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OPERATIONAL AMPLIFIERS , PART |

Principles of operation and analysis of errors

Ray Stata. Vice President
Analog Devices. Inc., Cambridge, Mass.

The term “operational amplifier” was orginally coined
by those in the analog computer field to denote an am-
plifier circuit which performed various mathematical op-
erations such as integration, differentiation, summation
and subtraction. Although operational amplifiers are still
widely used for analog computation, the application of
these devices has been so vastly extended that the termi-
nology is now archaic, Today, the widest use of operational
amplifiers is in such applications as signal conditioning,
servo and process controfs, analog instrumentation and
system design, impedance transformation, voltage and
current regulators and a host of other routine functions.

Non-linear applications of operational amplifiers have
also been added to the growing frontier of analog am-
plifier technology. In this category, operational amplifiers
are used for voltage comparators, A to D and D to A
converters. logarithmic amplifiers, non-linear function gen-
erators and ultra-linear rectifiers, to name only a few
applications.

_An operational amplifier is generally characterized by
the following properties:

o Extremely high dc voltage gain, generally in the range
from 10t to 10%.

e Wide bandwidth starting at dc and rolling off to unity
gain at from 1 to 100 Mc/s with a slope of 6 db/octave
or at most 12 db/octave.

e Plus and minus output voltage over a large dynamic
range, generally from =10 to +100v.

e Very low input dc offset and drift with time and tem-
perature.

e High input impedance so that amplifier input current

can be largely neglected.

The great versatility and many advantages of opera-
tional amplifiers stems from the use of negative feed-
back. You recall from circuit theory that negative feedback
tends to improve gain stability, to reduce output im-
pedance. to improve linearity and in some configurations,
to increase input impedance. As shall be pointed out later,
the extent to which closed loop performance is improved
by negative feedback, depends on the magnitude of loop
again (Af}).

Another useful property of negative feedback, which is
the basis for all operational amplifier technology, is that

with enough gain, the closed loop amplifier characteristics
become a function of only the feedback components. For
example, the gain of the closed loop circuit in Fig 1 is
determined almost entirely by the ratio of the two resistors,
Z,/Z; and is largely independent of the open loop char-
acteristics of the operational amplifier. Since the selection

-and configuration of the feedback components determine

the operation of the circuit, the versatility in applying
operational amplifiers is limited primarily by your in-
genuity in selecting and configuring the feedback com-
ponents.

OPERATIONAL AMPLIFIER CHARACTERISTICS

An ideal operational amplifier would have infinite open
loop gain and bandwidth and zero input noise, offset and
drift. In this case the feedback components determine
entirely the closed loop performance and the operational
amplifier has absolutely no effect on the circuit perform-
ance. Although, of course, no amplifier has these ideal
qualities, the performance of modern solid state amplifiers
closely approaches these limits. To discuss the limitations
of practical amplifiers and how these limitations effect
closed loop performance, the errors due to the non-ideal
characteristics of operational amplifiers are classified into
four basic categories:

e Static errors due to finite amplifier gain.
o Dynamic errors due to bandwidth limitations.

e Errors due to initial voltage and current offsets and
drift caused by temperature change, time stability and sup-
ply voltage change.

e Errors due to noise.

There are also more refined considerations such as com-
mon mode voltage characteristics and finite input and
output impedances which effect the performance of op-
erational amplifier circuits.

Static Errors Due to Finite Amplifier Gain

The most distinguishing feature of operational am-
plifiers is the staggering magnitude of dc voltage gain
which they boast. Even the least expensive differential
amplifiers have voltage gains of 10* while high perform-
ance chopper stabilized units have gains as high as 109,
Negative feedback around this high voltage gain, ac-
complishes the virtues of closed loop performance and

| Fig 1 (Left) — Operational amplifier
e, circuit. Fig 2 (Right) — Circuit to
{ determine the feedback attenuation f.




makes the circuit dependent only on the feedback com-
ponents.

Before proceeding to a mathematical analysis of op-
erational circuit performance, it is interesting to intuitive-
ly examine the significance of voltage gain. Suppose, as an
extreme case, you assume that the amplifier in Fig 1 has
a dc voltage gain of 10% and a maximum output voltage
#+10 v dc. In all other regards, suppose that the am-
plifier is ideal which among other things implies that
e, = 0 when ¢; — 0. You can then state that when the
output voltage swings through its extremes of 410 to
—10 v dc, the error voltage, e, will not vary by more
than =0.1 pv from ground. The currents through Z; and
Z, are then:

i;::(ei—ee)/zikci/z,- (l)
i,:(es-—eo)/z,r-z——e(,/zl (2)

To go further, let us say that in this circuit the ratio of
Z,/Z, is selected so that the output voltage will be 410
v dc when the input is —10 mv which states that the
closed loop gain, e,/e;, is 1000. Since the error voltage will
not exceed 0.1 pv, e, is completely negligible compared to
¢, and an error of less than 0.001% (0.1 pv/10 mv),
is committed by neglecting e, as compared to e;. Assum-
ing that e, — o, implies that i, == 0, which, for any prac-
tical value of Z;y, is an excellent assumption. If i, = o,
then,

From Eqs (1) and (2), the closed loop gain, determined
entirely by the ratio of Z, and Z,, is:

e/eg= —2,/27, 4)

This simple example shows the validity of two basic
assumptions which underlie the+analysis of all operational
amplifier circuits, namely:

e Feedback current, i, is equal to the input current, i,
since error current, i, is negligible.

e The error voltage, e,, across the operational amplifier
input terminals is agsumed to be zero volts.

To repeat, these assumptions follow from the fact that
negative feedback, coupled with high open loop gain, con-
strains the error voltagé and consequently the error cur-
rent to infinitesimal values. The higher the gain, the more
valid these assumptions become.

Quantitative Gain Error Analysis: To develop quantita-
tive expressions for the errors caused by finite amplifier
gain, assume that the amplifier in Fig | is ideal except
for finite gain. These assumptions can be statcd quantita-
tively as:

Ziy= c,e,=0 when e, = o0

Zyys = 0, w, = oo (infinite bandwidth)

For an amplifier with open loop voltage, A, thc exact
closed loop gain is,

e, _ Z, 1
PP Z; 14 (/AT +Z/Z) |
— ~ v
ideal error factor duc
amplifier to finite voltage gain

(5)

As the gain, A, approaches infinity, eq (5) reduces to
the form of an ideal operational circuit:

e, = — Z,/Z, (6)

Consequently, the error in closed loop gain, e /e;, due
to finite open loop gain, A, is:

» 1
14+/4AY1 4+ Z,/Zy)
If we let 1/ =1 4 Z,/Z; eq (7) can be rewritten
1
1 1/A48

The error factor is in a form which, when multiplied by
the ideal closed gain, gives the actual closed loop gain.
The percentage error due to finite gain A is:

error factor —

€))

error factor —

~1—1/A, for AB>> 1

e(%) = 100/ AP (8)

Gain Stability: Closed loop gain error, eq (8), is not in
itself tremendously important since the ratio Z,/Z, can
always be adjusted to compensate for this error. How-
ever, closed loop gain stability is an important considera-
tion in most applications. Closed loop gain stability is ef-
fected primarily by variations in open loop gain due to
changes in temperature and load or due to aging of
amplifier components. Redefining closed loop gain by
G = e,/¢e;, then

AGy AA 1

Gy A AB ®
From cq (9) any variation in open loop gain, A, is re-
duced by the factor Af in its effect on closed loop gain,
G.. Improvement in gain stability is one of the important
benefits of negative feedback.

