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OPERATIONAL AMPLIFIERS.

1.0. Introduction.

The operational amplifier is a linear direct-coupled high gain amplifier
which also has provisions for external feedback.

Through the external feedback circuitry the response of the amplifier can
be controlled, virtually independent of the internal parameters.

Therefore the internal circuitry can usually be ignored. The operational
amplifiers are primarily used to accomplish amplification, addition,
subtraction, differentation, integration and other mathematical operations,
hence the name operational amplifier.

In order to perform these operations the operational amplifiers are used
with linear or non-linear external components in the feedback configura-
tion.

Using non-linear external components it is possible to perform non-linear
operations like:

logarithm and anti-logarithm conversion, absolute value determination, peak
detection, comparators etc.

Figure 1 shows the representation of a conventional operational amplifiers.
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figure 1.1.



Input terminals labelled (-) and (+) are usually called inverting and
non-inverting terminals resp.
They are also called differential input terminals because output voltage
Vo depends on the difference in voltage between them, that is
Vb - Ao (Vé— V1)
where Q: is the open-loop voltage gain of the op. amp.
Tn some’case the non-inverting input is not externally available. This is a
single-ended input output op. amp. (figure 1.2a).

Vio____
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Fe?
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a) Vb b)Vb= - A&V&- Vé)

figure 1.2

The double-ended input, single-ended output op. amp. is far more versatile
than the former (figure 1.2b).

The equivalent-circuit model of an op. amp. consists of an input resis-
tance Ry connected between the input terminals, a common mode resistance
Rc between these terminals and ground. The output circuit consists of a
controlled source AyVj in series with an output resistance ry as shown in
figure 1.2¢.

The open-loop voltage gain Ay of the op. amp. is usually very large,

Ao > 105, The input resistance is much larger than 100 kOhm. The output
resistance is about 100 Ohm or less and it may be neglected for many
applications.

All these quantities are defined at d.c. operations.
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1.1. Ideal operational amplifiers.

The ideal operational amplifier has the following characteristics:

1. The open-loop voltage gain is infinite Ao = o0

2. The input resistance and the common mode input resistance are infinite;
Ri =0 , Rc = ob

3. The output resistance is zero: r, = 0
4, The bandwidth is infinite: BW = a2
5. The input and output offset voltage and the input bias currents are zero:

Vo::O lfVi=V2-V1=0.

6. Insensitivity of the op. amp. to temperature and power supply varia-
tions.

These ideal parameters have not been achieved but many of these parame-
ters are sufficiently close to the ideal that one can neglect the differ—
ence in many practical applications.

For example, input bias currents are in the range of 5pA for FET input am-
plifiers, while input resistances are larger than 1012 Ohm. Offset vol-
tages are less than mV in many cases.

For an ideal op. amp. the open-loop gain A is infinite. This means that
with the conditions Vmin < Vo < Vmax and the op. amp. working in the linear
region the difference input voltage is:

Vi=V2-V1=0 <>rV’2=\i’1

Also can be said that when negative feedback is used, the output voltage

Vo goes to the voltage which nulls the input voltage Vz- V2 of the op. amp.
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1.1.1. Basic operational amplifier configurations. (A #eo)

B e I T e . T T e T

The static transfer characteristic of an op. amp. is shown in figure 1.3.
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figure 1.3

If the input signal Vz- V1 <&Vi the op. amp. is working in the active

linear region.

The gain A in this region is given by

v v_.
A = max - min
AN A

in practice AV, < 104 volt.

Therefore it is only possible to operate the op.amp. in the active linear
region if one applies negative feedback.

a) General feedback configuration

b o—O— A —o Vo

P

figure 1.4
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A part of the output signal (BVo) is subtracted from the input signal
(e1) and the result is amplified by the amplifier

(e, - BV )A=YV
or 1 o) o)

Vo -

—— -

A - L 1 _ A Y
@ l.:_F;A &""ﬁ(s /\

The voltage gain of the amplifier with feedback (Al), called the
closed-loop gain, can be studied by using a Bode plot of the open-loop
gain (A) and the feedback (B). (The use of Bode plots is extensively
discussed in chapter 3).

log |A|
logy ||

figure 1.5

Analysis of 1) yields the following:
Al = Vg,fOr A> yﬁ;

1
Al=a for A< p

The Bode plot shows that the intersection of 1og|Al and loglyﬁl indi-

cates this discontinuity of the voltage gain A!.
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b) Non-inverting amplifier

I, 1@’%

figure 1.6

The input voltage is applied to the (+) input terminal. A fraction of the
output voltage is applied to the (~) input terminal through the voltage

divider formed by R1 and R2.

Since the input resistance of an ideal op. amp. is infinite and the input
bias currents are zero, the current flowing into the op. amp. is zero.
(I, = 0).

b

Thus 11 = 12

This means that the voltage V_ = ——%— . V,

with this approximation we get:

e‘-v(’ = \/O Q\*’Qz ’ VL- A

The closed-loop gain is found to be:

Yo RitR 1 2)
e, R T+ 1L /R+R
1 1 A CT'*)
Comparison of (2) with (1) shows that with
R + R,
12 _1
R1 B

the gon—inverting amplifier behaves like the normal feedback amplifier con-
cerning transfer characteristic and stability.
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The input resistance of the non-inverting amplifier is

e

. Since Ii = 0 for an ideal op. amp. the input resistance R,

—
U P

is infinite.
¢) Inverting-amplifier.

The input signal e, is applied to the (~-) inverting terminal through Rj.
The feedback is arranged through R2.

PRy P}
1
R
—-’Il *
e, -
R ;™ SR, R V/S
J—; +
figure 1.7

Applying Kirchhoff's current law at the node (1) we get

Since the input resistance is infinite the current Iy is zero.
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The closed-loop gain is found to be

o - R2 1

1R+ g (R

Comparison of (3) with (1) and (2) shows now:

I

- The error terms [ A\(T&;?h) are identical

- The closed-loop gain is not R2 + R1 _

A
T TR B
. 1
o2 g(-)

The deviation of the gain is caused by the type of the applied feedback
configuration. The feedback loop attenuates also the input signal. This
can be calculated by applying the superposition theorem.

LA
6@—;-—‘, | (1) - Vo
9?7_ ¥
| =
figure 1.8 _1_
Vo= - B | RFR ‘ - (4)
e R, + K R, | + -»(Qa+ z)
= - (=Bl gy T
Al
=-R 1
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The following may be concluded from 4.

- The stability oconditions and error terms of both oonfigurations( Non-inverting
/ inverting) are identical.

\
- The transfer characteristics differ and are respectively';; and - (1 - B).'é

The open-~loop gain AO is almost infinite thus Vim 0 or V_=V+ .

The (-) input terminal is considered to be internally connected to ground.
One can say the amplifier has a virtual ground at its input.

It is also important to observe that the input resistance seen by the sig-

e,
i — —l p-—1g
nal source e, is Ri 11 R1



- 1¢10 -

1.2. Non-ideal operational amplifiers (Afoo, Ri{'oa, R ¥ 0)

The non-ideal behaviour of an op. amp. can be represented by inserting
the input impedance and output impedance in the feedback circuit as shown

in fig. 1.9 in the case Ri foo, Ro +0

Non-inverting:

G o &

[]®:
.

[-I]‘R R R ﬁ_—q]m E’zi [%I]te‘

[~

z

B

inverting:
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The transfer characteristics can be found by using the superposition

diagrams
Non-inverting:

Rl R R
@(l-‘ “E}/I:_Q;‘H?L)A \/0 '2/4/2 + Ry A VO

. ] RiJ R R R,
With B = RifR+7 T ORR F R+ R

Vo . Wi(TR+1%) L L Rt

ei 12;12,+R(Qz+R.Qz (3’ WA@ R
inverting:
BE— Py R/ R A R -V,
‘B, R ° R+
or
Vo, . R '
@ TR+ A(FEBB)

These calculations show that the transfer characteristics are not influen-
ced by the input impedance Ri' However the error term and the stability

conditions are changed by Ri'

lig | A}

SRR ST RO A
¢ \
| Re=e0 Qi'r“o
\

"201’121

A |74
I+ A(‘T'?z—

i
%)
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1.3 examples of feedback configurations.

a) Differential amplifier (subtractor)

This is a combination of the two previous configurations.
The amplifier has signals applied to both input terminals.

R
& 0——:

t?;_ O—L___J
R

oV,

Em

figure 1.10

with the approximation of an ideal op. amp.

Ao'voc’.)
Ri'\-OO V- = V4 and Ip = 0

thus )
Vi

it
-\
[
[
Ny

(3)



b)
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For simplicity let R, = Ry and R2 = R, then the gain of the differ-
ential amplifier is found to be

(6)
This is the gain of the amplifier for differential mode signals. This
configuration tends to reject a signal common to both input terminals.
Inverting summing amplifier.

This is a variation of the inverting amplifier.
The output voltage is proportional to the linear sum of the input

voltages.
The output voltage can be determined by noting that the feedback
causes a virtual ground, Vi = (0, and noting also that Ib = 0.

R
@. O 'Q‘.
'R .
€ o= =
LRy *
eSC —n : =
I3 —O\V,

figure 1.11

Applying Kirchhoff's current law at node (1) we get:

L+ *;=1,

-e'l'f'-e—a-'}g?_’. :—E
R R, T3 Ry

2 R, | R
Vo:_(Que'+ Pzez+ 1?323)

Each input is multiplied by a different scaling factor and then added.

The gains are independently selected by R1, and R2 and R, .

3

Remark: the bandwidth and stability are determined by R and R //R //R ,

see chapter 1.2 4 T 2 3
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¢) Integrator.

An ideal integrator produces an output voltage proportional to the
integral of the input voltage. The basic integrator is shown in the

figure.
-
.—'v
. T,
R
e\ —D_» -
t

figure 1.12

The input current of the ideal op. amp. is zero, I, = 0.

The feedback through the capacitor C maintains a virtual ground at the
inverting input terminal. The voltage across C is equal to the output
voltage VS thus

t

e, av

- i_ ¢ 0 v _ _ 1 e, dt + V_ (o) 7)

1= r - Cdt “# 0 = ﬁfi O
o

The initial output voltage V6 {(0) can be set to a desired value.
In the frequency domain one can write:

e, -e,
I= ® - jwcqo~4v Va = 3wRC
Vb 1
The magnitude of the gain 2, =l | © wore 8)

1

and the argument of the gain

Vv
arg(é.g..\:q: -%r

1
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These quantities can be plotted in the Bode-plot.

JuCr
The accuracy and stability are determined by B = 145 uCR
Vo
ona )
\\,fe —|Al
Y ™
R ‘\“20 /D'ec 3
o \
Re lo% scale_ l()q .SCOL‘Q
amP\dude plot PhaSe p’oi

figure 1.13

d) Differentiator.

An ideal differentiator produces an output voltage proportional to
the derivative of the input voltage.

C
G
o—|—-
T

figure 1.14
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The open~loop gain of an ideal op. amp. is infinite and the input bias
current is zero.
We can write in the time domain:

dei Vo(t) dei dei
It) =Cg— =~ =— > V_(t) = R g==-Clgx= 9
In the frequency domain one can write
Vo Yo
I=3jwCe; =- -R--thusACL= €;=“JWRC="JWZ 10)
The Bode-pl £ i fol : ( ® . )
e e-plot o ACL is as follows: [5- I-fdlociz
Vo
e
b
—» W

figure 1.15
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2.0. OPERATIONAL AMPLIFIER CHARACTERISTICS.

An operational amplifier can be considered being a normal twoport

--pil <« {3

V( VZ

figure 2.1

The behaviour of such a twoport can be described by a set of parameters
(z, ¥, h, 9). See GsM(8.4 - 8.6)

e.q.

Vi = 21119 + 29212

V2

il

Zp1iq + Z22ip

The parameters can be measured by doing some open- and short-circuit ex-
periments
e.qg.

v
. . -1
the input impedance: 2.'1.| = i1 iz =0
P!
the output impedance: 222 = 1 ‘ i1 + 0
2
A"/ yA
. 2 21
the open loop gain: == = — s -
Vi I | 1 =0

The parameters are functions of frequency, temperature, time, supply
voltage etc.
In the case of small-signal behaviour of op. amps., the parameters are

constants. The parameters are functions of the amplitude in large-signal
applications.
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2.1. DC Parameters.

2.1.1. Biasing. (GRM 6.2)

- ows - -_—

Just a transistor can be considered as the most simple op. amp.

: : & lv.-‘-‘t(,

(izlp = 4G O+

Vi= Vae Va= Ve
- & —0-

figure 2.2

the large-signal parameter-set for DC are the well-known transistor char-
acteristics.

I
Vc.:()
Ibe  petang — Vgg
figure 2.3
qVee
Z12 2 Io =15 (e KT -1)
-Z 1
21 » C ,
-, = = B = tan . (Vc:o
22 * 1 7 )

The biasing of a transistor can be realized by applying a bias voltage
source VéE and a bias current source IB.
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VBF

These two sources are necessary in
order to make the biasing (I, =

R constant) independent of the value
3 Ib of the source impedance R .

This can be verified by choosing

Rg= o0 and Rg=0. If the value Rg
is known, the biasing can be
figure 2.4 performed by just one source e.g.

Vs = Vae + Toks

The same holds for JFET and MOST.

——

L
Y ) Toe k(U W)} I
Vgs
rﬁ RS Ig
/ Vs
?Ic}
figure 2.5

The small signal behaviour of the transistors can be described by the

gradient of the characteristics at the quiescent collector currents
I C and ID

As discussed, the parameters are functions of temperature time and
supply voltage. For one transistor it means that the characteristics
are dependent on those effects (Drift etc.).

With constant bias-sources, the output current changes if the character-
istics are varying.

VEJE’ V&: VDN Vno;sc

Dr{&‘ Drifh

Iy, Too Noise
NO!SC ? é note gree

Iprift



The same variations at the output can be generalised by considering
stable characteristics and adding extra current—- and voltage sources
with right-chosen values at the input.

In this way the number of deviations of amplifiers can be represen-
ted. Ideal amplifiers, but extra disturbing sources at the input.

2.1.2. Differential Amplifiers.

P e . . . T

Most monolithic operational amplifiers contain a differential ampli-
fier as input stage. The biasing is performed by a tail-current cur-
rent source and two input current sources I, and Ipy.

—

J-Cc .].-Cz,

R Ib, 9l Th, K

figure 2.7

The tail current generates the bias voltages across the

VBE1’ VBE2
base/emitter of the transistors.
The transistors are biasing each other with those VbE voltage sources.

If the two transistors are equal (Betas, and emitter areas equal).
Io1 and Io2 resp. Ipp and Ipy will be identical.

However, if there is mismatch, two sources, Voffget and Ioffgetr have
to be added in order to balance I, and Ina.

