FEEDBACK AMPLIFIERS AND OSCILLATORS

This section will address one of the most important electrical engineering concepts, that of
feedback, for rf applications. The two-port models that we have used for r.f. analysis are
particularly well suited for feedback analysis and will be used throughout.

REVIEW OF BASIC FEEDBACK THEORY

D, s)
forward
D, s) »(+ > orw:(rs) amp —> D, (s)

feedback amp
f(s) <

Figure 1 - Basic feedback amplifier

Consider the basic feedback amplifier shown in Figure 1. The basic elements of the amplifier
are the difference operator (symbolized by the added), the forward amplifier with transfer
function a(s), and the feedback amplifier with transfer function f(s). Note that most feedback
analysis takes place in the frequency domain. Using the terminology of Figure 1, the open loop
(forward) gain a(s) and the feedback gain f(s) can be written in terms of the loop variables as

a(s) = ?l
and
()
f(s) =—L
(s) o,

The overall amplifier gain (also known as the closed loop gain function) can be written as

_Dyfs) ___aly)
A= 0.5)  THlsK)

An important observation that we will use later is the the only units retained in this expression
are in the numerator, the denominator is dimensionless, i.e. the term a(s) has dimensions but
the term a(s)f(s) has no dimensions. This latter term, a(s)f(s) is very significant in
understanding feedback amplifiers and is defined to be the return ratio T(s)

T(s) = as)f(s)

An approximation that will be repeatedly used in this section is that if
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| TGw)|>> 1
then

AGs) = @

The denominator of the closed loop gain is called the characteristic equation of the feedback
system and specifies the effect of feedback on the system. This term is often called the return
difference, or often simply the feedback function

F(s) = 1+T{(s) = 1+a(s)f(s)

This term is usually expressed for engineering analysis in decibels as

20 log(| FGm)|) = 20 log(1+a(jw)fjm))

If the magnitude of the feedback term F(s) is greater than 1 this is termed negative feedback
since it reduces the closed loop gain; if the magnitude of F(s) is less than one this increases the
closed loop gain and is called positive feedback.

APPLICATIONS OF FEEDBACK IN ELECTRONICS

We have already seen some applications of feedback in electronics. The description of the
biasing of a class B transistor amplifier is a feedback process. If a resistor divider network is
used the feedback is positive as a function of temperature. If a current mirror is used the the
bias as a function of temperature is described by a negative feedback process. In this case we
have used feedback to minimize the sensitivity of the bias point to temperature changes. The
improvement of the gain sensitivity with respect to the change of some circuit parameter is one
of the major electronic applications of feedback. The second major application of feedback in
electronics is to reduce distortion. Other applications include improving the bandwidth of an
amplifier and controlling its impedance. This latter is exactly related to the Miller feedback
effect in amplifiers. These latter two points will be derived in following sections. Let's examine
the first two applications in a little more detail since we will not really use them any further in
this course.

The variation in the gain (or other parameter) of an electronic circuit as a function of circuit

parameters, temperature changes, B variations and the like is called sensitivity. In fact, PSpice
can perform a sensitivity analysis on an electronic circuit by computing the partial derivatives of
a parameter of interest (such as gain) with respect to every other circuit parameter. Such tables
allow engineers to determine the critical components in their designs and intelligently assign
resistor tolerances for example. Starting with the expression for the closed loop gain

_ __as)
A®) = T ))
we can differentiate it to arrive at
dA=-—da
(1 +af)?
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If we take the ratio of these two results we can express the fractional change in the closed loop
amplifier gain as a function of changes in the forward gain a(s)

dA|_|_1 ||da
R =l
This formula is a very basic result. If the feedback is negative, i.e.

|1 +af| >1

the variation in A will be much smaller than the variation in a. As an example, feedback could
be used to reduce the variations in closed loop amplifier gain A due to the presence of
manufacturing tolerances in an operational amplifier's gain a. The formal definition of
sensitivity S is the ratio of the fractional variation of some circuit parameter to the fractional
change in another circuit parameter.

e
Sih=-L-
*da

a
Note that in general, because electronic circuits are strong functions of frequency, the
sensitivity S can also be a function of frequency.

Distortion reduction is a straightforward application of feedback theory. Consider the feedback
amplifier shown below

5 —Q ->vo

feedback amp
f(s) <

Figure 2 - Feedback amplifier used to diminish distortion added by amplifier aj

where a; and a represent the gain functions of two amplifiers in the forward gain path.
Suppose that V4 represents some form of distortion added by amplifier al. The output voltage
Vo can be easily written using superposition, i.e.

