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The design of amplifiers has changed from the beginning as the
technology grew.

The initial standard way to design was connecting transistor by
transistor, resistor by resistor, etc.; namely brick by brick.

We can imagine the cost and, more important, the reliability of
such a way to proceed, if we consider that an amplifier to work,
needs at least a few tens of transistors, every transistor has 3 legs
to connect, and so on.

Space occupation is another very important issue.

Now we have to consider that:

 Reliability is inversely proportional to the number of contacts
in the circuit;

* The test of the circuit, done automatically on large series,
takes a time duration that is proportional to the measurement
nodes.

In conclusion,

the development time rises with the number of components to
be used and etforts have been made so far in trying to improve
this.
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We are now living the age of complex integrated circuits. Thes
devices have a large number of connecting pins and are
composed of several transistors, or bricks, already connected to
form circuits with specific functions. A few external components
can then be added from outside to personalize several of their
functions.

Two categories of such circuits exist: digital circuits (micro-
controllers, micro-processors, etc. capable to contain millions of
bricks per square mm) and analogue circuits that, strategically,
contain a few hundred of transistors as their functionality are
limited.

It is interesting here a brief historical review of the technological
evolution of the solid state electronics.

The first form of transistors were the valves (components in 3D)
that worked on a different operating principle: thermionic
emission of charge from metal.

Valves generate heat by default and are totally incompatible with
the modern electronics.

To give the order of
magnitude: the
implementation of the
microprocessor of our
smartphones with valves
takes probability the
volume of this building.
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At the end of the “40 of the last century it started the study of
semiconductors, mainly Germanium and Silicon,

Two researchers that
played a big role in this
business were William

B. Shockley and John
Bardeen

The first working transistor,
a bipolar transistor, were in
Ge and was developed at the
Bell Labs.

Power transistor ( ~mm?)

Bonding wire
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Pretty soon the transistor evolved and the valves retired. BICACCA
The change was dramatic: the space occupation was reduced by
order of magnitude (circuits changed from 3D to 2D...) and,

more important, the power consumption became negligible in
comparison to valve since the operating principle of transistors is
not thermionic.

One of the first commercial
transistor in its metallic package.

The technology evolution was not only in the semiconductors,
but also in packaging and the managing of the semiconductor-

chip inside.
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combining several of them with resistors, capacitors and
inductances.

At this moment of our study
we do not know which way an
amplifier is composed and we
can consider it as a mess of
components for the moment:
several transistors are needed
to compose an amplifier just as
many bricks are needed to
construct buildings.

Having available only one transistor per package, the only way
to design amplifiers was by connecting packages to packages.
This way to proceed is adopted also nowadays, but a new
approach made available by the evolution of the technology was
possible.

For quite a long time one
package included only one
transistor and there was an
evolution in packaging from
metal can, through-hole (TO) to
surface mount devices having
much smaller dimension.
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inserted in corresponding holes and soldered on the other side of
the Printed Circuit Board, PCB, the substrate support where
copper tracks are “printed” for electrically connecting pins of the
components:

Sige—ee
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There is a limit in the size of and the distance between holes, so
the compactness of this circuits is limited.

Surface mount devices, or SMD devices, are soldered on the same
side where the devices are located and take advantage from the
fact the soldering pads can be closer and smaller: these circuits
are much more compact.

The assembling of SMD circuits is more expensive compared to
through-hole circuits and this is a parameter of decision about
which technology to use: if space is not an issue through-hole is

the choice. .
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It could be considered strange, but the idea of trying of
implementing more than one transistor in a package was not
immediate (a similar, much longer, evolution was the
introduction of the “zero” in numbers...).

At the end of the ‘50 of the last century the first integrated
circuits as we know now came. Its idea and implementation were
developed in parallel at Texas Instruments and Fairchild
semiconductor mainly by Jack S. Kilby and Robert N. Noyce

For the first time
resistors,
capacitors and
transistors share
space on the same
substrate (Ge).

An oscillator o

ulil A flip-flop (memory)

Amplifiers and feedback gpessina 7



INTRODUCTION 8

3 UNIVERSITA
= [[ENERIRIRIRI =

Monolithic technology grew very fast since the first prototypes,
and now the number of transistors that can be integrated on a
singe piece of Si and housed in a single package have practically
no limit, or the limit is approaching that of atom volume:

Concerning our interest about analogue circuits, there is a very
very wide choice of the so called Operational Amplifiers, OA,
available with a large choice of different characteristics, therefore
able able to satisty a very wide range of applications.

3.05 [0120]

kB |:|. n The space occupied by the
264 (0104 1.4010.055] package is not always related
v B EF5 T to the .dimen§ic?n of .the Si on
B [;:331 «—| itsinside. This is a single
. 1R transistor in SOT23 package.
e M

And this is an amplifier with a
few tens of transistors
contained in its inside: same
% package above, but with 2
additional pin connections.
The name is called SOT23-5.
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Now, this very large number of different kind of monolithic
amplifiers are not intended to satisfy any possible application.
Namely, things do not work such that an amplifier with X gain, Y
bandwidth, etc., needed for our application, can be found of-the-
shelf.

Operational Amplifiers are sold “rough” and, with the help of a
few components added externally, the final needs can be pursued,
generally with great precision:

This extended range of obtainable possibilities are all based on
the exploitation of the negative feedback, which needs to be
managed with care to obtain the final goal.

We will study deeply the theory of negative feedback with
operational amplifiers, as this technique does not reduces
merely to the addition of a few components around an
operational amplifier, since other constraints must be met, such
as dynamic, frequency, noise. etc.

Then, the physical principle of operation of transistors will be
also part of our study. But, because of transistors are themselves
teed-backed amplifiers, they will be considered a class of OAs
and several of the rules valid for operational amplifiers will
maintain also for them.
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Let’s briefly summarize our next steps in our study.

First we will study the use of amplifiers as black-boxes, namely,
we assume that the Operational Amplifier, OA, is available and
we can manage it by adding some components around:

OA as a black box, a mathematical tool.

Then, we will enter the black box to try to understand the OA, or
Amplifier structure:

This is the inside of the black box above.
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We start first with the introduction of a few simple electrical
properties that will be necessary afterwards.

Then, we will enter deeply in the study of amplifiers with
teedback. The amplifier will be modeled as a device with some
characteristics.

The last step will be the introduction of transistors and their use
in the implementation of amplifiers.

This way to proceed is in some sense not standard, as normally

transistors are introduced first with the aim of their use in the

realization of amplifiers.

Experience shows that facing 2 new concepts at the same time,

transistors and the design of amplifiers with transistors, leads to

some difficulties in the comprehension from one side, and does

not follow the way circuits are designed nowadays for which, at

the startup of a new design, the answer to the following

question is at the basis:

Does it exist an OA suitable to the application?

1) If yes (almost 95% of cases), use it with a handful of passive
components (resistors and capacitors);

2) If not, the amplifier is designed with the use of transistors.

Actually there is a further in-between solution consisting in

merging OAs with a few transistors. This is often necessary
when noise is an issue (we will see this).

Amplifiers and feedback gpessina 11



RESISTORS:

% or |:::|R v = Ri

The current is linearly dependent on voltage through a resistor.
If the current is zero the voltage is zero: this means that the
energy given to resistor is promptly dissipated into heat.

CAPACITOR OR CAPACITANCE:
t

1
—=C v =EJi(t)
0

Current and voltage are not linearly dependent. If a short
current pulse, namely a charge, is loaded on a capacitor a
voltage drop is created that remains indefinitely: the energy
spent for that is not dissipated, but stored in the capacitance.

INDUCTOR OR INDUCTANCE:
di
L
v(t) = L—
é (t) dt

Current and voltage are not linearly dependent. If a short
voltage pulse, namely a magnetic field, is applied to an inductor,
a current is created that circulates indefinitely: the energy spent
for that is not dissipated, but stored in the inductor.
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THE BASIC ELECTRICAL ELEMENTS TO KNOW 1

IDEAL VOLTAGE SOURCE:

(constant or variable with time) that does not depend
on what it is connected across its terminals. When
this is the case we say that it has zero-series
impedance and is ideal: we will show why in a while.

@ Q An ideal voltage source is able to maintain a dropout
1
T

NON-IDEAL VOLTAGE SOURCE:

Re Vo A non-ideal voltage source is is modelled
by an ideal voltage source having a
Vs RL resistor R in series.

The resulting signal at the load is then:

Ry, Rg—0 (see next page for
Vo = Ry + Rg Ve Ve evaluation)

According to the model above, a non-ideal voltage source tries to
be close to an ideal voltage source as soon as its series impedance
tends to zero, or it is << smaller than the load impedance.
ZERO-VOLTAGE SOURCE:

To null a voltage source means that the source itself generates a zero-
amplitude voltage.
A voltage source with zero-amplitude can be modelled with a short circuit.

¥e V@R@ = o] B

Amplifiers and feedback gpessina 13




Let’s evaluate the output voltage:

The current I flows through the series of the 2 resistors:
Vo
I = ——
Rg + Ry

Now Vg is the voltage drop across R;:
Vo = IRy,

Therefore:
Ry,

Vo= ———V
O 7 Re+R, ©

We can arrive at the same result by considering the voltage V; is

linearly shared between both resistors, while the current is the
same:

VG: (RL ~+ RG) - VO: RL
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IDEAL CURRENT GENERATOR BiLELLA

or variable with time) that does not depend on what it is
connected across its terminals. When this is the case we
say that it has an infinite-parallel impedance and is ideal:
we will show why in a while.

@ An ideal current source is able to drive a current (constant

NON-IDEAL CURRENT GENERATOR

lo, A non-ideal current source is modelled
| by an ideal current source having a
© Rg L resistor R in parallel.

The resulting signal at the load is then:

R Rg—o0
I = G| X I (see next page for
Ry +Rg evaluation)

According to the model above, a non-ideal current source tries to
be close to an ideal current source as soon as its parallel-
impedance tends to infinite, or it is >> larger than the load
impedance.

ZERO-CURRENT SOURCE:

To null a current source means that the source itself generates a zero-
amplitude current.
A current source with zero-amplitude can be modelled with an open circuit.

) QQRL ® .G=o: *QRL ®

Amplifiers and feedback gpessina 15
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Vo lo,
G b
G

Voltage V is common to both resistors:

Vo Vg
IG - ——
Rg Rp
Hence:
RgRy
Vg = — =]
CTRe+RC

The current through R; is:

lo = <&
0 R,
Finally:
R:R
IO — G L IG
R¢c + Ry,

We can arrive at the same result by considering the current I is
linearly shared between both resistors, while the voltage is the

sames:
[ 1 N 1 _ 1
“\R¢ R,/ Ry

Amplifiers and feedback

Let’s evaluate the output current:

gpessina
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THE BASIC ELECTRICAL ELEMENTS TO KNOW 5 =%

CURRENT-CONTROLLED/VOLTAGE-CONTROLLED SOURCE:

There is a class of voltage and current generators that are at the
basis of the modelling of amplifiers and transistors: the voltage-
controlled and current-controlled sources.

These sources generate a voltage (current) that is dependent on
the voltage or current of a node or branch of the circuit. Here an
example:

R, N R,
{_ F {_

+

Vi (j '31 R O V,=-BVy

As it can be seen voltage generator V, generates a voltage that is
linearly proportional, with coefficient “-B”, to that at node N.

Amplifiers and feedback gpessina 17



SUPERIMPOSITION PRINCIPLE 1

THEQO: The behaviour of a linear network containing independent
voltage and/or current sources can be calculated by solving a
number of networks equal to the number of sources, where
each network differs from the other for having all the
sources nulled but one (dependent sources are considered
independent during calculation, their dependence being
considered at the end of the process, once the nodes to which
dependences are appended are highlight); then the algebraic
sum of every individual elaboration is the final answer.

NOTE: this theorem is very useful when dealing with noise
networks.

Do Not forget: a nulled ideal voltage is replaced by a short
circuit; a nulled ideal current source is replaced by an open
circuit.

ES. =3 R, V,=6 V
_F 1 F .\ V,=-14 V
+
| R=1K O
Vi <> 3l Rs () V, R,=9K Q
R,=2K Q
1,=22772
CASE a) let’s null V,;
] ] (see next page for

evaluation)

+
vV A l R . e .
1 <) 3 This first result is:
1, = Rz vV
A7 RyR, + R;R; + R,R;
Amplifiers and feedback gpessina 18




SUPERIMPOSITION PRINCIPLE 2

Let’s write the solving eq for the network:

R, Vy R,
1 1
[ I J I
E— _—

Vi <>+ a l Rs

It is convenient to start from one side and stop at the first
node. Then write the balance of the currents at the node and
verify if the eq has only one unknown.

If no, then we must proceed to the following node for
adding a new equation. This process will end when the
number of written equations equals the unknown.

For the network above the balance at node V, is:

Vl_VA_VA+VA
Ri Ry R,

With only one unknown and:
[y = A
AT R,

Amplifiers and feedback gpessina 19



SUPERIMPOSITION PRINCIPLE 3

CONSIDERATION:

Let’s see why the voltage, common to all, at potential =
Can be assumed equal to 0 V.

Let’s call it V; and see what happens:

R, Vy R,
g g
+ — —
Vi () Ia l R,
Vs

w+%—m_m—%+m—%
R, Ry R,

Now, if we call:

VX=VA_VB

We obtain:
V; + Vg B Vx N Vx
Ry Rz R,

Which is the same equation of the previous page.

Amplifiers and feedback gpessina
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SUPERIMPOSITION PRINCIPLE 4

CASE b) let’s null V;
R, Vg R,
I+ { F

The second result is:

I = Re V
5 7 R,R, + R4R; + R,R; 2

Finally (please, take care at the arrows that indicate the direction
of the current flows: currents having the same direction must be
summed with the same sign opposite to that of the currents
having opposite direction):

I3 =14+ 15

B R,V; + R;V,
" RyR, + R;R; + R,R;

B 9K -6 + 1K - (—14)
9K - 2K+ 1K - 2K + 1K - 9K

= 1.379 mA
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THEVENIN THEOREM 1

With respect to a pair of its terminals, a netwtork can be
modelled by an ideal voltage source, Vyyy, having in series a
resistor, Rp; The voltage Vi is the voltage measured at the
terminals when the load impedance is e, while Ry is the
impedance that can be measured once that all the independent
sources of the network are nulled.

ES.
R, Vy R; Ry
1 1
+ Jj JJj B | T +

~
V1<> R, [P R, . I Vi 7o~ v,

With respect to the 2 terminals above V., results in:

Veor = R2R4 v (see next page for
™™ (@R, +R)([R; +Ry) +R;R, * evaluation)

To calculate Ry let’s proceed by applying a test voltage, V5, at the
nodes of interest and measuring the resulting current, just as if we
were using a measuring instrument. The ratio of the applied voltage
and the driving current being the wanted impedance R;. Before
doing this all the independent voltage sources must be nulled:

|
Ry Vg R; !
-y i —
V,=0 V R. l l - Vi
4
The result is:
S R4(Ry2R3 + R{R3 + R{Ry)
TH ™17 7 R4(R{ +Ry) + RyR3 + R{R3 + R{R,
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THEVENIN THEOREM 2

Network evaluation: BiGBEEA
Ry Va R;

1 1
+ J S| J S| +

V, C) R, R, Vi

LINIVERS ]:T‘ff‘

Starting from the left we encounter the first node V,:

Vi —Va _ VA_I_VA_VTH
R, R, R

We see now that the above eq has 2 unknown, V, and V;,, and we
need to add an eq.
For that we move further on the right:

Va—Vru _ Vrn

R3 R4

This new eq does not add any new unknown and the 2 eq above
allow to solve the network.

CONSIDERATION: Why the voltage V. is the voltage measured at
the given terminals is soon understood if we remember that the
output voltage V, of the network below equal V5 only and if only R,
equals « every time Rg has a finite value.

Rs Vo

QT e
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NORTON THEOREM 1
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With respect to a pair of its terminals, a netwtork can be modelled
by an ideal current source, Iy, having in parallel a resistor, Ry

The current I is the current measured at the terminals of interest
when the load impedance is 0, a short, while Ry is the impedance

that can be measured once that all the independent sources of the
network are nulled.

Ry Va R;

| | —

+ J S— J S—
~ Jr
Vi <> R, R o NO@E:'RNO -
4

The impedance seen at the nodes of interest is the same as that of
the previous example (the network is the same).

To evaluate the current Iy we consider the following:

Ry Vy
+ g ! Ino
v.O RZQ [P |

From which we obtain:

Va R,
INO — = Vl
R; R;R; + R;R3 + R3R;

IMPORTANT: if we apply the Norton Theo to a network to which we
have applied the Thevenin Theo, or vice versa, it can be shown that:

Vrh = InoRnor  Rrh = Ry
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Let’ try to understand why the Norton current I is evaluated this

way:
Ry Vy Rs
1 I ] I
+ = e ’ NO
V1 <> R2 l l R
4
lo
— That is done this way because we know that
Ino R QRL current |5 equals lyg if and only if R, is zero if
NG Ryo has a finite value:

Amplifiers and feedback gpessina 25



A note on the text colour of equations

In the following a formula coloured like this:
1 1 N 1 N 1 - ABR;
Rof RL RiBA RO Rl +R5+ROB

Represents a standard result of an evaluation.

Equations coloured like this:

T ABR; 1

Root  Rj +Rs+Ryg R,

represents an intermediate passage of an evaluation and can
temporarily skipped.

