Operational Amplifier Principles

by C. V. Weden, Fairchild Instrumentation®

The most important function of early, high quality, dc amplifiers was to perform mathematical opera-
tions such as multiplication, addition, integration, and differentiation. These amplifiers became known
appropriately as operational amplifiers, and they were used principally in analog computers. Now, with
modern solid-state devices and improved assembly and packaging technique, amplifiers of this descrip-
tion are more economical, more reliable, and more compact than their vacuum-tube predecessors. As
a result, they fill a wide diversity of needs in signal generation and signal conditioning, active filtering,
measurement, and control as well as in the traditional computing functions. The list of practical appli-
cations continues to grow as the amplifiers make use of new semiconductor devices such as matched
differential pairs and improved junction- and MOS field-effect transistors.

Since more and more engineers are facing problems that can be solved best by operational amplifiers,
we have prepared this note as a brief refresher on the fundamental principles involved. Most of the
basic material can be found in textbooks, and several good articles on the state-of-the-art have
appeared in various journals during the past year or two.

1. INTRODUCTION

The operational amplifier is a stable, high
gain, dc-coupled amplifier which is
usually used with a large amount of
negative feedback. In this manner the
functional amplifier circuit is made rela-
tively insensitive to circuit loading and
the effects of temperature and time on
amplifier parameters. To a good approxi-
mation, the characteristics of the amplifier
in a given circuit are the characteristics
of the external feedback elements alone,
over which the designer can exercise the
degree of control warranted by the appli-
cation. Furthermore, by the choice of
feedback elements, the designer can use
a given amplifier type for dozens of
different functional circuits.

To illustrate the versatility of the
operational amplifier, consider the gene-
ralized functional circuit in Figure 1. The
triangle symbolizes the phase-inverting
amplifier per se of high gain A, and Z,, Z;
are the external feedback elements.
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Figure 1 Generalized Circuit

® If Z,, Z; are resistors Ry, Ry the properly
applied amplifier will yield an output
voitage V, equal to the input signal V,
multiplied by the ratio R¢/R,.

® If Z, is a resistor and Z; is a capacitor,
the circuit will integrate the input voltage
in accordance with the externally estab-
lished RC time constant.

® If Z;is a transistor, the circuit will yield
the /ogarithm of the input.

In addition to these linear and non-
linear operating modes, the operational
amplifier is useful in the switching mode
as a limit detector or comparator, and for
circuit isolation and impedance matching.

These amplifiers will respond to ac
signals, but the output capacitance of the
transistors causes the amplifier gain to
fall off as the frequency is increased. This
effect is usually compensated in the
multistage amplifier to produce a smooth
roll-off of 6 db per octave, which renders
the amplifier stable from oscillation under
any value of closed-/oop gain. (Fig. 2)

A

Figure 2

Open.Loop Response :
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The ideal operational amplifier would
exhibit infinite input impedance so it
would not load any source, and zero
output impedance so it could drive any
foad. It would have infinite gain and
bandwidth, and the output would be
determined exactly by the input signal
and the properties of the feedback circuit.
The degree to which practical amplifiers
approach the ideal is largely a matter of
cost.
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The principal errors that distinguish the
practical operational amplifier from the
ideal are the inherent dc offset voltage
and current, which produce non-zero
output with zero signal input, the drift of
these offsets with temperature and time,
and the higher frequency disturbance of
similar nature which we call noise.
Offsets, drift, and noise are basic meas-
urement errors, and collectively they
limit the signal resolution of the amplifier.
A number of schemes have been devel-
oped to reduce their effect.

Theme and Varialions

Today’s operational amplifiermarket com-
prises amplifiers identified as differential,
chopper-stabilized, FET-input, and linear
integrated circuit, to name those in most
popular usage’ At the heart of ali of these
variations is a basic dc amplifier with a
balanced input stage (Fig.3) for first
order temperature compensation.
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Figure 3 Differential Input Stage

= Editor‘s Note: Author omits varactor bridge
op amps, see page 6.



The differential amplifier is essentially
this balanced input followed by additional
stages, usually single-ended, for gain and
impedance matching. Its output is a
function of the difference in two inputs,
hence itis particularly usefu! in amplifying
signals from remote or otherwise isolated
sources. In addition, it can be connected
for non-inventing gain, which results in
extremely high inputimpedance.
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Figure 4 Chopper Stabilized Amplifier
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The chopper-stabilized amplifierutilizes
an ac-coupled “preamp” in conjunction
with the external feedback loop to
virtually null out the dc offsets and drift
of the “main” dc amplifier. Referring to
Figure 4, dc and low-frequency signals
are modulated, amplified by an ac-
coupled carrier amplifier, then demodu-
lated, filtered, and fed to the differential-
input of the main amplifier. Higher
frequency signals are capacitively coupled
directly to the dc amplifier. By careful
proportioning of the circuits, the res-
ponse of the preamp is superimposed on
the response of the dc¢ amplifier. The
resulting over-all gain is the product of
the dc gain of the “chopper channel” and
the gain of the dc amplifier, over the full
bandwidth of the dc amplifier. (Fig. 5)
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Figure 5 Chopper Amplifier Response