Loop Gain

The product Ag which occurs in eqs (8) and (9), is
called loop gain, a well known term in feedback theory.
The improvement in closed loop performance due to
negative feedback is, in nearly every case, proportional to
loop gain.

To a first approximation, closed loop output impedance,
linearity and gain stability, are all reduced by Af with
ncgative feedback. Term {3, generally called feedback at-
tenuation, is defined as the factor by which the output
voltage, e,, is attenuated to produce the error voltage,
€., with the forward gain open and with the input source
replaced by its Thevin equivalent resistance. Assuming
zero source resistance, by definition 1/f from the circuit
in Fig 2 is:

Aeg  Zi+2Z, Z 1

pee — 7 Itz =73 (O

For Z; > Z;, which is generally the case for closed loop
gain greater than one:

I/B:-ezl/zich/ei:Gcl (ll)

Consequently, loop gain, Af, is approximately the ratio of
open loop gain to closed loop gain,

AB~ A/G,

This discussion emphasizes that the loop gain is the
significant factor in predicting the performance of closed
loop operational amplifier circuits. The open loop gain
required to obtain an adequate amount of loop gain will,
of course, depend on the desired closed loop gain. For
example, an amplifier with an open loop gain of 20,000
will have a loop gain of 2000 for a closed loop gain of 10,
but only a loop gain of 20 for a closed loop gain of 1000.
Frequency Dependence of Loop Gain: Thus far, it was
assumed that the open loop gain is independent of fre-



quency. Unfortunately, this is not the case. Lcaving the
discussion of the effect of open loop response on band-
width and dynamic errors until later, let us now investigate
the effect of frequency response on loop gain and static
€errors.

The open loop frequency response for a typical opera-
tional amplifier with superimposed closed loop amplifier
response for a gain of 100 or 40 db, illustrates graphically
(Fig 3) these results:

e Loop gain in db is the difference between open loop
gain and closed loop gain. Actually loop gain is the ratio
between open and closed loop gain, but subtracting on a
logarithmic scale is equivalent to normal division.

e Loop gain decreases with increasing frequency due to
the attenuation of open loop gain.

e Loop gain decreases for higher values of closed loop
gain.

o Closed loop gain depends entirely on the ratio of the
feedback components, Z, and Z;, and is independent of
open loop gain (apart from errors which are inversely
proportional to loop gain).

o Where the closed loop and open loop curves intersect,
loop gain is zero which implies that beyond this point,
there is no negative feedback. Consequently, closed loop
gain will be equal to open loop gain.

Fig 3 points out that the high open loop gain quoted
for operational amplifiers is somewhat misleading. Beyond
a few c/s, open loop gain is attenuated rapidly. Conse-
quently, closed loop gain stability, output impedance,
linearity and other parameters which depend on loop
gain, are degraded at higher frequencies. One of the rea-
sons for having dc gain as high as 10° and bandwidth as
wide as several Mc/s, is to obtain adequate loop gain at
frequencies even as low as 100 c/s.

One approach to improving loop gain at high fre-
quencies other than by increasing open loon gain is to
increase open loop bandwidth. Fig 4 illustrates the im-
provement in lcop gain obtained by increased bandwidth.
Another approach to improving loop gain at higher fre-
quencies, is to have faster attenuation of the open loop
response. Normally, operational amplifiers have 6 db/
octave attenuation to provide stable operation for all
values of resistive feedback. While it is true that fast roll-
off amplifiers are more difficult to stabilize, once the
techniques for applying amplifiers with these character-
istics are understood, it is just as easy to use them and
the high frequency performance is considerably improved
over conventional 6 db/octave amplifiers. Fig 5 illus-
trates the improvement obtained in loop gain at high
frequencies by using a fast roll-off amplifier.

8

Generalized Operational Circuit
With Multiple Inputs

In the foregoing analysis the impedances Z, and Z,
have been used to denote that the fcedback elements may
be any linear, passive, bilateral networks. These im-
pedances may be complex. For purposes of amplification
or isolation, the feedback elements would be resistors,
but in other applications such as servo controls, the feed-
back elements may be rather complicated networks. The
same analyses are applicable to non-linear feedback ele-
ments such as diodes or transistors.

In the most general cases, it is possible to sum or
otherwise manipulate a number of input voltages as shown
in Fig 6. In this configuration, the inputs are almost com-
pletely isolated from each other due to the very low
error voltage at the summing junction.

The generalized closed loop gain equation for this cir-
cuit is:

e, = (ideal amplifier) (error facter due to finite gain)

(12)
where:
. ips Z VA Z
(ideal amplifier) — e,-—zi— +e,—z-:—- + ... Fex -7;-

and (error factor) =
1

1k (14 5+ g )

Z ]
ore,— — e 8
° [2 & z‘][1+(1/,4)(1+z,/z,)]
where Z,, is the parallel sum of Z,, Z, . . . . Zy.
For any one input voltage eq (12) reduces to the form of
eq (6),

e, _ Z, 1
€ - Z¢ 1
I+
AB,
Except now,
zl

All of the preceding discussions and results are equally
applicable to the circuit in Fig 6, except that loop gain,
AB,, for this case may be considerably reduced due to
the parallel sum of the input impedances. The errors due
to finite loop gain will be increased by the ratio {/f,.
Since the loop gain for all inputs is the same, if any one
input impedance is low, the ensuing errors for all other
inputs are also increased.
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plifier.
Frequency Response and Dynamic Errors

We have already mentioned that nature imposes some
restrictions on the maximum achievable bandwidth for op-
erational amplifiers. Typical amplifiers have unity gain
bandwidth of 1 Mc/s with some special amplifiers hav-
ing bandwidths as high as 100 Mc/s. Since operational
amplifiers almost invariably employ large amounts of
ncgative feedback, the attenuation of open loop response
must satisfy certain requircments to insure stable closed
loop operation. H. N. Bode in his “Network Analysis
and Feedback Amplificr Design”, D. Van Nostrand,
Princeton, New Jerscy 1951 showed that closed loop op-
eration will be stable if the log plot of open loop gain
exhibits a slope of less than—12 db/octave in the region
of crossover.

Operational amplifiers are usually designed to have
attenuation of 6 db/octave to assure that closed loop

operation will be stable for all possible values of resistor -

feedback with the usual stray capacitance, load capacitance
and input capacitance which are present in a circuit. How-
cver, there are advantages to be gained from amplificrs
designed for 12 db/octave attenuation. The stability prob-
lem for these amplifiers can be solved, once a few basic
application techniques are understood.

Fig 7 gives a very close approximation to the open, loop
gain-phasc characteristics of a 6 db/octave amplifier.
Mathematically, the amplifier behaves like a simple linear
first order lag.