Equations coloured like this:

ABR; RL ‘ Riga

Rj +Rs+Ryg Ry ‘

RiBA +R,

Indicates a result that is widely used around.
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AMPLIFIERS: SYMBOLS 1
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The simplest form for representing a voltage amplifier is the
tollowing:

Vo= AV,

| VO

The above is an ideal amplifier since there is no indication of the
characteristics of its input and output and its frequency behaviour.
Dealing with an ideal model we can introduce some useful
properties when driving it with a non-ideal voltage source:

Rs v v

— O
vsé 'i IR,

The amplifier, being ideal, has no current that enter its input, so
there is no current that flow through Rs. The consequence is that
the voltage V, is equal to V.

Being ideal, the output voltage does not depends on the load
impedance R;. As a consequence:

Vo =AVS

The result is independent from the source resistor Rg and load
resistor R;.
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AMPLIFIERS: SYMBOLS 2

A Vg

Vs@ I:{L

Vo=AVg

Moreover, there is another important consequence:
The input power, or energy, is negligible, being:

Pi — VSIi"’O
The output power is instead:
Vs
PO — R_L > Pl

The amplifier is a transducer able to bring a weak signal, from a
weak source, amplifying it for generating a strong signal across a
load; the output delivered energy being larger than the input
energy.

The amplifier is not able to generate energy by itself and, for
taking into account the actual balance of energy, we must consider
that the amplifier is not isolated and some voltage sources are
needed to provide the energy:

Vee The amplifier merely takes
Rs A energy from the supply
—{ ] voltages, bringing it to the
v é Toc R load. In this respect the output
| Vee - cannot exceed the supply rail.
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AMPLIFIERS: SYMBOLS 3

There is another common, actually the most widely diffused,
amplifier configuration: the differential amplifier or Operational
Amplifier, OA:

Rs v,
P v,
vsé 7 Q R,

The advantage of such a configuration will be soon evident in
connection with feedback, but also in several other applications.
OAss are able to amplify signals floating from a common potential,
in contrary to single ended input amplifiers.

OAs have only a disadvantage in some situations concerning
noise.

The concept of the OA as it is shown above is very useful and
widely exploited in modern electronic design.

We will start from the above ideal model and, as soon as we will

acquire confidence, we will complete it with its several actual
characteristics.
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AMPLIFIERS: SYMBOLS 4

The model, actual or ideal, is not an abstraction as OAs exist and
are widely used.

The know-how we will acquire will find practical applications.

Vcc
In+—
In- — /)_ Out
Vee

We can consider our OA as a black box having some specifications
which links its output to the difference of its inputs with a certain
proportionality, or gain, A that is a more or less complicated
function of frequency or time.

The factor A we are referring is generic, but must assume different

values, which depend on the applications and we should find the
method to personalize it.
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The negative feedback concept (1)

Our aim is to try to find a way of obtaining an amplifier suitable
for an application, whatever it is, starting from a generic standard
amplifier.

Let’s start from an ideal situation for better understand the
concept.

A In a feed-backed system a
+/N fraction of the output is taken
v @ N vV, and subtracted or summed to the
input. In the first case we deal
with negative feedback, in the
second case positive or re-
Va b generative feedback.

We are interested in negative feedback for analogue systems, while
re-generative feedback is exploited in digital applications.

The solution of the above network is the following:

V, = AV;
Vi=V, =V,
Va = BV,

Vo = A(Vs - Bvo)
AV, =V, + ABV,
AV, = V(1 + AB)

V A V.
°© 1448 °
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The negative feedback concept (2)
A

Y

Vi | P

Let’s concentrate on 2 of the relations obtained so far:

1) Vo =A(Vs —BV,) = V,=AV;—ABV,
A
2 V, = V.
) ° 1+Ap

The first eq says that the output is given by the algebraic sum of a
term proportional to the input excitation, AV, and the quantity —
ABV, the fed backed quantity.

The parameter T=-Ap is told loop gain, because its path starts
from the output and arrives at the output itself, after having
travelled around the feedback path.

Eqg. (2) can be re-written:

A
2) Vo — m VS
At this point the meaning of negative or re-generative feedback
becomes clear:

* Negative feedback has T<0 and the denominator of
(2) is always different from O;

* Re-generative feedback (that is not this situation
now) has T>0 and, therefore, the denominator of (2)
can be zero, leading to divergence.
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The negative feedback concept (3)

A
EY
QT “
Vg - o)
V, B
A
Vo — mvs T — —AB

We can recognize the negative feedback mechanism:

* A fraction of the output is subtracted from the
input if A>0;

* A fraction of the output is summed to the input if
A<O0.

Conceptually, the aim is to reach an equilibrium condition.

The typical negative feedback example is when we drive a car at
constant speed on an autobahn: we monitor the odometer (the
output) and regulate the speed by pressing/leaving the gas-
pedal.

Positive feedback on an autobahn is set by increase the pushing

of the gas-pedal whenever we see that the speed on the
odometer rises, resulting in a crash.
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The neqgative feedback concept (4)

A

So tfar we have made some mathematical investigations and
found a consistency.

But we would like to exploit this property for adapting the
amplifier gain to our application.

That is soon understood if we elaborate a bit our result:
A 1 AP 1 -T
— V, =~ Vi== ——V,
1+ AR B 1+ApB B1-T

Vo

First: one would try not to be tied to the value of the
amplification factor A. This is easily obtained if A is very very
large because in this case we obtain:

V—1 AP V. 1V
© T B 14+AB Sa>>1B S

This is very important and practical: if A is very very large the
output signal is independent from A.

This implies an important property: there is no need that A has a
precise value, we only ask it to have a very very large value.
Indeed, the design of the operational amplifiers, as they are found
off-the-shelf, follows this strategy: an amplifier with a very very
large and not precise gain.
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The negative feedback concept (5)

A

v 1 AP v
© T B 1+ AB Sa>>1

1
B

Second: once that A is very very large and the approximation
above is valid, the output is proportional to the input by the
value 1/8 and, if 3 is smaller than 1, the output has an absolute
value larger than the input: the output signal is an amplification
of the input signal with an amplifying factor that does not
depend on the amplifier gain A.

That is a very good and useful result since a factor 3 smaller
than 1 is easily obtainable, we will soon see how, with passive
components, i.e. resistors, capacitors, etc. and the values and
precision of these components can be easily found off-the-shelf.
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The negative feedback concept (6)

At a first glance it could be that the precision of the final gain
would not be good, as the gain A changes with the environment
(temperature, humidity, ...) and from sample to sample.

We can verify if this is true or nature is kindness with us.
Let’s start from:

A= vo 1 AP

£ Vs N B1+ BA
...and calculate:

1 B(1+PBA)—BA
AAf_E AT BA? AA
AA _1! i AA

7B (1+8A)?
" 1 BA  AA

7B (1+BA)? A
" 1 Ap 1 AA

"B 1+BA1+BA A

AA
A

= A
=" 14+pA A

AA; 1 AA

= =
A  1+PBAA

The above result says that the percentage of change of the final
gain, A, equals the percentage of change of the gain A, but
attenuated by the factor 1+3A.
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The negative feedback concept (6)

AAf 1 AA
A 1+BAA
Just for having an idea. If 3=0.01, or the gain 1/p is 100, and A=10"

V/V, the factor A results in 10°, and even a 100% of change of the
gain A results in only 10°% of change in A

This effect can be interpreted graphically. The response to the
input signal of the open-loop OA, namely, the OA with no
teedback, or with (3=0 is very steeply and gets saturation towards
the rails as soon as the input move away from zero:

A 4
VCC

Ay

» |
Ll

Narrow linear region: the gain is 107 V/V

VEE

The gain A; is much smaller than A and the input voltage can
spans larger values before the saturation toward the rails occurs:

r A
f

—

V.

» |
»

The gain slope A; is smaller and the input
can span a widely region before saturation
OCCurs

Vee
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. a further bit of history

The first high gain amplifiers introduced were not monolithic, but
based on valves. They were the K2-W and 12AX7 in the ‘40 - ‘50 of
the last century.

,r' %L" !HH\ e\
\ ’fﬂ ' “_\}\%

e,
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The negative feedback concept (7)

Our study must move towards the real word and we need to start
to consider we are not facing ideal elements.

Our feedback will be composed of passive components, in general,
and to model it the feedback block is expanded this way:

O
VS§ :

The block {3 is expanded in a 2 ports network. Its output is

modelled with a real voltage source, but also its input is modeled
the same way. The arguments seen in the previous pages remains
valid: at most the loop gain is changed, as it will be evident soon.

The block is modeled bi-directional, typical of a passive network,
for which signals can go back and forth.

The model above is very easy, but in a practical case is not obvious
the passage from the actual network to the two-port network
above and we will try to skip this passage, trying to adopt an
analytical/physical method.
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The negative feedback concept (8)

Before to continue we simplify the system by using an OA for
which the subtracting block is missed and the non-inverting input

is exploited instead:
V=A(V,-V.)

T §
BinvVp

Let’s introduce now the way to solve the network by successive
approximation.
We expect now that (we will verity this):

gLl @ 1,

B T+ ABI(B) °A>>1B
The term f(p) is now introduced to take into account that the
feedback network (and the OA, see later) is not ideal and some
effects are introduced. Normally, for a passive feedback network

1£(B)I< 1.

The first approximation we consider is A=eo, even if this is not true.

In this case we expect that: 1
Vo = E VS
With an error of the order of:
ABE(B)
) T = —ABf
1+ ABf(B) pE(B)

Non-ideality means that the loop gain T becomes smaller, but still
large if the system is well designed
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The negative feedback concept (9)

- S —
= " —

LINIW

The double assumption:

MA=0 = @V =7V
is very useful from the point of view of the solution of the network
in the actual case.
Condition (2) says that the output V_ has a finite value if V_ has a
finite value too (within obvious limits) .
If V, has a finite value and A=co, then, being respected that
V.=A(V,-V.), we expect that:

3) V,~V_

...not only. The OA above has been made a bit less ideal
considering the presence of an input impedance R;.
From (3) we have that:

Vi-V_ 0

[, =]_= —
T Rj Rj

So we can add this further result:

1) A=oo:>(2)v0=%vs, B)V,~V, @I, =1_=0
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1) A=oo=>(2)vo=%vs, B V,~V, 4Il,=1L=0

Applying (4) above we obtain that V.=V,

then, now with (3): V=V, namely: V.=V /[, irrespectively of the
non ideal feedback.

So far, as soon as the gain is very very large the feedback works the
same way in both ideal and non-ideal conditions.

We will see in the following what does it happen with the loop
gain T.
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The negative feedback circuit examples (1)

Let’s apply the condition:

nA=w:<m%=%w,

23 g |
3)V, =V, 4)I,=1_=0
According to (1) and (2):
From (1):

Vy = Vg = V_

Therefore currents in R; and R, satisfies , according to (4):

R» R4

The final result has been obtained very
Vo _ R; +R; quickly without the need of modelling
Ro R;R, the feedback by mean of a 2-ports

network.
Loy Ri + R, .

(0) Rl -
Finally, from (2):
Vo = Ra Ry vs hence: [ = Ry
R, R;{ + R,
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The negative feedback circuit examples (2)

LINIVERS ]:T‘ff‘

R; + R, R4
Vo = R—1VS hence: B = m

In obtaining the above result we did not apply any considerations
about the input/output impedance of the fed backed OA, nor the
direct/indirect transmission across the feedback.

Moreover, under the approximation we did, the result is
independent from the load impedance R;.

In solving the network we have considered the OA ideal. This
assumption does not affect the result as soon as the gain A is
assumed oe.

We are dealing with negative feedback: a fraction of the output is
taken to the inverting input, namely, is subtracted from the input.

We will see soon that when the OA is assumed not ideal and all
the elements are taken into consideration, the above result
remains valid and some multiplicative terms are added, or
summed.
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The negative feedback circuit examples (3)

Another example:

1
DV, ~V., @I =I_=0

Again a fraction of the output is taken at the inverting input,
where it is subtracted: once again the feedback is negative.

Apply (1) and take care: here v_results 0 just

V- =V = because v, is connected to ground.
. V_o—vVa 0—vyu Va Apply (4)
s = = ~ T n.
S Ry R, R, PPy
Vo—Va_ VA _Va Vo_VA_l_i _Ya
Rl R3 RZ Rl > RZ
VO + R1 + R2
— = — Va
R1 > RlRZ

Again we have obtained the link
v,  Ry+R, between the output and input.

———R

RiR; + R3(R; +Ry) |
— i
R, >
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1)A=oo$<z>vo=%vs,

)V, V., @)I,=1_=0

RiR; + R3(R1 + Ry) .
R,

Vo =

Again, (2) is valid, therefore:

R,
R;R; + R3(R; +Ry)

B =

Here we have found other 2 properties:

The output is a voltage, while the input is a current: when to
disentangle between the input/output variable type?

The consequence of the difference in output and input variables
type is that the gain 1/p results dimensional. This seems to

conflict to the fact found that BA must be dimensionless.

The answers to both of the above questions will be soon given.
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Vi A, Here we have a first OA A,, fo

o which across its feedback path

i there is another feed-backed
s ' [Jr. OA A,
Re [I R

Note that since A, is inverting
the feedback at the input of A

| Va V,. is taken at the non-inverting
A node, for negative feedback.
- Vv .
2* Again:
1
1)A:OO = (2) VO:EVS,
~ V_, 4) 1, =1_=
At the input node: Ve =V () 1y 0
Vig = Vo =0 From (3)
Vi =V, Vi
Is = Ry = _R_F From (4)

Now from the output, merging the input:

V2+zV2_=O i :VO_VZ—:VO
0 Ry, Ry,
Voo —Vy Va
I = R, - R, We see that input and output have the
same dimension, but are currents.
e —IsRp RFI
Ry L .

From (2): = Ro Parameter [3 is dimensionless.

F
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The negative feedback concept (10)

LINIVERS ]:T‘ff‘

So far we have became familiar in solving fed-backed networks i
case the OA gain A is close to .

In doing this, some question arose.

One of the results obtained is that the output and the input signal

can differ in type. Actually this is the case and any combination of
the output over the input can be obtained. Here the list of all cases.

Voltage output over voltage input:

+ Vi Vo
v, @ \Ij R_ The output voltage is read,
and a fraction of it is
— subtracted from the input.
B2
-

Current output over voltage input

The output current is read,
Vi Vo and a fraction of it is
Q § D R, multiplied by a coefficient

having proper dimension
’ N \) and subtracted from the

@ B, ‘ [ i input.
.
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The negative feedback concept (11)

LINIVERS ]:T‘ff‘

Current output over current input

VO
T | R The output current is read,
ls : and a fraction of it is
\/ subtracted from the input.

Voltage output over current input

The output voltage is read,
and a fraction of it is, after

T@ i R, being multiplied by a

coefficient having proper

_ dimension, subtracted
@ Bai, from the input.
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The negative feedback concept (12)

LINIVERS ]:T‘ff‘

A further consideration is how to understand which is the
variable, output or input, worked out by the feedback.

The answer is tied on what is our interest: we would like that the
amplified signal is as much as possible independent from the

source and load impedances, so approaching the ideal situation.

In this respect, rather than thinking at a variable that is managed
we can think at our final aim.

Let’s see the practical cases:

Rs Vo=A(V,-V)) We have found that:
[=0
Vs ; | = R, + R,
L VO — —VS
R4

R1gl R:

The output voltage is independent from the load impedance
R;, under the assumption that the gain is very very large,
whereas the output current is:

. Vo _ Rl + RZ

TR RiR S

We can see that the output current is fully dependent on the
load impedance: the output variable in this configuration is
therefore the voltage.
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The negative feedback concept (13)

LINIVERS ]:T‘ff‘

Rs VO=A(v+-v-) _ .
VING Vo From our approximation we
Vs -=0 know that the input current is
1 7 RL  negligible; the consequence is
25 that the voltage drop across R, is
R1 g | negligible and V_ =V..
Indeed our result is:
y R; +R;
O~ Hx Vs
R4

So the final result does not depends on the input source
resistor R, and we can consider the voltage the input variable.

Let’s consider the case the input is a current generator with its
source parallel resistor R..

V,=A(V,-V.) We have now that:

R, Therefore:
R Ry +Rz
VO =
Rl Sis

We can see that the output voltage is fully dependent on the
source impedance in this latter case: the input variable in this
configuration is therefore the voltage.
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The negative feedback concept (14)

LINIVERS ]:T‘ff‘

Let’s consider the second of our examples. BICBECA

We have found that the gain is:

R;R; + R3(R; +Ry)
That does not depends on the

load R;: the output variable is
therefore a voltage.

Vo =

We now consider the source resistor R, in parallel to the input
current source.

Since v,=0 V and v_~ v,, then v.~0 V and the current through
R, is 0 A: the output signal will not depend on R, as it
happens, actually.

Let’s consider the case the input is a voltage generator with its

source series resistor R..
Now we have that:

VS
.= —
S RS
VS
So that:

R1R2 + R3 (Rl + Rz) Vg
l R2 VO = -
XL R Rs

The output becomes dependent on the source impedance in
this case: the amplification is about current.
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The negative feedback concept (15)

Let’s consider the last of our examples.

We have found that the gain is:

The input follows the same
consideration of the previous
Va V, ~ case: vy, isat ground and the
current in R, is nulled.

We know that V,_is about 0 V so that:
Vo = RLIO

and;:

R
Vo = RLIO = RLR_lls

The output voltage depends on the load impedance R;, and
the output signal is, therefore, a current.

Amplifiers and feedback gpessina

53



The feedback of real OAs (1)

LINIVERS ]:T‘ff‘

to the actual:

The level of detail of the model can be more sophisticated. For
the moment we limit ourselves to consider a finite values of the
input impedance, R;, and output impedance, R, and of the
voltage gain, A. These, and other parameter values, are listed in
the datasheet of the OA we selected.

As it can be seen the gain of the amplifier is modelled with a
voltage (or current) dependent source, namely a source whose
voltage value depends on the voltage (or current) of another
node.

