions:

y = (ch) [S — 0] and x=0Q-C. (5.196)

ac

Solving for the Q-point yields:

(Zd) [S—0]=0-C (5.197)

0 [1 + (Zd)} - (Zd) S+C. (5.198)

'The Quiescent point for maximum symmetrical swing is then determined to be:

(md”) S+C

AMac/ (5.199)
Mg

It ( )
Mg

This optimum Q-point can easily be determined from only the ratio of the slopes of the AC and

DC load lines and the limits on output voltage (the supply voltage and the minimum voltage edge

0=

of the linear region of the transistor).

Example 5.15
Design a resistor bias network that will achieve maximum symmetrical swing for the BJ T output
configuration shown. The Silicon BJT parameters are given as:

Br =150 V4 = 350.
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15V

Vo

Vi

1.8kQ

Solution:

'The output V-I relationship for B]Ts is a plot of I¢ vs. Vcg. The load lines must therefore
express that relationship.

'The expression for the DC load line is:

Vee =15-1 2k+151469
CE = c 150

from which is determined:
1

(2k + 125469)

My, = = 0.4045x1073,

'The voltage limits on Vg are given by:
S =15V C = VCE(xal) = 02V

The AC load line slope is given by:
1

12139+ 2k//1.8k

Mae = = 1.0136x1073.

The Q-point can then be calculated as:

.4045
15+0.2
1.0136

N 1045 =4.42V.
1.0136

Q = VCEQ =
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With a quiescent collector current:
[CQ =4.279 mA

The collector-emitter voltage will vary from approximately 0.2V to 8.64 V with a symmetrical
excursion of 4.22 V about a quiescent value of 4.42 V.
"The most obvious resistor bias scheme is the self-bias circuit. The base of the BJT must be
at
Vo = —I5p (469) + 0.7 = 2.72V.

Without any restrictions on the input resistance of the amplifier, a wide variety of resistor pair
values will achieve proper biasing. A common rule of thumb for bias stability is the current through
the base bias resistors should be at least ten times the BJT base current. Using that rule, the
maximum resistance that can be connected between the base and ground is:

2.72
RbZ(max) = = 9.53kQ.
10 (4.279m/150)

The closest 5% standard resistor value is 9.1 k2. Thus, choose Rp; = 9.1 k. The value of the
resistor between the power supply and the BJ T base is given by:

15-2.72
Rbl == == 375 k

4.279m 4 2.72
150 9.1k
'The nearest 5% standard resistor value to this optimum value is 36 k2. It will provide proper

operation within acceptable production standards. The final circuit topology is given by the figure
on the right.

* 015V

2kQO

Vo

Vi

1.8kQ
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A SPICE simulation of the maximum symmetrical swing properties of both Veg and v,
for this circuit follows. The rounding of resistor values and the fact that the simulation value of
Vee(sary = 0.05 V rather than 0.2 V as used in calculations has introduced a slight deviation in both
the Q-point and the swing. Distortion is the cause of dissimilar shaped limiting of the signal at
the two ends.

10.0 1

0 250 500 750 1000
Time (ps)

5.13 CONCLUDING REMARKS

'The small-signal model of the BJT was developed in this chapter using two-port network analy-
sis and the Ebers-Moll transistor model. Three configurations of BJ T amplifiers were described:
common-emitter, common—collector, and common-base. The current gain, input resistance, out-
put resistance, and voltage gain o feach of the configurations were found.

The FET small-signal model was also developed three configurations of FET amplifiers
were described: common-source, common-drain, and common-gate. The input resistance, voltage
gain, and output resistance were found for each configuration.

'The modeling process for transistor circuit performance contains the following steps:

1. Determine the quiescent (DC) conditions. Verify that the BJT is in the forward-active
region or the FET is in the saturation region.

2. Determine the transistor small-signal parameters from the quiescent conditions.
3. Create the AC equivalent circuit.

4. Determine the AC performance by replacing the transistor by its small-signal model.

5. Add the results of the CD and AC analysis to obtain total circuit performance.
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Restrictions on amplification were shown to be dependent on transistor quiescent condi-
tions. A technique that analytically determines the Q_point for maximum symmetrical swing
based on load lines was introduced.

Summary Design Example

Whenever the physical distance between a signal source and the load are more than a very small
fraction of a wavelength, the wires connecting the source and load appear to act as a transmission
line. The voltage and current waveforms traveling on a transmission have amplitudes related by the
characteristic impedance of the transmission line, Z,. This characteristic impedance is a function
of the geometry of the transmission line and the dielectric material surrounding the line.

The interfaces between the source, transmission line, and the load must be carefully con-
trolled in order to avoid signal reflections: signal reflections produce an “echo” effect. In order to
ensure that there are no signal reflections at the source end or the load end of the transmission
line, the output resistance of the source and the input resistance of the load must be equal to the
characteristic impedance of the transmission line.

Design an amplifier that will accept an input signal from a matched 50 Q transmission line
system. The amplifier will have a voltage gain of £10.

Solution:

In order to have no reflections at the load, the input resistance of the amplifier must be
50 Q. The only amplifier topologies that have small input resistance while maintaining a voltage
gain are the common-base and common-gate configurations. Of these two, the common-base
configuration is much more common: the common-base configuration is chosen for this design.
Assume typical transistor parameters:

Br = 150, V4 = 160.

'The basic topology of the common-base receiving circuit is shown below. Note that the source is an
AC source with an output resistance matched to the characteristic impedance of the transmission
line.

3 Receiving
50Q Z, =500 I Ampliﬁer

Transmission Line
Vs

Rin
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'The expressions for the input resistance and voltage gain of a common-base amplifier are found

in Table 5.5:

hie + R heR
— g and AV — #
hfe+1 hie+Rb

'The design requirement for a 50 €2 implies that:

hi. + Rp
Ry = R.//Ri = R./] ——
e//Ri = Re// Tt 1
nVi
hfe +1) —— + Ry
hie + R (s v, R
50 = Re//5——" = Re// ‘ =Re//[’7 o }
f€+1 hfe'i'1 ]c l’lfe—l-l

The choice of R, is somewhat arbitrary: 50 Q is the lower limit with large values limiting the
symmetrical swing of the amplifier. Choose R, = 100 Q. The quiescent collector current can also
be somewhat arbitrarily chosen (the input resistance requirement and the previous choice of R,
place a lower limit of 0.26 mA on I;.).

Choose I, = 2 mA. This choice constrains Rp:

26 mV Ry
50 =100// | —— + — Rp = 13.137 k2.
// [ 2mA T 151} - b
With this bias condition the A-parameters of the BJ T are given by:
nvi
hye = BF =150  hi, = (BF + 1) = 151(13) = 1.963kQ
c
1

Ll :E:ﬂ:gokg‘

o I. 2mA

'The design requeriment for a gain of 10 yields the value of the collector resistor:

10— _fwRe _ 150R

" hp+ Re  15.1kQ R, = 1.007kQ2 ~ 1.01k (standard value).

For DC conditions, the transmission line acts as a short circuit. Thus, the effective emitter resistor
is the parallel combination of the source output resistance and R,:

Re(epy = 50//R. = 33.33Q.

In order to achieve maximum output swing the power supply must be chosen so that the maximum
collector current is double the quiescent collector current:

Vee > 4mA (Re(e]j’) + Rc) =4.173 V.
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Choose Vee = 5V.
'The only unknown component values are the base resistors Rp; and Rp,. These are determined
in the usual fashion:

Ry R
_TOITb2 Ry = 13.137 kQ
Rp1 + Rps
and
Rox oy _ (Br + DI, Ryl

Re(ey + 0.7 + = 0.94023 V.

_— bb
Rp1 + Rpz BF

Dividing the upper equation by the lower equation results in:

Br +1

Ry 13.137kQ

—_—_ = Ry = 69.87 k2 ~ 69.8 kQ t 1
V= 094013V b1 7 (standard value)

and

1 17!
Ry = [— - —j| =16.18kQ ~ 16.2kQ (standard value).
Ry  Rp

Commponent Summary:
Common-base amplifier: B]T parameters: fr = 150, V4 = 160 V.

Rp1 = 69.8kQ2 Rpr = 16.2kQ.
R, = 1.01kQ R, =100 Vee =5V.

5.14 PROBLEMS

5.1. Determine the A-parameters for the given two-port network.

5.2. A two port network has the following y-parameters:

y11 =0.03S  y;, =0.00001S
y21 =0.055  yz =0.028.

Determine the equivalent circuit representation of the two port network.
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5.3.  'The A-parameter representation for a BJ'T in a particular common-emitter application is:

hie = 12kQ  hy = 0.1mV/V
he =150 By = 10 S.

Determine the equivalent BJ T g-parameters for this application.

5.4. A Silicon BJT is described by B = 160 and V4 = 120 V. Determine h;e, h,, and h,, for
the following quiescent conditions:

(a) I =2mA
(b) I, =0.5mA

5.5.  Determine the significant B] T 4-parameters when operating in the given circuit.

020V

2kQ

Br =100

100 O

5.6. A transistor with BF = 200 is used in the circuit shown. Assume the capacitors are infi-
nite.
(a) Determine the quiescent conditions for the transistor.
(b) Determine the BJT A-parameters.
(c) Determine the AC circuit parameters:

Ay = vo/v;

R;, as shown

R,, as shown.
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3000

5.7.  Complete the design by finding the value for Rg to establish the given quiescent condi-
tions. Draw the midband small signal equivalent circuit for the circuit below. Determine
the appropriate A-parameters for the model and find midband input resistance R;,, output
resistance R, and voltage gain of the circuit.

Assume that Vzg = 0.7V and B = 200.
1V

100 kO

/1

5.8. For the common-collector circuit shown, assume a Silicon BJT with 8 = 75.
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(a) Determine the value of Rp so that I¢ = 7TmA
(b) Determine the amplifier performance parameters
Ap =io/li
Ay =,/
R;, as shown

R,, as shown.

015V

5.9. Complete the design by finding the value for Rp so that the quiescent /¢ = 2mA. De-
termine the quiescent voltages and currents. Draw the midband small-signal equivalent
circuit for the circuit below, and determine the midband input resistance R;,, output
resistance R,,;, and voltage gain of the circuit.

Assume that Vzgg = 0.7V and fr = 180.
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5.10. Draw the midband small-signal equivalent circuit for the circuit below. Find the expres-
sions for the midband input resistance R;,, output resistance R, and voltage gain of the

circuit.
e
C; Co
01
AN AL AN e
Rin Rout
" VW—+—"\V\V\—
Rp; Rp,
\
/1
Cp

5.11. Complete the design of the circuit below for R;, = 1.5k and determine the quiescent
currents and voltages. Draw the midband small signal equivalent circuit. Determine the
appropriate A-parameters for the small signal model and find the midband voltage gain,
input resistance R;,, and output resistance R,,,. Assume that

Viro = 0.7V, Br = 150, Ic = —2mA.

e L
Rc
Rp1 2.49kQ
22kQ
Vo
Ul O Ql
ROUt
Rp>
Rin
10V

5.12. Complete the design of the circuit below and draw the midband small signal equivalent
circuit. Determine the quiescent currents and voltages. Draw the small signal equivalent
circuit. Determine the appropriate A-parameters for the small signal model and find the
midband voltage gain, input resistance R;,, and output resistance Roy;.
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5.13. For the circuit shown:

(a) Find the quiescent currents and voltages.

(b) The overall midband voltage gain A, Ry, and Roy.

(c) The maximum symmetrical swing and corresponding maximum peak-to-peak input
signal.

Assume the following transistor parameters:

Br =220, Vg = 0.7V.

All capacitors are sufficiently large to have small reactances.
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Vee

Vo

Vi

Rout

5.14. For the circuit shown:

(a) Find the quiescent currents and voltages.

(b) Determine the overall midband voltage gain, A4, and the input and output resis-
tances, R, and R,.

(c) The maximum symmetrical output voltage swing and corresponding maximum

peak-to-peak input signal.

Assume the following transistor parameters in SPICE: BF = 180, VA =100, IS = 6.8 F.

I/ .
vo——) A &
C; 0 Co Ry,
1 Vee  5.1k0
qu\é\/\ﬂHEL fq\é\/\ﬂw yee
- E C
Rin 1kQ 2kQ = Rou
" VW—+—"\V\V\—
Rp; Rp,
3.3kQ 10kQ
\|
/1

Cp
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5.15. For the amplifier circuit shown:

(a) Complete the design of the common-base B]J T amplifier shown below for a bias
stability of 1% change in /¢ for a 10% change in Br. The pnp transistor parameters
are:

V4 =150V and BFr = 120.

(b) Determine the midband voltage gain of the amplifier.

(c) Find the input resistance, R;,, and output resistance, Roy;.

Rin CS CO Rout
A = =t
RE Rc
8.2k 0, 2kQ

Ver —Vee
L5y VAV NN~y

=
>+
&
\
/1

5.16. Design a non-inverting amplifier with a gain of 10 < A4, < 25 with an input resistance
of 50 Q + 20% and an output resistance of 600 % 20%. Use a 2N3906 pnp BJ T with
the characteristic curves found in the appendix. Determine the maximum undistorted
output signal for the design and the corresponding input signal. Available power supply
voltages: £12V.

5.17. Anamplifier with low input resistance and moderate voltage gain is to be developed from
the self-bias circuit shown.

(a) Indicate the proper input and output terminals to meet the design goals. Insert
appropriate bypass capacitors to improve the performance characteristics.

(b) Determine the voltage gain and input resistance of the design.
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020V

2kO

Br =100

100 Q2

5.18. Design an impedance buffer/transformer using a 2N2222 npn BJ T. The specifications for
the buffer/transformer are:

Input resistance: 12kQ £ 20%
Output resistance: 51 Q +20%
Available power supply voltages: +12V.

Determine the voltage and current gains of the circuit.

5.19. 'The amplifier shown was supposed to have been designed for a voltage gain
Ay = —33 4 20%.

However, its output is v, = 0 for all input voltages v;. Something is wrong with this
amplifier. The transistor parameters are:

ﬂF - 180, VBE =0.7 V
All capacitors are sufficiently large to have small reactances.

(a) Why doesn't the amplifier work properly?

(b) Re-design the bias network for the new quiescent conditions by solving for /¢ from
hie using the small-signal model with

Ay =20 = 33,
Us

There is no specification on Ry,.

(c) Determine A, Ry, and R,,;.
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(d) Determine the maximum symmetrical output voltage swing and corresponding
maximum peak-to-peak input signal.

Vee
12V

Rp1
12kQ
Rs
500 G

Rp>
Rin 2200

5.20. Table 5.8 itemizes several alternate expressions for the determination of the mutual

transconductance, gy, for field effect transistors. Show the equivalence of the various
forms for each type of FET.

5.21. Given a JFET with parameters:

Voo = —4V
IDSS = 10mA
Vqa=120V

operating in the circuit shown.

(a) Determine the FET small-signal parameters.

(b) Determine the amplifier small-signal performance characteristics in its midband
frequency range.
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15V

2kQ

Vo

v 1MQ
* 1kQ

5.22. Find the midband voltage gain for the circuit shown. The n#-channel JFET parameters

are:
Ipss = TmA, Vpop =4V, and V4 = 120 V.

+15V

5.23. Complete the design of the #-channel depletion MOSFET circuit to achieve a Qpoint:
Ip = 1mA, and Vps = 4V.

Draw the midband small signal model and find midband input resistance R;,, output
resistance R, and voltage gain of the amplifier.

The MOSFET parameters are:

V4 =100V, Ipss = 8mAand Vpp = —2V.
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+15V

)

|-I:m Rg

510kQ

5.24. 'The MOSFET amplifier circuit shown is to be designed for a midband voltage gain of

—8. The circuit is to be biased for the following quiescent condition:

Ip =5mA
Vps = 5V.
'The transistor parameters are:
Ipss = 8 mA
Vo = =3V
V4 =60V.

Complete the design.
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5.25. Complete the design of the MOSFET circuit shown so that

Ip=4mA and Vpg=5V.
The MOSFET parameters are:

]DSS = SmA, VPO = —3V
V4 =100V.
Find the voltage gain, A,, = Z—‘;, Ri,, and R,,;.
Use SPICE to verify the DC conditions, midband voltage gain, R;,, and R, of the

amplifier. All capacitors are sufficiently large to have small reactances.

+15V

5.26. Complete the design of the amplifier shown to establish operation at Vg = Vps = 2Vr
with equal values of Rs and Rp. The input resistance, Rj,, is 730 k2 & 5%. The n-
channel enhancement MOSFET parameters are:
Vr =15V K =0.5mA/V>.
Vi =100V,

(a) Find Ip and Vpg

(b) Find Rs, Rp, Rg1, and Rgo.

(c) Determine the midband voltage gain of the amplifier.



5.14. PROBLEMS 413

Vop
+5V

—Vss
-5V

5.27. Complete the design of the common-gate amplifier so that /p = —1 mA. Determine the
quiescent voltages and currents, the voltage gain, A,, = z—‘s’, Rin, and R,;.

The FET parameters of interest are: Ipgg = 6 mA,

Vpo =25V, V4 =100V.

A ——) [ -

Rs CS Co
510 |4
12y H’J\/\/\/"’?erd\/\/\/—‘
* Rgs — Rp
R.. 2kO =
Rg1 Rg)
3.3kQ 10kQ
|{
|\
Ce

5.28. Design a non-inverting amplifier with midband voltage gain A,; > 2 and output resis-
tance, R, = 1kQ £ 20%, input resistance, R;, = 100 Q £ 25 Q using the 2N5461 p-
channel JFET. The 2N5461 specification sheet is found in the appendix. Use the typical
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5.29.

values of the parameters: that is, use the average of the maximum and minimum values,
unless only maximum or minimum values are given. The Gate-Source Cutoft Voltage,
Vés(of)» specification is equivalent to FET pinch-off voltage, Vpp, and the Output Con-
ductance, Re(V,y), specification is equivalent to gg4.

(a) What is the quiescent condition of the JFET?
(b) Confirm the design using SPICE.

'The amplifier shown has, as its output, v, = 0 for all input voltages v;. Something is
wrong with this amplifier. The 2N5484 transistor parameters are given on the specifica-
tion sheet found in the appendices. Use the typical values of the parameters: that is, use
the average of the maximum and minimum values, unless only maximum or minimum
values are given. The Gate-Source Cutoff Voltage, Vis(op), specification is equivalent to
FET pinchoft voltage, Vpo, and the Output Conductance, Re(V,;), specification is equiv-
alent to gg4.

+Vopp
+15V

Rg
47 Q)
Us

All capacitors are sufficiently large to have small reactances.

(a) Why doesn't the amplifier work properly?

(b) Re-design the bias network for the new quiescent conditions of Ip = 1 mA and
VDS == 4V
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(c) Determine Ay, Ry, and R, Use SPICE to verify the DC conditions, midband
voltage gain, Rj,, and R, of the amplifier.

(d) Determine the maximum symmetrical output voltage swing and corresponding
maximum peak-to-peak input signal.

5.30. What is the midband voltage gain and output resistance of a common-drain amplifier
when the output is taken from the source of the re-designed circuit in the previous prob-
lem? What are the new quiescent conditions, midband voltage gain, input resistance,
and output resistance of the common-drain amplifier if Rgs1 = 2.7k, Rss» = 02, and
Css?

5.31. Design a circuit to bias an z-channel depletion MOSFET described by: V4 =
100V, Ipss = 9mA, and Vpp = —3V using the “bootstrapping” configuration shown.
'The design specifications require that /p = 2mA and Vpg = 3 V. The “bootstrapping”
bias technique is used to preserve the high input resistance of the circuit. Draw the mid-
band small signal model and find midband input resistance R;,, output resistance Ry,
and voltage gain of the amplifier.

+Vbp
+15V
b
Rgq
510kQ
(6f
V; }
Rin

5.32. Assume an n-channel depletion type MOSFET with parameters:
IDSS =9 mA
Vpo = —45V
V4 =140V.
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Determine the midband AC voltage gain,

v
Ay = 2.
Vi
Note: this circuit is 707 one of the topology types for which simple AC parameter expres-
sions have previously been determined. The gain must be derived from the AC transistor
model inserted into the circuit.

32V

5.33. 'The common-emitter amplifier with constant current source biasing shown does not meet
the required design specifications. The specifications are:

Q1: Ic =2mA, Veg =3V, for a power dissipation of 6 mW for the BJT.

Br = 220
Vee = 0.7V
Q,: Vp=2V
K =500 uA/ V>,

All capacitors are sufficiently large to have small reactances.

(a) Why does the circuit not meet specifications?

(b) Re-design the amplifier to meet the specifications.

(c) Find the voltage gain, and input and output resistances.
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(d) Estimate the total power dissipated.

5.34. 'The common-collector buffer amplifier (using Q1) shown does not meet the required
design specifications. The FET Q, forms a constant current source. The specifications are:
Ic =2mA, Q1 maximum DC power dissipation: 15mW(Pp = Ic, Vep < 15mW).

'The transistor parameters are:

Q1 : ﬂF = 120, VBE =—-0.7V.
0,: K =500uA/V? Vp=-2V.

All capacitors are sufficiently large to have small reactances.

(a) Why does the circuit shown not meet the specifications?

(b) Re-design the bias network to fulfill the design specifications. Find the new quies-
cent currents and voltages Vpsoz. Ipgz. Vasozs Icot, Veeot, and Ipg1. (Hint: Design
for Ic = —2mA and Vi < 7.5V, and alter Rp and Rp.)

(c) What is the total (DC) power dissipation?

(d) Determine the new overall midband voltage gain, A,, = z’j—g, Ri,, and R,,;.
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-10V

5.35. Determine the proper connection for v,, resistor values, and a power supply, Vpp, such
that the following design goals are satisfied:

Ry, = 50kQ
Rout == 10 kQ

Vo

} as shown on diagram.

14, = |-2| = 7.0,

4

with quiescent drain current, /; = 2mA.

Assume an 7-channel JFET with:
IDS5=5mA Vp0=—4V VA =—100V

o Vpp

Ra

4 — b
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5.36. For the circuit shown, the BJT has parameters,

Br = 150
V4 =250V.

(a) Determine values of the unknown resistors such that maximum symmetrical swing
of the output, v,, will occur. It is required that the input resistance, R;, ~ 24kS2.

(b) Using the values found above, determine the voltage gain

and the output resistance R,

5.37. Complete the design of the circuit shown for maximum symmetrical collector current
swing. Let Br = 180, V},, = 0.7V, use the “rule of thumb” relationship between Rg
and Rp for stable operation (1% change in I¢ for 10% change in fF). Determine the
quiescent conditions.
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5.38.

5.39.

Vee

Design an inverting amplifier with a gain of 35 < |4, | < 45 with an input resistance of
12 k2 + 20% and an output resistance of 3.5k =+ 20%. Use a 2N2222 BJT and design
for maximum symmetrical swing. Available power supply voltages: +15V.

How will the performance of the amplifier be altered if an emitter degenerative resistor
(an emitter resistor that is not bypassed with a capacitor) of 51 Q is used in the circuit?

Complete the design of the circuit shown for maximum symmetrical swing in the mid-
band frequency range. The circuit is required to have a bias stability of 1% change in I¢
for a 10% change in Br. The transistor has a BF = 180 and V4 = 200 V.
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Vee

5.40. Complete the design of the circuit shown for maximum symmetrical swing in the mid-
band frequency range. The circuit is required to be have a bias stability of 1% change in
Ic for a 10% change in Br. The pnp BJT hasa Bz = 120 and V4 = 120 V.

—Vee
—V

Vo

5.41. Designing for maximum symmetrical swing using FETs is challenging due to the de-
pendence of the minimum linear voltage on quiescent conditions. For a FET this voltage
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occurs at the transition between the ohmic and saturation regions. For the circuit ap-
plication shown, complete the design so that maximum symmetrical swing is achieved.
Explain your methodology for determining the Q-point.

'The FET is described by:

K = 1mA/V?
Vio =12V
Vy=110V.

Vop
+15V

Vo

2.0kQ

REFERENCES

[1] Colclaser, R. A. and Diehl-Nagle, S., Materials and Devices for Electrical Engineers and
Physicists, McGraw-Hill Book Company, New York, 1985.

[2] Ghausi, M. S., Electronic Devices and Circuits: Discrete and Integrated, Holt, Rinehart and
Winston, New York, 1985.

[3] Gray, P. R., and Meyer, R. G., Analysis and Design of Analog Integrated Circuits, 3rd. Ed.,
John Wiley & Sons, Inc., New York, 1993.

[4] Millman, J., Microelectronics, Digital and Analog Circuits and Systems, McGraw-Hill Book
Company, New York, 1979.

[5] Sedra, A. S. and Smith, K. C., Microelectronic Circuits, 3rd.




423

CHAPTER 6

Multiple-Transistor Amplifiers

Previous discussions of transistor amplifiers have shown that single transistor amplifiers have a
wide range of possible design characteristics described by the principal performance characteris-
tics: voltage and current gain; input and output resistance. There are, however, many circumstances
when the desired overall performance characteristics for an amplifier cannot be met by a single
transistor amplifier. That is, the required combination of amplification, input resistance, and out-
put resistance may be beyond the capability of a single transistor amplifier. In these circumstances
it is necessary to employ amplifiers that use more than a single transistor.

'The obvious approach to changing amplifier performance characteristics is to cascade (con-
nect the output of a given stage directly into the input of the following stage) single transistor am-
plifiers. In this manner, additional gain or the modification of input/output resistance can be easily
accomplished. This simple approach to multiple transistor amplifiers is discussed in Section 6.1. A
major drawback to this approach is the relatively high number of electronic components necessary
to accomplish a design. In addition, if the simple stage are coupled with capacitors (a common
practice to decouple the DC bias conditions of each stage), the low frequency performance of the
amplifier can be severely degraded.

Several transistor cascades are commonly packaged as a single unit. Most common among
these cascade types are the Darlington configurations. These cascade configurations have the ad-
vantage of simple external bias circuitry, high performance, and DC coupling of stages. Analysis
of these types is discussed in Section 6.2.

Difterential amplifiers are another type of high-performance multiple transistor amplifier.
They commonly are based on the high gain of emitter-coupled and source-coupled transistor
amplifiers. Operational amplifiers are a common form of difterential amplifier that typically have
emitter-coupled or source-coupled amplifiers as input stages.

In addition, the practice of biasing transistor amplifiers with transistor current sources will
be explored in this Chapter. This bias technique is particularly suited to integrated amplifiers con-
tained on a single semiconductor chip where transistors are more practical and economic devices
than resistors.

Active (as opposed to resistive) loads will be explored as a means of increasing gain and
modifying output resistance without the use of extremely large resistors and power supplies.
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6.1 MULTISTAGE AMPS USING SIMPLE STAGES
CASCADED

Among the many multistage connections possible in large amplifiers, the cascade connection is
the most simple. In a cascade connection, the output voltage and current of an amplifier stage are
passed directly to the input of the next amplifier stage. A two-stage cascade-connected amplifier
is represented by Figure 6.1. In this amplifier, the outputs, vo1 and i1, of the first amplifier stage
become the inputs, v;5 and i;», to the second stage without any modification. For the discussions
in this section, it is assumed that each of the amplifier stages consists of one of the simple single-
transistor amplifiers described in Chapter 5.

io1 ii2 ioZ
| »o—op
¥+ +
Amplifier Amplifier
Stage #1 Yot U2 Stage #2 vo2 Rica
_ _ _

Figure 6.1: An amplifier consisting of two cascaded stages.

'The advantage of cascade-connected amplifiers becomes apparent in the analysis procedure.
The overall voltage gain, for example, of the amplifier of Figure 6.1 is given by the ratio of the

load voltage to the source voltage:
Ay = 22, (6.1)
Us
A simple progression through the stages of the amplifier expands this expression to more familiar

expressions:

_ Vo2 _ (Vo2) (Wiz) (Ver) (Vit) _ Ri
Av = v_s B (Uz‘z) (Uol) (Uil) (Us) = @) (D dv) (Ri + Rs)’ ©2)

where

Ay = the voltage gain of the first amplifier stage, and

Ay = the voltage gain of the second amplifier stage.
'The total voltage gain of a cascade-connected amplifier can be expressed as a product of the gains
of the individual stages and simple voltage divisions. The beauty of cascade-connected amplifiers
comes in the second of the multiplicative terms of Equation (6.2): it is an expression of identity,
and consequently can be eliminated from consideration. The expressions for the gains of the
individual stages were developed in Chapter 5 and may be used directly in calculating the overall

"More complicated individual stages may be cascade-connected. The restriction of individual stages to simple single-transistor
is for demonstration purposes only: later sections will include more complicated stages that are cascade-connected.
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gain. It is, however, important to note that each stage presents a load to the previous stage: its input
resistance is part of the total load that is apparent to a previous stage. In a similar fashion the
current gain of a cascade-connected amplifier is the product of the current gains of the individual
stages and simple current divisions. Again the individual stages interact, and the expressions for
current gain must include the effects of that interaction. Total input resistance, R;, or total output
resistance, R,, may also be modified by the interaction of individual stages.

Example 6.1
'The two-stage cascade-connected amplifier shown is comprised of two identical amplifier stages.
'The two Silicon BJ Ts have characteristic parameters:

Br =150 V4 = 350.
The circuit resistors are given as:

Rp11 = Rp12 = 82kQ Rei = Rep = 2.2kQ
Rp21 = Rpaa = 12kQ Ro1 = Roy = 430Q
R; =100 Ripad = 2.7kS2.

'The power supply voltage is: Voo = 15V.
Determine the AC voltage and current gain (from the source to the load) and the input
and output resistances (as shown) for this amplifier.

T Vee

Solution:
'The determination of the performance of multistage amplifiers follows the same basic steps
that were derived in Chapter 5:
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region for FETs.

4 Create an AC equivalent circuit.
5 Determine the AC performance of each amplifier stage by:

(a) replacing the transistors by their respective AC models, or

(b) using previously derived results for the circuit topology.

comprise the total amplifier.

ing the base circuit with its Thévenin equivalent as is shown:

15V

2.2kQ

10.47 kO

The base and collector currents are calculated to be:

1.915-0.7

_ — 16.11 pA
10.47k + 151 (430) H

Ip

and

Ic =150 Ip = 2.417mA.

1 Model the transistors with an appropriate DC model (circuit or analytic).

2 Determine the circuit quiescent (DC) conditions - verify active region for BJTs or saturation

3 Determine the transistor AC model parameters from the quiescent conditions.

5a Combine the stage performance quantities to obtain total amplifier performance.
6 Add the results of the DC and AC analysis to obtain total circuit performance.

Only the fifth step has been modified to reflect the new condition that several stages may

Beginning with the amplifier stage containing Q1, the DC equivalent circuit, after replac-
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Ve must be checked to verify that the BJT is in the forward-active region:

151
Vep = 15— Ic (2.2 — 1251c (430) =864V = 0.2V,

After verification, the BJ T /-parameters can be determined:

Ic
Va

1
T 1448 kQ°

v,
he = 150, hp= 151 -1 = 1.624kQ and f,e =

[c|
In this amplifier the two stages are identically biased. Consequently, the BJ'T quiescent conditions
in each amplifier stage and the resultant BJ T /-parameters are the same. When the stages are no#
identical, the bias conditions and transistor parameters must be obtained for each stage.
'The AC equivalent circuit for the two-stage amplifier is shown below:

where

Rb1 = Rbll//Rb21 = 10471(9, and sz = Rb12//Rb22 = 10.47kQ.

'This AC model depicts a cascade-connected amplifier consisting of two common-emitter with
emitter-resistor amplifier stages. The performance characteristics for simple BJT amplifier stages
is given in Table 5.7: the characteristics will be reproduced here.” The input resistance of a CE +
R, amplifier stage is:

R; = hie + (hfe + 1)Re‘
Since the stages are identical (Re1 = Re2):

Ri1 = Ri» = 1.624k + (151)430 = 66.55kQ.

'The total amplifier input resistance is the parallel combination of the first stage bias resistors and
input resistance:

Ri = Ry1//Riy = 10.47k//66.55k = 9.0467kS2 ~ 9.05kS.

*The BJT parameter 1/ h,, is sufficiently large in comparison to the other circuit resistances that it has been ignored in all
calculations.
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'The total amplifier output resistance is the output resistance of the second stage:
Ro = R02 o RcZ =2.2kQ.
The voltage gain for a CE + R, amplifier is:

_hfeRc _ _hfeRc

Ay = =
v hie + (hfe + 1) R, R;

'The only quantity yet undetermined in this gain expression is R, the total resistance connected
to the collector terminal of the amplifier stage B]'T. For the first amplifier stage, R, is the parallel
combination of Rps, Rc1, and the input resistance to the second stage, R;». For the second stage,
R, is the parallel combination of R.» and Rj,q¢. Notice that even though the amplifier stages are
identical, the different loading of each stage produces a variation in some of the stage performance
characteristics. The voltage gains for each amplifier stage is calculated to be:
—150(2.2//10.47//66.55) —150(2.2//2.7) _

Ay, = — 39887, and Ay, = — _2.7323,
i 66.55 anc. Ava 66.55

'The overall voltage gain is given by the product of the individual stage gains and a voltage division

at the input, as originally derived in Equation (6.2):

Vo Ri 9.05
Ay = — = (A A — ) = (=3.9887) (=2.7323) | ——— ] ~ 10.8.
v = 20 = v () () = Caossny 27323 (5 20 )

The current gain can be derived from the voltage gain and the various resistances:

ioa ioa v v 1
AI:.ldz(ld)(_O)(. s )=( )(AV)(Ri+Rs)'fe36.5.
Lsource Vo Us Lsource Rload

All required amplifier performance characteristics have been calculated: the problem statement
in this example does not require that AC and DC performance be added.

While the capacitive coupling of amplifier stages has its primary advantage in the decou-
pling of the individual stage quiescent conditions, there are disadvantages that must be considered.
'The addition of capacitors may seriously degrade the low-frequency response of an amplifier. In
addition, the decoupling of quiescent conditions necessitates the individual biasing of each tran-
sistor into the forward-active (for B] Ts) or saturation (for FETs) regions. Individual biasing can

significantly increase the numbers of bias elements (in discrete amplifiers these elements are usu-
ally resistors) which will increase the size, cost, and power consumption of an amplifier. It is
therefore advantageous, whenever possible, to directly couple amplifier stages. Capacitive cou-
pling of the input source and the load is often unavoidable due to the DC offsets often necessary
in these simple amplifier stages.

An example of a two-stage cascade-connected amplifier with directly-coupled stages is
shown in Figure 6.2. The bias for the second transistor stage (the BJT for this amplifier) is depen-

dent on the quiescent conditions of the first transistor stage. The choice to use dependent biasing
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rather than capacitively couple independent stages has eliminated, in this case, two bias resistors
and a capacitor from the design.

Under certain circumstances, is might be possible to eliminate other elements from this
amplifier. The purpose of Ry is to ensure that the quiescent voltage at the gate of Q1 is at zero
potential. If the designer is absolutely sure the input source, vy, has no DC bias, the resistor Rg
and its associated input capacitor could also be eliminated from this design.

oVee

Figure 6.2: A cascade-connected amplifier with direct coupling of stages.

Example 6.2
The two-stage cascade-connected amplifier shown in Figure 6.2 is comprised of two directly-
connected simple stages. The transistors have characteristic parameters:

Br =150 Vi =350V (Silicon BJT),

and
VPO = —3.5V IDSS =10 mA VA = ZSOV (FET)

The circuit resistors are given as:

R, = 1MQ R, = 2.7k,
Ry = 1.5k Ry = 1009,
Ry = 1309 Ripaa = 2.2kS2 .

'The power supply voltage is: Voo = 15V.
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Determine the AC voltage and current gain (from the source to the load) and the input and output
resistances (as shown) for this amplifier.

Solution
'The quiescent conditions for the FET are determined with the usual expressions relating
Ip and Vgs in the saturation region:

Vs \ > Vs
Ip = Ipss[1—-%5) =—
> ( VPO) =
Vs \2 v,
=10mA(1- -2 ) =&,
35 130

Solving this equation yields the FET quiescent conditions:
Vs = —0.7833V Ip = 6.025mA.

'The BJ T quiescent conditions depend on the DC circuit shown at the right. The base and collector
currents by making a Thévenin equivalent of the circuit connected to the base of the BJ'T:

Vee

2.7kQ

Ry =15kQ  Vy=15-6.025(1.5) = 5.962.