T b R

|
o
: ]
o
]

%3

Ib Tofpet - Vo'

figure 2.8
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emitter areas mismatch means Ig13# Io2

I

Qv + V (qv
BE = offset _ T = BE _)
(G 1) =1, = I 1

KT
Voffset = KT In 01
! T2

(Ip + Ioffset) B1 = IpP2 Ioffset = .[-'\(-i[)f I-b

1= Ip

2,1.3. Drift, caused by temperature variations.

D R S T .. T T T T

As discussed the effect of temperature on the parameters, the characteris-
tics, can be described by adding extra sources at the input.

Bipolar.

The value of voltage sources can be calculated from the collector current
equation

= v,
=10 T - 1)

-qv
] - __EE E- - I.
wilth I, cm e o , n = 2.2 Vga{; 2V
I
a_ - = <.
KT (VBE Vg ap) In C n InT
q_ dVBE n
- %T—-z (VBE - Vgap) + X aT = - T (Ic = constant)
)
BE v v
(dT I = = _BE - gap _ nK
c C T q

this gives Vdrift ~ -
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The current drift arises from base current changes, and is approximately
0,5 to 1% per OC.

figure 2.9

FET!'s,

The temperature behaviour of FET's c¢an be described by two compensating

drift effects.

As the temperature rises, the resistance of the channel increases because

the mobility decreases. However, this rise reduces the tickness of the de-

pletion layer that cuts off the channel. This is the same phenomenon that

causes the dVv /AT effect in transistors, and therefore has a drift of
BE

-2mV/°C. It can be expected that these two effects compensate each other

at a certain Vgs. Under this bias condition the drain current is
temperature independent.

The current drift of Junction FET's has

]Qi the same temperature sensitivity as the
leakage current of a diode i.e. 2-3 time
Ig per 10°C.

figure 2.10

qV I ac-{lo ’
ad%fa: or ™ %gg ( %_'_ a) - Tg. ésﬁzg or Io/grrvSO
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Differential amplifiers.

The voltage drift as given by

v - _ V gap - VBE + Vgap -'BE2 - Voffset + Vgo. - Var AT
drift T, T T e T
Vo)tiet

£ T =12 0 VigeT - T

These relations show that it is better to balance the differential out-
put of a differential amplifier by adjusting collector resistors and to
keep the collector currents unequal. There is no voltage drift if

Voffset = 0.

For equal source impedances Rs1 and Rsz the current drift can be consi-
dered to be caused by the drift of Inffget (1 - 0,5% of Inffget/0C).

2.1.4. Balancing of op. amps.

As discussed, the biasing of a differential amplifier can be realised
by an offset voltage source, two input bias current sources and offset
bias current source. As the input stage of an op. amp. consists of a
differential amplifier, the biasing can be represented in the same way.

These sources produce an offset voltage at the output of the op. amp.
depending on the feedback configuration.

®:
—{

R
——F

f$311> —o\
Ra

+

Tofret n, Voffet

figure 2.11

R, + R+ R,+
V0 = ._ljijié befset + Ib (RZ - R3 ( 1 Rézj)+ Ioffset R3- ! RFZ
1 1 1
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The formula shows that the offset, caused by the bias current can be eli-
minated by choosing
RiR2

R R

The source resistance seen by both op. amp. input terminal must be iden-
tical Ip offset can be cancelled by giving R3 a value with a little de-

viation.

The error caused by the offset voltage can often be nulled with an exter-
nal potentiometer between special
terminals. This is the best method
with respect to drift (see remark

o 5~\\\\\\\\\\~ 2.1.3, differential amplifier).
{
Py |
3

--vo—

figure 2.12

The output can also be driven to zero by an external voltage, applied to
one of the inputs.

Typical values:

Voffset < 5mv,

FET : 10pA (at 20°C)

at 100°C : ~100nA. (2 x Ibias/GOC)
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2.2. NOISE. (See G&M chapter 11)

The noise of an op. amp. results in the lower limit to the size of an elec-
trical signal that can be amplified without significant deterioration in
signal quality.

The existence of noise is basically due to the fact that electrical charge
is not continuous but is carried in discrete amounts equal to the electron
charge.

2.2.1. Types of noise.

a) Shot noise:

This type of noise is caused by minority carriers crossing junction (or
electrons striking the cathode). The passage of each carrier across the
junction is a purely random event. The external current I is composed of
these carriers, a series of random independent pulses; the fluctuation
in I is termed, shot noise. If the average value of I has a value I D
the resulting noise current has a mean-square value.

¢-2qlonf

with g = 1,6 x 10719¢C, and A f the bandwidth in Hz.




b)

c)
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Thermal Noise:

Thermal Noise is due to the random thermal motion of electrons in con-
ductors as conventional resistors. Since electron drift velocities in a
conductor are much less than electron thermal velocities, this type of
noise is unaffected by the presence of a direct current.

In a resistor R, thermal noise can be represented by a series voltage
generator or by a shunt current generator.

V2

[}

4KTR A\ £

j2

4KT %A f at room temperature 4KT = 1.66x10~20 v.C.

Flicker Noise: (1/f noise).

Flicker Noise is found in all active devices, passive elements and always
associated with flow of direct current -I. The spectral density of this
type of noise has a 1/f frequency dependence

- a
1=K = DE.

K1 is an unknown constant and depends on the perfection of the device,
a is a constant in the range 0,5 to 2.

2.2.2, Noise of operational amplifiers ( G&M. 11.5)

A om e el awn ek e SR M o e e e e e e e

The noise behaviour of op. amps. can be described in the same way as chosen
for the representation of drift. Consider the amplifier noiseless and repre-
sent the noise by equivalent input voltage and current generators.

l

Re =

Vo
Nowsy [ O — | Nouseless|
NEE
| Ampl. Lo o

Qimpl.

|
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The values of the equivalent noise generators can easily be measured. The
value of the voltage generator is found by short circuiting the input, mea-
suring the output noise, and divide this quantity by the gain of the ampli-
fier. :

The value of the current generator can be obtained in the same way by open
circuitry of the input.

The values of both equivalent input noise generators depend on the design,
the chosen transistors (bipolar, MOS) and the biasing of the input stage of
an op. amp. They can be calculated by putting the thermal and shot noise
sources in an equivalent model of a transistor and doing open and short
circuiting experiments (see G&M. 11.5.1.)

The manufacturer gives the values of the equivalent noise sources in his
databooks. Sometimes as a function of frequency. At low frequencies, the
sources can be considered to be uncorrelated: i.e.

10
O
|
(

1
W o
"y
m
+
)
N
~
]
™
e’
+
>
m
m
o
ol
"
L
~
-*u
L

if the sources are uncorrelated

=0

Typical data of op. amps. are given in the figure below. FET op. amps. al-
ready show 1/f noise at higher frequencies.

The correlation factor e;-

‘ 'V7Hz }/ Hy,
bz p. Opomp 167 162
MAF4 N\ N
35'{’ B léZ‘c.
o PlHay $n
1er (p* 1) 10t 10% 10%
—ﬁ’ Th.
FE‘- OP amp ™ Vz/;, "3 lo23-
AD iuy r F e e
|0"!" WY
o $(Hy ) ) :[Hz
ot io® T 16t 0® o4
VO”QL)Q noise Cuﬂ'&n'l noisge v

figure 2.14
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2,2.3. Noise Figure of an amplifier (GsM. 11.10)

- e o M e e e G G e e e mE mm me W

As discussed, the noise behaviour of an amplifier can be described as a
noise-free equivalent with two basic noise generators at the input.

Such an amplifier will always add noise to an input signal, generated by a
signal source with an internal source impedance Ré. The signal/noise

ratio at the output of the amplifier will be lower than that of the signal
source itself. The deterioration of the signal/noise ratio is indicated by
the Noise figure F, usually expressed in decibels.

F o= total output noise
that part of the output noise due to the source resistance

=
o O

> [
B QT

€

figure 2.15

— — = '“1‘ =2
EABa LR, Bk LR
F = Ee - LKT AEF

because E:I.: =4 I{T‘RBA F
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It is apparent from this relation that F has a minimum as Rg varies. By
differentiations with respect to Ry we can calculate the value of Rg giving

minimum F
\}""2 jz
Q'_F':o F.,-_,-‘-)-__._..—--EN‘”
AdRe Min szA(g

for Ry = ENI

The noise current source (In2) of FET op. amps. is lower than that of
bipolar amplifiers. Therefore for source resistances of the order of mega-
ohms or higher, a FET op. amp. has a lower Noise Figure than a bipolar one.

2.2.4. Noise in Operational Amplifiers with feedback.

- . e M W W e e MR des B B T AW W i s s s R e e e

All the noise sources, representing the noise of the resistors and the am-
plifier are indicated in the figure below

R VEs

——)

./

\E»ZJ Ve Noweless —©

figure 2.16

With uncorrelated sources the output noise is:

»

VG - VR (e o B (B BB ('

with E‘; = [-lkTRAg.
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The noise sources of the op. amp. can be measured using the formula
choosing the right values for Ry, Ry and Rj.

‘ (a_ﬁz = \
Make the absolute value Rq and R2 small, R3 = 0.

but Rp>>R1.

Then the fomula above becomes

Vs - Q+%)VE.+§; |

These noise sources cannot be measured separately.
Choose Ry = 0@ , R3 = 0 and R; large.

m = v-E—Q:')‘ IMQ"}Z

—_ \[ \
\ r"‘z «
Elz,_ ““\/L‘ WQA(? , proportional to VRy. So this

term becomes less important in this formula with very large Rj.

\[ 2
~ly, can be measured by making Rq and Ry small,

Ry >> Ry and R3 very large.

and
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2.3. AC-parameters.

For small a.c. signals the performance is limited by the noise and the
frequency response of the op. amp.

For large signals the specifications of slew rate, settling time, full
power bandwidth, common-mode rejection and distortion indicate the quality
of an op. amp.

2.3.1. Frequency response.

DT T R P

In practice op. amps. are not ideal. Gains are of the size of 105 - 106
and frequency dependent. Because of internal capacitances the voltage gain
decreases at high frequencies. This fall-off is enhanced by the addition
an extra, a compensation capacitance, in the circuit to insure that the
op. amp. remains stable when feedback is applied.

The freguency characteristic can be expressed by
A

A= o
( 1+ 3wg) (1 + Jwry)

Ao
: hose sh;@
ga.m P
clb . o
db/odave_
! gol
Of 4 — —— = =2 ~-
! N . -804

figure 2.17

Aois the low frequency/DC gain of the op. amp.
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L . .
The first pole 1?.=‘2n$‘ is determined by the compensation capacitor.

The value is chosen in such a way that at the frequency at which the open-
loop voltage gain is equal to unity, the fall-off shows a 6db/octave
slope. The phase shift is about 90 - 135°. This frequency indicates the
unity-gain bandwidth of an op. amp.

2.3.2. Slew rate. (G&M 9.6)

- - e e e e e e

The best way to understand the large signal behaviour of an op. amp. is to
consider the construction of a simple op. amp.

TN . C
1
Vin R .
A
9T )

figure 2.18
The operational amplifier consists of a differential input stage with a
tail current 2I and an output stage. The amplifier shows a fall-off of
6db/octave because of the feedback capacitor C.

The small signal gain is:

e 1 1 A
/-\o’g“jd:. 141 g“R‘1+(A+1)ijc

1 —
x (1)

The expression shows:

- A, =0mr.

-~ Unity-gain bandwidth: fc

i

Gm
21

A _
A+1 = 2wC
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~ Since using bipolar transistors 91\ = %%. the uni-
ty gain bandwidth of bipolar op. amps. is determined by the tail current
and the capacitance C:

= -9 1
fc TnEr: ©

Slew rate is defined as the maximum rate of change of the output (dv/dt)
with a step input signals.

An input signal, larger than e.g. 1 Volt, overloads the input stage and
the output current 2i of that stage equals now + 2I: Since the output
stage behaves like an integrator the output changes with:

dVo 9T

S

dt Ja C

This is the maximum rate of change of the output, the slew rate of the op.
amp.

20 KT
qC

- During slewing of an op. amp. there exists no relations between output
and input signal. Therefore feedback does not influence the slew rate.

- For bipolar op. amps: slew rate =

2.3.3. Full Power Bandwidth.

L e e e TR e R S —

Full power bandwidth is defined as the maximum frequency at which the full
output swing may be obtained without distortion.

Consider a sinusoidal output signal of the form Vpsingt. The maximum rate
of change ( = wVp) must be smaller than the maximum slew rate if no
distortion is to occur.

ie. wp€ 2
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example uA741: I = 10 vA, C = 30pf.

20. IO'L

Boorr T OO Vs

- slew rate:

- full power bandwidth: L
Vp = 10 Volt: fpax 7= n 06107 = 0 IcH,,

=T 10
$ 3 4 _QL“ -&- I AO“O.s ~
- unity gain bandwidth : anc = nktT ' = mwu ~ 2 HH'L
slew rate . 2T gnC _ 4T _ AkTrm
unity gain bandwidth ¢ Ym gm d
LK .
this ratio is fixed for bipolar transistor (-'-' ") but it can

be improved by using FET's or by emitter degeneratﬂon (thus increasing
the ratio I/gm.

Sl “4\{_.,5 :

figure 2.19 -

2.3.4. Settling Time,

- e s e ewe o oW e e

Suppose a large step function is applied to an op. amp. working as an
inverter

Ve o——— o
_L - o

-
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The output signal will have a shape as indicated in the figure:

Vo

dead  Slewing  récovery time
time Time

figure 2.21

At first no response at all: the dead-zone.

During the slew period the input stage is overloaded; the output rises
with maximum slew rate.

As the output increases, the signal at the -input becomes smaller by the
feedback loop. At a certain moment the input stage starts to operate in
the linear range and the feedback becomes effective. The op. amp. produces
a small-signal response.

The time, necessary to reach the final value, is determined by the
acceptable error (e.g. a number of RC-times).

The settling time is defined as the time required to obtain an output

signal with an error less than the requirement. The settling time depends
on the input step amplitude and the allowable final error

SeAH.’m“
+Hime
ImV (error bowd )

1OmV

-toy Tov dn pud vol‘rac]e_
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2.3.5. Common Mode Rejection Ratio (CMRR).

W e ows W D cme Gwe WG M e s m e G TS S e e e e

Most applications of op. amps. require the amplification of differential
voltages often in the presence of fluctuating common-mode voltages. Since
the desired signal is usually the differential voltage, the response to
the common-mode signal produces an error at the output that is indistin-
guishable from the signal. The common-mode rejection ratio (also called H)
is conventionally defined as the magnitude of the ratio of
differential-mode to common-mode gain

H= Pan
A
am

The rejection ratio is a factor that indicates how many times a common-
mode signal at the input must be larger than a differential signal at the
input in order to get the same differential output signal.

This ratio will generally not be infinite because the transfer charac-
teristics of the ~input and the +input to the output of an op. amp. are
not equal and frequency dependent.