We would develop a procedure for solving the network that

allows for a solution having a degree of details depending on
the requirements on precision.
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The feedback of real OAs (2)

Now we add to our real OA a modelled real feedback, a real
source and a real load:

R ?!:
i R, Q R,
i -

First of all we check if our first approximation is still valid with a
real OA and, for a while, let’s consider the gain A having a very
very large value. We know that:

(MA=o > (2) vo=%vs,

BV, ~V, @IL=1=0

Applying (4) we have that, at the input mesh: v=v,=v=pv,.

Or: v=pv, = v =v/B, independent of all the impedances around
and our approximation remains still valid and unaffected.
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The feedback of real OAs (3)

LINIVERS ]JT,fE'

Now let’s jump into details. BICBELA

R|
] ( ) ROE QRL
| -
R, . Ris
Vp BV,
+
VR=BinvVp

There are 3 dependent voltage sources and, as expected, the
output is zero if the input source is zero: remember that we are
now dealing with the signal and we have to think at it as a first
order expansion of the static or DC working points, we will
come back on this later.

Voltages (or currents) dependant source are mathematically
expressed by a law:

VA=AV —V-)

the above expression says that a variable on the left, v, can be
assigned a function (just as y=f(x)) on the right, A(v,-v.).

We can omit the assignment to v, when we manage it, for
convenience, and considering v, a “generic variable or unknown”
and we apply the assignment only at the end of our
manipulation.
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The feedback of real OAs (4)

LINIVERS ]JT,fE'

The interpretation just given is trivial from the mathematical Bit8tta
point of view, but has impact from the physical point of view,
and we can exploit this for our purpose.

@E b P [VarAv)
Vs

If we let v, to equal

Rl (v,-v.)) we close the
teedback loop, and the
OA model works.

_ If we let v, to be “a

L A generic variable” the OA
Ve @E remains open loop as its

input and output are

independent: the model
is not perfect till we do
not apply the actual
assignment to v,, but
this un-assignment is
useful to study the

system as it lets the
network unperturbed.
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The feedback of real OAs (5)

We set A=0, this is equivalent to replace v, with a short circuit: *'* ¢ *?

R i
L Ry A=0 =V,=0
- b
R ] >
R, Q R,
=t~
VR=BinvVp
Output mesh:
( RoR, 1 ; (here we see the application of
V1o~ R, +R. _RLRy LR, R the concept of “generic variable”:
Rp +R, P vy is left generic till the end of
< the calculation, for convenience
Rog this time)
= - +
kVp Rop + R; + R, (Vs — Bv1o) + Bvio

ROB n Rj + Rs Bv
P Ry + R +R; ° Rog +R;+Rg" 1°

Rop R; + R RoR], 1

s T \Y%
"PTRog R+ Ry ° Rog+R;+Rs' R, +R, RiRg o 'R
RL +R, i
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The feedback of real OAs (6)

We set A=0, this is equivalent to replace v, with a short circuit: *'* ¢ *?

VR=PinvVp
R L RitRs o RRy, 1
"PTRys+R;+R, ° Rog+R; +R; R, +R, RiRg_ 'R
" o RL +R, +Rig
Ry L RitR RoR], 1
PR +R + R, ° Rog+R;, +R,"R, +R,_RLRg PinvVp
" " Ry, +R, TRig
Rog 1 )
VP~ Rogp+Ri+Rsy; __ Ri+Rs  RoRp BBinv ’
Rop + Ri + RyRo TR RiRp o
R; +R, ' B
Vp: ROB \%
RoRy, BBinv ’
Rop + (1 “Ro+RL RiR, o ) Ri+Rs)
Ri. +R, ip
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The feedback of real OAs (7)

R :
§|: L~ [ A=0 =v,=0
vS S
VO
[]Ri ]
o Q RL
=t~
VR=BinvVp
Vp: ROB \V4
RoR[ BBinv >
ROB + (1 a Ro +RL RLRO +R. ) (Rl T RS)
R, +R, ip
R / 1 — RORL BBINV
of R, *R, RiR, o
RL +R, iB
= \%
RoRy, BBinv >
ROB/ (1 " Ro+R, RiR, o ) T (Ri+R)
R, +R, ip
Therefore: R
Roga = oF
Ropa opA 1_ RoR[, BBinv
VP~ Ropa + Ri + R, R, ¥R, R.R, Ry
Rp, +Ry "1
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The feedback of real OAs (8)

R i,
?: S By A=0 =V,=0
Vg P\ v,
[]Ri ] Q
o] RL
=t~
VR=BinvVp
RoBA
VP~ Roga + Ri + R,
Output mesh:
S RoRy, 1 ,
lo R, +RL—RLRO +R. R
Ry +R, ip
But v=Fnyvy!
RoRy, 1 Ropa
\Y \Y
107 R +R;, RiR,_ 4Ry Rosa T Ri +Rs Pinvvs

RL +R,
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The feedback of real OAs (9)

IL, + A= O :>VA= 0
Vs \P\
E]R 1 VO

VR= BleV

Finally:

RoRy, 1 Ropa

Vio=
R, +R; RLRg Roga + Rj + R
L__L "0 RL R +RiB oA i S

BiNvVs

Let’s define:

ROBA
ogA T R; + Rq

Binva= R Binv
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The feedback of real OAs (10)

We set A=0, this is equivalent to replace v, with a short circuit:

R i
S A=0 =V,=0
vS ~
TR, - it
i R, Q R,
=~
Vp Eﬁ’@[}v %
VR=BinV
So we can write::
RoRL, 1
V1o™ R, +R, R.R, BinvaVs
L == +Rig
L +R
V1o=ARVs Rule #1: if we set A=0 the output voltage we

measure is the direct transmission, namely the
signal we have at the output which comes from
the fact that the feedback is not ideal,
unidirectional from the output to the input of
the OA. This result is quite general and works
also with the actual feedback, since we did not
make special assumptions.
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The feedback of real OAs (11)

We set A=0, this is equivalent to replace v, with a short circuit:

R :
IL, + A=O :>VA=0
Vs P\ Vo
[]Ri ] Q
o RL
=t~
VR=BinvVp
Input mesh:
VA —v vs—Bvo
L+ 7R +Rs+R o
Rj Rj

\% —Vi—-—= Vg— \%
I+ 77 Ry +Rs+R o Ri"'RS"'RoBB lo

Rj e PR
"R +Rs+Rog ° R +Rs+Ryg

Vi4—Vq— ARvs

This step is needed now, but will be not necessary in
the final procedure. We need it now since v, will be
dependent on this difference at the end.
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The feedback of real OAs (12)

Now we concentrate on the source v, , that we make
independent for a moment, while we null the input V.:

l—!: I;, \ V,= is left generic here
VS

i

Rop Ris
Vp BV,
+
VR=BinvVp
Output mesh:
rVA — V20 V20 N V2o — BinvVp (here we see again the
R, R, Rip application of the concept of
) “qeneric variable”: v, is left
R; + Rg generic for letting open the loop
Vp = R; +Rs+Rp Bv2o and to allow the study of it)
0

\% \% \% \% R; + R
A: 20_|_ 20_|_ 20 <1 1 S BINVB)

R, R, R, Rg\ R +Rs+Rop
VA_V20 , V20, V20 Rj + Rs
= + + R.eax = R; 1 —
RO RO RL RiBA ( IBA 18/( Rl +RS+ROB BINVB
RL ‘ Riga
V20~ VA
Ry ‘ Riga +R,
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The feedback of real OAs (13)

f: I;, + V,= is left generic here
Vg P\
v
I :

Output mesh:
(here we see again the
Ry |[R: application of the concept of
L IBA e ’ ‘ V4 ‘
Vo= VA generic variable”: v , is left
R, |[Riga +Ro generic for letting open tﬁe loop
and to allow the study of it)
Input mesh:
R:
V2+~V2—=" : Bv2o
BR; RLRjg4 1 y
Vo —Vy_=—
Z T R{+RsTRog Ry +Rigy RiRiga A
(0]

Ry, +RiBA

Amplifiers and feedback gpessina 66



The feedback of real OAs (14)

l—!: IL. \ V,= is left generic here BICELEA
0

VR=BinvVp

We can see the analogy of the result obtained with the former
calculation we did with feedback:

Vi=V,—BV, = now V, —V_ =V, —[f(B)V,
Vo = A(Vs —BV,) = nowV, = A(Vs — Bf(B)Vo,)
V, =AV, —ABV, = nowV,= AV, —ABf(B)V,

V, = AV, + TV,

The ditference between the present case and that case is only
because v, has been nulled and there are some impedances
around. From the first equation we have, with V_=0:

Vi —=Vo = = BIB)Vs

The eqs which follow the first in the above system are active only
when V, is made dependent on the input nodes, and in this case
the loop closes and T is simply the product of the above eq by -
A...
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The feedback of real OAs (15)

J-—: L “N Vy=A(V,-v.)
V.=0

VR=PinvVp
Vi= —=BfB)Vo = T=(- BE(B)
Therefore, multiply by A/A:
ABR; RL ‘ RiBA VA
V2+_V2_:_ .
\%
V2+_V2—:TKA
Or: T— A(Vy4—vy-)
VA

(note that we refer now to the term I, and not ABf(S),
that has lost its meaning since the components
around complicate its expression.)
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The feedback of real OAs (16)

F: e |.|.\‘VA=A(V+-V_)
V=0

VR=BinvVp

To say in words: in this last calculation we have followed the
path marked by the orange line from the OA output to its input.
This orange line is the feedback path, which is closed by the
green line, i.e. when to v, is returned its original function:

VA=A (V,-V).

(note that the loop gain T is the parameter
VoL —Vy—= YA we are interest in. Remember: T must be
A dimensionless and negative.)

A(Vo4—v,—
T= (Vo4—V-)

VA Rule #2: nulling the input source, the ratio
between the input signal and the amplifier
source (the dependent generator made
independent for a while) equals the ratio
between the loop gain and the amplifier gain.
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The feedback of real OAs (17)

L T VamAv)
g b

Y BV,
+

VR=BinvVp

Now let’s put together the 2 results obtained:

Vi—V_=V{4—Vi—F+ VoL —Vy—

Vp—V_= Ky Vg— bRi Apv +TV—A
Rj +Rs+Rog ° Rj+Rs+Rog 1 ° " A
Where:
_ ABRj RL ‘ RipA
Ri +RS+ROB Ry, ‘ RiBA +R,
From which we can write:
T RL ‘ Ripa TRo T RL|[Rjga +Ro VA
Vp—V_=— BA V5+K ARvs +TX
RL |IRipa RL |IRipa
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The feedback of real OAs (18)

?: L e VamAv)
VS
DRi \P\ A

VR=BinvVp
T RL ‘ Ripa tRo  TRL ‘ Riga +Ro VA
Vp—V_=— BA Vg A ARvs + TK
RL [[Riga RL [[Riga

Now let’s remember that v, is a dependent source, namely we
close the feedback:

(now that we have finished our
VaA=A(V4—V_) calculation we stop to consider v, a
“qgeneric variable” and we assigned
to it its expected dependence on the

...and rearrange (multiply by A
input nodes, closing the loop, now)

to express in terms of V,):

Riga +Ro  R[ ‘
V5+T

RigA RL

RiBA +R,

—TRL|
vpA(1-T)=

ARVS
B R

RigA
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The feedback of real OAs (19)

§: b P (VA
Vs P\ .

VR=BinvVp
A further step ahead:
—T RL ‘ RIBA +Ro T RL ‘ RIBA -|-RO .
VA= Vg+ RVs
1-T 1-T
FA=D " gy RigaA A= g, RipA

We prefer to know what is v, rather than v,. And v, was
found proportional to v, a few pages ago:

RipA

Ry |

Ry |

Vo=V1otV2o=ARVs + VA

Riga Ro
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The feedback of real OAs (20)

RL, ‘ Riga
Vo=ARvs + VA
Ry, ‘ Riga +Ro
Remember v 4:
—T RL ‘ RiBA +R, T RL ‘ RiBA +R, A
VA= Vg+ RVs
(1-T) (1-T)
B RL |[Riga RL |[Riga
We obtain:

—T T
Vo —ARVS + mvs +(1TT) ARVS

.... and finally:

\% — - -1 Vg AR \%
O 8(1-T) S'(1—T) S

The output signal needs 3 parameters to be calculated and
these 3 parameters can be obtained independently.
Moreover, depending of the level of precision or
approximation, we would like to obtain, we can limit the
calculation to less than the 3 parameters.

Remember: the result so far obtained is not approximated.
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The feedback of real OAs (21)

_1_ =T AR
Vo= E (1_T) VS+(1—T) Vg

We see that if T is very very large or, as we know, A is very very
large, the first term reduces to 1/ and the second term
disappears (also from the fact that Ay is already small, in
general).

We can then consider 3 levels of accuracy:

1. Tis very very large: v, reduces to 1/(;

2. Tislarge, but we would be a bit more accurate:
v, is 1/B [-T/(1-T)];

3. Tislarge, or even not too large. We can be very
accurate and consider both terms in the
expression above for v,.

Whatever is the level of approximation considered, we can
improve it simply adding terms that can be easily evaluated.
At the maximum level of accuracy the result will be not
approximated any more.
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Feedback procedure (1)

- ¥ =

LINIW

The only way to obtain the gain 1/( is to consider A=eo, even if it is
not: if A=ec in the expression for v, all terms disappear except 1/p3.

— T+ Va=20(v.-V.)
Ve P\ v
o]

(A= > @ Vo =z

R)V,~V_, @L=1_=0 Vo ﬁ@ﬁvo (%

Vs,

If A=c< the 4 rules above apply and we can easily arrive at the
result.

Once 1/B has been found we can decide if we need or not to
proceed to find the other terms.

The following step is to calculate T and see if it is worth to
consider —T/(1-T) or not.
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Feedback procedure (2)

Step #1:

To evaluate the loop gain T we null the input source and let v, to
be “generic”.

J-—E —+ V= is left generic here
v
y - P\ Vo

VR=BinvYp

1
V4 —V_ =TKA

Once that we know T we can decide if —=T/(1-T) can be considered
well approximated with 1 or not.
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Feedback procedure (3)

Step #2:

Vl_TV ARV
0= @—T) 'sTa-T) s

Finally, once we know (3 and T we can calculate Ay by nulling the

amplifier gain A.
@D L P~ [A0ove0
I:]Ri PROE\ Vo Q a

VR=BinvY,

Vo :ARVS

Combining all together the non-approximated result is so far
obtained.

The application of the 3 steps to the practical case is

straightforward and we do not need to model the feedback with a
4-terminals block.
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Examples of complete feedback evaluation (1)

Let’s consider some examples.

NA=m = (2) vo=%vs,

BV, ~V, @I=1=0

Step #0:

If (1) is valid then (3) is valid and v.~v,=v_ and:

Vs Vo — Vg
R4 R,

From which we obtain the same result of the ideal case:

y _R1+R2
o= R, Vs
...Or:
1_R1+R2
B R4
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Examples of complete feedback evaluation (2)

vsl >
(’ [}Ri )
The input is nulled R, g R,

i +—

L:_
R1gl R,

\"
. . —T A

+ V, is generic

Let’s solve the network as the feedback is not present for finding
the loop gain T:

(VA —Vy Vo Vg —V_

R, R, R,
V4 — Vo= —vo
e 111
Let’s define: R, = R_1 — El ,  namely: Ry, = R1||Ri

From the second eq:

Ry,
|::> v_=——""—V
Ry, +R, °
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Examples of complete feedback evaluation (3)

(VA—Vy Vg Vg—V_ R4,
= + Vo =——"""V,
Ro Ry, R Ry, + R
{Vo—V_ V- +V_
R Ri Ry
Vs — Vo= Vo
Now the first eq

Vo Vo VO+VO 1 Ry,
R, R, R. R, RpRy+R; °

Va_ Vo Vo V(l_ Ry, )
2

R, R, R, R R, + R,

Va_Vo Vo, 1 With the position:

RO = RO RL Rll n RZ VO 1 e pOSl 10N.

! ! - ! 1 R Ri|I(Ry, + R5)

= . namely: = )
RLI RL Rll + R2 y L L 1 2

Va Vo Vo Ro + RL/ RL/

— + —_—— @ —
R. "R, TR, = Va R, '° = Vo = R, +R,, A

A\
R, +R,R,+Ry, *
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Examples of complete feedback evaluation (4)

~T

The input is nulled

Remembering that:

\
T2

=V, —V_=-—-V_=
A

We, finally, obtain:

AR4, Ry,
R;, + R, Ry + Ry,

Amplifiers and feedback

V, is generic

Ry, Ry,

"Ry, +R,R, + Ry,

Vg

gpessina

LINIVERS ]ZT,fl'

81



Examples of complete feedback evaluation (5)

& Ly V.=0
T+ A~
QL
\"
R :

Step #2: Vo=ARVs

We null the gain source:

(Vs —V_ _ V_ +V_ — V,
Rs+R; R; R,
S
1 1 1
V_ —V, Vo Vo We t: — +
— + put:
. R, R, R_ Ros  Ro Ry

From the second:

VoV, Vg
=2+ =
R, Ry Ry V-

From the first:
Vs V_ v v_ 1 Ry
= T —+t - V_
Ri+R; R¢+R; R; R, R,R,+Ry

Vg V_ V_  V_ Ry,
= +—+ l————
Rs+R; Rs+Rj Ry R, R, + Ry,
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Examples of complete feedback evaluation (6)

LINIVERS ]IT,EC

Vg V_ V_  V_ Ry,
= +—+ 1l——
R{+R; Rg+R; Ry Ry R, + Ry,

Again, for convenience, we can put:

1 1 1

_I_
Ri, Ry Ry + Ry,

Vg V_ V_ Rs + R; + Ry,
— + —
R,+R, R.+R;, Ry => Vs R, V-
Ry,
_ = \
Ry + R; + Ry,
Finally:
Vo = —RO, V_ = RO’ Rl, A\
° R,+Ry, © R, +RgR+R;+Ry °
Or:
V R / R I/
AR _ 0 0 1

Ve R,+Ry R, +R+Ry,
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Putting all together:

_RitRy T Ry, Ry, 1
"R, 1-T "R, +RyR,+R +R, 1T

Vo

And:

AR4, Ry,
Ri, + R, Ry + Ry,
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One consideration

So far we calculated the loop gain T, which is the product of few
parts. Although not needed in the practical cases, one can try to

disentangle T in its constituents.
We know 3 and T, so:

T
Aand_other - = E — Af(B)

Dividing T by the feedback 3 what remains is the product of the
OA gain and a term that depends on all the components of the
network: the elements that compose the OA itself and the
elements connected around (source and load impedances and the
feedback network, that is not ideal).