A(S)y =A,/ (1 +T,S), where S = ju
For frequencies greater than s = 1/T,, gain becomes,
A(S) = A/ TS = /S (14)

Substituting eq (14) for A in eq (5) the dynamic closed
loop gain response for the circuit in Fig 1 becomes:

z, [ 1
Z S Z,
_1+ w0 (1+ —ZT> (15)

=-[#][s]

where T, = [1 4+ Z,/Z;)/ v, = 1/Bw, (16)

Fig 8 illustrates the dynamic closed loop gain response
given by eq (15). The closed loop bandwidth is directly
proportional to open loop bandwidth o, and is inversely

e/e; == —

¢/ Z; »
]

'
T,
I

VOLTAGE GAIN—db

L i i 1 A .
BANDWIDTH -=-RAD/SEC weo

Fig 7 — Open loop gain phase response.

proportional to closed loop gain. This is another way of
stating that the gain-bandwidth product for a feedback
amplifier is constant. As closed loop gain is increased,
bandwidth is decreased.
Transient Response: The closed loop step response for eq
(15) is a simple exponential with time constant T,:
ety = (—Z,/Z)(1 — e—"/Te)
for eg=n_ (1)

The time constant, T, eq (16), increases for increasing
values of closed loop gain and decreases for increasing
values of open loop bandwidth, w, Fig 9 shows the step
function response together with the time required to reach
various percentages of the final values.

As an example, the time required for a one Mc/s unity
gain (w,) amplifier connected for a closed loop gain of
100 to reach 0.1% of its final value after a step input,

T=69T,=6.9(100/6.28 X 10°) = 110 psec

Rate Limiting, Slewing Rate and Full Output Frequency
Response: Another limitation to transient response is rate
limiting. Apart from bandwidth, operational amplifiers
have limitations on the maximum rate of change of output
voltage which will not permit the amplifier to respond as
fast as the amplifier time constant might indicate. This
tends to be a problem for large input voltage steps.

The maximum full output frequency is usually given by
the manufacturers to define this limitation. Alternatively,
a specification for maximum slewing rate is sometimes
given, generally in volts/usec. Slewing rate and full out-
put frequency are related as follows: for a sine wave, the
maximum output voltage for full output frequency, w,.

e,(1) = A, sin wy, t, where A, is the peak output voltage
The maximum rate of change of this voltage or slewing
rate is,

(deo/ At) maz = Apuwy,/ 10° volts/ psec

Fast Roll-Off Amplifier: Not only do fast roll-off am-
plifiers provide more loop gain at high frequencies as
previously discussed, but they also offer wider closed
loop bandwidth for a given unity gain crossover fre-
quency. Fig 10 shows a comparison of the closed loop
bandwidths obtainable for a 6 db/octave and a 12 db/
octave amplifier. Stable closed loop performance can be
obtained for a 12 db/octave amplifier by the addition of
a lead capacitor in the feedback network as shown in
Fig 11. The effect of the lead capacitor on closed loop
response is illustrated in Fig 12. So long as the rate of

A T3 -
Fig 8 — Closed loop frequency re-
sponse,
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Fig 9 — Closed loop step responsc.
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Fig 10 — Comparison of bandwidth
for 6 and 12 db/ octave amplifiers.
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closure between the open loop and closed loop response
curves is less than 12 db/octave, the closed loop response
will be stable. The location of the compensating break
frequency, w., establishes the closed loop phase margin.

Fig 13 illustrates a technique for isolating load ca-
pacitance which may cause oscillations for a 12 db/
octave amplifier. Since the load isolation resistor is inside
the feedback loop, low output impedance is maintained.
These illustrations are intended to indicate that in most
applications, a 12 db/octave amplifier can be stabilized
as well as a 6 db/octave amplifier and at the same time,
the benefits of increased loop gain at high frequencies and
wider closed loop frequency response are obtained.

Overload Recovery: Another source of dynamic error is
the overload recovery time after the amplifier has been
saturated. Chopper stabilized amplifiers, by their very
design, have notoriously long overload recovery times:
up to 3 minutes. Differential amplifiers are in general
much better in this respect with recovery times in the
range from 5 to 50 msecs. Moreover, 12 db/octave am-
plifiers tend to recover faster than 6 db/octave amplifiers
and may have recovery times as short as 200 usec.

A remedy for the overload recovery problem is to in-
clude a circuit in the feedback loop which prevents the
output from reaching the saturation voltage. One such
clamping circuit is shown in Fig 14. This circuit has a
response of a. few usec so that recovery time is generally
limited only by the closed loop bandwidth of the am-
plifier. In addition, this configuration limits the leakage
current through the feedback network to something less
than 10 pa, depending on the quality of the diodes.

Input Offset and Drift Errors

Although an ideal am-
plifier has exactly zero output voltage for zero input
voltage, any practical dc amplifier invariably exhibits an
input offset. Offset in itself is generally not a serious
problem since you may compensate for it with various
techniques by artificially injecting an equal and opposite
signal at the summing junction. However, any tendency
for the offset to drift either due to temperature change,
time or supply voltage variations, presents a basic limita-
tion since this drift would necessitate the compensating
signals to be constantly readjusted. One important figurc

of merit for an operational amplifier is the magnitude of
offset drift.

Offset drift falls into two separate and distinct categories.
One cause of drift can be characterized by a voltage
source connected in series with the summing junction,
Fig 15, while another source of drift can only be char-
acterized by a current source in parallel with the sum-
ming junction. To successfully apply operational am-
plifiers the distinction between these two sources of drift
must be understood in order to predict their effect on
circuit performance.

Voltage Offset and Drift: The principal causes for voltage
drift are changes in ambient temperature and supply volt-
tage- or long term stability due to component aging. Less
obvious and more uncommon sources of voltage offset are
self heating due to load variations and rectification of
high frequency overdrive signals. Encapsulated amplifiers
offering higher output voltage or current ratings are sub-
ject to considerable internal dissipation which may gen-
erate enough heat to cause the input to drift as the load
is changed. Input signals which contain frequency com-
ponents that exceed the amplifier bandwidth or rate limit-
ing capabilities may be rectified and cause an offset
referred to the input.

Voltage drift due to ambient temperature change is
generally specified as the average drift over a given tem-
perature range. This can be somewhat misleading. For
example, Fig 16 shows a voltage offset vs temperature for
a particular amplifier. Although the curve falls within
the specification limits, the slope of the curve at any one
temperature may exceed the average drift rate. A more
precise way of specifying drift is to give the maximum
total voltage change over the temperature range of in-
terest.

Another anomaly in specifying temperature drift is that
the ratings given are for steady state temperature con-
ditions. The drift performance, particularly for differential
type amplifiers, depends on precisely matching the tem-
perature effects of the input transistors. Successful op-
eration then depends on the components within the cir-
cuit being maintained at exactly the same temperature.
Encapsulated amplifiers use potting compounds with low
thermal resistance which tends to minimize thermal un-
balance. However, in applications where thermal gradients
are prevalent in the vicinity of the amplifier, it is possible
to obtain voltage offset transients which exceed the steady
state drift specifications by an order of magnitude. Chopper
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Fig 14 — Overload recovery circuit.

Fig 15 — Sources of offset drift.
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type amplifiers are relatively insensitive to thermal gra-
dients and they should be considered in environments
which present this problem.