This technique is the most successful
in reducing dc offsets and drift, and
amplifiers are available with initial offsets
less than +20 microvolts and +20 pico-

amperes and drift less than 0.5 uV/°C and
1 pV/week. Other types have approached
this order of thermal drift or offset current,
but where a single-ended amplifier can
be used, this combination of specifica-
tions is most economically achieved by
chopper-stabilization. Furthermore, the
chopper-stabilized amplifier is un-
surpassed for Jong-term stability.
Present-day chopper-stabilized ampli-
fiers use only photo-resistor or transistor
modulators (choppers), with the chopper
drive generated internally by a multi-
vibrator. The early mechanical chopper is
still used, but short life, costly replace-
ment, and the ac excitation voltage
required spelled its demise as suitable
electronic switches became available.
The FET-input amplifier is similar to
the differential amplifier described above
except for the use of field-effect transistors
in the input stage. The features of this
type amplifier are the extremely low input
offset current and high input impedance
associated with the FET devices. These
characteristics make it especially useful
for low drift integrators, sample and hold
circuits, and commutating multiplexers.

+\

-V
Figure 6 FET Input Stage

Newer types using MOS-FET's achieve
input offset current on the order of a
picoampere, which makes them attractive
for charge amplifiers and electrometer
applications. This feature is a trade-off
with offset voltage and voltage drift.

The Jinear integrated circuit is a
differential amplifier formed by monolithic
semiconductor technology on a single
silicon die. It is similar to the discrete-
component differential amplifier except
that the user must supply the frequency
compensating elements (one or two
resistors and capacitors) which are
required to complete stability from os-
cillation. The principal advantage of
today’s linear IC is sma// size. This
means more circuit functions per unit
area of pc card, for example, and smaller
equipment size for a given degree of
complexity. The IC amplifiers have the
potential for economy and reliability.
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2. SPECIFICATIONS

Within all of the amplifier categories
described above, a variety of products is
available to help the user match the
amplifier to his application without buying
capability he doesn’t need. The table (on
the next page) shows the parameters
usually specified and the ranges of gain
and bandwidth, input performance, and
output ratings available with amplifiers
now on the market.

Since the operational amplifier is used
in a large variety of closed-loop circuits,
it is customary to normalize the specifi-
cations by using open-loop parameters
where applicable and to refer closed-
loop parameters to the input terminal.
The latter process is accomplished simply
by dividing the output figures by the
closed-loop gain.

Definition of Terms

There is fairly general agreement in the
industry on the-definition of terms used to
specify the characteristics and ratings of
operational amplifiers. Some noteworthy
conflicts exist, however, and there may be
significant differences in the conditions
under which certain specifications apply.
The following list should help orient the
uninitiated user.

® DC Voltage Gain, open-loop is the
gain of the amplifier without external
feedback. For good performance this
parameter should be on the order of 100
times or more greater than the c/osed-/oop
gain desired in the functional amplifier
circuit (= R¢/R;). Under these conditions
the closed-loop gain is virtually inde-
pendent of the open-loop gain. Defining
loop gain as the ratio of open-loop gain
to closed-loop gain, the error by which
closed-loop gain is diminished from R{/R,
is given by 1/loop gain.

® Gain-Bandwidth Product is a constant
in amplifiers with the usual 6 db/octave
ro/l-off, numerically equal to the fre-
quency at which the gain has “rolled off”
to unity. An amplifier with a unity-gain
cross-over frequency of 1 MHz, for
example, will have an open-loop gain of104
atasignal frequency of 100 Hz. In general-
purpose units the gain is down to unity in
the frequency range of 0.5 to 5 MHz. In
wideband units the unity-gain frequency
is in the range of 10 to 100 MHz.

® Gain Roll-Off is the rate at which the
open-loop gain falls off with increasing:
signal frequency. The optimum roll-off is
6 db per octave (= 20 db per decads),
which is an expression of constant gain-
bandwidth product. This is the response
associated with a maximum phase shift
of —90°, for which the amplifier will be
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Comparative Specifications of Currently Available Operational Amplifiers

General

e Chopper- Imegrated
Specifications PDli]frfpe?:I?lliﬂ stabilized FEY-$nput Circuit

DC Voltage Gzin, open-loop: 104-106 108-109 104-1Q6 103-10%
Gain-Bandwidth Product : 0.4-10MHz 0.3-10 MH:z 1-30 MHz 1-10 MHz
Slewing Rate Limit : 0.1-3V/us 0.6-50 V/us 0.5-20V/us 0.1-30V/us
Initial Input Offset :