For instance, in the previous example:

A T Ry+R, ARy, Ry,
and_other — B - Rl R1/ + RZ Ro + RL’

or:

Aand_other _ Rl + RZ er RL/

f(all d) =
(all_around) A R, Ry +R,R,+R,,
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...and another consideration

At first it might seem a
complicated procedure the
following of the 3 steps.
The alternative way is to
solve the network as one
were not be aware of the
feedback, as it follows:

This is the system of

equations to be written to
. solve the network as if we
) did not know the feedback
A(vs — V) — v, Vo — VB _
R _ R (Vl = Vs — VB)
\ o 2
(vs 1,1 1) v
R °\Ri Ri Ry} R,
4
A A 1 N 1 N 1
R, ®\R, R,/ °\R, R,
To come to the final solution
{ several intermediate steps
are needed.
v = AR,R;(Ry + Ry) + Ri1R3R, Y At the end the final
° (R;{+R)R, +R,R, + (A+ 1)R;R,R; ° result does not
distinguish the
AR2 Ri(Rl + Rz) (Rl + Rz) | different
~ (A+ 1DR,R,R; Vs ¥ R, Vs CVE: contributions.
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Input and output impedance of a fed backed OA

LINIVERS ]:T‘ff‘

The source and load
impedances introduce
signal partitions, in a
real OA, at the input and
output across which part
of the signal is lost.

Nature of feedback is kindly in making the input and output of
the fed backed OA close to an ideal condition.

This was implicit in the results we have obtained in our
calculation as we have taken into account the presence of the

source and load impedance, obtaining little effects.

We can try to estimate the input and output impedances of the
fed backed OA in view of a final modeling, as we will see later.

Again, we will try to exploit the parameters we are learned to
estimate.
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Input impedance of a v-to-v fed backed OA 1

v-to-v= voltage input and voltage output amplifier

§:S L~ VamAW, V)
Vs s | \P\ A

Bvo
+

VR=BinvVp

The input impedance of the network is that seen at the input

source node, and is given by:
VS
Rif = —

Is

The current i is flowing through R, and also thought R; and
through this latter satisfies:

or:
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Input impedance of a v-to-v fed backed OA 2

S
\‘ V,=A(V,-V.)

P Bvo
+

VR=BinvVYp

Let’s try to exploit what we have learned. Node v, has not special
properties with respect node v, or any other node of the network;
therefore we can write:
1 -T N Ag,
Vp == Vg + ——
ATBR1-T° 1-T

Vs

Here 3’ and Ay refer the fact that node v, and node v, are
different, but T is the same, as expected all around the loop.

To calculate 3’ we start from considering T=ce:

B i
Vo =Vg = V, = E
and:
Va— Vo Vo + Vo — BinvVp
Ro RL RlB
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Input impedance of a v-to-v fed backed OA 3

VS
Bvg =Vs = Vv, = E
With the position above:
V =V
Vpa —V \% Vo — \Y P s vy 1 1 1- \%
A o0 _ O-|- 0 BINVp :> _A:< 4 n BBINV)_S
Ro RL RiB Ro Ro RL RiB B
or:
R0 (1 o BBINV)R0> Vs
va=|1+—+ —
. < Ry Rig B
namely:

. —1
va ., R, (1 —BBinvRo
() —rop(iem =R
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Now, if the gain is reduced to 0 we see that node v, cannot
change for direct transmission and Ay results to be O:
1 -T
Vpo = = v
A BI 1 _ T S

Now: (T =—-B'AS)(B,s))

va 1 T 1 BAI(B9)
A AR1I-T S Ap 1-T %

V+ — V_

_f(B)
Vi Vo= Vs
L S f(B") ,
’ Rj (1-TR; *
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RS
+ Va=0
O — P\
) ° 1 VO
I:]Ri ‘ ROI_I Q R
1 L
R, . Ris
vp BV, %
+
VR=BinvVp
Ve V- f(B")
) Rj (1 o T)Rl )
Finally:
R
R =-2=—"-(1-T)
is  f(B)

The feedback multiplies the parameter R/f(f") by 1-T, with the
aim of increasing the input impedance, obtaining a condition
closer to the ideal case.

The result obtained has a physical interpretation. If we set T to 0
by nulling the OA gain, as it is the case above, the input
impedance reduces to that can be measured in open loop
condition and can be easily calculated...
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Input impedance of a v-to-v fed backed OA 6

We can write that:

where R, ; (where iol is for input, open loop) is the impedance

that is measured when the OA gain is set to 0, in order to have
T=0.

This measurement is easily done with the network above.
In the next page the assumption above is proved.

Let’s try now to determine R first from the open loop condition,
as indicated above, namely from R, ;, than from the original

R,/f(B") found. This to show that the 2 approaches are similar.

A practical example is given in Appendix A.
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Input impedance of a v-to-v fed backed OA 7

v ﬂ@m %

VR= BleV

First method: evaluation of R;cfrom R;,.

(- Vs — Vp
le =
° Rg+ R

Vy, — ROB
P Rs+Rj+Reg

(vs — Bvo) + Bv,

A

R,|[Rv
Ro||RL + Rip

Vo = BINVVp

\

From which we already obtained:

R oax = Rop
Ropa opA 1 _ RoR[, BBinv
"P= Ropa + R; + Ry Ro PR, RiRe_ o
L TRo
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Input impedance of a v-to-v fed backed OA 8

v ﬂ@m %

VR= BleV

i_VS—Vp_ Vg | ROQA
> Rg+R; Rg+R; Ropa + Rs + R;

: Vs — Vp Vs
le = =
> Rg+ R Ropa + Rs + R;

And:

Vs

Riol_practical_method — 1_ — RoBA + Rs + R;
S
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Input impedance of a v-to-v fed backed OA 9
Second method: evaluation of Ry from R,/f(f)

We have shown that: R, =5 i (1-T)
e have shown that: =1 = Y

AB’

So we need to elaborate: f(B") =

T was already evaluated at the beginning to be:

_ ABRj  RiRjpp 1
Ry, +RiBA o
ABRj RLRigA

R +Rs+Rog R Rigs +RLR, +RigaR,

r___ ABRi  RiRipa 1
Ri +Rs+Rop RL+Ro Rig, + Rol[RL
-1
Ro (1 o BBINV)RO
B’ = B<1 +—+
Ry, Rig

_1
g = B(RLRiB + RoRijp + (1 — BBINV)RLR0>
RiRig

, (Rig + (1 — BBinv)Ro||RL) (R, +Ro) -
B'=P R,
LB
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Input impedance of a v-to-v fed backed OA 10

_ ABRj  RrRjp 1
Rj +Rs+Rop R, +Ro Rig + Ro||Ry

. B((Rig +(1- BBINV)ROIIRL)(RL+RO)>‘1

RiRig
Then:
(py= Lot APRi FLEBA 1
AR ARj+Rs+Rog R +Ro Rig, +R,|Ry
o L(Rig + (1 ~ BBinv)Ro|[Re) (RL+Ro)
B RiRig
() = Ri  Rig+ (1 —BBinv)Ro||RL Riga
Now:
R;

Riol_evaluation_method - f(B/)

= (R +Rs+Ryp) Ripa * RollRe Ry
— \ULTESTR0B) Rig + (1 — BBinv)Ror Riga
Rig + Ro||Rve (1 TR FRsFRyg BINVB)

Rig + (1 — BBinv)Ro||RL

= (R +Rs+Ryp)
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Input impedance of a v-to-v fed backed OA 11

Riol_evaluation_method -
Rip + Ro||Re (1 "R FRsFRog BINVB)

Rig + (1 — BBinv)Ro||RL

- (Ri +RS+ROB)

Riol_evaluation_method —

Ri +R
Rig + Rol[RL — g >

Ri TRs+Rog BinvBRo||RL
Rig + Ro||RL — BBnvRo||RL

(Ri +RS+ROB)

Riol_evaluation_method —

L Ro|lRy Ri +Rs o o
Rig + Ro||R Ri +Rs+Rog ™M
= (R +Rs+Ryp) 1P
i of3 - Ro”RL .
Rig + Ro[[RL NV
Riol_evaluation_method —
R,|IR
- ~ RJR.
1 RiB + Ro”RL BBINV

Riol_evaluation_method —

Ropg + (1 Ro||RL BBINv> (Rj +Rs)

_ Rig + Ro[Rr, ~ Ropa + Ry + Rs
1- RollR, BBinv |
Rig + Ro[[Re cvd!
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Input impedance of a v-to-v fed backed OA 12

LINIVERS ]:T‘ff‘

A consideration (a): T

In determining the input

impedance the source of §|: — 5 Vy=A(V,-V.)
Vs

test signal was a voltage. s P\
Vo
Ro
Rip
-

That was a good choice as [JRi

in this way we were sure ;

that the driving current ”
was that flowing through

Ry R
Namely, in this way the e ﬂ@
feedback is not perturbed B
when we apply the A=co o

rule: when A=e the current
thorough R, drops to a
negligible value and is

managed from the
teedback.

Moreover, if the testing voltage source is not ideal, namely R, is
not completely negligible, the measured input impedance value
is not contributed, or is marginally contributed, by R itself.
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Input impedance of a v-to-v fed backed OA 13

A consideration (b):

If a current source were
used for the characterization i [@ RSQT
we would perturb the

feedback, acting on the
actual value of T.

We see the way this perturbs
T, or validity of the
teedback:

L~ LVamAvv)

—_
Rs ii

ls
[ 1

- [rR - .
. Q Q ABR; RLRiBA 1

* Rj +Rg+R3 R, +Ro Rigp +R

" :E'@B"o 5 We see that if R, — o because we

use a current source, than T — 0,
therefore, that means feedback
broken. Omitting the direct gain for

VR=BinvYp

brevity:
1 —T 1 =T Ry,
" BI-T s BI-T
AR;  RLRjpa 1 1

~ Rj TRsTRog RLFRo Rjgp TRy T— T '

RLRigA 1 | Namely, the gain depends on A
is and no more on 1/f3, so the
amplifier works open loop.

Vo o AR R TR Rimn IR
s LTHro RiBA TR’
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Input impedance of a v-to-v fed backed OA 14

LINIVERS ]:T‘ff‘

A consideration (¢): BICBELELA

In case a current source [~ Va=A(v.-v)

were used anyway; it is ]@ RsQT P"\ )

would help to consider a R i g R

L

R
source impedance, R, in
parallel to it.
Remembering the Thevenin R R
theorem, this would be v ﬁ@m iB
equivalent to consider a ’

voltage source with a series _ %
VR=BinvVp

resistance in series to it.
» GENERAL RULE:
In characterizing the input impedance use a voltage source to
measure large impedance and a current source to measure
small impedances; namely, if the feedback reads a voltage,
then use a voltage source; if the feedback read a current use a
current source.
Said in another way: a voltage amplifier tries to show a large
input impedance, then use a source with a small impedance
for its characterization; a current amplifier tries to show a
small input impedance, then use a source with a large
impedance for its characterization.

The golden suggestion: look at the found loop gain and see
what happens if the source impedance is very big or very
small: only in one case T will be 0; than, take a current source
it T — 0 when R, — 0, or take a voltage source if T — 0 when
R,—

ABR;  RLRiga 1 Here we saw that T — 0 if R

T=-— — oo, than, the voltage source
Rj +Rs+Rop RL+Ro Riga +Ro7 i the choice.
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Input impedance of a v-to-v fed backed OA 15

A consideration (d):

Using the configuration on L Va=Av,v)

the figure is anyway s ]@ ng_ii) P\ )

possible, provided that

L

:IRi R°: g R
. . L
some considerations are _
done.
. Ry Rip
It has to be considered that: v; ﬁ@’ﬁv
_ Ve Vy—V_ ’ +%
=+
's RS Rl VR=BinvVp
Where, as we have already shown:
1 -T 1 -T R
= — R i
VA Bll_TVS Bll_T S*S
\% f(p’
=y B g

Rs (1 o T)Ri v

| Y\ vs
' (1 “a-DR RS) "R,

And:

vy f(B" (1 1
Rip =77 = s (1 d-DR, RS) =R (R TRy

=R2<1 B 1 >=R <R5+Rifo_Rs>: RsRifo
’ Rs Rs + Rifo ’ Rs + Rifo Rs + Rifo

And Ry is the feedback input impedance measured when R, is
set to 0 in the network, see the next consideration for detail.
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Input impedance of a v-to-v fed backed OA 16

A consideration (e):

An useful utility is to
disentangle the source Vs @E

impedance, R, from the
amplifier input impedance.
In practice the impedance
so far evaluated, R,;, we
would like to be express by:

Rir = Rg + Rjro

Starting from the zero gain, or open
loop, input impedance:

Rjo1 = Rg + RoBA + R;
We can write, obviously:

Rio1 = Rs + Rjo10

+

[JRi

Va=A(v.-v)

Ro%
+

N v,
Reo
RiB
+

VR=BINVV§

We would be happy to arrive at an expression of this kind:

Rijf = Rg + RiolO(1 - TO)

Where R, |, and T, refer to R, and T evaluated when R=0 Q.
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Input impedance of a v-to-v fed backed OA 17

W LNIVERS ]:T‘ff‘

. . R ) EiSELE a
The 1(?Op galn Tis the - ';, + V= is left generic here
combination of several v. |

Vo

voltage attenuators. ® i\
Indeed the node v, is the ' ° Q R,
first attenuation of v, at the LT

output mesh. After the link

of the 2 dependent voltage Rop
sources another attenuation Vp BV +%
is applied at the input mesh. B
Now, let’s study the voltage divider below:

Rs RB RT:RA+RB+RS

— %@’A
R, f E__D
Vi R,
Vap = —VT A— VB =—VT
RT T

We see that (a), irrespectively of where we apply the excitation,
the node voltage to which we are interested is inversely
proportional to the total resistor, Ry.

(b) The numerator of the voltage drop of interest is proportional
only to the resistor to which the drop is considered.
This proves that:

Rtvy = depend only on the resistor for which vy is the dropout, and
RV, ;=Ryv,, if Ryy and v, are Ry and v, when R =0, and x=A or B.
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Input impedance of a v-to-v fed backed OA 18

— T+ Va=A(v;-v.) S Hy V,= is left generic here
A is P\ LoV P\ ]
[JRi - [R :

: on §
VR‘BleV VR=BinvV,

Considering the meaning of R,;, R,,;o and T, namely, R, is the
total resistor at the input mesh, T is a voltage partition of v, and
that T is proportional to v, - v_, which is not the drop across R,
we expect that :

S

Rip1(vy —v_) = RiolA
T Rio1T = Rjo10To

Rio10 So that: Rif = Rjo1(1 = T)

=Rjo1-Rjo1 T
=Rio1 = Rio10To
=Rs*Rj010 — Rio10To

=Rs+Rjo10 (1 - TO)
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Input impedance of a v-to-v fed backed OA 19

We can verify our result remembering that:

. ABR RL ‘ Riga
Rj +Rs+Rqp Ry ‘ Riga +Ro
Now, since:

Rjo1 = Rs + RoBA + R;

We need to elaborate R;, for having T as a function of R g,
instead of R or vice versa:

Ripa= Rip
Rj +Rs+Rqp "N .
op
RoBA
Ro |[RY,
1-— BBINV
R, ||RL, +Rig
B ABRj Ro ||RL  Ripa
Ri +R5+ROB R, RL + RiBA Ro
_ ABR Ro ||RL Rip
Rj +Rs+R Rj + Rs Ro
Ro ||RL{1- R; +RS+ROB BinvP | + RiB
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Input impedance of a v-to-v fed backed OA 20

Continuing;:

ABR; Ro

RL Rig

Rl + RS RO
RL (1 N R; +RS+ROB BINVB) + RiB

(0]

ABRi R,

RL, Rig
Ri +RS+ROB BINVBRO

o R, RL Ro

RL+RiB +

T=

ABR; Ro

Rl +R5+ROB RO
1 —

Ro

T=
ABR;

~ Rj +Rg+Rg
(Ri +RS+ROB) R,

RL Rig

) Ro (Ro ||RL + Rip)

R, [|RL

ROB + 1 - BINVB (R1+RS)

Ro

Ry + RiB
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Input impedance of a v-to-v fed backed OA 21

Continuing;:
R
B
ROBA — -
Ro |[R],
1- BBinv
R, ||Rp, +Rig
B ABR; Ro ||RL Rip
Rj +Rs+RypA R, [|R Ro (R ||RL + Rip)
1- BinvB
R, ||Rp, + Rip
Slightly more precise:
~ ABRj Ro ||RL Ri
Ri +Rs+RoBA R;s + (1 — BinvBIR, || Ry, Ro
__ APR; Rigs ”RL R Rigs
— ap =
Ri +Rs+RoBA Rigs [|RL, + Ro BT 1 — BBy
By remembering
Rjo1 = Rs + RoBA + R;
We have proven that:
(ABRi)Rigs |[Ry
Rjo)T = —
Rigs ||RL + Ro
is independent on both R, and R, namely R,,. cvd!
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Input impedance of a v-to-v fed backed OA 22

In our particular case from:

Rjo1 = Rs + ROBA + R;

We have:
Rif = Rg + RiolO(1 - TO)

(ABR;)Rigs HRL

Rif: Rs +ROBA+Ri +
Rigs ||RL + Ro

(AB)Rigg HRL
Rigs ||RL + Ro

Rif=R5+ROBA+Ri 1+

Rir = Rjfo + Rg

where R, is R;; obtained when R is set to 0.
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Output impedance of a v-to-v fed backed OA 1

The output impedance is the impedance seen from the load
and is characterized as shown below:

f:S L VamAW.v)
V=0 L P\ .
Q=B

(the practical standard way
to characterize a voltage

Rop Rig source is with a current
Vp B, source, as in this case there
+ are no conflicts and the
~ network remains
VR=BivYs unperturbed. The vice versa

also applies)

The source of the signal is nulled and the test signal is applied at
the node where the impedance has to be measured. Note that this
mathematical procedure reflects what it needs to be done in the

lab.