Suppose
<A+ W2 - A= M2
A-=77 jw'c1 o By = (1+jwt1)(1+jwt2) and
A.
o
1 2
v =,V @a_+a) T““'-’Iv% Vo
oL+
a : : Y Ax
With these relations we can find easily Ve
1 ) 2
A _ A 1 +—2° {1 +~2-K) jw’t’z N A 1+ jw—z—
diff +jwr 1T+ jur Hjwt, " 1+ Jjwt
1 2 1 2
1 A, . A .
N - AA 1+ (7 + E) ]w‘cz A 1+ A jw‘tz
common mode 1+jw‘t1 1+ jw'c2 Wjwr, ° 1+j<m:2
and for the rejection ratio
1 LA
1+~ (147 Jjur
A 2 28 2 A 1
H = L] -
AR 1 A A

1+( + ) Jut 1+ . jot

B
N
g >
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This relation shows that the rejection ratio becomes frequency-dependentby
the second pole of A*, The C.M.R.R. at low frequencies equals A
M

2.3.6. Discrimination factor.

— - e e s eem e mm e e mm e e em

Sometimes an operational amplifier is provided with a differential input
as well as with a differential output. A feedback circuit, an attenuator
can be constructed in the same way.

In those cases you can also define a discrimination factor F. This fac-

tor equals the ratio of the differential gain of the differential signals

to the amplification of the common mode signals. This discrimination fac-
tor F is important when two amplifying circuits are used in series and the
overall CMRR has to be calculated

H Adﬁ*’”“ﬁg ) F: g-;d,cﬂ

ACOW\ - C((.ﬂ} COIM —» Com

O—]
A, - Az
f — |
Hl Hl
0
figure 2,23
total A, = A, X A

diff 1 2

il

common mode gain: F

®

5N
e

= >
Ng

1
total CMRR: 1

L
Fl Ha, ¥ H‘)_

This relation will be discussed in the chapter: Instrumentation Amplifiers.
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2.3.7. Distortion (G&M pg. 469)

- wwe owe W oam D e Ow M e me o e

Distortion occurs when the transfer characteristic is not linear.

Vomox |-— — — The slope changes since the
/ ;‘ gain A depends on the amplitude
Vo A A of the signal.

T This amplitude sensitivity can
be reduced by feedback.

L

“““““ VO Min

This can be proved by calculating the gain sensitivities of the closed

LA

)
g’/—ﬁ—- logp relation to the open loop gain: A

A 1EpA ‘ A dA
T“‘Aé"(w{s/ﬂ A

dA’ _ 1 dA
AT e BA A

\
Indeed: the sensitivity is reduced by the well-known factor H_F, A

The distortion of an amplifier is decreased with the same factor.



3. Negative and positive feedback (G&M chapter 9)

If a fraction of the output voltage is fed back to the input it is
called feedback.

A feedback to the inverting input of the op.amp. is called negative
feedback and to the non-inverting input positive feedback. A
combination of the two is also possible.

If the feedback introduces enough phase shift to the inverting or
non-inverting input, feedback may become positive or negative
respectively and may cause instability. This effect will be
discussed.

The positive feedback is used in wave generators bistable circuits,

and comparators.
These applications of positive feedback are discussed later.

3.1. Bode plot

Let us analyse a transfer function or amplification with 3 break-
points (corner points). Ao '

L\(é“’B T 0 %) Moy ) (1t ey

This function A is a complex function.
We can write the complex function in the form:

A= Q-+ ‘}b = }A[em

with IAI is the magnitude
and(f-*-‘ arg({z) is the phase.

The magnitude can be written:

Al Ao

where {4 w4 Wit Y Ra i
L |

L —_—
T w, , La= W2 L3= W

It is common to express the magnitude of the amplification in
deciBells.
That is:

b

20log(A)= 20loga, - O 103 (l + Lozl‘.‘) - :oloﬁ (H w’-‘i‘,}j - 10 log[l m’*z*g)
This can be approximated for high frequencies by:

201oglA‘Q' 201093, ~ 20 log T, — o logwl‘; - 2 [og wls
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The Bode plot consists of two plots:

a) magnitude plot lAl=f(w)
b) phase plot arg A=g{w) .

The magnitude Bode plot has a double 1logarithmic scale, i.e.
horizontal logarithmic and vertical in deciBells.

With the piece-wise 1linear approximation we get a curve with
straight lines between the breakpoints.

The phase Bode plot has a single logarithmic scale.

———r il
(tc;}
T

-

Ao -
Itz

2
E 4&

Figure 3.1.

The magnitude of the amplification between A and B is given by A,-
Between B and C it is given by {%% because

%

20log |A| =20 LogA-2010og wT,

Ao

T, To retc,

Between C and D the function is given by IA‘=

3.2. Negative feedback

Negative feedback is, in general, used to improve linearity,
stability, input or output resistances. In all these cases the
improvements are related to the loop gain. The loop gain is defined
as the product of the open-loop gain of the op.amp. and the transfer
function of the feedback network.

That is, Loop gain = AOPJ -

We will first analyse the gain characteristic of an inverting and a
non-inverting amplifier.
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3.2.1. Non-inverting amplifier

€ A vo
- D3

1
T

non~inverting amplifier

Figure 3.2.

Assume that the effects due to the input and output resistances of the
op.amp. can be neglected.

We will first calculate the closed loop gain A'.
TR

The transfer function of the feedback T R+ R
¢ = e ¢ - (g\/o
Ag = A(Qw-[ﬁ\/o)
Ao

Let us assume that A is given by A = l+6wm

We now can express the closed-loop gain in A,, g, and T, , that is

A
Al = A - szt‘ . Ao Ao l .
,*(«))A ]+{S.._'é:;_’.bt. l'f'awt(TI&Ao l"\"BAo !+aw|.-;_}f'gA°
Al Ai ! "H\ A', AO
= Re + éw’f%,L&Ao Wi °7 1+BAo

The term A,' is constant, the second term frequency dependent.

The open loop gain is shown in the figure by the solid line.
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Figure 3.3.

)
The -3db point is at 7T,

L
Therefore BW= 3InT,

We
Furthermore UGBW = \
Ao
The closed-loop gain is given by A' = l+(y\0 : | + dw C

l*;%Au

and represented by the dashed-solid line.

) v 1

a) For low frequencies the term

I+ k):;t—
and At: fé%Ao - on d i gko

When we divide two quantities it means in the logarithmic scale just
a subtraction of two distances.

Therefore the quantity A,' is obtained by taking A, minus the
distance AB. The distance AP corresponds to 1 + \%AO - This gquantity
is called the loop gain.

Furthermore for very large values of [&Ao H

(at low frequencies).

The accuracy is determined by the loop gain.
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|
b) For high frequencies the term |, 0“9.‘

(X}

|4@Ao
contribute to A'.
There is a breakpoint in this case at T =2 ufrh
]
—rr t
o
The unity gain point is at ¢ < % A

3.2.2. Gain-Bandwidth product.(GBW)

The bandwdith changes as the closed~loop gain varies. The product of
the closed~loop gain and -3dB frequency (BW) is constant for a given
op.amp. This is called the gain band-width product.

GBW = A';3ea] X BW = constant.

Example: The non-inverting amplifier.

without feedback: 1
BW = anT,

} CBY: A% s 9 UGy
Ao

with feedback:

sréAo !+@Ao Ao We
BW . Tamr GBW=  anT, " i4pA T2 UGBw.
} AD
%\o : l#ﬁAo
3.2.3. Inverting amplifier
Ql 124
— — ¢, o J+v)
21 Qi ‘RZ
o 1
0 Vp,
R,
- A
inverting amplifier replace circuit

Figure 3.4.
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The magnitude Bode plot of an inverting amplifier can easily be
found in two steps:

feedback

It is clear that without attenuation the Bode plot equals the plot
belonging to the non-inverting amplifier.

Or
I AO {

—

Ao = Taas ~

Ao

With the breakpoint at g%i? and W, at T,
! !

See fig. 3.5, solid curve.

Figure 3.5.

b} Attenuation

The effect of the attenuator 1-8 can be represented in the Bode plot
by shifting the curve downwards with 1-8, see fig. 3.5, dashed
curve.

The gain is reduced by this factor and becomes

Ao (-B) 25 < (-B)%

By analysing the Bode plot we observe that the breakpoint remains

unchanged _ff‘_"‘but that W, is reduced: [ - —é——"-O-{&)
T {
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c) Calculation of Gain bandwidth product.(GBW).

1) Without feedback

1. 4 EBF
BW = JINMT. QB\/J: Au 2"5; < T
Amplification: A, - L{,QBW .

2} With feedback.

27T, G- té“ RAo (L(A)g‘% = Uoew (-B)

3.2.4. Block diagrams

Block diagrams consist of undirectional operational blocks which
represent a transfer function of the variables of interest.

The block diagrams are given for the inverting and non-inverting
amplifier configurations in the figure.

non-inverting amplifier inverting amplifier

Al = -—A-— ' al = _(‘-(&)A

H*(b/* | + (5/\




Example: 741C

A°=105, £c=106Hz, (first order amplification

characteristic.)
(33 0.1
non-inverting amplifier inverting amplifier
agt = 22 .0 o (B0A B g
1+3Ao o ﬁ+1%y& (®
BW= Rfc = 0,1MHz BW = Rf; = o,1MHz
UGBW = f, = 1MHz UGBW = (1 -R)fc = 0,9MHz
loop gain (5A°=104 loop gain f>‘\o = 104

3.2.5. Voltage gain errors due to the finite wvalue of the
C.M.R.R. and the gain

a) Inverting amplifier.

Ra.
A
R
QLC | S -
——°Vo
+,Q*

B3

Figure 3.7.

In chapter 2.3.5. it has been shown that the effects of finite gain
and finite C.M.R.R. can be calculated by considering the transfer
characteristics of the - input and + input to the output (A. and A;)
unequal and not infinite.

with A . A_4A
zx+ = /Q +

A
AN

i

and the C_.M.R.R.: H =
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The transfer characteristics can be found from the relation:

_.[(?;(|~(5 + f;\lo]/_\__ a Vo
A(- 5R)

ol >!+A(5 Rl BA(- 4R)
- 2n)

-f)
(IL l+(2>A(l-2H)

4
dividing the numerator and the denominator by‘@A(l"nggives:

NoooBE T

- -~

= (5 |+ EBA‘(b;H)

‘-..
In general P:/\ (l- g:H) >>1 , therefore A‘-‘ - —{5@3

The C.M.R.R. is not important since there is no common mode signal
at the inputs.

b) Non-inverting

¢o— |3

O

. Pigure 3.8.

+ - 1 Ve AY -
e; A —{BAV0=V0 ; A=e.:~‘t+(3A"'

A(u%ﬁ") I GCED ’+2“. —
14 pA (- oA A (1 :{‘H) 3 T RA(1- 2n)

if 51;-1 <<1 ana {-)>A >71  we get:



The error due to finite values of H and A

) * )“('ZAI

is

3.2.6. Impedance transformer

In general the input and output impedance will change if feedback is
applied.

In most of the cases one can catagorize then to one of the following
basic circuits.

=<
a) = % o . Ve Vo Vs
* l - S \jz/ Vs-l-AVs
l‘ | * =
R Va L <= 1A
b) J._-a‘:a T o = \j.s., \/2+AV2. R Vz(I+A>
ro = ; wsT < "1 71
Vs () 25, 2O
| - ;?bn = (l+-/\) 2
c) - : Va -
o— 05 b m— “\.!2: i 212 -[ISFAI%,)Z
. 2| " _ T Iy 0 Te Is
.LST% —>| 2 TAJ.S ( >
| Z.o =+ A2
L 1 -
4 o \a O Ve Va - Va
o Iz ZuiTy T TrAZ In(WA)
IS’]‘ —>| pd %AL . =z
_J- 1 Lo = m

Figure 3.10.



- 3.11 -

With this knowledge impedance can be made smaller or larger and this
technique is very useful in measuring systems.

One is also be able to create infinite impedances. This can be done
by taking A = ~1 in case a) and d).

Of course there will be a great chance for parasitair oscillation.

Example 1: e I

1@ &&L /\
e °
R e:
ZZu“J‘ i?”='ﬁl
&

with feedback

e o

s
R l“>—-————o\fo XC{\Q‘ - Ié/.\

o .
An equivalent circuit can be drawn as follows:

Co »

A Vo -
Tz(p+A0 I+A This is a voltage follower.
o -

Example 2:

G O
The input impedance has been reduced by a factor 1+A. The equivalent
circuit can be drawn as follows:

T

oo -A
2
A
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3.3. Stability.

Consider the simplified negative feedback configuration
shown in the figure:

3

figure 3.11

It is a linear shift-invariant system with one feedback
loop.

In this course we will discuss only direct coupled systems
i.e. dc can pass directly from input te output. The phase
shift at W = 0 in the loop gain is zero when ideal
integrators are not presented in the loop.

From the figure we see:

Vy= AV
(¢ o v, >
\h‘: 2, - W& - ex-— !-+/ZH
V(D: RV:n
where %ﬂ = loop gain
|
if A/3)>1, A' can be approximated by A' = ;g

Instability of the amplifier results if the denominator of
A’ becomes zero. This happens when the open loop

Al=-1 =14£180°, or A = - £.180°.

7 ' 7

Under this condition A' is infinite indicating that an
output results for no input signal and it is characterised
by self-sustaining oscillation.

This type of instability can be avoided by reducing the
phase shift of the feedback system to less than 180° when
the loop gain is greater than or egual teo unity.

To examine the effects of feedback on the stability of an
amplifier we can use two methods:

1} N)gquist stability criterion.
2) Bode plot.
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ad 1)

The Nyquist plot is a polar plot or polar diagram which is
obtained by plotting the amplitude and phase o} H when Hhe
frequency w is going from -¢n» via 0 to + e .

The critical point is the point where 3R = -1,

The number of encirclements of the critical point, N, is
found by counting c¢irclements which are counterclockwise
(c.cew.) as negative and those which are clockwise {(c.w.) as
positive when the fregquency w goes =~ P =l 4.

The system is stable if the number of encirclements 1is
Zero.
Example:

W= o
g \
Re
/w)o

figure 3.12

A is the critical point; N=0; stable system.
B " " " " N=2; unstable system.
c " " " N=1-1=0; stable system.

For situation C the system is conditional stable because
when the dc gain is decreasing the system can become
unstable.

In this course no further attention will be paid to the
Niguist stability criterion.

ad 2)

The Bode plot of a linear system is much easier to draw than
the N¥yguist plot.

Especially when the loop gain contains only first-order
factors of the shape (1+ }u)t) or JwT .

The stability criterion can be reworded as follows:

a single linear feedback system will be stable if at unity
loop-gain the phase shift is less than 180° at one frequency.
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The following conditions must be fulfilled:

1) DC~feedback is negative (W=0)
2)  w>o

Generally the transfer function of op.amps. contains only
first-order factors (1+ {wT or JwT) .