Voltage : 0.3-1 mv 10-200 pVv 1-SmV 1-5mV
Current : 1.5-500 nA 10-2000 pA 1-50 pA 100-500 nA
Drift vs. Temperature :

Voltage : 6-100 uV/°C 0.5-10 uVv/eC 5-100 pv/eC 3-50 uveC
Current : 0.2-6 nA/eC 0.5-20 pA/°C 20-100 pA/°C  0.1-5nA/°C
Drift vs. Time :

Voltage : 10-100pV/day  1uV/wk 5.1001.V/day —

Input Noise :

0.1-1.0Hz: —_ 5-10 uVp-p — —
Wideband : 1-20 pVems 10-150pVrms  2-30pVims —

Input Impedance, open-loop :

Dilferantial : 100-500 k 0.5-1 Meg 10101012 Q) 10-500 k
Common Mode : 10-500 Meg —_ 10%0.10'2 Q) —

Input Voltage (maximum) :

Differential : 5.15Vv — — 1-8V
Common Made : 3.20v —_ 8-11v 1-11V
Common Mode Rejection : 50-100 db —_ 60-74 db 60-100 db
Output Voltage : 10-20V 10-150V 10-11V 312V
Output Load Current : 1-20 mA 2-100 mA 2-20 mA 1-10 mA
Qutput Capacitive

Loading : 0.0005-10puf 0.0005-0.02pf — .-

free from any tendency to oscillate under
all values of closed-loop gain.

® Slewing Rate Limit is the maximum
time rate of change of output voltage for
a step input. “ Step response ” is some-
times given as velocity /imit or as risetime.
Slewing rate is usually specified in volts
per microsecond. It is related to the
maximum frequency f at which full
output voltage V can be obtained by
AV/Aat = 2ndV.

® /nput Offset Voltage is the input
voitage required to zero the dc compo-
nent of the output with zero input signal
and zero source impedance. Offset is an
error inherent to some degree in all
practical amplifiers. The offset usually can
be adjusted to zero by applying a8 small
voltage derived from the amplifier's power
supplies. /nitial offset signifies that the
parameter is determined before any
external balance adjustments are made.
Offset, drift, and noise ( following )
combine to add a variable error to the
input signal. The total error must be
small compared to the minimum signal to
be amplified with reasonable accuracy,
or linearity.

® /nput Offset Current is the input
current required to zero the dc output
current with zero signal and infinite
source impedance. Offset current has the
effect of an error voltage drop across R],,
theseries input (or“summing”) resistance.

(n the inverting amplifier the closed-loop
input impedance ( following ) is equal to
R, ; therefore, high input impedance is a
trade-off with offset error, In the differen-
tial amplifier offset current is the average
of the currents into the two input
terminals with zero output. Most linear
IC's and some discrete-component am-
plifiers identify this parameter as input
bias current, and specify the difference
In the two currents as offset. Since the
differential current may be 10-25% of the
average, it is important to note this
conflict in terminology. In some applica-
tions it is the differential input current that
constitutes the error, but in inany circuits,
especially those involving integration, it
is the current into either input that is the
limiting factor.

® Drift vs. Temperature is the slowly
varying change in offset voltage and
offset current due to a change in tem-
perature. Voltage drift vs. temperature is
usually specified in pV/°C, but it is not
necessarily linear over the entire operating
temperature range of the amplifier.

® Drift vs, Time refers to the similar effect
of time on offset voltage and current.

® Drift vs. Supply Vollage is a measure
of the effect of changes in supply voltages
on the offsets. This parameter is properly
specified in pV per percent change in
supply voltage from the rated value, but
it is sometimes given in pV per volt.
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® /nput Noise is the normalized value of
any output disturbance not contained in
the input signal. Noise is generated in the
transistors and resistors of the amplifier.
and it may be coupled from power lines
and rf sources. To properly specify noise
one must define the source resistance R,
as well as the bandwidth. "Wideband”
noise voltage includes frequencies up to
the range of 1 kHz to 1 MHz, usually
specified in rms volts. Some amplifiers are
also specified for peak-to-peak noiseinthe
range of 0.1 to 1 Hz.

A basic feature of the differential am-
plifier is its ability to amplify signals
impressed across its input terminals,
rejecting signals that appear between the
two inputs together and the ground
reference. We may define the former as
differential or normal mode signals and
the latter as common mode signals.

® /nput Impedance, open-loop is the
complex impedance seen looking into the
input terminals of the amplifier without
external feedback. In the conventional
(bipolar transistor) -input differential am-
plifier Zi, depends on the current gain hgg
angd the intrinsic base resistance r, of the
input devices ; it is typically in the range
of 200 k to 500 k. The extremely high
(typically 10" ohms) Zj, of the FET-
input amplifier, as well, results from the
geometry and bulk properties of the
FET's. In the chopper-stabilized amplifier.
Zia is proportional to the on and off*
resistance of the chopper device, typically
1 Meg at de.