134 vy —22
ajaf 1+ aaf

V°=V51f

Note that the input voltage Vs passes through both aj and a3 and sees their product as the
forward gain. On the other hand, the distortion V4 only sees a3 in its forward path. Both
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voltage inputs see the same closed loop denomination since T(s) is the product of all forward
and feedback gains. If the magnitude of the open loop gain T(s) is large, the above expression
for Vo reduces to

Vons%+Vda}—f

The immediate observation is that the distortion is reduced by a factor of 1/aj compared to the
normal gain of the amplifier. The basic result is that we can improve the performance of
amplifier a; as far as distortion by applying some form of feedback.

Before closing this section, feedback does not possess only advantages for its use. It achieves
its performance advantages by reducing the overall gain of the circuit. Furthermore, the very
use of feedback makes the potential for oscillation much higher. This latter point means that
electronic circuits using feedback must be carefully designed to prevent oscillation (unless you
are designing an oscillator).

FEEDBACK CLASSIFICATION USING TWO-PORTS

Feedback amplifier analysis is very straight forward using two-port models for the forward and
feedback amplifiers. The ease with which two-ports are interconnected simplifies the modeling
of the various types of feedback connections. In general, the forward amplifier is a real
amplifier, i.e. an active two-port. The feedback amplifier is usually not an active amplifier.
Rather, it is usually a passive network represented by a two-port. To simplify our analysis of
feedback using two-port models for the forward and feedback amplifiers we will make two
fundamental assumptions:

1. The feedback transmission through the feedback network is negligible compared to the
forward transmission through the amplifier.

2. The reverse transmission through the forward amplifier is negligible compared to the
reverse transmission through the feedback network.

Although sounding very complex these assumptions have a very simple interpretation. All two-
ports have coupling between the input and output ports. For example, the load impedance
would have no effect on the input impedance if there were no coupling between the input and
output. What the two above assumptions are saying is that we will neglect any reverse gains by
ignoring all reverse voltage and current sources in the models we will use.

There are four fundamental types of feedback amplifier connections based upon how the actual
feedback connections are made. These are shunt-shunt, series-series, series-shunt and shunt-
series and may be interpreted as being based upon whether the forward and feedback amplifiers
are voltage or current amplifiers. Furthermore, each type of connection will use a different set
of possible two-port parameters, i.e. h-, y-, g- or z-parameters as shown in Figure 3.
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(c) series-shunt feedback amplifier configuration modeled using h-parameter two-ports
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(d) shunt-series feedback amplifier configuration modeled using g-parameter two-ports
Figure 3 - Modeling of feedback amplifier configurations using two-port models
SERIES-SERIES CONNECTED TWO-PART FEEDBACK AMPLIFIER

The series-series feedback amplifier configuration shown irln Figure 3(a) will be examined in
detail. The first step is to replace the forward and feedback amplifiers by a complete y-

parameter representation using the superscripts "a" and "f" to denote the parameters for the
forward and feedback amplifiers respectively.

I, I,
—» -

£ N
NS >y
£ f f < f

Figure 4 - Detailed shunt-shunt feedback amplifier modeled using y-parameter two-ports

Figure 4 details the shunt-shunt feedback amplifier modeled using y-parameter networks. Note
the directions of all currents and the use of I1 and 12 to denote the directions of the currents
flowing into the interconnected two-ports. As we know the y-parameters of two-port networks
connected in parallel (shunt-shunt) simply adding giving us the overall y-parameters denoted
by a superscript "T" for "total."”

T _of
yi1 =Yi1 + ¥
T _of

Yi2 =Yi2 +Y¥i2

yI =5 + Y5
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T _of
Y22=Y22+Y32

The current gain for the composite network can be immediately written using the composite
parameters as

Io_-L_ -y5iGL

Is I (y'{l +Gsxy§2+GL) - YT2ygl

where the sign conventions regarding the output current Ig in Figure 3(a) were observed. This
can be easily re-written in the form of the classic feedback amplifier equation by dividing the
numerator and denominator of the above equation by the first term in the denominator, i.e.