Also for this case we would try to apply our known procedure as
the node where the signal is applied has not a particular property,
provided that the source does not perturb the network, hence the
loop gain T.

Again, we expect that:
1 —T Age

piTEp L

Vo

Parameters 3" and Ay~ are only to indicate that v, is excited by a
source other than v,, and are different from the respective 3 and Ay
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Output impedance of a v-to-v fed backed OA 2

f:S E i VamA.v)
Vs=0 | \P\ Vv,

VR= BleV

Let’s begin with considering T=ce:

0=v, =v_=fyv,

Therefore v, results 0, that means: "=

A"
So that:
Vo AR'
R = =
ofp T T 1T
With T=0 R ¢, reduces to R, hence:
Rofp T—0 = Rpo1 = Ar-

Now the parameter Ay, or R, ...
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VR=BinvVp
Now we have that:
( A% \% V, — \%
i = o + o + o BINV P
Ro Rp Rig
{
R + R;
V, = A%
P Rs +Ri +Rop °
Vo Vo Vo R + R;
It =—+—+ 1-
"7 R, Ry Ry ( Rs + R; + Rog IN">
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VR=BinvVp
Now we have that:
. Vo Vo Vo i Vo
i = + 1+ = — R, = Ry [|R, [|R;
T R, R, RiBA :> I R, 0 L ||Do iBA
VO
Therefore: Agpr = N = Ry
T
Agn R
Then: Vo = R = °

And finally: Rosp =7 =
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Output impedance of a v-to-v fed backed OA 5

S
VA=A
v,=0
. i [ | VO

VR=BinvVp
R.. = Vo . Ro"
of . T 1-T

Again the final result has an important physical meaning: the
output impedance after the feedback is closed is given by the ratio
of the output impedance measured when the gain is nulled, i.e.
the feedback is open, and 1-T: once again the feedback tries to
approach the behavior of the fed backed OA to the ideal
condition.

In this case is quite easy to verify that R . is the impedance that is
measured when the gain is set to 0.

The impedance characterized in this way is in the form (see also

later for details):
Rofp — RL”Rofoo

Rt being the impedance measured when R; =e-.

L (see appendix A for an example)
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Output impedance of a v-to-v fed backed OA 6

A consideration (a):

Rs

e

[]

Vp=A(V,-V)

—

R

+
R;
+

la]
Q RiB

VO
+
VR=|3|Nva

=

Ci— Va=A(v.v)

R

29 NIVERSITA
e [|NIRJRRINININIY i1

We expect to evaluate a very
small output impedance,
then, for not perturbing the
loop, it is recommended to
use a current source for the
test signal.

Below, we use a voltage
source. See what happens.

It is easy to imagine that if
the voltage source is close to
ideal, namely Ry close to 0
Q, the output node is
shorted and the loop does
not work.

See next slide for details.

» The golden suggestion: To measure a small impedance use a
source with a large impedance, a current source; to measure a
large impedance use a source with a small impedance, a
voltage source.
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Output impedance of a v-to-v fed backed OA 7

A consideration (b):

R,

|-—|: + Va
V5=0 B P\ Vo RT
_JRi R, VT
e
Let’s evaluate the loop gain.
ﬁ@ For convenience we define:
BV,

5 Ry, = Ry||Ry
VR=BinvVp

Then:

o ABR R/Rijga 1
R +Rs+Rog Rp/+Ro Riga Ry
T—>0

Rt—-0

In this case, obviously, again neglect the direct transmission:

_1 =T
Vo =BT —T"'s
AR;  RpRiga 1 1

R +RS+ROB RL’-I_RO IBA +R 1 - T S RT—>0 O

» The golden suggestion: look at the found loop gain and see what
happens if the load test impedance is very big or very small:
only in one case T will be 0; than, take a current source if T — 0
when R, — 0, or take a voltage source if T — 0 when R, — o-.
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Output impedance of a v-to-v fed backed OA 8

A consideration (c): nevertheless...

RS
J-—: + Va=0
_ DR PS\ Vo The test signal in the
v,=0 i R .
l 0 i I R, position shown does
) B not affect the loop
v, and can be used for
testing.
R, N Ris Also in this case we
v, By, g have or}ly. dlrecjc
+ transmission, given
by:
VR=BinvVp

(vr Vo Vo n Vo — BiNvVp
R Ro Rip Vp — V A4 \%
{ T 0 _ 0] 4 (0]
R¢ + R; Ry Ro  Riga

Vy = v

" Rs+Ri+Rep °
VT _ Yo, Yo, Yo _ (Ro +Riga)RL + RoRiga
Therefore, finally:
,o RigaRo 1 Vi Agrw .

° " Riga +Ro RipaRo g 17T 1-T '

Riga + R, L
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Output impedance of a v-to-v fed backed OA 9

A consideration (c): nevertheless...

Vs=0 l R, R
L
Vr
R0 + RlB
“p BY, E}
+
VR=BinvVp
. RIBARO 1 VT B AR .
° " Riga + R, RigaRo LR 1-T 1-T !
Therefore: Riga + Ro ' L
VT Vo ARIII N\
it = =1 -
Ry 1-T/Ry
VT 1
Rofs = RL + Rofoo ; L Aro)
=17

It can be shown that the result obtained in this measurement
configuration for R . and in the previous configuration with a
current source as test signal are the same.

The adoption of the test current source approach is a bit more
physical as it links the impedance measured in open loop
condition with the impedance measured in closed loop
condition.
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Output impedance of a v-to-v fed backed OA 10

The output impedances R, and R

i Just for verification, we repeat the
_l__vg = v calculation, starting from R
LRo N Ri v — RiBARO 1 VT
E BV, + o RiBA + Ro RiBARO 1—T
=Q R + RL
VR™ iBA + Ro
Remembering:
_ ABR; RLRiBA 1
Rj +Rs+Rog RL, +Riga RLRigA R
Ry, +RiBA o
We have:
RiBARo
Vo = ABR; VT
i
R, (RL, +Riga) + (1 tR +R5+ROB> RLRigA
Ross = R !
ofs — T\L - RiBARO ABR
. i .
R,(RL, +Riga) + (1 tR +R5+ROB> R RigA
ABR;
R, (Ry, +Riga) + 1+ RTFRs*Ryg RIRigp
Rofs =

ABR;
Ro + (1 T R; +RS+ROB> RiBA
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Output impedance of a v-to-v fed backed OA 11

Now:

Rors = R + Rofeo

Then:

ABR;
Ro(RL, +Riga ) + (1 tg +RS+ROB> R RigA

Rofoo = —R
: R, + (1 +-—2PRi R ;
0 R; +RS+ROB iBA
ABR;
RiR, + RORiBA + (1 -+ R; +RS+R0B> RLRiBA
Rofeo = +
R, + (1 APR; R
o T\ " TR #Rs+Ryp ) NiBA

ABR
—RLRO — <1 + R FTRs+R B> RLRIBA

ABR;
Ro + (1 R; +RS+ROB> Ripa

Finally:
o R,RigA
ofco —
ABR;
Ro + (1 R; +RS+R03) Ripa
R,
Rofeo = Riga ABR;
(1 R; +RS+ROB>
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Output impedance of a v-to-v fed backed OA 12

| D Now the output
[k P4:\ to impedance with this
= Q Re [@ characterizing
L : i configuration:
! d@“’ E) Ro" =Ry [[Ro |[Ripa
VR=BinvYp
R. = Ro  RpRjpga R, 1
ofp 1—T RL+RiBA RLRiBA IR 1—T
Ry, + Riga 0
R _RuRipa R,
ofp RL + RiBA R+(1+ ABR RLRIBA
Now:
1 1 1
Rop = RL|[Rofe ‘ o= R R
ABR;
. Ro(RL+Rigp) + (1 Bee e LILT T
Rofoo a RLRIBARO RL
ABR;
RLR, + <1 - +RS+ROB> RLRigA
ROfoo a RLRIBARO
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Output impedance of a v-to-v fed backed OA 13

ABR;
Ri R, + (1 + R; +RS+ROB) RLRiBA
Rofoo B RLRiBRo
ABR;
; Rot <1 TR; +RS+ROB> RipA
Rofoo RiBARo
Hence:
RiBARo
Rofeo =

ABR;
Ro + (1 T R; +RS+ROB> RiBA

Finally, again:

Ro

Rofeo = Ripa ABR,
1
(1 TR; +R5+ROB>

Amplifiers and feedback

cvd!
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Output impedance of a v-to-v fed backed OA 14

A last consideration : Rs
+
An useful utility is to vs=0 |
R
L+

Va=A(v,-v.)

P\ "
R

disentangle the load 1
impedance, R;, from the
amplifier output
impedance.

R Rig
In practice the impedance Ve :E'@ By,
so far evaluated, R ,, we y

of7
would like to be expressed VR=BinvVp

as:

Rof = RL”Rofoo

Starting from the zero gain, or open
loop, input impedance:
Rool = Ry,

Ro RiBA

We can write, obviously:
Roo1 = RL”Rooloo

We would be happy to arrive at an expression of this kind:

Rooleo
Where R, and T, refer to R ., and T evaluated when R;=0 Q.
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Output impedance of a v-to-v fed backed OA 15

A last consideration : R,

¥ Va=A(v,-v)
Let’s proceed in a way V=0 |
:IRI ROK Vo

| —|

similar to the consideration -
done with regard to the Q |
input impedance. :
We have seen that, in open

Ro RiB
loop condition, it results: Vp c:ﬁ@-'-ﬁvo 5
+

Roo1 = R |[Ro VP

Riga

Now, let’s study the voltage divider below:

Rg va Vg Ry
R+ = RA||Rr IR
oI Q00w o [T
VT vy = Vp = —V Vr
" T RIIRg +Ry T Ry Rs||Ra R
BT RRa+Rg " Rg T
S A B

We see that (a), irrespectively of where we apply the excitation,
the node voltage to which we are interested is proportional to the
parallel combination of the resistors, Ry.

(b) The denominator of the voltage drop of interest is
proportional only to the resistor to which the source is connected.
This proves that:

Vx VT Vx

R, ~ R, or R_T is dependent only on R,
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Output impedance of a v-to-v fed backed OA 16

As already verified, the - i~ Va= is left generic here
loop gain is a cascade of v _I__E | P\ vy
voltage divider and we can R W,': Q R,
apply the last result at the L— .

output mesh.

The loop gain T is Ry . Ry
proportional to the voltage vy :E'@BVO %

partition of the 3 resistors y

in parallel R, R; and Ryg, , VR=BinvYe

From which we can
therefore write:

T
R = depend only on the resistor to which v, is connected, R,
ool
And:
T Teo

Rool Rooloo

Where R, and T, are R_; and T evaluated when R; —0

0ol
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Output impedance of a v-to-v fed backed OA 17

Let’s elaborate:

1 1-T
Rof R001

1 T

Rool Rool

1 Too

Rool Rooloo

1 1 Too
= + —

RL Rooloo Rooloo

IE
RL Rofoo

Namely:

R0f=RL||Rofoo

Amplifiers and feedback

gpessina
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Output impedance of a v-to-v fed backed OA 18

We can verity in our
practical situation, starting
from our loop gain:

Rs

e

V,=0

b =

ABR; RL |[Riga L
—— L
Rl +R3+ROB RL RIBA +R0 F d@ﬁ"o 5
VR=BinvYp
And:
Rool = R |[Ro iBA
1 1 N 1 N 1
Rool RL Ro RiBA
_ 1 N 1
Ry, HRiBA Ro
Ry ||Ripa + Ro
Re |RigaRo
T ABR; 1 .
Ros | R; TR FRog R, (independent from R;)

1 —
Rof

L
Ry,

1 N 1
RiBA Ro

1+

Amplifiers and feedback

ABR;
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Input/Output impedance of a v-to-v fed backed OA

LINIVERS ]:T‘ff‘

Summary about the input/output impedance of a v-to-v. BICOGEA

Input impedance measured with a voltage source with a series
resistance R, in series:

Rits = Rjo1(1 = T)
Rjrs = Rg + RiolO(1 - To) = Rs + Rijso

Where R.

oo and T, are R, ; and T measured when R is set to 0 Q.

If the input impedance is measured using a current generator with
in parallel a source resistor R, we have:

Rifp = Ry ” Rifso
00000000

Output impedance measured with a current source with in parallel
the load resistor Ry:

Ro
Rofp — 1 _OT
Roloo
Romp = RL T Ry, ‘ Rofpoo
Where R ., and T, are R_; and T measured when R, is set to o Q.

If the output impedance is measured using a voltage generator in
series to the load R; we have:

Rofs = Ry, + Rofpoo
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Gain of a c-to-c fed backed current OA 1
c-to-c= current input and current output amplifier

W ;ﬁéﬁio [@Qﬁ

iR:BINVip

Just for exercise we can evaluate the loop gain and direct
transmission.
For loop gain we put i,=0 A, namely, we open ig:

i,=iS generic

17k ,
il Rog + . RiB =
P i I
T
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\

From the third:

R
o Bio)
Rog + Rs|R;

Amplifiers and feedback

VB

i =
°  Ripa

Vo = IoRL +1oRiga Vo = (Ry + RiBA)iO

gpessina

( .
1o = + From the second, the third and the
Ro Ri last:
Vo VB . _ VB . VB .
R + Binvip = Rin i, = T Brnvip
4
VO T VB RoB
i = iy — ioBinvie = —
0 RL o) RoB N Rs”Ri B OBINV 0]
/R +1/R o g = B
= — 1 R
1/Rs +1/R; +1/Ryg" ° Ri.l1— of i
S i op iB Rop + Rs”Ri BioBinv
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iR=BINVip
( Vo . Vo — VB
Ip = +
R, Ry, Vo = (RL + RiBA)io
V. — \%
°o B, Binvip = = Finally the first:
Ry Rig
) _ Ry +Ripa, y
B Vo — Vg In = RO lg 1o
i, = R
L . R, :
1. = 1
Rog ° RL+Ro+Rigy *
(0] .
ip = — R R IR Bi,
L of3 + S” i
At the input ' VR il
e input: l; = Ip = — !
P bO1/Ri+1/Rg P Rs |[Rog + Rj i
| i ABR; [ Rop Ro
To obtain: T=A—=—
1A Rs ||Rog T R R+ Ro + Riga
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iR=BINVip

Now the direct gain:

( s N V_ N
ig R TR ip
V_
4 Ip = R .. Blo
of
RiB
— i
klo Rig + Rp + R, Binvip

Amplifiers and feedback

From the last 2 lines:

V_ Rig

Rop | Rig + RL TR, PPvip

V_ 1

Tof 1 - Rig + Rli TR, PP
V_

Roga
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Now the direct gain:

(i = 2= by
Ig = RS Ri 1p
. V_ B.
1, = — Pl
1P ROB Y
1 — RiB
LO Rig + Ry + R,

Finally:

Amplifiers and feedback

iR=Bmv%

From the last 2 lines:

. V-
lp_ROBA
iS:—V_ +1ip
Rs”Ri
. ROBA .
= 1
- <Rs||r<i+ )
Rs”Ri

1 Ig

P Rg||R; + Ropa

Rig Rs||R;

io_

Rig + Ry + Ry Rg|R; + Ropa

Binvis

gpessina
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Gain of a c-to-c fed backed current OA 6

And from the last result, repeated here:

Rig Rs||R;

— Binvi
Rig + R + Ry Rg||R; + Ropa >

ip =

More compact:

Rig

i, = 1
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Gain of a c-to-c fed backed current OA 7

iR=BINVip

So we can write, for what concerns the direct gain:

Rip Binva . AR

Rp+R,+R,1-T° 1-T°

i, =
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Input impedance of a c-to-c fed backed current OA 1 A

The procedure we have adopted for measuring the input/output
impedances remains valid for all the other configurations as we
will show.

We consider now a current input to current output feedback
amplifier when the OA is a current amplifier.

Our input impedance is given by:

R V_
if is
where, from the scheme above:
V_ = _Riii
namely: .
Rii R, A
11 lA

and we need to elaborate i,.
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Input impedance of a c-to-c fed backed current OA 2 KA

Similarly to the previous case:

. 1 -T . ARI )
In =57 Ig + lg
Bl—T 1—-T

from the scheme above we see that the current i; cannot change
the source i, and, as a consequence, Ag=0:

1 -T
lA_Bll_TIS

Let’s introduce the steps for 3" evaluation
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Input impedance of a c-to-c fed backed current OA 3 ZFES%:

iR=BINVip

Let’s assume A= and determine the current in the amplifier
generator i,. We know that v_is close to zero, since v,=0 V:

At the output mesh:

Where: _
is = ip
Then:
. . 1 .
vg = Rig(io + Binvip) = Rip —Els + Binvis
ig
vg = —Rjp(1 — BBINV)E
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iS

vg = —Rig(1 — BBinv)

B
Now:
| iR i
Vo = Vg +ipRy = vg — SB = _ES(RiB(l — BBiny) + RL)

Therefore:

A 7 is (Rip(1 — BBinv) + RL

= — = ——= +1

Ia RO + 1o B < RO

Namely:

Rig(1 — +R o
g = B( B( BIFINV) L n 1)
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And:

v_  —Rji f(B’
O e S (1)
ig ig 1-T

We see that this feedback, which implements in this case a current
amplifier, reduces the input impedance measured at zero gain, or
open loop, Rif(’), by the factor 1-T, decreasing the input
impedance further by a large amount.