® Common-Mode Input Impedancé of a
differential amplifier is the impedance
between the two input terminals together
and ground. It is determined largely by
the characteristics of the input transistors
and the near-infinite impedance of the
current source used in the common
emitter lead of the input stage.

® Differential Input Voltage rating is the
maximum voltage that can be applied
across the input terminals of a differential
amplifier without causing damage to the
amplifier.

® Common-Mode Input Voltage rating
of a differential amplifier is the maximum
voltage that can be applied between the
two inputs together and ground without
causing damage.

® Common-Mode Rejection is the ratio
of the gain of the amplifier to a differential
signal to the gain of the amplifier to a
common-mode signhal.

® Qutput Voltage rating is the maximum
output voltage which the amplifier will
develop in the linear operating region ;
i.e., before the onset of saturation.

® Qutput Load Current rating is the
maximum current that the amplifier willy
deliver to, or accept from, a load. This



rating includes the amount, however
small, which is caused to flow in the
feedback loop.

® Output Capacitive Loading is the
maximum capacitance that can be placed
on the output of the amplifier at unity gain
without increasing the phase shift to the
point of inducing oscillation. The timiting
value increases in direct proportion with
the closed-loop gain. The traditional way
to accommodate higher loading capa-
citance is to isolate the load from the
amplifier output terminal with a resist-
ance. With some amplifiers the resistance
required is only a few ohms, in which case
the error and dissipation introduced are
minimal,

® Output Impedance, open-loop is the
complex impedance seen looking into the
output terminals of the amplifier with no
external feedback. In closed-loop opera-
tion the output impedance is equal to the
open-loop impedance divided by the
loop gain. If the open-loop impedance is
not more than a few hundred ohms and
the loop gain is high enough for good gain
accuracy and stability, the closed-loop
impedance will be on the order of an
ohm or less, which can be neglected in
most applications.

3. FEEDBACK AMPLIFIER ANALYSIS

To guide the designer in the use of an
"operational amplifier to fulfill his sequire-
ments, it may be helpful 1o review just
what we achieve with the high intrinsic
voltage gain and negative feedback, and
how closed-locop performance is affected
by the finite open-loop parameters of the
practical amplifier.

Closed-Loop Gain

Let us start by develaping an expression
for the transfer function of a basic feed-
back amplifier, which we commonly calil
the c/osed-loop gain. (Fig. 7)

O
Vs
Figure 7 Basic Feedback Amplifier

A is the open-loop gain of our opera-
tional amplifier, assumed to be phase
inverting so that if V, is positive, V, will be
negative.

If A were precisely known and
controllable, we might satisfy a number

. of voltage-gain applications without the
feedback loop. Usually this is not the

case, s0 we sample the output V, and
feed back a portion P to the input
terminal X. Here the feedback voltage V,
is summed with the input signal V.
Terminal % is defined as the summing
Junction, and since V must be a negative
number with respect to V,, this terminal
is often identified as the negative or
inverting input of the amplifier. p is
known as the feedback factor.
The input error voltage is

Ve = V| + Vb (1)
and by definition, Vi = 8V,.
v
Also, Ve = _A_O (2)
- Vo
Substituting, = Vi + fiVg
Vo (1-AB) = AV,
and \Q, -G = A (3)
vV, 1-A8 |

where G is defined as the closed-loop
gain. One sees that if the quantity Af>>1,

the
f G~ - 4

1
AR

or the c/osed-loop gain is approximately
equal to the reciprocal of the feedback
factor, which is independent of the highly
variable open-loop gain. The minus sign
denotes phase inversion in the amplifier.

The quantity AG is defined as /oop gain,
which involves both the amptifier itself
(A) and the external feedback loop used
with it (£). It is usually the loop gain that
determines how close to the ideal a given
amplifier circuit will appear, e.g., whether
the simplified relationship of Eq. (4) is
valid or not.

Example: Find the closed-loop gain of
an amplifier with an open-loop gain A =
—10,000 if we feed back 10 percent of the
output, i.e. § = 0.1.

A .- 10000
1-ApR t +1000
Using the same operational amplifier
(A =—10000) but with 8 = 0.01, we find

~ -999

G = 210090 . _ g,
1 +100
and again with § = 0.001,
G = — 10000 ~ —3800.
1+10

Notice that in the above examples G
~ —1/f would have given us —10,
—100, and —1000, respectively, and that
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as the loop gain AP becomes smaller, G
deviates more and more from —1/8.
Indeed, the gain error is given by 1/(AB).
If AB>>1, one sees further from Eq. (3)
that

o A (5)

i.e. the loop gain may be dstermined by
the ratio of open-loop gain to closed-
loop gain.