'The BJT base and collector currents are then found to be:
Ip =12.86 uA and I¢c = 1.93mA.
Checking to see if the transistors are in the appropriate regions yields:

Vep = 15— 1c(2.7k) = 9.79V > 0.2
Vps = 15— 1.5k(Ip + Ig) — 130Ip = 5.16 V > Vs — Vpo = 2.72.
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'The transistors are appropriately biased: the transistor AC parameters then are calculated to be:

v,
he =pBr =150 and h;, = (Br + 1) (lnl tl) =2.04kQ
C
21 V,
Gm = —— 2 = 4.435mA/V,  rg = |-2| =41.49kQ and = gmrq = 184.0.
(Vas — Vpo) D

The AC model for the circuit consists of a common-source amplifier stage followed by a common-

collector stage. The performance parameters for these simple stages were derived in Chap-
ter 4 (Book 1).

o Vp

Rload

Us

R,

The total input resistance, R;, is the parallel combination of R, and the input resistance of the
common-source stage:

Ri = Rg//oo = R, = | M.
The input resistance of the common-collector stage is given by:
Ri» = hie + (hfe + 1)(Re// Ripad) = 185.1kQ2.
The gain of the common-source stage is:

_ — (Rgq// Ri2) _
= R R + (i F DRy 08

The gain of the common-collector stage is:

hie
Az =1-5

= 0.9890.
i2

'The overall gain is given by:

R;
g vz (Ri + Ros)
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'The current gain can be derived from the voltage gain and the various resistances:

. . 1
Ay = st (””“d) (v—") ( 0 ) = ( )(AV) (Ri + Ry) = —1840.
Lsource Vo Us Lsource Rload

The output resistance calculation is the most difficult to perform. The output resistance of the

common-collector stage depends on the output resistance of the common-source stage:

_ (Rot//Ra) + hie

R
02 hfg +1

'The output resistance of the common-source stage is:

Roi = rq + (1t + DRy = 65.55kR.
Therefore,

Rypr =232Q
and the total output resistance is given by:

Ro = Ry2//Re = 23.09.

6.1.1 DESIGN CHOICES FOR TRANSISTOR CONFIGURATION IN A
CASCADE-CONNECTED AMPLIFIER

'The previous example derivations and calculate on of voltage and current gain and input and out-
put resistance apply to any configuration of cascade-connected amplifier. As each stage is added,
the gain expression is increased by only one additional term. The individual stages may be any
of the three B]T or three FET configurations and any number of these stages may be connected
in any order. There are, however, design choices that are better engineering practice than other
choices.

'The basic reason for choosing a multiple-stage amplifier over a single-stage amplifier are
one or more of the following performance characteristics:

* increased amplification
* input impedance modification
* output impedance modification

Common-emitter and common-source amplifier stages are ideal for increased amplification pur-
poses. Each type exhibits significant voltage gain and significant current gain. In addition, when
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cascade-connected, the relatively high input resistance of these stage configurations does not sig-
nificantly load previous amplification stages (voltage gain is a function of the load). Common-base
and common-gate amplifiers exhibit good voltage gain but no current gain. The relatively low in-
put resistance of these stages also produces a gain-reducing load to previous stages. Consequently,
these stages are most useful as low input resistance first stages. Common-collector and common-
drain amplifiers have good current gain but no voltage gain. Their relatively high input resistance
allows them to follow a amplification stage without seriously decreasing the voltage gain. These
two configurations are most useful for low output resistance final stages. In summary, the design
choices for a cascade-connected amplifier are usually are based on the following principles:

* First stage should 7oz be common-collector or common-drain

(2) Low input resistance cases: common-base or common-gate

(b) Other cases: common-emitter or common-source
* Intermediate stages should be common-emitter or common-source
* Final stage should 7oz be common-base or common-gate

(a) Low output resistance cases: common-collector or common-drain

(b) Other cases: common-emitter or common-source

Special purpose amplifiers may violate these design principles as seen in Section 6.2.

6.2 DARLINGTONAND OTHER SIMILAR
CONFIGURATIONS

In addition to cascade-connected single-transistor amplifiers, there exist several two-transistor
configurations that are commonly analyzed and often packaged as signal stages. These particular
combinations are unusual in that they seem to violate to configuration principles of good amplifier
design as itemized in the last section. The configurations do, however, produce amplifiers with
specific, significantly-enhanced properties.

Most common among these configurations are the two Darlington BJ T configurations and
the Cascode configuration. Mixed BJT and FET combinations are currently not as common
as the single-type configurations. The BiFET (BiCMOS) Darlington seems most promising of

these newer technology combinations.

6.2.1 THE DARLINGTON CONFIGURATIONS

'The Darlington two-transistor amplifier configurations consist of a pair of BJ Ts connected so that
the emitter of the input transistor couples directly, in an AC sense, into the base of the output
transistor. A DC biasing current source is also commonly present at this transistor interconnection
node. The output is taken at either the collector or the emitter of the second transistor. Thus,
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in a Darlington connected BJT pair, the first transistor stage is a common-collector while the
second stage can be either common-collector or common-emitter. Figure 6.3 shows the two basic
Darlington configurations.’

'The Darlington Configurations incorporate an additional transistor so that overall circuit
performance is altered significantly:

* Current Gain is Increased, and
* Input Resistance is Increased.

These increases in current gain and input resistance are by a factor of approximately . The exact
change in circuit performance requires careful analysis.

vc

VB 01 Ve
0>
IBias

VE

(b)

Figure 6.3: Darlington configurations: (a) Dual common-collector pair; (b) Common-collector—
common-emitter pair.

It is common practice to analyze these two-transistor pairs as a single subcircuit. This sub-
circuit takes on many of the characteristic properties of a single BJ'T, modified due to the presence
of two transistors. The subcircuit nodes that correspond to the so called “composite transistor” are
labeled in Figure 6.4 as B¢, C€ and EC.

The fourth terminal in Darlington subcircuits exists solely for DC biasing. Commercially pack-
aged Darlingtons allow for the fourth terminal in several different ways:

* by providing a separate external connection (a four terminal package),

* internally providing for the bias current or voltage source with additional circuitry within
the package (a three terminal package), or,

* in the case of the bias current source, occasionally eliminating it entirely (a three terminal
package). This case is equivalent to setting the bias current source, /g4, to zero value.

*Other slight variations occur. These variations are due a variety of possible connections for the voltage and current biasing
sources, Vee and 1gigs.
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Figure 6.4: Modeling a dual common-collector darlington pair as a composite transistor.

6.2.2 THE DUAL COMMON-COLLECTOR DARLINGTON
CONFIGURATION

'The Dual Common-Collector Darlington Configuration (Figure 6.4) is the most common of the
two Darlington Configurations: a wide variety of commercial packages of this configuration of
transistors is available. In this configuration, the base of the composite transistor is the base of the
first BJT (Q1), the two BJT collectors are connected together to form the composite collector,
and the emitter of the second BJ T (Q2) forms the composite emitter. As one might expect, the
composite transistor can operate in all four regions that are usually associated with BJ Ts: the cut-
off, saturation, forward-active, and inverse-active regions. Simplified models, and their equivalent
circuits, of composite transistor operation in each region are of the same form as those developed
for BJTs in Section 3.4 (Book 1). However, the composite transistor will have characteristic pa-
rameters in each of these regions that vary from typical BJT values.

In the cur-off region, the composite transistor operates as three terminals with open circuits
between. In order to turn the subcircuit on, both B] T base-emitter junctions must become forward
biased. Since the composite base-emitter consists of two BJ T base-emitter junctions, the typical
turn-on base-emitter voltage for this composite transistor” is approximately double that of a single
BJT:

VBE(on) ~ 1.2V. (63)
'The saturation region is modeled by two voltage sources: one modeling the base-emitter terminal

pair and the other modeling the collector-emitter terminal pair. The composite base-emitter is
modeled by two ON BJTs. Thus, in the saturation region,

VBE(M,) ~ 1.6 V (64)

*For simplicity of discussion, all values given in this section will be typical for configurations using Silicon 7pn transistors. Dar-
lington pairs constructed with pnp transistors will have similar values with appropriate sign differences. These sign differences
are discussed in Chapter 3 (Book 1).
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The transition from the saturation region into the forward-active region occurs when the
collector-emitter voltage of Q1 becomes too large. At this collector-emitter voltage, Q2 is in the
forward-active region (Vg > 0.2 V). Thus, the composite collector-emitter voltage is the sum of
the saturation collector-emitter voltage of Q1 and the forward-active base-emitter voltage of Q2:

VCE(M,) ~ 0.9V. (65)

'The forward-active region is modeled by the ratio of collector current to base current and the base-
emitter voltage. The current ratio can be derived by observing that the composite collector current
is the sum of the individual collector currents:

Ic =1Ic1+ Ic2 (6.6)
= Brilp1 + Br2lp2
= Brilpg + Br2[(Br1 + )11 — Ipias] - (6.7)

For large values of B, this expression is commonly approximated as:

Ic ~ Br1Br21B1 — BF21Bias- (6.8)

Incremental changes in the composite collector current are proportional to the product of the BJ T
current gains: consequently it can be very large. The composite base-emitter voltage is the sum of
the forward active base-emitter voltages for the two BJTs:

V, ~ 14V. (6.9)
The emitter current is calculated to be:

—Ig = Br1+ D(Br2+ DIp — (Br2 + 1)Isiss. (6.10)

Due to the addition, in the composite transistor, of a fourth terminal with non-zero current, the
current flowing out the emitter terminal is, in general, not equal to the sum of the base and emitter
currents.

'The inverse-active region is similar to the forward-active region. Darlington circuits rarely
enter into this region since the multiple transistor design brings no benefits over single transistors
operating in this region.

Small-Signal /-Parameters
When a Darlington pair in the forward-active region is used in an amplifier, it is appropriate to
model the composite transistor with an A-parameter model. The composite A-parameters can be

obtained from the A-parameter models of the individual B]Ts as is shown in Figure 6.5.
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8

hp2ip)

Figure 6.5: The AC model for a dual common-collector Darlington pair.

The collector current is the sum of the individual collector currents

e =lc1 tic2 (6.11)
= hp1ipy + hpe2ipa
= hpript + 2 (hpe1 + Dipy
= (hpe2 + D(hpr + Dipt —ip1 (6.12)

For large values of the individual BJ T current gain, this expression is commonly approximated as:
ic & hpihpaip

or
he ~ hperhea = BF1BF2. (6.13)

'The composite current gain is the product of the current gains: in general, this is a very large
quantity. The input resistance of the composite circuit is given as:

hie = hier + (hper + Dhjea. (6.14)

The input resistance has been multiplied significantly and is also a very large quantity. It should
be noted that the composite transistor input resistance parameter, /., can not be obtained from
the composite collector current in the same manner as with a BJT: the value obtained by that
process will be much too small. However, similar operations can be performed. The exact value
of h;e depends on the collector current /¢ as well an on g, but a good approximation can be
made that is independent of Ip;4s. Two common bias schemes are:

° ]Bias =0

* Ipius set so that the two BT collector currents are identical.
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In the first case, the two collector currents are approximatelyj different by a factor of BF»:

Ic Bra2lc
lci1 ~ ——— and Iy ~ ————.
cl Bra+1 €2 Br2+1

The individual BJT parameters can be calculated from these collector currents using Equa-

tion (5.21):

(6.15)

nVi nVi

hiet = (he1 + 1) el =Br1+DBr2+1) iIc] (6.16)
nVi (Br2 + 1)2 nVi
Rien = (M + 1 = ) 6.17
2= ez +1) [ 1c2] Br2  |c| (6.17)
These two values are combined with Equation (6.13) to find /,:
bt + 1 + 1) | gV,
he = | Bt ) Bratn) ¢ L ¥ D Brax D7V (6.18)
BF2 [c|
which, for large current gains, can be approxirnated as:
nV;
hie ~ 2 (Br1+1) (Br2+1) m A~ 2,3F1,3F2| el (6.19)
In the second case, Ic1 = Ic2 = 0.51¢. This equality of current leads to:
2nV; |4
= Bri+ Do+ BrtD Brat) J ; (6.20)
which, for large current gains, can be approximated as:
V;
e = 2Bri1) (B2 [ ~ 2B prat (6.21)

Notice that the approximate expressions contained in Equations (6.19) and 6.21 are identical:
they are a good approximation for A, in either bias scheme.

Consideration of the output admittance parameter, £,,, does not significantly alter the ex-
pressions for /iy, or h;,. The composite output admittance parameter is dependent on the output
admittance of both transistors:

hoe ~ her + (1 + her)hoel- (622)

One must remember that each output admittance parameter depends on the collector current in
each transistor, not the total collector current. If the Bias current, I, is zero,

1
hpe =~ 2 <

: 6.23
Ve (6.23)

*There is an additional term of (1 4+ 1/ A1) in the ratio. For reasonably large current gains this term is approximately unity.
This slight variation has been ignored to simplify the derivation without significantly changing the results.
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If the Ipiqs is set so that the two transistor currents are equal, the output admittance is greatly
increased:

Ic

hoe = (hfe2 + 2) 2

) (6.24)

Each of these two expressions has the effect of reducing the output resistance of the composite
transistor as compared to a single transistor. The reduction factor lies between 2 and hypo + 2
depending on the value of /pig;.

Example 6.3
'The given circuit is constructed with Silicon BJTs with parameters:
Br = 100
V4 =400V.
Determine the two voltage gains:
AV1 = M and AVZ = @,
Us Us

the current gains (defined as the ratio of current in the output resistors to the current in the

source), and the indicated AC resistances.

1.0kQ

o Vg1

o Vo2

20Q

]
Solution:

'The given circuit employs a dual common-collector Darlington pair with the bias current
source set to zero value. The procedure for finding the required AC circuit parameters follows the
same guidelines as those presented in Chapter 5.
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'The quiescent conditions for the composite transistor are obtained by inserting a DC model
of the transistor into the circuit. The two significant composite transistor parameters are given by
Equations (6.7) and (6.9):

V, =14V and Br = 10200.

After the base circuit is replaced by its Thévenin equivalent, the resultant circuit must be analyzed
to find the quiescent conditions:

P VU PN
B= 13714k + 10201 20) M
Ic = 1020015 = 14.723 mA

Ig = (101)%Ig = —14.724 mA.

20V
1.0kQ
14V 1020017p
AN
13.714kQ
1.714V —/—— 200

The collector-emitter voltage must be checked to make sure the composite transistor is in the
forward active region:

Ver =20 — 1k(I¢) —20(—Ig) = 4.98V > 0.9V.

'The composite transistor is in the forward-active region. The AC parameters can now be deter-
mined:

V
hie ~ 2BF1 5“";—] =3532kQ and hy ~ BriBra = 10k
C

'The amplifier circuit is, depending on which output is taken, of the form of a common-emitter
(with an emitter resistor) or a common-collector amplifier. The amplifier performance summary
of Section 5.6 is used to determine the performance of this amplifier. The input resistance at the
base of the composite transistor is given by:

Ri = hie + hp(20) = 235kQ.
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'The input resistance to the total amplifier is:
Rin = Ri//15k2//160kQ = 12.96 k2.

Ay is the composite common-emitter gain:

o 12.96k Q 0Kk _
T=\ 1296 kQ + 502 235kQ ) 7

'The corresponding current gain is easily derived from previously obtained quantities:

an =2 = () (22) (3 = (o) (v ko)
lg Vo Ug lg Rload

- (L) (—42.5) (12.96 k) = —551

1 kQ

Ay is the composite common-collector gain:

o 12.96 kQ | 3532kQ) _ o
Y27\ 1296 kQ +50Q 235k ) T

'The corresponding current gain is given by:

an =2 (2) (2) (%) = () (v (ko)
lg Vo Vg lg Rioua

1
- (ﬁ) (0.850) (12.96 k) = 551.

As expected, the two current gains are very nearly the same in magnitude.
'The output resistance of the common-emitter (with an emitter resistor) amplifier is approx-
imately the load resistor:
R, ~ 1.0kS2.

If 1, is considered to be non-zero, the output resistance can be calculated using Equations (6.23)

and (5.75):

Ic 14.723 mA
hoe 2| —| =2——c— =736 uS =13.6 kR
Vaz 400 V g =T
Ro =Y = (Ro// (Rs + hi)} + 10 41 + —teRe 90.4 kS
= — = ie T, _— = .
’ i ¢ ’ ? R, + hie + R;
Rot = 1.0kQ//90.4kQ = 990 Q ~ 1.0k2.
'The common-collector output resistance is given by:
502//13.714k Q) 4+ 35.32k Q@
Ro2 = ( // )+ =3.54Q.

10k +1
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6.2.3 THE COMMON-COLLECTOR—COMMON-EMITTER
DARLINGTON PAIR

The Common-Collector—Common-Emitter (CC-CE) Darlington Pair is not as common as the
Dual Common-Collector Pair. The electrical properties of the two types are very similar, except
the CC-CE Pair always requires at least four terminal connections. If the CC-CE pair is to be
commercially packaged, it either requires the inclusion of an internal DC current source, /4, o1
necessitates that the source be zero-valued (replaced by an open).

The analysis procedure of this configuration is similar to that of the Dual Common-
Collector Darlington. Figure 6.6 identifies the correspondence between the circuit terminals and
those of the “composite transistor” equivalent.

Vee

B¢ 01 c¢ c¢
Q2 — BC%
EC

IBias
EC
Figure 6.6: Modeling a CC-CE Darlington pair as a composite transistor.

In the cut-off region, the composite transistor operates as three terminals with open circuits
between. In order to turn the subcircuit on, both BJ T base-emitter junctions must become forward
biased. Since the composite base-emitter consists of two B]'T base-emitter junctions, the typical
turn-on base-emitter voltage for this composite transistor is approximately double that of a single
BJT:

VBE(@n) ~ 1.2V.

'The saturation region is modeled by two voltage sources: one modeling the base-emitter terminal
pair and the other modeling the collector-emitter terminal pair. The composite base-emitter is
modeled by two ON BJTs. Thus, in the saturation region,

VBE(sat) ~ 1.6V. (625)
'The composite collector-emitter voltage is the saturation collector-emitter voltage of Q2:
VCE(sut) ~ 0.2V. (626)

'The forward-active region is modeled by the ratio of collector current to base current and the base-

emitter voltage. The current ratio can be derived by observing that the composite collector current
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is the same as the collector current of Q2:

Ic = Ic» (6.27)
= Br21B2
= :3F2[(:3F1 + 1)Ip1 — IBias]- (628)

For large values of B, this expression is the same as the dual common-collector Darlington:

Ic ~ Br1Br21B1 — BFr21Bias- (6.29)

Incremental changes in the composite collector current are proportional to the product of the B] T
current gains: consequently it can be very large. The composite base-emitter voltage is the sum of
the forward active base-emitter voltages for the two BJTs:

V, ~1.4V. (6.30)
The emitter current is calculated to be:

_]E = (IBFZ + l)IBZ + IBias
—Ig = (Br1+ D(Br2+ DI — (BF2)Isias- (6.31)

Due to the addition, in the composite transistor, of a fourth terminal with non-zero current, the
current flowing out the emitter terminal is, in general, not equal to the sum of the base and emitter
currents.

'The inverse-active region is similar to the forward-active region. Darlington circuits rarely
enter into this region since the multiple transistor design brings no benefits over single transistors
operating in this region.

Small-signal /-Parameters

When a Darlington pair in the forward-active region, the composite /-parameters can be obtained
from the A-parameter models of the individual BJ Ts as is shown in Figure 6.7.

hp2ipa

Figure 6.7: The AC model for a common-collector—common emitter Darlington pair.
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The collector current is collector current of the Q2:

ie = 1i¢n (6.32)
= hpoipo
= hpo(hper + 1)ip;. (6.33)

For large values of the individual BJT current gain, this expression is approximated as:
ic ~ hfgl ]’lfez ibl or hfe ~ hfel ]’lfez. (634)

'The composite current gain is the product of the current gains: in general, this is a very large
quantity. The input resistance of the composite circuit is given as:

hie = hier + (g1 + Dhiea. (6.35)

'The input resistance has been multiplied significantly and is also a very large quantity. It should
be noted that the composite transistor input resistance parameter, A, can not be obtained from
the composite collector current in the same manner as with a B]'T: the value obtained by that
process will be much too small. However, similar operations can be performed. The exact value
of hj depends on the collector current /¢ as well an on /g, but a good approximation can be
made that is independent of Ig;,s. Two common bias schemes are:

° IBias =0
* Ipiss set so that the two BJT collector currents are identical.
In the first case, the two collector currents differ® by a factor of BF»:

1
Ic1 ~ —€  and Ico = 1Ic. (6.36)
Br2

'The individual BJT parameters can be calculated from these collector currents using Equa-

tion (5.21):

nV;
hier = (b +1) 25 | IC | = (BritD) (Bra) 1} ’l (6.37)
hiex = (hpea + 1) = (Br2+1 ) (6.38)
|Ic | |1 |
These two values are combined with Equation (6.35) to find A,
V;
e = [(Brit D) Br2) + (b +1) (Bra + D] 0 (6.39)

°As with the Dual Common-Collector Darlington, there is an additional term of (1 4 1/ A1) in the ratio. For reasonably
large current gains this term is approximately unity. This slight variation has been ignored to simplify the derivation without
significantly changing the results.
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which, for large current gains, can be approximated as:

V;
hie ~ 2P p1Bra-bt. (6.40)
|Ic|

In the second case, Ic¢1 = Ic2 = Ic. This equality of current leads to:

Vi Vi
hie = (BritD) T 4 (Bt ) (Brat D) 1 (6.41)
[cal [c|
which, for large current gains, can be approximated as:
V, V,
hie = (Br1+1) (Bra+2) 5 ~ Brifrat . (6.42)
el el

Notice that the approximate expressions contained in Equations (6.41) and (6.42) differ by a
factor of two: they present a good approximation for the range of /.

Consideration of the output admittance parameter, h,,, does not significantly alter the ex-
pressions for Ay, or h;.. The composite output admittance parameter is that of Q2:

Ic

hoe = hoe =17
2 Va2

. (6.43)

6.2.4 THE CASCODE CONFIGURATION

The cascode configuration consists of a pair of B]Ts connected in a Common-Emitter—
Common-Base configuration as shown in Figure 6.8. The principal attribute of the cascode con-
figuration of interest here is extremely high output impedance. Other attributes that will be in-
vestigated in later chapters include: very good (compared to common-emitter) high-frequency
performance and very little reverse transmission. The property of small reverse transmission (sig-
nals applied to the output appearing at the input) aids in the design of high-frequency tuned
amplifiers.

0> ve

VB 01

VBias

Figure 6.8: 'The cascode configuration.
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'The large-signal operating conditions are characterized by the following regional parame-

ters:
Vae(om = 0.6 vV, =0.7
BECon) ’ (6.44)
Vae(sar) = 0.8 Veesar) = 0.4
with the additional qualifiers that
VC > VBias —0.6 Vg < VBiaS —1.0. (645)

Small-Signal /-Parameters
When the B]Ts of a Cascode are in the forward-active region, two of the composite A-parameters
can be obtained directly from Table 5.7:

v,
hie = hit ~ (Br1+1) - (6.46)
|Ic]|
and
%:%(hm)%%L (6.47)
hpo + 1

'The output admittance parameter, /,., is calculated by calculating the output admittance of the
small-signal equivalent circuit with the base current set to zero (Figure 6.9).

r
]2 02

Vo

hiel
Figure 6.9: Equivalent circuit for calculation of cascode /.

The test for h,, requires that there be zero base current: this condition implies that the output
impedance of the common-emitter B] T is in parallel with the input impedance of the common-
base BJT. Application of a unity current to the output terminals yields:

—To1 Fothie2

and V] =

ipp = ———— _—
Tot + hiez o1 + hiez
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'The resultant voltage at the output terminals is determined by finding the current through /.2
and using Kirchhoft’s Voltage Law:

. To1
Iy =1—hpipy=1+h
2 fe2lb2 'fe2 oL + hiez

then,
V = Vl + 127'02

or

Tothie2 ( Yol
_ Tahe | 1+hez—)r2-
Tot + hiez / For + hia ) ¢

'The output admittance is the ratio of the current / to the voltage V:

1 ~ her

hoe = ~ .
I+ her

(6.48)

Tothie2 To1
ok (44, —)
To1 + hie2 ( fe2r01 + hiea o2

The output admittance is an extremely small quantity. It can be calculated from the quiescent
conditions to be:

1
h 'fe2

Ic

: 6.49
Ve (6.49)

hoe ~

In that the output impedance is the reciprocal of output admittance, the output impedance of a
cascode configuration has been shown to be larger than that of a single common-emitter stage by
a factor of 1 + hy,.

A FET variation of the cascode configuration is often found in analog design. The FET
cascode consists of a Common-Source—Common Gate connection. As one might expect, the
only major change over a single common-source stage is increased output impedance. Since the
amplification of a common-source stage is highly dependent on the output impedance, r4, of the
FET, the FET cascode will have greatly improved voltage gain. One drawback is that maximum
symmetrical swing may be degraded with the FET cascode.

6.2.5 THE BIFET DARLINGTON CONFIGURATION

No useful all-FET Darlington circuits exist: the potential for increased input impedance and
current gain have little significance in FET circuitry. There is, however, a useful Darlington circuit
connection that combines the properties of FETs and B]Ts. In this configuration the input BJ T
of a Darlington pair is replaced by a FET (Figure 6.10). The connection retains the near-infinite
input impedance of the FET and, with the addition of the BJ T, attains a larger effective composite
transconductance, g, and a lower output resistance, 7. Common technologies currently in use
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that allow B] Ts and FETs to be produced on the same substrate include the BiCMOS and BiFET

technologies.”
Previous analysis of similar circuitry suggests that the formation of a composite FET is

appropriate. Quiescent analysis of the BiCMOS Darlington leads to the following relationships:

2
15 = K[VE=VE] = Brlbis (6.50)

oVee

Vin O—|
0>
IBias ”

o Vg

Figure 6.10: BiCMOS Darlington configuration.®

where

1 g = the composite drain current,

VGC; = the composite gate-source voltage,

VTQ = Vr + V, = the composite threshold voltage, and

Kc = (1 + Br)K = the composite transconductance factor.

Similarly, a small-signal analysis of the composite transistor can be performed in a similar manner
as with previous configurations. Each transistor is replaced by its appropriate small-signal model,
a voltage source is applied to the composite transistor gate-source terminals and the short-circuit
current gain, gy, is calculated:

€ = (1+ hge) gm
" 1+hie(gm+1/rd)‘
'The Thévenin output resistance, rg4, is calculated by setting the composite transistor gate-source

voltage to zero and applying a current to the drain-source terminals. The results of such operations
leads to:

(6.51)

rC _ rqd +(,U,+1)]’l,e

= 6.52
d hfe +1 ( )
’BiCMOS implies CMOS and BJT transistors on the same substrate. Although BiFET is a more general term, it usually
implies JFETs and BJTs.
#As with the BJ T Darlington circuits, the exact connection of the biasing current source may vary in particular applications. The
effect is only in the quiescent conditions and the individual small-signal parameters of each transistor: general performance
relationships are unchanged.
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As expected, the addition of a common-collector stage to the FET did not significantly change
the voltage gain of the composite transistor (4 = gm7q).

6.3 EMITTER-COUPLED AND SOURCE-COUPLED PAIRS

Emitter-coupled and source-coupled pairs of transistors are widely used to form the basic el-
ement of differential amplifiers with the most common application being the input stage of an
Operational Amplifier. The output of such amplifier stages is proportional to the difference in the
input voltages and has a high Common-Mode Rejection Ratio. High CMRR allows the input
to be differential or single (one input at a fixed voltage). The output can be similarly differential
or single (as in the OpAmp).

Another useful property of emitter-coupled and source-coupled amplifier stages is that they
can be cascaded without interstage coupling capacitors: any common-mode DC offset that may
be present has a negligible effect on the performance of any stage. Input impedance is typically
high for FET pairs and moderate for B] T pairs: output impedance is moderate for all types.

6.3.1 EMITTER-COUPLED PAIRS

'The basic topology for an emitter-coupled pair is shown in Figure 6.11. In order to form a good
differential amplifier, the circuit must by a symmetric network: the transistors must have similar
properties and corresponding collector resistances should have identical values (Re1 = Rez =
R.). These collector resistances are often discrete resistors; in integrated circuit applications, they
are more often active loads.” In integrated circuit realizations of an emitter-coupled pair, the
biasing network is typically in the form of a transistor current source; in other realizations it can
be as simple as a single resistor. For generality, the biasing network is shown in its most general
form as a Norton equivalent source.

The topology of this amplifier is very similar to that of the input section of an Emitter-
Coupled Logic gate. Previous explorations of that logic gate family'® found that a linear region
of amplification exists in the transition region between the two logic levels. This region extends
over a very small range of input voltage differences: the difference between the voltages at the two
BJT base terminals can not exceed a few tenths of a volt before one of the transistors enters the
cut-off region and the amplifier saturates. Still, as has been seen in the case of the OpAmyp, it is
not necessary for the input voltage difference to be large in order to create a highly useful device.

?Active loads are discussed in Section 6.5.
Emitter-Coupled Logic gates are discussed in Section 3.5 (Book 1).
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oVee

°o—Vgg

Figure 6.11: A typical emitter-coupled pair circuit diagram.

DC Analysis of the Emitter-Coupled Pair
If the circuit is truly symmetric (R;; = Rij2> = R;), it can be easily shown that the quiescent BJT
collector currents are equal and have value:

(6.53)

Vee + Ige Ree — VBE(on)
Ic = BF

2 (Br + 1) Rge + R;

For values of Rgg larger than the output resistance, R;, of the sources, a good approximation'
for the collector current is:

afF Vee — VBE(on)
Ic~—|1 e I
c 5 ( EE T Rz

From this derived value of /¢ and the B]T characteristic parameters, the usual small-signal B] T
h-parameters can be derived:"

V. 1
T and hoe ¢

hé’: s hie: 1) —, = —.
e = Br (Br +1) T Vi

Since the BJT quiescent conditions are identical, each of the two BJTs has these same 5-
parameters.

"This approximation is particularly useful if R;1 and R;7 are not equal but each smaller than Rgg.
?The BJT must be in the forward-active region: it is important to check Vg to make sure before continuing.
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AC Analysis of the Emitter-Coupled Pair
'The most significant performance parameter for a differential amplifier is the differential mode
gain. Also of significance is the common-mode rejection ratio: the ratio of differential mode
gain to common-mode gain™ The best path to find these performance parameters is through

AC analysis and the use of superposition. The AC equivalent circuit for zero v;, is shown in
Figure 6.12.

Figure 6.12: AC equivalent circuit for emitter-coupled pair (single input source).

The gain path to v, is a common-emitter (with an emitter resistor) amplifier stage, while
the gain path to v, is a two-stage cascaded amplifier: a common-collector stage followed by a
common-base stage. Table 5.7 provides small-signal amplifier performance parameters to guide
the AC analysis of this circuit."* Two derived input resistances aid in calculations. The resistance,
R, is the input resistance of a common-base amplifier:

hic + Ri>
Ry = ——— 6.54
2 hfe + 1 ( )
R; is the input resistance of a common-collector amplifier:
Ry = hje + (hfe + 1)(Ree// R2). (6.55)

Typically, the biasing current source output resistance, Rgg, is much greater than the input re-
sistance to the common-base stage, R, (a very small value). This relationship leads to a common
3For a more complete discussion of common-mode rejection ratio, refer to Section 1.4 (Book 1).

“Table 5.7 assumes that the resistors R are small compared to 1/ /4. This may not always be the case. Section 6.4 discussed
the effect of large load resistances (in the form of active loads) on amplifier performance.
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approximation, Reg//R2 ~ R», and
hie + Ri2

nghie‘i‘(hfe‘Fl)( Py
e

) = 2hi+ Ra (6.56)
This approximation for Ry will be used in early discussions and will be tested for validity in
Example 6.5.

'The voltage gain to each of the output terminals can now be easily determined. The voltage
gain to the v, terminal is simply the product of a common-emitter amplifier gain and a voltage

Vo1 Vo1 U1
A= () (2
Vi1 U1 Vi1

_hfeRc) ( Ry ) —hg R,
Ay = ~ . 6.57
" ( Ry R1 + Ri1 2hjc + Ri1 + Ri» (6.57)

division:

'The voltage gain to the vy, terminal is the product of a common-base amplifier gain, a common-
collector amplifier gain, and a voltage division:

Vo2 Vo2 Uy V1
Ays === (Z) (=) | —
Vi1 U2 U1 Vi1

rearranging terms gives the expression

hfeRc ) ( R1 _hie ) ( Rl _hie )
Ay, = = -4 — ). 6.58
& (Rl + Riy hie + Riz " hie + Riz (6.58)

Cancellation and substitution of the approximate expression for R leads to a final gain expression:

Ay ~ —Ayy (%) =—Ay:. (6.59)
The two gain expressions given in equations (6.57) and (6.59) are equal in magnitude:
Ayry =—Ay1 =4 (6.60)
where
e Re (6.61)

Application of symmetry to this circuit leads to similar expressions for the voltage gains to each

output from input v;» when v;; is set to zero value.

Vo1

Yol _ 4 and Y2 __4 (6.62)
Vi2 Vi2
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The total voltage transfer relationships can then be expressed as a superposition of the results of
the derivations:

Vo1 = —Av;1 + Av;z

(6.63)
Vo2 = Avi1 — Avjs.
The differential output, v,4, depends only on the differential input:"’
Vod = Vo — Vo2 = (—Avj1 + Aviz) — (Avi1 — Aviz) = —2A(vi1 — vi2) (6.64)
—huRe {01 —
vog = ——eRe WWin = vi2} (6.65)
hie +1/2{Ri1 + Riz}
'The common output, v,., is approximately zero:
Voc = 1/2(vo1 + vp2) = 1/2{(—Avi1 + Aviz) + (Avi1 — Aviz)} =~ 0. (6.66)

'The output resistance of each gain path extremely large looking into the B] T collectors. The output
resistance for the total amplifier is approximately equal to R..

It appears that an emitter-coupled BJT amplifier pair forms a very good differential am-
plifier with the following properties:

Vo1 — Vo2 _hfeRc
Vit —Via  hie + 1/2{Ri1 + Ri2}
Input Resistance: R; ~ 2h;, + R;»

Gain: AVD =

Output Resistance: R, = R..

Example 6.4
Determine the differential voltage gain for the given circuit. Assume identical BJ Ts with

Br = 120.

*This expression is exactly twice that derived in Chapter 1 (Book 1). The difference is due to the differential nature of the output
of this amplifier compared to the single-sided output of an OpAmp. The difference also applies to the common-mode gain:
hence the CMRR of the amplifier is unchanged.
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Solution:
'The output resistance of the current source is much large than either of the output resis-
tances of the sources, thus

Vee =V,
Ic ~ Ol_F ( Ios + EE BE(on))

2 Ree
I 0.4959 [ 6m + 14.3 = 3.157 mA

A check of Vg must be made:
Veg = Ve — Vg = (15— Ic Re) — (0 — I R; — Vo) = 4.58 — (=.702) = 5.28 V.
The B]JT is in the forward-active region. The significant BJT parameters are then:
he =120 and  hy = 996.59.
'The differential gain is given by:

Vol —Vp2 —he R, _ —-120(3.3k) 370
vit — Uiz Mie + 1/2{Ri1 + Ria} ~ 996.5+75 ‘

Example 6.5
Use exact expressions for currents, resistances and gains in the circuit of Example 6.4 to determine
the single and differential voltage gains and the CMRR for the circuit.
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Solution:
'The exact collector current expression is:

Vee + Ige Reg — VBE(on) — 120 15+ 234 —-0.7
2(Br + 1) Rgg + R; 2(121)39k + 75

There is no significant change from the approximate value of the previous example: the BJ Ts are
in the forward-active region. The BJT A-parameters are:

Ic = BF ( ) = 3.157 mA.

he =120 and h; = 996.5%.

The resistance R is given by:

_ hie+Riz _ 996.5+75

Ry = - =8.86 Q
27 The+1 121

and the resistance R is

Ry = hie + (hye + 1)(Re//Ra) = 996.5 + (121)(39k//8.86) = 2.068 k<2.
'The load resistance for the common-collector stage is given by:

Re = Rgz//R> = 8.8535Q.

Which leads to the gain expressions:

_ —12033%) ( 2068k )\ _ oo
YI= 75068k \2.068k+75) '
2.068k — 996.5
Ay = — Ay [ 22277702} _ 184.768.

& Vl( 996.5 + 75 )

The total transfer relationships can then be written as:

Vo1 = —184.807v;; + 184.768v;5 and v, = 184.768v;; — 184.807v;5.
'The differential gain is given by:

Vod = Vo1 — Vo2 = —369.575(vi1 — vi2)
and the common-mode gain is

vy = LT V2 039734 (

Vi1 + Vi2
> — ).

Which yields a common-mode rejection ratio

—369.575

CMRR =20 loglo W

' = 79.5 dB.




456 6. MULTIPLE-TRANSISTOR AMPLIFIERS
6.3.2 SOURCE-COUPLED PAIRS
Source-coupled amplifier pairs are the Field Effect Transistor equivalent of emitter-coupled BJ T
amplifiers. The basic topology is shown in Figure 6.13."® As in the emitter-coupled pair, it is im-
portant that the two field-effect transistors have similar properties. Similarly, the drain resistances,
Rg, are to have similar values and may be composed of simple discrete resistors or active loads.
'The bias network is almost always a current source, but is shown here as its Norton equivalent.

o Vpp

Vi2

o—Vss

Figure 6.13: A typical source-coupled pair circuit diagram.

DC Analysis of the Source-Coupled Pair

DC analysis of FET circuits is inherently more complicated than BJT circuits due to the highly
non-linear large-signal behavior of FETs. Thus, a closed-form expression for the quiescent FET
drain current is not easily derived. If, however, the circuit is truly symmetric, the DC analysis can
be accomplished through the use of a “half-circuit” as shown in Figure 6.14.