Then, the input impedance is:

Riol
1-T

Rif =

Being R, the impedance evaluated once the gain is set to 0.
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Let determine R, :

(. _ Vo V_  V_ From which we know that:
IS+BIO=RS+R1+R05 A A A V_
) "R "R Ropa
iy + Bip = Rop Rig
(ROBA — RoB (1 - RiB +R, + R, BBINV))
Rig

i = i
0 R$+RL+&BWVP

\

Therefore:

Riol = Rs |[Rj ‘

RoBA
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ipl j"érﬁio I@Qﬁ

iR=BINVip

As with the v-to-v configuration we see here that is not convenient
to adopt a voltage source at the input to measure the input
impedance.

If we short v, to evaluate the loop gain we find:

ROB) R,
ROB) + Ri RL + RO + RRiBA

T—Ai—i—— AB(RS
- iA_ (RS

We see that T — 0 if R, = 0, and this suggest to use a current
source.

Insisting anyway in using a voltage source we obtain (Norton
equivalent):

1 -T Agp 1 —-T vy A vq
B1—T° 1-T B1—TR; 1—TRy

Io
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Input impedance of a c-to-c fed backed current OA 8

A consideration (b):

Rs
L
(I I) Y
VS Is

We can anyway use this configuration to measure the input
impedance once that we consider that:

i :VS_V—:VS_ R. f(B)
S R, R, R, '1-TS5

i f(B) ) _ vs
(Rt R oy) =

That is to say that:

Vs
Rirs = — = Rs + Rjfwo

S

Where, of course, Ry, is the input impedance measured
with the test current source and R, —e-.
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A consideration (c):

Likewise with
the voltage

amplifier we -
would i I Ry

disentangle the
input

impedance of ;| I@
the fed —

backed OA IR=Binvlp
from R..

We start from the following consideration about a current
partition:

Ry Rg||Rs Rp

Irn = T = —1
SRl O O Rerrlr ™ "R
iT 1A S

Rp .
In general: i, = —ir
Ry
and: Ix _Ir or Iy Depends only on the current
' Rp Ry Rp  thatflowsinR,.
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The open loop
input v

impedance -
resulted: i I@ QRS
RoBA Ipl ;ﬁéﬁio [@Q

iR=BINVip

Rijo1 = Ry

Ri‘

At the input mesh the loop gain T is proportional to the current
thorough R;.

At the input mesh T is proportional to the current through R,
therefore we can write:

is R,,; evaluated when R, —.)

= (here R,

i0loo
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Output impedance of a c-to-c fed backed current OA 1

R .
S 1,
i l Ry, * Rp | =
1 o .
e 18t
iR=BINVip
By applying v we expect:
.1 T N Ag,
lO_Bll_TVT 1_TVT

But, at the input mesh, with A= is i.=0, hence v =0:
Bi, =0
And we reduces to:

Ay,

Or (take care of the direction chosen for the current):

VT _ 1-T
_io B _ARI

Rofs =

... now let’s determine Ay....
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Output impedance of a c-to-c fed backed current OA 2

LINIVERS ]iT,fE'

. . _ VB From the first and the last:
ip + Pinvip = R,
N . ROB BBy \4:;
lo — INVle = 5
) Vg + VT 0 ROB + Ri + RS 0 RIB
ij,=——"——
1 lo Ro + RL o VB
T Re(1 Rog
= Rogp Bi g\ - Rog + R; + Rs BBiny
P Rog +Ri + R ° | -
1. =
°  Ripa
Working with the second:
P RiBAiO B VT i = — VT
°” "R,+R, R,+R; °  Rijga+Ro+Ry
Therefore: .
iy 1

Ap, =2 -
R VT RiBA+RO+RL
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\%\

i
© Riga + Ro + Ry,

. . ARI 1 1
|:> in closed loop: i, = Vp = —

1—T Riga + Ro + RL1—T |
1-T VT
Rofs = A - . = (RiBA + Ry + RL)(]- —T)
— ARy —lg
Namely:
N4\
Ror 2 Roo1(1 = T) Root = ——=Ripa + Ro + Ry,

(0]

Being R, the output impedance evaluated once the gain is set to
0.
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Q [@ ) l@ Q Rool = Riga + Ro + RL,

iR=BINVip

The output mesh is summarized by the following:

Ra . Ry

Ry
L Ip = Ip = oIt
T

RT=RA+RL+RB

Namely:
RTiO - RAiT

is independent from the resistor in which the measured current
tlows.

Therefore it can be written that:
Roo1T = Roo10To

where R ;o and T are R ; and T when R; is 0 Q2.

0ol0

Amplifiers and feedback gpessina 149



g™ 16
Roo1T = Ryo10To Rool = Rjpa + Ro + Ry,

Therefore:

Rof = Rpo1(1 —T)
= Roo1=Roa1 T
= Ry, + Roo10=Roo1 T
= Ry, + Roo10=Roo10To
=Ry, + Ryo10(1 —T)
= Ry + Rjfo

where R, and T, are R_; and T when R; is 0 Q.

Amplifiers and feedback

gpessina
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Input impedance of a c-to-c fed backed OA 1
In the previous configuration studied we have used a current
OA for implementing a fed backed current amplifier. This
choice is the natural, but current OA are not easy to be found
off-the-shelf or, if they are available, are expensive. Normally,
the fed backed current amplifier is implemented with a
standard OA. We will study now also this configuration and
put into evidence the differences.

P~ VamAv,v)

II@ QRS} R, | Lo
i 19k

The evaluation procedure is rather similar to that seen before:

R V_
if — is
where, from the scheme above:
Va
V.= ——
A

and we need to elaborate v ,.
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j"émo }@R@

iR=BINVip
Continuing:
. 1 —-T i 4 ARI .
VA_Bll_Tls 1_TIS

from the scheme above we see that the current i; cannot change
the node at v, when the source is nulled and, as a consequence,
Ar=0:

_1 1 1 J—
VA= g s [EI = [Q]

Let’s determine {'...
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Input impedance of a c-to-c fed backed OA 3

- + | Va=A(V,-V.)

r o,
@Bno @@ Ve

iR= Ble'

Let’s take A=co, which gives v =0:

i, =i and ig + Pi, =

continuing:

. . 1
io + Binvis = o= vg = —Rjg(1 — BBINV)ES

and:
Is
Vo = Vg +ig(RL + Rp) = 3 [Rig(1 — BBinv) + RL + Ry

therefore:

B
Rig(1 — BBinv) + Ry + R,

B’ = —

Amplifiers and feedback gpessina 153



Input impedance of a c-to-c fed backed OA 4

= + VA_A

@Blo @@

iR~ BINVI

Let’s resume;

and:

Va 1 -T | f(B") .

V_=——=— e —

A AR1-TS 1-T°

[f(aroundyere)] = [Q]
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Input impedance of a c-to-c fed backed OA 5

iR=BINVip
_ 1)
a 1-—T°
And:
_ve (8D
Rit == "1_7

We see that this feedback, that implements a current amplifier,
reduces the input impedance measured at zero gain, or open loop,
t(B’), by the factor 1-T, decreasing the input impedance further by
a large amount.

Then, the input impedance is:

Riol
1-T

Rif =

Being R, the impedance evaluated once the gain is set to 0.
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= \ VaASA(V,-V.)

jéﬁio }@Rﬁ j‘émo [@Ri@

IR=Binvls iR=Binvis

Let’s compare the difference of the results obtained for the 2
kind of OAs.

In both cases the expression for the input impedance is the
same, namely the ratio between the open loop input impedance
divided by the 1-T term.

What is remarkable different is the open loop input impedance.
If we neglect for a while the effect of By in both cases, from the
scheme above we have that:

Rjo1 = Rg ROB”Ri

For the current OA R, is of a few Q and:
Riol_current_OA ~ R;

For the standard OA R, can be very large, or a few MQ at least
and the above approximation does not applies.
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Input impedance of a c-to-c fed backed OA 7

= \ VaASA(V,-V.)

jéﬁio }@Rﬁ j‘émo [@Ri@

IR=Binvls iR=Binvis

Just for giving the order of magnitude let’s suppose that our
OAs have a voltage/current gain of the order of 107, a term

close to 1 for £(B’) and the close loop gain is 100, then T results of
the order of 10°.

As a result:

iolcyrrent 1
Rif £ A= —+107°0
if 1—T 105

Riolgiandard 1 MQ
A sanarOA_ .
Rip & ———4 = =+ 100

That is the difference.
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= \ VA=A(V,-V.)

V- -
|S=O QRS . YT
i
nln R. |.©
il Rog * =
g L
iR=BINVip
_ 1 T Ag,
o= ~gT VT T "
But, at the input mesh:
Bi, =0
. ARI
And we reduces to: o =TVt

Where, by setting A=0, we know that:

1 Rop
R Ro + Ry + Riga ( 1pA — B ( Rog + Ri + R BIOBINV> )

And finally:
VT 1-T

Rofs =7 = A - (Ro + Ry + RiBA)(l —T)
lo R

Rofs = Rool(1 - T)

Where R, is the impedance that is measured when the gain is

set to 0, or in the open loop condition.
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e ol

iR=BINVip

Let’'s determine T:

. Va
1. =
° Ry +Rp+ Riga

~1
1 1 1 R -R.R.
V_=Bi0( +—+ ) = Bio oB s
1

ROB R; R oBRs + RR; + ROBRi
= Rs ROB 1 Bi,
Rs [|[Rog + R
And finally:
T = AV+ —V_ A Rs [[Rop R;
Va RS ROB+R1 RO+RL+RiBA
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V- -
1 Ok
. R. i0
il R, *+ Bo| 2
gisRcl
iR=BINVip
1 R;
T = —AB (R, ||R
( s 03) R, [|Rog + R; Ro + RL + Riga
Finally:
Rofs = RL + Ropy = (Ro + Ry + Riga)(1 — T)
Rq |[Rop
ROfS = RO + RL + RiBA + AB
Rq Rog + R;
And:
R ||Rog
Rofo = Rofs = R, = Ry + RiBA + AP
Rq Roﬁ + R;
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Output impedance of a c-to-c fed backed OA 4

As with the v-to-v amplifier we can try to measure the output
impedance using the complementary test source, a current
source in this case.

We have to take care the way we connect the source. The
connection shown below does not allow to measure the

output impedance.
=i~ vamAw.)

T

j‘éﬁio ]@R@

iR=BINVip

Indeed, considering that 1/3’=0:

AR,
Vo = (RL + RiBA)iO = (RL + RiBA) 1 _RTIT

R 1
= (Ry + Riga) ° T

1
Ro+Rp+Rjgg1—T"

Vo . (RL + RiBA)RO 1

Ro_wrong =

it Ro+RL+Rjpal—T

A very small value: that is correct as the feedback wish to force a
negligible current into R; and, as a consequence, its dropout voltage
is negligible: the current i flows into v ,.
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Output impedance of a c-to-c fed backed OA5

The impedance must be characterized in parallel to the load
R; as it is shown below: the terminal of i} previously
connected to ground is now connected to the second terminal

of R;.
- \ VA=O

jﬁ@ Bl .@ @ h

iR=Binvip

Again, 1/B'=0 (actually 1/B’ is always 0 when the signal is input
at the output), and:

(i _ Yo Vo~ VB From the third and last:
! RO RL ] VB
i, =
Vo — V .
i, = 0 B—iT RIB(l RB+R +RBBINV>
Ry
< __'B
VB lo = R.
lp = Rig Binv ip ipA
o B g
. Rog + Ri +Rg ™ °
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Output impedance of a c-to-c fed backed OA 6

-
Ip
... continuing;:
(. Vo N Vo — VB
IT =
Ro RL
: Vo = VB
1, = — 1T
0} RL
< \%
: B
o = 5— —Pmwv i
(0} Ri P
)= o
. Rog + Ri + Rg

Amplifiers and feedback

i L

LINIVERS ]:T‘ff‘

iR=BINVip
. VB
i, =

Riga
From the second:
RL + RiBA Vo
iy + iy = —

R, ° TR
From the second and first:
oo RufButRipa, o
T Ro RL o} T o) T
. Ry, . A
i, = — i = Apvi
0 RL+Ro+Rpga = 7
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Output impedance of a c-to-c fed backed OA 7

[

f V.
1 Ik
an
s
Now is:
Agp Ry 1

O T T T T T TRL+Ry+Ripal—T "

Vo — Ve Rp(, +it) Ap-
ofp i i L (1 —T "
i R, R, L AB (RS ROB) R;
fp = -
P 1-T\ Ry +R,+Ripa R, R03+R1R0+RL+R13A
1 R;
T =—AB (R, IR
< ( S OB) R, ROB + R; R, + Ry + RiBA)
R a Ry + Riga + (R [Ros) R
fp = IBA
P (RL+Ro+Riga) 1 —-T)\ ° " AT g Rog + R;
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RS T —

e T2 2% 1

1P @ B' Q VB
iR=Binvip
R, AB (R |[Rop ) R;
Rofp = Ry + Rijga +
(R, + R, + Riga)(1 = T) Rs [|Rog + R;
1 R;
T=—-AB(R|[R
< ( S OB) R 1BA>

AB (R ||Rog ) R
Rp| Ro + Rijga +
Rs [|[Rog + R

AB (RS ROB) R;
Rs [|Rog + R;

Rofp —

Ry, + Ry + Rijga +
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AB (Rs ROB) Ri
R | Ro + Riga +
Rs |[Rog R

ot = AB (R

Rs

Rog ) R

Ro + R, + Rijga +
Rog + Rj

Let’s define:

1 1 1
Rofl Rof RL

Rog ) R

AB (Rq
Ro + Ry + Rijga +
ROB + Ri 1

1 Ry

Ry AB Ry
Ry + Rijga +

Rog)Ri  Ru

Rs

Rog + Rj

Amplifiers and feedback gpessina
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Output impedance of a c-to-c fed backed OA 10  ZFEE

e T2 2% 1

i~ V=AW,V BILOCCA

e e

i R | i
il Rog * < \Y4
Dl
iR=Binvip
1 - 1 1
Rof/ Rof RL
AB (R ||Rop ) R;
Ry + Ry + Rjga +
1 Rs ROB + Ri 1
Ry AB(Rs|[Rog)R;  Ru
Ry + Rjga +
Rs [[Rog + R
1 - 1
Rofr AP (Rs ROB) Rj
Ry + Rjga +
Rs |[Rog + Rj
Or:
AB(Rs|[Rog )Ri
Rosr = R + RiBA + ( ” ) = Roso !
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Input/Output impedance of a c-to-c fed backed OA

LINIVERS ]:T‘ff‘

Summary about the input/output impedance of a c-to-c. BICOGEA

Input impedance measured with a current source with a parallel
resistance R, :

Rjol
1-T

Rifp =

Rifp = R

Rifpoo

Where R.

i0leo

(open) o Q.

and T_ are R,

.o and T measured when R, is set to

If the input impedance is measured using a voltage generator with
in series a source resistor R, we have:

Rifs = Rs"‘Rifpoo
00000000

Output impedance measured with a voltage source with in series
the load resistor R;:

Rofs = Rol(1 —T)

Rofs = R+Rogs0

Where R, and T, are R, and T measured when R, is set to 0 Q.

ools

If the output impedance is measured using a current generator in
parallel to the load R; we have:

Rofp = Ry, ”Rofso
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Other configurations

LINIVERS ]:T‘ff‘

So far we have studied the v-to-v and c-to-c configurations.

There are other 2 possible and atfordable feedback
networks: the v-to-c (voltage input, current output) and the
c-to-v (current input, voltage output).

There is no reason why these configurations should not

behave as the two already studied. Indeed, this is what it
happens and we will investigate this shortly.
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The v-to-c fed backed OA 1

Since it is the most widely diffused the voltage OA is
considered, anyway we know that this is not a limitation.