Returning to Eq. (2) we see that as A
approaches infinity, the error voltage V,
approaches zero, i.e., the summing junc-
tion is maintained close to the ground
reference. With A = —107 and an output
of .+ 20 volts, for example, V, will be +2
microvolts. Using the approximation that
Vo = 0, which usually is valid, it follows
that the error current into (or out of) the
amplifier will be zera. The current through
the feedback loop. then, is equal to the
current through the source.

Gain Stability

We have stated that the principal effect of
the negative feedback loop is to stabilize
the voltage gain of the amplifier, This
effect can be shown quantitatively by
differentiating G with respect to A :

A

From Eg. (3 G= —— |,
rom Eg. (3) T A8

dG 1
then — =

dA (1-Ap)?2

nd | ds L (1jel @
G 1-A8/ A

Therefore, the relative change in
closed-loop gain is approximately equal
to the relative change in open-loop gain
divided by the loop gain,

Example: Find the variation in closed-
loop gain using an amplifier with nominal
open-loop gain of —10 000 subject to
20 percent deviation, and § = 0.01.

dG 1 dA 1
—_s — | —_—= — 20:0.002
G (1 -AB) A (1+100)0

i.e., G will vary by only 0.2 percent.

Where do we Buy a 7

The feedback factor B usually takes the
form of a precision voltage divider, and
the input signal voltage V, is made to
appear as a cumrent sourca by feeding it
through a series resistance : (Fig. 8)
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O
v,
Figure 8 Amplifier With Feedback

By superposition,

Rr R]
Vo= —0o Vi+ ———— V,.
AR RS R SRR R O
Substituting V, = Vo/A,
(1 _ AR, )V°= AR, A
R| + R{ R| M Rf
and,
ARe
VO o ) R| + RF—
VSRR AR
R| + Rf

Simplifying and factoring out the ratio
_R'/Rp

Re 1
G:—_ - 7
R, _ Ry + Ry (7

1
AR,

Now Eq. (3) can be manipulated into the
form

1
Sl | e
AR
from which, by comparison with Eq. (7),
it can be deduced that
AR,

R, + R¢
Again, if the loop gain is much larger than
unity, Eq. (7) reduces to

= AB = loop gain.

’ (9)

which is consistent with Eq. (4) that the
closed-loop gain is independent of the
open-loop gain. Ifitis not true that AR >>1
we must use the more precise expression,
Eq. (7).

Example: Find the closed-loop gain of
an amplifier with A = -10000 if
R, = 10 k, Ry = 10 Meg. From Egq. (7).

G = ~ 10Meg [ 1
10k 1_10k+10 Meg
- 10 000 (10k)
1
e
ooy ( 1+0.1 )
=—910

Note again that the voltage divider
ratio, Egq. (9), would have predicted
G = -1000. A closed-loop gain of
—1000 could be achieved, of course, by
adjusting R¢/R, to approximately 1100,
but in this example the loop gain is only
10, which is not adequate to insure a
high degree of gain stability. If a nominal
closed-loop gain of —1000 is required,
better design practice would be to in-
crease AP by selecting another amplifier
with higher open-loop gain. With A =
—-108, for example, the loop gain is
increased to 1000 and the error due to
finite open-loop gain is reduced to 0.1
percent.

Frequency Response

It is important to realize that the high
open-loop gain we have been using is
available only at dc and very low fre-
quencies. At higher frequencies the gain
is attenuated markedly, due largely to the
effects of transistor output capacitance.
To insure stable operation, the operational
amplifier usually is compensated to pro-
vide a smooth roll-off of gain with in-
creasing frequency.

The amplifier therefore looks like an
RC lag network which attenuates the de
open-loop gain A ; the effect of frequency
on A may be seen by analyzing the
response of this network : (Fig. 9)

Figure 8 RC Lag Network

The current i through R and C is

AV, _ AV,
R+X, R+ 1
joC
where o = 2 =f is the frequency in

radians, and j is the complex operator.
Therefore,

i AV,
VO= - = -
joC 1+jwCR
and
Vo A
— = A = 14+ — 10
V, (@) jwCR (19)

where A () is the open-loop gain as a
function of frequency.

The frequency response of a lag net-
work is shown in Figure 10.
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Figure 10 Response of RC Network

This display of gain and phase shiftvs.
frequency is known as a Bode plot.

The break frequency wo occurs when
X. = R; then wy = 1/(RC)
and

A
1+ —
Wo

The magnitude of A () then is
A

A(w) = "—'m—*g—% (12)
(&) ]
Wo
and the phase shift @ is
g =-tan ' 2 (13)
Wo

That A (o) is down 3 db from A at the
break frequency may be shown by
evaluating Eq. (12) at = we:

Then

A/i“’) - L 5 = 071=-3db.
A (1+12)

Also,

Do = —tan-' 1= —45°,

In chopper-stabilized amplifiers the
principal break frequency is less thar
1 Hz, therefore it is of interest to examine
Eq. (12) at » >>> w,. This yields

ALW)ES b0
A o
or
A(w) w = A 0o 2= constant.