These are so-called minimum~-phase-shift networks.

In these cases the Bode plot can be used to obtain or to
improve stability.

The method makes use of two facts:

a) Piece-wise linear magnitude Bode plots with only factor
(1+iwt) and ?dtshow slopes of n. 20dB/dec or n.6 dB/oct.

b)) A slope of n.20 dB/dec. corresponds with a phase shift of
n.g0°.

The point where the open~loop gain characteristic intersects
the line é is the point where the loop gain magnitude hvﬂz 1
{or 0 4B).

Stability occurs if the phase shift at unity loop gain is
less than 180°. We can improve the stability by approaching
90° phase~shift at unity loop gain.

Guidance rules to improve stability:

a) Obtain in the piece~wise linear Bode-plot a -20d4B/dec
slope near unity loop gain. .

b) Increase the "length" of the -20d4dB/dec. slope near unity
loop gain.

A
Example: I

Id

f

Wi

A2

3.3




As seen from figure (3.13a) for a one-pole op.amp. at the
pele frequency:é the phase shift is -45°. The maximum phase
shift is =-90°; thus the circuit is always stable.

Now c?nsider the case in figure {(3.13b}.

For J*' = Aq the phase shift of the amplifier is -90° and

the amplifier will be stable at this gain level. But for
rLl=A2 the phase shift is =180° and oscillation will

result at a frequency &}hge at intersection of the open loop

gain characteristic and the £ _line.

The amplifier will be unstable for |143! < As.

If the closed-loop gain levels have a value between Aq and

A the phase shift will be between =90° and~180°, which can

cause peaking and overshoot.

Asl i is made closer to unity at the freguency where the

phdse shift of AR is -180° the amplifier will have a small

margin for stability. The most widely 7just two qguantities

for stability analysis are phase margin and gain margine.

They are defined as follows:

phase margin = 180 - @ug

where @ngis the phase shift of Rp at frequency where

[&B|= 1. The phase margin must be greater than 0° for stabi-
lity. ‘

The gain margin is defined to be the valuelFV3]in decibels
at the frequency where the phase of HAB is ~ 180°%

The gain margin must be less than 0dB for stability. The
phase margin for the amplifier having a single pole response
is »n=90° (see figure (3.13a)).

The feedback amplifier is shown in fig.b) with the feedback
has a phase margin {»0 which indicates that the system is
stable. A typical value for the phase margin is 45°; a value
of 60° is also commonly used.

3.4. The influence of feedbéck upon the amplitude-freqgquency
characteristic.

In section (3.2) we have seen that the closed~loop gain of
the amplifier with R;-»en and ro, ~ 0 is given by

A
l+/3Fl

A )

We can distinguish two cases:

a) The freguency dependency is determined by one time
constant so A = 00*3”—5‘) bove
Substituting this “in” equatiodn have seen that the gain
is reduced but the bandwidth is a factor 1+(3ﬂ° larger
with feedback (see section 3.2).
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b) The frequency dependency is determined by two time
constants

_ Ao
(l + Jwrt)(‘*' JWtz)

A

The closed-loop gain is then (with real/G y:

I Ao

| +/3Fl - (,+jw3,)(r+jwtz)+ﬂﬂo

Ao
(1 4+pFl.,) + Jw('c.-f-“ﬁz_)-i- (JW)IZ.Tz.

with no feedback the stepresponse has the so-called

S-shape; The roots o©of the denominator)are always real:
= - = = =1,
P1 7, 304 P2 T, (.@).g

This means using the reverse Laplace transformation we can
derive two exponential functions of time.

With feedback the expression for A' can contain real
poles or two conjugate complex poles. Therefore the step
response can be oscillatory {(complex poles) or having the
S-shape (real poles). However the denominator of A°
cannot become zero Therefore total oscillation never
occurs.

In the following part it will be shown that the guadratic
form is very useful for the investigation of stability of
circuits with two time constants.

Ao
AY =
1 + fiﬁo + jw(‘Zf,-v—Zz.) *(J""‘)z Z,%y
Ho [
= - 1
I -+ Ao w- Z, +73 w \]t tz)
/3 b= J \/""f’“a)zc U a (1 )(wi-pﬂ
Let Z, + T2 T, + Ty (_ . dam N )
= w — Tt nelative damp’”9g
L\/(f'ﬁﬂﬁo)totz % 2\[ARoTi T2

’ *AHO - !2 nn l
N "2z = ¢ [z (ot frequency)

Heo ’ .
; 4-/3th= Ao ’(‘C(OS£A-‘°QF de anﬂ)
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. !

so A' = H, 7 ;
w | w2
1+ 232 S 4 (vl-»»-ﬂ
where -, =3 is called the quadratic factor.

I+ 210-‘3:%-@ (& )

The denominator of the QF is the characteristic equation
which determines the response.

We will investigate this expression a little more.

Using the complex frequency S instead of we can write the
characteristic equation as follows:

2
s
1 + z&n -:5:5:0

* 2.
There are two roots Si,2 = - gwﬂ + J,LJ—.\/"‘ %

From this expression one can see that the poles are

conjugate complex if gc_l

If that is the ca e one,can also prove that the overshoot

is equal to g~ L §")" (see appendix A). For several
values of the relative damping the overshoot has been

calculated.

a b c d
‘ £ L AL
& 20 | | T %
overshoot 0 5% 17% 45%
ad a)

From the condition in the 2nd column we see that there is no
overshoot {(this means two real poles) if é;l

T T Ta
So %:'— Cot T2 “ e ¥ >1

2 \l+pR)TT  1\[AR. T T2

1f Zy)Y%  then g-z:,wc;)zm \/3:_, LT, w0 R

The condition becomes —I——E' > ﬂ Ro .
4. 2 77

and the limit is
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‘ 1 L
In the Bode-plot the factor -~ means -12dB, s0 4T, is the

distance E} minus 12dB. *

2
1A lya
ﬂnv 5‘
Te
L y
3

A wh oy — )
Z Ty

figure 3.14

The phase margin (g with feedback factorfgl, can easily be
calculated
phase =90° + arctg w, T,

-4 ! °
‘ go~ + anc.‘f%,;; = 1oL
W,z T
47T,
phase margin = 180 - 104 =76°,

ad b)
Peaking of the amplitude.
Let us analyse the amplitude characteristic of the QF.

!

A' = Ao -
I+ 28 5+ [%)1
1 - -

o
_ _ e w4

\ﬁ 2 (1 2%)(w,.) +(udn)

There is no peaking in lA‘i if -2-(1-2.&’“)30

L L\ LT L L]
or 8§21 & 5\/’:3%;12.» e = 17 2RR
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T,
' T
I“-., _— - ——
A 73, ,__Iéga___
i A ‘\ ——
T, T

figure 3.15

no peaking if /3 S/GQ

U
Limit value of peaking Ao = 27, {factor 1/2 is -64B).
Phase margin at this point €= 180 - (90+arctg uhT, )
with W, = — it becomes { =180-90-arctg 4+ =180°~116°=64°.
LN 27, 2

ad c¢) T
If '§< ity {3 A, there is a peak in the
amplltude frequency characteristic,

The peak value of A? occurs if the denominator has his
minimum value: dldenominator 2 w?
( “.:-2(}.-2%)4-13"’)3&0

d(5)
(%—)ﬁ )~ 28?2 Wz = W, \[1- 287

”

(1f & &« | than Wp L Wn )

The amplitude as a function of the frequency is given by:

] - T
V"’z(' z)(w) ( )

)

At the peak the frequency W = Lupzldh\ﬁ—zez which can be
substituted into A':

!

A’Peak = L2 == = P
Vi-zu-16:p4 (1-2€Y? 28\-¢?
For case c¢) we have the condition /GF%-: %?
2

so
g-L Tl _ L TsT !
B3Rz, ~ 2 T T 2
Substituting thi% into the equation of the peak value
]A.I peak ¥ —— 0 = NN

2 \r=(af*

(Factor 1.15 is 1.25dB.)
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ad d) }
. | ' —[éﬁ-———-— ~ ._2_.
For K): Ju IAlFeak,,: 2. Iy V=Lt * By

this is a peak of 6db.

For \3<l/11, ‘A|‘P&al( ~ "2!'%

Sun’magz:

As discussed in this chapter and in appendix A, the closed loop frequency
characteristic of an op. amp. with two time constants and a real feed-
back B can be described by

Ao l .
Al = ’ w W with
I+ (?JAo I + 23 db:)-h-l- (t)
— — d \r T
if L, >7 Ly = 2 \3 Ao Tz (relative damping)
bl) - V _ﬂ’ﬁ.?. (natural frequency)
n T T.

|
If $< \[2_ there is a peak in the amplitude frequency characteristic at:

%: u)h\/ ’“281

Ao ! ,
A'peak = 1+ BAs gg\/l_&sz

. |
with value -[)2: 2 3 VT:—S—Q:-‘

4
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Applying the Laplace transform we found the pulse response: with a
resonance frequency

wr= th 1 \SQ

and an overshoot:

g

The table gives those values for several loopgains BA,

loopgain

AAo

T
<

phase margin

¢

«on?Se’
~ 6y°

~ 48°
~ 26°

1/4

bode peaking

no peak
2 breakpoints

no peak
2 breakpoints

no peaking
1 breakpoint
Butterworth

1.,25db

6 db

step response

S-shape
critical
S—-shape
oscillatory

oscillatory

oscillatory

overshoot

no

5%

17%

45%
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The relation between these resonances and peaks can easily be verified by
measurements if g < 1/4.

In that case: Wn= [/UP x Wr

|
vesscs 5 3%
-8

overshoot = e

| Alas |
! Ao |——

-

frcq(‘v'a)

figure 3.16

\g can be measured by the construction as indicated in the figure. It can
easily be proven that the Bode peak touches the production of the line

A_o at Wy, The peak value is 1_( Db).
bO'C; . 22

The value of ? » found in this way can be verified by the overshoot of the
pulse response.
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4. Compensation technique
4!16

In the previous discussion the feedback element was resistive, which of
course does not introduce any phase shift.

Therefore examination of the amplifier phase shift is sufficient to
ensure stability. It was shown that the gain A should have a frequency
characteristic with a roll-off with a maximm slope of -20dB/dec down to
the U.G.B.W.

However, if reactive elements are used in the feedback the overall phase
response as well as the closed-loop gain of the amplifier can be
modified. This new phase response and the loop-gain of the feedback
circuit should be used to determine the condition for stability.

This process is called compensation technique.

Some of the op.amps. are internally compensated. Manufacturers do this by
installing a small capacitor, typically 30pF, within the op.amp. during
the manufacturing process. This internal compensating capacitor reduces
the gain of the op.amp. as frequency increases and therefore prevents
oscillations at high frequencies.

Examples for internally compensated amplifiers are the 741, 747 and 766.

Op.amps. without internal compensation are also available. The 101A, 702
and 777 are examples of these. In this case some poles and/or zZeros are

added to the frequency response of the open loop gain by connecting
external elements to the op.amp. The phase shift introduced by 8 and/or

Aocanthenbeoompensamdtoensurestabllltyandtolmltanypea]ung
in the closed-loop frequency response.

An op.amp. usually contains two gain stages followed by a unity gain
buffer.

In fig. 4.1. the gain stages are schematically shown.

Vi J‘>—«>Vo

|
gle£? R = g”y:i ]QQ_ .-J_::.C.,_

Fig. 4.1. Circuit diagram of op.amp.
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The transfer function is given by

Ao o GmR GeRe L A A

L I+ JwRC, ItqwiiCa I+t 1wl

AIQ = gmet . [‘\103 quﬂRl 5 Tl: ?tc| Ty = thl

with

2

In op.amps. the dominant pole is generally determined by R C;.

An identical transfer function can be realized by two op.amps. with
feedback applied in series,

1< 2
121 L_—:'Rz ‘Rg

o— 1 Rz _{>
— ——

Fig. 4.2. Two op.amps. in series.

with Alo*‘ % ; Azo: ‘%';

and T, (T v Tas G Ry

The Bode plot of the single two stage op.amp. and of the two op.amps in
series is illustrated in fig. 4.3.

loi IA‘I [oc& [A,A;)

Ve S g

log P“\ ‘—\

) Vo, \1W

- -
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From above it will be clear that phase compensation can be studied by
using one of the configurations.

Various methods of phase compensation exist (GRM pg. 543, 9.4.2.).
1) Connecting a passive RC network (RC-shunt compensation).

2) Using Miller effect multiplication a capacitor (Miller
compensation, pole-splitting). ¢

3) Using feedforward technicue.

4.1.1. RC-shunt compensation

Consider again the amplifier whose gain is shown in fig. 4.3.
Assume that a compensation has to be applied in such a way that no

peaking occurs for f = 1 and that the UGBW is as large as possible. In
chapter 3 we have seen that this requirement means

T _ .
i% = kﬁAo \N’('H\ ka*?.

A
s

From the Bode plot (fig. 4.3) it can easily be derived that such a
compensation can be obtained by correcting the transfer characteristic of
the broader stage.
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This can be achieved by changing the original characteristic

Ago (I+ éwtc)_
(1 *6°°tA)CH<§WtB)

A ~ AZO .
27 I+ 4wT, tnto

under the condition

La = kPD A.Az ond  Te=T,
To

Choosing Lc¢ #Ti gives deviations in the Bode plot as indicated by
the dashed lines.

Such a correction can be realized by adding a RC-shunt in parallel with
C, ad Ry as shown.

Rs C
— =3
B (G
it
—{ _——
TR
Ra )
o—{ ]
Aa_ —0
L Uﬁig L.4
The transfer function becomes now
A Ru I+ 1 Re Gy
17 Ry I+ dlo (QQCCHC:;) + C'A'Rs‘) t+ dz‘ﬂz GG R R
The exact values of the poles [ and L“& can be calculated and are
given by
Re G C
Z;\Jt& _ -2‘)2‘1’25 1wy

ReCot RuCuv ReCa ¥V (RGt Rulat RsG ) 4R B GG
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In practice we can approximate these poles by using the relations:
It Tp = Ru(G4G) + GRe
EA.E& < CzC;,'Qan‘
ancl: Ta>> Tp
This gives
Ta = Ry ((2. 'fQ) + C{Q;
T = CoCy Ry g
G+ G+ GRe

From the Bode plot (fig. 4.3.) can be derived that
Ia DT, or Ta D RSCy ancl

T, KT, or G <G

With these assumptions we obtain for [p and Tq
IA:: TZL, (CZ'(‘ C’& Tp = 72“&\ C'&
> > “B ot N

The same results can be found much easier considering the network and
drawmg the replacement diagrams for low and high frequencies as shown in
fig. 4.5.
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The values of Rg and C3 can now be calculated using the relations

% = k b Adar and TRl

The same compensation can be obtained in an op.amp. as shown in fig.
4.1. by shunting RyCy by a series RC-network.