Voltage source drift referred to the output for the
circuit in Fig 15 is given by,

Aeo = ed/ﬁ = ed(l + R,/R‘)
Ae, =~ e;R,/R;, for R, >> R, a7

where e, is the total offset voltage change over the time,
temperature and supply voltage range of interest. Eq (17)
follows directly from eq (11) where it was indicated that
the output is always 1/ times the error voltage at the
summing junction. Since e4 can be considered another form
of error voltage the same eq (11) is applicable.

Offset drift is defined in terms of the voltage required
at the input to rezero the output. Thus drift referred
to the input is obtained by dividing the output drift eq
(17) by the closed loop gain, R¢/R;,

Ae; — (ed/ﬁ) (Ri/R[) = ed(l + R’/R‘) (Ri/R,)
Ae; =~ ey, for R, >> R; (18)

It is important to note that the usual approximations for
voltage source drift referred to the input and output as
given by eq (17) and eq (18) can lead to substantial er-
rors for low values of closed loop gains. To illustrate this
point, the table, Fig 17 gives the exact values for input
and output drift for various values of closed loop gain,
R/R;, for an amplifier with e; — 20 pv/°C.

Closed Loop Gain Input Drift, uv/°C Output Drift, uv/°C

Re/R; e = ea(l 4 Ry/Ri) (Ri/R) €0 = eall 4+ Re/R))
1 40 40
2 30 60
3 26 80
4 25 100
5 24 120
10 22 220
100 20.2 2020

Fig 17 — Voltage drift vs closed loop gain.

Current Offset and Drift: The discussion of voltage offset
and drift in the previous section is applicable to current
offset and drift as well. except for one important .dif-
ference. Unlike voltage source drift, the effect of current
drift depends on the magnitude of the feedback com-
ponents since any current which is pumped into the sum-
ming junction is inherently balanced out by an equal and
opposite current which forced through the feedback im-
pedance, Z,. Consequently, the uncertainty in output volj-
age due to a change in offset current i, is:

Ae, — iR,

By dividing the output voltage by closed loop gain, the un-
certainty referred to the input is:

Ae{ = e,,/ (RI/R‘) = idR‘

Thus, to obtain the effect of current drift referred to the
input, multiply the current drift by the summing im-
pedance, R,.

Current Drift Compensation: For differential type am-
plifiers it is possible in some applications to partially com-
pensate for current drift. This follows as actually, each
input of the amplifier has an effective parallel current

drift source as shown in Fig 18. The current drift and
offset at each input tend to track with changes in tem-
perature, time and supply voltage. Therefore, if the im-
pedance in each leg is balanced, the effect of current drift
and offset tend to be cancelled.

The circuit in Fig 18, illustrates the connections for
current drift compensation. For this circujt the current
drift at the output is:

Aeo = _idl(Rc) (R‘ + R!) ,/R‘ + idl(RI)
For the case where R, = R¢R;/ (R; 4+ R;) this becomes:
Aeo = Rl(idl — id!)

Dividing the output drift by the closed loop gain
(—R/R,), gives the drift referred to the inputs as:

Ae; = Ry(ige — igy)

Consequently, if the two current sources are exactly equal
in magnitude and R, is chosen correctly, current drift is
entirely cancelled. Although this is never quite the case,
at the extreme of operating temperatures where current
drift is worst, you can obtain by this technique an improve-
ment in current drift approaching a factor of ten.

Combined Voltage and Current Drift: Total drift, which
is obtained by combining voltage and current drift, referred
to input and output is:

Ae‘ =€y + idR‘ and
R .
Ae,, — €y —Ié + lde, for R, >> R‘

It is informative to illustrate by an example, the relative
importance of voltage and current drift. The chart, Fig 19
gives the total drift referred to the input of a typical
differential amplifier with average voltage and current
drift of 25 puv/°C and 0.5 na/°C respectively. Total drift
is given for various values of summing resistor R,.

Input drift for low impedance circuits is thus primarily
due to voltage source drift, while for high impedance cir-
cuits, input drift is primarily due to current source drift.
In conclusion, you must consider both the voltage and
current source drift, together with impedance levels, in
predicting the offset and drift performance of an opera-
tional amplifier.

Errors Due to Finite Input Impedance

The prior discussions have presumed that open loop
input impedance is infinite. Actually, solid state operational
amplifiers have input impedances which range from 100
KQ to several Mf). In most applications it is reasonable
to neglect the effects of finite input impedance; however,
in instances where the summing impedance; R,, is com-
parable to or larger in value than the amplifier input
impedance, the closed loop performance of the circuit
is somewhat degraded. The primary effect of finite input
impedance is to reduce loop gain.

The degradation in close loop performance due to
finite input impedance is best explained in terms of feed-

I lfﬁi [

Fig 18 — Current drift compensation.




Ri Ae; due to eq Aej due to iq Total Ae;
Ko nv/*C nv/°g uV/*C
1 25 0.5 25.5
10 25 5 30
100 25 50 75

1000 25 500 525

Fig 19 — Comparison of voltage and current source drift.

back attenuation (f§): The circuit Fig 20 shows an am-
plifier with finite input impedance.

The calculation for § from eq (1) must be modified
to account for the fact that Z,\ appears in parallel with
Z, in the feedback voltage divider.

If we let,

Z,=2, Z;y/(Z; + Z,y) (19)
then fromeq (11),
(Ae/Ae)(Z,+2)/Z, =1+ 2/ Z, =1/}
or

, 1
V=117zz)

Wken Z; becomes comparable to or higher in value than
Z,y, the value for feedback attenuation and consequently
loop gain, Af}’, is substantially reduced. For example,
if a one megohm summing resistor were used with af
amplifier with 100 KQ input impedance, loop gain
would be attenuated by approximately a factor of ten.

Fig 21 shows the effect of Z;y on loop gain. A less
obvious effect of finite input impedance is that the at-
tenuation in loop gain also reduces closed loop bandwidth.

Finite Z;y, does not affect closed loop gain, except
by the increased errors due to reduced loop gain.

(20)

Fig 20 — Amplifier with finite input impedance,

Closed Loop Input Impedance

For the inverting connection, Fig 20, the closed loop
ipput impedance is almost exactly equal to the summing
impedance, Z;, since the summing voltage is at virtually
zero voltage. To. bé exact, the input impedance for this
connection is,

(Zix2))/(2)x + Z))
Y AZ)y/ (Z,y +2Z))

In the non-inverting connection, Fig 22, negative feedback
is used to produce extremely high input impedance.
Closed loop input impedance for this configuration is:

Zy.y = Z;y(1 + AB)

Theoretically, it is possible to obtain fantastically high
input impedance in this way. However, common mode
impedance and leakage resistance associated with the
wiring and connectors tends to limit the attainable input
impedance to gencrally 100 MQ except for special very
high input impedance amplifiers.

Z(cl = Z‘ + 7

Errors Due to Non-zero Output Impedance

Open loop output impedance, Z,, varies from as little as
a few ohms to as much as several thousand ohms, with
the majority of solid state amplifiers having 100 to 500
Q output impedance. Output impedance forms a voltage
divider with the load and feedback impedance which ef-
fective]y attenuates open loop gain, A, which in turn re-
duces loop gain. The exact expressions for open loop gain
taking output impedance into account is:

s A;-(Z,,Z/Z,) _ i} 4
VA
1 1+Ziu] , 1+ 2
+[ ZfZL ] ° 1+ Z’ZL Z“

(22)

Normally, manufacturers specify open loop gain at rated
load with the assumption that Z, > Z; so that in effect,
a value for A’ is given. Open loop gain will vary slightly
as the load impedance is changed. However, from eq
(9) this variation is reduced by the loop gain in closed
loop operation.