Since wo =~ 0 we may interpret « as
bandwidth. The practical amplifier ic
characterized by a reasonably constant
gain-bandwidth product. This figure is
numerically the same, then, as the unity-
gain cross-over frequency o, at which
A(w) = -1,

ie. Alw) o = — w 13y




The nearly constant slope of the res-
ponse may be described as a gain roll-off
of 6 db per octave, or 20 db per decade.
iThis is simply a statement that the gain is
down by a factor of 2 when the frequency
doubles, or the gain is down by 10X if
the frequency is increased by 10X.

Example: Find the closed-loop gain of
an amplifier with a dc open-loop gain,
A = =107, gain-bandwidth product
f, =1 MHz, if R, = 10k, R = 1 Meg, and
the signal frequency f = 100 Hz.

easliMH2 oy
FromEq. (14) A(®) 100 Hz 104,
Now from Eg. (7), using A(w) instead
of A,

R¢ 1
2k R, ;- _RitR
] A () Ry
1 Meg | 1
10k e 10k+1 Meg
- 104 (10k)
1
Tl (1+o.o1)
= —99.

The important point here is that at a
frequency of 100 Hz, the applicable
open-loop gain is A(w) and not the dc
open-loop gain given on the amplifier
specification sheet.

Let us put this example on the Bode
*plot, as shown in figure 11.

'lo‘ -----------
Aw)
10!
Closed-Loop
Guin
1 —t T ———
1 10 10t 106y,

w/2p ——

Figure 11 Open and Closed Loop Response

Since gain is plotted on a logarithmic
scale (db), the loop gain (= open-loop
gain/closed-loop gain) appears as the
difference between the open-loop gain
A () and the closed-loop gain. The loop
gain A(w)p = 100, and the closed-loop
gain G is approximately 100X with an
error of 1/100.

Note that the closed-loop response is
flat until it approaches the roll-off, where-
upon it merges with the open-loop res-
ponse. Beyond this point the effect of
the negative feedback loop is no fonger
esent,

" Certain amplifiers are compensated
with a higher break frequency to extend

the usable gain-bandwidth capabilities
of the amplifier to higher signal frequen-
cies.

The unity gain-bandwidth of the am-
plifier is relatively fixed, howaver, so the
gain must roll off at a faster rate, e.g. at 12
db/octave. This rate of closure with the
closed-loop gain line is accompanied by
additional phase shift, unfortunately, with
the result that the amplifier is no longer
stable under all conditions of closed-loop
operation.

Another consequence of the attenua-
tion of A(w) is increasing input error
voltage, V.. Recall that an amplifier with
A = =107 and V., = 20 volts, for
example, would have an input error of
+2microvoltsat dc. If the signal frequency
is 100 Hz, however, and A(w) = —104,
then V, would be +2 millivolts.

Transient Response

The closed-loop response of an amplifier
to a pulse input or step function is an
exponential with the operational time
constant. The time required to reach a
given proportion of the final output
voltage is proportional to the closed-loop
gain and inversely proportional to the
unity-gain bandwidth.

The inherent bandwidth of the am-
plifier, then, along with the roll-off
compensation, affects the basic step
response of the amplifier. This response
is usually specified as sfewing rate limit
AV/At, or maximum rate of change of
output voltage, in volts per microsecond.

Occasionally this response is specified
as the maximum frequency fn at which
the peak output voltage V, can be
realized :

A—V =2 nfm Vi,
At
then
e aV/at .
o 27V

For sine-wave signals the limiting
factor is usually not slewing rate, but
gain-bandwidth product and the avail-
able loop gain.

Input and Output Impedance

The infinite input impedance and zero
output impedance of the ideal amplifier
are approached in the real world as
shown in the table of comparative
specifications. Open-loop input im-
pedance ranges from about 200 k to 1012
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ohms, output impedance from a few
ohms to a few thousand ohms.

Finite input impedance Z;, does not
have a direct effect on closed-loop gain,
but if the summing resistanee R, is
comparable to or greater than Z;,, gain
accuracy is degraded through a reduction
in the loop gain. Finite output impedance
Z, has a similar effect, but usually
negligible if Z, is less than a few hundred
ohms.

With feedback, the open-loop figures
change considerably. In the basic invert-
ing amplifier, the closed-loop input
impedance is substantially the summing
resistance R,. In the non-inverting con-
nection of the differential amplifier, the
closed-loop input impedance is equal to
the open-loop impedance times the loop
gain. This effective high-impedance fea-
ture of the differential amplifier is often
utilized to accommodate high-impedance
sources without loading.