Example Given an op.amp. (fig. 4.1.) with
e -3
Pg: lDéJz ; C‘ = l(f”F ) t,: lO 3 sec > qmi = !O A/\/

Rz 1%, Cy= 169F, Ta= 10%ec . Gu,= 62AN
Questions:

1. Design a compensation in such a way that no peaking occurs for B
= 10”1 and that the UGBW is kept as large as possible.

2. Idem for B = 1 with a S-shape stepresponse.

Solutions
1. -CA: P;CC‘* Cz) Z_ = ’QC - r,
FB: .2&.. C‘Z

Tt R
—E;-A = ‘()%AHA% y k-’-‘ 2 s PJ"’"O.J , AMA?-F Ioé
leg

gives:

(RurRY (C+G)
RC,

substitution of the op.amp. values results in

ZRIL-—H(R —}oé: oe

3
Q:%_Q ; C:VZlo'gl:

Ta- B (GGY » VT 1075, Tas Too fodSec

P

= 216°

1R N = .8 i s,
Tes o G2 V7 0%, o= LAl ol



| Al |

Ay‘ )20

Jou

Ta \ =)

— = - - P ‘0 S
2 = kA Apw k=4, T=T,- Re ec
Using the same relations as above gives

LT - 1R - lo';zo

% = -
o« R 1079 ond Cs V4o 108 F
V4o
! - . e
Ca - 4o 10 $S€C. , /'{;A = 2‘:'\”{0 |(,‘)2 r{)w{/sec

Ty - t V-;O ID-%SQC. , ‘/t& £ WL‘). ‘98 rao([sec
If RC < {; a part of the gain characteristic will have a slope of -40

dB/dec and RC >[, a part will have zero dB.
In all three cases the same UGBW.
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Al

AD - {20 Ky

loo

by 47

4.1.2. Miller compensation : (pole splitting) (G&M.9.4.2)

Another compensation of a two stage op.amp.can be achieved by applying
feedback around the second stage with a compensation capacitor C (fig.

4.8).
[ ] | |
a.V. N TC g\, 2T,

* o {igus

This capacitor can be small because of the gain of this stage.

The effect of this capacitor can easily be calculated by redrawing fig.
4.8. as an op.amp. configuration.

e
[l

A'L E— O VO»

}(3 4.9

WI'H'\. A,,: %m?; Qnel Az-’ ‘3»\..722 = %mmfP\

l"‘dWCLQQ_ "‘f'autz_
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Since A; has no pole the transfer function of the compensated amplifier
can be found by considering the attenuator and the feedback arourd A;.

¢ R

O Az
C; C ——= C
. |
Attenuation: I+ d(,o ’Q‘ (C+ G)
Feedback: v = |+ A‘wQ\ [C’*Cd glﬂ L.lo
ﬁ | é"-o C R\

The Bode plots of attenuator and A, with feedback and of the complete
amplifier are shown in fig. 4.11.

IN

b

A
b

|8

e T
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Az

with  Tp = C+c cR(c+c) = ALRC
and TP‘): ng‘i_q_t_ = ?1Cz Q*__Q
AqC Aw C
'Iherequiredcompensationisobtainedif
B R A, s A RC

R G ( CTCxB
This eqguation gives the possibility to calculate C, [, and IB'
Example

Qea < 0 *AlN , W= 0éR, Co=10™ Pt

Aw- 100 T, 1obsec

Find for f = 1 the value of the Miller-capacitor C and the UFBW

requiring no peaking in the magnitude Bode plot, or k = 2.

’\3. CzAZ: = 2 Alo A?.o or
X&) CCJrC.)

/Q;C(LA% = ZA{O ’\22, Cg_ (C'f Cz)
C*- 2 o0C-210%=0

- )
C- 107%+ Vig*s 252> = 56 107%F

Ta = AMP.C = 56 lD-3S€c, , 1":1;\: 1?% rotoklsec

Tos ReG. CiG - 281600 , 3~ 367 100,

5 fo”fz.

Azl
V L W,
[‘DQ: —QE'L’ l }‘3 10 TM/SQC u.q%\/@: ?{i =
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4o

p o

4.1.3. Feedforward compensation technique

This method of compensation is achieved by applying two modifications:

1) an extra direct forward connection is added around one stage;
feed forward

2) the time constant of that stage is increased to Ta

o \ N " Al Vo

A ®
"
({‘\3 L1y

\/: A|V;‘+ VC - (%‘t‘ ‘f‘l)\/i s AlO'H (l-l- wWwT )V‘

I+ dwﬁ Ao+t

V. - Az v

H—&wtm
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Y

A

Az
A

The feedward loop is dominating for frequencies higher than é*_?_*.‘..‘

% T

An ideal roll off is cbtained by increasing T, to Ty
so that

A+ 1

[ [2Y
Examples
.S

Given Alo‘-" IOL( , Th= [0 Sec

Azo - Io* , Lo~ ID-éﬁﬁc

Improve the gain characteristic with feedforward technique so that the
roll-off equals -20dB/dec.

There are two possibilities.
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a) Feedforward around the first stage

!A)d 120

%]

A 00 Fee===—

{ii% Lis

an A;orp IO’QSCC
4
UG Bw = zm* 2 1ot

B

«3
IA: AZor‘: 0 Sec

Aor-120

Atb 80

A;o LD

2 2F VY

UGBW :

Ao 2*(,0 HZ.
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Conclusions

1) An amplifier configuration which consists of two stages with
different UGBW's can be compensated by feedforward in two ways.

2) The UGBW of the compensated system equals the UGBW of the not
bypassed stage.

3) For max. UGBW apply feedforward around the narrower stage.

4.2. Stability - Enhancement techniques

The frequency compensation techniques developed in the preceding section
are, in general, sufficient to design stable op.amp. circuits. However,
when the circuit is wired a designer may be confronted with instability.
This may be caused by a bad layout, an insufficient power supply,
bypassing input and output capacitances and so on.

IAYOUT AND BYPASSING. During layout the leads to the input and the
compensation terminals must be kept short and their placement relative to
other wires must be carefully studied. Ground paths should have low
resistance. It is always recommended to use a ground plane on printed-
circuit boards for a high quality ground. Positive and negative power
supplies should be bypassed with good-quality RF capacitors (i.e. 0.1 uF
disk ceramic or 1.0 yF tantalytics for every five IC's).

COMPENSATION OF STRAY INPUT CAPACTITANCE
At the input of an op.amp. there will always be a few picofarads of

stray capacitance plus some wiring capacitance. This is indicated in
figure Lot

cha 41y

L oVe

Iet A=



The feedback factor is

1. l
B @sp, Tt guRpe

and the Bode plot

The Bode plot shows that if R; is large (e.g. the input signal is
delivered by a currrent source) the frequency ‘/r.c may move into the
region where it can contribute noticeable phase shift. This can cause
oscillation.

A solution is to keep Ry low but that means a low amplification.

A better solution is to shunt R, with a capacitor C,.

The feedback factor g becomes
[S: ?‘—" I+ A’W ch‘l
R 1+ ;lu Rp (C+G)

Tz = F’Zz. C‘Z.
The Bode plot is changed by this capacitor as shown in fig. 4.19.
[Alaty !
(a4l
As 2419
4 L. CtC
e T’b"" Ao Ca

Pr— < Loty

T :C;_ T3
The stability is improved, the phase will be 65° if Uy =213
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A disadvantage is that this compensation capacitor causes a drop of the
transfer characteristic at higher frequencies.

B

transfer function = R . l‘l‘dwCQ‘l



5. Applications of operational amplifiers.

Virtually all operational amplifier applications rely on the principles
of feedback. By including non-linear elements in the feedback network,
operational amplifiers can be used to perform non-linear operations via
one or more analog signals. Also positive feedback generates many inter-
esting circuits.

In this section some of those applications of op. amps. will be dis-
cussed in more detail.

5.1. Linear applications/Amplifiers.

5.1.1. Inverting/non-inverting Amplifiers.

am s e e e e e e e e e e e e e e am am e

[
R
o~ ;
+ -
fig. 5.1
Inverting: gain: - R

1

input impedance R

T
=

Non-inverting: gain: 1+—2 =

input impedance high



5.1.2. Suming Amplifier.

— - — e wm e e e mm we we  ew we

fig.5.2

v V. A

1 2 N

AV B - R1 e e e
out { R1 RZ %ﬂ}

All the inputs are completely isolated from each other because the
- input is kept zero by the op. amp. (virtual earth). By changing the
adding resistors (R1~-- RN) the input signals can be added with

different amplification factors. The bandwidth of the circuit is de-
termined by the parallel impedance Rp = R1//R2//"' Ry

» ——_E-___
The feedback equals: Rp o
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5.1.3. Integrator.

-— e e v s ww am o

An integrator circuit complete with the bias sources is shown in the
figure:

Voifuet

R
Viu °-—-f:::|——§
Ty, —0Vout
Ib

Ry

4

fig.5.3

= o\ 1 _ 1
Vout _(Voffset * Ina®y )(1 * pCRA Ib{ pC Vin® PCR,

.1 €[ ) |
~CR 1 f o ( Vin ¥ TpoRy 7 IRy * Voffset) dt + Voreset + Tho™

This expression shows that the bias sources are integrated as well.
Therefore, it is important to zero the offset voltage and to make

TpoRe = TpiRye
The offset term Ibsz can only be eliminated by making R2 = 0 and by
compensating Ib1 by an external current source.
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Integrator Noise:

%&in
/hoi$€ q&_;n
_— aumpl. characteristic
s ‘\\ e
2RC § L
fig. 5.4
The output noise contains frequencies higher than - because the

27CR
noise gain remains unity above this frequency. Therefore, it is advis-
able not to apply a too wideband op. amp. and to insert a lowpass fil-
ter behind the integrator if the noise performance is important.

5.1.4. Differentiator.

T e e e e e e w2 Sem

X

o Voul

fig. 5.5

A small resistor r is inserted in the circuit to improve the stability

and to reduce the high frequency noise, caused by the amplification of
the op. amp. noise
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re

without r: ~é = 1 + jwCR

- instable

5.1.5. AC Amplifiers.

B e T T S .

I AT
DQF (Rer)c / re
fig. 5.6
. .1 _ 1Hw(Rir)
- stable

C

laﬁg



Ryt Ry
Ry

the DC offset voltage at the output.
The AC-gain can easily be calculated by applying the Y -4\ transformation:

The DC-gain equals - and can be kept low in order to reduce

R
Za ﬁzc ZA=R2+R4+E2R—4-
- 2g 3
—_ }— RRy
,Q‘ ZB = R2 + R3 + -——-R4
o— ] -
] 9 = + R +§3._R§.
+ C-R3 4 Ry

=

Notice that 2z  affects the input impedance but not the gain. Zc is just
a load at the output.

The AC~gain is:
v _RtRt R

fig. 5.8

out =
v R
in 1

This configuration is useful to obtain a very high AC-gain by making the
feedback impedance large (e.g. R2 = R3 = M, R4 = 1KQ gives RB = 10.90)

Note that ZA cannot be ignored considering the stability:

R\//2p

B= <
Iy * R//Z,
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Noise and drift.

The output noise is also influenced by Zy-

Zet+ Rij2a |2

RilZa

\JFEZE;'NGHE al :[;1:?Br.+' Eﬁa

This shows clearly that the noise is additionally amplified by this impe-
dance ZA . The same calculations and conclusions appear with respect

to drift when the capacitor C is left out. Thus it is often better to use
a real high impedance than to use this configuration.
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5.2. Converters.

5.2.1. Current to voltage converter.

— e e e e oue W s wm e e e e e e G e e

A possible configuration of a current to voltage converter is shown in
the figure

T
—Q0—
- —O Vout

fig. 5.9

The voltage at the -input is kept zero by the op. amp., therefore the
current through the parallel parasitic capacitance and resistance of the
current source is also zero and the complete current flows through R. -

Such a circuit is very useful for measuring the current of a photodiode

?

photodiode - characteristic:
I dark
f ev/KT

I=1I,( -D =T
ll‘ﬂk*

Since V = 0, the current I
and Vv
out
=V the light intensity.

L
is proportional to

Liignt

fig. 5.10
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The modulation of light sources can be measured up to high frequencies
because the parasitic diode capacitance does not influence the gain.
This capacitance can cause instability. It can be compensated by a small
capacitor across R.

5.2.2, Voltage to current converters.,

— - T W e e e e WD e e e awe e e e e

a) Floating Load.

%)
I
V\ Q; ZL J
o F——
—p
. QRs
fig. 5.1

If the feedback current is small (R3 << R1)

R R

I = =V, = or I. ==V, =— . =
LR 1R, L 1R R

Th%s converter is useful when the current through a coil (e.g. deflection
c01l§ of a cathode-ray tube) must have a certain waveform.
The inductance of the coil, influences the stability.
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b) Non-Floating load.

R,
—
R
> R
E—— '\ v, {_i_, vy I,
+ R,

f£ig.5.12

Assume that the current through the feedback loop i << I

R
4 _ Aa B Aa
Let  "ati— and == =ar- g

Rs Ry

L

For stability, the negative feedback (R2, R1) should be larger than the
positive feedback (R 4 R3). Hence we require that:

Rp R

> == for stability

Ry TR
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R+ R 4
+ Vv, . this gives
1 R, 2 Ry+ R, ;
v, IL(R5+ zL}
Vo =15 R, i
...E e
L-__©
L -

R3 + R R1
Da
Since 1:{3 R1 * Rl = 1+Q 1- 201+ &) =1 - _é__q\
f R3+R4 . R, 1+ 1T+  Aa 1+
2(1+a)
The current IL equals:
R,
I = 1
L RS + Z L\O\

L' 1Fa

The circuit satisfies the current source requirement if A a is small:
The output current IL is independent of Z_.
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Output impedance with Aa 0O

The output impedance of a current source can be found by open and short
circuiting the output

v
Zout = Iopgn
short
2.k, 2 - &
, L™ = o>
R Ry
Vopenz ILZL (ZL‘°°) = - Ax T, . o
L 1+, s T+
e
I =1 (2. =0) = R,
short L 'L RS
1+QA

The curve shows that the

output impedance is nega-
Stable tive for O negative.

In this case DC instability

occurs; the output being

either vt or v,

-» A&
Unstable

fig. 5.13

The value ILzLis limited by the maximum output voltage and maximum common
mode voltage which can be handled by the op. amp.

Thus
IL ( ZL + RS) < max. output voltage

z. , R3 < max, common mode voltage

LL ————R3+R4



- 5.13 -

5.3. Instrumentation Amplifiers.

Instrumentation amplifiers are closed-loop gain blocks with differential
inputs and an accurately predictable input to output relationship. They
have very high input impedance and common-mode rejection. This makes
them ideal for accurately amplifying of low level signals in the
presence of large common-mode voltages.