Output impedance will also cause additional phase shift
with a capacitance load which tends to introduce stability
problems. The circuit in Fig 13 shows a technique for
correcting this difficulty.

Negative feedback reduces open loop output impedance
by a factor approximately equal to the loop gain. Quan-
titatively, closed loop output impedance is:

¥4

. [
Zm'l—- 1+A’ﬁ’

Errors Due to Noise

Noise can be considered as any spurious output which
is not contained in the input signal. Drift is mcrely a
special case for noise which occurs at very low fre-
quencies. The analysis of drift and the equations given
to predict drift referred to the input and output are
equally applicable to high frequency noise signals. In the
general case, noise, like drift, can be characterized by a
voltage source in series with the summing junction and a
current source in parallel with the summing junction
as depicted in Fig 15. Like drift, the effect of current



noise is directly proportional to the summing impedance.

Since noise is related to the bandwidth over which the
measurement is made, no noise specification is meaningful
unless the frequency band for the specification is given.

Sources of Noise: Noise may appear at a discrete fre-
quency, such as 60 c/s. It is usually picked up by elec-
trostatic or electromagnetic coupling to the power lines
or ac power transformers. In a chopper stabilized amplifier,
there is usually noise generated at the chopping frequency.
This noise may be produced by insufficiently shielded
chopper drive leads or through electrostatic coupling with-
in the chopper itself.

Noise can also arise from man-made RF interference.
For example, the opening of a relay contact handling an
inductive load may radiate sufficient energy to cause
pulses of more than one volt peak to be generated across a
three foot length of wire several feet away from the noise-
generating circuit. The induced noise generally appears in
the form of ringing at a frequency determined by the in-
ductance and capacitance of the conductor that acts as a
receiving antenna. While this ringing may appear in the
region of 10 to 100 Mc/s, it may result in a low-frequency
pulse output from a dc amplifier.

Because the base to emitter diode of a transistor am-
plifier stage is a rectifying junction, an RF noise input
can be converted to a dc output. Thus transistor am-
plifiers are occasionally found to produce an audio out-
put when in the vicinity of a strong broadcast station or
may produce an audio pulse output due to an arcing relay.

RF noise may be fed into an amplifier through any
connecting wire, including power supply and cutput leads.
You can prevent noise pick-up by adequate shielding and
the use of low-pass filters on all incoming leads connected
with very short wires. Such filters generally have to be
isolated from the feedback loop by adequate resistance in
series with the input or output lead.

Random or statistical noise is generated in semiconduc-
tors and other components within an amplifier. “White”
noise is a particular distribution of random noise which
contains equal amounts of energy in each cycle of band-
width. Such noise when generated by a resistor is termed
“thermal” noise. The noise voltage generated by a transis-
tor is generally white in the medium-high frequency re-
gion and increases in its energy per cycle at extreme high
and low frequencies. Restricting the bandwidth of a sys-
tem to the minimum usable and using the lowest im-
pedances possible are ways to minimize random noise.

Thermal Noise: Thermal noise is generated in any con-
ductor or resistor as a result of thermal agitation of the
electrons, which gencrates minute voltages in a random

1
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Fig 21 — Effect of ZiN on loop gain and bandwidth.
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Fig 22 — Non-inverting connection for high input im-
pedance.

manner across the terminals of the conductor or resistor.
This noise voltage, sometimes referred to as “Johnson
noise”, is generated in the resistive component of any im-
pedance and has a value:

E, = V4KT &/R

where E, = the rms value of the noise voltage,
K = Boltzmann's Constant = 1.38 x 10—23 jou!es/
OK’
T = absolute temperature of the resistance, °K,
Af — the frequency band in which the noise is

measured.

As a thumb rule, remember that a 1 k() resistor generates
1 uv rms in a 60 kc/s bandwidth. A 100 k) resistor
generates 10 pv rms in the same bandwidth. The noise
voltages generated by other values of resistance in other
bandwidths can be calculated from these numbers by
remembering that the noise is proportional to the square
root of the resistance and the bandwidth.

Noise Specification: Although equivalent input noise volt-
age and noise current are most commonly used to char-
acterize operational amplifier noise, there are several
methods for specifying amplifier noise.

Equivalent Input Noise Voltage: It is convenient to sep-
arate the effects of equivalent input noise voltage and
current. The equivalent input noise voltage of a dc am-
plifiers is that equivalent input noise voltage generated in
series with a short circuit at the input terminals.

Equivalent Input Noise Current: When an amplifier is con-
necfed to a high impedance source, its noise output in-
creases beyond that due to amplified noise voltage in the
source resistance. When the source resistance becomes very
large, the noise in a given bandwidth referred to the
input becomes proportional to the source resistance. The
increase in noise may be expressed in terms of an equiv-
alent input noise current which causes a noise voltage drop
across any large source resistance. Measurement of this
noise current is generally made at such a high value of
source resistance that the equivalent input noise voltage
is much greater than that obtained with a shorted source.

Noise Figure: Noise figure is the ratio in db of the equiv-
alent input noise power of the amplifier with a given
source resistance over that noise power generated in the
source resistance alone. For example, an amplifier hav-
ing an equivalent input noise of 2 uv rms over a 60 kc/s
bandwidth when connected to a 1 k{) source resistor has
a noise figure of 6 db because the equivalent input noise
power is four times that of the source resistor alone.

Lquivalent Input Noise Resistance: The equivalent input
noise of an amplifier may be expressed in terms of the
noise that would have been generated by a resistor con-
nccted in series with the input terminals of a noiseless
amplifier. In the example above, the amplifier had an
equivalent noise resistance of 3 k) which, when added
to the source resistance of 1 k{), generated an equivalent
input noise voltage of 2 uv rms. [ |



OPERATIONAL AMPLIFIERS, PART II

Inverting, non-inverting and differential configurations

Ray Stata, Vice President
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Part |. Principles of Operation and Analysis of Errors appeared
in the September issue of EMD.

Most operational amplifier circuits are constructed in
one of three basic amplifier configurations—inverting,
non-inverting or differential. The useful properties of all
three configurations depend on the virtues of negative
feedback coupled with extremely high open loop voltage
gain. The configurations differ only in the manner in
which the input signal is applied and the feedback com-
ponents are arranged. The relative merits and limitations
of these three basic configurations are discussed in this
article.

INVERTING CONFIGURATION

The characteristics of the inverting configuration (Fig
23) were analyzed in Part I and will not be repeated
here but a summary of the essential advantages and dis-
advantages is presented.

Highest accuracy can generally be obtained with the
inverting amplifier, since, unlike the non-inverting am-
plifier, one input is normally grounded and there are no
common mode voltage errors. Single ended amplifiers,
which require that one input be grounded, can be used
only in the inverting connection. This includes most chop-
per stabilized type operational amplifiers. For ac amplifiers
you can obtain the lowest distortion in the inverting mode
since common mode voltage errors also introduce distor-
tion. The inverting configuration is excellent for summing
two or more input signals. This follows as the summing
junction is virtually at ground potential so that the input
signals are almost completely isolated from each other.

