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Preface

Operational amplifiers have been in use for many years. Originally they were
built using discrete transistor circuits, but the development of the integrated cir-
cuit (IC) has revolutionized analogue circuit design. The operational amplifier
was one of the first analogue integrated circuits, because of its usefulness as a
building block in many circuit designs. The popularity of the operational
amplifier has resulted in a shortened name ‘op-amp’ to be commonplace. The
term op-amp will be used extensively in this book.

The op-amp’s popularity stems from its versatility. It is a high-gain DC
amplifier that has differential inputs; the output voltage is the voltage differ-
ence between the two inputs multiplied by the gain. Passive components can
be used to provide feedback, and this controls the gain and function of the op-
amp circuit overall. Passive negative feedback components result in a linear
response, i.e. the output is proportional to the input. Passive positive feedback
results in switching or oscillation. Sometimes active components such as tran-
sistors and diodes are used in the feedback loop to give a non-linear response;
typical applications are logarithmic amplifiers or precision rectifiers.

My interest in op-amp circuits began while I was an apprentice technician.
One of the first books that I bought was Clayton’s Operational Amplifiers (first
edition). It is therefore fitting that I should be asked by the publisher to edit the
fifth edition. In my previous employment as a circuit design engineer for
British Telecom, and now as a field applications engineer for Supertex Inc.,
I have used op-amps in hundreds of circuits. For me, one valuable application
is in active filter circuits (refer to Chapter 9 and to my book, Analog and Digital
Filter Design, ISBN 0-7506-7547-0).

In this fifth edition of Operational Amplifiers 1 have added more on active
filters, especially gyrator and frequency-dependent negative resistance circuits.
Throughout the book I have updated and added material, where appropriate.
This includes the important practical guidelines about passive components
used in op-amp circuits. Although placed near the end of the book, in Chapter
10, this information is important and should not be overlooked.

Steve Winder, 2002
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1.1 Introduction

Figure 1.1 Op-amp symbol

1 Fundamentals

The term ‘operational amplifier’ describes an important amplifier circuit that
can form the basis of audio and video amplifiers, filters, buffers, line drivers,
instrumentation amplifiers, comparators, oscillators, and many other analogue
circuits. The operational amplifier is commonly referred to as an op-amp.
Although the op-amp circuit can be designed from discrete components, it
is almost always used in integrated circuit (IC) form.

The op-amp is a simple building block. It has two inputs, one is called
the inverting input (often labelled —) and the other is called the non-inverting
input (often labelled +). Usually op-amps have a single output, but special
op-amps used in radio frequency circuits have two outputs. Only single output
devices will be described in detail, and the symbol used in circuit diagrams
is shown in Figure 1.1.

The op-amp also has two power supply connections, one for the positive
rail and one for the negative rail. Many op-amp circuits have a mid-rail
supply connected to earth, although the op-amp itself has no specific mid-
rail supply connection. Some op-amps are specifically designed for single
supply operation, and more details of these are provided later.

The op-amp is a high gain DC amplifier (the DC gain is usually >100 000;
or >100 dB). With suitable capacitive coupling, the op-amp is used in many
AC amplifier circuits. The output voltage is simply the difference in voltage
between the inverting and non-inverting inputs, multiplied by the gain. Thus,
the op-amp is a differential amplifier. If the inverting (—) input has the higher
potential, the output voltage will become more negative. If the non-inverting
(+) input has the higher potential, the output will become more positive.
Since the gain is very high, the differential voltage between the input ter-
minals is usually very small.

The op-amp must have feedback in order to perform useful functions.
Most designs use negative feedback to control the gain and to provide linear
operation. Negative feedback is provided by components, such as resistors,
connected between the op-amp’s output and its inverting (—) input. Non-
linear circuits, such as comparators and oscillators, use positive feedback by
having components connected between the op-amp’s output and its non-
inverting (+) input.