The instrumentation amplifier differs fundamentally from the operational
amplifier. It is designed to be used as a close-loop gain block. Opera-
tional amplifiers on the other hand, are open-loop devices whose closed-
loop performance depends upon the external networks.

Instrumentation amplifiers can be put together by using one or more
op. amps. in specific configurations.

5.3.1. One Op. Amp. Instrumentation Amplifier.

o s e e T e A e e e e L e Gwe e G e e e

R,
—
| ————
R
Vi o——1 >
QS - DVOoﬁ‘
VLD—‘::}——F
R[]
fig. 5.14
R da R4 JAY- %
with this
R
I 4 R, T .
Vout V1'R1 +V2.R_3'_':1§ (1 + I_{I- ) = (V7)) —R-1— withAa=0

The differential input impedance of this simple differential amplifier
is that of the input resistors R1 and R3 + Ré' which are generally low.

Also, _even though the op. amp. used may have excellent CMRR, the finite
mat:.chmg of the resistors can degrade the overall CMRR,
This can be calculated by using the relations we discussed in chapter

2.3.5 and 2.3.6. The differential amplifier consists of two stages as
shown in figure 5.15.
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I Vep
Ve T\% R \-?-“ R,
o——— +
T s s
4 L

fig. 5.15

The CMRR of the complete circuit is:

L s0 we have to calculculate the values of

H
total 1 + 1

FH,  H,

F1, H1, A, of the resistor network and H2 of the amplifier with

1

feedback.

A, = RZ + R4 = _a_

1 R1 + R2 R3 + R4 +Q

2
Common-mode gain: V --;Rz—— + Vv ~——R4— =2
C R1 + R2 C R3 + R4 1+
ZVC
A

F 1 =1
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1 a
H = = a(1+a)
DR R TIre TN
Ry +Ry  Ry+ Ry [iay2

In chapter 2.3.5. we have seen that the CMRR of an op. amp. equals:

A
H-—E_\—'A
Tt can easily be shown that the common-mode rejection is not influenced
by applying feedback.

S0 Hy = Hopamp
The CMRR of the differential amplifier can now be found:
1 Hf 1+a)
B = =
total Da 1 Aa
a (i) + ﬁ—z- Hf_a + 1+ a

The relations show that even with perfectly balanced resistor network the
CMRR cannot exceed the value of Hopamp.

The common mode capability of this differential amplifier is limited by
the max. allowable common mode input voltage of the op. amp. (VCmax}° )

S B T
CMmax. R4 Cmax max

i

In order to change the gain both resistors Ry and Rq have to be varied.

This can be rather complicated because the network has to be kept in
balance.

The fig. (5.15) shows that the gain is determined by the attenuator as
well ashthe feedback. It is obvious that gain control can be realised by
varying the feedback without influencing the attenuator.
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A possible solution for gain control is shown in the figure:

R
L e
Vi o

- °Vbu¥
\ho—3 R;/% ’E»%

Re | [-

L

fig. 5.16

The gain in the feedback path is:

%5 53

$= e o . e —
R6 R3 + R4

So the gain of this differential amplifier configuration is:

Vout = Ry 1 2 o 3§
Vaif Ry + R, B Ry

It can be controlled by varying Rg.

The input impedances at both inputs are practically equal.

5.3.2. T™wo op. amp. Instrumentation Amplifiers.

R T I B e e T T

The previous circuits cannot handle very high common mode voltages. One
way of overcoming this is to invert one of the inputs.
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———

R,
Vo —1-

N Rs []

0]

out

fig. 5.17
R
(% =)
= A"/ v
out R2 2 R3R5 1 R1

With: ® = 33
1 R4

v = f} (v, - V.)

out R 2 1

1

- R2 can be used for gain control

- The maximum common-mode voltages are limited by the max. output
voltage of the op. amps. (Vou )

tmax
v = .R_B,
cmrnax R4 Outmax

If R3 > Ry the amplifier can handle relatively high voltages because of
the attenuation of the input signals.
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~ The input impedances are low, Ry and Ry
~ The CMRR can be calculated easily

assume

oo

= a(1+81)

= a(1 +-52)

N P

The common mode gain equals

R, (L - -‘) I

R3R5 R R1

The differential gain is ';Z
1

So the CMRR = vb.l'—_"ﬁ

A disadvantage of this differential amplifier is the low input impe-
dance.

A way of getting very high input impedances is to use the non-inverting
inputs of both amplifiers as shown in the figure.

fig. 5.18



- 5.19 -

R R R2
= 4, _ _4 2
vout -V2(1+ 'g) V1R3(1+R1).
R R
1 4
let — =a(1+%1) T =a(1+82).
R R3

and assume H and A to be infinite, then the differential gain (Ssmall)
equals:

VOth
Vaife.

=1+ a

The common-mode gain (Vq = V2) is

v R
out  _ .. 4% _ . an+bd2) N _
V. 1 RR, 1= J0F8D x b1 - 62

Therefore CMRR equals: CMMR = _—5%{—%5
The common-mode voltage capability is
R

1
v B v
CMmax R1 + RZ OUtmax

The main feature of this amplifier is the high input impedance. Disad-
vantages are the low common mode voltage capability and the difficulty of
varying the gain.

These disadvantages can be overcome using three op. amps.
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5.3.3. Three op. amp. Instrumentation Amplifier.

A common configuration of an instrumentation amplifier consists of three
op. amps. as shown in the figure:

fig. 5.19

The two input op. amps. provide a differential gain

R
_ 108
Vam V= (V- V) (14 =L+ 2

2R

The output op. amp. is a differential amplifier with a differential gain

Ry B B

= - == (Vé - VA) assuming ﬁZ = ‘ﬁg

The total gain of this configuration equals

v R, +
out _ .EE (14 17 R

= - )
Vaife Ry R
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The gain can easily be controlled by varying RZ’

The input followers produce high input impedances. The common-mode
voltage capability is limited either by the maximum output voltage or by
the maximum common mode voltage of the input op. amps.

Common Mode Rejection Ratio.

As discussed the CMRR of the configuration can be calculated if we know
the values H¢, Fq, A1 and Hj.

Assuming A7 and Hy = 105 to 106 and

R, 2 R 2
We found already
A - v, v, =1+R1+R3
1 V1 - V2 R2
_ af1+a)
Hy = Aa
If V1 = V2, no current flows through R_'k' R2 and R5 resulting in

for the input stage

differential out
com.mode in

com.mode out _
com.mode in 1 and

= 0

A R, +
Thus: F, = 1 - 1 +—Q3-
1 1 R,

The CMRR of the complete instrumentation amplifier can now be calculated.

R, +
- 1 R3 a( 14a)
Heotal = (‘ + R, ) A a

The CMRR can be improved by increasing the gain and thereby the F. of

the first stage by varying Rz. !
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5.4. Bridge Amplifiers.

An instrumentation amplifier is ideal for measuring the differential,
unbalance signal of a bridge because the common mode voltage (half the
bridge voltage) is suppressed by the high common mode rejection of this
type of amplifiers.

Op. amp. configurations can be used if elements of the bridge are in-
serted in the feedback loop.

5.4.1. Small bridge deviations.

. e e e e G e e e e o

For small deviations the following, alternative configuration can be
applied: .

R,

R
E
}— | :D*’"‘Q VOu}

K Ri(1+8) R,
fig. 5.20
5 Re g, RMOVR, By R
out = - R R1+ R1(1+ E;)//R2 R1

—

|5

ey
+

R+R2
(1+8§ )01 -bs—=2- +..0E
R,‘-l-2R2

2L L8 —

R1+2R2

RN

o

[}
=
P i
o
RN
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Thus the output is proportional to g if the bridge is close to balance,
(6 = small). Large deviations cause non-linearities. This method is ad-
vantageous in combination with a_strain gauges bridge where anyway the
deviation is in the order of 10~3,

A high gain (m% \ can be obtained.
1

5.4.2. Large bridge deviations.

- s s s s s e e e e e e mw s

For a large unbalance of the bridge use can be made of the common mode
rejection of an op. amp.

TZz(H’b)
R —
] s -
E—4 = A0 Vout
{1 I £
b
fig. 5.21

As discussed, the rejection is almost completely dependent on the unba-
lance of the resistors and not on the CRMM of the op. amp.

E[ R2(1+B) R, R1+R2(1+g)]
R1 1+R2‘ R1

out

-E.§. §1—§2-§£

]
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The deviation of the bridge can be large, the output remains linear,
but the obtainable gain is low.

5.5. Active Filters.

A second order transfer function can be realized by an operational ampli-
fier with multiple feedback.

Successive stages can be cascades to give higher order transfer func-
tions. By selecting the right passive elements for the feedback loop.
Butterworth, Chebyshev, Bessel and other filters can be composed.

Example: Second order Low Pass Filter

c

o |
C .
2 R ==Cs ; TS o Cs
! Ra R I Rs l--
%G—D‘”" e N |
G L =Fa L - -7

fig. 5.22
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As discussed, the transfer function of the inverting amplifier with
Ri==0 is:

v, 7, T+ F MR 72, R
_ 1 1 - 1
o _ _ R ‘
V. R, ° R R
1 1 1+ 3Ry (14 §i+§-‘-34- (1 + 3WC,R,))
1
R 1
= ﬁ% ) 1+ 9wC (1 +<E§ + «ﬁﬂ] + 'zwzc C.R.R
IWCy Ry R, T R 3 W LtgRyRy
¢, R Ir R R
1 1 _§( 3 \|a |3 4
Hence wg = and X’= + + 2
Vc205R3R4' 2 V1c,\IR, "¥R, R,

In this way the values of the components for the required filter can be
calculated.

The transfer function for the non-inverting input should be investigated
in order to check the stability.

These types of filters are useful in low frequency applications because
coils can become quite large in this range. So a filter without coils can
be desirable.

The operational amplifier provides isolation between the stages so that
several stages can be put in series to provide higher order transfer
functions.
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This low pass filter can easily be transformed into a high pass filter by
interchanging the resistors by capacitors and inversely capacitors by re-
sistors. A partly interchange delivers a bandpass filter:

0

R! C’$ l l
o—{ "} 1
e ——
ﬁ?l
High pass filter bandpass filter

fig. 5.23

5.6. Rectifiers. (Q&M , \0.2)

The rectification and detection of signals is normally performed by using
diodes. The amplitude of these signals must be larger than a few hundred
multivolts since a normal diode cannot handle very low input signals,
This drawback of a diode rectifier is caused by the forward drop in the
diode of about 0,6V, given by the well-known diode characteristic:

I = ID (e—ﬁ"‘1 )o

The performance of a rectifier can be greatly enhanced by addition of an
op. amp. The diode drop will reduced by AB.

- I
1 . I
/ 1
! i
! t
!/ i
/ |
p |
et et
0.6V ot
1+AR
diode rectifier diode + op. amp.
fig. 5.24 rectifier
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5.6.1. Half-wave rectifier.

B e e T T R S )

o —
\ D C o T (-
+
Vin = Vsinwt SIOPZ teterminel U

by slew rote

w | L

fig. 5.25

5.6.2. Full-wave rectifier.

B T T T T T T

A full-wave rectifier can be realized by adding a signal with an ampli-
tude 2 Asinwt to the output of the half-wave rectifier as shown in the

figure
R
paney
| M—
L
| N | - VS V()u,“
2 R i
— -
e
S L

\/;,,\“‘Il>—

fig. 5.26
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If the input is Vin = Acoswt and

= 3 1 [ b3 - ._R_ —— R — B -
Vin = Positive: V., =(-V; g ( R/Z °* = R Vin ) = Vi
if
- 3 - - — -B -
Vin = negative: vbut ( Vin) * R Vin
So the output waveform is: J/’—\\(f_\\//—\\
Vout =40 V0 A\,
Vu\ = Acoawt
fig. 5.27

An alternative circuit with a high ohmic input and controllable gain is
shown in the figure

Vi

° * v
'

<o Vi pos.

fig. 5.28
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1f vin is positive:

- point A is kept at earth potentialby op. amp. 2

- Dz, D3 are conducting, 01, D4 are off.

therefore:
Ry + Ry

v, o R ) Vin * Vaiode

Yy = = Vdiode
_RTR
out R2 ° in

If Vin is negative:

- D.‘, D4 are conducting, Dz* D3 are off .

Vi = * Vin ~ Vaiode
R
Vy = - R, * Vaiode
= -_R
Vout - R, : Vin

Thus full-wave rectification is obtained if R1 = R2 =3 R.

Because the parts of the circuit for the positive and negative half
cycles are more or less similar, the output is for both half cycles
more symmetrical,

Gain control can be inserted into the circuit by replacing R1 and R2

by a potentiometer, having a value R and with the tap: connected to the
- input of the top amplifier.
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Assume:R1=(1-x)R ' R2=xR.

then with
V.
. = (1-x)+x - _in
Vin positive * ‘out X in X and
v : V = - __-13 v = - Eiﬁ
in negative ° ‘out XR in X

5 - 6 - 3 - %ak-mtector .

- - e e s e e e o o

A peak~-detector can be composed by adding a capacitor to a half wave
rectifier either in point A or B

z T° T
= Al —
R
— D
Vi R [\B
P > o A
= ==

fig. 5.29
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The capacitor will be charged till Vv _ A if Vi n = Asinwt.

Diode D, will be closed except during the amplitude peaks for loading
the capacitor. So peak detection on A.

The diode D, is almost continuously closed. Therefore the capacitor C
can be considered being a voltage source with a voltage VA’ = A.

The signal on point B will be:

R R

V8 * " rV%in " Va-r

with VA = A and Vin = Asinwt it is clear that VB is always negative, and

clamped at ground. The circuit is also a clamp circuit in B. A disad-
vantage of this peak detector is that the output A cannot be loaded. The
performance can be enhanced by the addition of an amplifier as shown.

—C vOu{

fig. 5.30
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This improved peak detector operates as follows:
If V., increases :
in
- diode 1 conducts; the feedback loop is closed

~ The capacitor C will be charged until Vout = Vin

-~ The voltage on cap C = VC Vout because

Ay operates as a follower.

If V. decreases:
in
- diode 1 stops conducting; the feedback loop is interrupted

- The output voltage Vout is kept by the charge on C.

Capacitor is not decharged because the input impedance of
follower A2 is high (FET op.amp., low I gate).

- diode 2 starts to conduct, op.amp. 1 operates as a follower.

Diode 2 prevents that the output of op. amp. 1 is driven in the negative
direction until the output stage saturates when the loop is open: Now

the output remains on Vin - Vdi ode’ the jump of the output voltage is
limited to zvdi ode when the loop is again closed by increasing Vin and

slew rate limiting gives less problems.
Remarks:

- The offset voltage of Az is not important: this will be compensated
by an extra voltage across C.