Closed-loop output impedance is equal
to the open-loop impedance divided by
the loop gain, which can yield a very
small value. With a loop gain of 1000, or
higher, therefore, it matters little whether
the open-loop output impedance is 5
ohms or 500 ohms.

4. APPLICATIONS

Typlcal Circuits

The endless collection of circuits which
make effective and convenient use of the
operational amplifier attest to its versa-
tility. Many examples are described in the
technical and trade literature, and a full
recounting is beyond the scope of this
paper.

Some of the more frequently used
operational amplifier circuits are shown
below.

Summing Amplifier

Ry R,
——AAA—
v
YRy
—o0
v, Ve
e o T

Figure 12 Summing Amplifier

This circuit illustrates summing and in-
verting voltage gain.

v
V, = — zh _2) f
o R! (V‘ -k Rz
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where the negative sign indicates phase
inversion of V, with respect to the input.

_ Ry,
R

Note that if V, = O, then V, =

the closed-loop input impedance is R,
for source V,.

Inverting Galn, High Impedance

& 2 AT
Figure 13 Inverting, High Impedance Amplifier

In this circuit Vg is divided and then a
portion fed back to provide high closed-
loop gain and high input impedance
(= R;) without the need for excessively
high feedback resistance.

Voo = D2 (B-‘ v,)
Ra \R,

If V, is a reference voltage source and
R, is a floating load, this circuit acts as a
constant current supply, delivering large
output current |, with low current drain
from the reference source.

l. = vtef (Rl + Ra)
6= — |——
R, \ Ry

Integrator

10 k

10 k

—0

CIa| ve

> T o®
Figure 14 Integrator

Here an initial reference state must be
defined, which shows up as the constant
of integration.

The initial condition is established by
charging C to =V, ; then V, is switched
in to integrate.

-1 T

iy Ol
SRR R

V, dt =V,

If Vo = 0, Ry = 100k, C = 1 pf, then V,

t
= - 10] V, dt. The integration ramp wifl
[

continue until Vo, reaches the saturation
level of the amplifier or until it is other-
wise terminated. The method of switching
from initial condition to integrate isolates
the summing junction from the disturbing
effects of switching transients.

To measure integrator drift, AV/At, one
may set the initial V., then set V, = 0
and observe any deviation from the initial

AV i
offset, —=—, where i is the input
At C
offset current of the amplifier. In practical
applications the integration time ¢t may
vary from a few milliseconds to several

hours so the limit of acceptable input
current will vary accordingly.

Voltage Comparator

O—NA—4

vV, R

O—MNV—4 —O
Vret v,
o- 1= O

Figure 15 Voltage Comparator

Vet is of opposite polarity to the
unknown V;, and R,, R, provide scaling
if necessary. V,, detects the coincidence
of V, to the absolute value of V.

Overload Clamps

Excessive input voltage will saturate the
amplifier in the simple voltage-gain appli-
cations. Since recovery from the overload
in a chopper-stabilized amplifier may take
several seconds after removal of the
offending signa), it is often prudent to
prevent saturation. In simplest form the
output may be clemped with a pair of
back-to-back Zeners across the feedback
resistor, limiting V, to -4V, the Zener
voltage. During normal operation the
amplifier is in the linear mode and the
gain is determined by —R¢/R,. But when
the V, reaches V, the Zeners conduct,
increasing the negative feedback and
preventing V, from driving V, into satura-
tion. Recovery time is reduced to milli-
seconds, but ane must be aware that any
leakage current through the diodes can
introduce significant error.

The following circuit illustrates an
improved clamp which reduces the leak-
age problem.
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CRy

CRy CR,

%

_;L e

0N

Figure 16 Overload Clamp Circuit

In normal amplifier operation R, at
sorbs the leakage of the Zeners CR, an
CR3; the minute drop across R, cause
only a very small leakage through diods
CRj5 and CR, into the summing junctio

Ditferential Voltage Gain

This circuit shows the basic invertin
amplifier connection for a differenti
input, single-ended output:

R,
R, |
Vi
V, 3
R, v,
R,

Figure 17 Differential Amplifier

For best common-mode
R, = Ry and R; = Ry.
Then,

rejectio

Vo’z_gi‘ Vy - Vy)

Non-Inverting Gain
The differential amplifier may be connec

ed in the following manner to deliver :
output voltage in phase with the inpu

R(
—AA—
Rl
—A- =
——0
+
o -
: v,
Vi
o 1 %o}

Figure 18 Non-laverting With Gain



+
Vo = * (R{R R‘) Vi

An important feature of this circuit is
that it maintains high input impedance
even with low values of R, and R
(Closed-loop Z;x = open-loop Z;, times
the loop gain.)