Half-circuit analysis uses the property that the drain currents for the two FETs are identical:
thus the effect of the Norton source on one of the FETs appears to be modified. This modification
changes the apparent Norton source: the value of the Norton current is halved and the Norton
resistance appears to be doubled. The drain current and gate-source voltage for this single FET
quiescent equivalent circuit can be obtained using the half-circuit quiescent equivalent and the
techniques outlined in Chapter 4 (Book 1). These derived quiescent conditions and the FET
*Here the FETS are shown as depletion mode n-channel FETS for simplicity. Any other type of FET can be used in a source-

coupled pair. Many commercially available OpAmps use source-coupled JFETs or MOSFETS for differential amplifier input
stages.
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Vbp
Ry
Riy
2Rgs 0.57gg
—Vss

Figure 6.14: A half-circuit equivalent for quiescent condition calculation.

characteristic parameters lead directly to the small-signal FET parameters:

21p
— V.
gm = or (Vas = Veo) rg = Al (6.67)
Ip
2K (Vgs —Vr)

AC Analysis of the Source-Coupled Pair
As in the emitter-coupled pair, a good method of AC analysis is through the use of superposition.
The AC equivalent circuit for zero v, is shown in Figure 6.15.

'The gain path to v, is a common-source (with a source resistor) amplifier stage, while the
gain path to v, is a two-stage cascaded amplifier, a common-drain stage followed by a common-
gate stage. Table 5.13 provides small-signal amplifier performance parameters to guide the AC
analysis of this circuit. Two derived input resistances aid in calculations. The resistance, R, is the
input resistance of a common-gate amplifier:

rq + Ry

Ry=“*—% 6.68
S (6.68)

R is the input resistance of a common-drain amplifier:
R ~ o0.

Typically, the biasing current source output resistance, Rgg, is much greater than the input resis-
tance to the common-gate stage, R, (a very small value). This relationship leads to a common
approximation, Rg = Rgs//R2 ~ R».




458 6. MULTIPLE-TRANSISTOR AMPLIFIERS

Figure 6.15: AC equivalent circuit for source-coupled pair (single input source).

'The voltage gain to each of the output terminals can now be easily determined. The voltage
gain to the v,; terminal is simply the product of a common-source amplifier gain and a voltage

Vo1 Vo1 U1
Vi1 U1 Vi1

— R 1 — R
Ay = ( Emldd ) (_) N _8mldtd (6.69)
ra + Rg + (1 + gmra) Rs 1 2(rqg + Rg)

division:

'The voltage gain to the vy, terminal is the product of a common-base amplifier gain, a common-
collector amplifier gain, and a voltage division:

Vo2 (Uoz) (Uz) (Ul)
Ayo=—=—)—) | —
Vi1 10} U1 Vi1
Ay, = ((1 + gmra) Rd) ( gmraRs ) (l)
2 rq + Ry ra + Rag + (1 + gmra) Rs ) \ 1

rearranging terms leads to:

R 1 R 1 R
Ay = ( gmraRa ) (( + gmra) S) — Ay (( + gmra) s) (6.70)
ra + Rg+ (1 4+ gmra) Rs rq + Ra rqa + Ra
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or, when the approximate value of Ry is inserted,

rqg + Ry

s (1)
L+ gmra —_4

= —A4avi.

6.71
. (6.71)

Ayy ~ —Ayy

Once again, the two gain expressions (given in Equations (6.69) and (6.71)) are equal in magni-
tude:'’

Ays =—Ay1 = A

where

gmraRyq

Application of symmetry to this circuit leads to similar expressions for the voltage gains to each
output from input v;, when v;; is set to zero value.

Vo1 Vo2
2L =4 and = =-A4. (6.73)
Vi2 Vi2
The total output voltage expressions can then be expressed as a superposition of the results of the
derivations:
Vo1 = —Avi1 + Aviz

(6.74)
Vo2 = Avil — Av,-z.

'The difterential output, v,4, depends only on the differential input:

Vod = Vo1 — Vo2 = (—Avi1 + Aviz) — (Avi1 — Aviz) = =2A(vi1 — vi2) (6.75)
—gmra Ry

Vod =
(ra + Rg)

(vi1 — vi2) . (6.76)

'The common output, v, is approximately zero:
Voe = 1/2(Vo1 + V02) = 1/2{(—Avi1 + Avi2) + (Avi1 — Aviz)} =~ 0. (6.77)

If it is assumed that Rgg is large with respect to R», the output resistance at the output terminal

of the FET is given by:
R, ~2rg + Ry. (6.78)

"The equivalence is true only for the approximation Rs = Rss//R2 ~ R»>. The gain expressions of Equations (6.69) and
(6.70) are exact.
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'The total output resistance (including effects of the load resistance Ry) is given by:

Ry
R, =~ R 1l—— ). 6.79
d( 2Ou+Rw) (6.79)

A source-coupled FET amplifier pair also forms a very good differential amplifier with the fol-
lowing properties:

Vol —Vo2 _ —8&mldRa
vit— vz (ra + Ra)
Input Resistance: R; ~ oo

Gain: Avyp =

R4
Output Resistance: R, ~ Rz |1 — ———— .
P ° d( 20u+Rw)

Example 6.6
'The Source-coupled amplifier of Figure 6.13 is constructed with two identical JFETs with prop-
erties:

VPO:—4V ID55:8mA VA:16OV

and circuit parameters:

Vop = Vgg = +15V I¢s = 6mA
Rgs = 39kQ R; = 3.3kQ.

Determine the circuit performance parameters and CMRR.

15V

3.3kQ

3mA
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Solution
'The DC analysis uses the half-circuit analysis technique to obtain values of Ip and Vgs.
'The two significant equations are:

Ip =8mA|l + —= d Ip=—=+3mA.
D m ( + 1 ) an D 78k +3m

'The solutions to the above are:
Ip =32111mA and Vgg=—1.4658V
Vps must be checked:
Vos = 15 — (3.2111m) (3.3k) — 1.4658 = 2.938 > —1.4658 + 4 = 2.534.

The JFET is in the saturation region. The AC small-signal parameters can now be determined:

2(3.2111 —160
L= 2G2UIm) ) AV g = |10 | o3k,
2.5342 32111m
AC analysis can now proceed.
— R —2.534m (49.83k) (3.3k
Avp = Emld 2d _ m ACELY. —7.843
(ra + Ra) 4983k + 33Kk)
R 33k
Ro~Ry[1- —"% ) =33Kk(1- = 3.197kQ.
2 (ra + Ra) 2(49.83k 1 3.3k)

CMRR calculations need the more exact expressions for resistances and gain. The resistance R»
is given by:

=417.45Q

R, — rqi + Ry _49.83k+3.3k
2T 1+ gmra | 1+12627

and the total resistance seen by the source of the FETs is:

Rs = Rss//R> = 39Kk//417.45 = 413.03 Q2.

'The two voltage gain expressions (using exact values of Rg) are given by Equation (6.69):

_ ( —&mraRa )
Ay =
ra + Rg + (1 + gmra) Rs
B —126.27(3.3k)
~ 4983k + 33k + (1 + 126.27)413.03

) = —3.94238
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and Equation (6.70):

1 R 1+ 126.27) 413.03
Ays = — Ay (M) — —3.94238 (( + )

) = 3.90064.
rqa + Rg 49.83k + 3.3k

'The difterential-mode gain is:

Apy = Ay1 — Ayr = —7.843
and the common-mode gain is:

Acy = Ay + Ayz = —0.04175

for a CMRR of

—7.84302

CMRR = 201Og10 m

‘ = 45.5 dB.

6.3.3 VARIATIONS ON THE THEME

In an effort to improve the various performance characteristics of emitter-coupled and source-
coupled amplifiers, designers often change the circuit topology while keeping its basic character-
istics. Two common techniques for altering circuit performance are:

* Including a resistor between the emitter or source terminal and the common terminal

* Using a compound transistor (Darlington, etc.) instead of a single transistor

Additional resistors have the effect of increasing the range of input voltages over which the am-
plifier is linear and increases the input resistance of emitter-coupled amplifiers. Compound tran-
sistors can have a variety of effects. Figure 6.16 shows a simplified schematic of the input stage
of an OpAmp that uses compound Darlington transistors and additional emitter resistors to alter
performance characteristics.

While the circuit of Figure 6.16 indicates a multiple BJT differential amplifier, the com-
pound transistors are not limited to B Ts. BIFET and BiCMOS technologies allow for the mix-
ing of transistor types in the differential pair as long as the circuit remains symmetric. Analysis of
such amplifiers follows the same basic techniques as have been demonstrated in this section. The
compound transistor parameters rather than single transistor parameters are used and appropri-
ate resistances (R; and/or R, in the previous derivations) are modified to reflect any additional
emitter or source resistors.
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T Vee

o—VzE

Figure 6.16: Simplified input stage schematic: LM318 OpAmp.

6.3.4 SUMMARY

'The basic performance characteristics of basic emitter-coupled and source-coupled amplifiers are

summarized in Table 6.1.

Table 6.1: Summary of differential pair amplifier properties™

Emitter-Coupled Source-Coupled

Differential —heR. —&mTaRa

Voltage Gain hie + (Ri1 + Ri2)/2 ra + Ry
Input Resistance 2h;, + R; ~ 00
~ 00 ~2rg + Ry
. 18 R
Output Resistance ~ R, ~ Rp (1 . d )
2(rg + Ryg)

¥The upper row is output resistance measured at the output terminal of the transistor. The lower line includes the effect of the
load resistance R or Rg.




464 6. MULTIPLE-TRANSISTOR AMPLIFIERS
6.4 TRANSISTOR CURRENT SOURCES

Current sources may be used to bias the transistor circuit in the forward active region for a small-
signal amplifier. The biasing schemes explored thus far apply a voltage across the base-emitter
junction of the BJT or the gate-source of the FET. Current source biasing may be used in lieu
of a base or gate resistor bias network to set the quiescent collector or drain current, and is the
preferred method for biasing differential amplifiers. Bias networks in integrated circuits most
often depend on current sources.

6.4.1 SIMPLE BIPOLAR CURRENT SOURCE

A simple BJ T current source that delivers an approximately constant collector current /¢ is shown
in Figure 6.17. For this current source to be operational, the collector voltage of the BJ T must be
sufficiently more positive than the emitter voltage such that the transistor operates in the forward
active region. The constant current is supplied by the collector of the transistor.

The transistor collector current can be obtained, by applying the node voltage method at
V; that is, by summing the currents at the base of Q,

0=11+ 1>+ Ip. (6.80)

Using Kirchhoft’s Voltage Law around the base-emitter loop yields an expression for Vg,
VB = I3R3 + Vpg — Vgg. (6.81)
The current 1 can be expressed in terms of I3 by substituting Equation (6.81) for the base voltage,

Ve _ I3R3 + Vpg — Vg

I, = 6.82
ThC current 12 is found ina similar manner,
Vg —2V; +V, I3Rs + Vg — 2V
12 B d EE 303 BE d , (683)

R2 R2
where V is the voltage drop across each of the diodes Dy and D,. The base current is simply,

TR

I (6.84)

Substitution of Equations (6.82) to (6.84) into (6.80) yields an expression in terms of the emitter
current /3,

0= I3R3 + Vpe — Ve n I3R3 + Ve —2Vy I3

. 6.85
Ry R, Br+1 (6.85)
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Figure 6.17: Simple BJT current source.

Solving for I3 in Equation (6.85),

_ Ry(Vee — Ve) + Ry (2Vg — Vi)

" RoRat Ry Ry 1R 050
2Rt RRs T )
The collector current is found to be,
[ — Br | Ro(Vee — Vee) + R1 (2Vy — Vpr)
¢= Br+1 RiR,
RyR;+R1R
2R3+ Ry 3+(I3F+1)
_ Br |:R2(VEE —Vee) + R1 (2V4 — VBE)] ' (6.87)
(BF+1) (R2R3+R1R3) + R R>

An additional benefit of using diodes this and similar biasing networks is the reduction
of collector current dependence on base-emitter temperature. The reduction of collector current
dependence on the BJT junction temperature increases the stability of the operating point.

6.42 CURRENT MIRROR

'The simple current source in Figure 6.17 is useful but requires two diodes, one transistor, and three
resistors to configure. A two transistor current source, which use fewer components (in particular,
resistors) is shown in Figure 6.18. This configuration is commonly called a current mirror,

'The constant current is supplied from the collector of Q5. The base-collector voltage of Q1
is equal to zero ensuring that the BJT is operating in the forward-active region. This connection
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+Vee
IREF
R
ICl ‘Icg
Ip1 Ip;
01 0>
L

Figure 6.18: The simple BJT current mirror.

is referred to as a diode-connected BJT. If the transistors are identical, both Q1 and Q5 have
the same base-emitter voltages, therefore Ip; = Ip> and Icy1 = Ic» since Br1 = Br2 = PF.
Applying Kirchhoft’s Current Law at the collector node of Q1,

21 2
Igrer = Ic1 + Ip1 + Ip2 = Ic1 + S Ict (1 + —) . (6.88)
BF Br
"Therefore, the collector current of Q5 is,
1
Ica = Icy = REFZ . (6.89)
1+ —
Br
Solving for Iggr in terms of the applied voltage V¢ and resistance R,
Vee =V,
Irer = %, (6.90)

since Vg1 = V.
Substituting Equation (6.90) into (6.89) and solving for I¢,

Vee —Vy

So the Q5 collector current (constant current) is,

(6.91)

Vee =V,

Ica = Ic1 = N (6.92)
(1+_) R
Br
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Ic» isalso dependent on Vg, . For a constant base current, the collector current will increase
slowly as the collector-emitter voltage increases. In the current mirror of Figure 6.18, Vega > Vg
since Vg1 = Vaer. The value of Vg, depends on the bias voltage at the collector of Q. Typically,
Veez > Veer. Depending on the quiescent conditions of Q», I¢2 may be up to 10% larger than
Ict.

Stability is an important parameter of constant current sources. Variations in parame-
ter values will cause an undesirable fluctuation in I¢». The stability factors defined in Sec-
tion 3.7 (Book 1) are,

dlcs dlco dlca

S = , = , = : 6.93
"™ Blco a7 P IBF (6.93)
Using Equation (6.92)
9 Vee =V,
Sy = I+ BrtDIco | = (Br+1). (6.94)
A co ( 2 )
1+— | R
L\ Br
- 1
sy =0 | Yo Vee | _ (6.95)
W (1+i)R (1+i )R
L BF Br’
and
9 Vee — Vy 2(Vee — Vy)
Sp = - . 6.96
* = Br (1 2 )| FOre2 (6:26)
+— )R
BrF

By increasing R, better stability against variations in base-emitter voltage and quiescent
point shifts due to varying B can be obtained. The advantage of the current mirror in Figure 6.18
is the reduction in the number of resistors that makes the circuit more applicable to integrated
circuits.

6.4.3 CURRENT MIRROR WITH ADDITIONAL STABILITY

A third transistor can be added to gain more stability in the quiescent point. Using three identical
transistors, 03 in a common collector configuration at the base of O and Q5 is used to provide
additional stability. The three transistor current source is shown in Figure 6.19.

Since the base-emitter voltages of O and Q5 are identical, /gy = Ip» and Icy = Ic» with
Br1 = Br2 = Brs = Br. The emitter current of Q3 is,

1 1 21
g3 =Ip + Ipp = — + -2 = €2 (6.97)

Br ' Br  Br
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L

Figure 6.19: Three transistor current mirror.

The base current of Q3 is therefore,

_ —Igs  2c2
b= T = B BrtD) (6.98)

Using Equation (6.98) and the fact that Ic; = I¢», the reference current can be found,
2lc2

Br (Br+1)’

'The reference current is found by applying Kirchhoft’s Voltage Law from Iggr through the base-

Ipgrp = Ic1 + I3 = Ic2 + (6.99)

emitter junctions of Q3 and Qj,

Vee — Veer — Vpes  Vee — 2V,

Irer = A1
REF i3 A (6.100)
Rearranging Equation (6.99) to solve for I¢5 using the expression for Iggr in Equation (6.100),
I Vee =2V,
Ics = = < r (6.101)

2 2
Y Br D) RP+ﬁFwF+U}

The current gain stability factor is found by differentiating Equation (6.101) with respect to S,

9 Vee — 2V,

BF 2
K [”m} (6.102)

_ 202BF + 1) (Vee —2Vy) _ 2Igrer 2BF + 1)
R[Br (Br+1) +2]° [BF (Br+1) +2]*

Sg =
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Recall that in the two transistor current mirror in Section 6.4.2, the f stability factor was
approximately proportional to 2. For the three transistor current mirror, the B stability factor is
approximately proportional to f>. Therefore, the stability of the three transistor current mirror
has greater stability than the two transistor current mirror by a factor of S . This indicates that
the collector current is tightly bound to the desired value caused by operating temperature swings
or through parameter changes as a result of interchanging individual transistors with slightly
different characteristics, which is commonly encountered when mass producing BJT circuits.

6.4.4 WILSON CURRENT SOURCE

'The Wilson current source is used when low sensitivity to transistor base currents is desired and
is shown in Figure 6.20. The transistors are again assumed to be identical for this analysis.
Applying Kirchhoft’s Current Law to the collector of Q3 yields and expression for the emitter
current of 05,
Ic 1
—Ig, =1Ip1+ Ips+ Ic3 = — + Ic3 (l—l——). (6.103)
Br Br
However, since Q1 and Q3 are identical and have identical values of base-emitter voltage, the col-
lector currents are also equal (Ig; = Ip3 and Icy = Ic3 with Br1 = Br2 = Br3 = BF). There-
fore, Equation (6.103) can be put in terms of only I¢3,

BF

+ VCC

L

Figure 6.20: Wilson current mirror.
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From Equation (6.104) the collector current of Q5 can be determined,

Br 2 BF
Icr = —Igr—— =1 1+-— . 1
fop) E2,3F+1 C3 +ﬂF Britl (6.105)
Applying Kirchhoff’s Current Law at the base of Q»,

1
Ingr = Ic1 + Ip2 = It + . (6.106)
BF
But since the transistors are identical, I¢1 = I¢3 so, rearranging Equation (6.106),
1
Ics = Irer — 2 (6.107)
BF
Substituting Equation (6.107) into (6.105),
Ica 2 BF )
Ico=ITrer——— | |1+ — . 6.108
2 (REF ﬂF)( ﬂF)(ﬁFH (6-108)
Rearranging Equation (6.108) yields the Q5 collector current in terms of the reference current,
BE +2BF ( 2 )
Icr = Ipgp—5—+——"—=1 l— . 6.109
c2 REF,B%-FZ,BF—FZ REF B2 1+ 2Br +2 ( )

From Equation (6.109) it is apparent that the output current differs from the reference current
by a small amount corresponding to approximately 2/8%..

6.4.5 WIDLAR CURRENT SOURCE

In the two and three transistor current mirrors, the load current /¢» is approximately equal to
the reference current for large Sr. To supply a load current of milliamperes with power supply
voltages in the order of 10 V, the reference resistor must be in the several thousands of Ohms. This
poses little problem for the designer. However, if the load current is small (in the order of 5 £A),
the required reference resistor approaches or exceeds 1 M. In Operational amplifier integrated
circuits, the low input current requirement mandates a low bias current for the input emitter-
coupled differential amplifier. A resistor of this magnitude is prohibitive in terms of the area that
it would require on the chip. It is also difficult to fabricate accurate resistance values on integrated
circuit chips.

'The load and reference currents can be made to be substantially different by forcing the base-
emitter voltages of Q1 and Q> to be unequal in the two transistor current mirror of Figure 6.18.
One way to achieve this goal of substantially different load and reference currents is the addition
of an emitter resistor to Q5 as is done in the Widlar current source shown in Figure 6.21.

Applying Kirchhoff’s Voltage Law to the base-emitter loop of Q1 and Q»,

0= Vgg1 — Vg2 + Ig2R>. (6.110)
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+Vee

Figure 6.21: 'The Widlar current source.

The collector currents of Q1 and Q, can be related to the base-emitter voltages by using the
Ebers-Moll equation from 3.3b, Chapter 3 (Book 1)

Ic =—Ics| et — 1| +aplp|er —1]. (6.111)

Equation (3.8, Chapter 3 (Book 1)) gives the saturation current values:
aFIES: ]S. (6112)

For a transistor operating in the forward active region, Vgc < 0. Therefore, Equation (6.111)
simplifies to,

Vee
Ic~Ig|et —1]. (6.113)

So the base-emitter voltage of a transistor is,

I
Ver = 0V In ([—C + 1) . (6.114)
S
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Using Equation (6.114), the loop equation of Equation (6.110) is

S2

1 1 1
=771Vt1n(£+1)—772thn(2+1)—ﬁF+ IcaRs.
Is1 Is> Br

i i
0=mV,In (% + 1) — 72V, In (% + 1) + Ig2R,
51 (6.115)

If the transistors are identical, /s; = Is2 and 11 = 712. Then Equation (6.115) may be simplified
as,

v 1n(ICH-Is) _Br+1
t

= Ico Ry 6.116
Ica+ Is BF c272 ( )

Since the saturation current is very small compared to the collector current for BJ Ts in the forward
active region,

I 1
nV; In (ﬂ) _ Bty R, (6.117)
Ica BF

This is a transcendental function that must be solved by iterative techniques for a given R, and
Ict (OI' IREF) to find Ic».

Example 6.7

For the Widlar current source shown in Figure 6.19, the required load current is Icp = 5 A,
Ici =1mA, Vee =5V, Vg = 0.7V, Vr =0.026 V, Br = 200, and n = 1. Find the two resis-
tance values and the reference current.

Solution:
From Equation (6.117),

107? 201 P

yielding the value

Ry, =27.5kQ ~ 27kRQ2.

Using Kirchhoft’s Current Law at the collector node of Q.

Iger = Ic1 + Ip1 + IB2

1 Ica

St (14 L) e
! BF Br

1 5%x107°

=103 (14— )+ ——— = 1.005 mA.
(+200)+ 200 o
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'The reference resistor is found by applying Kirchhoft’s Voltage Law to the collector-base-emitter
loop of Q1,

_ Vee=Vee . 5-07

R - -
IRErF 1.005 x 10

=4.28kQ ~ 4.3kQ.

An example of current source biasing of input emitter-coupled differential amplifier for an
OpAmp (A741) is shown in Figure 6.22. It is a Widlar current source consisting of Q12, Q11,
010, R4 and Rs with the load current taken off of Q1.

+Vee = +15V

x|

13

Emitter-coupled

S
—Veg =—-15V
Figure 6.22: Widlar current source used to bias input stage of the uA741 OpAmp.

Analysis of this circuit begins with the reference current, Iggr. The reference current is,

Vee — (=Vee) — Vaerz — Veen
Rs

Irer =

30— 1.4

—0.73mA
39k m

Where VBE12 = VBEIO = Vy =0.7 V
'The output current is found using the transcendental function

Ic +1
nVrln (Icll) = ﬁl;,F Ic10R4s ~ Ic10R4
10
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and Kirchhoft’s Current Law applied to the collector of Q1 as described above. Using Br = 200,
a math package (MathCAD in this case) determines the output current as

ICIO = 18.90 /LA

An alternate technique to find the load current is through SPICE simulations. The Multi-
sim output for the Widlar current source in Figure 6.22 is shown in Figure 6.23. Here, the output
node was arbitrarily connected to ground and the transistors were assumed to have the following
simple parameters:

IS=1pA BF=200 BR=6.

'The SPICE simulation produces the same result as the transcendental equations:

ICIO = 18.87 /LA

o Lt 18.87uA o
. I{dc): 18.87uA | .

Figure 6.23: SPICE simulation of the OpAmp Widlar current source.

6.4.6 SIMPLE MOSFET CURRENT MIRROR

In MOS integrated circuits, the FETs are biased in their saturation regions through the use of a
MOSFET constant current source. A simple enhancement mode NMOSFET current mirror is
shown in Figure 6.24. FETs M and M, are connected as saturated devices. The reference current
Irer and the load current Ip3 are determined by using the expression for the drain current.

The NMOSFET M3 is assumed to be in saturation.

Irer = K1 (Vos1 — Vr1)? = Ko(Vgsa — Vra)? (6.118)
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Vbp
IREF
M,
Ip3
My || M5

Vesa  Vass _

S

Figure 6.24: Simple enhancement NMOSFET current mirror.

and
Ips = K3(Voss — Vr3)*.
Apply Kirchhoft’s Voltage Law, the gate-source voltage of M; is found,

Ves1 = Vpp — Vasa.
Substituting Equation (6.120) into (6.118)

K1(Vop — Vasz — Vr1)* = K2(Vosz — Vra)?

Rearranging the equation yields,

1 1

Ki\2 Ki\?2
1 — Voo = | — Vpop =V, Vra.
|: +(K2) :| GS2 (Kz) (Vpp T1) + Vra

Solving for Vgsz ,

1
K\ 2
(—1) (Voo —Vr1) + Vra

K>
1+ (B :
K>

Viso =

(6.119)

(6.120)

(6.121)

(6.122)

(6.123)

But Vis3 = Visz, so the load current Ip3 is found by substituting Equation (6.123) into Equa-

tion (6.119).
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Example 6.8
Given an enhancement mode NMOSFET in the circuit of Figure 6.24, find the ratio of the
transconductance of the FETs, M and M5, to achieve a current of

1D3 =25 ,LLA
The other FET parameters are:

Vop = 10V, K3 = 0.1mA/V?,
Vri =Vro =Vrz =1V,  Iggr = 100 nA.

Solution
Solve for Vg3 = Vs using Equation (6.119)

1 25 % 107°
Visa = Vgsz = ‘/ D3 +Vr3 = \/ 10" +1=1.5V.

Rearranging Equation (6.121) yields the required transconductance ratio of M; and M5,
Ko\ _ (Voo —Vasa =V \* _ (10-15-1\* _
Ki) Visa — Vra IR RS T

6.5 ACTIVE LOADS

In integrated circuit amplifiers, transistor current source configurations are often used as active
loads. Since small-signal gain in amplifiers is directly proportional to the load resistance, large
loads are desired to achieve large gain. However, increasing the load requires that a large power
supply voltage must be used in order to keep to transistor in the proper region of operation. The
quiescent point will be also be altered. Both of these consequences to the use of a large resistor
for a load are undesirable.

Active loads using current source configurations are commonly used to provide the high

load required for increasing small-signal gain. The small-signal output resistance of the current
source configuration is used as the load to the amplifying circuit. A Norton and Thévenin equiv-
alent model of a transistor current source is shown in Figure 6.25.

For the Norton equivalent model, the analysis and design of current sources, discussed in
Section 6.4 using the Ebers-Moll model, is used to determine /o. The output resistance Ro is
found by determining the performing small-signal analysis on the current source. Since a tran-
sistor is used in place of a resistor, the load is dependent on both the inherent transistor char-
acteristics and the quiescent point of the circuit. In particular, the Early voltage, Vy, is of great

importance when determining the active load of a small-signal transistor amplifier.
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(@) (b)

Figure 6.25: (a) Norton and (b) Thévenin equivalent models of constant current sources.

6.5.1 COMMON-EMITTER AMPLIFIER WITH ACTIVE LOAD

A common-emitter amplifier with an active load is shown in Figure 6.26. The active load consists
of a simple pnp current mirror. The pnp current mirror provides the load for the 7p7 B] T common-
emitter amplifier. The current mirror also determines the range of bias currents over which the
common-emitter will be in the forward active region.

+Vee
b
01 0>
1
¢ il Irer
R
+o—1 05 Vo
Vi _
L

Figure 6.26: Common-emitter amplifier with pnp current mirror active load.

The current mirror transistors Q1 and Q5 are assumed to be identical. For Q5 to be in the
forward-active region, its collector current and the collector current of the common-emitter B] T,
03, must be greater than Ic jower, Where Ic jower is defined by:

VeV,

IC,lower = —2 ~ IREF'
(1 T ﬁFQl) R

(6.124)
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'This current effectively clips and distorts the output at /¢3. From the Ebers-Moll equations and
Equation (6.114), the base-emitter bias voltage of Q3 required to establish this lower current limit
of operation is,

I ower
VBE3(ower) = 1Vi In (—C;’l + 1) ) (6.125)
S1

'Therefore, the input voltage V; must exceed Vg3 jower for operation of Q3 in the forward-active
region.

'The characteristic curve of the active load transistor Q; superimposed on the set of output
characteristic curves for Q3 is shown in Figure 6.27. The pnp BJT, Q1, acts as a load line of
resistance h,.! on the collector of the common-emitter configured npn transistor Q3. Since the
collector current is small, the load is very large. If a resistive load was used instead of an active
load, the circuit would require a very large power supply voltage to establish on end of the resistive
load line. The active load line formed by Q; transitions from the cut-off to forward active region
at Ic1 = I¢ jower- The upper limit of amplifier operation for Qs is established when the active
load line crosses the point where Q3 saturates. This point establishes the upper limit, /¢ ypper, 0n
03, and can be approximated as described in Equation (6.126).

Vee — Vers(san

IC,upper = IC,lower + l/hoel (6126)
'The corresponding base-emitter voltage of Q3 is,
Ic upper
VBE3(upper) = r]Vt In (I,TPP + 1) (6127)
1

A plot of the Q3 collector voltage and collector current of Q3 as a function of input voltage
is shown in Figure 6.28. The Q3 collector voltage versus the input voltage in Figure 6.28 is a
transfer characteristic of the common-emitter amplifier.

Small-signal analysis is used to determine the common-emitter load. The AC and small-
signal models of the common-emitter circuit in Figure 6.26 is shown in Figure 6.29. To find the
‘Thévenin resistance, Ry , of the pnp current mirror, the resistance looking into the nodes Cs3, Cy,
and E; is found. For the common-emitter circuit in Figure 6.26, the load (Thévenin) resistance
is Ro = h!. From Equation (5.34), the output resistance is

1 [Val
hoel ICI ’

Ro = (6.128)
where V4, is the Early voltage of Q1. Therefore, R, is very large for small values of collector
current.

'The simplified small-signal model of the common-emitter amplifier with active load in
Figure 6.29 is shown in Figure 6.30.
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Ic, upper ||
Ic, lower

Vee Vee

Figure 6.27: The characteristic curve of the active load device Q4 superimposed on the output char-

acteristic curves for Q3.

18.0 1 r 120
15.0 / \ 100
_12.01 Vees Ies 180
2 S
5 9.0 160~
N E
6.0 - F40

3.0 1 r 20
0.0 , , : , 0
500 520 540 560 580 600
Vprs (mV)

Figure 6.28: Q3 collector current and voltage as a function of the input (base-emitter) voltage.
The small-signal output voltage of the amplifier is,
Vo = —hpsips (hy5 | Ro) - (6.129)

But, ip3 = ;—iS, so the gain of the amplifier is,

hye
Ay == =~ (24 IRo) (6.130)
(%] hie3
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Figure 6.29: (a) AC and (b) Small-signal of the common-emitter amplifier with active load in Fig-
ure 6.26.

Figure 6.30: Simplified small-signal model of the common-emitter active load amplifier in Fig-
ure 6.26.

where from Equation (5.21),

nVi

. (6.131)
|Ic3]

hies = (Br3 + 1)
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Example 6.9
Design a common-emitter amplifier with an active load in the configuration shown in Figure 6.29.
'The lower current limit is required to be 100 wA. The following transistors are available for use:

2N2222 npn(1S=14.4E-15 BF=255 BR=6 VA=75)
2N2907 pnp(1S=650.6E-18 BF=232 BR=4 VA=116)

'The power supply is +15 V.

Find the input resistance, small-signal gain, and other component values.

Solution #1
Design the common-emitter amplifier using the configuration in Figure 6.29. Find the
resistor value R for the lower collector current limit of 100 uA. Rearranging Equation (6.128),

Vee =V, 15—-0.7
R = S = = 143 kQ (1% standard value).

1+ 2 ), -2 ) 104
ﬂFQl C,lower 232

'The upper limit of the collector current is found by first determining /

1 v 1
~ a6 e,

huel IC,lr)wer 10_4

—1
oel

Ro =

'The upper current limit is therefore approximately,

Vee — Vees _ 15-0.2
I¢ upper = 1 jower + JeC T CEGa) 107% +

702 13 A,
Ro 1.16 x 10° ’

For maximum output swing, select a bias point half-way between Ic ypper and I¢ jower
IC.pias = 106.5 mA.

'The base-emitter bias voltage for Q3 is then,

]C bias 10_4
Vi i) = NViIn — +1)=(0.026)ln| —————= +1] =591 mV
BE3(bias) nve ( IS3 ) ( ) (143 % 10_15 )

where n = 1.
'The input resistance, R;, is,

e 0.026

R = hje3 ~ +1 = (256) ———— = 62.5kQ.
i 3~ (BrF3 )|IC3| ( )106.5X10_6
'The small-signal gain is then,
hee 255
Ay =22 = B (=1 1Rp) = — o (LI6M [ L16M) = =237k

v; hie3
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Solution #2. SPICE
The circuit in Figure 6.29 is simulated using SPICE using the value of R determined above
with a reference current of 100 (A.

......... Q1Q2

© V79V ¥prghe? 1 w143V
. I: 100uA |

‘Probe1 = -

Transfer Function Analysis
1 Transfer function —1.88605 k
2 vvl #Input impedance 35.33296 k
3 Output impedance at V(V(vo),V(0)) 466.12286k

These results are in favorable agreement with the analytical results.

6.5.2 COMMON SOURCE AMPLIFIER WITH ACTIVE LOAD
An enhancement NMOSFET common source amplifier (M) with a PMOSFET current mirror

active load is shown in Figure 6.31. FETs M, and M3 form a current mirror where the reference
current is determined by the resistor, R. For operation in the saturation region,

Irer = Ips = K3(Vgss — Vr3)® (6.132)
where
Vess = —Vsgz = — (Vpp — IrerR) . (6.133)

By substituting Equation (6.133) into (6.132), the reference current is found as a function of R.
The transistor M7 is in cutoff when Vg < V7. Under this condition, no current flows
through M, and, because it is a current mirror, M3. As Vs increases above Vr, M, enters satu-

ration and forces M; into the ohmic region and lowers V. Further increase in the input voltage
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Vbp

Vses  Vsa

Figure 6.31: Common source amplifier with active load.

forces M5 into saturation decreasing the output voltage. Finally, M enters the ohmic region while
M, and M3 remain in the saturation region.

'The transfer function of the active load common source amplifier of Figure 6.31 is shown
in Figure 6.32.

16.0 r 160
14.0 r 140
12.0 1 F120
o 10.0 F 100 g
< 80+ Ips 180 —~
= ) Ty 5
6.0 - 0 L6 T
4.0 1 40
2.0 1 \ 20
0.0 , , , 0
0 2 4 6 8 10
Ve (V)

Figure 6.32: Transfer characteristic of the active-load common-source amplifier in Figure 6.31.

'The small-signal model of the amplifier is used to determine the gain of the amplifier. The
AC model of Figure 6.25 is shown in Figure 6.27.
From the AC model in Figure 6.33, the small-signal model can be derived, and is shown in
Figure 6.34. The load resistor consists only of the drain resistance of M.
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Figure 6.33: AC model of the common source amplifier with active load of Figure 6.31.

Gy Dq, D,

O L 2 L 2 O
¥ ¥
vgsl gmvg.rl rqi 'd2 Vo
; 1 1 —
S1

Figure 6.34: Small-signal model of the common source amplifier with an active load.

'The drain resistance is found by applying Equation (5.144),

v,
rg = Al (6.134)
lp|
The small-signal transconductance is defined in Equation (5.132) as,
gm = 2K (Vgs — Vi) = 24/InK. (6.135)
'The gain of the amplifier is,
Ay = gm1 (ra1//ra2) - (6.136)

6.5.3 EMITTER-COUPLED DIFFERENTIAL AMPLIFIER WITH ACTIVE
LOAD

An emitter-coupled differential amplifier with an active load current mirror is shown in Fig-
ure 6.35. It is assumed that Q3 and Q4, and Q; and Q, are matched pairs. In this circuit, the
collector current is controlled by the O side of the emitter coupled pair. It is also a single-ended
output amplifier, which eliminates the common mode problem and has higher CMRR than a
single output differential amplifier with resistive loads.
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+Vee

—VEeE

Figure 6.35: Emitter-coupled single-ended output differential amplifier with active load current mir-
ror.

The AC model of the emitter-coupled single-ended differential amplifier with an active load of
Figure 6.35 is shown in Figure 6.36. The gain for the circuit in Figure 6.36 is performed by using
a single input at v;; and grounding v;».

Since Q3 and Q4 form a current mirror, the collector current ic; = hg1ip; through transis-
tor Q1 is equal to the collector current through Q5. Since the output resistance of the common-
base transistor, O, is much greater than that of the common-emitter transistor, Q4, the output
voltage is then,

he1ipy
vp = L2 (6.137)
hoe4
'The emitter resistance of Q1 must be found to determine the base current ip;. The emitter of Q4
is connected to Rgg and the emitter of Q5. Q5 appears as a common-base configuration with an
input resistance,

hiez + Riz) hiea + Ri2
Rpr, ~ | ————= Rpp ~ ———, 6.138
pa e (LR s ~ MR (6139

for a large h} and Rgg.
'The base current for Q; is found by using Equation (6.138),
. Vi1
hie R;
(Ri1 + hie1) + [(hfel +1) (—h;e;lz)]
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Figure 6.36: AC model of the emitter coupled differential amplifier in Figure 6.35.