It is not essential that the user of op-amps is familiar with the details of
their internal circuits. However, a little knowledge of the internal circuits
does help understanding, particularly the input and output circuits. The user
should understand the function of the external terminals provided by the
manufacturer. In order to be able to select the best amplifier for a particular
application, the user should be familiar with the terms used to specify the
op-amp’s performance.
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1.2 The ideal op-amp

1.3 Feedback and
the ideal op-amp

When analysing feedback circuits, it is convenient to assume that the ampli-
fier has certain ideal characteristics.

e The output of the ideal differential input amplifier depends only on the
difference between the voltages applied to the two input terminals.

e The performance is entirely dependent on input and feedback networks.

e No current flows into the amplifier input terminals.

e The frequency response extends from zero to infinity, ensuring a response
to all DC and AC signals, with zero response time and no phase change
with frequency.

e The amplifier is unaffected by the load.

e When the input signal voltage is zero, the output signal will also be
zero — regardless of the input source resistance.

There are two basic ways of applying feedback to an op-amp: Figure 1.2(a)
shows the inverting configuration, the non-inverting configuration being illus-
trated in Figure 1.2(b). In both circuits, the signal fed back from the output
to the input is proportional to the output voltage. Feedback takes place via
the resistor R, connected between the output and the inverting input terminal
of the amplifier. Phase inversion through the amplifier ensures that the feed-
back is negative.

The action of both circuits may be understood if a small positive voltage
e, is assumed to exist between the differential input terminals of the ampli-
fier. The op-amp’s output voltage will be equal to the negative supply rail,
because of the infinite gain. The signal fed back will be in opposition to e,,
so forcing the differential input voltage towards zero.

Now suppose that e, is a small negative voltage. The op-amp’s output
voltage will be equal to the positive supply rail and feedback is in opposi-
tion to e,. Again, this forces the differential input voltage towards zero. Thus,
negative feedback always forces the differential input voltage to be zero.

This is an extremely important point and is worth restating in an alterna-
tive form. When the op-amp’s output is fed back to the inverting input
terminal, the output voltage will always take on that value required to drive

Summing
point 1Ly L
\
l B2 “xeg
>—{ 1}—
\ e|£ 1
e €A T T
i
e
¥ € E]Fh

|||—0
e
[

Figure 1.2 Two basic feedback circuits
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the differential input voltage to zero. For an ideal op-amp having infinite
gain, the error voltage e, is zero.

In the case of a practical op-amp having large but finite gain, the error
voltage e, is small but non-zero. The effect of this error voltage will be
discussed in the next chapter.

A second basic aspect of the ideal circuit follows from the assumed
infinite input impedance of the amplifier. In the circuit of Figure 1.2(a),
no current can flow into the op-amp so that any current arriving at the point
X, as a result of an applied input signal, must flow through the feedback
path R,.

If instead of the single resistor R, connected to the inverting input terminal
there are several alternative signal paths, the sum of these several currents
arriving at point X must flow through the feedback path. It is for this reason
that the phase-inverting input terminal of an operational amplifier (point X)
is sometimes referred to as the amplifier summing point.

The two basic aspects of ideal performance are called the summing point
restraints; they are so important that they are repeated again.

1. When negative feedback is applied to the ideal amplifier, the differential
input voltage is zero.
2. No current flows into either input terminal of the ideal amplifier.

The two statements form the basis of all simplified analyses of operational
feedback circuits; we use them to derive closed-loop gain expressions for
the circuits of Figure 1.2.

In Figure 1.2(a), the non-inverting input is connected to earth. But with nega-
tive feedback, the inverting input has the same potential as point X, so
this is known as a ‘virtual earth’. Thus the current /; flowing through R,
is found simply by dividing the input voltage by the resistance of R,. An
alternative expression is to say the input voltage is /; times the value of
R,. Since no current flows into the op-amp input, the currents through R,
and R, are equal. The output voltage is the negative product of the 7,
times the value of R,. The gain (amplification, or 4) is given by dividing
the output voltage by the input voltage. This is

o LR,
LR,

1

A:

The current /, can be cancelled to give

If R, is less than R, fractional gains are possible.

In the case of the non-inverting amplifier of Figure 1.2(b), the voltage at
both inputs must be equal. No current flows into either of the op-amp’s
inputs, so potential divider R, and R, determine the voltage at the inverting
input. So voltage e; = e, applied to the non-inverting input causes the output
voltage to become positive until the fraction at the inverting input is equal.
The fraction is given by the expression:
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eoRl
I i e ——
(R, + Ry)
Feedback forces the two inputs to have an equal potential, so e, = ey
e R
e\ = e = ol

@R, + Ry

The gain is e /e, so transposing the equation we get:

o T

A=3=Rl + R,
C R,
R
A=1+ 2
Rl

Notice that the gain can never be less than 1. A short circuit between the
output and the inverting input creates a buffer with unity gain. In theory,
this buffer has infinite input impedance and zero output impedance.