Another versatile feature of the inverting amplifier is
that it is possible to obtain closed loop gains less than
one; which is not possible with the non-inverting amplifier.

(+)
(+)

Fig 23 — Inverting configuration.

In many applications such as active filters, servo am-
plifiers and integrators you must attentuate a portion of
the frequency response below unity gain.

Closed loop input impedance, for the inverting am-
plifier, which is essentially equal to the summing im-
pedance, Z,, is limited to a few megohms for all prac-
tical purposes. This follows, because as a rule of thumb,
the summing impedance should not be much greater than
the amplifier’s open loop input impedance, Z;y, which for
most solid state operational amplifiers is in the range
from 0.1 to 1 megohm. Another limitation is that the
inverting configuration for very low closed loop gains
degrades voltage source drift and noise by as much as a
factor of two for unity gain. This degradation in drift
and noise does not occur for the non-inverting configura-
tion. The inverting configuration is a poor choice if you
require both high input impedance and wide bandwidth.
When using large summing and feedback resistors, stray
capacitance has a greater effect in limiting closed loop
bandwidth,

Low Input Impedance

Negative feedback reduces the input impedance at the
summing junction of the inverting amplifier to negligible
proportions. You can use this characteristic to advantage
in some applications such as amplifying the output from
photocells and other current generator type transducers.
In analyzing circuits of this type it is convenient to treat
the input signal as a current source as shown in Fig 24.
Closed loop gain from a current source with infinite source
impedance, is:

. 1
e,/ i, = —(Z,)m— m~—Z for AR >>1

where 1/8 =1 4 —ZgL and A is the open loop gain. (23)
N

—O0 e,

Fig 24 — Current source amplifier.



We see that if loop gain, Af, is sufficiently large, the
value of the feedback resistor, Z, entirely determines the
gain. Closed loop input impedance is:

( Z"Z]N )
. Z/+ZIN
A= =Tatap oY

When the source impedance, Z,, becomes equal to or
less in value than the open loop input impedance Z,y,
in parallel with the feedback impedance Z,, you attenuate
loop gain For finite, Z;, modify eqs (23) and (24) by
substituting 1/f for 1/f8 where:

Z(Z, 4 Z;y)

5
Z.Z;y (2%)

I'f=1+
The effect of voltage and current drift for the circuit in
Fig 24 is more revealing when referred to the output.
Drift at the output is:

z Z ;

ae, = ¢y (—%’—') + iZ; (27)
s

where ¢, is the voltage source drift, iy is the current source

drift,

NON-INVERTING CONFIGURATION

The most useful property of the non-inverting am-
plifier is the extremely large input impedance developed
by negative feedback. Consequently, this configuration is
most usful as a buffer or impedance transformation am-
plifier and for amplifying signals from very large source
impedances.

Fig 25 — Non-inverting configuration.

In this configuration, the input signal feeds to the non-
inverting input and feedback returns to the inverting input
as shown in Fig 25. Since negative feedback maintains
the error voltage between the amplifier inputs to an in-
finitesimal value, you see that the negative input must
follow any changes applied to the positive input. There-
fore, the successful performance of this circuit requires
a differential input amplifier where both inputs can op-
erate above ground potential and where the rejection of
common mode voltage is very good. Since most chopper
stabilized operational amplifiers are single ended, you can
not use them in this circuit.

Closed Loop Input Impedance

The high input impedance of the non-inverting connec-
tion is due to what is basically potentiometric feedback
where the output signal or some fraction thereof is
summed in series with the input. Consequently, the only
input current which flows is due to the error voltage

Fig 26 — Non-inverting amplifier with common mode
input impedance.

across the amplifier's open loop input impedance Zy.
Quantitatively, eq (28) gives the closed loop impedante if
you assume that Z;y is greater than the parallel impedance

of Z, and Z,.

Then,

Z, = Z,N[I + Aﬁ]: Zyy [1 + 4 (T_Z*_'_Z_’)J(ZS)

Notice from eq (28) that Z; depends only on the ratio
of Z,/(Z, + Z,). Therefore, the magnitudes of Z, and
Z, can be quite low without affecting input impedance,
their magnitude being limited onily by the output cur-
rent rating of the amplifier. This situation offers two
distinct advantages as compared to the inverting am-
plifier. First, for circuits requiring high gain and high
input impedance, you can select resistors in a range of
values where high quality, stable components are readily
available. Secondly, you can design high input impedance,
wideband amplifiers since stray capacitance has a smaller
effect with the relatively low impedances which can be
used for the feedback components.

From eq (28) you would expect input impedance to
approach infinity as open loop gain, A, becomes very
large. This would be true if it were not for common mode
input impedance, In addition, to the impedance between
amplifier inputs, Zy, there is also an effective impedance
from each input to ground as shown in Fig 26. The
parallel sum of the impedances from each input to ground,
generally specified as the common mode input impedance,
is Z,,, where:

Zom1* Zoms
Zoml + Zom!

For transistor type differential amplifiers, common mode
impedance generally ranges from 10 to 500 megohms and
it is this value which sets the upper limit on the closed
loop input impedance, Z;, which can be achieved in the
non-inverting configuration. Note that the output supplies
the current for Z,, so that only Z.,, draws input cur-
rent. Therefore, the expected limit on closed loop im-
pedance would be twice the specified common mode im-
pedance, Z.

At high frequencies three factors pose additional limits
on the achievable input impedance.

Z,, =

e Lower open loop gain at higher frequencies reduces
the negative feedback which causes the high input im-
pedance.

e Shunt capacitance across the inputs reduces open loop
input impedance at high frequencies.

e Shunt capacitance to ground reduces common mode
impedance at high frequencies.



Closed Loop Gain

Assuming infinite input impedance, closed loop gain is:

€ _ [Z,-{-Z, 1

e, Z, I41/48
N N\t

ideal error due to

amplifier finite gain

Z,+ 2,
- (T) ( 1—1/48 ) (29)

where 1/ = (Z; + Z,)/Z, is the ideal closed loop gain,
A is the open loop gain and the factor Af is the loop
gain. As for the inverting configuration, gain error is
inversely proportional to loop gain. Eq (29) shows that
with infinite AB, you cannot attenuate the closed loop gain
below unity for anv frequency. Unity gain occurs when
Z,— wandZ, = 0.

Gain for finite open loop input impedance, Zix, is,

2 =232 [rmr]
P Z, 14 1/4p

where 1/f' = (z,;z,) (Z”"Z'*' z,) (30)
1 IN

Consideration of common mode input introduces a
further error in the closed loop equation. To a first
approximation you should look at the effect of common
mode impedance as forming a voltage divider to ground
with source impedance, Z,. This case modifies the gain
equation to:

2 =(227) (2237) Gmw) o0

Common Mode Voltage Errors

Common mode voltage rejection is a source of error
for the non-inverting configuration which is not a prob-
lem for the inverting connection. Ideally, for a differential
input amplifier, the gain from each input to the output
is exactly equal and opposite so that no output is pro-
duced when the same voltage is applied to both inputs.
When the gains of each input are not exactly balanced,
an output will be produced for a common mode input
voltage. This output error, generally referred to the input
as a ratio of the applied common mode voltage, is the
common mode rejection ratio (CMR).