-y51GL
A=l (11 +Gs)yl,+Gu)
S 1- y'lr2y3‘1
(yF,+Gs )yl +GL)

We can immediately identify the numerator as the forward gain a(s) and the second term in the
denominator as the return ratio T(s):

-y5:GL
(yT,+Gs)yT,+GL)

3(s) =

S)=alsjis) = -
(yf1+GsXy3,+GL)

which allows the identification of the feedback gain as
T
= Y12
fis) = 42

Note that, although the expressions are algebraically unwieldy, their interpretation in terms of
feedback amplifiers is straight forward. The only item of note is the interpretation of a(s) which
is indicated by the subscript "i" to emphasize that a(s) is, in this example, current gain. To this
point we have used no approximations. Now use the approximations that the forward amplifier
has no reverse component and the feedback amplifier has no forward component of gain. This
means that we are assuming that

£
Y31 >>Y31

and

£
yiz2 <<yia.
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This simply eliminates any interaction between the input and output ports of the individual two-
port networks. These approximations can be used in our expression for current gain with the
result that

-¥3:GL
I __h+Gskyl+GL)
Is 1- yiavh
(yT,+Gs)y5,+GL)

Since most amplifiers we will be concerned with are used to amplify voltage, not current, let's
convert our gain expression into one that will give the output voltage. This is simply done by
dividing the gain expression by Gr..

Y31

Io
YVo_GL _ (yT,+GsXyZ,+Gr)
Is Is 1- Y{ 2¥%1
(yT1+Gs)yZ,+GL)

This changes the gain expression into the final form we will use. Our old expressions for a(s),
f(s) and T(s) can now be re-written as

-ya1 Vo
afs)= =2
(erl +GSXYF2F2+GL) Is It=0
fs) = y{z
and

T(s) = -afs)f(s) = ( 'y; IY{Z

yT1+Gs )yl +Gr)

There have been two major effects of this re-writing of the desired gain expression: first, the
feedback term has become simply the reverse admittance of the feedback two-port; second, a(s)
is no longer dimensionless and now has the units of resistance. More technically, a(s) is said to
have a transresistance since it is not really a circuit component. Furthermore, note that a(s) is
simply the feedback function evaluated for f=0, i.e. without feedback. This means that once we
write the forward gain and find the reverse admittance of the feedback network, we can
immediately write the expression for the closed-loop gain function. At this point we have
determined the voltage and current gain of the network. The input and output impedances are
simply obtained from the "total" two-port network parameters as

T
Yin =y + Gs)- Yio¥h
y32+GL

which can be re-written as
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T T
Y. =(yT +Gs(1- Yi2¥Y21 )
e (y2, + GLXyT; + Gs)

Applying the approximations that the forward amplifier has no reverse admittance and the
feedback amplifier has no forward admittance, the input impedance becomes

Yi, = (y}‘l + GS{I _ y{Zygl )
(yT, + Gs)y], + GL)

which can be written using the return ratio T(s) as

Yin = (Y¥1 + GSX1 +T(s))

Note that this expression includes the admittance of the source Gs. To get just the amplifier
input admittance we would need to subtract Gg giving

Yin,amplifier = (y'lrl + GSXI +T(s)) - Gs

Notice that since T(s)>0 (typically) the input admittance of a shunt-shunt connected feedback
amplifier increases with feedback.

EXAMPLES OF SHUNT-SHUNT FEEDBACK AMPLIFIERS
The conventional operational-amplifier circuit shown below can be examined using the two-

port formalism for a shunt-shunt feedback amplifier developed previously. The operational
amplifier circuit is shown in Figure 5. The two-port equivalent circuit is shown in Figure 6.

Rg

WA

(a) Basic operational amplifier circuit
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(b) Equivalent circuit of operational amplifier circuit

Figure 5 - Operational amplifier feedback amplifier

YV

M

Figure 6 - Approximate feedback amplifier representation of Figure 5 modeled as an
interconnection of two-port networks

The greatest difficulty in analyzing circuits such as shown in Figure 5 is drawing the
approximate two-port interconnect feedback amplifier as shown in Figure 6. Note that all
impedances have been drawn as part of the forward amplifier. The only feedback element is the
reverse admittance. The reverse admittance of the forward amplifier and the forward admittance
of the feedback amplifier have been neglected as per our assumptions. Furthermore, since it
was not specified the input and output impedances of the operational-amplifier itself were
assumed to be infinite. Once drawn as in Figure 6 the actual analysis is reasonably straight
forward. By inspection the output voltage is

Vo=-aV;
or
Is
Vo=-o
0= ""Gs + Gt

The forward gain is recognizable as

-449-
Copyright 1988 F.Merat



Is Gs + Gt

where it has the expected "units" of transresistance. The feedback term f is immediately
calculated from the y-parameter definitions for a series resistor to be