- Instability can occur because the loop contains three time-constants

in series: op. amp. 1, Rout op.amp. 1 with the capacitor C and the

follower. Therefore use op. amps. with different time constants (e.g.
broadband follower) or put a small resistor in series with the
capacitor.

5.6.4. Sample and hold.

. Gk s e e ww W0 A e e e

The improved peak detector circuit (fig. 5.30) can easily be changed
into a sample and hold circuit.

Diode 1 has to be replaced by a switch and diode 2 should be removed.
The output will follow the input signal if the switch is closed.

A sample of this signal will be taken and held by opening the switch.
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ercor dueto

O&PMW‘(_ 'l’lnmc

- aF-er'*ur‘e -+me
{‘6-

Swibeh S(ﬂna{

fig. 5.31

Two specifications of a sample and hold are important:

Acquisition time: The time necessary to charge the total capacitor to a
full-scale voltage change and remain within a specified error band. It
begins at the hold-to-sample transition of the switch.

Aperture time: The time necessary to enter the hold mode after the
switch command. This time specifies the uncertainty of the sampling
moment .

5.6.5. Floating rectifiers.

e e S ren e o wwe e e e o e e

Floating rectifiers are applied in voltmeter circuitsand can be con-
structed by using a diode bridge as shown.

fig. 5.32
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The voltmeter indicates a value Vé which is both for A.C. and D.C. pro-
V.

portional with —%2 .

For polarity indication a small cheap meter VP can be used to indicate

+Or—o

For high-accuracy AC measurements the closed loop gain AB should be
large.

In order to extend the frequency range, an op. amp. can be used with a
12db/octave part as follows:

}Al S 12clb
ol TAfs S \ /od'
l

%
lo§3 £r2q

fig. 5.33

For stability reasons the 1/B-line should cut the -6db/oct. part of the
|AB| curve in the Bode-plot. A drawback of such a circuit is that it
can come very close to oscillation if 'ABI is reduced by some cause.

In the above voltmeter circuit this can happen when large signals are
applied and clipping occurs due to the output voltage limits of the op.
amp. This clipping can be interpreted as loop gain reduction because the
first-harmonic of the output signal becomes smaller.
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Also when small signals are applied the circuit becomes more oscillatory.
This can be explained by B becoming smaller because the dynamic

resistance R D of the diodes increases.

In the Bode-plot this effects that the 1/B-line moves up.

5.7. Logarithmic Amplifiers.

Log. amplifiers find wide application in instrumentation systems where
signals of very large dynamic range must be sensed and recorded. Loga-
rithmic amplifiers can be bought as modules which have an output voltage
proportional to the logarithm of the input voltage. The exponential re-
lationship between the collector current and the base-emitter voltage of
a bipolar transistor is used to generate this logarthmic characteristic:

9VBE
KT
Ic = Io (e -1) or
KT Ic
VBE = q In 'I; : IO = leakage current.
This relation is valid over a wide range (1010 -~ 10=3 a) if Vg = 0-
The log. characteristic starts to deviate at 1mA because r, and LR
become important as compared with Ty ~ 25 ohm.,

5.7.1. Iog. Amplifier.

s e e e e e o o

fig. 5.34
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We can derive for this circuit if the transistors are

the same temperature:

KT v A

v, = ——l-ln 1

BE, g Ro,

Veg, = _KE In 3 \172

2 g 2oz 7

v, =V - V.

3 BE2 BE1
VbB1 =0, T1 = Tz
I =1

01 02 y
V., = E_ 1n .\.’_2.. 51_

3 q V1 * gl
v RyfRy e n )
out R4 q V1

Remarks:

this gives

identical and at

1. The circuit is a normal log. amplifier with V, = constant

Vout = Kq109 KVi

2, When V

log. ratio.
\Y
2
2 Vv

\Y = K, log K
1 1

out

2

1 and Vé are both input signals the circuit delivers the
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3. The temperature sensitivity of the circuit

av
out _ 1_ ; .
= Vout T 0,3%/°C can be compensated by inserting an

NIC resistor in R3.

4. The feedback factor of the loop around op.amp. 1, without r, varies
with the input signal current I1 = Vip/R1

gl
B = gm.R1 = R, . the gain of transistor T

KT 1 1°

The system can become unstable if B becomes larger than unity for
large I1.

R
Therefore insert r, making B = EJ- independent of I,.

Amplifier requirements,

1. Iog. amplifier for current source signals

requirements: I, >> Inias op. amp.
I1 << TmA

A FET op. amp. with a bias current of 10pA or lower can be used. The
offset voltage does not influence the performance.

The input signal current can vary over 6 decades, i.e. from InA to 1mA.

2. Iog amplifier for voltage source signals

i : + e
requirements V1 > vsffset VArlft

The drift and offset of FET op.amp. amounts ImV; Thus with a maximum
input signal voltage of 10 Volt, 4 decades can be handled.

The choice of a chopper stabilzed amplifier with an offset of 1 av
extends the range to 6 decades.

A FET input op. amp. is apparently used if in the log. amp. specifi-
cation is stated: I range 100 and V range 103 .
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5.7.2. Antilog Amplifier

P . T S

The configuration of an antilog amplifier is shown in the figure below.
The transistors are again assumed to be identical.

R
| —
Irer L’
o—(D— T T — -
- T - s ¥
v 2 + Vout
o 4 1
Vua
fig. 5.35
Using the same type of relations we can calculate:
V= Vin 7 VBe1 *VBE2 ] IR
_kr REF

KT I Vin T q " ¥
v =1 5, REF out
BE1 q IO‘I

[

KT, I, or

Vsszg"cT'lnTE v =1 e Tin
out = Trer® * ¢ T
= E{.E[:g 1n vout . —;'
q R 702
/

The dynamic range of the antilog amplfier is determined by the realisable
range of I3 . Therefore, a FET op. amp. with a low bias current can be
applied as output amplifier: A chopper stabilized amplifier with the
inherent low offset is even more favourable.
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5.7.3. Amplifier with an exponential gain control

A useful amplifier configuration is illustrated in the figure

1’3
- — o
iﬁ» h <1, - Voul
I’ | - +
o— J—-
Vi \ Veontrol
fig. 5.36

Using the logarithmic relations we can calculate the transfer characteris-
tic of this amplifier

v 5
KT in
V. = 1n
BEl = q RiIp
\Y/ 4
- KT out
Vera = q In R,I4; Vout - .EZ e Veontrol
Vin R1 KT
Veontrol = Vee1 ~ VB2 J

This circuit gives the possibility to control the gain over 6 or 7 decades
without distortion. The draw back is that the amplifier can only handle
positive signals.
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5.8. Comparator (Schmitt trigger)

One of the most common applications of operational amplfiers is voltage
comparison. This is accomplished with an operational amplifier open-loop
gain circuit. Another characteristic provided by comparators is hysteresis
This hysteresis can be added to the comparator by applying positive feed-
back from output to non-inverting input as shown.

V»
(}tm - — ——'VOMK
o Vout BV,
. S P Vomas
\ T T
L:—r:::\———~ 20 Nay :
YO mian
R R
Y£5 4Vb,“a&, &ﬁﬂii

fig. 5.37

When the input signal is larger than BVO , the output switches to the

maximum negative output voltage. The threshold voltage at the + input
remains now - BVO until Vin < - BVO .

The output will flip to the maximum positive voltage. The threshold
voltage becomes now + BVg. The threshold band for this configuration
R
1

Ry + Ry’

The threshold voltage is not well controlled since it is derived from the
output saturation voltages of the operational amplifier. Greater accuracy
is achieved by clamping the comparator output by zener diodes, diodes
etc. as illustrated in the figure.

canbefixedbymeansofR1ar1dR2:B=
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bock - bo-back
<leners _l

fig. 5.38

The zener/diode bridge will always give a symmetrical output and there-
fore syametrlcal threshold values, Asyrmnetrlcal clamping can be realised
by using unequal zener diodes.

5.9. Waveform Generators.

5.9.1. Multivibrator: square wave - triangle wave generator

-y e e R o e e e

The circuit shown forms a simple square-wave generator. The op. amp.
serves the function of comparison. The required regenerative action comes

R
from the positive feedback B = m .
Suppose that the output is positive: = V .

out max

f

The capacitor C is charged via R. When the voltage becomes BV out max

the operational amplifier will flip from saturation in the positive di-
rection to saturation in the negative direction.

Reversal will occur when the capacitor voltage becomes -~ Bvout max®
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T [-——*—- SRR e - Vomax
C_ ’I ’,4
” ’// ’/’,
A —o ”“'7"\‘ - |- ‘/’“""5\/0»404
R | Ve \/
R, L _\({i,“.--_ \-—"-"'“@%MAA

\\‘ ~
~
A ~} <
S~ -

fig. 5.39

"VO mocx

The circuit generates a square-wave at the output and a triangle-wave at
the -input with an amplitude Bvbut max ° The slopes of the triangle-wave

will become more linear by choosing a small B.

The waves can be made asymmetrical by charging the capacitor with
different resistors. An other possibility is to clamp the output with
unequal zener diodes as shown in fig. 5.38. The triangle-wave becomes a
sawtooth signal.

The performance of the circuit can be improved by replacing the
RC-combination with an integrator and an inverter. Operational ampli-
fier 1 is applied as a Schmitt trigger. The integrator generates a
triangle-wave with linear slopes.

Ry .12 VA'A c
— K o
| R D R
F—4JET*L ) . ;;?J‘"]J R
AN .

Ett

|
iV

H-

fig. 5.40
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5.9.2. Monostable Multivibrator

- m W e e v e e e e e e e e

A relatively simple monostable multivibrator is shown in the figure

R
— ~— s
Ij E: '<I ] ':youk ’f' 12!// RQ.C
I! : Rz ~-------':'-V""‘"""'""Q"Vohacq
L e = , &Vd‘MCI
N

T N ™

‘}!‘i%aer
tn Pu\'

fig. 5.41

In the stable state the output is +Vpax and the capacitor voltage is
clamped at about +0.6V.

A negative trigger of greater than vaax -V Jiode will cause the
output to flip negative to —Vmax‘ The capacitor starts charging through
R1 towards -Vmax' But when VC is more negative than -BV nax the output
will flip back to +vmax‘ This completes the single pulse.

To reset for the next pulse, C is charged through R //R .
1 12
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Appendix A

Quadratic Porm.

~ ()
€ o—— )} | A —o Vo
2 JZ(@A,&
The transfer function of amplifier A is given by

A- Ao

(1+ qwT)(tgw T )

with -C. and Zz real.

With feedback applied it becomes:

A -
al (M—(SA0>(1+ dww + (dw)"_tﬂi. >

1+ (&Ao w(_l.ﬁ\o

\ AO‘ .
A - I + Zfd%n v (e (1)

where the natural frequency (/D V =
+'E/\o
TiTa

and the relative damping \g T,+T THTy

(wp,m VT.Ta

We like to analyse the response of the system if a stepfunction is
applied at the input.

e Vo
AE




- A1.2 ~

Using the Laplace transformation we get:

Vo (s) _ Ay 0,2

ei(sy sty 2%wns 4 Wy
C: () - —E-

] Aul whzg A:) wth
o) g (s*+ 25wnS+ W)~ S(S-p)(S-Pr)

Py Py
(L smr
\jO(SBC ADE S + P' F?' —_ - P2
S - P S"PQ

a-;

Vo(t)= ALE {1 4 5o

This expression for the closed loop pulse response shows how it
depends on the values of the poles pjy and py. These poles are a
function of ag 3 . o

This function can be described by using the root-locus technique,
that involves calculation of the actual poles and zeros of the
amplifier and their movement in the s-plane as the loop~gain
magnitude Ag (Z. is changed.

The poles are the roots of the equation

"+ 250,58+ lu s ©

this gives :

P - Swa + o, V%%

Remark: L 0+ AL
fwh 2 T 2T, = Constont
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Pole investigation:
a) AO[L.—O poles -'C. P -Tq 5 C?Fev\ (()OP
b) 3>1 two real poles, the stepresponse has a s-shape,

c) =1 two identical, real poles,

a) B { ] two complex poles.

The rootlocus of the poles is drawn in fig. A.3.
w
G
We = W, ¥ g0

¢ - Cod”!

CF( S'Plahe
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Substituting in equation {2) will give:

it = AIOE-[‘ . a*fw.\t {“ E._._., ( 0 ¢ Wa 1-31— e&wKVl-g )4

With We- - Lo“\) l- 82 respnance %reqw.mc\(
V- 42 :
and +8Lp: “——\5“" N Su\q):\;],.f‘l
{»02\ wh\;—r\:{l
Equation (4) becomes:
K
Q”B t Ywn

ovecs ‘\Qo{

AE |- - — & /= 2\ o
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Determination of the overshoot

The(maximum occurs if d\fo U:) =

.
%—L%?:O —> u)rt = k'ﬂ

O

‘-rT-
b o

_ % Tmwn

Voltys AbE(1+ e ~%°

S Wy “Uig___:

overshoot € Wn(VSE = e
g overshoot
> no S-ghape
i
— 5% illator
v osci y
/) 17% "
{
/L, 45% "




Problem 1

Philips International Institute

1988-02~-29

EXAMINATION OPERATIONAL AMPLIFIERS

Wednesday, 9th March 1988, 8.45 hours

Time available: 3 hours.

There are 4 problems.

P

0,5V

Kot

hode

o +

node.

An ideal operational amplifier has a feedback circuit which consists of
two zener diodes in series with opposite polarity. The characteristic of
the zeners is given in the figure.

a) Draw the output signal e, when the input signal e; equals a symmetri-

cal triangular signal with a peak-peak amplitude of 20V.

b) Calculate the ratio of the time intervals between zero~crossings

during each period of the output signal e, -



Problem 2

— e e s e am cume  wm e v e B

Control

-

—~

The amplifiers A1 and A2 are ideal (A = o0 , UGBA = 00 ).

The transfer function of the multiplier is given by V4 = - Vcontrol xV3.

R1=R3=1KSL, R2=10K.Q..; C

a) Calculate the transfer function T and draw the piece-wise linear
1
Bode plot (amplitude and phase) of this function with Vco
and switch S is open.

ntrol= 1 olt

b) Switch 82 is closed; calculate the allowable range of Voontrol for

which the system remains stable with a phase margin of at leasf 45°.

¢) Now the amplifiers A1 and A2 are considered not to be ideal.
(B, = A, = 104, UGBW of A, and A, = 105 Hz)

Draw the Bode plots (amplitude and phase ) of unit 1 and of unit 2.

Derive from the Bode plots the transfer functions of the units.



Problem 3

R = 20kn
N e
?a‘-’ 30[{57.
| I -
Vi
— 7R Al Vo
I +

AR
L - fig1

a) An ideal op. amp. (A1) is used in a bridge configuration as shown in

fig. 1. (Ideal means; A =00, Ri =00, R _=0); R, = 10K, R2 = 30KL..