If we remove R,, we have the unity-
gain voltage follower, often used as an
isolation buffer. Here virtually no current
flows into the summing junction, hence
through the feedback loop. Theoretically,
therefore, R may have any finite value,
but offset current errors and the effects
of stray capacitance are minimized with
Rf = 0.

—O
>
Vo = +V‘
Vi
O _‘L 0

Figure 13 Voliage Follower

Since V, is the common-mode input
voltage, the full output voltage capability
of the amplifier can be utilized only if the
common-mode voltage rating is as high
as the output rating.

Note that the non-inverting amplifier
cannot be used for a gain less than one.
The inverting amplifier has this versatility,
but it does not achieve the increase in
input impedance possible in the non-
inverting mode.

Galn-Setting Reslistors

In developing the expression for closed-
loop gain we were concerned only with
the ratio of R to R,. The magnitude of
these resistors is not completely arbitrary,
and the following considerations may aid
the selection process.

First, since input current offset, drift,
and noise are proportional to R,, this
resistance should be kept reasonably
small. The optimum range of R, lies
between the bounds for amplifier spac-
ification compliance and source loading.

The feedback resistor Ry should be low
enough to draw a current of at least one
microampere (= Vs/R() in order to firmly
establish the voltage divider. In addition,
The stray capacitance of very high
resistance values tends to degrade the
frequency response. On the other hand,

R¢ must be large enough to produce the
desired gain with & reasonable value of

1

Rl
——NW—-——
R,
o—AA— ——0
VI vo
e 1+ 0

Figure 20 Gain Setting Resistors

With these considerations observed,
it is usually possible to adjust R, and R;
to standard values that will yield the
desired gain. In general it is feasible to
use resistors between about 1 k and
20 Meg to achieve closed-loop gains up
to about 1000X. Ususlly metal-film
resistors are necessary in order to pre-
serve the temperature and time stability
of the amplifier.

Amplifier Selection

The first decision to make in selecting an
ampilifier is whether a single-ended or a
differential input is required. For opera-
tion in the normal linear mode this is
often a question of the physical disposi-
tion of the source and load or other
factors affecting the compatibility of
grounds. If the load is isolated from
ground, a differential output is required
as well.

Secondly, we must consider thevoltage
level and impedance of the source in

relation to the offset, drift, and noise
specifications. It may be feasible to
balance out the initia) offsets, but the drift
and noise of the amplifier, of course,
must be low enough to permit resolution
of the minimum signal level. In some
applications, Such as those involving
integration, the input offset current is the
determining parameter.

Next, we need to select an amplifier
with an open-loop gain that is high
enough for the application. “High enough
for the application” means that the
resulting /oop gain (open-loop gain/
closed-loop gain) will yield satisfactory
stability and gain accuracy. Remember
that in calculating loop gain the specified
dc open-loop gain may be used anly for
dc and very low frequency signals. At
frequencies above a few Hz the effective
open-loop gain is found by dividing the
specified gain-bandwidth product by the
signal frequency.

[n certain applications it is necessary
10 match the output capability of the
amplifier to the voltage and current
required to drive the load. In critical
applications the input specifications dom-
inate the choice, since the output can be
boosted as required with a fairly simple
buffer.

Other considerations include package
size and style, operating temperature and
compatibility with other environmental
conditions, power supply constraints,
and cost. The relative importance of
these items depends on the requirements
of the whole system concerned as well
as the specific function of the amplifier.

by C.V. Weden. Fairchild Instrumentation

Fig. 1a.

—— s vour
Vi o——

$1

ICI

Conventional sample-and-hold circuits
using operational amplifiers have ihe
general form of Fig. 1a. The voltage to
be held is sampled through switch S7
and stored on capacitor C1. The ampli-
tier funciions as a high-input-lmpedance,
unity-gain buffer between the voltage on
the capacitor and 1he outside world. The
charge on the slorage capacitor leaks
off at a rate determined by (he ampfifier
input blas current and the shunt resist-
ance 1o ground.

The addition of capacitor C2, equal to
C1, between the output and the invert-

Capacitor improves sample-and-hold circuit
J. N. Glles, Falrchlid Semiconductor, Mountaln View, Calif.

Marked improvement in voltage-holding ability ol a sample-and-hold clrcult is
possible when a capacitor is added (b) to the conventionas circuit (a).

ing input of the amplifier (see Fig. 1b)
improves the dascay time of the circuit
by better than a factor of ten. The cir-
cult operales as before, except that leak-
age across C7 Is now compensated for
by an equivalent leakage across C2 such
that the output vollage remains almost
constant, depending on the degree of
maich between the two input bias cur-
ronts and the capacilors. The output
drift can even be adjustied to zero by
irimming one of the capacitors 16 com-
pensate for the small difference in blas
currents.

* Reprinted with permission, and reproduced from the April 26, 1967 issue, Electronic Cesign,
published by Hayden Publishing Company, (nc., New York, N.Y.
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