By substituting Equation (6.139) into (6.137), the output voltage is,

hfelvil hfelvil
Vv, = = . 6.140
® 7 Noea QRit 4+ 2hie1)  2hpes (Riy + hie) ( )

Therefore, the gain of the amplifier is,

Vo hfel

A = — =
Y Vi1 2hoe4 (Ril + hiel)

(6.141)

This result is exactly one-half of that predicted by Equation (6.65) where the load resistance is
given by:
1
hoe4 '
'The factor of two is the result of the single-ended rather than differential output.

R, =

6.6 CONCLUDING REMARKS

'The range of transistor amplifiers available for use was expanded in this chapter to include the use
of multiple transistor applications. This extension to allows the designer to create amplifiers that
have a combination of amplification, input resistance, and output resistance that is not within the
capabilities of single transistor amplifiers.

Cascaded-stage designs, consisting of several simple stages in series, are the dominant form
of multiple transistor amplifiers. Closely related to cascaded-stage designs are the Darlington and
similar grouped-transistor amplification stages.

Other common multiple transistor amplification stages are based on differential inputs
rather than inputs solely referenced to a common terminal. Emitter coupled and source coupled
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transistor pairs form the basis for differential amplifiers. Among the many needs for differential
inputs are many OpAmp applications.

While the addition of additional amplification stages complicates the process, the modeling
and analysis techniques for multiple transistor amplifiers follow the same basic procedure that has
been previously described:

1. Determine the quiescent (DC) conditions—verify all transistors are in the proper operating
region

2. Determine the small-signal parameters for each transistor from the quiescent conditions
3. Create an AC equivalent circuit

4. Determine the AC performance for the circuit

5. Add the results of the DC and AC analysis to obtain total circuit performance.

Although each step of the procedure may be more complicated, simple steps taken together
provide the desired results.

Integrated circuit amplifier designs are an area where the use of multiple transistors prevails.
In discrete applications resistors are cost effective and reliable; in IC applications they create a
multitude of design obstacles. The use of multiple-transistor current sources as amplifier bias
networks solves many of the problems. Current sources can also provide high resistance active
loads for many of the single and multiple transistor amplifier types. Active loads provide high
gain without the use of large resistors or high-voltage sources.

While the interconnection of many transistors in simple amplifiers can satisfy many design
goals, it does not always provide the optimum design. The sensitivity of these designs to transistor
parameter variation is, on occasion, a concern. High power applications also put constraints on
amplifier designs. These design concerns and several solutions are explored in Chapters 7 and 8.

Summary Design Example

A particular electronic application requires the amplification of the difference of two voltages by a
factor of 200 + 20. Each input source has an output resistance of 50 2. The output of the amplifier
must also be differential with each output having an output resistance of 2.7 k€2. Available voltages
sources are at ground potential and 10 V. It is expected that this design may eventually realized

in a bipolar IC application where the individual BJTs are described by:

Br =200 V4 = 160.

Solution:
'The design requirements suggest a emitter-coupled differential amplifier. The possibility

of eventual IC realization implies that the differential pair should be biased with a BJT current
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source. The basic topology of the circuit is therefore as shown at the right (the load and source
resistors are specified above):

010V

f10v

'The differential gain of this circuit is given by:
_ —hpeRe
hie +1/2{Ri1 + Riz}
'This gain requirement restricts the differential pair BJT parameter, /,:

hR
i = 7€ 1/2{Riy + Riz) = 2650 Q2.
AVD

Such a value can only be achieved with a specific collector current in each of the differential pair

BJTs:

Ayp

v,
hie = (BF + 1) % = o =1.972 mA.
C

'The bias current provided by the current source must be the sum of the differential pair emitter

currents: 1
Tpjas = 2 (ﬂF+ ) Ic = 3.964 mA.
BF

'This bias current can be directly related to the collector currents of the two current source BJ Ts:

9.3
Iyas ~ Tea + (10— Vy)hoes = Ica (1+V—) & les=3.746mA
A

The current source bias resistor value can then be determined:
10—V,

V= 2.458kQ ~ 2.46kQ.
3.746 (1 + %)

REF =
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SPICE simulation shows the differential gain of this amplifier to be ~ 193, which is within spec-
ifications.

6.7 PROBLEMS

6.1. 'The amplifier shown uses identical transistors with the following characteristics:

Br1 = 220,

Pr2 = 180,
Va1 = Vap = 200V.

(a) Determine the quiescent currents and voltages of each transistor.
(b) Find the overall voltage gain, A,,.

(c) Find the input resistance, Rjy.

(d) Find the output resistance, Roy;.

6.2. Determine the voltage gain,

Vo
AV = )
Us
current gain,
o
A = —,
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input resistance, R;,, and output resistance, R, for the given two-stage cascade ampli-

fier. The Silicon BJTs are identical and are described by fr = 150.

9_12V

1kQ
82k > 4410

5000

Vo

6.3. 'The amplifier shown uses identical transistors with the following characteristics:

Br = 180
and V4 =200V.

(a) Find the quiescent point of the transistors

(b) Find the midband voltage gain of the amplifier.

(c) Confirm the results using SPICE.
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Us

RE»
3300

O & O

6.4. It is usually not a good design choice to cascade two simple common-collector amplifier
stages. Investigate this cascade by performing the following design:

(a) Using a Silicon BJT with Br = 150, design a simple one transistor, common-
collector amplifier to meet the following design goals:

Emitter Resistor, R, = 1kQ
Power Supply, Vee = 10V
Q-point Vergp =5V

Stage Input Resistance, R;, =20k (includes bias resistors).

(b) Determine the voltage gain, current gain, and output resistance of this simple stage

(c) Capacitively cascade two stages of the design from part a—compare performance
characteristics (including input resistance) of this two-stage amplifier with the
single-stage amplifier of part b). Comment on results.

6.5. Inmost multistage amplifier designs, common-base amplifier stages are best used as input
stages to an amplifier cascade: they have little value when used as intermediate or final
stages. Investigate this simple design principle by comparing the voltage and current gain
of two-stage, capacitively-coupled cascades consisting of the two given amplifiers in the

two configurations: CB-CE and CE-CB.
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6.6.

6.7.

Assume Silicon B]Ts with S = 100.

015V

015V

3.9kQ

470Q

In most multistage amplifier designs, common-collector amplifier stages are best used
as output stages to an amplifier cascade: they have little value when used as input or
intermediate stages. Investigate this simple design principle by comparing the voltage
and current gain of two-stage, capacitively-coupled cascades consisting of the two given
amplifiers in the two configurations: CC-CE and CE-CC.

Assume Silicon B] Ts with Br = 100.

015V 015V
3.9kO 3.9kO
4700 4700

In most multistage amplifier designs, common-gate amplifier stages are best used as input
stages to an amplifier cascade: they have little value when used as intermediate or final
stages. Investigate this simple design principle by comparing the voltage and current gain
of two-stage, capacitively-coupled cascades consisting of the two given amplifiers in the

two configurations: CG-CS and CS-CG.
Assume FET parameters: Ipsg = 4mA, Vpp = -2V and V4 = 150V.
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015V
15V 3.9k0
3.9kQ )
A °
4700
12MQ 4700

6.8. 'The amplifier shown uses identical transistors with the following characteristics:
Ipss = 10mA, Vpo = -2V, and V4 =100V.

(a) Find the overall voltage gain A,;.
(b) Find the input resistance R;,.

(c) Find the output resistance Ry

+15V
{

Rp1
4.7kQ

Rp>
Cc 2.7kQ

< 0( +

A 01 0>

$) a Rou

[ [ vo
Rg1 R
v; Rg1 Rs>
Ry, 10kQ C 10kQ C
S10 1kQ§ SlT >10 5109? SZT
P . ? . . . . °

6.9. For the circuit shown, the transistor parameters are:

Q1:  Br=200,V, =07V, V=250V
Q2 . IDSS = IOmA, Vpo = —SV, VA =250V.
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(a) Find Rp; and Rp, for Ic = 1 mA. Use the “rule of thumb” relationship between

RE and Rp for stable operation (1% change in /¢ for 10% change in SF).
(b) Find the quiescent condition of the two transistors.
(c) Find the voltage gain of the amplifier

(d) Find the input resistance, R;,, of the amplifier.

Vee

R 3.74k0)

Ic = 1mA Ip
HU
Rs Cs 0

s e
600 Q)
Rgs1
Rp> 47 Q)
Rin
Rss Cys ==
9.76 kQ) 1T

6.10. For the given Darlington circuit:

(a) Determine the values of the two identical current sources, Ip;4s, and the bias resistor,
Rp, so that the quiescent B T collector currents are the same value and the quiescent

output voltage is 2.5 V. The Silicon BJ Ts are identical with

Br = 200, V4 =350 V.

(b) Determine the small-signal A-parameters for the composite Darlington transistor.

(c) Find the current gain of the circuit: Ay = i,/ is.



6.7. PROBLEMS 495

5000

6.11. Many Darlington Silicon power transistor pairs provide built-in base-emitter shunt re-
sistors as an aid to biasing. One such Darlington pair is the 2N6387 for which a typical
circuit diagram is shown at the right. For DC analysis purposes these resistors act as
current sources of value:

I Bias =

120Q

In AC analysis the resistors slightly decrease the eftective value of the two dominant 4-
parameters, i, and /iy, in each BJ'T. For this Darlington pair assume each individual B] T
in the typical circuit diagram is described by fr = 60.

(a) Design a common-collector amplifier using the following parts to achieve a quies-
cent collector current for the Darlington pair of 3 A.

DC power supply, Vee =48V
Load resistor Ry = 8Q (at the emitter)
Single bias resistor Rp = any value (use only 1 resistor)
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(b) Determine the effective small-signal A-parameters of each of the Darlington tran-
sistors (find the A-parameters for each BJ T with its B-E junction shunted) and the
Darlington pair as a whole.

(c) Determine the performance characteristics of the amplifier, that is find Ay, Ay, and
R;,.

6.12. 'The transistors in the circuit at the right have parameters:
IDSS:21’I1A VPOZ—ZV VA: 1OOV,

and
Br =150 V4 =200V.

'The quiescent conditions have been found to be:

|1DQ| =2mA VDSQ: 14V
|ICQ| = 1.515mA VCEQ = 6.21V

(a) Determine the small-signal parameters for the two transistors.

(b) Determine the voltage gain of the circuit.

15V

200Q
5050

Vo

V; 5.6kQ

6.13. For the amplifier shown, the transistor characteristics are:

JFET IDSS =8 mA
Veo = =5V V4 =100V.

BJT: Br = 200

V4 =100V.
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(a) Complete the design of the amplifier so that /g = 3mA, and Vps = Vgc =5V.
Find the quiescent point of all of the transistors

(b) Find the midband voltage gain of the amplifier.

(c) Confirm the results using SPICE.

+15V

6.14. Complete the design of the amplifier shown.

'The transistor parameters are:

JFET :IDSS = —8mA, Vpo = 35V, VA =100V
BJT :Bp = 120V4 = 150 V.

(a) Find Rss, Rp1, and Rp, so that Ic = —1 mA and Vpg = —3.9V. Determine the
quiescent points of the transistors.

(b) Determine the midband voltage gain of the amplifier

(c) Confirm the results using SPICE.
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Ic (
510 CS T+ 1?2 Vo
25 o A AN ) Qv Vos 3.3kQ
Rp> Rp1

| -
5100
Rgs Css

+5V '7

—-15V

6.15. For the BiFET Darlington configuration shown, the bias voltage Vg is adjusted so that
the quiescent output voltage is 2.5 V. The transistor parameters are as follows:

Br =200 Va=150V
K =1mA/V* Vp=2V.
(a) Determine V.
(b) Find the voltage gain of the circuit:
Vo

Ay = —.
%]

5V
1kQ
Vo
820 Q
e
-

6.16. Determine the quiescent currents and voltages, and the midband voltage gain of the

Darlington common-base amplifier shown below. Identical transistors are used with pa-
rameters:

Br =180, V4 =200V.
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T

6.17. For the circuit shown, the transistors parameters are:
Br =180, V, =0.7V, V4 =250V.

(a) Complete the design by finding Rc.
(b) Find the quiescent condition of the two transistors.

(c) Find the voltage gain of the amplifier

12V

vs
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6.18. Determine the quiescent currents and voltages, and the midband voltage gain of the
FET/Bipolar cascode amplifier shown below. The transistor parameters are:

O1: Vpo=—4V,

IDSS = SmA,
V4=200V.
0,: PBr =220,
V4 =250V,
+15V
Rc
Rp1 3.74kQ c
4.64kQ
Cp — B2
BT~ 422k0
Rs
600 Q L
vs o—\/\/\ H Ql
Cs
Rg
510 MQ Rss Cos ——
2.2kQ T
L

6.19. 'The differential amplifier shown utilizes a simple emitter resistor to establish quiescent
conditions. Assume identical BJ Ts with

Br = 120.
(a) Determine the differential-mode gain.

(b) Determine the common-mode rejection ratio (CMRR).
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6.20. Complete the design of the differential amplifier shown below so that the CMRR =
43 dB. Assume identical transistors with g = 120.

(a) Fmd REE and VEE-

(b) Confirm the results using SPICE.

+12V

Vi1

—VeE

6.21. For the differential amplifier shown, find iz, in terms of the common- and differential-
mode input signals. Assume identical transistors with S = 120.
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+12V

Ree
22kQ

-12V
—VeE

6.22. 'The transistors in the differential amplifier shown below are identical and have the fol-
lowing characteristics:

IDSS =10 ma, VPO =—45 V,
V4 =100V.

(a) Find the CMRR
(b) Determine the output voltage:

Vo2 — Vo1-

(c) The output resistance looking into the drain of Q5.

(d) Use SPICE to confirm the output voltage found in part (b) and the output resistance
found in part (c).




6.8kQ

1kQ
Vi1

510kQ

6.7. PROBLEMS
+10V

—O

6.8k

Vo2
1kQ

0> Vi2

510kQ
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6.23. Design a 100 A Widlar current source utilizing two identical Silicon BJ Ts with param-

6.24. It is often necessary in integrated circuit applications to design a current source with

10kQ

—-10V

eters:

Br =150 V4 =250V,

two resistors, and a 10 V battery. In order to extend battery life, total power consumption
must be less than 10 mW.

multiple outputs. The general topology of a simple current mirror with three outputs is
shown.
(a) Determine the magnitude of output currents as a function of the circuit parameters.
(b) Generalize the results of part a for circuits with n outputs.

(c) Design afour-output current source using Silicon B] Ts with 8 = 120 and a voltage
source of 10 VDC to have identical output currents of 300 nA.
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6.25. Complete the design of the amplifier shown so that the quiescent value of the output
voltage, v,, has value +1 V. The transistors are identical and have the following charac-
teristics:

Br =200 and V4 =200V.

(a) Find the quiescent point of the transistors
(b) Find the midband voltage gain of the amplifier.
(c) Confirm the results using SPICE.

+10V
b
Rc1 Reo
Rp11 1kQ
Cs
vso—'

Rp1»

Rp31
03 Vers

°o—10V

6.26. Design a simple enhancement-mode NMOSFET current mirror for a load current of
50 nA. Use identical transistors with the parameters K = 0.5mA/ V? and Vp =2V.
Confirm the analytical design using SPICE.

6.27. Design a simple depletion-mode NMOSFET current mirror for a load current of 30 uA.
Use identical transistors with the parameters Ipgs = 10 mA and Vpp = —4 V. Confirm
the analytical design using SPICE.
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6.28. 'The emitter-coupled amplifier shown utilizes a current source to establish quiescent con-
ditions and another to provide a high resistance load. Assume B]Ts with

Br = 120, V4 = 250.

(a) Determine the voltage gain and the input resistance of the circuit.

(b) Verify analytic results using SPICE.

6.29. The differential amplifier shown uses identical BJTs. The BJ T parameters are:

Br =200, V4 =250V.

(a) Determine the midband differential-mode and common-mode voltage gains.

(b) Design a Wilson current mirror using three identical B Ts to replace Rgg using the
+12V power rails. The BJTs for the current mirror are identical to the BJTs for the
differential amplifier.

(c) What is the midband differential-mode and common-mode voltage gains of the
differential amplifier biased by the Wilson current mirror?
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6.30. Using appropriate analysis and complete explanations:
(a) Find the quiescent condition for the differential amplifier shown. The transistors are
identical with parameters: fr = 200, V), = 0.7V, V4 =250V.

(b) How large can Rc; and Rc» become in this design if the bias current /g is to
remain constant at the value found in part (a) and still remain a viable amplifier?

(c) Design a simple two transistor current mirror to replace Rgg.

(d) What is the impact on the amplifier CMRR if Rgg is replaced by a simple current
mirror in the differential amplifier design?

(e) What are the design advantages to replacing Rc; and Rc, with an active load de-
signed from a simple two transistor pzp current mirror?
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Vi1 Vi3

—-52V
—Vee

6.31. In order to boost the input resistance of a differential amplifier, resistors are often added
between the emitters of the emitter-coupled B] T pair. For the circuit shown calculate the
differential voltage gain, input resistance, and the CMRR. Compare appropriate results
with a circuit without these emitter resistors (Examples 6.4 and 6.5).

Assume identical BJTs with S = 120.

1
100 O 100 O

o—15V

6.32. 'The Darlington differential amplifier, shown is designed using identical transistors with

Br =120 and V4 =200V.
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(a) Determine the quiescent operating conditions.
(b) Find the CMRR

(c) Determine the output voltage:

—VeE
-12V

6.33. Design a common-emitter amplifier with an active load. The lower current limit specifi-
cation is 50 tA. The following transistors are available:

2N2222A npn (IS = 14.4f BF = 255 VA = 175)
2N2907 pnp (IS = 650E-18 BF = 232 VA = 116).

'The power supply is +24 V.

(a) Find the input resistance of the amplifier.
(b) Find the small-signal midband gain.
(c) Confirm the analytical results with SPICE.



6.7. PROBLEMS 509

6.34. Design a common-source amplifier with an active load using enhancement NMOSFETs
so that the gain of the amplifier is —25 + 5. The following transistors are available:

.model PMOSFET PMOS(VTO = 2 KP = 20E-6 LAMBDA = 0.01)
.model NMOSFET NMOS(VTO = 2 KP = 20E-6 LAMBDA = 0.01)

Confirm the analytical results with SPICE.

6.35. A differential zpn B]'T amplifier is biased by a 150 A emitter bias source. The collector
load resistors are mismatched by 5%. Find the offset voltage required at the input so that
the differential output voltage is zero.

6.36. A differential amplifier is design with two 7pn BJ T transistors: one with S = 120 and
the other with B = 150. If all other transistor parameters and external components are
matched, determine the resulting input offset voltage.

6.37. Find the current gain stability factor, Sg, for the Wilson current source using matched
BJTs.

6.38. Find the current gain stability factor, Sg, for the Widlar current source using matched
BJTs.

6.39. A BJT Widlar current source is designed for a load current of 100 £A using identical
transistors with Bz = 150 and V4 = 150 V. If the fabrication process guarantees a B =
150 & 10, what is the resulting maximum deviation in load current from the original
design?

6.40. A BJT Wilson current source is designed for a load current of 100 #A using identical
transistors with B = 150 and V4 = 150 V. If the fabrication process guarantees a fr =
150 £ 10, what is the resulting maximum deviation in load current from the original
design? Compare with the results of the previous problem and comment on the benefits

of each design.

6.41. Design a BJT differential amplifier that uses a Widlar current source that amplifies a
differential input signal of 0.25V to provide a differential output signal of 5V with dif-
ferential input resistance of greater than 50 kS2. Limit the signal amplitude across each
base-emitter junction to 5mV to insure linear operation. The B] Ts are matched and have
the following characteristics:

Br =200 and V4 =170V.

Confirm the analytical design with SPICE.

6.42. Consider the BJT differential amplifier in Example 6.4. Determine the largest input
common-mode signal that can be applied to the amplifier with the B] Ts remaining in
the linear region of operation.
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CHAPTER 7

Power Amplifiers and Output
Stages

In general, analog amplifiers discussed in the previous chapters are described as small-signal cir-
cuits whose purpose is to increase the amplitude of the input signal or act as an impedance buffer
between other amplifier stages. In reality, these amplifiers accept signals over a broad range of am-
plitudes. This chapter describes amplifiers (or amplification stages) that are capable of delivering
high power levels at the output.

Power amplifiers must be capable of delivering a specific amount of power to aload, such as a
stereo amplifier to a pair of speakers or a radio frequency amplifier to a broadcasting antenna. They
are also used as output stages in integrated circuits. Because high output powers may be involved,
the efficiency of the amplifier to convert a low-power signal to high power becomes increasingly
important. Inefficiency causes unwanted increases in transistor operating temperature and may
lead to accelerated device failure. Because power amplifier stages may deliver high output power to
low impedance loads, they are significantly different from the low- power small-signal amplifiers.

'The large signal nature of power amplifiers warrants special design considerations that may
not be significant for small-signal amplifiers. Therefore, small-signal approximations and models
either are not appropriate or must be used with care. In large-signal operation, signals transverse
the extremes of the forward-active region of the transistor causing distortion at the output. That
is, when a pure sinusoid is introduced to a power amplifier, the output may no longer be a pure
sinusoid, but a signal composed of the original sinusoid (at some amplitude determined by the
amplification) and its Fourier (harmonic) components. The relative amplitude of the fundamental
component decreases with respect to the Fourier components as distortion increases.

Distortion is defined in one of several ways depending on the particular application of the
circuit. Measures of distortion include:

* Total harmonic distortion (THD) commonly used for audio circuits,

* Intermodulation distortion (IMD) using the two-tone ratio method for radio and mi-
crowave frequency circuits,

* Second- and third-order intercept points also used for radio and microwave circuits,

* Composite second-order (CSO) and composite third-order beat ratio (CTBR) used for

cable television transmission circuits.
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Description of the THD and IMD methods will be discussed, and the relationship between the

two measurements will be presented.
The design and analysis concepts introduced in this chapter are:

* Analysis of distortion
* Design of large-signal (power) amplifiers with particular interest in reduction of distortion

¢ 'Thermal consideration that must be taken into account when designing power amplifiers.

7.1 POWERAMPLIFIER CLASSIFICATION

In previous chapters, amplifiers were classified in terms of their circuit configurations (common-
emitter, common-collector, common-base, common-drain, common-source, and common-gate).
Another classification scheme is used when classifying power amplifiers. This scheme labels cir-
cuits according to the portion of the period of the output waveform during which the transistors
conduct. The measure of designation is the conduction angle of each transistor in the circuit,
assuming a sinusoidal input.

Regardless of the classification of the power amplifier, it must be capable of handling large
signal amplitudes where the current and voltages swings may be a significantly large fraction of
the bias values. In such cases, small-signal analysis and models may not be appropriate and large
signal (DC) transfer characteristics must be used. The limitation on small-signal operation is
discussed in this section.

7.1.1 CLASSIFICATION SCHEME

'The amplifier classifications by conduction angle for sinusoidal inputs are shown in Table 7.1. The
output (collector or drain) current through a transistor for class A, B, AB, and C power amplifiers
are shown in Figure 7.1. In Figure 7.1a, the current flows through the transistor over the whole
period: this is classified as Class A operation. In Class B operation, shown in Figure 7.1b, each
transistor only conducts over half the period of the input sinusoidal waveform. Class AB opera-
tion, shown in Figure 7.1c, illustrates current flow through each transistor for greater than a half
cycle but less than the full cycle of the input sinusoid. Figure 7.1d shows Class C operation where
the each transistor conducts over less than half cycle of the input sinusoid. Class D operation is
not shown since the conduction angle could vary with time over the entire cycle.

Initially, it may seem as if Class A operation is the only configuration that will yield low
distortion signals. Class B and class AB power amplifiers assure signal continuity by making
use of arrangements of two transistors that allow each transistor to share portions of the input
signal conduction angle. Class C amplifiers provide single-frequency sinusoidal output by driving
resonant circuits over a small portion of the cycle; the continuity of the sinusoidal output is assured
by the tuned circuit." In Class D operation, there are two inputs, the input signal and a sampling

Class C amplifiers are used for narrow-band signal applications. The focus of this section is on broad-band amplifiers.
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Table 7.1: Amplifier classifications

Amplifier Class Individual Transistor Conduction Angle
A 360°
B 180°
AB 180° - 360°
C Fixed drive, < 180°

Switched operation, conduction angle may vary
with time from 0° - 360° or may be fixed.

vl A

n 27 wt

(@) (b)

A

\ / VANRVA

(o) (d

Ic

wt

Figure 7.1: Transistor current for various amplifier classes: (a) Class A amplifier, full period current
flow; (b) Class B amplifier, half period current flow; (c) Class AB amplifier, greater than half period
current flow; (d) Class C amplifier, less than half the period current flow.

square wave or pulse width modulated signal. In essence, the sampling signal forces the transistors
to either turn on or off over the interval of the sampling wave, yielding a sampled version of the
input signal. This sampled signal is then filtered to yield the desired waveform.

Class A, B, and AB are studied in some detail in this Sections 7.2, 7.3, and 7.4, respectively.
Class C and D amplifiers are not discussed since their analysis is beyond the scope of this book.

7.1.2 LIMITS ON DISTORTIONLESS “SMALL-SIGNAL” OPERATION

To investigate the limitations of analyses using small-signal models, the limiting mechanisms

must be understood. Graphical method load-line analysis demonstrates the large-signal nature of
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power amplifiers. The power amplifier is assumed to operate with large current and voltage swings
which may be a significant fraction of its quiescent current and voltage.

As an example, consider a simple common-emitter power amplifier as shown in Figure 7.2.%
'The input and output characteristics are shown in Figure 7.3.

Vee 15V

Figure 7.2: Common-emitter power amplifier.

700m]| 60m 7

650m-+ Q-point Som |
S 600m-
50 g 40m -
5 330m- ) 650mV 5
5 635mV @ 500 pA E 30m 4
£ 500m @ 300 pA ©
E 600mV 5 o
A @ 100 pA B 240 mA @ 5.2V
z 450m- S 20m -
= © Q-point

16.0 mA @ 6.8V
400m- 10m 100pA
350m 0 —— 5.0 mA @ 9.0V \
0 100p  200p 300 400p  500p  600p 700 0 0.0 2.0 4.0 6.0 8.0 10.0 12.0
Base Current (A) Collector-Emitter Voltage (V)
(@) (b)

Figure 7.3: Characteristics of the common-emitter power amplifier of Figure 7.2: (a) Input charac-
teristics; (b) Output characteristics.

'The common-emitter power amplifier shown in Figure 7.2 has the following quiescent
conditions: Iy = 300 uA, Vggg = 0.635V, Ic = 16 mA, and Vgg = 6.8 V. For a large swing
on the base current of 200 nA, the base-emitter voltage swings from 0.60 V to 0.65 V as shown

*This analysis is for demonstration purposes only: the simulations used a MJE340 BJT. Analysis of other BJ T amplifier con-
figurations and FET amplifier configurations can be performed in a similar fashion.



7.1. POWER AMPLIFIER CLASSIFICATION 515
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Figure 7.4: Input voltage and current waveforms for the power amplifier of Figure 7.2: (a) The base-
emitter voltage; (b) base current (pure sinusoid).
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Figure 7.5: Output voltage and current waveforms for the power amplifier of Figure 7.2: (a) collector
current; and (b) collector-emitter voltage.

in the input characteristics. The result is an asymmetric base-emitter voltage excursion about the
operating point of —0.035V and +0.015V. The output characteristics shows a corresponding
swing in collector currents of 5 mA to 24 mA; resulting in an asymmetric current excursion about
the operating point of —11 mA and +8 mA.

'The voltage and current waveforms can be obtained from the dynamic operating curves
of Figure 7.3 and is shown in Figures 7.4 and 7.5. For a pure sinusoidal input base current, the
base-emitter voltage, collector current, and collector-emitter voltage waveforms are shown to be
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suffering from varying degrees of distortion. From the output characteristics, the collector-emitter
voltage waveform has a quiescent value of 6.8 V and has a voltage swing from 5.2V to 9.0 V. The
output excursions about the operating point is —1.6 V and +3.8 V which is clearly asymmetrical.

For small-signal operation, the input signal is small which yields negligible distortion of
the output waveform. In power amplifiers, however, the output signals are large and potentially
distorted. Therefore, simple linear small-signal analysis cannot necessarily be used effectively. In-
stead, large-signal transfer characteristics are best used to determine the operating characteristics
of the power amplifier.

The limit of distortionless “small-signal” analysis is difficult to define since it is dependent
on amplifier distortion specifications. However, some sense of the limitation of small-signal anal-
ysis can be found by determining the relationship between the base-emitter voltage swing and the
output current.

Assume that the base-emitter voltage is

Vee = Vpe + Vaeg, (7.1)
where

VBEQ = quiescent base-emitter voltage (DC),
vpe = AC component of the base-emitter voltage
= V] cos wt. (7.2)

From the Ebers-Moll equations (Equation 3.3 (Book 1)), the emitter current is
Ig = —Igs | et — 1| +arles | e —1], (7.3)

where the base-emitter is defined by Equation (7.1).
For a strongly forward-biased transistor, Vgg 3> nV; and Vze < —nV;. Equation (7.3) can
be simplified to

UBE VBE Vl cos wt VBE

IE ~ —IESe th = —IESe r’Vt e r]Vt = —IEse th e cosa)t’ (74)

where x = V;/nV; to normalize the drive voltage.

Itis apparent from Equation (7.4) that the emitter current and, in turn, the collector current
of the transistor in Figure 7.1 are proportional to the normalized ratio of e* “©5®? /e* for any fixed
value of x. Figure 7.6 shows the normalized emitter current (proportional to the collector current)
as a function of time over two cycles of the variation in the base-emitter voltage. The plot clearly
shows that by the time x = 10, the emitter current is clearly distorted. Small-signal analysis can
still be used under these circumstances, but will not identify the distortion contained in the output
signal.
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Normalized emitter current

I
0
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Figure 7.6: Normalized emitter current vs. angle for varying base-emitter voltages.

7.2 CLASS APOWER AMPLIFIERS

721 COMMON-COLLECTOR

Consider a common-collector power amplifier driven by a voltage V;, shown in Figure 7.7. The
linear B]'T models of Figure 3.8 (Book 1)) for the cutoff, forward-active, and saturation regions
are used to find the large signal transfer function for the common-collector power amplifier.

+Vee

Figure 7.7: Common-collector power amplifier.
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'The power amplifier in Figure 7.7 is re-drawn using the equivalent models for the cutoff,
forward-active, and saturation regions in Figure 7.8.

The transistor Q is cutoff when Vgg < Vag(on).- No current flows through Q1, effectively
creating an open circuit at the emitter, base, and collector nodes as shown in Figure 7.8a. There-
fore, Vo = 0 until the transistor turns on with V; > Vgg(,y). Recall that a typical value of Vgg(on)
for silicon transistors is 0.6 V.

When Q; turns on, the transistor operates in the forward-active region and the amplifier
is modeled as shown in Figure 7.8b. The output voltage is,

Vo = IgeRE, (7.5)

where I = —IE.
'The base-emitter loop equation is written to find /g in terms of V;,

0=V~ IgRp —Vy — IR
IeE (7.6)

=V, - Rg —V, — IggRE.
,BF +1 B y EERE
Solving for Igg yields,
Br + (Vi = V)
Iep = . 7.7
"7 Rp + (Br + DRE @7.7)
'The transfer function is found by substituting Equation (7.7) into (7.5):
(Br + D)(V; — Vy)i|
Vo = IggRE = REg, 7.8
o= Ieeke = | @O | R 73)

where the slope of the transfer function in the forward active regionis (8r + 1)Rg/Rp+
(Br + DRE.

In saturation, the amplifier is modeled as shown in Figure 7.8c. The typical collector-emitter
voltage is Veg(ary = 0.2V and the base-emitter voltage is Vag(sqar) = 0.6 V. It is useful to redraw
the circuit in Figure 7.8c to analyze this case, as shown in Figure 7.9.

'The transfer function for the saturation model of the common-collector amplifier is easily
found by applying the superposition principle to Figure 7.9,

Vo = Vi(RE//Rc)  Vbeay(RE//Rc)  Vepgay(Re//RE) | Vec(R//RE)
Rp + (Rg//Rc) Rp+ (Reg//Rc) Rc+ (Rp//Reg) Rc + (R//RE)

(Vi = Vbpa)(RE//Rc) | (Vee — Veray)(Re// RE)

~ Rp+(Rg//Rc) Rc + (Rp//RE)

(7.9)

'The large-signal gain, Vo / V;, is proportional to (Rg//Rc)/[Rs + (Rg//Rc)].
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Figure 7.8: Equivalent models for the (a) cutoff, (b) forward-active, and (c) saturation regions for the

common-emitter power amplifier in Figure 7.7.
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Figure 7.9: Re-drawn saturation model of the power amplifier in Figure 7.8c.

'The boundary between the forward-active and cutoff regions can be found by solving the
collector-emitter loop equation using the forward-active model of the circuit:

Veeay = Vee — Ic Re — IeeRE. (7.10)
But
Ic = Pr Ieg and Igg = (BF + 1)1 so,
Br +1
Veeay = Vee — I Pr Rc + Rg ). (7.11)
Br +1

The value for V; at the boundary between the forward-active and saturation regions is found by
substituting Equation (7.7) into (7.11) and rearranging the equation,

(Vee = Veean) [RB + (BF + D RE]
[((BF + DRE + BrRC]

To find the output voltage at the forward-active and saturation region boundary, substitute Equa-
tion (7.12) into (7.8) to yield

_ (Br + D(Vee — Vergsan)
Vo(f-afsay = [(Br + DRz & BrRc] RE. (7.13)

A typical transfer characteristic of the circuit in Figure 7.7 is shown in Figure 7.10.

Vi(f—a/sat) = + VBE(sat)' (712)

The transfer characteristic in Figure 7.10 indicates that when the input voltage exceeds
Vi(f—a/sa) then the output voltage of the common-collector power amplifier will begin to “clip”
and distort the output. The output will also “clip” when the input voltage is less than Vgg.

If the common-collector amplifier is operating in the “linear” region of the large signal
transfer characteristic, it may be assumed that there is little nonlinear distortion. In this case, the
power and efficiency calculations are straightforward.
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V, A
Q ' saturated
V;z (f-a/sat)
Q | forward-active
>
Oy curoff 4 Viitarsar) v

Figure 7.10: Transfer characteristic of the common-collector power amplifier in Figure 7.7.

Recall that because power amplifiers may be required to deliver large currents and voltages
at the output, the conversion efficiency of the circuit is of interest. That is, higher efficiency power
amplifiers will produce higher output power signals at the same amount of applied dc power than
lower efficiency power amplifiers.

'The DC power that the amplifier requires from the power supply is,

PDC = VcchQ. (714)

The AC power output of the common-collector amplifier is found by multiplying the root-mean-
squared (rms) values of the load current and voltage in terms of the peak values,

Igp Vi 12, R V2
Ppo= 22 = EZE — P (7.15)
V22 2 2RE
where
Igp = the peak emitter current
Vep = the peak excursion from the quiescent voltage, (7.16)

and Vep = Vo(f-a/sar) a0d Igp = Vo(f—a/san/ RE referred to Figures 7.7 and 7.10.
'The rms values of the peak emitter current and voltage are found from their maximum and
minimum values,

Igp I IE max — 1E min
e TEemax TE.min 7.17
VEP _ L VE,max - VE,min (7 18)

NG 2

'The peak values of the emitter current and voltage are shown in Figure 7.11.
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Figure 7.11: Peak values of the (a) emitter current and (b) emitter (load) voltage derived from the
current and voltage waveforms.

The AC power in terms of the peak current and voltage values are,

PAC _ IEP2VEP _ (IE,max - IE,min)S(VE,max - VE,min) ) (719)

'The conversion efficiency of the applied DC power to the total AC power is defined as,

p = AC power delivered to load

Puc
100% = —— x 100%. ‘
DC power supplied x 100% Ppe x 100% (7.20)

Substituting Equations (7.19) and (7.14) into (7.20) yields an expression for the conversion effi-
ciency of the common-collector power amplifier in terms of the maximum and minimum values
of the output current and voltage,

. (IE,max - IE,min)(VE,max - VE,min)
8VCchQ

x 100%. (7.21)

For maximum attainable ideal efficiency for the common-collector power amplifier configuration,
the output current and voltage is set to its extremes. That is,

IE,min =0 IE,max = 2IEQ
VE,min =0 VE,max = VCC - VCE(sat),

fOI' VCC — VC = 0.
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'The maximum attainable efficiency is for large f3,

P IepVi
Mmax = —< x 100% = —— 22 % 100%
Ppc 2(Veeleg)

(ZIEQ) (VCC - VCE(sat)) (722)
= 2 2 x 100% =~ 25%,

B 2(Veelcp)

where Vee > Veggan -
Naturally, the power amplifier shown in Figure 7.7 will never be able to reach an efficiency
of 25% for finite values of Rc which lowers the peak output current and voltage.