ﬂv \\VA=A(V+-V_)
VSCI .D !

et

Brio  IR=BinvYp

We expect to obtain:

1T A
0T T T ST T

Vs

Where we must not forget that T is dimensionless, but, this time,
Pr has dimension: Q, as well as Ag: QL.
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The v-to-c fed backed OA 2

Let’ determine T:

S
—{ - \ VA= is generic now
V+
VS

RoB RiB h—
vy I Q
+
Brioc  IR=BinvYp
iy - 1 v Rigs = Rig [ 1+ ——00 s
T Ro+Ry+Rijga ° ipA — B Ri + Rs + Rog
4
R; B
V, —V_=— i
- Ri+Rog+Rg' 1 °
Therefore:
vV, —V_ ABrR; 1
T=A + _ BR 1
Va R1+ROB+RS RO+RL+RiBA

BRBINV))
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The v-to-c fed backed OA 3

...and now Ag:

S
V+
VS

I

Brio  IR=BInVY)

oBA + Ri + RS
RoB
RoBA - RiB
1+ RlB + Ro + R BRBINV
Therefore:
1 RB
Ag = = = - Binva
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The v-to-c fed backed OA 4

Input impedance:

RoB RiB h—
Vp I |;‘|
+
Brioc  IR=BinvYp
( Vs — Vp
s TR.TR
RoB
Vy = (Vs — Briy) + Bri
< Vp R1+Rs+RoB s — Prio Brio
RiB
i — \%
| RO+RL+RiBB‘NV P
From the second and third we know that:
ROQ
- ROBA v, RoBA — RIB
P RoBA + Ri + Rs 1+ Ro + RL + RiB BRBINV
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The v-to-c fed backed OA 5

Input impedance:

RoB RiB h—
Vp I |;‘|
+
Brioc  1rR=BinvVp
(i =VS_Vp V. = ROBA \V/
) RS-I_Ri P ROBA+Ri+Rs >
ROB .
< Vp - Rl + RS + ROB (VS _ BRIO)
. Rig
i, = \%
L RO+RL+RiBB‘NV p
Taking the first:
= —Ys (1 Noea
S Ry + R; Roga + Ri + R %
s opA T LT s |:> Riolzi_::RS-I-Ri-I—R(,BA

. VS
le =
> Ropa + Rj + R
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The v-to-c fed backed OA 6

Input impedance:

et

Brio iR=BINVVp

Vs
Rjo1 = l_ =Rs+R; + ROBA

S

And:

Rits = Rijo1(1 —T)

= (Rs + R; + Rypa) (1 -+

ABRrR; 1
Rj + Rog + Rs Ry + Ry, + Rijga
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The v-to-c fed backed OA 7

Output impedance:

R

S
L I \ VA=O
V.
VS

ROB
Vp I Q Vs
+

Brio iR=B|Nva

R,o = R, + R + R Riga = Rig [ 1 4+ — 1T Rs BrB
ool — Do L iBA iBA — NN RoB+Ri+Rs RPINV

Therefore:

Rofs = Rool(1 - T)

= (Ro + Ry, + Riga) 1 + ABrR; !

o T BL T THpA R; + Rog + Rg R, + Ry + Riga
— Ry + Ry + Rygy + ——PRR

LT o T TBA TR + Ryg + R
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The c-to-v fed backed OA 1

= + VA—A

V_ ﬁ\ e
ipl jﬁ@sv RBE)

VR=Binvip

We expect to obtain:

1 T A
Bel—TS 1-T°

Vo =

Again, we must not forget that T is dimensionless, but, this time,
B has dimension: Q1, as well as Ag: Q.
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The c-to-v fed backed OA 2

= + VA—IS generlc now

R @aa\ 0
ol fig g

VR=Binvip
(VA =, _ Vo Binvip
R, R, Rig
4
RoB
i - v
P Rog + Rs + R P
VA—Ve Vo Vo Rop
=—+—2(1
R, Ry, RiB< Rog + R + R, BGBWV)
VA—Ve Vo V¥ Ry, HRiBA

- vo
RL [|Riga + Ro
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The c-to-v fed backed OA 3

- \\v,ﬁis generic now

@D Q RL
V' -
-k
i
11 Ry + Ry
P ;] I@ BaVo
Ve=Binvip
Ry, ‘ Riga
VA = VO
Re |Riga + Ro
And:
o RiRsRop .-
o RogR; + RogRs + RiRg 0 °
In the end:
T = AV+ —V_ _ ABGRiRSROB RL HRIBA
Va ROBRi + ROBRS + RiRS RL ‘ RiBA + Ro
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The c-to-v fed backed OA 4

nln \ vo=0

Ve=Binvip
Direct transmission:
( V_ V_ V_ F .
i+ By, = - N . N . rom the second and last
TRy Ry|Ry .
lp = - INVPG!
v P Rog  Ro||RL +Rig P
op V_
i, =
R0||RL
0o = R R, Binvip Rop <1 TR[RL + Rig PinvBe
\ Ro|[RL + Rip )
. V-
P RoBA
The second in the first:
T P s —
g = Rs Ri lp g = RiRS ROBAlp + lp RE{—II_{RI ROBA 1
1*%S
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The c-to-v fed backed OA 5

VR=Binvip
( N B V_ N V_ N V_ ;
1 GVo = o S
S " Rs Ry R " TR, +R;
R R, Ropa +1
» V_ B
lp = — PGVo
< ROB . Ri”Rs :
i, = i
Ri||Rs + Ropa
Vo = RO”RL Binvi
= INV
" RofRu+Rig P

To obtain, from the last:

Ro||Ry R;||Rs
Ro|[Ry + Rig Ri||Rs + Roga

Vo = Binvis = ARrig
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The c-to-v fed backed OA 6

Input impedance: fb\
R Re— Yo

g joéﬁgvo R%

VR=BINVip

RiRsRoBA
Rio; = Rs |IR; [|Roga =
ol = s 1‘ °PA ™ RopaRi + RogaRs + RiRg

Ropa = Ro [ 1+ —elIR BinvB )

oA of3 Ro”RL‘I‘RiB INVPG
And:
Riol
RiRsRoga
B RopaRi + RopaRs + RiRg
- ABGRiRsRyp Ry HRiBA

RogRi + RogRs + RiRs ‘

RiBA + RO
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The c-to-v fed backed OA 7

Output impedance:

P ;ﬁé BaVo Rg

Ve=Binvip

RoRLRiga
iBARo + RiBARL + RLRo

R -
B
Riga = Rig [ 1 -

Rool = Rg

RL‘

Riga = R

RoRiRiga
RigaRo + RigaRL + RLR,

ABGRiRsRog R, ‘
RogRi + RogRs + RiRg R, ‘

Riga
RiBA + RO

1+
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Quadrupole model of an amplifier 1

We are now in a condition of giving a
simpler representation of our fed backed
amplifier, useful in several applications

and particularly important when we
L design a system that for an user.
Ve 4:El@ﬂvq The model we would like to obtain is a
V=B quadrupole:
Rs V.

A B o e
O M Oy [k
= | -

The matter is to give the input and output parameters starting
from our knowledge of the circuit above.

We know that;
Rit = Rg + Rig0(1 — To)=Rs + Rygg
Rooloo
] Rot = a io ) = Ry [[Rofeo
1T A
PTRI-T s T1I-T'"

Where, in general, it is valid that:

Ri10= Rioin(Rp), To=Tp(Rp) and R
T=T(Rsl RL)/ AR=AR(RSI RL)

ROOIOO(RS)I Too=Too(Rs) and

00loo
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Quadrupole model of an amplifier 2

A first step is to disentangle, for instance, the source from the input:

V

Rof o
?E L _— A
V. DR, @ — 1o RO
Vg l if0 —
L - Vg Vg Bl_TOVS+1_TOVS

At this point we can disentangle the output, when the input
source impedance R is considered nulled:

R R
L | — 0
\V Vg = 57— Vs + ——F Vg
Vg i Riro v, R, B1—Tyo 1—Two
m - -

Where we intend that the condition R;=c0 Q is applied after that
the position R.=0 Q was applied.

In a similar way we can apply the condition R;=cc QO before the
position R.=0 Q, with obvious meaning of the symbols:

ROfoo

V
- T o 1 —Tyoo Arooo
V R t o VB —_ _—OVS + R—OVS
Vg i ifOco V R|_ B 1-— TOoo 1-— TOoo
= - P s
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Quadrupole model of an amplifier 3

W LNIVERS ]ZT,fE'

If we are designing for our customer the datasheet we will provid
will be:

V

o

RO
?! ——7" +?—| =
E] ve = GV
VS Vi Ri \V T]RL B S
- - B -

In practical cases, and far from limited conditions, is quite a good
approximation to not take care of the dependence from the
output impedance of T, and from the input impedance of T_ and
the approximation we obtain is:

ROfoo

— Vo
?‘Z‘r i + L
V. |:::|R. |:::| R
\Y [ if0 L

BT BT T, s T -T, .S

Where w0<>0 means that T is evaluated once it is set R;=00 Q) and
R=0 Q2 in a whatever order.

This last approximation is valid as long as R, << Rj;y and R; >>
R

ofoo*

A similar approach can be used when the fed backed OAis a
current amplifier, or transimpedance amplifier or
transconducatnce amplifier.
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L_oop gain evaluation of cascaded structures 1

W LNIVERS ]ZT,fE'

Sometimes the fed backed amplifier is composed by the cascade o
several amplifiers. In this case there are 2 possible configurations.
The first is when every stage is an open loop stage itself. In this case
there is no need for a particular precaution in choosing the source
where to open the loop and find the loop gain. Here an example:

= \ V,=is generic now

Some precautions are instead to be taken when inside the loop
there is one or more closed loop amplifier. In this case it is not
recommended to make the choose of the source to be generic ate
the nested amplifier as being that amplifier subjected to a double
feedback is not obvious the interpretation of the result:

- \ V,=is generic now

Not recommended!

L
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L_oop gain evaluation of cascaded structures 2

LINIVERS ]ZT,fE'

To avoid any possible misleading it is a good choice to make
generic a source at a stage not fed backed, first:

_ \ V,=IS generic now

A further, useful step is to replace the inner local closed loop
amplifier(s) with its model:

= \ Vv,=is generic now
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Appendix A (1)

The aim here is to measure the input impedance R, and the output I
impedance Ry; of the below network, for which we already studied the galn

A=10% R=106, R,=R,=100 Q, R,=1000 Q, R,=9 KQ, R, =200 Q.

V,=is generic now

R, Let’s study T.

Let’s write the node equations:

fVA—VO_VO_I_VO—V_ fv_A_(1+1 1) A
R, Ry R, Ro \Ro Ry Ry R,
<V0_V—_V—+ V_ > <V0 1 1 1
= AU _
Rz Ri RetRy R, \R, R Rg+R;)
Vi = Ve TV Vi = v — Vo

Ro Ro RL Rz Rz
With:
{ Ry,
R,=R||(R;+R))=999 O _
R, + Ry,
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Appendix A (2)

LINIVERS ]JT,fE'

v =is genericnow |  PTEEREA

pr— V —
Rz + R1/ © V- RZ + Rll VO

Vi = V4 — Vo Vi = vy — v
(va (1 NERE

Ro \Ro, Ry, R;+Ry/ °

In addition:
L T R,=R[|(R;+R)=999 Q. ¢
Rz + Ry, Re=R [|(Ry*R ).

\Vl = V_|_ - V_

A 1 .\ 1 ( Rg
Ya _ (2.2, v = ,
R, \R, Rg/ ° ° " Rg+R, 2
3 Ry, <V Ry ;
=V =
R, +Ry, ° R, +Ry, °
\Vl =V+_V_ \Vl =V+ — V_
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Appendix A (3)

V,=IS generic now

) R ) Ry ) Ry
V_=——mV V_=——mV
v =—1 R, +Ry ° R, +Ry °

“R,+R, °
Vi =V, —V __Rs = Ri
\ V1 + - \ i RS n RiV V_ kV1 RS n Ri V_
Therefore:
Ri 1ﬁ1/+R2 RE
V, —V_ = — va = Bf(B)v
* R.+R;Ry +R,Rg + R, PEBIVA
And then:
A(vy —v_) R; Ry, Rg
T = — —_A = —ArB = —661.6
VA R, + R;R;, + R, Rg + R, RB
A —li—10998 With f the order of 0.2%
f 81T B : ith an error of the order of 0.2%
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Appendix A (4)

R, V,=IS generic now

It is interesting to verify which values takes T,..:

The effect of R, on T is marginal when becomes negligible, as
R,=R,||(Rs+R;)=999 Q and R,,=R,||(R;)=999 Q.

Different is the effect of R, when it takes very large values:
Re=R[|(R,*+R;)= 196 Q, while R¢..= R,+R;=9999 Q.

The loop gain T, from the value of -661.6, becomes, after that R, is set
to 0 and R to <=:

T=-A = —989.2
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Input impedance is determin

Appendix A (5)

LINIVERS ]JT,fE'

ed starting by nulling the gain and measuring

the input current consequent to a source excitation:

Input current |, comes from:

fVS—V__V__l_V_—V0
Ri+R; R; R,
<V_—Vozvo_l_vo
Rz RL Ro
Vg — V_
| ° Rs+R;
(Vg — V_ V__I_V_—VOr
R¢+R; Ry R,
RL”Ro

A

YO TR, +Ry|Ry

[ Vg — Vo
\ > Rg+R;

Amplifiers and feedback

\

fVS—V__V_+V_—V0
R¢+R; Ry R,
V_ V \%
< _ o+ o)
R, Ry RilR,
Vg — V_
I =
L R + R;
\Y V_ V_  V_ Ri [IR
S _ + + 1 — L“ 0
R;+R; Rg+R; R; R, R, + R ||R,
_— RL”Ro v
° Ry+RLIRy
[ Vs — Vo
S Rg+R
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Appendix A (6)

LINIVERS ]JT,fE'

&g

Vs \%

(Vg V_

+V‘+V‘ 1
R; Ry

V_

RL”Ro )
Rz + RL”Ro

v = RL”Ro v
> Ry+Ry|R, ~
[ Vg — Vo

| ° Rs+R

Amplifiers and feedback

A

= +
Rs+Ri Rs+Ri Ryl[(Rz +R|IRo)

(o Rill®Re+RufIR)
" Rg+R{+Rq|[(Ry +RLIRy) °

S RL”Ro v
° Ry+RylRy ~

Vg — V_

. =
|° Rs+R
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Appendix A (7)

(__ Ril®R+RUR)
~ Rg+ Ry +Ry|[(R; + RL[IR,) °

_— RL”Ro v
> Ry+RylRe ~

[ = Vg — V_
° Rs+R;
[ = 1 (1 B R1|[(Ry + RLIIR,) >V
> Rs+R; Rs + Ry + R{||(R; + RLIIRy)/ °
1
I = Vg
Rs + R; + R1||(Ry + RL|IR,)
Therefore:
A\
Riy = — = Ry + R; + Ry||(R, + R ||R,) = 1.0012 x 10° Q

I
And::

Rif = [Rs + R; + R{[|(Rz + RL||[Rp)] (1 = T)
~ 1.0012 x 10° Q(1-T) =662.7 X 10 O
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Appendix A (8)

LINIWER'S ]JT,fE‘

The output impedance can be evaluate starting by nulling the input and th
gain:

R
_l_ s+
v, Vr
KR ==y
- R, T lr
R,
|
Ry
( Vvr Vr Vp—V_ (. Vvr Vr Vp—V_
=—+—+ =—+—+
TTR.TR, T R, TR TR, R,
\ 3
VT—V__V_+ V_ VT_V_+V_
L Ry Ry Rj+R; (R2 Rz Ry, Ry =R; | (Ri+Ry)
(. Vr Vr Vr—V_ (. Vr Vr Vr—V_
=—+—+ =—+—++
TR, "R R, TR, "R R
o L o] 2
{ {
\_ R1,+R2T \_ ! R11+R2T

f _VT+VT+ T R —VT—R||R| R, + R)) = 66.25 O
l — — T — ~ .
T RL Ro Rll | RZ |:> ool iT L 0 |( 2 1)

Rool 66.25
= ~ =0.10
1-T 6616

and: R
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Appendix B (1)

LINIVERS ]JT,fE'

In the circuit on the left we have:

A=1000, R,=100 ©, R,=1000 Q,

R,=4000 Q, R;=200 Q, R=10° Q.
RL Determine B, T, AgL, R¢and R

The non-inverting terminal is at constant potential and we
know that the inverting terminal is at the same potential
due to the feedback action: therefore we have a current
input sensitivity.

1
Setting A=x: v~0 and: Vo = —Ryig B = _R_z
+ V,=IiS generic now
=
Vi Start:
(VA — Vo Vo +VO—V_
V- Ro RL RZ
<
R, VO—V_:V_+V_
= CR; RiR

Now set:; = +

' = R||IR; = 990 Q :
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Appendix B (2)

+ V,=IiS generic now
=
Vi
V.
Ry
e
fVA—Vo_Vo_I_Vo—V— fVA=VO+VO+V_
R, B R R, Ro Ry Ry R}
< ) R
VO_V‘—VT VO=V_+R—,2V_
\ R2 Rl L 1
VA_RL+ROR,1+R2 +V__
Ro RLRo Rll - Rll
9
R} + R,
Vo = —V_
R
\ 1
( (Ry, + Ry)(R} +Ry) + RiR,
VAo = ; V_
RLR;
S
o =RitRe
o / -
R
\ 1
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V,=IiS generic now

[ (Rp+R)R; +Ry) +RiR,
Va = RLR,l —_
3
R] + R,
Vo = ———V_
R
L 1
([ RL(Ry +Ry) + (R} + Ry + RR,
Va = RLR,l —
3
R} + R,
Vo = ——V_
R
L 1
( 1+ R,/Rg
va = (R} + R - _
With: a= (R’ 2) R}
, 3
Vo =———V_
R
L 1
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Appendix B (4)

V,=IiS generic now

Or:

\Y

Amplifiers and feedback

VA — RI
1
4
R] + R,
Vo = 7
R
\ 1
R} RE

- == Va
R, + R, Rg + R,

gpessina
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Appendix B (5)

V,=IiS generic now

R} Rg
\%
Ry +R,Rg +R, *

Then:

T=—A 1 Re  _ 13053
R]+R, Rg+Ro '

The closed loop gain, or 1/3, does not depends on R, but R, takes part in
the loop gain T, lowering its absolute value.