The return ratio T=af is given as

oGy
Gs + G¢

T=azf=-

With these identifications the closed loop gain can be immediately written as

A =T o "R

Note that this is not the standard expression for the gain of the operational-amplifier shown in
Figure 5 because the above gain expression is the ratio of output voltage to input current. The
conventional gain expression is simply the ratio of output voltage to input voltage. The above
A(s) can be converted into this more standard form by recognizing that

=Ys
=g

and, after substituting this result into the expression for A(s), we get

Yo__Re
Vs Rs

the standard operational-amplifier voltage gain expression. We could also have written the
expressions for Gj and Goyt as

Gin =(Gi + Gt + Gs)1 + T(s))
and
Gou =(Go + GgX1 + T(s))

Note that this increases the input and output admittances, decreasing the input and output
impedances, because of the feedback.

ADVANCED ASPECTS OF FEEDBACK AMPLIFIERS

A commercially available internally-compensated operational amplifier typically has a single
pole frequency response of the form

9=
1+ 6
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The feedback network for an operational amplifier is typically a simple resistor without any
frequency dependence so that

f=1o
giving the closed loop frequency dependent gain of the operational amplifier

aoj_

T O
A= T o)~ T ol
1+5

Po

This can be re-arranged into a slightly more useful form

1 £

- + agplo

Als)=1T——5 —
pol1 +aofo)

The closed-loop frequency response retains the single pole of the forward gain characteristic,
but, if po was the location of the original operational amplifier pole, the pole has now been
shifted to po(1+acfy). Since the pole represents the frequency of the breakpoint for the low-
pass transfer function shown the bandwidth as indicated by the breakpoint (i.e. the -3db point)
has been increased by the loop gain. This is an important characteristic showing that the gain-
bandwidth product relationship is observed. The frequency dependent characteristics for the
commercial 741 operational amplifier are shown in Figure 7.

gain (db)
4
106 db
open loop response
40 db closed loop response
» frequency

SkHz 10kHz 1MHz

Figure 7 - Gain vs. Frequency characteristics of 741 operational amplifier

In general, feedback can be used to extend the frequency response of an amplifier at the
sacrifice of gain. The situation becomes more complex with multi-stage amplifiers exhibiting
multiple poles. Such situations require a careful study of the pole locations and can often be
approximated by the simple single-pole models described above.

STABILITY CONSIDERATIONS

-451-
Copyright 1988 F.Merat



The use of feedback as described above introduces the possibility of oscillation into any
system. A classic theorem states that a feedback system will remain stable (i.e. not oscillate) if
all roots (i.e. poles) of the characteristic equation of the transfer function lie in the left hand

complex plane (They cannot be on the jw axis.). Stability can only be determined when all
poles are considered. This means that the characteristic equation cannot be simplified using
dominant pole techniques. This usually means that the (usually very complex) characteristic
equation must be solved by computer methods. This is an ideal way for theoretical systems
engineers to analyze complex systems but is often ignored by practical electrical and control
engineers. Such engineers simply measure the open loop gain of their system (by the way the
open loop characteristics of an electrical circuit can be calculated using PSpice with some
precautions). Typical open loop amplifier gain and phase responses are shown in Figure 7. A
system will oscillate if the feedback is exactly in phase and amplitude with the input signal. For
the typical negative feedback system we have been discussing this means that the return ratio

T(w) must equal +1 causing the denominator of the closed loop transfer function to become
zero. This can be expressed in the concise oscillation requirement that

| Tjow)| =1
and
ZLT(jw) =+180°

The frequency at which the open loop gain of the amplifier drops to 1 (0 db) is known as the
gain crossover frequency wg. The frequency at which the phase shift of the open loop amplifier
crosses 180 degrees is known as the phase crossover frequency wp. These are illustrated in

Figure 8. If wp=wg the condition that T(jw)=%1 is met and the amplifier will oscillate.
Engineers specify amplifiers by how far the crossover point frequencies are from each other.
The difference between the amplifier gain and 0 db at the phase crossover frequency is known
as the gain margin Gp,; the difference between 180 degrees and the amplifier phase shift at the

gain crossover frequency is known as the phase margin ®p,. Rules of thumb for stable

amplifier design are that Gy, > 10db and ®p>60 degrees. These rules ensure stability and
allow for good transient response.

REFERENCES

Mohammed Ghausi, Electronic Devices and Circuits: Discrete and Integrated, Holt,Rinehart
and Winston, 1985. Chapter 10 Feedback Amplifiers and Oscillators.
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Figure 8 - Gain and phase relationships for a stable feedback amplifier
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