Since both inputs of a non-inverting amplifier assume
approximately the same voltage, you would expect an
input error equal to the CMR times the input voltage.
The limit of the maximum input voltage is generally
specified as the maximum common mode voltage.

Yoitage Drift and Offset

Unlike the inverting amplifier, input voltage source drift
(and noise) referred to the source voltage is independent
of closed loop gain for the non-inverting amplifier. Thus
for unity gain, voltage drift is improved by a factor of two
as compared to the inverting amplifier.

Current Drift and Offset

The effect of current source offset and drift depends
primarily on the magnitude of the source impedance. As
shown in Fig. 27 offset current required by the plus in-
put must be drawn through the source resistance. This
produces an input offset voltage proportional to the prod-
uct of offset current, iy, and the source resistance, Z,.

Ae, — i,Z,

For very large source impedance, the magnitude of initial
offset current and current drift is a very important con-
sideration in selecting an amplifier. For example, an am-
plifier with any initial offset current of 10 na and current
drift of 1 na/°C when used with a source impedance of

+V

-V

Fig 27 — Balance circuit for offset current (Z3 > > Z)).

10 megohms will produce an input offset voltage of 100
mv and drift of 10 mv/°C.

To bias out the initial offset current, sum an equal and
opposite current to the non-inverting input as shown in
Fig 28. However, the biasing network used in this scheme
tends to lower the input impedance. Fig 27 shows a pre-
ferred circuit for zeroing large voltage offset due to in-
put current which does not affect input impedance.

It is important to realize that the external zero voltage
adjustment provided with many amplifiers is intended for
balancing the amplifier’s initial offset voltage and it should
not be used to compensate for large voltage offsets due
to offset current. The reason is that you may increase
drift by intentionally generating a large voltage offset
within the amplifier to compensate for current offset.

To reduce the effect of initial current offset and drift
in some cases, add a resistance equal to the source im-
pedance in series with the inverting input. Since offset
current at each input is generally about equal and tends
to track with temperature change, equalizing the im-
pedance in both input leads cancels the effects of current
drift to the extent that the input currents track. The limita-
tion here is that as Z, becomes greater than the open loop
input impedance Z;y, loop gain is lost. Moreover, large
impedance in the inverting input tends to restrict the
bandwidth due to stray capacitance and to generate exces-
sive noise.

For the inverting amplifier, drift errors due to current
offset, i , increase proportional to closed loop input impe-
dance, since the summing impedance, Z , determines both
the input impedance and the drift errors (i Z ). However,
for the non-inverting amplifier drift errors due to current
offset is only a function of the source impedance (i Z )
and is independent of closed loop input impedance. Usually
the non-inverting amplifier is considered as a means of ob-
taining higher input impedance, but from this analysis we
can see that another and equally important consideration
by selecting the non-inverting configuration is to obtain
lower overall drift errors for a given source impedance.



Non-Inverting ac Amplifier

When a blocking capacitor is used to ac couple the
input 1o the non-inverting amplifier, a dc path must be
provided for the input current as shown in Fig 28. Re-
turning the leakage resistor to ground or preferably to a
bias voltage, generates an equal and opposite current to
null the initial offset current. The closed loop gain am-
plifies any offset voltage developed by input current to
produce an output offset which tends to limit the output
dynamic range. The maximum value for-use for leakage
resistance, Ry, is limited by the magnitude of current drift,
the closed loop gain and the required output dynamic
range.

Limitations on Maximum Source Impedance

Several factors have been mentioned which limit the
maximum source impedance which can be used with a
given set of amplifier specifications. The major con-
siderations are:

e Loop gain is attenuated when the source impedance ex-
ceeds the amplifier’s open loop input impedance, Z;y. The
magnitude of this attenuation is Z;x(Ziy + Z,). Gain
accuracy, gain stability and closed loop input impedance
are all degraded by loss of loop gain.

o The effect of input current noise is proportional to the
magnitude of source impedance and excessive input noise
can be generated for very large Z,.

es

Fig 28 — AC non-inverting, with current offset adjust.

e Input voltage drift is produced which is proportional
to the product of source impedance and current source
drift.

e When the source impedance, Z,, becomes comparable
to or greater than the common mode impedance, Z,, an
additional error is introduced into the closed loop gain;
the error factor being:

27,
2 Zcm + Zs

In cenclusion, open loop input impedance, both common
mode and differential, current source drift, noise and off-
set and open loop gain are the principle amplifier specifi-
cations which limit the maximum source impedance which
can be used with the non-inverting configuration.

€52

Fig 29 — Differential configuration.

DIFFERENTIAL CONFIGURATION

Ideally, the differential configuration shown in Fig 29
amplifies only the potential difference between e, and e,.
Voltages of the same potential, so-called common mode
voltage, are not amplified. This configuration is useful
in such applications as amplifying signals which are floated
above ground potential, substracting voltages and measur-
ing resistance bridge signals. The circuit can also amplify
small signals in the presence of common mode noise
voltage. Closed loop gain, for an infinite gain amplifier is:

ome () (B2) () o

Except in applications, such as substracting, which re-
quire a scale factor difference, adjust the ratios Ry/R,
and R,/R; to be equal. In this case eq (33) becomes:

R R,

R
€y — (—R—:) (e,—e,) forR—: = —R-T

(34)

Closed loop input impedance for e, is just the summing
resistor, R;, while for e, it is (Rs 4 Ry). Like the in-
verting amplifier, the differential amplifier sometimes suf-
fers from the relatively low input impedances which can
be achieved. Fig 30 shows one arrangement of amplifiers
which combines the high input impedance of the non-
inverting amplifier with the common mode rejection ca-
pabilities of the differential amplifier. Gain for this cir-
cuit is:

€= (1 x4 y)—‘,%(e. —e) (35)



Fig 30 — Circuit for differential, high input impedance.

Common Mode Voltage and Rejection Ratio

The circuit of Fig 29 requires a differential input type
amplifier where both inputs are operable above ground
potential and where the rejection of common mode voltage
at the two inputs is very good. Both inputs are con-
strained by negative feedback to be at essentially the
same potential which is (e;) (Ry/R3 4 R,). If we call
B, the maximum common mode voltage which the am-
plifier input terminals can withstand, then the maximum
common mode voltage which can be applied to e; end e,

is,
R, (36)

e, s max. = E,,

Common mode rejection ratio (CMR) is defined as the
applied common mode voltage divided by the resulting
error referred to the input. CMR for the circuit in Fig
29 depends on several factors which are discussed sep-
arately below. We shall assume here that R; — R; and
R2 = R4.

Source Impedance Unbalance: An unbalance in source
impedance will cause 2 common mode voltage error. The
CMR, due to a small unbalance in source impedance is:

Ruy 4 R + Ry an
(R,; + R;) — (R + Ry)
ForR,= Ry, R, —=R,,R,; =R, R;y = R, — AR,
and R, > > AR,

AR (1+ R,+R,>

CMR =

l

Hence a given percentage unbalance in R, will have a
smaller effect on CMR when (R; 4+ Rz) >> R,.