In this configuration R, is not necessary and worse the loop gain and
should be avoided. Putting R,=« we obtain:

T=_p_t Re  _ 6406
~ "R{+R, Rg+Ro '
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Appendix B (6)

Riol = R1lIRi[l(Rz + RL[[Ro) = 796.24 Q

and:
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Appendix B (7)

( \% \% Vp —V_ ( \Y \% Vp — V_
ip=—+—+— ip = —+— 4+ —
RL  Rp R RL  Ro R,
Vr—V_ V_ V_ \% V_ V_
< T _ + ) T _ N
R, Ry R R, Ry  Ry]IR;
VT \%\

Rool = — Rool =

L IT \ I

Solving:

Rool = RLIRo[[(Rz + R4[IR;) = 65.8 0

and;:
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Appendix B (8)

V_—VOZVO_I_VO v__v0+ Vo
\ R, R Rp \Rz R,  Rp|R,
fiT:V_+V_—Vo fi =R’1+R2RL||RO+R2V Y
R Ry "7 RRY  RyR, ° R,
3 {
_ RiJ[Ro + Ry R.|IR, + R,
V. = Vo _ = Vo
L RLIRo RL[IR,
\
fi _ (Rll + RZ)(RL”RO + RZ) - R’1RL”R0V
! RiR,RLIIR, °
<
_ RyJ[Ro + Ry .
L - RL”Ro °
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Appendix B (9)

Direct transmission:

fi _ (R] + R2)(RL|IR, + Ry) — R’1RL||R0V
! RiR;RLIR, °
3
. RL”Ro + RZ v
L RL”Ro 0
ri _ R1R; + Ry (RL|IR, + Rz)v
! RiRzRLIIR, °
{
o _RulRo+ Ry
L - RL”Ro 0 fi :R’1‘|'RL”R0+RZV
' RIRLIR,  °
3
_ Ri[[Ro +R; y
T TRIR,
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Appendix B (10)

Direct transmission:

(R, +RyJ[R, + R,

i = - \%

! RIRL IR,  °
{

_RL||R0+R2V
T TRIR,
Finally:
R,].RL”RO

- i
Y TR T RLIIR, + R,y T

V. = RII(RL”RO-"RZ) RL”Ro i
° Ry +RylIRo + Rz Ri[IRe + Ry

RL”Ro i = Aoi
T — 2R'T
Ripl[Ro +R;

Vo = RIl”(RL”Ro + RZ)
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Appendix C (1)

LINIVERS ]:T‘ff‘

Let’'s assume A=w. Then, v ~0, since
v,=0 and:

R v Y o Rl
R, R, ° Ry °

This is called inverting configuration and, if R,=R,, it results: v5=-v,. Note that
the gain depends on the impedance in series to the source, so the feedback
is sensitive to the input current.

The loop gain is the same as that of the previous example of Appendix B:

R} Rg 1 = RqlIR;

T=-A—
R1+Rz Rg +Ro Rg = R|I(R, + R))

Output impedance is the same as that of Appendix B, as the output networks
are similar.

As we saw, the impedance seen from the voltage source satisfies:

Rifs = Rq + Rifpo
Being:

Rifeo = lim R;
ifoo R,—00 ifp
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Appendix C (2)

LINIVERS ]:T‘ff‘

A once-again remark: why it is not possible to evaluate the input
impedance starting from the voltage source and then to divide ity (1-T)?.

mm |
{ Ry v
1

The node connected to the source v is free and not read from the
feedback; therefore it can be a whatever value and the current through R
is dependent on v..
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Appendix C (3)

LINIVERS ]JT,fE'

It has to be remarked that with this kind of feedback the connection at the
input of a voltage source is unnatural and must be considered with care.

As it can be seen above if the source has a non negligible series impedance
R, its value enters in the gain since it is in series with R;:

o2
© Rs+R; °

This means that the source impedance must be known with precision or must
be negligible.

Normally this setting is used when the stage is driven by a voltage output fed
backed stage, with known negligible impedance, as in this example:
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Appendix D (1)

Side effect:

Let's suppose that R, is the source
R, impedance R, namely a resistor that

JJL—
assumes smaII values, having a zero
Vs value in the ideal case.

In this situation the gain is subjected to 2 effects from both f and T:

Rs Rs—0
= ———0, hence —=-
2
T=-A >0 (R = Rg|[R;
T AR 0 (=R
So:
. RZ _T RS—>O Rz [_O]
VoS TR TI-T'S” o] 1 %

But we know that T=-Af( 3)B:

1 ARRB AR b0
oS BIHAET T THApBT Vs

R.,S‘ RE RZ Rs—0 RE
A— Ve _A—EF
R, +R, Ry + RoR, Rg + Ro

Vo = —

Therefore, if 3—0 the closed loop gain can not increase indefinitely since, at
the same time, T —0: the resulting gain is limited by the OA gain and it
results as the network is not closed loop.
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Appendix D (2)

Another side effect:

Let’s suppose to increase the closed
R, loop current gain by increasing and
increasing R,.

We know that if T=« we get: Vo = —Ryig

Coming back to the case T is not very very large:

1 R,—00
—_—_
R,
! R R,—00
T=—A—— -
R’ + R, Rg + Ro
But:
1 -T -T R, R Ry—00 Rg
— ~ = Af = A R >A
B1—T P ® Ry +R, Rg+Ro *° Rg + Ro
Therefore:
1 -T =T/B.  Af(B), Ry~ . E .
VoSgTors T 1ot T 1ots AP = AR RS

Again the network behaves as it were operating open loop.

To conclude: every time T—0 the circuit behaves as it is in open loop, as it
is expected since T is the measure of the loop operation.
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LINIVERS ]:T‘ff‘

A last side effect:

o Ry + R
Again, if T=~ we have: Vo = S
Ry
If now R,—0 the close loop gain —, but:
B . Rl R1—>0
Ry +R,
R’ R R;—0
T=-A—= ! & —50
R} + R, Rg + R,
But:
T R’ R R; + R, Ry—0 R
= ZARB) = —A——2 E L et W N
B R; +R, Rg+Ro Ry Rg + Ro
And so:
1 —-T —T Af(B) R1—~0 R
vo =t Ty 1By ®) R, S Af(B) = A —-

BI—-T S 1-T° 1-T Rg + Ro

Once again the network behaves as it is open loop.

To conclude: every time T—0 the circuit behaves as it is in open loop, as it
is expected since T is the measure of the loop operation.
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Appendix E 1
The Miller effect

\ Z v
i — ? We want to show that the simple scheme on
| — - this left is equivalent to this:
Vi V2

] Pl

Vi_ V2 _V17V2

The current | must be equal in both branches: 1= ==
71 A Z
From which:
1 1 \'Z Z
_— = — —-—, Zl — v
Zy 7 vy v
\41
1 1 V1 Z
_— = — -—, ZZ — v
ZZ Z Vz V1
V2

Let’'s apply the Miller effect to resistor R, of the example of Appendix B:

By assuming for a while negligible the
output impedance of the OA:

0._a
V_
Hence:
R, R,
b= v, "1+a Y
V_

And we get the order of magnitude of
the expected results
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Appendix E 2

The result of the previous page has been obtained with some
approximation and we can try now to improve the precision:

= Let’s assume that v_is about
Zero::
Vi
VO = —ist

V.

R, To evaluate the Miller effect

] we must know the ratio
between V5 and V..
—— We have that:
—Av_—Vvgy Vg N Vo
Ro R, Ry

—Av_ 1 N 1 N 1 ) < 1 1 )

= Vo = Vo

Ro R, Ry Rp Ro Ry[IRy

—Av_ <R2”RL + Ro) Vo Rz [IRL

= Vo = —_— = —

Ro Ro(R2|IRL) V_ R2[|IRL, + Rg
therefore:
; R, R, _ 4000 — 6.09 0
Y Ri|R, ~ 1+1000%0.656
v 1+
R, + Rr||R,

With a greater precision.
gpessina 215
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Appendix F (1)

Let’'s determine now the input and output impedance of the unity gain
buffer amplifier:

A=10% R=105, R,=100 Q, R,=200 Q, R.=50 Q.

By assuming for a while
that A=~ we know that
V,~V_and:

V,=Vq, Namely p=1.

V,=IiS generic now

Let's start with T:

Ry,

R’L - RL”(Ri + Rs)

= 199,96 0
V, —V_ = Ri v
T T Rg+R; °
Therefore:
AV, —V_ R/ R
r = A% ):—, L LA~ —6666
Vo R, + R, Rs + R;
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Appendix F (2)

Finally the direct transmission:

From which:

Ry =R;y(1 —T) =[Rg+R{ + R,] (1 —T) = 6,67 G
Finally the output impedance:

ré ] Vo
r 1 =g

From which:

1

Ror = Ry|[Ro[[(Rg + Rj) = 66.66 O

RL”RO”(RS + Ri) N

T 10 mQ

Ror =
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Appendix F (3)

Now the input impedance in open loop condition:

R, = R,|[R, = 66.66 Q

It results:
Ro
= 57 Vs

Vo = ARV

Vo & ?‘_’vs =70 % 107°V,
1

And, considering the loop closed:

_ T Ak
1T T1ICT

Vo Vs

_ 6666 70x 106
T 1+6666' 5" 1+6666 '°

v, = 0,99985 v + 10,5 X 10~ %v,
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Appendix G (1)
THE DIFFERENTIAL AMPLIFIER

R Let’s consider A=«, from which we know
= it is valid that v, ~ v, and i,~i~0, we get
Vo the following eq:

1IN ]ﬁ‘w’EIIi.S]JT]fE'

Vi

( Rp

Vy = \%
y * Rp+R¢ ©

? Rg 4
Vo=V Vo=V,
L Ra Rp
Solving:
_Ra+Rg  Rp Rg

Vo 15 V2

R, Rc+Rp ' R,

We must arrange the coefficients multiplying v, and v, to be equal for
obtaining a true differential amplification., namely:

Rp = Rp
Ra = R¢
From which now it is valid that:
85 vy = v)
Vo =—(V; —V
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Appendix G (2)

THE DIFFERENTIAL AMPLIFIER

LINIVERS ]:T‘ff‘

The impedances seen from the 2
sources.

The impedance that the source v, sees is always R,+Rg, whatever is v,,
in the approximation that R>>R,, Rg.

Source Vv, has a different perspective and:

Vo, = V4
V2:_V1:
V1:O

Rio> = Rp + Rp,
RA+RB
Ri» = R
127 "AR, + 2Rp
Rj2 = Rp

This means that if v, and v, had different source impedances, namely R, is
slightly different for the 2 sources, the differential gain would not be

symmetrical.
: V2
If v,=0 then v =0 and: 2 =%~
A
_ _ Rpg _ _— 1 Rp
_ _ __ _Rg i _— 1 Rp
If vi=-v,thenv_ = WYL and: i, = Ry <V2 + mvz)

Amplifiers and feedback
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Appendix G (3)
THE DIFFERENTIAL AMPLIFIER

Let's suppose now that the 4 resistors have not a
very precise value. To simplify let’'s suppose that
only inaccurate one is Rg Rg=Rg(1-¢).

From the general result of the previous page:

_RA+RB(1—E) RD RB(].—E)
Vo = R, R + Rp ° Ry, 2
Rp=RD Rg ((Ra + RB) €Rp
—v; — (1 —9¢)v,
Ra ((Re + RB) Rc + Rp

Ra=R¢ Rp €Rp
= —{v, ———— Vv, —V, + £V,

Ra Rap + Rp
=E{V1—V2+S<V2— Rs 1)}
Ra Rap + Rp
If now v,=v,=v;! v o= Rp y
© "Rp+Rg €
— Achc

In the ideal case of perfect matching:

Rp
Vo = R_A (vi — V) = Ags (vy — v3)

Therefore we can say that the Common Mode Rejection Ratio, CMRR is:

_ Adf
CMRR = 20log;,

Acf
Ags=10
Rg 1+R,/R :
_ 2010g B A/ B\ e= 01/ 81 dB
10 RA c
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Appendix G (4)
THE DIFFERENTIAL AMPLIFIER

Another source of uncertainty is given from the
o OAitself, since it is not a perfect differential OA.
In general it can be written:

1IN ]ﬁ‘w’EIIi.S]JT]fE'

2

Vy + v
Vo = Ag(vy —v_) + A, (+—>

Let’s not neglect the common mode gain now:
( Rg

V, =————V

T Rg+Ry €

Ve—V_ V_—YV, — Rgp v+ Ra y
Ra Rg - Rg+Rp © Rg+Ry°

Ac Ac
Vo =|(Ag+—= | Vvy —Ag——= ] v_
\ 2 2

Replacing v, and v_ in the last eq:

Common mode
signal is
reflected at the|  (Closed loop

input asitis a gain -v1@
differential
signal in open
loop condition.. Vcom = 7

I
<
o)
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Appendix G (5)

LINIVERS ]JT,fE'

It is possible to improve the performance of the differential amplifier, at ®**%%%*#
expense of a greater complexity.

Now the 2 sources see each one
a very large impedance, due to
°  the feedback.

R32

1

| I |
Vs 9

Supposing that for the 3 OA is A=c:

(VAa—Vi Vi —V; fv _RA+RBV RBV
= A= 175 V2

< Rg Ra < Ra Ra
ViTVe V27 VB y _ Ra+Rp RBV
B = 2~ 5 V1

\ RA RB \ RA RA

The output stage is simply a unity gain differential amplifier:

R, + 2Rp

Vo= Vg = VA=~ (v = V)
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Appendix G (6)

LINIVERS ]JT,fE'

Now it is possible to appreciate what happens to the common mode signal:
V{=Vo=V,..

If the 2 inputs are equal the
current through R, is zero; as
a consequence the current will
be zero also in the 2 resistors
Rg's. Therefore v,=vg
whatever is the tolerance of
R, and Rg's and the value of
the R/'s.

If ¢is the tolerance of the resistors R of the output OA, their CMRR is:

2Rg + R, 1
CMRRR - 2010g10 -

RA E

If the inputs OAs are very similar, that is the case when they share the same
package, then the common mode gain A, is similar, giving similar contribution
to the nodes v, and vg. This way the CMRR is limited in accuracy by the
output OA and:

2Rg + R, Ad>

CMRRAMPLI = ZOlOglo ( RA A
C

That is to say that the CMRR is larger and larger if the gain of the input
stage is larger and larger.
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Appendix G (7)

Here there is another differential configuration having a large input
impedance:

Let's apply the superimposition principle and set v,=0 first, that implies

that v,=0 V and:
Rp + Rp ( RB>
Voo =———Vv, =(1+—]vVv
2 R, 2 R, 2

Now suppose that v,=0 V, which sets to 0 V the non-inverting terminal of the
output OA:

O1TTR, T Re ' Ra

1+—

Rg R¢ + Rp Rgp ( RD)
_ v,
R¢

Therefore:

Rg Rg Rp
Vo = Vg1 + Vo = 1+R—A VZ—R—A 1+R_c \'2]

Rg RgRp Rpg
={1+— — +
< RA> "2 <RA Rc  Ra "

Finally, by setti Rp _ Re

nally, by setting: — =

Inally, by Ing Rr  Rp
Rp

we get: vo=|1+—| (vy, —Vvy)
Ra
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Appendix G (8)

Application of the differential configuration. § N

1IN ]ﬁ‘w’EIIi.S]JT]fE'

Errors rise when the source and the amplifier are connected ground
references far away: since currents flow around in the environment the 2
references could have slightly different potential.

The amplified signal has superimposed the disturbance v,, to the signal v..
If now we introduce our differential amplifier we have 2 reading terminals
that can exploited to read the signal across the source only:

This way the disturbance is rejected since the amplifier behaves as it is
virtually floating: v =A( (V¢ tvy) — Vu)=AV,.
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Appendix H (1)

An actual OA is not ideal and shows several characteristics that can have o

affect in the application. Its datasheet list them and one can select the best
suited off-the-shelf OA for the own application.

l\'\.
| ~
~
| ~
| SN
| \\
_']I T | \\
I+ \\
|V05; 118“ ‘\.\
1— +AV' Rout ~
v, | ¢ ) — +
| R d
T orer| -
| o
+ & I ) /// —0 =
l // -
I e
|~
l//

The characteristics are listed in the datasheet and, for a good OA, several
are listed for a good detail.

Generally one focalizes the parameters important for the own application
and do not consider the others.

Here some examples:

Input bias current The input bias current is one-half the sum of the separate

currents entering the two input terminals of 5' Bglénced ampl;f{er, as shown in
Fig. 15-22. Since the input stage is that shown in Fig. 15-8, the input bias current

181y = (15, + 1,)/2 when V.= 0

Input offset current The input offset current /,, is the difference between the
separate currents entering the mput terminals of a balanced amplifier. As shown
in Fig. 15-22, we have I, = I, — Iy, when V, = 0.

Input offset current drift The input offset current drift Al /AT is the ratio of
_ the change of input offset current to the change of temperature.
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Input offset voltage The input offset voltage V,, is that voltage which must be

applied between the input terminals to balance the amplifier, as shown in Fig.
15-13a.

Input offset voltage drift The input offset voltage drift AV;, /AT is the ratio of
lhe change of [input offset voltage to the change in lemperature -

voltages present at the two output terminals {(or_ at_the output termmal and

ground for an amphfler witﬁ one output) when the two input terminals are o

_grounded.

Input common-mode range The common-mode input-signal ran&im
differential amplifier_ remains | lmear

Input differential range The maximum difference signal that can be applied

" safely to the OP AMP input terminals.

Output voltage range The maximum output swing that can be obtained without
sngmflcant distortion (at a gwen load resistance). _

Full-power bandwidth The maximum frequency at which a sinusoid wwh_osé}sizg is
the output voltage range is obtained.

Power supply rejection ratio The power supply rejection ratio (Ij"S_RR) is the ratio
of the change in input offset voli voltage to the correspondmg change in one power
supply voltage, with all remaining power supply voltages held constant.

Slew rate The slew rate is the time rate of change of the closed-loop amplifier
output voltage under large-signal conditions.

v' Other important parameters are the noise;

v' The frequency response and the ability / inability to drive low value
impedances and capacitive impedances;

v" The value of the output impedance;

v" The upper and lower limits of the output signals with respect to the
supply voltages;

v' Power dissipation;
v The maximum output current and short circuit current;
v Etc.
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