Example 7.1
'The common-collector power amplifier shown in Figure 7.7 has the following circuit element and
transistor parameter values:

Vee =15V  Re =100Q Rg =100
Rg = 10kQ BF = 160.

Determine the maximum efficiency of the power amplifier assuming no additional losses due to
thermal effects.

Solution:
From Equation (7.20), the efficiency is

P
n = 25 x 100%.

DC

But from Equation (7.15),

Pac

2
_ Vi _ 1 Vo(f—ajsay — 07 _ Vo(f—ajsar
2R; 2Rz 2 SRg

'The power delivered by the power supply is related to the peak output voltage by,

BF ) VO(f—a/sat)i|
Br +1 2RE '

Ppc =Veclco = Vee [(

The efficiency is then
2
VO(f—a/sat)
8RE _ Br +1Vo(r—a/sa)

]’] = =
v BF Voir—a/san BF 4Vee
cc ﬂF +1 2Rg
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Substituting Equation (7.13) for the maximum output voltage in to the expression for efficiency
above yields,

(IBF + 1)(VCC - VCE(sat))
y— B+ D ) [Br+ DRe +frRe] "
BF 4Vee

161(15 — 0.2)(100)

_ 161 ] (161)(100) + (160)(100) % 100% = 12.5%
160 @)(15) o

As expected, the efficiency for the common-collector power amplifier of Figure 7.7 with the circuit
values of this example is less than the ideal maximum efficiency of 25%.

Integrated circuits also use power output stages for their low distortion and low output re-
sistance characteristic. Consider the common-collector circuit biased by a current mirror shown
in Figure 7.12. Like its discrete counterpart, when this circuit is to be used as the output ampli-
fier stage in an integrated circuit, it must be capable of handling large signal amplitudes where
the current and voltages swings may be a significantly large fraction of the bias values. In such
cases, small signal analysis and models may not be appropriate and large signal (DC) transfer
characteristics must be used.

In the circuit of Figure 7.12, Q», O3, and Rp forms a current mirror to bias the common-
collector circuit formed by Q. The large signal transfer characteristic is

Vo =Vi — Vg, (7.23)

where Vo = IoRy. Using the simplified Ebers-Moll emitter current expression in Equa-
tion 3.3 (Book 1) when Q is forward biased,

VBE1 VBE1
Ipi~—Igs e Mt — 1| ~ —Igge M1 . (7.24)
But
V
—Ig=1p+ -9 (7.25)
Ry

when Q> is in the forward active region.
Solving for Vg by substituting Equation (7.25) in to (7.24) yields,

Yo

Ip +
VBEl = 7}Vt In (u) . (726)
IEs
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Vi VBEI T[EI Io
p— —— T +
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Q3 Q2 —_

!

—Vee

Figure 7.12: Common-collector power amplifier biased by a current mirror (formed by Q», 03, and
Rp).

By substituting Equation (7.26) into (7.23), a nonlinear equation for the transfer function is found
under the assumption that the load resistor Rz, is small when compared to the output resistance
of the transistors,

Ip+ 22
Vo = Vi —nV,In (%) , (7.27)
ES
or
Ig+ 32
V; = nV, In (ﬁ) +Vo. (7.28)
Igs

Equation (7.28) is a transfer function for the common-collector power amplifier and its transfer
characteristics are plotted in Figure 7.13 for n = 1.

Referring to the transfer characteristic shown in Figure 7.13, consider the case when the
load resistor is large (designated R;—jqree). When the load resistor is large, the natural logarithm
in Equation (7.28) remains relatively constant with changing V. Physically, this means that for
large load resistors, the current in the load is small and that /gy &~ I¢. This also implies that Vg
is approximately constant. Therefore, when both Q; and Q, are in the forward active region,
the transfer characteristic for Ry is nearly a straight line offset by the quiescent base-emitter
voltage Vpgp1 on the V; axis.
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L VBEI \ Vi
Q cuoff —1, R Vee=Verisay TV se

L-small

saturated
9,

—VeetV
(for R

CE2(start)

)

L-large

Figure 7.13: Transfer characteristic of the common-collector power amplifier of Figure 7.12.

As V; is made a large positive input, the Q; collector-base junction is forward biased and
saturates the transistor so that the output is,

Vo) = Vee = Veri(san- (7.29)
where the input voltage is:

Vitmay = Vee — Veeiay + Ve - (7.30)
When V; is made large and negative, O, saturates and the output voltage is,

VO(min) = —Vec + VCEZ(sat)v (731)

where the input voltage is,
Vitmay = —Vee + Veraay + Vaer - (7.32)

For a large and negative input voltage with small values of the load resistance, R;—gnan,, the
natural logarithm in Equation (7.28) approaches negative infinity at

VO = _IQ RL—smull- (733)

In this case, the load current is equal to Ig. Therefore, no current flows in Q1, sending it
into cutoff. Then Vp no longer increases with V;.

For a large positive input voltage with R;—_guau, the transfer characteristic is similar to the
case for R —jarge-

'The maximum efficiency of the current source biased common-collector output stage is also

25%.
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722 COMMON-EMITTER

Common-emitter power amplifier stages are frequently used as output stage drivers of multi-
transistor amplifiers. However, common-emitter output stages are not often used in integrated
circuit design because of the superior characteristics of the common-collector stages (low output
resistance and low distortion).

Consider a common-collector power amplifier driven by a voltage V;, shown in Fig-
ure 7.13. As in the common-collector power amplifier analysis, the linear BJT models of Fig-
ure 3.8 (Book 1)for the cutoff, forward-active, and saturation regions are used to find the large
signal transfer function for the common-collector power amplifier.

'The common-emitter power amplifier in Figure 7.14 is analyzed in the same way as the
common-collector configuration using the equivalent models for the cutoff, forward-active, and
saturation regions.

+Vee

Figure 7.14: Common-emitter power amplifier.

Transistor Q' does not conduct until the base-emitter voltage is Vag(ony ~ 0.6 V. Since Q4
is in cutoff, the V; must exceed Vpg(on) for the transistor to enter the forward-active region. The
output voltage at this point in the transfer characteristic is Vo = V.

In the forward-active region, the output voltage is

Rc(Vi =Vy)

[%*(5511)“]

Vo = Vee — (7.34)
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In the saturation region, the output voltage of the common-emitter is

_ Vi = Viea) (RE//RC) 4 VeegayRe + Vee(RE//RB)
Rp + (Rg//Rc) Rc + (Rg//Rp)

Vo (7.35)

'The transfer characteristic is shown in Figure 7.15.

V
0 A
Vee
Q ICuto/j”
Q ! forward-active
Q I saturated
VO(f—a/xat)
>
VBE (on) Vi(fla/sat) Vz

Figure 7.15: Transfer characteristic of the common-emitter power amplifier in Figure 7.14.

The AC power output of the common-emitter amplifier is found by multiplying the root-
mean-squared (rms) values of the load current and voltage in terms of the peak values,

IcpVep  1%Rc Vi,

_ ferVer _ _ rer 7.36
=57 5 2Re (7.36)
where
Icp = the peak collector current
Vep = the peak voltage from the collector to ground (7.37)

and Vep = Vee and Iep = (Vee — Vo(f—a/sar))/ Re referred to Figure 7.15.
'The RMS values of the peak emitter current and voltage are found from their maximum
and minimum values,

2 _ Llc,max - IC,min (7 38)
V2o V2 2 '
VCP _ L VC,ma.x - VC,min (7 39)

2

S
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'The AC power in terms of the peak current and voltage values are,
IcpVep _ (IC,ma.x — IC,min)(VC,max — VC,min)
2 8 ’
Substituting Equations (7.40) into (7.20) yields an expression for the conversion efficiency of the

common-emitter power amplifier in terms of the maximum and minimum values of the output
current and voltage,

Pac = (7.40)

_ (IC,maX - IC,min)(VC,max - VC,min)
8Veclco

x 100%. (7.41)

For maximum attainable ideal efficiency for the common-emitter power amplifier configuration,
the output current and voltage is set to its extremes. That is,

IC,min =0 IC,max = 2ICQ
VC,min = VCE(sat) VC,max = VCC’

for Vg = 0.
The maximum attainable efficiency is for large S F,

P IcpV
Noax = — x 100% = ——— x 100%

Ppc 2(Veeleg)

(2ICQ) (VCC - VCE(sat)) (7.42)
= 2 2 x 100% ~ 25%,

B 2(Veeleg)

where Vee > Ver(a-

Naturally, the power amplifier shown in Figure 7.14 will never be able to reach an efficiency
of 25% for finite values of Rg which lowers the peak output current and voltage.

A common-emitter integrated circuit power output stage is shown in Figure 7.16. The
transistor Q5 is part of a constant current source that establishes the Q-point for transistor Q.
'The large signal characteristic is derived by first inspecting the load resistance node,

Io=1Ip—Ici. (7.43)
'The output voltage V, is,
Vo = IoRL. (7.44)

The collector current /¢y, for Q; assuming operation in the forward active region is found using

Ebers-Moll Equation 3.3 (Book 1),

Vel VBE1

IC] ~ (XFIb‘Se th = /3 IBZ_ IEse th . (745)

F+1
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Vee

—Vee

Figure 7.16: Common-emitter power amplifier biased by a current mirror (formed by Q»., O3, and
Rp).

But v
Iey=1p--2, (7.46)
Rp

when Q> is in the forward active region.
Substituting Equation (7.46) in to (7.45) and knowing that Vgg1 = V; yields,

VBE1
'ij_ llEse ert = IQ — ;—Z (747)
'The output voltage is
Vi1
Vo = —RyL ﬂfi e Wi — 1 |. (7.48)

If Ry, is small, much off o flows through the load when V; is reduced. With V; small or negative,
the first term in the parenthesis in Equation (7.48) becomes negligible. Therefore, for R;—sma,
the output voltage is,

Vo = IQ Ry gmair- (749)
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If Ry, is large, V, increases with decreasing V; until Q saturates. Therefore, for R;—jarge,
Vo = Vee — Vera(san - (7.50)

For either small or large load resistance, as V; increases and becomes more positive, /o increases
and Vo becomes negative until Q saturates.

Equation (7.48) is a nonlinear equation for the transfer function of the common-emitter
amplifier biased by a current source in Figure 7.16 and is plotted in Figure 7.17 for n = 1.

1%
Oa
Q 2 saturated
(for RL—large) \ VCC - VCEZ(sat)
I, R

O{‘OF RL—xmall) Qlcumﬁf Q " L-small

Vags o

L
V.
1

Exponential
- VCC TV CE2(sat)

Figure 7.17: Transfer characteristic of the common-emitter power amplifier of Figure 7.16.

From Equation (7.48), the transfer function is an exponential. Therefore, the transfer char-
acteristics shows a curvature. between the extreme output voltages. This causes distortion of the
output signal that is significantly more pronounced than that of the common-collector amplifier
of Figure 7.12. As in the common-collector power amplifier in Figure 7.12, the upper limit of the
transfer function depends on the size of Ry.

'The maximum efficiency of the current source biased common-emitter output stage is also

25%.

7.2.3 TRANSFORMER-COUPLED CLASS APOWER AMPLIFIER

If a load is connected directly to the transistor as in the common-emitter power amplifier in
Figure 7.14, the quiescent current must pass through the load. The load increases the required DC
power and reduces efficiency since the quiescent current through the load does not contribute to
the AC signal component. To circumvent this problem, the load is commonly transformer coupled
to the transistor as shown in Figure 7.18.

The transformer is used as an impedance matching element. To transfer a significant
amount of power to a low impedance load, such as a the voice coil of a loudspeaker which is
typically between 4 and 15 €2, it is necessary to use an output matching transformer.
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+Vee
R

R

Figure 7.18: Class A power amplifier with a transformer coupled output.

For an ideal transformer, the AC voltage-current relations are,

v = Ly, and i = iy, (7.51)
na ni
where vy and v, are the voltages across the primary and secondary windings, respectively, and iy
and iy are the currents through the primary and secondary windings, respectively. n; and n, are
the number of turns in the primary and secondary, respectively, of the transformer.
Using Equation (7.50), the effective input resistance looking into the primary winding is
/ U1 i\’
i (752)
I nz
'The DC and AC loadlines for the circuit in Figure 7.18 are shown on the output transistor char-
acteristics in Figure 7.19.

'The DC load line is nearly vertical due to the very small primary resistance in the trans-
former. If, however, a emitter resistor is present, the DC load line will have a slope of —1/RE . The
maximum peak-to-peak output voltage is 2V¢, and the maximum peak-to-peak output current
is 21¢. Therefore, the maximum peak-to-peak AC power is,

Velp _ Veclc
Pic = = — 7.53
AL L (7.53)
'The maximum possible efficiency for a transformer coupled Class A power amplifier is,
P Veel
e = € % 100% = —<-C % 100% = 50%, (7.54)

'DC cclc
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Figure 7.19: Output characteristics of the transformer-coupled Class A power amplifier shown in
Figure 7.18.

which is double the maximum efficiency of Class A amplifiers that directly drives a load resistor.
Naturally, the efficiency of real transformer coupled Class A power amplifiers will be lower than
50% due to additional losses (e.g., transformer losses).

Example 7.2

Using graphical techniques, design a transformer coupled Class A transistor amplifying stage to
meet the following requirements:

Load Resistance: 2kQ

Output Transformer Efficiency:  67% (it’s a BAD transformer)
Power output: 1 W (maximum, sinusoidal)
Temperature: 27°C

Supply Voltage: 12V

Frequency: 400 Hz

A 2N6474 npn transistor is available with the following SPICE characteristic parameters:

IS=245pA BF=208 BR=13
XTI =3 XTB =1.5 VAF = 100.

Solution:
From the specifications, the Class A amplifier may be assumed to enter the saturation and
cutoff regions of the transistor characteristics for power delivery in excess of 1 W of full load power

(Prp).
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Since the transformer efficiency is 67%, the amplifier stage must supply

P 1.0
o= = 15W.
Nxfmr 0.67
Assume that the amplifier is configured identically to Figure 7.18.

The peak-to-peak collector current can be found by applying the expression for the AC

Pyc =

power delivered and by considering the saturation region of the transistor:

1
Ic (Vcc - EVCE(sut))
- 2

22 V2 22
Rearranging the equation above, solve for the maximum (peak-to-peak) collector current,

4Psc 415

1 C12-1
Vee — 3 VeE(san

Vp I Vee — 2Vertsa 21
Po—15= 21 [( cc — 5 Ve t)):| [( c)]

]C,max = 2[C =

'The peak-to-peak output voltage is,

VC,maxp—p = 2VCC - VCE(sat)-
'Therefore, the load seen by the transistor is,
Vemspep  2(12)—0.2

R; = = ~ 489
1C.mmax 0.5

'The quiescent point is
Ver =12V Ic = 0.25A,

resulting in a standby dissipation of VegIc = 3 W. The load line analysis is shown below.
500m - . —

DC load line

400m | /
-

300m

200mi

Wwmy——— |
A

AC load line \
0

0 5 10 15 20 25
Collector-Emitter Voltage (V)

3W power hyperbola

Collector Current (A)
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The quiescent base current is approximately /g = 1.1 mA. Also drawn on the load line
graph is the 3W constant power dissipation hyperbola. A rough calculation may be made to
determine the base bias resistor Rpp. Assuming that Vgg = Ve,

Vec—Var _ 12-0.7

= ~ 3.9kQ.
Iz 3% 103

Rpp =

7.3 CLASS BPOWER AMPLIFIERS

Class B amplifiers are widely used because of the low standby DC current requirements, unlike
Class A amplifiers that require an operating point characterized by a large collector current. The
reduction in the standby or DC current requirement in Class B operation is achieved by biasing
each of the two transistors at cut-off. This in turn reduces the quiescent collector power dissipation
in the transistors.

Since Class B power amplifier operation has transistors conducting in only one half of the
period of the input signal, two transistors are necessary in a push-pull arrangement to add the two
halves of the cycle for the reconstruction of the entire amplified sinusoid, shown in Figure 7.20.
'The transformer load coupling shown in the Figure 7.7 is widely used. The collector supply is fed
into the center tap of the output transformer primary. The base bias current is fed into the center
tap of the input transformer secondary.

+Vas +Vee

ici ioi

Rs
% o % %Q’ - . gng §RL

ic2

Figure 7.20: Class B common-emitter push-pull power amplifier.

A graphical construction for determining the output waveforms of a single Class B tran-
sistor stage (half of the push-pull stage) is shown in Figure 7.21.

A disadvantage of using Class B operation is the inherently nonlinear nature of the input
characteristic of B]Ts. This leads to distortion near the zero crossings of the output current ig.
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Figure 7.21: Waveforms of a single class B transistor stage (half of a push-pull stage) constructed
with graphical methods.

'The input characteristics and the resulting output in Figure 7.21 clearly shows the load current
distortion. This distortion is referred to as the crossover distortion. Crossover distortion is best
understood by studying Figure 7.22. The nonlinear input/output characteristic of the push-pull
configuration is shown. The exponential nature of the curve indicates high input resistance at low
signal levels. Little base current flows until the base-emitter voltage exceeds V. The resulting col-
lector current will also be small until the input voltage is sufficiently high since the /¢ is essentially
proportional to the base current. The resulting output from a push-pull Class B configuration is
a sinusoid that exhibits crossover distortion.

It is customary to treat only one transistor when analyzing the push-pull configuration since
each is operating at identical currents and voltages into an identical load, under the assumption
that the transistors have identical characteristics. The output characteristic with load line of one
of the transistors in the Class B amplifier of Figure 7.20 is shown in Figure 7.23.

'The DC load line per transistor is one-half of the resistance of the output transformer pri-
mary. If high-quality output transformers are used, the resistance of the primary can be assumed
to be negligible. Therefore, the DC load line has an infinite negative slope. The AC load line has
a slope of —1/R7} , where

2
R, = (”—1) RL. (7.55)
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Figure 7.22: Output waveforms of a Class B amplifier for varying input signals.

R is the AC load per transistor, 1y is one-half the total number of primary turns on the output
transformer, 71, is the number of secondary turns on the output transformer, and Ry, is the actual
load.

To analyze the Class B push-pull configuration, it is assumed that each transistor is op-
erating at identical levels driving identical loads. The DC load per stage consists of one-half of
the total primary DC resistance which, for good transformers, can be considered to be negligi-
ble. Each collector circuit has only one-half of the total primary turns or n; turns (referred to
Figure 7.20) for an AC resistance of R} per transistor or a total AC primary resistance of 4R .

In Figure 7.23, the load line indicates an operating point at Ic = 0 and Vg = V. A load
line joins this point with Ic = Icp and Vg = 0.2'V. Then the AC resistance is,

Vee = Vegay  Vee

Ri = . for Vee > Veggan - (7.56)

Icp Icp
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Figure 7.23: Output characteristic with load line of one of the transistors in the Class B amplifier of
Figure 7.20.

'The power delivered per transistoris to the load is,

1 (Vee = Vegsa Ic Veele
PAC,pertransistor = E (TCE(I)) (Tg) ~ TP (757)

'The factor of 1/2 is used because each transistor passes a half-wave signal. For the push-pull pair,

P Vee — Veg(san ﬁ . Vecler (7.58)
AC —ﬁ V2 ~ 2 ’

'The DC power delivered to the Class B push-pull amplifier is negligible during standby operation.
When a sinusoid of peak amplitude /¢p is produced by the amplifier, each transistor conducts
during one half of the period of the sinusoid,

T
1 1%
IDC,QI = IDC,QZ = 7/ Icpsin wt dt. (759)
0

Solving Equation (7.59) yields,
T
z

Ipc,01 = Ipc,02 = / Icpsin ot dt
0

w
2 0

_er

(7.60)

5 .
Icpsin wt dt

T
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Therefore, the total current delivered by the power supply is,

21
Ipc = Ipc,01 + Ipc,02 = nCP- (7.61)

Then the total power delivered by the power supply is,

2Vecel
Ppc = Veclpe = C; <. (7.62)

'The maximum efficiency of the Class B push-pull power amplifier is found to be,

Veclcp
PAC 2 T
mx = — X 100% = =—%=— x 100% = — x 100% ~ 78%. 7.63
n P X 0= SyTo X =7 X o o (7.63)
T

For Class B power amplifiers, 7 is linearly dependent on signal strength, while in Class A ampli-
fiers, it is dependent on the square of the signal strength.
Should a Class B power amplifier be driven to a fraction of its total allowable swing,

AVe = kVemax and  Alc = klc max, (7.64)

where k is a fraction of the otal allowable swing, and AV and Al are the actual voltage and
current swings, respectively. Therefore, the actual full load power is,

PrL actual = (*k Vc’mm{z‘(klc’m“). (7.65)

Example 7.3
Design a 10 W servo amplifier to meet the following specifications:

Rated load power: 10W

Load: 500 2 (a small instrument motor)

Overload capacity: 10%

Input resistance: 50 k€2 minimum

Output transformer efficiency:  80%

Carrier frequency: 400 Hz

Power Supplies: 28 V.

Matched transistors are available: MJE15028 (7pn) and MJE15029 (pnp).

Solution:
'The circuit arrangement of Figure 7.20 will be used.
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'The full load power is Pr;, = 10 W. To supply Py to the load is,

P 10
L —125W.

Nxfinr 0.8

Transformer Primary Power =

For a 10% overload capacity, the power amplifier must be capable of handling
(110%)(12.5) = 13.7W.

‘Therefore, each transistor in the Class B push-pull amplifier must supply

13.7W

=6.85W.

C, max

500.0m

Collector Current (A)

28 Q load line
VC = 28V
0.0 i i i i i i :
0 10 20 30 40 50 60 70
Collector-Emitter Voltage (V)

From the load line analysis shown,
Ve max = Vee — Veray = Vee = 28 V.
For each transistor under overload conditions,

VC,max IC,ma.x
PAC pertransistor — — o

4

Solving for I¢ max,

4PAC per transistor 4(685) ~

1 = = 1.0 A.
Cmex Ve ma 28
Therefore, the AC load that each transistor must drive is,
Vemax 28

R, = = =28Q,
IC,max 1
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(which is the negative reciprocal of the slope of the load line), and the total primary AC load
resistance is
R} =2%(28) = 112Q.

'The output transformer turns ratio is then

— ==k = /= =024
ny Ry, 500

'The full load power for each transistor is,

P 12.5
PFL,pertrarLsistor = % = T =6.25W.

'The actual swings for the rated full load are found using the laws of similar triangles applied to
the load line graph,

(Alc)(AVe) _ (klcme) (KVe,max)
4 4 '

PFL,actual -

'This yields k£ = 0.89. Therefore, the maximum output swings are,
AIC = k[c,max ~09A and AVC = kVC,max ~ 25 V,

and the actual full load power is (0.9)(25) = 5.6 W per transistor or 11.2 W total.

7.3.1 COMPLEMENTARY CLASS B (PUSH-PULL) OUTPUT STAGE

A simplified version of a complementary Class B amplifier arrangement that is often used as an
integrated circuit output stage is shown in Figure 7.24. This arrangement uses complementary
transistors (one pnp and one 7pn) in common-collector configuration. By using complementary
transistors, the need for input and output transformers is eliminated. The transfer characteristic
is identical to that of the transformer coupled Class B power amplifier.

'The principle of operation of the simplified complementary Class B output stage is as fol-
lows. For |V;| < Vgg(on), both Q1 and Q5 are cutoff. When V; > Vgg(,n), Q1 turns on and enters
the forward saturation region. Q, remains in cutoff. The upper limit on V, occurs when Q;
saturates at V; = Ve — Vegi(sa)- For negative values of V;, the same situation holds true with
when the roles of Q1 and Q5 are reversed. The lower limit on V, occurs when Q, saturates at
Vi = =Vee = Verasar)-

CMOS power buffers in the inverter configuration, as discussed in Chapter 4 (Book 1), are
commonly used to interface CMOS logic to saturated logic (e.g., T'TL). This practice is common
in instances where a conventional CMOS gate may not be able to supply the required input power,
while at the same time provide sufficiently low output voltages for the TTL gates.
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+Vee

0

oO—9

+

Vi 0: R; |4

T
- le) -

-Vee

Figure 7.24: Simplified complementary Class B output stage.

It is common to use feedback to reduce or eliminate crossover distortion.” One arrangement

that is used is to employ feedback with an unity gain OpAmp configuration shown in Figure 7.25.

+Vee
+Vee
4 Qi
o————+ Vi R,
+
>
7 Vi +
_ Q> R, ;
i} -Vee —
-Vee B

Figure 7.25: Use of feedback to eliminate crossover distortion in Class B amplifiers.

Define the open-loop gain of the OpAmp as A which is very large (~ 200k). Then the
output voltage from the OpAmp is,

Vi = AV — V). (7.66)

3Chapter 8 provides a complete discussion of the use of the reduction of distortion due to feedback.
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From Equation (7.66) when V4 = Vgg(n) = 0.6V,

V4 0.6
—=—=V,-1. 7.67
= > =W (7.67)
Therefore, when V7 = 0, then
0.6 0.6
Vy= — = ——— <« 0.6V. 7.68
2= T2ox10s © (7.68)

Equation (7.68) indicates that for a very small input at V, = V;, the output voltage from the push-
pull stage is zero. Therefore, the crossover region in the transfer characteristic has been reduced
from £ Vpg(on) to less than 5 V. So essentially, there is no crossover distortion to speak of when
using the configuration in Figure 7.25.

7.4 CLASS AB POWER AMPLIFIERS

In Section 7.3, Class B power amplifiers were shown to have a maximum efficiency of approxi-
mately 78.5%. Unfortunately, feedback was required to eliminate the nonlinear transfer charac-
teristic caused by crossover distortion.

An alternate method to feedback for reducing or nearly eliminating crossover distortion
is to bias each transistor in the push-pull configuration so that they are barely in the forward
active region with V; = 0. One possible configuration to achieve this bias condition to eliminate
crossover distortion is shown in Figure 7.26. This class of amplifier is called a Class AB power
amplifier/output stage since the transistors are always biased as in Class A operation, but is biased
at a fraction of the peak load current as in Class B operation.

+Vee

{

Rs ici i
AN o “y
CRNE SO7 SRS 4
2 0: —

Figure 7.26: Class AB power amplifier configuration.

R

In Figure 7.26, the resistors R; and R, are adjusted to that the transistors Q' and Q, are
just barely forward biased, or Vgo1 = Vao2 = Vig(on) for matched transistors. The operation of
the circuit in Figure 7.26 is as follows:
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Both QO and Q, are biased so that the base-emitter voltage of each transistor is Vag(on)
for V; = 0. For an input to O of less than V;, the transistor is cutoft. For V; > Vgg(on). Q1 turns
on and is in the forward active region. The output voltage due to Q1 saturates at Vee — Vegt (sar)-
Conversely for Q», if Vi > Vpg(on) the transistor is cutoff. Q5 turns on when V; < Vpg(,y). The
output voltage due to Q» saturates at —(Vee — Vera(sar))- The transfer characteristic is shown in
Figure 7.27. The characteristic curve for each transistor is shown as well as the resulting compos-
ite transfer characteristic. The composite transfer characteristic is found by adding the transfer
characteristics of the two transistors. The resulting composite transfer characteristic shows no
crossover distortion.

Yo
A
Q ]satumfed
Vee=Veer say|
Qlcunducting
Composite chutzsz
Trasnfer Curve Vak(on”
L J ;
/| VeE@w
chanducting 4
Q] cutoff’
rrrrr - +
QZ saturated (VC C VCEZ(Start))

Figure 7.27: 'The transfer characteristic of the Class AB power amplifier shown in Figure 7.26.

An integrated circuit implementation of a Class AB output stage is shown in Figure 7.28a.
The Class AB output stage shown is used in the £ A741 OpAmp. A simplified version of the
w AT741 output stage is shown in Figure 7.28b.

In analyzing Figure 7.28b, Q13 acts as a constant current source of 0.22 mA. Q53 is the
input transistor to the Class AB output stage. With V; = 0, the output complementary transistor
pair Q14 and Q¢ are biased at a collector current of about 0.17 mA by the diodes Q19 and Q1s.
'The current through Q19 and Qs produces a voltage,

Veero + Vee1s = Vae1a + Vepoo. (7.69)

As V; goes negative, the base of Q29 and Vo follows (since Q23 and Q29 are in common-collector
configurations), with Q¢ drawing current from R;. When V; is —V¢¢, the output voltage is
limited to

Vo(esy = —Vce — Vae2s — Vaezo- (7.70)

'The negative voltage limit is about 0.7V 4 0.7V = 1.4V more positive than the negative rail
voltage (—Vcc).
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+Vee +Vee
1 1
) A 0.22 mA 0.17 mA 0.22 mA 0.17 mA
Biaso— Q34 Bias 134

. O Ouy

Org Org
Ois

Ois

Ry
O

+
Vo v
| - /
p— + 23
Vi N Vi a
) - !

(a) (b)

S
|

L
Oo—=e

Figure 7.28: 1+ A741 OpAmp output stage (a) Actual schematic; (b) Simplified schematic.

As V; increases in the positive direction from V; = 0, the output voltage and the base of
0> follows with Q14 delivering the current to the load. When V; is 4+ V¢, the output voltage is
limited by Q13 A saturating. The positive limit of the output voltage is,

Vooes) = Vee — Vee1s Agay — Vae1s- (7.71)

'The positive voltage limit is approximately 0.7V + 0.2V = 0.9V less than the positive voltage
rail (Vcc).

'The conversion efficiency of a Class AB amplifier is somewhat less that that of a Class B
amplifier. This reduction in efficiency is due to an additional term in the DC power due to the
quiescent current necessary to achieve minimal crossover distortion:

2Vecel
Ppc = =L 4 Veelpias. (7.72)
Therefore, the maximum efficiency fora Class AB amplifier is given by:
Veelep
2 wlcp
x 100% = x 100%. (7.73)

T = Wecler 41cp + 27 Igigs

+ VeeIias




546 7. POWER AMPLIFIERS AND OUTPUT STAGES

It is interesting to compare the efficiency of well-designed amplifiers as a function of output
signal strength (Figure 7.29). The output power of all amplifiers is proportional to the square of
output signal strength. Class A amplifiers are characterized by constant DC power: this results in
a parabolic efficiency curve. Class B amplifiers are characterized by DC power that is proportional
to signal strength: a linear efficiency curve results. Class AB amplifiers lie between the two other

classes with Class B as an upper limit.
0381
0.7
0.6
05
T4
03

0.24

0.1
Class A w/transformer

0

0 0.2 0.4 0.6 0.8 1
Vopeak

chax

Figure 7.29: Typical conversion efficiency of well-designed power amplifiers as a function of output
signal amplitude.

In order to increase the gain of output stages in integrated circuits while reducing base
currents, compound transistors in dual common-collector Darlington pairs are commonly used
(see Section 6.2.1). Compound pnp Darlington configurations are also used. Since in good quality
pnp BJTs are difficult to fabricate in integrated circuits, an alternate compound configuration
shown in Figure 7.30 is often used. This compound transistor has a current gain of &~ B1f,.

I @—L\/jfﬁ,ﬁz
0

Figure 7.30: Compound pnp BJT.
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7.5 DISTORTION

When the output signal waveform of an amplifier differs in general shape from the input signal
waveform, the output is said to be distorted. In particular, if a single-frequency input to an am-
plifier results in an output composed of the input frequency and other frequencies, the amplifier
has distorted the signal. The creation of additional frequencies is typically the result of non-linear
distortion.

Earlier, it was shown that large input signals to amplifiers caused the amplifier under test to
yield distorted output signals. In this section, a systematic description of distortion is developed.
With this description, two common industry definitions of distortion are developed and related
to each other.

An incrementally linear power amplifier* has a transfer characteristic described by

Vo = VDC + aiv;, (774)

where

vo = the output voltage,

v; = the input voltage (AC and DC components possible),
a = the voltage gain,

Vpe = the DC offset voltage at the output.

The principle of superposition applies to incrementally linear systems in a unique manner. That
is, if

vo1 = Vpc +aivii and vz = Vpc + a1via, (7.75)
then the total output of a incrementally linear system is,
vo = Vpc + a1 (vi1 + vi2). (7.76)

In electronic amplifiers, the DC component, Vp¢, consists of the bias or quiescent point of the
circuit.

Superposition no longer applies when the transfer characteristic is non-linear. Figure 7.31
shows a transfer characteristic of a power amplifier.
'The region in Figure 7.31 that is not clipped is described by the power series,

Vo = VDc+a1v,~ +a2v,-2+a3v,-3+ e (777)
For a sinusoidal input, v; = X cos wt, the power series in Equation (7.77) is,

vo = Vpc + a1 X coswt + as (X coswt)? 4+ az (X coswt)® + --- . (7.78)

“Incremental linearity was previously discussed in Chapter 5.
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A
VO

Clipping

<~V

Figure 7.31: Non-linear transfer characteristic of a power amplifier.

Using trigonometric identities, Equation (7.78) is,

X2 3a3;X3
vO:(VDc—l—aZZ )+(alX+ a34 )cosa)t

d2X2 a3X3
+ 7 cos2wt + 2 cos3wt + ---

where the fourth and higher harmonics may be ignored with negligible error.’ Inspection of

(7.79)

Equation (7.79) shows that harmonics are generated by the non-linear transfer characteristic.
Harmonics are sinusoidal terms that are multiples of the fundamental frequency, w, that is the
same frequency as the input signal. For linear power amplifiers, the presence of harmonics is
undesirable and are the direct result of non-linear distortion.

Additionally, there is a shift in the DC or quiescent point by the addition of a term con-
taining the constant for the squared term in the power series. The fundamental (cos wt) term
also has increased beyond the amplification constant associated with the fundamental by a term
proportional to the constant for the cubed term in the power series.

Equation (7.79) can be represented by a Fourier Series,

vo = Vpc + Ag + A1 coswt + A, cos2wt + Az cos3wt + --- (7.80)

where Ag, A1, A2, and A3 are the Fourier coeflicients. One method that may be used to determine

the Fourier coefficients is a method due to Espley.® A pure sinusoidal signal voltage is applied to

the input of the power amplifier. The input and output waveforms are sampled at several times

intervals to obtain the Fourier coefficients of Equation (7.80). To evaluate the four coefficients
*This approximation is valid in typical amplifiers where distortion is relatively small. In cases of extremely large distortion,
higher-order terms must be considered.

Espley, D.C., The Calculation of Harmonic Production in Thermionic Valves with Resistive Loads, Proc. IRE, vol. 21,
pp- 1439-1446, October, 1933.
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in Equation (7.80), the values of the output at the four input voltages are determined as shown
in Figure 7.32. For this example, the samples are taken at wz = 0°,60°, 120°, and 180°. with the
corresponding output voltage is designated as Voo, Veoo, Vizoo, Vigoo. The value at wt = 90° is
Vpc (the quiescent point). As noted earlier, the DC or quiescent point of the output has shifted
away from the average value of the signal.

>

I A

o

A 4

=~V

I

v
wt

Figure 7.32: Graphical determination of the distortion content in the output voltage.

'The values of the Fourier coefficients Ag, A1, A2 and A3 in Equation (7.80) can theoretically
be determined by substituting the values of the angle (wt) into Equation (7.80) and solving the
four simultaneous equations. That is,

ot =0°; Viax = Vpec + Ao + A1 + Az + Asz,
o A1 Az
wt = 60" : V60=VDC+AO+7—7_A3a
A A, (7.81)
ot = 120° : VleZVDc+A0—7—7+A3,

wt = 180° : Vipin = Vpc + Ao — A1 + Ay — As.
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'The solution to the four simultaneous equations in Equation (7.81) yields the expressions for the
Fourier coeflicients in Equation (7.80),

1 1
Ao = 5 (Voo + Visoe) + 3 (Veoo + Vi2o0) — Vpe.
1 1
A = 3 (Voo — Vigoe) + 3 (Voo — Viz00) .
: : (7.82)
Ax = 3 (Voo + Visoe) — 3 (Veoo + Vizeo)
1 1
Az = 3 (Voo — Visoe) — 3 (Veoo — Vizoe) .
'The harmonic distortion is define as,
|42 |43
D,=-"% and Dz=—=, (7.83)
A T A

and is commonly given as a percentage or in decibels where D, is the second harmonic distortion
and Dj is the third harmonic distortion. In terms of decibels, the second and third harmonic
distortions are

| 42| |43]

D,[dB] = 20log — and D3[dB] = 20log —, (7.84)
|41 | A1l

and are negative numbers indicating that the voltage amplitude of the harmonic components is
less than the fundamental. The total harmonic distortion (THD) is commonly given as a percent-
age and is expressed as the ratio of the rms values of all the harmonic terms to the effective value
of the fundamental, and is used extensively in audio amplifier specifications,

VA + A3+
THD = x 100% = /D3 + D3 + --- x 100%. (7.85)

|A1]

If the distortion is not negligible, the total power delivered at the output load Ry, is,

Po — (A} + A3+ A3+ )

2 7.86
=q1+ 14 THD\ T’ P 7
where the fundamental power is
A2
P=_—. :
T (7.87)

As an example, state-of-the-art audio power amplifiers that incorporate negative feedback to
compensate for non-linearlity typically have THD of less than 0.003% at low frequencies and low
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output power levels.” In cable television applications, the radio frequency (RF) power amplifiers
also require very low distortion levels to deliver acceptable picture quality.