Summing Impedance Mismatch: A common mode error
is also introduced by a mismatch in the summing im-
pedances, R, and R,. Use eq (37) to predict the CMR due
to this mismatch. Assuming R,; =R, =R, Rz=R;
— AR,, and R, > > AR,, then eq (37) becomes:

cMR ~ 2 (1+ R, +1R.)

AR,

Feedback Impedance Mismatch: A mismatch in R, and
R, will cause a common mode voltage error for which
CMR is given by eq (38).

_ (R:+R +Ru) ( R, )
CMR = 1 L] 38
( R, — R, R +R;) Y

Assuming
R,,=R,, =R, R, =R, + AR,and R, >> AR,
then eq (38) becomes,

o £ (14748 ()

From eq (39) we see that a circuit with higher gain,
R,/R,, will have a higher CMR for a given percentage
unbalance, Ry/ AR,.

Amplifier Common Mode Rejection: The inherent com-
mon mode rejection of the amplifier itself will limit the
common mode rejection of the circuit to that of the
amplifier. Note that unbalancing the resistors R; and R,
or R, and R,, cancels the common mode error and ef-
fectively increases the CMR to infinity. The residual signal
due to a common mode voltage will then consist of only
distortion components arising in the input stage of the
amplifier as it swings over the common mode voltage
range.

AC Common Mode Rejection; When used to reject ac
common mode voltages, unbalance of stray capacitance
between each input and ground can cause a common mode
voltage error. CMR due to stray capacitance is given by:

(Rp + jXI) (Rp + in)
Ry(jX, — jX,)
where R, = R;R./(R; 4+ R;), jX; is the reactance to

ground from input e, due to stray capacitance and jX, is
the reactance to ground from input e..

CMR — (40)

Voltage and Current Drift

Offset and drift for the differential configuration are
very much the same as for the inverting configuration
which was discussed in Part I Sept EMD. In most dif-
ferential amplifiers, the parallel sum of the impedances
from each input to ground is balanced. Since the current
at each input tends to track the other with changes in
temperature, voltage offset due to current drift is cancelled
to the extent that the currents do track.

OPEN LOOP OPERATION
AND VOLTAGE COMPARATORS

In some applications you use the extremely high sen-
sitivity of operational amplifiers, due to high open loop
gain, with little or no feedback. In this case, the opera-
tional amplifier operates basically as a switch, since output
is saturated at either the maximum positive or negative
output voltage and a very small input voltage will cause
the output to change polarity. Voltage comparators, used
in digital voltmeters, analog-to-digital converters and pre-
cise timing circuits, are the most common application of
operational amplifiers in the open loop mode. Fig 31
shows a simplified circuit for a voltage comparator.

The input signal, e,, and the reference signal, ey, must
be of opposite polarities. As the input voltage exceeds the
reference voltage, a very small difference will cause the
output to rapidly switch polarity. The threshold, or volt-

-3} R' v
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Fig 31 — Voltage comparator circuit.



age difference required to switch the output, depends on
the maximum swing of the output voltage and the open
loop gain of the amplifier. For example, if the maximum
output swing were =10 v and the open loop gain were
100,000, a 100 uv difference between the input and refer-
ence voltage would switch the output polarity. For a 100 v
reference signal, this gives the circuit the ability to com-
pare voltages to within one part in 108,

If you slowly vary the input voltage, any noise appear-
ing on the input signal, the reference voltage or any noise
picked up by the summing junction or generated within
the amplifier itself will cause the output to chatter at
the time of coincidence. Fig 32 shows how to eliminate
this chattering by the use of positive feedback, which pro-
vides a hysteresis exceeding the noise level.
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Fig 32 — Voltage comparator with hysteresis (R7 > > Ry).

The zener diode feedback limits the amplifier output
swing to —0.5 to 5 v. As the input voltage approaches the
trigger level, the regenerative feedback due to switching
the output causes a step in the net voltage of the posi-
tive input equal to one-thousandth of the output voltage
change, or 5.5 mv. If the input noise level is less than
5.5 mv peak-to-peak, there will be no chattering of the
output as a result of noise for a monotonic change of e,
due to the bias generated at the positive input. Adjust the
amount of hysteresis by changing the zener diode voltage
or the ratio of R; and R,. Add the resistor, Ry, in the
positive input to balance the impedances of both am-
plifier inputs to ground, thereby reducing input offset due
to current drift. Use the bias circuit formed by R, and
P, to zero initial input offset.

Diodes D; and D, reduce leakage current to the sum-
ming junction which is generated by the zener diode, Dj.
To some extent, depending on the values of R,, R4 and
€rer» these diodes also protect the summing junction from
overloads. However, for very large reference voltage and
small R, it may be desirable to add a pair of low leakage
silicon diodes from the summing junction to ground to
prevent damage or saturation of the amplifier input for
large unbalance between the input signal and the refer-
ence voltage. With protecting diodes to ground and stable
summing resistors, excellent performance is possible with
hundreds of volts unbalance. The clamping feedback
circuit also prevents the amplifier from saturating which
guarantees rapid recovery in switching the output. The
capacitor, C,, speeds the switch action of the regenera-
tive feedback and improves closed loop stability for some
amplifier types.

Errors In Comparator Circuits

We have already mentioned that one error in the com-
parator’s operation is the amount of error voltage re-
quired at the summing junction to switch the output. Most

operational amplifiers have sufficient open loop gain so
that this error is small compared to that due to noise
and drift. Noise for obvious reasons limits the threshold
of comparison and hysteresis should be used which is
greater than the peak-to-peak noise at the summing junc-
tion from all sources including the signal and reference
voltages.

Input offset drift, of course, shifts the level of coin-
cidence between the input signal and the reference signal
and thereby introduces an error in the absolute voltage as
well as the repeatability of comparison. The factors con-
tributing to input offset drift are the same as though the
amplifier were used as a linear inverting amplifier and
can be predicted from the amplifier's specifications and
other considerations previously discussed. The same tech-
niques that minimize drift in linear dc amplifier circuits
should be used in comparator circuits. Namely, the sum-
ming impedance should be as low as possible, the im-
pedances of each input of a differential amplifier should
be balanced and summing impedances greater than the
open loop input impedance of the amplifier should be
avoided. With differential type amplifiers, noise and drift
errors below 1 mv can be readily obtained and with chop-
per stabilized amplifiers, errors less than 50 yv are possible.
Frequently these low errors are exceeded by noise and drift
in the input and reference signals.

Response Time

When the input signal is changing rapidly through the
trigger point, there may be a delay in the output switching
due to the frequency response characteristics of the am-
plifier. While you can sometimes compensate the delay
by a change in the reference voltage, this delay is frequent-
ly a function of temperature. For this reason, you obtain
best high speed operation with amplifiers having wide
gain bandwidth. Actually slewing rate or, alternatively,
full output voltage response is the most significant specifi-
cation, since rate limiting generally restricts the response
time.

Overload recovery time can also introduce a delay ip
response. Therefore, the amplifier used must either have
very fast recovery time or a circuit like that in Fig 32
must be used which prevents output overload and there-
fore any delay due to overload recovery. | |