0 1

\Y

Calculate the transfer function V_o as a function of & .

1
v

Sketch the DC gain > as a function of & (0 < & < 10)

V.
i
bi
b} The input currents and the offset voltage of the op. amp. are res-
pectively given by:

I_= I, = 100na

Vof. fset 10mv

Calculate the offset voltage at the output of the op.amp.

Find the value of R (as a function of & ) which you prefer in order
to reduce the output offset, caused by the input bias currents.

v
¢} <Calculate the transfer function V_o and sketch for a chosen & the
i

magnitude Bode diagram of V o/vi of the bridge configuration but now

when an operational amplifier is used with a° = 104 and a unity gain
bandwidth (UGBW) = 4MHz.



Problem 4

R R p R R
O i A F—7—oC
NZ D,
| N
r
v izD?.
———%

The Op. amps. A1 and A2 are ideal. Draw and calculate the voltages

at A, B and C if a complete sinewave Vin = A

sinwt is applied at the input.



Philips International Institute.
1989~-02-16

EXAMINATION "OPERATIONAL AMPLIFIERS"

Monday, 1989-03-06 - 8.45 h

Time available: 3 hours.

Problem 1

\VA A & Vout

L

a) Op.amp. A1 is ideal. Calculate the transfer function of the circuit

and draw the Bode plot (amplitude and phase) and the Nyquist plot of
this function.

b) The operational amplifier is not ideal (Ag = 104, uGBW = 106 Hz)

105
R=10 k.Q andcu-é-,l:r- pf.

Draw the Bode plot (amplitude and phase) of the non-ideal op.amp.
with the feedback loop, calculate or derive from the plot the
transfer function and draw a Nyquist plot.



a)

b)

c)

Problem 2

T T TR T T T T T, T T T

P

i —I_— 7 i T ——

l . !
l’ E L\ |
1= l
| y Ve l

+ .

L]
—

| \f‘ Yﬁs: I C:ﬂ@kk;f
: — knid
l _UQS |

| T SN
-
A

A1 and A2 are ideéi opamps (A, UGBW, H = o0 ). The circuit unit with

the output Vé is loaded by ZL'

. m——— — e

Calculate the iL. In what group can this circuit unit be classified?
Why?
The max. output voltage and the max. common-mode voltage of the

opamps equal = 10 V.
Calculate the max. allowable value of ZL with B = 1 volt, R

R, =10 kQ. and R =1 k. andV = 0 V (FPET).
2 s gs

1= 5 k,

Opamp A1 remains ideal; opamp A, is not ideal in relation to the

2
common-mode rejection ratio H (Az, UGBW_ A = o< , 32 # oo ).

2 2

Calculate iL in this case (Hz # oo ) and derive the output impedance

of the circuit unit from the results.



Problem 3

A photodiode is connected to an operational amplifier as shown in
fig. 1. The replacement diagram of the diode is given in fig. 2.

C
) H

L
— >_....>f 9 T
+hr b t
T ?‘.31 T p@’-

The diode current IL is produced by light. I
the light intensity L

L is linearly related to

according to IL = K.L,. The diode capacitance,

i i

represented by C, equals %%g-pF.

4
The operational amplifier has a D.C. gain of 10 and a UGWB = 1 MHz;
Ri =20, Ro = 0.

a) In order to keep the system stable the capacitor C1 has been added to

the circuit. Show by using a Bode diagram that this addition improves
the stability.

b) Calculate the output noise of the circuit when the noise of the
amplifier can be represented by two uncorrelated noise sources,

. \l"’z 2
a noise voltage source E  and a noise current source I.

N — N
The noise of the resistor R is given by dE: = J4 xTR.A £ .

Explain that it has sense to make R large in order to improve the
signal/noise ratio.

c) Calculate the values of R and c1 on the following conditions:

- The circuit is stable with a phase margin of 45°.
v
~ The -3db down frequency of the transfer functiOnlzg equals 10 kHz.

1



Problem 4

ot—Ir—3—{+

PN
A

-

Vi oL P
A YZ
i

The characteristics of the diode and the zener are given in the
figures. T

Resigtor r << R i ‘ﬂ A
V max (E}) =+ 10 v

out (%) osV
Th i r

e input signal Vin . k A
is a ramp function v L ]
starting at .. -5 ,

o.5v

v, = - H = : = 1t .

in a(t to} Vin 0 for t <.to a = 1 Volt/sec

Draw the signals at the points A, B, C and E as a function of vin'
Calculate the moment t1 at which the output (E) changes its polarity.
What is the amplitude of Vin at this moment (t1).

Now the slope of the ramp function is inverted. Vin = Vt - a(t-ti).
1
At what input voltage will the output (E) switch its polarity again

and when {tz) ?

- e



Eindhoven International Institute.
1990-02-20

EXAMINATION "OPERATIONAL AMPLIFIERS"

= Monday, 1990-03-05 - 8.45 h
There are 4 problems.

Time available: 3 hours.

Problem 1

R

oy R
o -

VQ 0-—{%-—«0\0

—® VOu}‘
—{+
Rul]

The operational amplifier has a DC gain of 104, a frequency
characteristic with two poles, z} and z&, at respectively 1 kHz and

100 kHz.

R, =eo, R = 0, R1 = R2 = 1 kL. R3 = 100 k.Q.

V and V are signal sources with an output impedance of 0 ohm.
1 2




Switch 8§ = open

a) Draw the Bode~diagrams (amplitude and phase) of the frequency
characteristic of the opamp (without feedback), determine the UGBW.

b) Calculate the feedback and the transfer function vout/V1'

v
c} Sketch the feedback %}) and the transfer function 3Ut
1

in the Bode~diagram of the opamp.

What is the phase margin of the transfer function ?
d) The input bias currents and the offset voltage of the opamp are
respectively given by

I_ =1, =100ma

voffset = 100 pv

Calculate the offset voltage at the output.
What value of R do you prefer ?
4 .

Switch § = closed

e) Calculate again the feedback.

f} Sketch the feedback and the transfer function in the Bode

diagram of the opamp.
what is the phase margin ?

g) Calculate the offset voltage at the output with a value of R, you

4
have chosen in d).



a)

b)

c)

Problem 2

@\ Q‘ , Ra
o—{__— 1 !

Find the algebraic expression for the current through the load zL if
Ry = Ry =Ry = R»

5 - - = o = = -
Take A1, A2 ideal amplifiers (A =oo, Ri . Ro 0 iinput Q)

e1 = 12 Volt, e2 = 14 Volt.

The max. output voltage and max. allowable common mode voltage of the

amplifiers A1 and A2 are 10 Volt.

Calculate Rs if 1 = 1 mA and determine the range of ZL for which the system

operates.

The resistors R1, R2, R3 and R4 are not identical.
R R

2 4

R—‘=1-5 ,-R—-=1+5,5=sma11-

1 3

Calculate the output impedance of the current source.




Problem 3

An opamp is used in combination with a Zener diode as shown in the
figure. The characteristic of the Zener diode is also given.

~
o~
'
-
b~

o—[1 - ‘ -25V

a)

b)

<)

V1 = a triangle shaped signal with an amplitude
A = 1 Volt and a frequency of 25 kHz.

The opamp is ideal.

Draw the input signal V1 and the signals V2 ' V3 and V4~

Assuming that the opamp has a slew rate of 1 V/psec and that it
operates linearly only for very small signals between + and -~ input,
draw the output voltage V4 as a function of time.

For the same assumptions as given in question b) draw accurately the
signals V3 and V_ during the time that V_ increases from -1 to

2 1
+1 Volt.



Problem 4

v, R

o—I—

VOt

Az VOQ
—+

il

The opamps are ideal except for the gain.

The gains are respectively A1 and Az.

v v
Calculate Ggl and GQ& if the gains A1 and A2 are large but different.
1 1 .

- e e e




Eindhoven International Institute

1991-02-28
EXAMINATION "OPERATIONAL AMPLIFIERS"

Friday, 1881-03-15 - 8.45 h
There are 4 problems

time available: 3 hours

Problem 1

€. o——

«—fn

R,

The opamp is ideal except for the gain and the output impedance
( gain = A, output impedance = Ra ). .

The amplifier is applied in a noninverting configuration as
shouwn.

a) Calculate the transferfunction eo/e1 as a fuction of A, Ra ,
R: and Rz

b) Calculate the output impedance of the noninverting circuit.
c) Calculate the bandwidth ( -3 db point ) and sketch the Bode

plot of the noninverting amplifier if Ri =Rz =Rao =1K
A= 103 and UGBW = 108 Hz



Problem 2

| ——————
| S |
= - o . - . - o - - o am om e o e e e oo
Rs o Ty
e

The

a)

b)

c)

R

b

) Az

' { !
P !
! ! |
i §

‘ { + t
i i -
i | i
{

b ;

UNT L

L ]

amplifiers are considered not to be ideal

A = 10+ UGBW = 3108 Hz
A = 10+ UGBW = 2.104 H=z
R:i = 10/99 K, Rz = Ra = R« = Rs = 10 K&

Cs 108 /20 pf.

Calculate the transfer functions of the unit 1 and the
unit 2, ( Vg /Vy, Va /Vz ), and draw the piece-wise linear
Bode plot ( amplitude and phase ) of the units.

Draw the Bode plot and the Nyquist plot of the units 1

and 2 together, (Va /Vi)

Find the possible values of Re for which the closed loop
remains stable with a phase margin of 450

The input bias currents and the offset voltages of the
opamps A: and Az are respectively given by:

AL = Ib+ = Ib~ = 1, and Vorfset = Ei
Az Ib+ = Ib~ = I= and Vofrfeser = E2

Calculate the offset wvoltage at the output of the complete
circuit with feedback.



PROBLEM 3

e} R
Ra
N -

[~}

("‘")‘%f xRy

Ry

An ideal opamp is used in the configuration as shown.

Ri = R/n , Rz = R/(n-1)

ad Prove that the gain Vo /V1 can be linearly wvaried through
positive and negative levels with the potentiometer Ra

b) The common mode rejection ratio of the opamp is not
infinite ( H= AsrA A ). Calculate the effect of the CIMMRR
on the gain as a function of the potentiometersetting X
for n=2 .
Discuss your results for X=1 and X=0.

PROBLEM 4

The opamps Ax and Az are ideal. Draw and calculate the
voltages at the points a, b, ¢ and d if a complete
sinewave ei1n = A sint is applied at the input.




philips International Institute
1988-03-01

SOLUTIONS EXAMINATION OPERATIONAL AMPLIFIERS

1988-03~-09

Solution 1 -

- —

- = — —=+ 05V

I NN . RN A AR —— e - =5y

-1

L O T . e e wxom - - e -[Qv

a) e, will be + 5 Volt because zenerl + zener2 = + 5V
e, becanes = 5V when increasing e, passes + 0,5V
e, becomes + 5V when decreasing e, passes - 4,5V

b} e, remains -5V during a voltage variation of e, of 9,5 + 14,5 = 24v,

e, remains +5V during a voltage variation of e, of 5.5 + 105 = 16V,

The time-~interval ratio = f—é = 3/2 because e, is symmetrical around O V.

Solution 2
a) The transfer function 14- = - -—1—r ! v
2 R, * TWCR, * 'j'u?c‘2R3 * Yeontrol
- 10-2 2
C,Rz-f.lt ST Sec f1==10 Hz
I [ £, = 10% Hz
(‘.'2R3 = Z}_ 33y Sec 2
)
T{ 10+ Veontror = V- .
)
oy
10t
wnid a
io
! : ¢  Ha
Io + weit 2
[+
-go ' Unite
' total
-0 101 '01' H'L




Solution 2

Solution 2
Vg | io® 168
b) A phase of 135° is obtained at a gain of - = 103 and with ‘ ol . :
1
Veontrol = 1+ g
This gain has to be reduced to 1 or lower in order to have a phase '
margin of 45° with a closed switch.
. 184
This means Vcontml < 103y,
c) Unit 1. Rt 14T R
Dnit 1 . " R p 1 1 2
transfer function: - . x . - .
: R] 1+3w1;1 41+3w‘t4 X 1+jw7_‘p R1 + R2
Attentuator: T . JWC1 = RRi . 1‘*"1""? Unit 2. Attentuator: 1+1 T .« 1= H:jwtz
"R 1 BBy 1+ R WTy B WT, B W,
R1+ 82 l A° lol' 4
1, MR MLy L = 1.1.103 Hz i ot
B R, © TwT, * 2WC Ve * | v
P
L
VT,
i e
\ Ha
A WwT, . A
= WGRW . A 2 s 1 _ 1
" G® transfer function: —1+jw‘r3 . 1+jw’c'4 . X 1+JW'C'2 = ﬁ-ﬁ; . W
attenuator
i _1_ = ._l_ 6 4
with 211.(3 1Hz and . zm = 10° Hg. Ao = 10 .

eecl kol




Solution 3
Solution 2

a v B, AR ”2”*1),

out = Vi (' Rt xR TR
Bode plot transfer function Unit 2

ot o-3
Vil-3+ g 4) = v,

+ X * A+ 1771
o -3
: transfer function: XT3
i
!
Vo
v
3 ¢ 1
o : d °
, -1
‘ 3
i b}
1 lb(’ i
o v Y L i 1
N N
} .
“30 ]
-IGQ{ i
R+ R, +
R R 15
Vout =~ IR ¥ Tax - Tor o R, * Voffset * T E,
40
- + — R. 4
Vouta( 3 vl R. 10— + 40) mv

4o 4
Ty RID =0

min. input bias current offset: - 3 +

orR= DI 30tq

for o{ =13, R= 10K




. Solution 4
Solution 3 I

¢} The configuration can be redrawn as shown:

Vo iA . / |

Ra ‘ g \f/
XU |

\f{ [-——

; — A
: i B r AA
This shows that E = 4 and that the attentuation of the s \\V

input signal equals: !
|

=-3R . oL R " 1 o -3 .

R + 3R RF & R i o+ . C A A

v k b

The Bode diagram shows that the coamplete transfer function '\72 is given
by the first order expression: i

v vin positive: D, conducts, D, open: B = ~ vin C- +V€n
‘o 1 A-3 L4 i A=0
Vi 4 ° A+ 1 : 1+ ¥ v
2T 106 V;, megative: D, open, D, conducts: via A: 2/3 —%9-
minus input A, equals VA v
Y | — a via B: 1/3 -—;E
= X+t I+ 4 sinwt .
Input t
o' | am 1ob nput curren R ° or A= 2/3 V.
divided via A and B or B=1/3 vin
The circuit is a full-wave rectifier. e %' A .
Ve = 3/1."{3\/.}.\ =Vu\
05 i
L2 it NCTTB
1 N H -
1 — M4
! '"-,:'f"“---------\\‘r
Vo FNTh KN
Vi C{all, \\‘
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