Because the distortion levels are so low, the method of Espley using the direct measure of
the transfer characteristic yields inaccurate distortion data due to noise and other spurious factors.
Instead, it is common practice to test amplifier non-linearlity directly by using a pure sinusoidal
input. At the output, the harmonics are measured directly using a spectrum analyzer which dis-
plays the rms magnitude (or power) of the frequency components of the output signal. The fun-
damental and harmonics appear on the CRT of the spectrum analyzer as spikes. Measurement
of the peak of the harmonic spikes relative to the fundamental spike yields the amplifier THD.
Other analyzers (e.g., audio analyzers) perform the above operation automatically and display the
THD on its front panel.

Another method, commonly used in RF and microwave electronics, for finding the amount
of distortion of an amplifier is the two-tone ratio (I'TR) method for determining harmonic and
intermodulation distortion (IMD) products. In the TTR method, two signals with identical am-
plitudes that are separated by some frequency are combined and used as the input to the amplifier.
'The output frequency components are then analyzed for distortion.

Consider the non-linear transfer function of Equation (7.77) rewritten here for conve-

nience,

vo = Vpc + aiv; -l-azvi2 +a3vi3 + .-
‘Two sinusoids are added so that the input signal is,
v; = X1 coswit + X cos wyt. (7.88)
Substituting Equation (7.88) into Equation (7.77) yields,

vo = Vpc + a1 (X1 coswit + X5 coswat) + az (X1 coswit + Xz cos a)zt)2 (7.89)
+a3(X1cosa)1t+X2coswzt)3+ .

By using trigonometric identities, Equation (7.89) is put in a form similar to Equation (7.79) to
yield the magnitude and frequency components of the output signal,

1
Vo = [VDC + 792 (X1 + Xz)} (DC term)

"Negative feedback is discussed in Chapters 8 and 11 (Book 3).
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+ [a1X1 + %az (X1X22 + %Xf)] cosanl (fundamentals)

+[a1 X2 + %ag, (X2X? + %Xﬁ”)] cos wot

+ %az (X12 cos2wit + X22 cos 2a)2t) (2" harmonics)

+ ay X1 X5 [cos (01 — wa) 1 + cos (w1 + wr) 1] 2%4-order IMD products (7.90)
+ %a3 (Xf’ cos3wit + )(23 cos 3a)2t) 34 harmonics

+§a3X12X§ [cos Qwy — w2) t + cos 2w + w3) 1] } 39_order TMD products.
+3a3X1X5 [cos Qwy —w1) t + cos 2wz + w1) 1]
In the TTR method, new sum and difference frequencies of the two input frequencies are created
and are called intermodulation (IMD) products or sometimes “beat” frequencies. The new sum
and difference frequencies are not harmonically related to either of the two fundamental input
frequencies.

There are several reasons for using the TTR method over single frequency harmonic mea-
surement methods. They include:

* Difficulty in generating a pure sinusoid. All real signal generators have some harmonic
content.

* In single octave® systems (those systems that only operate in one octave) with multiple
sinusoids closely spaced in frequency within the single octave, third order IMD products
are of interest.

The relationship between the results of the TTR results and the harmonic coeflicients for the
Fourier series in Equation (7.80) can be found. The combination of the equal amplitude TTR
input signals are adjusted to equal the total input power of a single sinusoid for the harmonic
measurement. This relationship implies that the rms power of the two combined sinusoids for the
TTR is equal to the rms value of the single input for the harmonic measurement,

== +(—=) . 7.91
() + (& 7oy
where X; and X, are the TTR inputs, and X is the input for the single frequency harmonic

measurement.
For equal amplitude TTR inputs, X; = X3 so,

X

8An octave consists of a range of frequencies spanned by a factor of two.
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Using Equation (7.92), the following relationships are found:

fundamental two tone 1

fundamental single tone ﬁ’
1
2 bl

27dharmonic two tone

27dharmonic single tone

20dIMD

27dharmonic single tone . (7.93)
3dharmonic two tone 1
3rdharmonic single tone W
3<IMD 3

3rdharmonic single tone  2./2°

Therefore, given TTR measure results, the Fourier coeflicients in Equation (7.80) and the con-
stants in the power series in Equation (7.77) can be found by applying Equation (7.93).

In Figure 7.31, as the output voltage starts to clip, another form of distortion takes place.
'This type of distortion is called gain compression and is due to a gradual decrease in the voltage gain
of the amplifier which, in simple terms, reduces the gain coeflicient to the fundamental signal in
the Fourier series in Equation (7.77). This has the effect of increasing the ratio of the non-linear
distortion products to the fundamental.

'The push-pull arrangement of the Class B power amplifier (shown again in Figure 7.33)
not only increases efficiency, but despite the effects of crossover distortion, has unique distortion
canceling properties.

+Vss +Vee
Rpp

&
RS iB] ic] lO
AN =20} '

[} [ ]

— ny

_ [ )

f’QZ .

iB2 ic2

&

Figure 7.33: Class B push-pull arrangement.

Consider the base current in Q1,

iB1 = IB(max) COSWL. (7.94)
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'The resulting Q1 collector current can be expressed as a Fourier series,
ic1 = Ico1 + Ao + A1 coswt + Ay cos2wt + Az cos3wt + -+ . (7.95)
'The corresponding base current in Q5 is,
iB2 = —iB1 = IB(max) cOs (0t + 7). (7.96)
Equation (7.96) implies that,
igs (wt) = ipy (wt + 7). (7.97)
Therefore, the Q5 collector current is,
ica = Icoz + Ao + Aq cos (wt + 1) + Az cos2 (wt + ) + Az cos3 (wt +7) + --- . (7.98)
Simplifying Equation (7.98) yields,
ico = Icga + Ao — Ay coswt + Ap cos2wt — Az cos3wt + --- . (7.99)

Since the collector currents of Q1 and Q» are in opposite directions through the output trans-
former primary, the total output current is proportional to the difference in collector currents,

ixfmr =k (iCI - iC2)

(7.100)
= 2k (A1 coswt + Azcos3wt + ---),

where k is a proportionality factor.

Equation (7.100) shows that there are only odd harmonics in the output signal when
matched transistors are used. Even harmonics have been canceled out.

Because no even harmonics are present in the output of a push-pull amplifier, such a circuit
will give more output per active device for a given amount of THD.

SPICE performs Fourier analysis on any waveform in a transient analysis using the Fourier
command,

.FOUR <frequency value> <output variable>
The .FOUR command computes the amplitude and phase of any waveform with respect to fre-
quency. The Fourier components may then be plotted.

SPICE can also calculated the intermodulation distortion components of a waveform using
the command,

.DISTO <RLname> <number of points> <fstart> <fstop> <reference power>
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7.6 THERMAL CONSIDERATIONS

'The removal of heat from the BJ T collector-base junction or the FET channel warrants consider-
able attention in power transistors due to the high power delivered to the load. For power BJTs,’
metallic heat sinks are often necessary to remove the heat to the surrounding air. When possible,
the metallic portion of the transistor case should make contact with the heat sink. However, it is
common practice to use a mica washer as electrical insulation between the case and the heat sink.
'The washer is used to electrically isolate the heat sink from the case because in some power BJ T
packages, the collector is directly attached to the case.

A specification for the maximum allowable collector-junction temperature is found in the
manufacturer’s transistor specifications. This temperature is usually 150°C for silicon devices. Ex-
ceeding this temperature may cause irreparable damage to the transistor. The operating junction
temperature, 7}, is dependent on the ambient temperature, T, (typically 25°C), the thermal resis-
tance, 07, of the heat transfer path from the junction to the surrounding and the power dissipated,
Pp. This relationship is expressed as:

T, =T, + OrPp in °C. (7.101)

'The total thermal resistance, 67 has the units of Celsius/Watt.
'The power dissipated by the transistor is almost entirely at the collector junction. Therefore,
the power dissipated is,

Pp = Vegle. (7.102)
'The maximum power dissipation is described by the maximum dissipation hyperbola and is,

PD(ma.x) = (VCEIC)maX = W. (7103)
The total thermal resistance is found by solving the heat transfer network analogous to an electrical
network shown in Figure 7.34.
'The current source represents the heat generated (or power dissipated by the BJT), and the
three resistances represent the thermal resistances of the junction to case (6;.), case to heat sink
(6,), and heat sink to the ambient environment (6y, ). The total thermal resistance is,

Or = O + Ocs + Oy = by, (7.104)

For power transistors, the values of 6, is typically about 10°C/W. If the transistor case and the
heat sink are insulated by a mica washer, 6., has values of around 0.5°C/W. 'The primary mode of
heat removal from a power transistor is conduction by the heat sink and convection from the heat
sink to the ambient surroundings. By blowing air over the heat sink, more heat may be removed.

*The discussion that follows is equally applicable to FETs.
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Junction temperature = 7;

0

Jjc

Case temperature = T¢

*® 0,

Sink temperature = T

0

sa

Ambient temperature = Tz

Figure 7.34: Heat transfer model.

Casual inspection of Equation (7.104) indicates that by removing the heat sink in the ther-
mal path, the limitation on the power handling capacity is eliminated. However, by doing so,
the case to ambient convection and radiation has significantly higher thermal resistance thereby
reducing the ability of the device to dissipate heat: power handling capacity is actually diminished
for this case.

Not shown in Figure 7.34 are associated thermal capacitances in parallel with each resis-
tance. The capacitance is used to model transient thermal behaviour. The thermal time constant
(resistance times capacitance) is long for the external components of the thermal model, but short
for the transistor itself.

Thermal runaway can result if the rate of increase in the power dissipation with junction
temperature exceeds the ability of the heat transfer network to remove the heat. The dissipated
heat energy removed by the networks is found by differentiating Equation (7.101) with respect
to 7. The necessary condition for thermal stability is,

WVeelc 1
—_— < 7.105
oT,  or (7.105)
For a constant collector-emitter voltage, the stability condition is,
dlc 1
— < —. A1
VCE aT] < QT (7 06)

Variations in the current amplification factor and in the leakage current of the transistor causes the
change in collector current with temperature, and is ultimately dependent on the bias circuitry.
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With leakage current suspected of being the chief contributor to the collector current excursions,

dlc dlco 1
Vee | — | | — —. 7.107
CE(alcO)(aTj )max< Or ( )
But from Section 3.7 (Book 1), the stability factor
dlc
S =——. 7.108
1= oe (7.108)

For a thermally stable network, Equation (7.107) is rewritten as,

dlco 1
R _— 7.109
( aT; )max = O1 Vee St ( )

Despite using stable bias arrangements and effective heat transfer configurations, the transis-
tor case temperature cannot be held at ambient temperature. Therefore, manufacturers provide a
power-temperature derating curve (shown in Figure 7.35).

Maximum
Power Dissipation A

P, D(max)
inW

Slope = — é

|-

»
TC (0] TC (max) TC in Celcius

Figure 7.35: Transistor power dissipation derating curve.

In Figure 7.35, T¢o is the temperature where the derating begins. The maximum safe power
dissipation, as specified by the manufacturer, is achieved when Tc = T¢(max). The curve of the
same form as in Figure 7.35 can be used to find the power dissipation as a function of the junction
temperature 7;, where 7} is the abscissa.

Example 7.4
For a case temperature of 120°C for a 50 W power transistor rated at 35°C, find the maximum

power dissipated. The slope of the derating curve is 0.55 W/°C.

Solution
PD(max) = 50 W at35°C.

Using the equation of a line the power dissipated at 120°C can be found,

(120°C — 35°C)(0.55W/°C) = 46.75W.
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Therefore, the device power dissipation at 120°C is,

Pp = (50W —46.75W) = 3.25Wat 120°C.

7.7 CONCLUDING REMARKS

Different classes of amplifiers designed for the transfer of high power to loads were analyzed. The
analysis of the amplifiers required the use of large-signal analysis methods. Because of the large
signal excursions, the output waveforms experience distortion.

'The most commonly used power amplifier/output stage classifications are the Class A, B,
and AB. In Class A operation, the transistor conducts over the whole period (360°) of the input
signal. In Class B operation, each of the two transistors conducts over half the period (180°). In
Class AB operation, each transistor conducts over a time greater than half the period.

Since high powers may be delivered by these circuits, the conversion of DC power to signal
power must be efficient. The theoretical maximum efficiencies for the different Classes of am-
plifiers are: 25% for Class A, 50% for Class A output transformer coupled amplifiers, 78.5% for
Class B, and less than 78.5% for Class AB operation.

Distortion analysis was presented with a comparison between the Total Harmonic Distor-
tion and Two-Tone Ratio methods of measurement.

Since power amplifiers deliver high power to their loads, the transistor may dissipate large
amounts of power in the form of heat. Therefore, a heat transfer model was analyzed and related
to the stability factor.

Summary Design Example: Public Address (PA) System Amplifier
In most audio electronic systems, the object is to drive one or more speakers. Typically, these
speakers can be modelled as 8 Q2 devices. Therefore, the output stage of audio electronic systems
require the ability to provide maximum power transfer to a very low resistance device. One com-
mon method to drive low resistance devices is through the use of an output transformer. The
purpose of the output transformer is to provide for impedance matching between the active de-
vices and the speaker.

'The output stage of a PA system will require the application of an electronic signal to an
8 © speaker. Although PA systems generally do not require high audio fidelity, a low distortion
system is desired since some music may be amplified on the system. For a low to moderate power
PA system, the rated (or full) load power can be in the order of 25 W, with an overload capacity
of 10%. A single rail +24V volt power supply is commonly used. The output resistance of the
circuit that drives the output stage is 600 Q.

Design an output power amplifier stage to fulfill the requirements given.

Solution:
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Several alternate output power stages topologies can be used in the design. These include:

* Class A
* Class B
* Class AB

A transformer-coupled Class AB power amplifier topology, shown below, is chosen because

of its low distortion characteristic, and since power dissipation is not specified.

+Vee
%
R
R iBI <o
s icl io
AN =0 '
n
Vi ! g ) §RL
ny
R p—
0>

-—> .
iB2 ic2
‘_

Assuming 80% output transformer efficiency, the transformer primary power is,

P 25
L 22— 3125W.

Nxfnr B 0.8

Transformer Primary Power =

For a 10% overload capacity, the power amplifier must be capable of handling

(110%)(31.25) = 34.4W.

Therefore, each transistor in the Class AB push-pull amplifier must supply 34.4 W/2 = 17.2W.

'The maximum collector voltage for each transistor is,
Ve,max = Vee — Veray = Vee = 24 V.
For each transistor under overload conditions,

VC,ma.xIC,max
PAC])er transistor = f

Solving for I¢ max,

_ 4PACpertransistor _ 4(172) ~ 2 87A

I =
Comax Ve max 24
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Therefore, the AC load that each transistor must drive is,

Vems 24
= _omx _ 20 _34Q,
Iems 287

Ry
and the total primary AC load resistance is
R, =2%(8.4) = 33.6Q.

'The output transformer turns ratio is then

n Ry /8.36~1
n, VRV 8 7

'The full load power for each transistor is,

P 31.25
PFL,pertransistor = % = T =56W.

Assuming identical transistors and a base-emitter turn on voltage of Vgg(on) = 0.6V,

VeeRo 24(600)
Vi on) — 0.6 ~ =
BE(on) Ry + R, Ry

’

where R;//R, = 600 Q2.
Then R; = 24k and R, = 620 2.
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7.8 PROBLEMS

7.1.  'The design goals of the class A amplifier shown include:

* Maximum sinusoidal power delivered to the load of at least 40 mW, and

* Minimum possible power supply current.

Complete the design (including a realization of the current source) using a selection of
resistors and BJ Ts with characteristics:

Br =150 and V4 = 200.

+10V

Yo

820 Q

Bias

- 10V -

7.2.  'The design goals of the class A amplifier shown include:

* Maximum sinusoidal power delivered to the load of at least 0.6 W, and

* Minimum possible power supply current.

Complete the design (including a realization of the current source) using a selection of
resistors and BJ Ts with characteristics:

Br =100 and V4 = 200.

+25V

1 470Q

Bias

-25V -
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7.3. A power amplifier to drive a load, Ry, = 220 2, with the basic topology shown is under
design. The Silicon power BJT is described by:

Br =180 and V4 =100V.
'The pertinent design goals are:

* maximum symmetrical output voltage swing

° Rin ~ 5kQ

(a) Complete the design by determining the proper bias resistors.

(b) Compute the maximum conversion efficiency of the design.

+20V

7.4. 'The amplifier of Problem 7-3 is to be redesigned for a new load, Ry, = 82 Q. The other
design goals remain the same.

(a) Complete the design by determining the proper bias resistors.

(b) Compute the maximum conversion efficiency of the design.
7.5.  'The common-drain class A amplifier shown uses devices for which
VPO=—2V IDSS=5mA VA=120V

For linear operation (the FETs must be within the saturation region), what is the range
of output voltages obtained with R; = oo? What is the range for Ry = 100 Q?

Verify the analytic results using SPICE.
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-10v

7.6. 'The BiFET common-emitter class A amplifier shown uses devices described by:

BJT: Br =150
FET Vpo = —ZV IDSS =175 mA

(a) For linear operation, what is the maximum symmetrical range of output voltages
possible?

(b) Determine the conversion efficiency when the circuit is operating with maximum
symmetrical output.

+12V

-12V

7.7. Redesign the class A amplifier of Problem 7-5 by replacing the FET current with a BJT

current source. For the redesigned amplifier, determine
(a) the maximum symmetrical range of output voltages possible maintaining linear op-
eration?

(b) the conversion efficiency when the circuit is operating with maximum symmetrical
output.
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7.8.  'The circuit shown uses BJTs described by:

Br =120 and V4 =160V.

(a) For linear operation, what is the maximum symmetrical range of output voltages
possible?

(b) Determine the conversion efficiency when the circuit is operating with maximum
symmetrical output.

7.9. Complete the design of the Class A transformer-coupled power amplifier, shown below,
to drive an 8 Q speaker. The required input resistance of the amplifier is R;, = 600 .
'The power amplifier is required to deliver 10 W of power (AC) to the 8 Q speaker load.
Design the biasing network so that a 1% change in /¢ corresponds to a 10% change in

Br.
(a) Show all circuit values and the transformer turns ratio.
(b) Specify minimum transistor power dissipation rating.
(c) Confirm the operation of the design using SPICE. The transformer coupling ef-

ficiency is 0.999 and the BJT characteristics are B = 70, Is = 0.3pA and V4 =
75V.
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Vee +15V
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+ A o
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Vs Rp> REg Cp ——

7.10. Given a Class A BJT power amplifier with a load resistance of 4 Q and power transistor
rating of
PC,max = 10W, VCE(sat) =0.2 V, ?ll’ld VCE(max) =60 V,

a) Determine the maximum attainable voltage swing at the output, the maximum
g g put,
power dissipated by the load, and the efficiency when transformer coupling is not
used.

(b) Repeat part (a) when a transformer coupling is used with a transformer turns ratio

of 2.

7.11. For the complementary push-pull amplifier shown below, determine the peak-to-peak
voltage of the largest possible undistorted sinusoidal output. The Silicon transistor is

described by Br = 75.

ij
Cs Qi Co
)| | [
Fal I
0>
VS VO
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7.12. For the Class B amplifier shown, find the following:

(a) maximum undistorted peak output voltage
(b) maximum DC power consumed

(c) output AC power

(d) the maximum amplifier efficiency, 7.

Assume that the transistors are matched with

Br =100, Is =0.03pA and V,p; =0.7V.

+20V

20V

7.13. 'The push-pull power amplifier shown uses identical transistors with SF = 75. Find the
maximum positive and negative values of V,, for:

(a) Rp =10k

(b) Ry = 1k.
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-12V

7.14. 'The common-drain class B amplifier shown uses devices for which
Vr =1V and K =200uA/V>.
For a sinusoidal input,

(a) at what input voltages do the respective FETs enter the saturation region?
(b) what is the maximum peak output voltage level?

(c) what is the maximum conversion efficiency of this circuit?

+15V

-15V

567

7.15. Complete the design of the Class B push-pull amplifier, shown below, which uses
matched B] Ts with Br = 75, Is = 0.03 pA and V4 = 120 V. Assume 99% transformer

efficiency, rated load power of 12 W, and an overload capacity of 10%.

(a) Determine the input transformer ratio, n,, for maximum power transfer.
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(b) Determine the output transformer ratio, ny : ns.
(c) Find the maximum values of icy,ic2, and i,.

(d) Find the power delivered to the load per transistor, Pacpersransistors collector power
dissipation, Pc, and DC power dissipation, Ppc.

(e) Calculate the amplifier efficiency, 7.

(f) Plot the transfer characteristic of the power amplifier using SPICE.

+4V + 12V

2 Rpp
5 20
600 Q o

1:m,
AN 0
Vi i g n § RL
— i o 50 Q

0>

ic2

7.16. The class AB amplifier shown uses two 10k resistors to establish quiescent current
through two diodes bridging the base-emitter junctions of a matched BJT pair. This
quiescent current increases the DC power drawn from the power supplies and therefore
decreases the efficiency of the amplifier. The transistors have characteristics:

Br =150 and V4 = 200.

(a) Determine the maximum conversion efficiency.

(b) What is the conversion efficiency if the output is reduced to one-half the maximum
possible undistorted amplitude?
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+10V
»
10 kQ
VO
" 220Q
10 kQ
-10V

7.17. A class AB amplifier with the general topology shown at the right is under design. The
power transistors being used are Silicon Darlington pairs (shown in schematic form). A
Zener diode is being used to eliminate crossover distortion and a current source provides
biasing.

(a) What should the Zener voltage, V, be to eliminate crossover distortion?

(b) What is the maximum sinusoidal amplitude of the output voltage?

(c) The typical DC current gain of the Darlington pairs is 2500, and the Zener diode
requires a minimum diode current of 2 mA to ensure regulation. What is the maxi-
mum value of the resistor, R, necessary to keep the Zener diode in regulation while
achieving maximum output power?

(d) Determine the maximum efficiency of this circuit with the above determined diode,
transistor, and resistor parameters.
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40V

AN

8Q

- 40V

7.18. A class AB amplifier with the general topology shown is under design. The transistors
being used are Silicon Darlington pairs (shown in schematic form). A Zener diode is
being used to eliminate crossover distortion. This Zener diode requires a minimum diode
current of 500 LA to ensure regulation. The individual BJTs in the Darlington pairs are
Silicon with F = 60.

(a) What should the diode Zener voltage, V7, be in order to eliminate crossover distor-
tion?

(b) If the design goals include delivering 55 W of signal power to the load, what is the
minimum undistorted output voltage swing?

(c) For purposes of simple analysis, the resistors shunting the BJ T base-emitter junc-
tions can be considered to act as current sources of value:

Vy

Rshunt

IBias =
Determine the maximum value of the resistor labeled “R” to meet the design goal
(55W of signal power delivered to the load).

(d) Determine the maximum efficiency of this circuit using the design value of the re-
sistor determined in part ¢ and the Zener voltage determined in part (a).
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40V

7.19. Complete the design of the Class AB power amplifier, shown below, which uses matched
BJTs with BF = 50,15 = 0.3pA and V4 = 150 V. Assume 99% transformer efficiency,
rated load power of 15 W, and an overload capacity of 15%.
(a) Determine the input transformer ratio, 1, for maximum power transfer.
(b) Determine the output transformer ratio, ny : ns.

(c) Find the maximum values of icy,ic2, and i,.

(d) Find the power delivered to the load per transistor, Pacperiransistors collector power
dissipation, Pc, and DC power dissipation, Ppc.

(e) Calculate the amplifier efficiency, 7.

(f) Plot the transfer characteristic of the power amplifier using SPICE.




572 7. POWER AMPLIFIERS AND OUTPUT STAGES

Rs R,
600 Q 1, o
A 0 ¢
R
Vi E—L/\/\/\/al n e
510 Q —
0>

7.20. Complete the design of a direct-coupled output push-pull amplifier, shown to achieve a
maximum output to an 8 2 load. The circuit uses matched transistors with the following

specifications:

PC,ma.x = 8W7 iC,ma.x = 15A7 IBF = 60,
Vi =120V, Is =0.05pA and Vigmx = 55V.

(a) Determine the maximum input voltage for an undistorted output signal.

(b) Plot the transfer characteristic of the power amplifier using SPICE.

Rg; TI2V

7.21. Design a Class B power amplifier stage to deliver an average power of 75 W into a 12 Q
load. The power supply must be 5 volts greater than the peak sinusoidal output signal.
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7.23.
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(a) Draw the schematic of the power amplifier.

(b) Determine the required power supply voltage, peak power supply current, total DC
power consumed by the circuit, and efficiency of the amplifier.

(c) Determine the maximum possible power dissipation per transistor for a sinusoidal

input signal.

Design a Class AB direct-coupled output power amplifier using matched BJTs with
Br =60, Is = 0.05pA and V4 = 120V. The amplifier is required to provide a rated
load power of 15W, and an overload capacity of 15%. Assume 99% transformer efhi-
ciency and a power supply of +24 V.

Complete the design of the Class AB power amplifier shown below for Rp1//Rp2 =
Rp3//Rps = 12kQ. 'The transistors are matched and have the parameters fr =
60, Is = 0.033pAand V4 = 120 V.

(a) Design the bias network to eliminate crossover distortion (adjust to Vag(wm) =
0.6V).
(b) What is the maximum undistorted power delivered to the load?

(c) Determine the DC power dissipation, Ppc, and the efficiency, 7, of the amplifier
for maximum output current.

(d) Plot the transfer characteristic of the power amplifier using SPICE.

Vee
+24V

Lg Rci %
Cor Rpi1 10 Q
| Y
Rp>
Vso—9 Yo
Rp3 — gLQ
| { o =
Cs2 R Res
10 Q
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7.24. A direct-coupled Class-AB power amplifier is shown below using matching transistors
with parameters Br = 75, Is = 0.033 pA, and V4 = 100 V. Resistors Rg; and R, are
included to guard against the possibility of transistor thermal runaway.

(a) For Ry, = o0, find the quiescent current through each transistor and calculate v,.

(b) For Ry, = oo, find the collector current through each transistor when vy = +5V
and calculate v,.

(c) For Ry, = 75Q, find the collector current through each transistor when vy = +5V
and calculate v,.

(d) Plot the transfer characteristic of the amplifier using SPICE for Ry, = 75 Q.

Vee
+24V

REs
82Q

03
Rs
300Q ©5
LA
Q4
Re4
8.2Q

-VeE
24V

7.25. A class B amplifier has the transfer characteristic shown. Determine the second and third

harmonic distortion (in dB) and the total harmonic distortion for the following amplitude
input sinusoids:

(a) 14 cos(wt) V
(b) 8cos(wt) V

'The scale is 10 V/major division.
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7.26. A class A amplifier has the transfer characteristic shown (the quiescent point for the
amplifier is the central point the diagram). Determine the second and third harmonic

distortion (in dB) and the total harmonic distortion for the following amplitude input
sinusoids:

(a) 0.1cos(wt) V
(b) 0.2cos(wt) V

'The vertical scale is 5 V/major division and the horizontal scale is 0.2 V/major division.

N\

=

\
.

7.27. 'The input to an amplifier is a pure, undistorted sinusoid. One cycle of the resultant output
waveform is shown. The vertical scale is 1 V/div. and the horizontal scale is 50 ps/div.

(a) Determine the amplifier second and third harmonic distortion by sampling the

waveform at appropriately positioned data points and performing appropriate cal-
culations.
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(b) What is the total harmonic distortion of the amplifier with this input?

N

7.28. 'The input to an amplifier is a pure, undistorted sinusoid. One cycle of the resultant output
waveform is shown. The vertical scale is 0.5 V/div. and the horizontal scale is 20 ms/div.

(a) Determine the amplifier second and third harmonic distortion by sampling the

waveform at appropriately positioned data points and performing appropriate cal-
culations.

(b) What is the total harmonic distortion of the amplifier with this input?

7.29. Amplifiers may distort the input signal in rather unusual ways. For instance a Class A,

common-emitter amplifier with an emitter resistor responds to an overly-large input as
show.

Determine the second, third, and total harmonic distortion of the output waveform

S
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7.30. A Class A, common-emitter amplifier with an emitter resistor responds to an overly-
large amplitude input signal by “reflecting” a portion of the signal (see output waveform
shown in the previous problem). This “reflection” occurs while the BJ T is in the saturation
region of operation. Investigate this phenomenon by using simple BJ T regional models to
analyze the output voltage waveform of circuit shown for the following amplitude input
sinusoids:

(a) v;(¢) = 0.5sin(wt)
(b) v;(t) = 1.5sin(wt)
(c) v;(t) = 3.0sin(wt)

'The Silicon BJT is described by Br = 100.

+10V
3.3kQ
10 kQ Y
Vi
1.5kQ

T 32V \

7.31. Perform the distortion investigation of the circuit shown in the previous problem using
SPICE. Comment on results.

7.32. It seems reasonable to assume that the “reflection” distortion found in common-emitter
amplifiers with an emitter resistor might also be present in common-source amplifiers
with a source resistor. Investigate the distortion present in the FET circuit shown using
SPICE and compare results to those found in Problems 7-27 or 7-28. Comment on the
similarities and/or differences in the output of the two circuits. Explain what character-
istics in FET and BJT performance cause these similarities and/or differences. The FET
in the given circuit is described by:

Vr =10V K=5mA/V? V4=160V.
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+10V
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7.33. An amplifier is characterized using the two tone measurement method with a total aver-
age input power of 100 £ W. The resulting intermodulation results were: IMD, = —35dB
and IMD3; = —40dB. The amplifier is not experiencing gain compression.

(a) Find the second and third harmonic ratios (to the fundamentals).
(b) Determine the Fourier coeflicients of the output signal.

(c) Use SPICE or other computer software package to plot the transfer function of the
output compared to the ideal undistorted transfer characteristic.

(d) Maintaining a 5dB difference in IMD, and IMD3, determine the distortion level
where there is a 5% difference between the transfer function of the amplifier and

the ideal.

7.34. Consider the Class-B push-pull amplifier shown in Figure 7.33. The amplifier distortion
characteristics are given as IMD, = —30dB and IMD3 = —40dB for the input signal
power used.

(a) If the base current in Q1 is ig; = Ip1(coswyt + 0.02 cos 2w,t), find the corre-
sponding Q> collector current and the total output current at the load.

(b) If the base current in Q1 is ig; = Ip1(coswet + 0.02 cos 3w,t), find the corre-
sponding Q, collector current and the total output current at the load.

(c) Use SPICE to simulate parts (a) and (b). The transistors are matched with param-
eters Br = 75,15 = 0.033pA, and V4 = 100 V.

7.35. Data from a transistor specification sheet shows that the maximum junction temper-
ature is 150°C and the maximum allowable dissipation at any temperature is 15 W.
'The transistor should be derated above 25°C ambient. Assume a heat sink is used with
0. = 0.7°C/W and 0, = 1.5°C/W. Let Pp = 7W at a 40°C ambient. Find:

(a) the junction temperature
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(b) the case temperature
(c) the heat sink temperature.

7.36. A thermal equivalent circuit has 6, = 0.2°C/mW, 6., = 0.1°C/mW, and 6, =
0.1°C/mW for a particular transistor.

(a) If the thermal system (transistor and heat sink) dissipates 0.1 W into an ambient
environment at 30°C, find the junction temperature, 7}, case temperature, T, and
heat sink temperature, Ty.

(b) If T; = 150°C with T4 = 50°C, find T¢ and Pp.

7.37. A typical transistor may have thermal data as follows: “Total device dissipation at T4 =
25°C is 1 W; derate above 25°C, 10 mW/°C.” What is the safe power dissipation at an
ambient temperature of

(a) 75°C
(b) 0°C

(c) If 6. = 0.03°C/mW, what is ., (case-to-ambient thermal resistance)?

7.38. Given a BJT with the following parameters:
Br =75, 1s =0.033pA, and V4 =100V,

and a power supply voltage of 15 V: Assume that the B] T SPICE parameters XTB = 1.5
and XTT = 3 yielding Vgg = 0.7V @ 25°C and decreasing linearly by 1.3 mV/°C.

(a) Design a stable biasing circuit for I¢c = 5mA + 0.05mA and Vg =5V £ 1V for
—55°C < T < 125°C. Assume that the B]T SPICE parameters XTB = 1.5 and
XTI = 3 yielding, Vzg = 0.7 V@25°C and decreasing linearly by 1.3 mV/°C.

(b) Find the junction temperature at ambient temperatures of —55°C and 125°C.
7.39. A transistor is specified for a maximum allowable case temperature of 150°C. The max-

imum allowable dissipation is 150 mW, and the transistor should be derated above
Tc =25°C. It 0,y = 0.1°C/mW and 6,, = 0.4°C/mW, find the temperature of the heat
sink when:

(a) 150 mW is being dissipated and T¢ = 25°C

(b) 150 mW is being dissipated and T¢ = 0°C

(c) as much power as possible is being dissipated and T¢ = 100°C.

7.40. 'The given power derating curve of a FET shows maximum power dissipation as a function
of ambient temperature. If 6., = 2°C/mW, find:
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(a) 9ja
b) 6,
(c) What is the maximum safe value of Pp if T4 = 100°C?
(d) How much power may be dissipated if 7¢c = 100°C?

Maximum
Power Dissipation 4
P max)

D(
inW

1

AO A(max) Ain Celcius
25 150
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CHAPTER 8

Feedback Amplifier Principles

Feedback is the process of combining a portion of the output of a system with the system input to
achieve modified performance characteristics. Negative feedback is especially import in amplifier
design as it produces several significant benefits. The primary benefits are:

* 'The gain of the amplifier is stabilized against variation in the characteristic parameters of
the active devices due to voltage or current supply changes, temperature changes, or de-
vice degradation with age. Similarly, amplifier performance is stabilized within a group of
amplifiers that have, by necessity, active devices with different characteristic parameters.

* 'The input and output impedances of the amplifier can be selectively increased or decreased.
* Non-linear signal distortion is reduced.

* 'The midband frequency range is increased. Discussion of this aspect is delayed until Chap-
ter 11 (Book 3).

It is a rare occurrence when benefits come without a price. In the case of negative feedback, the
above listed benefits are accompanied by two primary drawbacks:

* 'The gain of the circuit is reduced. In order to regain the losses due to feedback, additional
amplification stages must be included in the system design. This adds complexity, size,
weight, and cost to the final design.

* 'There is a possibility for oscillation to occur. Oscillation will destroy the basic gain properties
of the amplifier. Discussion of this aspect will also be delayed until Chapter 11 (Book 3).

In this chapter the benefits of negative feedback are considered. Basic definitions are followed
by a general discussion of the properties of a feedback system. Amplifiers are divided into four
categories of feedback topology and the specific properties of each topological type are derived.
While the emphasis of discussions must focus on circuit analysis techniques, a clear understanding
of the of feedback in general, and effects of circuit topology in particular, is a necessity for good
feedback amplifier design.

'The Summary Design Example explores the common design practice of modifying existing
circuitry to meet new, but similar, performance specifications. Minimal alteration of the existing

design is explored as a possible, discretionary design criterion.
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8.1 BASIC FEEDBACK CONCEPTS
'The basic topology of a feedback amplifier is shown in Figure 8.1. This figure shows a feedback

system in its most general form: each signal symbolized with {X()} can take the form of either
a voltage or a current, and travels only in the direction of the indicated arrows. The triangular
symbol is a linear amplifier of gain, A, as has been described in several of the preceding Chapters.
The rectangle indicates a feedback network that samples the output signal, scales it by a factor, f,
and passes it forward to the input of the system. The circular symbol is a summing (or mixing)
junction that subtracts the feedback signal, X, from the inputs. Subtraction of the two inputs at
the summing junction is a key factor in negative feedback systems.

Xo

f <

Figure 8.1: Basic negative feedback topology.

The system can be mathematically modeled in the following fashion. The output of the
amplifier, X,, is related to its input signal X5 by a linear amplification factor (gain), A4, often
called the forward or open-loop gain:

X, = A(Xs). (8.1)
Since the quantities X, and X5 can be either voltage or current signals, the forward gain, A, can
be a voltage gain, a current gain, a transconductance, or a transresistance." The feedback signal,
Xy (a fraction of the output signal, X,) is then subtracted

X5 = (Xi = Xy) = (Xi = [X,), (8.2)
where f is the feedback ratio defining the relationship between X and X,:
Xr = fX,. (8.3)

The feedback ratio, f, can also be a ratio of voltages, currents, transconductance, or transresis-

tance. In order to have stable negative feedback, it is necessary that the mathematical sign of f be the

same as that of A.” Thus, the product, Af, called the loop gain, is a positive, dimensionless quantity.
'Gain quantities are ratios of an output quantity to an input quantity. Transresistance implies the ratio of an output voltage to
an input current: transconductance is the ratio of an output current to an input voltage.

This mathematical sign identity is necessary in the midband frequency region: Chapter 11 (Book 3) explores frequency-
dependent phase shifts in the gain and feedback quantities and their consequences.
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'The input-output relationship for the overall system is derived from Equations (8.1) and (8.2):

X, ArX;. (8.4)

1+4f7"
'The overall gain of the system including the effects of feedback is then written as:

X 4
X Tt Af

(8.5)

Notice that Ar does not need to be either a voltage or current gain: it will have the same di-
mensions as the forward gain, A. Equation (8.5) has special significance in the study of feedback
systems and is called the basic feedback equation. The denominator of the basic feedback equation
is identified as the return difference, D, also referred to as the amount of feedback:

D=1+Af (8.6)

The return difference, for negative feedback systems, has magnitude larger than unity (in the
midband frequency region) and is often specified in decibels:

Dgs = 2010g10 14+ Af]. (8.7)

The return difference quantifies the degradation in gain due to the addition of feedback to the
system. It also plays a significant role in quantifying changes in input and output impedance and
frequency bandwidth.

The derivation of the basic feedback equation is based on two basic idealized assumptions:

* 'The reverse transmission through the amplifier is zero (applying a signal at the output pro-
duces no signal at the input).

* 'The forward transmission (left to right in Figure 8.1) through the feedback network is zero.

While these assumptions are impossible to meet in practice, a reasonable approximation is ob-
tained with the following realistic requirements:

* 'The reverse transmission through the amplifier is negligible compared to the reverse trans-
mission through the feedback network.

* 'The forward transmission through the feedback network is negligible compared to the for-
ward transmission through the amplifier.

In most feedback amplifiers the amplifier is an active device with significant forward gain and
near-zero reverse gain; the feedback network is almost always a passive network. Thus, in the
forward direction, the large active gain will exceed the passive attenuation significantly. Similarly,
in the reverse direction, the gain of the feedback network, albeit typically small, is significantly
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greater than the near-zero reverse gain of the amplifier. In almost every electronic application, the
above stated requirements for the use of the basic feedback equation are easily met by the typical
tfeedback amplifier.

Some of the drawbacks and benefits of feedback systems can be investigated on a simple

level by looking at the properties of the basic feedback equation (Equation (8.5)):*

1. The gain of the circuit is reduced. It has been already shown that the overall gain is the gain
of the simple amplifier without feedback divided the return difference, which is larger in
magnitude than one.

2. There is a possibility for oscillation to occur. It will be shown in Chapters 10 and 11 (Book 3)
that the gain decreases and the phase of the gain of an amplifier changes as frequency in-
creases. This change in phase may cause the loop gain, Af, to change sign from positive to
negative. If this change in sign occurs at the same frequency that the magnitude of the loop
gain approaches unity, the return difference approaches zero at that frequency. Division by
zero indicates an instability: that instability is realized as an oscillation. Linear oscillators
are discussed in Chapter 12 (Book 4).

3. The gain of the amplifier is stabilized against variation in the characteristic parameters of the
active devices. It has been shown in previous chapters, that the gain, A, of an amplifier
is highly dependent on the parameters of the active devices. These parameters are highly
dependent on temperature, bias conditions, and manufacturing tolerances. It is therefore
desirable to design amplifiers that are reasonably insensitive to the variation of the device
parameters.

The relationship between the differential change in gain due to device parameter variation
with and without feedback is obtained by differentiating Equation (8.5):

1
dAf = ————d A, 8.8
Tt Af)? (88)
which is more typically expressed as:
d As 1 d A
= — . 8.9
=l T )

Stable negative feedback amplifiers require that the return difference have magnitude greater than
unity:

A+Af)>1; (8.10)

*The change in the input and output impedances can not be investigated at this level: it is necessary to specify the nature (voltage
or current) of the input and output quantities. Discussion of these properties of feedback systems is found in Section 8.3.
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thus the variation of the overall amplifier gain, Ay, is reduced by a factor of the return ratio.

Example 8.1

A feedback amplifier is constructed with an amplifier that is subject to a 3% variation in gain as its
fundamental forward-gain element. It is desired that the feedback amplifier have no more than
0.1% variation in its overall gain due to the variation in this element. Determine the necessary
return difference to achieve this design goal.

Solution:
Equation (8.9) is the significant relationship:

‘d Ar ‘ _ ‘ 1 ‘ ‘d A
Ar | [(U+AN|] A
'The significant properties are:
1
0.001 > |—— 0.03 = D=1+ A4f = 30.
ol !

‘The minimum necessary return ratio is 30: more often identified as its decibel equivalent,

Dgg = 20log,, D = 29.54dB.

Equation (8.9) is useful for small changes in amplification due to parameter variation. If
the change are large, the mathematical process must involve differences rather than differentials:

As A

AAr=App—Ary = - .
A B S R Y

(8.11)

In order to put this into the same format as Equation (8.9), it is necessary to divide both sides of
the equation by A :

Adr| _|_ A (1+A1f)_1‘: M(L) (8.12)
Ay 1+ Axf A1 1+ Axf \A )| ‘
or
AA 1 AA 1 AA
s H_ :‘ H (8.13)
Avrf 1+ A2 f || A 1+ (A1 +AA) f|]| A
Example 8.2

A feedback amplifier is constructed with an amplifier with nominal gain, A = 100, that is subject
to a 30% variation in gain as its fundamental forward-gain element. It is desired that the feedback
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amplifier have no more than 1% variation in its overall gain due to the variation in this element.
Determine the necessary return difterence to achieve this design goal.

Solution:

This problem statement is a duplicate of Example 8.1 with the variation increased by a
factor of 10. Use of Equation (8.9) will produce the same results (D = 30). The large variation,
however, requires the use of Equation (8.13)

1
1+ (A1 4+ AA) f

|0.01] > [0.3] = 1+ (41 + AA)f > 30,

where A = 100 and AA = £0.3(4;) = £30. Solving the above inequality using both values of
A A leads to two values of the feedback ratio, f:

f =02231 or f >0.4143.
Good design practice indicates that bozb inequalities should be satisfied. Thus,
D=1+ A1) =(1+100{0.4143}) = 42.43,
and
Dgg = 20log,, D = 32.55dB.

'This result is about 3 dB more than predicted using the methods in Example 8.1.

4. Non-linear signal distortion is reduced. Stabilization of gain with parameter variation suggests
that the gain will be stabilized with respect to other gain-changing effects. One such eftect
is non-linear distortion: this type of distortion is a variation of the gain with respect to
input signal amplitude. A simple example of non-linear distortion is shown in Figure 8.2.
Here the transfer characteristic of a simple amplifier is approximated by two regions, each of
which is characterized by different amplification, A; and A,. To this transfer characteristic,
a small amount of feedback is applied so that A; f = 1, and the resultant feedback transfer
characteristic is also shown.

As can be easily seen, the overall feedback transfer characteristic also consists of two regions
with overall amplification A; s and A, . In this demonstration, the amplification ratios are:

A A
23 ad 2 s
A, Ay

Feedback has significantly improved the linearity of the system and reduced non-linear
distortion. Larger amounts of feedback (increasing the feedback ratio, /) will continue to
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Y

with -+
Jfeedback —+
no

feedback

Figure 8.2: The effect on feedback on an amplifier transfer characteristic.

improve the linearity. For this example, increasing the feedback ratio by a factor of 5 will
result in a ratio of overall gain in the two regions of 1.067 (as compared to 1.5, above).

It should be noted that the saturation level of an amplifier is not significantly altered by the
introduction of negative feedback. Since the incremental gain in saturation is essentially
zero, the feedback difference is also zero. No significant change to the input occurs and the
output remains saturated.

Another possible viewpoint on gain stabilization comes from another form of the basic
teedback equation:

A 1 1 1
Af=m=7(l—m)%7. (8.14)

For large return difference (D = 1 + Af) the overall gain with feedback is dominated by
the feedback ratio, f.

5. The midband frequency range is increased. While this property is discussed extensively in
Chapter 11 (Book 3), it can be considered a special case of the reduction in gain variation.
As frequencies increase, the performance parameters of an amplifier degrade. Similarly,
coupling and bypass capacitors will degrade low-frequency performance. Feedback reduces
the effects of these frequency-dependent degradations and thereby increases the frequency
band over which the amplifier has stable gain.
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8.2 FEEDBACKAMPLIFIER TOPOLOGIES

As has been seen in the previous section, general discussions provide great insight into many of the
properties of feedback systems. In order to consider the design of electronic feedback amplifiers,
it is necessary, however, to specify the details of the feedback sampling and mixing processes
and the circuits necessary to accomplish these operations. The sampling and mixing processes
have a profound effect on the input impedance, the output impedance, and the definition of the
forward gain quantity that undergoes guantified change due to the application of feedback.* This
section will analyze the various idealized feedback configurations: Section 8.3 will look at practical
feedback configurations.

As has been previously stated, both the mixing and the sampling process for a feedback
amplifier can utilize either voltages or currents. Voltage mixing (subtraction) implies a series con-
nection of voltages at the input of the amplifier: current mixing implies a shunt connection. Volt-
age sampling implies a shunt connection of the sampling probes across the output voltage: current
sampling implies a series connection so that the output current flows into the sampling network.
Either type of mixing can be combined with either type of sampling. Thus, a feedback ampli-
fier may have one of four possible combinations of the mixing and sampling processes. These
four combinations are commonly identified by a hyphenated term: (mixing topology)-(sampling

topology). The four types are:
o shunt-shunt feedback (current mixing & voltage sampling)
* shunt-series feedback (current mixing & current sampling)
* series-shunt feedback (voltage mixing & voltage sampling)
s series-series feedback (voltage mixing & current sampling)

'The four basic feedback amplifier topologies are shown schematically in Figure 8.3. A source
and a load resistance have been attached to model complete operation. In each diagram the input,
feedback and output quantities are shown properly as voltages or currents. Forward gain, 4, must
be defined as the ratio of the output sampled quantity divided by the input quantity that under-
goes mixing. As such it is a transresistance, current gain, voltage gain, or transconductance. The
feedback network, as described by the feedback ratio (f'), must sample the output quantity and
present a quantity to the mixer that is of the same type (current or voltage) as the input quantity.
As such it is a transconductance, current gain, voltage gain, or transresistance. Table 8.1 is listing
of the appropriate quantities mixed at the input, the output sampled quantity, the forward gain,
and the feedback ratio for each of the four feedback amplifier topologies. It is important to re-
member that the product, Af, must be dimensionless and, in the midband region of operation,
positive.

*For any gain topology, all forward gain quantities may undergo change: the gain quantity listed in Table 8.1 is the single
quantity that is altered as described by the basic feedback equation (Equation (8.5)).
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Figure 8.3: Feedback amplifier topologies (a) shunt-shunt feedback; (b) shunt-series feedback;
(c) series-shunt feedback; and (d) series-series feedback.

Table 8.1: Feedback amplifier topology parameters

shunt-shunt shunt-series series-shunt series-series
input, X; current, i current, i voltage, v, voltage, v,
output, X, voltage, v, current, 7, voltage, v, current, i,

forward gain, 4 transresistance, Ry,  current gain, 4,  voltage gain, Ay  transconductance, G,

feedback ratio, f iflv,, irli, Vilvy veli,

In the previous section, all drawbacks and benefits of feedback were discussed excepr the
modification of input and output impedance. The specific definitions of the four feedback ampli-

fier topologies allow for that discussion to begin here. The mixing process alters the input impedance
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of a negative feedback amplifier. Shunt mixing decreases the input resistance and series mixing
increases the input impedance.

1. Shunt mixing decreases the input resistance. For the shunt-shunt feedback amplifier (Fig-
ure 8.4), the voltage across its input terminals (arbitrarily identified as v) and the input
current, i;, are related by the feedback amplifier input resistance, Ry

v = iiR,'Jr. (815)
Similarly, the forward gain amplifier has input quantities related by its input impedance,
R;:
v =isR;. (8.16)
+

Figure 8.4: Input and output resistance for shunt-shunt feedback.

The two input currents, i; and i, are related through the forward gain and the feedback

ratio:
is =i —Iif =ij—is(Rmyf) = ii=is(14+Ryuf). (8.17)
Therefore, combining Equations (8.15) and (8.17) yields:
R:
Ry =+ = . ’ (8.18)

i is(0+Ruf) 1+Ruf

The input resistance to feedback amplifier is the input resistance of the forward gain am-
plifier reduced by a factor of the return difference. Shunt-series feedback amplifier input
resistance is similarly derived (replacing Ras by Ar). The same basic reduction in input
resistance occurs:

R;

- (8.19)

Ry
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2. Series mixing increases input resistance. For the series-series feedback amplifier of Figure 8.5,
the voltage across its input terminals v; and the input current (arbitrarily identified as i),
are related by the feedback amplifier input resistance, Ry

V; = l'R,f. (820)

=
o=

_|_

v

Figure 8.5: Input and output resistance for series-series feedback.

Similarly, the forward gain amplifier has input quantities related by its input impedance,

R,‘Z
Vg = iRi. (821)
'The two input voltages, v; and vs , are related through the forward gain and the feedback
ratio:
vs =v; —vr =0 —vs(Gu f) = vi =vs(l+Gpmf). (8.22)

'Therefore, combining Equations (8.20) and (8.22) yields:

v;i vs(1+G
R#=%:MI+M=R,~(1+GMJF). (8.23)
The input resistance to feedback amplifier is the input resistance of the forward gain am-
plifier increased by a factor of the return difference. Series-shunt teedback amplifier input
resistance is similarly derived (replacing Gy by Ay ). The same basic increase in input re-

sistance occurs:
Ry=Ri(1+Ayf). (8.24)

It should be noted that resistors shunting the input, such as biasing resistors, often do not
fit within the topological standards of series mixing. Thus, they must be considered separate
from the feedback amplifier in order to properly model feedback amplifier characteristics
using the techniques outlined in this, and following, chapters. Examples of such resistors
will be found in the next section of this chapter.
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The sampling process alters the output impedance of the feedback amplifier. Here shunt sam-
pling decreases the output resistance and series sampling increases the output resistance.

1. Shunt sampling decreases the output resistance. For the shunt-shunt feedback amplifier of Fig-
ure 8.4, the output resistance is measured by applying a voltage source of value, v, to the
output terminals with the input, i;, set to zero value. A simplified schematic representation
of that measurement is shown in Figure 8.6. In this figure, the forward-gain amplifier has
been shown with its appropriate gain parameter, Rps, and output resistance, R,.

Figure 8.6: Schematic representation of shunt-shunt feedback for output resistance calculations.

'The output resistance of the feedback system is the ratio,

Ry = . (8.25)

1

In the case where the input current has been set to zero,
is = —if = —fv. (8.26)
Combining Equations (8.25) and (8.26) yields:

— Ru(— R
j= LT RuCSY) g Y i

= — 8.27
R, l 14+ Ry f (8.27)

The output resistance of the feedback amplifier is the output resistance of the forward gain

amplifier decreased by a factor of the return difference. Series-shunt feedback amplifier out-

put resistance is similarly derived (replacing Ras by Ay ). The same basic reduction in input
resistance occurs:

Ry= —Ro

YT I+ Ay f

Resistors that shunt the output terminals, such as a load resistor, are considered as part of

the feedback amplifier. The forward gain parameter (Rps or Ay) must be calculated in a
consistent fashion with the consideration of these elements.

(8.28)
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2. Series sampling increases the output resistance. For the series-series feedback amplifier of Fig-
ure 8.5, the output resistance is measured by applying a current source of value, i, to the
output terminals with the input, v;, set to zero value. A simplified schematic representation
of that measurement is shown in Figure 8.7. In this figure, the forward-gain amplifier has
been shown with its appropriate gain parameter, Ay, and output resistance, R,.

Figure 8.7: Schematic representation of series-series feedback for output resistance calculations.

The output resistance of the feedback system is the ratio,

Ry = 13 (8.29)
The voltage, v, is given by:
v=_(>—Gpus)R,. (8.30)
Since the input voltage, v;, has been set to zero value,
vs = —vp = —f;. (8.31)
Combining Equations (8.30) and (8.31) yields:
v=(—Gul—FfiYRo = i(1 + Gar f)Ro. (8.32)

'The output resistance is then given by:
v
Ry = o= 1+Guf) R,. (8.33)

'The output resistance of the feedback amplifier is the output resistance of the forward gain
amplifier increased by a factor of the return difterence. Shunt-series teedback amplifier out-
put resistance is similarly derived (replacing Gas by Ay). The same basic increase in input
resistance occurs:

Ry = (1+ A7 f)R,. (8.34)
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It should be noted that resistances shunting the output, such as load resistances, do not fit
within the topological standards of series sampling. Thus, they must be considered separate
from the feedback amplifier in order to properly model feedback amplifier characteristics
using the techniques outlined in this, and following, chapters. The forward gain parameters,
Ay and Gy, must be calculated excluding these resistances. Examples of such resistances
will be found in the next section of this chapter.

Table 8.2: Summary of feedback amplifier resistance parameter55

shunt-shunt shunt-series series-shunt series-series

R R
Input = —t = i i _
Resistance Ry 1+R,, [ R, 1+ 4, f R, =R, (1+ A,,f) Rl.f =R (1+ GMf)

R R
Output _ 0 _ _ . B
Resistance R"f 1+R,, f Rof - Ro( 1+ Alf) Rof 1+ 4, f Rof—Ro( 1+ GMf)

8.3 PRACTICAL FEEDBACK CONFIGURATIONS

Previous discussions of feedback and feedback configurations have been limited to idealized sys-
tems and amplifiers. The four idealized feedback schematic diagrams of Figure 8.3 identify the
forward-gain amplifier and the feedback network as two-port networks with a very specific prop-
erty: each is a device with one-way gain. Realistic electronic feedback amplifiers can only approx-
imate that idealized behavior. In addition, in practical feedback amplifiers there is always some
interaction between the forward-gain amplifier and the feedback network. This interaction most
often takes the form of input and output resistive loading of the forward-gain amplifier. The di-
vision of the practical feedback amplifier into its forward-gain amplifier and feedback network
is also not always obvious. These apparent obstacles to using idealized feedback analysis can be
resolved through the use of two-port network relationships in the derivation of practical feed-
back amplifier properties. Once amplifier gain and impedance relationships have been derived,
the utility of the two-port representations becomes minimal and is typically discarded.

Feedback topology is determined through careful observation of the interconnection of the
feedback network and forward-gain amplifier. Shunt mixing occurs at the input terminal of the
amplifier. Thus, shunt mixing is identified by a connection of feedback network and the forward-
gain amplifier at the input terminal of first active device within the amplifier, that is:

*Series mixing feedback amplifiers that have resistors shunting the input require special care in the application of these formulas.
Also, feedback amplifiers with series sampling and loads that shunt the output require similar care. See Section 8.3 for examples
of proper calculations.




8.3. PRACTICAL FEEDBACK CONFIGURATIONS 595

* at the base of a BJT for a common-emitter or common-collector first stage,
* at the emitter of a BT for a common-base first stage,

* at the gate of a FET for a common-source or common-drain first stage, or
* at the source of a FET for a common-gate first stage.

Series mixing occurs in a loop that contains the input terminal of the forward-gain amplifier
and the controlling port of the first active device. The controlling port of a BJT in the forward-
active region is the base-emitter junction: a FET in the saturation region is controlled by the
voltage across the gate-source input port. Series mixing is characterized by a circuit element which
is both connected to the output and in series with the input voltage and the input port of the first
active device.

Identification of the sampling is derived from direct observation of the connection of the
output of the basic forward amplifier and the feedback network. Shunt sampling is typically char-
acterized by a direct connection of the feedback network to the output node: series sampling im-
plies a series connection of the amplifier output, the feedback network, and the load. Two tests
performed at the feedback amplifier output can aid in the determination of sampling topology:

* If the feedback quantity vanishes for a short-circuit load, the output voltage must be the
sampled quantity. Thus, zero feedback for a short-circuit load implies shunt sampling.

* If the feedback quantity vanishes for an open-circuit load, the output current must be the
sampled quantity. Thus, zero feedback for a open-circuit load implies series sampling.

After the topological type has been identified, each amplifier must be transformed into a
form that allows for the use of the idealized feedback formulations. This transformation includes
modeling the amplifier and the feedback network with a particular two-port representation that
facilitates combination of elements. Once the transformations are accomplished, the amplifier
performance parameters are easily obtained using the methods previously outlined in this Chap-
ter. The particular operations necessary to transform each of the four feedback amplifier topo-
logical types require separate discussion. The examples in this section demonstrate the typical
interconnection of a basic forward amplifier and a feedback network for each feedback topol-
ogy. While B] T amplifiers form the examples of this section, the general approach applies to all
feedback amplifiers regardless of active device type.

8.3.1 SHUNT-SHUNT FEEDBACK

Figure 8.8 shows the small-signal model of a typical shunt-shunt feedback amplifier. In this rep-
resentation, the forward-gain amplifier and the feedback network have been replaced by their
equivalent y-parameter two-port network representations so that parallel parameters can be easily
combined. A resistive load has been applied to the output port; and, since shunt-shunt feedback
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amplifiers are transresistance amplifiers, a Norton equivalent source has been shown as the input.
It should also be noted that the forward-gain parameter of each two-port, y»1, is the transadmit-
tance.

Figure 8.8: Two-port realization of a shunt-shunt feedback amplifier.

'The basic feedback equation for a transresistance amplifier takes the form:

Ry

TSR T (8.35)

Ryy
'The application of the basic feedback equation to this circuit in its current form is not immediately
clear. It is necessary to transform the feedback amplifier circuit into a form that allows for easy
application of the basic feedback equation, Equation (8.35). Such a transformation must meet
the previously stated feedback requirements:

* 'The forward-gain amplifier is to be a forward transmission system only—its reverse trans-
mission must be negligible.

* 'The feedback network is to be a reverse transmission system that presents a feedback current,
dependent on the output voltage, to the amplifier input port.

While a mathematically rigorous derivation of the transformation is possible, greater insight to
the process comes with a heuristic approach.

'The two-port y-parameter representation, in conjunction with the shunt-shunt connection,
is used to describe the two main elements of this feedback amplifier so that all the input port
elements of both two-port networks are in parallel. Similarly, all output port elements are in
parallel. It is well known that circuit elements in parallel may be rearranged and, so long as they
remain in parallel, the circuit continues to function in an identical fashion. Hence, it is possible,
Jfor analysis purposes only, to conceptually move elements from one section of the circuit into another
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(from the feedback circuit to the amplifier circuit or the reverse). The necessary conceptual changes
made for the transformation are:

* 'The source resistance, the load resistance, and all input and output admittances, y1; and
22, are placed in the modified amplifier circuit,’

* All forward transadmittances, y21, (represented by current sources dependent on the input
voltage, v1) are placed in the modified amplifier circuit, and

* All reverse transadmittances, y12, (represented by current sources dependent on the output
voltage, v,) are placed in the modified feedback circuit.

'The dependent current source can be easily combined:

Vo = v + i, (8.36)

and
t _ .a f
Y21 = Va1t Var- (8.37)

In virtually every practical feedback amplifier the reverse transadmittance of the forward-gain
amplifier is much smaller than that of the feedback network (y{, <« ylfz) and the forward
transadmittance of the feedback network is much smaller than that of the forward-gain amplifier

( yzf1 < ¥5,)- Thus, approximate simplifications of the amplifier representation can be made:
Via =yl + v~ v (8.38)
and
t _ S a . ,,a
Y21 = Va1 + Y21 = Yoy (8.39)

'The shunt-shunt feedback amplifier circuit of Figure 8.8 is, with these changes and approxima-
tions, thereby transformed into the circuit shown in Figure 8.9.
'This transformed circuit is composed of two simple elements:

* 'The original amplifier with its input shunted by the source resistance and the feedback
network short-circuit input admittance, ylfl, and its output shunted by the load resistance

and the feedback network short-circuit output admittance, y{z.

* A feedback network composed solely of the feedback network reverse transadmittance, y{z.

®Inclusion of the source and load resistance in the amplifier seems, at first, counterproductive. It is necessary, however, to
include these resistances so that the use of the feedback properties produces correct results for input and output resistance
(after appropriate transformations).
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Figure 8.9: Redistributed shunt-shunt realization.

It is also important to notice that the input resistance, Ry, of this circuit includes the source
resistance, R: as such iz is not the same as the input resistance of the true amplifier, R;,. 'The input
resistance of the true amplifier can be obtained as:

1 1\!
Riy = (_ - _) . (8.40)
Ry Ry

Similarly, the output resistance, Ry, of this circuit includes the load resistance, Ry : similar oper-
ations may be necessary to obtain the true output resistance of the amplifier.
'The y-parameters of the feedback network can be obtained as outlined in Chapter 5:
i
, and ylf2 =L
Vo

i

Vo

f_lr
Y11 v

, (8.41)

v1=0

Yoz =

vo=0 v1=0

where i5 is the current entering the output port of the feedback network (see Figure 8.8). With
the determination of these two-port parameters, the circuit has been transformed into a form that
is compatible with all previous discussions. The forward-gain parameter (in this case, Rpr) of the
loaded basic amplifier must be calculated, while the feedback ratio has been determined from the
two-port analysis of the feedback network:

f =yl (8.42)

In the case of totally resistive feedback networks, the shunting resistances can be found in a simple
fashion:

* rin=( ylfl)_1 is found by setting the output voltage to zero value, v, = 0 and determining
the resistance from the input port of the feedback network to ground.

S Tow = (y{z)_1 is found by setting the input voltage to zero value, v; = 0 and determining
the resistance from the output port of the feedback network to ground.
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The feedback ratio, f, is simply the ratio of the feedback current, iz, to the output voltage when
the input port of the feedback network, v;, is set to zero value.
All idealized feedback methods can be applied to this transformed amplifier and all previ-

ously derived feedback results are valid.

Example 8.3
Determine the small-signal midband voltage gain,
Vo

Ay = =2,
vf v;

and the indicated input and output resistances for the feedback amplifier shown. The Silicon BJ T
is described by BF = 150.

16V

500 Q

Solution::

'This amplifier has typical shunt-shunt topology with a simple resistor as the feedback net-
work. This resistor is directly connected to the base of the input of a common-emitter amplifier:
this connection signifies shunt mixing. Similarly, the direct connection to the output node sig-
nifies shunt sampling (if the load is replaced by a short circuit, the feedback goes to zero). As
outlined above, analysis of feedback amplifiers follows a distinct procedure:

DC Analysis:

As in all amplifier designs, the DC quiescent conditions must be determined so that the BJT
h-parameters can be determined. The primary equation of interest for this amplifier is a loop
equation passing through the DC source and the B] T base-emitter junction:

16 —3.9k(15115) —3.3klIp — 0.7 —27(1511p) = 0.
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'This equation leads to the quiescent conditions:
Ip =25.66 uA, Ic =3.849mA, and Ve =0.785V.
'The significant B] T’ A-parameters are determined from these conditions to be:

hf = 150 hie = 1.020k<2.

Partition the Circuit into its Functional Modules:

'The AC equivalent amplifier circuit must be partitioned into its basic functional modules so that
analysis can proceed. In addition a Norton equivalent of the source must be made so that the
source resistance shunts the input. The functional modules necessary are: the basic forward am-
plifier, the feedback network, and the source. The load resistance and the output resistance of the
source must be included in the basic forward amplifier module.

Basic Forward Amp

I I
|
l |
1L | Y
—> V |
| |
! I
% : 'R,
T s~ 500 ! 500 Q :
: 270 3.9kQ :
f’ I |
|R!-f R ]
C “:
| i 3.3kQ
| e AN
| |
: Feedback Network |
S ]

Load the Basic Forward Amplifier:

'The input and output of the basic forward amplifier must be loaded with the short-circuit input
and output admittances of the feedback network. That process is accomplished by: shunting the
input with a duplicate of the feedback network whose output has been shorted; and shunting the
output with a duplicate of the feedback network whose input has been shorted. The results of such
operations are shown at the right. Notice that the feedback network resistances (in this case the
3.3kQQ resistor) may appear in this loaded circuit more than once. After identifying the feedback
current, i, on the output portion of the circuit, the feedback quantity, f, can also be determined
from this circuit from the duplicate of the feedback network loading the output:

i —1
=2 -

Voly=o 33k
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Vo

3.3kQ

Loaded Basic Forward Amplifier

Determine the Performance of the Loaded Forward Amplifier:
'The determination of the AC performance of the loaded forward amplifier follows the procedures
that have been developed in previous chapters. The input resistance is given by:

R; = 3.3k/500/ {hic + (1 + hp)27} = 434.2/ {1.02k + (1 + 150)27} = 400.1 Q.
'The output resistance is:
R, =3.9k//3.3k = 1.788kQ.

'The amplifier forward transresistance is given by:

Ry = -2 = (”—) (”—) = (A7) (R))
li Vi li

—150{3.9k/3.3k} )
400.12) = —21.05kS2.
({1.020k+(1+150)27} (400.12) 05

Ry

Apply the Feedback Relationships to Obtain Total Circuit Performance:
All of the necessary quantities have been determined for the use of the feedback relationships.

-1
D=14Af =14+Ryf = 1—21.05k(—) = 7.3782

33k
R; 400,12 R 1.7875
Ry=— = =5423Q Ry=-—= = 242.3Q
D 73782 D 773782
—21.05k
Ry = 2L = = — _2855kQ.
D 7.3782

The feedback circuit performance parameters are obtained through simple relationships. The volt-
age gain is obtained with the current/voltage relationship of a Norton/Thévenin transformation:

i 1 —2.8527k
== Ry | o ) = o= = —5.705 &~ —5.70.
/s 500 500

Vo
Ay = —
Vf Vs

Vo

ro s
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'The output resistance is as shown and does not require modification:
Row = Rop ~ 242 Q.

'The input resistance must undergo the transformation of Equation (8.40):

1 1 \! 1 1 \!
Ry=|——-—— = — - — ~ 60.8 Q.
Ry 500 54.23 500

It is helpful to reiterate the procedure for finding the performance parameters of a feedback
amplifier. In order to find the feedback amplifier performance parameters, the following procedure
is followed:

* Perform a DC analysis to obtain active device performance parameters
* Draw an AC equivalent circuit of the entire circuit

 Partition the circuit into its functional modules
* Load the Basic Forward Amplifier

* Determine the Performance of the Loaded Forward Amplifier.
* Apply the Feedback Relationships to Obtain Total Circuit Performance

* If necessary, transform these performance parameters into equivalent performance param-
eters as specified.

This procedure can be followed with all four feedback topologies in the same manner as
has been shown in Example 8.3. The specifics of loading the basic forward amplifier and the
application of the feedback formulas will vary according to the topology.

8.3.2 SHUNT-SERIES FEEDBACK

Figure 8.10 shows the small-signal model of a typical shunt-series feedback amplifier. In this
representation, the forward-gain amplifier and the feedback network have been replaced by their
equivalent g-parameter two-port network representations so that input and output parameters
can be easily combined. A resistive load has been applied to the output port; and, since shunt-
series feedback amplifiers are current amplifiers, a Norton equivalent source has been shown as
the input. The forward-gain parameter of each two-port, g1, is the voltage gain.

'The basic feedback equation for a current amplifier takes the form:

Ag

A = ———.
TN+ A f

(8.43)
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Figure 8.10: Two-port realization of a shunt-series feedback amplifier.

Once again, it is necessary to transform the feedback amplifier circuit into a form that allows
for easy application of the basic feedback equation, Equation (8.43). Such a transformation must
meet the previously stated feedback requirements:

* 'The forward-gain amplifier is to be a forward transmission system only—its reverse trans-
mission must be negligible.

* 'The feedback network is to be a reverse transmission system that presents a feedback current,
dependent on the output voltage, to the amplifier input port.

'The two-port g-parameter representation, in conjunction with the shunt-series connection,
is used to describe the two main elements of this feedback amplifier so that all the input port
elements of both two-port networks are in parallel. In contrast, all output port elements are in
series. For analysis purposes only, elements are conceptually moved elements from one section of
the circuit into another (from the feedback circuit to the amplifier circuit or the reverse). The
necessary conceptual changes made for the transformation are:

* 'The source resistance; all input admittances (g11), and output impedances (g22), are placed
in the modified amplifier circuit. The load resistance is kept separate.

* All forward voltage gains (g21) (represented by voltage sources dependent on the input
voltage, v1) are placed in the modified amplifier circuit, and




604 8. FEEDBACK AMPLIFIER PRINCIPLES

¢ All reverse current gains (g12) (represented by current sources dependent on the output
current, i,) are placed in the modified feedback circuit.

'The dependent current source can be easily combined:

gh=8h+ glf2’ (8.44)
and

b= g5 + &) 8.45

821 = 821 1+ &51- (8.45)

In virtually every practical feedback amplifier the reverse current gain of the forward-gain ampli-
fier is much smaller than that of the feedback network (g¢, < g{ ,) and the forward voltage gain
of the feedback network is much smaller than that of the forward-gain amplifier (g{1 < g51)-
'Thus, approximate simplifications of the amplifier representation can be made:

g, = g% + ¢l ~ gl (8.46)

and
t _ . a f o ,a (8.47)
821 = 821 T &1 ~ &21- :

'The shunt-series feedback amplifier circuit of Figure 8.10 is, with these changes and approxima-
tions, thereby transformed into the circuit shown in Figure 8.11.
'This transformed circuit is composed of two simple elements:

* 'The original amplifier with its input shunted by the source resistance and the feedback net-
work open-circuit input admittance, g{ 1> and its output in series with the feedback network
short-circuit output admittance, g{z and the load resistance.

* A feedback network composed solely of the feedback network reverse transadmittance, g{ 5

As in the other case of shunt mixing, it is important to notice that the input resistance, Rjr, of
this circuit includes the source resistance, Ry: as such iz is not the same as the input resistance of the
true amplifier, R;,. The input resistance of the true amplifier can be obtained as:

1 1\ !
Ry=|——-——) . (8.48)
Ry R

'The output resistance, R, of this circuit does not include the load resistance, Ry .
The g-parameters of the feedback network can be obtained as outlined in Chapter 5:

f if 1%)
8§11 = 822 =

: . and  gh=Y| . (8.49)
0

v1=0 lo v1=0

9
Ul lip=0
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Figure 8.11: Redistributed shunt-series realization.

where v; is the voltage across the output port of the feedback network (see Figure 8.10). With
the determination of these two-port parameters, the circuit has been transformed into a form that
is compatible with all previous discussions. The forward-gain parameter (in this case, A7) of the
loaded basic amplifier must be calculated, while the feedback ratio has been determined from the
two-port analysis of the feedback network:

f=gl, (8.50)

In the case of totally resistive feedback networks, the loading resistances can be found in a simple
fashion:

S Iip = (g{ 1) is found by setting the output current to zero value, i, = 0 and determining

the resistance from the input port of the feedback network to ground. r;, shunts the input.

S Tow = ngz is found by setting the input voltage to zero value, v; = 0 and determining the
resistance from the output port of the feedback network to ground. r,, is in series with the
output.

'The feedback ratio, f', is simply the ratio of the feedback current, if, to the output current
when the input port of the feedback network, v;, is set to zero value.
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Example 8.4
The circuit shown below is a shunt-series feedback amplifier. Determine the indicated input and
output resistances and the midband voltage gain:

v
Ay =2
Us
'The Silicon BJTs are described by fr = 150.
T 12V
82 kQ 4.4 kQ 1 kQ
500 Q oy,
v g 2.2kQ
’ 10 kQ L <2k 100 Q
— 1.2 kQ
Rin o R()ut

Solution::

As in Example 8.3, the direct connection of the feedback network to the base of the input
BJT signifies shunt mixing. At the output, however, the feedback is connected to the emitter of
the output BJ T, whereas the output is at the collector. Simple shorting of the output voltage has
no effect on the feedback, while opening the collector of the output B] T eliminates all feedback:
the sampling topology must be series sampling.

DC Analysis:

As in all amplifier designs, the DC quiescent conditions must be determined so that the BJT
h-parameters can be determined. After setting all capacitors to open circuits, the usual analysis
techniques lead to:

Is1 = 1.136 mA = hien = 3.46kQ
I = 7.494mA = hiop =524 Q2.

Partition the Circuit into its Functional Modules:
'The AC equivalent amplifier circuit must be partitioned into its basic functional modules so that
analysis can proceed. In addition a Norton equivalent of the source must be made so that the
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source resistance shunts the input. The functional modules necessary are: the basic forward am-
plifier, the feedback network, the source, and the load. The output resistance of the source must
be included in the basic forward amplifier module.

=

22kQ

Replacing the source with its Norton equivalent gives to the relationship:
Us
500"

Ls

Load the Basic Forward Amplifier:

'The basic forward amplifier must have its input and output ports loaded. The input port is shunted
with the feedback network whose output port has been open-circuited (shown as a series con-
nection of 1.2k and 100 €2). The output must have the feedback network, with its input port
shorted to ground, placed in series with the output current (here at the emitter of the output B] T).
'This basic loading is shown above. Resistors in parallel (from the partitioned circuit) have been
combined in order to simplify later calculations.

687.5 Q
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In addition, the feedback ratio, f, is easily determined from the output loading circuit. The feed-
back current is identified in the output circuit (feedback current is subtracted from the input, thus
it flows foward the output port) and a ratio is formed:

: i\ (i 100 151
=Y () () = () (=) = 0.07744.
A e e 100+ 1.2k ) \ 150

Determine the Performance of the Loaded Forward Amplifier:
The input resistance of each amplifier stage is calculated:

Ri = hj1 = 3.46kQ
R = hier + 151(1.2k//100) = 14.46 k2.

'The input resistance of the basic loaded amplifier is given by:
Ri = 1.3k//473.4/ /R, = 315.49.

The current gain can be calculated as:

= (- ()

A1:(150)(%)(150)( 1.3k//473.4 ):125.6.

942.9 + 14.46k 1.3k//473.4 4+ 3.46k

'The output resistance is approximately infinite.

Apply the Feedback Relationships to Obtain Total Circuit Performance:
With the calculation of the input and output resistance, the current gain, and the feedback ratio,
it becomes possible to use the feedback relationships to find circuit performance including the

effects of both the loading and feedback.

D =1+ Ay =1+ 125.6(0.07744) = 10.72
Ap 1256

Ay =L = 222 1171
=D T 1072
R, 3154
R,‘f = —=——=2942 R{,f  OQ.
=D T 1072 :

'The defined performance characteristics are altered forms of the above relationships:

Vo io is _ 1 —
= (Z) (E f) (v_s) = (1k//2.2k) (11.71) (%) = 16.1

1 1\!
Ry=(——-—) =3139Q R,,=R,//1k=1kQ.
(R,-f RS) = Ry//

Vo
A = —
K Vg
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8.3.3 SERIES-SHUNT FEEDBACK

Figure 8.12 is the small-signal model of a typical series-shunt feedback amplifier. In this rep-
resentation, the forward-gain amplifier and the feedback network have been replaced by their
equivalent A-parameter two-port network representations. A resistive load has been applied to
the output port; and, since series-shunt feedback amplifiers are voltage amplifiers, a Thévenin
equivalent source has been shown as the input. The forward-gain parameter of each two-port,
ha1, is the current gain.

Figure 8.12: Two-port realization of a series-shunt feedback amplifier.

'The basic feedback equation for a voltage amplifier takes the form:

Ay
Avyy

Again a transformation of the circuit is necessary. The two-port A-parameter representation,
in conjunction with the series-shunt connection, is used to describe the two main elements of this
teedback amplifier so that all the input port elements of both two-port networks are in series. All
output port elements are in parallel. For analysis purposes only, elements are conceptually moved
from one section of the circuit into another:

* 'The load resistance all input impedances (/11) and all output admittances (/122) are placed
in the modified amplifier circuit,

* All forward current gains, h,1, (represented by current sources dependent on the input cur-
rent, i;) are placed in the modified amplifier circuit, and

* All reverse voltage gains, 12, (represented by voltage sources dependent on the output
voltage, v,) are placed in the modified feedback circuit.
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'The usual combinations and approximations hold:

= hl, + hi, ~ i, (8.52)
and
By, = he, + hi, ~ he,. (8.53)

'The series-shunt feedback amplifier circuit of Figure 8.12 is, with these changes and approxima-
tions, thereby transformed into the circuit shown in Figure 8.13.

__________________________,

I +
|
hg]l] RL : 2]
|
o —

Rof

h{ZVo

Figure 8.13: Redistributed series-shunt realization.

This transformed circuit is composed of two simple elements:

* 'The original amplifier with its output shunted by the load resistance and the feedback net-
work open-circuit output admittance, hzfz, and its input in series with the feedback network

short-circuit input admittance, hlf , and the source resistance.

* A feedback network composed solely of the feedback network reverse voltage gain, h{ 5

It is important to notice that the output resistance, Ry, of this circuit includes the load resistance,
Ry : as such it may not the same as the output resistance of the true amplifier, R,y If the load resistance
is not included in R, the correct expression is:

Row = (2= 1) (854
out = Rgf I . .

'The input resistance, R, of this circuit does not include the source resistance, Ry or any other
resistances in series with the input of the basic forward amplifier.
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'The h-parameters of the feedback network can be obtained as outlined in Chapter 5:

i2 v
h{l = - ) hgz = - ) and h{z =7 ) (8.55)
If lyy=0 Vo li=0 Vo lii=0

where 7; is the current entering the input port of the feedback network (see Figure 8.13). With
the determination of these two-port parameters, the circuit has been transformed into a form that
is compatible with all previous discussions. The forward-gain parameter (in this case, Ay) of the
loaded basic amplifier must be calculated, while the feedback ratio has been determined from the
two-port analysis of the feedback network:

f=nl,. (8.56)

In the case of totally resistive feedback networks, the loading resistances can be found in a simple
fashion:

T = h{ | is found by setting the output voltage to zero value, v, = 0 and determining the
resistance from the input port of the feedback network to ground. r;, is in series with the
input.

* Tow = (h {2) is found by setting the input current to zero value, i1 = 0 and determining

the resistance from the output port of the feedback network to ground. r,, shunts the
output.

'The feedback ratio, f', is simply the ratio of the feedback voltage, vs, to the output voltage when
the input current of the feedback network, iy, is set to zero value.

Example 8.5
For the circuit shown, determine the indicated input and output resistances and the midband
voltage gain,

'The Silicon BJTs are described by S = 150.
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T 12V
RGUI
82 kQ 4.4 kQ 1kQ
500 Q ! W
v 2.2kQ
) 10kQS 470 Q 12kQ—— 100 Q
% i i 1.2kQ ) T
R, | (
|
Solution::

In this circuit the feedback network is connected at the emitter of the input BJT. Feedback
in the form of a voltage will appear here in series with a Thévenin source and the base-emitter
junction of the BJT: this is series mixing. The direct connection of the feedback network to the
output node implies shunt sampling (replacing the load with a short eliminates all feedback).

DC Analysis:

'The DC portion of this circuit is identical to that of Example 8.4. The only changes have been in
the feedback (which is capacitively coupled) and the resistors bypassed by capacitors. Thus, the
DC quiescent conditions of the BJ Ts remain unchanged. The A-parameters are also the same as
in Example 8.4:

hie1 = 3.46kQ2 hiex = 524 Q.

Partition the Circuit into its Functional Modules:

'The AC equivalent amplifier circuit must be partitioned into its basic functional modules so that
analysis can proceed. The functional modules necessary are: the basic forward amplifier, the feed-
back network, and the source. Of particular interest is that the bias resistors at the input of the
first B]T must be partitioned within the source. This partitioning is due to the requirement of
series mixing that items at the input must be in series. The load resistance is included in the basic

forward amplifier module.
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Load the Basic Forward Amplifier:

The basic forward amplifier must have its input and output ports loaded. The output port is
shunted with the feedback network whose input port has been open-circuited (shown as a se-
ries connection of 1.2k and 470 ©2). The input must have the feedback network, with its output
port shorted to ground, placed in series with the input active device (shown as the parallel connec-
tion 1.2 k2 and 470 Q in series with the emitter of the B]JT). This basic loading is shown above.
Resistors in parallel (from the partitioned circuit) have been combined in order to simplify later
calculations.

R

o

In addition, the feedback ratio, f, is easily determined from the output loading circuit. The
feedback voltage is identified on the output loading circuit (feedback voltage is subtracted from
the input, thus its positive pole is toward the output port) and a ratio is formed:

470

= —— =0.2814.
vo 470+ 1.2k
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Determine the Performance of the Loaded Forward Amplifier:
'The input and output resistance of the loaded amplifier are calculated to be:

Ri = hiot + 151(470//1.2K) = 54.46 k2,
and
R, = 687.5//1.67k = 487.0 9.

'The voltage gain is given by:
Ay (Yo = () (1) - (Z1S0UST0) (Z1500042.9//524)\ o
v; U1 v; 524 54.46k

Apply the Feedback Relationships to Obtain Total Circuit Performance:
All necessary components are now available to use the feedback formulas:

Ay
D=1+Ay=3740 Ay =7 =346

R
Ry =R;D =2.037TMQ R, = 3" =13.02Q.

In order to match the performance parameter definitions of the stated problem there must be a
few alterations:

1 1\
R, = Ri//10k//82k = 8.87kQ R, = ——) =131
1110/ (-1

Vo Vo V; Rin
Ay =2 (Lo} () = gy, (=B} =307
4 Vs (v,-) (vs) Vf(Rin+500)

8.3.4 SERIES-SERIES FEEDBACK
Figure 8.8 shows the small-signal model of a typical series-series feedback amplifier. In this rep-

resentation, the forward-gain amplifier and the feedback network have been replaced by their
equivalent z-parameter two-port network representations. A resistive load has been applied to
the output port; and, since series-series feedback amplifiers are transconductance amplifiers, a
Thévenin equivalent source has been shown as the input. The forward-gain parameter of each
two-port, z»1, is the transimpedance.

'The basic feedback equation for a transconductance amplifier takes the form:

Gum

= TT6n 7" (8.57)

Guy
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Figure 8.14: Two-port realization of a series-series feedback amplifier.

Again a transformation of the circuit is necessary. The two-port z-parameter representation, in
conjunction with the series-series connection, is used to describe the two main elements of this
teedback amplifier so that all the input port elements of both two-port networks are in series.
All output port elements are in also in series. For analysis purposes only, elements are conceptually
moved from one section of the circuit into another:

* 'The input and output impedances, 211 and z5,, are placed in the modified amplifier circuit,

* All forward transresistance, z21, (represented by voltage sources dependent on the input
current, i1) are placed in the modified amplifier circuit, and

* All reverse transresistance, z12, (represented by voltage sources dependent on the output
current, i,) are placed in the modified feedback circuit.

'The usual combinations and approximations hold:
2, =28 4+ 20 ~ 2l (8.58)
and
b =28 +zf, ~ 28, (8.59)

The series-series feedback amplifier circuit of Figure 8.14 is, with these changes and approxima-
tions, thereby transformed into the circuit shown in Figure 8.15.
'This transformed circuit is composed of two simple elements:

* 'The original amplifier with its input in series with the feedback network short-circuit input
impedance, Zlf1 and the source resistance and its output in series with the feedback network
short-circuit output impedance szz, and the load.
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a .
2211

Figure 8.15: Redistributed series-series realization.

* A feedback network composed solely of the feedback network reverse transresistance, Z{Z.

The z-parameters of the feedback network can be obtained as outlined in Chapter 5:

v v v
=20 | =20 . ad =L (8.60)

i1 Jip=0 lo |i=0 10 1i=o0
where iy is the current entering the input port of the feedback network (see Figure 8.14). With
the determination of these two-port parameters, the circuit has been transformed into a form
that is compatible with all previous discussions. The forward-gain parameter (in this case, Gs)
of the loaded basic amplifier must be calculated, while the feedback ratio is determined from the
two-port analysis of the feedback network:

f =zl (8.61)

In the case of totally resistive feedback networks, the loading resistances can be found in a simple
fashion:

S Tip = Z{l is found by setting the output current to zero value, i, = 0 and determining the
resistance from the input port of the feedback network to ground. r;, is in series with the
input.

 Tow = Z{Z is found by setting the input current to zero value, i; = 0 and determining the
resistance from the output port of the feedback network to ground. r,,, is in series with the
output.

'The feedback ratio, f, is simply the ratio of the feedback voltage, vs, to the output current when
the input current of the feedback network, i1, is set to zero value.
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Example 8.6
Determine the following midband performance parameters for the circuit shown: The indicted
input and output resistances and voltage gain:
v
A, = 2.
Us
'The transistors are silicon with parameters S = 150.

TIZV

82kQ ~4.4kQ ~1kQ R

500 Q W
) 1 2.2kQ
’ 10 kQ 12kQ 100 Q
‘ 1 T " / 12kQ T
Rin B
k AVAVAY.

Solution::

In this circuit, the feedback network is connected to the base of the input BJ'T, but the
input is at the emitter. Again, feedback will appear in series with the input and the base-emitter
junction of the BJT: this is series mixing. The connection of the feedback network at the out-
put characterizes series sampling (opening bozh load resistors at the collector of the output BJT

eliminated all feedback).

DC Analysis:

As in all amplifier designs, the DC quiescent conditions must be determined so that the BJT
h-parameters can be determined. After setting all capacitors to open circuits, the usual analysis
techniques lead to:

I = 1.074mA = hiet = 3.66 k2
I.» =8030mA = hi»=489Q.

Partition the Circuit into its Functional Modules:

'The amplifier is partitioned into its two functional modules. Series mixing implies the need for a
Thévenin source. Since there is series mixing at both input and output port, the source and load
resistances are excluded from the basic forward amplifier.
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The AC model of the partitioned amplifier is shown below with all parallel resistances
combined.

8.913kQ 100 Q

1.2 kQ
Feedback Network

Load the Basic Forward Amplifier:
'The input loading is achieved by setting the output current, i,, to zero value. This opens the
output port of the feedback network and forms the input loading circuit connected to the base of
the input B]T. The output loading is achieved by setting the input current, #;, to zero value. This
opens the input port of the feedback network and forms the output loading circuit connected to
the emitter of the output B]'T.

'The feedback quantity, vy, is then drawn on the output loading circuit (positive end toward
the load). The feedback ratio is determined to be:

vy (—151 100
=L = 8.913k) = —87.85Q.
=3 ( 150 ) (100+ 2k +8013k) )
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Determine the Performance of the Loaded Forward Amplifier:
The following relationships can be determined for the loaded basic forward amplifier. The input
resistance to the total circuit is given by the input resistance of a common-base amplifier:

3.66k + (8.913k//1.3k)
151

hiel + Rp _

R =
! /’lfg-|—1

= 31.72Q.

The input resistance to the common emitter stage is given by:
Riy = hip +151(100// (1.2k 4+ 8.913k)) = 15.441 k<.

With these two relationships, the forward transconductance can be calculated:

) ] ] ] i 942.9 150 1
Gu="=(22)(22)(2)(2) = —150) [ —=Z ) (=) (=) = —0.27035.
V; ipo i 1; Vi 942.9 + Rj» 151 R;

'The output resistance of this amplifier is approximately infinite.

Apply the Feedback Relationships to Obtain Total Circuit Performance:
With the forward-gain, feedback ratio, input resistance and output resistance calculated for the
basic loaded forward amplifier. The effects of feedback can now be easily calculated:

D =1+ Gy =1 + (~0.2703)(~87.85) = 24.75
Ry=RiD=78  Ry=RyD~oo
G
Gur = 2 = -0.010923.
D
These results are then transformed into the proper performance parameters as defined in the
statement of the problem:
Vi
7]\ Vs

. (Uo) io
f io Vi

Vo
Ay = —
Vf Vs

_ Ry \__
f) = (1k//2.2k) (Gyy) (Rif n 500) = —4.59,
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Rm:le=7859 Rout:Rof//lkzle

8.4 CONCLUDING REMARKS

'The fundamental advantages of the use of feedback in electronic amplifiers have been described in
this chapter. Reduction in non-linear distortion, variation in amplifier performance parameters,
and control of input and out impedance are all significant benefits available through the use of
teedback.

'The analysis of feedback amplifiers can be a complex process complicated by the interaction
of the basic forward amplifier and the feedback network. It is, however, possible to simplify this
analysis process through the use of a few basic feedback relationships and a systematic analysis
method. This analysis method consists of a seven step process:

* Identify the Feedback Topology

* Perform a DC Analysis to Obtain Active Device Performance Parameters
* Partition the AC Equivalent Circuit into its Functional Modules

* Load the Basic Forward Amplifier

* Determine the Performance of the Loaded Forward Amplifier

* Apply the Feedback Relationships to Obtain Total Circuit Performance

* If Necessary, Transform these Performance Parameters into Equivalent Performance Pa-
rameters as Specified.

Vital to the analysis method are the partitioning of the circuit into its functional modules
and loading the basic forward amplifier. Table 8.3 serves as an aid in that process, itemizing the
process variation due to feedback topology.

Another significant benefit of feedback, the increase in the midband frequency range, will
be extensively discussed in Chapter 11 (Book 3).

Summary Design Example

'The design process often involves the modification of an existing design to meet new, but similar,
performance specifications. As an example, the feedback amplifier shown below constructed with
enhancement-mode FETs with the following properties:

K=1mA/V  Vy=15V  V4=160V.



Table 8.3: Feedback amplifier analysis

shunt-shunt
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Topology

shunt-series

series-shunt

series-series

input . .
X current, i, current, i voltage, vy voltage, vy
t
Ogt(pu voltage, v, current, i, voltage, v, current, i,
0
SS ignal Norton Norton Thévenin Thévenin
ource
Include Shunt  Include Shunt Exclude Shunt Exclude Shunt
I?P‘“_ Resistances; Resistances; Resistances; Resistances;
Circuit
Setv,=0 Seti,=0 Setv,=0 Seti,=0
Include Shunt  Exclude Shunt Include Shunt Exclude Shunt
Output  Registances; Resistances; Resistances; Resistances;
Circuit
Setv; =0 Setv;=0 Seti;=0 Seti;=0
feedback o
ratio ir/v, ifliy vV, veli,
A
forward . . .
gain transresistance current gain voltage gain transconductance
A R M A I A 14 GM
Input o R, R = R _ —
Resistance 7 ]+ R, f o1+ Af Ry = Ri(1+AVf) Ry = Ri(1+GMf)
Output o R, _ R. = R, _
Resistance ¥ 1+R, f R"f _R(’( I+ A’f) o 1+4,f R"f_RO( I+ GMf)

Notes:
Input/Output Circuit: These procedures give the basic forward amplifier without feedback but including the
effects of loading due to the feedback network.

Resistance: Resistance: the resistance modified at shunted ports will include all shunting resistances that were
included in the basic forward amplifier. The resistance modified at series ports will only include the resistances
included in the basic forward amplifier. The true amplifier input and output impedance must be modified to

reflect the point of measurement desired.
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T INAY

10 kQ

50 Q

10 kQ

'This amplifier is known to have the to have high input resistance (~ 260kS2), moderate output
resistance (~ 300 €2), and a midband voltage gain:

=Y <183
Vs

'The quiescent conditions for the transistors are known to be:
Ipi = 1.19mA and Ip, = 2.47mA.

It is desired to design an amplifier with similar input and output resistance and a midband voltage
gain of 15. Redesign the amplifier to meet the new design goals.

Solution:

If at all possible, a redesign process should minimize the number of changes. For the given
amplifier, the FET AC parameters will remain the same if the quiescent drain currents are not
changed. Thus, it seems advantageous to retain the same Q-poing. This proposed redesign con-
straint limits changes to the feedback resistor (10k€2) and the load resistor (4.7 k€2). While vari-
ation in either will alter the maximum symmetrical output swing, voltage gain is more strongly
dependent on the feedback resistor: less variation in quiescent output voltage will result in chang-
ing the feedback resistor. It is therefore decided to alter on/y the feedback resistor to accomplish the
new design goals.

This amplifier is a series-shunt feedback amplifier: the gain parameter that is stabilized is the
voltage gain from the input port to the output port. In order to meet the new design goals the gain
with feedback must be (the input resistance of this amplifier simply is the parallel combination of
the bias resistors and does not change with variation in feedback):

Rin

Ay=A=—"_ —150029.
Riy + 50
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The expression for the loaded gain of the amplifier without feedback is given by:

A =( —gm17q1(10k)
ra1 + 10k + gm1741(470//Ry)

) (—gm2 [ra2//4.7k/ /(470 + Ry)]) .

'The feedback quantity is given by:

vy 470

S = T TR

If the quiescent condition do not change with the redesign, the FET parameters can easily be
found to be:

gm =2VIpK = gm =2.18mA/V, gu»=3.14mA/V
Va

= — = rd1=134kQ, I’d2=64.8k9.
Ip

rd

Thus, for the original design the gain is given by:
Ay = (—10.6)(=9.7) = 102.8  f = 0.04489 A, = 18.31.
Two alternatives exist for finding the value of Ry so that the design goals are met:
* a mathematical search of the exact gain expression
* reasonable approximations of the gain expression

In this case, neither provides a significant advantage in the trade off between difficulty and ac-
curacy of the result. A mathematical search provides Ry = 7.882k<2. One reasonable set of ap-
proximations are shown below.

In the expression for A,, the parallel combination of Ry with 470 Q is unlikely to change
significantly with reasonable variation in Ry. A good approximation to the unloaded gain is there-
fore:

Ay = (=10.6) (—gm2 [ra2//4.7k// (470 + Ry)]) = 0.03328[4.382k// (470 + Ry)].

The gain with feedback can then be written as:

4.382k(470 4+ Ry)
4382k + (470 + Rf)§
4382k(470 + Ry) 470 ‘
4382k + (470 + Rf)} {(470 + Rf)§

0.03328 {
Ay =

1+ 0.03328 %

Significant cancellation occurs:

o 0.03328 {4.382k(470 + Ry)}
¥ 4382k + (470 + Ry) + 0.03328 {4.382k} {470}
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This expression can easily be solved for Ry so that the gain A, = 15.0029:

470 = 7.892 k2.

o _ Ay (4.382k + 0.03328 (4.3821) (470))
/= 0.03328 {4.382k} — A,

'The variation between this approximate solution and the exact solution is 0.127%. The closest
standard value resistor is 7.87 k2.

Redesign summary:

The original circuit remains essentially the same with the exception that the feedback re-

sistor is reduced in value from 10kS2 to 7.87 kS2.

8.5

8.1.

8.2.

8.3.

8.4.

PROBLEMS

'The voltage gain of an amplifier is subject to a variation given by
A=238+4V/V.

It is desired to use this amplifier as the fundamental forward-gain element in a feedback
amplifier. The feedback amplifier must have no more than 0.15% variation in its voltage
gain.

(a) Determine the necessary feedback ratio to achieve this variation while achieving
maximum gain.

(b) What is the gain of the feedback amplifier?

An amplifier with an open-loop voltage gain Ay = 1000 =+ 100 is given. The amplifier
must be altered so that the voltage gain varies by no more than 0.5%.

(a) Find the feedback factor, f, to achieve this variation while achieving maximum
gain.

(b) Find the gain of the feedback amplifier.

A feedback amplifier must be designed to have a closed-loop voltage gain of 120 utilizing
a feedback network with an feedback factor f = 0.02. Determine the range of values of
the gain, Ay, for which the closed-loop gain, Ay, is:

(a) 120+ 1
(b) 120 £0.2

Design a feedback amplifier that has a nominal gain of 200 with no more than 1% vari-
ation in overall gain due to the variation of individual elements. The individual elements
available are amplifier stages having a gain of 2000 with 25% variation. Other constraints
require that feedback be applied o7y fo each individual stage and that such stages be con-
nected in cascade.
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8.5. Design a feedback amplifier that has a nominal gain of 200 with no more than 1% vari-
ation in overall gain due to the variation of individual elements. The individual elements
available are amplifier stages having a gain of 2000 with 25% variation. Other constraints
require that stages be connected in cascade and that feedback be applied only o the total
cascade-connected amplifier.

8.6. 'The gain of an amplifier is described by the relationship:
v
A(w) =10 ‘atan (Z)‘ + 5,

for input voltages ranging from —10V to +10V. Feedback is applied to the circuit so
that the feedback ratio, f = 0.1
(a) Plot the voltage transfer relationship of the original amplifier.
(b) On the same graph, plot the voltage transfer relationship of the feedback amplifier.
(c) Quantitatively, compare the linearity of the feedback amplifier to that of the ampli-

fier without feedback. Comment on results.

8.7. 'The gain of an amplifier is described by the relationship:
v
A(v) =10 ‘atan <Z>‘ + 5.

(a) Determine the input, v, necessary to produce an output of value, 50.

(b) If a sinusoid of the amplitude, v (determined in part (a)), is the input to this ampli-
fier, what is the total harmonic distortion of the output?

(c) Feedback is applied to the circuit so that the feedback ratio, f = 0.1. What value
of the input to the new amplifier will produce an output of 50?

(d) Repeat part b with an input of amplitude, v, as determined in part (c). Compare
results.
8.8. 'The gain of an amplifier is described by the relationship:
v v
Ay ==+ 14
W) =15+5+4
for input voltages ranging from —5V to +5 V. Feedback is applied to the circuit so that
the feedback ratio, f = 0.6
(a) Plot the voltage transfer relationship of the original amplifier.
(b) On the same graph, plot the voltage transfer relationship of the feedback amplifier.

(c) Quantitatively, compare the linearity of the feedback amplifier to that of the ampli-
fier without feedback. Comment on results.
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8.9. 'The gain of an amplifier is described by the relationship:

2

v v
Alv) = — + — + 4,
(v) 10—|—2+

a) Determine the input, v, necessary to produce an output of value, 20.
put, v, ytop P »

(b) If a sinusoid of the amplitude, v (determined in part (a)), is the input to this ampli-
fier, what is the total harmonic distortion of the output?

(c) Feedback is applied to the circuit so that the feedback ratio, f = 0.6. What value
of the input to the new amplifier will produce an output of 20?

(d) Repeat part b with an input of amplitude, v, as determined in part (c). Compare
results.

8.10. Despite the prominent crossover distortion inherent in Class B amplifiers, several
OpAmp types use a Class B output stage. A simple model for such an OpAmp is shown.
The application of feedback in the form of resistors connecting the input and output
OpAmp terminals significantly reduces the crossover distortion so that the OpAmp can
be used as an effective circuit element that is essentially linear.

(a) Determine the amplitude of an input sinusoidal voltage, v;, that will produce a 1V
amplitude output for the circuit shown. Determine the total harmonic distortion of
the output using SPICE (either with a . FOUR or .DISTO statement). Assume the
OpAmp is loaded with a 470 € resistor and the BJ Ts are Silicon with r = 75.

(b) Design an OpAmp inverting amplifier with a voltage gain of 10 using the given
OpAmp model and appropriate resistors. Using SPICE, apply a 0.1V sinusoid to
this amplifier (loaded with a 470 Q resistor) and determine the total harmonic dis-
tortion of the output. Compare results to those obtained in part (a).

+15V
" Non-linear OpAmp Model "/i

|

|

L+

L v IMQ 500 kv, y
| o
|

|

|

8.11. It is not intuitively obvious as to whether local or global feedback is most beneficial in
a multistage amplifier. The two amplifiers shown are examples of each for a two-stage
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amplifier. The two feedback ratios, fi and f, are chosen so that the total gain, A, of
each circuit is identical. The total gain includes all feedback effects and is defined as:

Ar =

Investigate which feedback amplifier configuration has greater resistance in the total gain,

Ay, to variation in the gain of the individual stages, A.

S

S

Local Feedback

f

Global Feedback

8.12. Complex amplifiers may incorporate both local and global feedback. The amplifier shown
is an example of such a complex amplifier. Derive the transfer characteristic for this am-

plifier.

———0—0 X,

o

A
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8.13. The BJT in the shunt-shunt feedback amplifier of Example 8.3 is replace by a BJT de-
scribed by BF = 120.

(a) Determine the change in the small-signal midband gain of the amplifier due to this
substitution.

(b) Verify the gain with SPICE simulation
(c) Verify that the gain variation is within that predicted by the gain stabilization for-

mulas.

8.14. 'The shunt-shunt feedback amplifier of Example 8.3 is to be redesigned to have a small-
signal midband gain of:

Ay =2 =—60+0.05
Vi

This change is to be accomplished by alteration of the value of the feedback resistor only.

(a) Determine the new resistance value that will meet the gain specifications.

(b) Determine the change in the input resistance due to the change.
(c) Verify results using SPICE.
8.15. For the single stage amplifier shown, the FET parameters are:
K=1mA/V?, Vy =15V, and V4=160V.
The FET is replaced by another described by:
K=12mA/V?®, Vy =16V, and V4 =150V.
(a) Determine the change in the small-signal midband gain of the amplifier due to this

substitution.

Vo
A= —.
Us

(b) Verify that the gain variation is within that predicted by the gain stabilization for-
mulas.
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15V
6.8 kQ
2.2kQ

Vo

50 Q

Vs LT % 1.5kQ
4&

8.16. The design goal for the given feedback amplifier is a voltage gain

a=20_ s
Us

Redesign the amplifier to achieve that voltage gain goal. The FET is described by:

K=12mA/V?*, Vy =16V, and V4=150V.

15V
6.8 kQ
22kQ
VO
50 Q
Y 1.5kQ

-

8.17. For the circuit shown, assume the transistors are biased into the forward-active region.

(a) Identify the topology of the feedback.

(b) Draw a circuit diagram of the loaded basic forward amplifier.

(c) Write the expression for the feedback ratio, f.

629
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(d) Write the expression for the midband voltage gain in terms of the circuit and BJ T
parameters.

8.18. For the single stage amplifier shown, determine the value of Rs to achieve an overall
midband voltage gain of magnitude 8.

'The FET parameters are:

K=1mA/V?, Vp =15V, and V4 =160V.

12V
82 kQ
R,
VO
100 Q
Vs p— 1.8 kQ

8.19. Complete the design of the circuit shown to achieve a closed-loop gain

Ay = —10.
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'The JFET characteristic parameters are:

Voo = 3.5V, Ipss=8mA, and V4 =120V.
+20V
I
Rg, Rp § G
510 kQ G 10 kQ 68ur

Rg Css "—{ W } (
51Q 33;” 270 R, 0 *
AWV 1 .

Vs R, Ry ?C —

B 100 kQ 5.6 kQ 47SjF
. n —

631

8.20. Complete the design of the circuit shown for a closed-loop gain Ay = —10. The JFET

characteristic parameters are:

VPO =—4 V, IDSS = SmA, and VA =120V.
The JFET is to be biased such that:

VGS = —1V and VDS = 7V
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51 33 o7,

+
510 kQ

68 kQ

8.21. 'The performance parameters of the given OpAmp circuit can be determined using feed-
back techniques. The characteristics of the OpAmp are:

input resistance 1 MSQ
output resistance 75 Q

voltage gain 500kV/V

(a) Identify the feedback topology
(b) Draw a circuit diagram for the loaded basic forward amplifier.

(c) Determine the voltage gain for the total circuit using feedback techniques. Compare
results to those determined using the techniques described in Chapter 1 (Book 1).

33 kQ

10 kQ
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8.22. Use the principles of feedback analysis to find the closed-loop voltage gain, the input
resistance R}, and output resistance Ry;. The OpAmp open-loop gainis Ay = 10kV/V,
input resistance of the OpAmp is 1 M2, and the output resistance of the OpAmp is 75 Q.

8.23. Determine the closed-loop gain, input resistance, and output resistance of
the amplifier shown below. The transistors have the following characteristics:
npn:  Brp =200, and V4 =120V
pnp: Br =200, and V4 =100V
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Vee
+15V
1
R,
5.1kQ
Ry Cs
51kQ  33uF
o9 Co
+ 68;4F
R R +
v, Bl El — Rey
5.1kQ 4.12kQ Gy, 1 kQ v
47/1F

8.24. Determine the closed-loop gain, input resistance, and output resistance of the amplifier
shown below. The transistors are identical and have the following characteristic parame-

ters:
Br =200 and V4 =120V.
Vee
+12V
{
RC] RE2
33kQ 1kQ G
68,uF
+
Ry Cy 0,
100Q  33uF
i—/\/\/\/—{ E2] RL
R\ 22kQ 06 .,

Reyy Ry,
22Q 270 Q

| =
[+ A~
|
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8.25. Determine the closed-loop gain, input resistance (not including the source resistor, Ry),
and output resistance of the amplifier shown below. The transistors are identical and have
the following characteristics:

Br =180 and V4 =200V.

+

Vs

8.26. Determine the closed-loop gain, input resistance (not including the source resistor, Ry),
and output resistance of the amplifier shown below. The transistors are identical and have
the following characteristic parameters:

Br =200 and V4 =120V.
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4.7kQ 2kQ 68ur
3.3kQ
47Q 3F
+ N
Vs 3.3kQ
1 kQ —
WT
51 kQ 33/4F —

A

8.27. 'The shunt-series feedback amplifier of Example 8.4 is to be redesigned to have a voltage
gain:
Ay =2 =20£0.1.
Us
The change is to be accomplished by alteration of the feedback (1.2kQ) resistor only.
Complete this redesign and determine the effect of the change on input and output re-

sistance of the amplifier. Use SPICE to verify the redesigned amplifier performance.
8.28. In an attempt to create a circuit with a midband voltage gain,

Vo
Av =
Us

of twenty (20), the circuit shown was created.
'The p-channel MOSFET transistors have parameters,

Vpo = 2V, IDSS = —5mA and VA =200V.

(a) Identify the circuit topology.
(b) Determine the voltage gain of the circuit without modification.

(c) Rework the design so that the correct voltage gain (20) is attained by changing the
feedback (9.1 kS2) resistor only.
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4.7kQ 3.9kQ

100 Q Vo

300 Q 1.2MQ < 240 Q

9.1 kQ

8.29. Determine the closed-loop gain, input resistance, and output resistance of the amplifier
shown below. The NMOSFETs are identical with the following characteristic parame-

ters:
K =125mA/V?, Vr =2V, and V4=120V.
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8.30. The BJT cascode amplifier shown below uses identical transistors with the parameters:
Br =200, and V4 =200V.

(a) Complete the design of the amplifier for I = —2mA, and Vg1 = Vegz =5 V.
Find the quiescent point of all of the transistors.

(b) Find the closed-loop gain, input resistance, and output resistance of the amplifier.

(c) Confirm the closed-loop gain using SPICE.

C}' RBZI
33uF 510 kQ

RB22

8.31. The amplifier shown is to be used as the basis for a series-shunt feedback amplifier with
a voltage gain of twelve (12). The JFETs are described by:

Vpo =-2 V, IDSS =4mA and VA =200V.

(a) Complete the design by inserting a single feedback resistor-capacitor network.

(b) Verify the design using SPICE.
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75 Q

8.32. For the amplifier shown, the transistor characteristics are:

JFET IDSS =38 mA, VA = 100 V, Vpo =-5 V,
BJT: Br =200, V4=100V.
(a) Complete the design of the amplifier for Ip = 1mA, g =3mA, and Vg =
Vps = 5V. Find the quiescent point of all of the transistors.
(b) Find the closed-loop gain, input resistance, and output resistance of the amplifier.

(c) Confirm the closed-loop gain using SPICE.

+10V
1
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8.33. For the differential amplifier shown, find the closed-loop gain, input resistance, and out-
put resistance of the amplifier. Assume identical transistors with fr = 120. Use SPICE
to confirm closed-loop gain of the amplifier.

8.34. 'The transistors in the differential amplifier shown are identical and have the following
characteristics:

IDSS = 10mA, VA = 100V, and Vpo =—45V.

(a) Find the closed-loop gain, input resistance, and output resistance of the amplifier.

(b) Use SPICE to confirm closed-loop gain of the amplifier.



8.5. PROBLEMS 641

RD ; Rc3
10 kQ 1 kQ
Ri]
1 kQ ha
Vil VVYV v
RGI Rf2 CS Rﬂ l
1 kQ
510 Q siokQs 2T Lo
. R — REE 5 mA
100 kQ 1 mA 100 kO

-I§S
-12V

8.35. 'The series-shunt feedback amplifier of Example 8.5 is to be redesigned to have larger
voltage gain. This change is to be accomplished by alteration of the feedback (1.2 k2) resistor
only. If the requirement on the midband input resistance, Ry, is reduced to:

R;, > 8.80kS2,

from the current value (8.87 kS2), what is the maximum midband voltage gain that can
be achieved?

8.36. The performance parameters of the given OpAmp circuit can be determined using feed-
back techniques. The characteristics of the OpAmp are:

input resistance - 2M®Q
output resistance - 50 2
voltage gain -800kV/V

(a) Identify the feedback topology.
(b) Draw a circuit diagram for the loaded basic forward amplifier.

(c) Determine the voltage gain for the total circuit using feedback techniques. Compare
results to those determined using the techniques described in Chapter 1 (Book 1).
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8.37. Many circuits incorporate both local and global feedback: the simple OpAmp circuit
shown is an example of one such circuit. For simplicity, assume the ideal OpAmp ex-
pressions derived in Chapter 1 (Book 1) can be used to describe the local feedback char-
acteristics of the amplifier.

(a) Identify the global feedback topology.

(b) Use feedback techniques to determine the overall voltage gain and input resistance
of the circuit.

39 kQ
47 kQ

8.38. 'The characteristics of the amplifier shown include high input resistance with moderate
voltage gain and output resistance. It is desired to reduce the output resistance of the
amplifier through the use of feedback without significantly altering the input resistance.

'The transistors in the circuit have parameters:

Ipss =2.5mA, Vpo=-25VA=100V, and Br =150V4 =200V,
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the quiescent conditions have been found to be:

|IDQ| = ZIOmA VDSQ =14.7 V, (862)
|ICQ| =1.95 mA VCEQ = —649V (863)

(a) What feedback topology will lower the output resistance while maintaining high
input resistance?
(b) Design a feedback network that will meet the following design goals:

* Transistor quiescent conditions are not changed.
* voltage gain no less than 10.

* minimal output resistance.

(c) Determine the output resistance of the amplifier designed in part (b).

o 16V

50 kQ

8.39. For the feedback amplifier shown, the Silicon transistors are described by:
Br = 120.

Assume v; has zero DC component.

(a) Identify the feedback topology.
(b) Determine the quiescent conditions.

(c) Determine the voltage gain,

(d) Determine the input resistance, Ry,
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12V
]

8.40. For the feedback amplifier shown, the Silicon transistors are described by S = 100.

(a) Identify the feedback topology.

(b) Determine the quiescent conditions.

(c) Determine the voltage gain,

(d) Verify the results of parts (b) and (c) using SPICE.
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