The inverting and non-inverting amplifiers have two main differences. The
first difference is the sign of the closed-loop gain. More important is
the difference in effective input resistance that they present to the signal
source e;.

The effective input resistance of the ideal inverter measured at the ampli-
fier summing point is zero. Feedback prevents the voltage at this point from
changing; the point acts as a virtual earth. Note that any current supplied to
this point does not actually flow to earth but flows through the feedback path
R,. The resistor R, thus determines the input current, /,, in Figure 1.2(a). The
input resistance presented to the signal source is equal to the value of R,.

Consider the non-inverting circuit Figure 1.2(b) where the only connec-
tion to the non-inverting pin is the signal source. An ideal op-amp in this
circuit takes no current from the signal source and thus has infinite input
impedance.

The simple closed-loop expressions show that, in the ideal case, the gain
depends only on the values of series and feedback components, not on the
amplifier itself. Real amplifiers introduce departures from the ideal, and these
are conveniently treated as errors. Errors can be made very small and one
of the main features of the op-amp approach to analogue circuit design is
the accuracy with which it is possible to set gain and impedance values.

1.4 More examples of  The ideal op-amp serves as a valuable starting point for a preliminary analysis
the ideal op-amp at  of op-amp circuits. In this section we present a few more examples illus-
work trating the usefulness of the ideal op-amp concept. Once the significance of
the summing point restraints are firmly understood, ideal circuit analysis

involves little more than the intelligent use of Ohm’s law.

Remember that the ideal differential input op-amp, with negative feed-
back, will try to keep the differential input voltage close to zero. The output
voltage takes on the value required to achieve this. In doing so, it causes all
currents arriving at the inverting input to flow through the feedback resistor.
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1.4.1 The ideal op-amp acts as a current-to-voltage converter

An ideal op-amp can act as a current-to-voltage converter. In the circuit of
Figure 1.3, the ideal amplifier maintains its inverting input terminal at earth
potential and forces any input current to flow through the feedback resis-
tance. Thus /,, = I, and e, = —[ R,

Feedback forces

the potential of ls =l
this point to —
zero R;

Figure 1.3 An ideal op-amp acts as a current-to-voltage converter

Notice that the circuit provides the basis for an ideal current measure-
ment. It introduces zero voltage drop into the measurement circuit. The
effective input impedance of the circuit, measured directly at the inverting
input terminal, is zero.

1.4.2 The ideal op-amp adds voltages or currents independently

The principle involved in the current-to-voltage converter circuit of Figure
1.3 may be extended. In the ideal op-amp circuit of Figure 1.4(a) the op-
amp forces the sum of the several currents arriving at the inverting input to
flow through the feedback path (there is no where else for them to go). The
inverting input terminal is forced to be at earth potential (a ‘virtual earth’)
and the output voltage is thus:

e, = —+L+L].R;
I3 li=11 +12+ 13 R3 Iz lg=11 +1 +13
-} e I B
|2 Rf RZ |2
) € o }—>—e
Ri Iy
& =}t

T

€ = [|1 +[2+|3]Rf

Figure 1.4 An ideal op-amp adds currents and voltages independently
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R

Il'— L

Figure 1.5 An ideal op-amp
can act as a voltage-to-
current converter

€y =€

'|I—£D——

Figure 1.6 An ideal op-amp
can act as an ideal unity

gain buffer

In Figure 1.4(b) a number of input voltages are connected to resistors which
meet at the inverting input terminal. The ideal op-amp maintains the invert-
ing input at earth potential, thus input current is independently determined by
each applied input voltage and series input resistor. The sum of the input
currents is forced to flow through R, and the output voltage must take on a
value that is equal to the sum of the input currents multiplied by R,.

1.4.3 The ideal op-amp can act as a voltage-to-current converter

In maintaining its differential input voltage at zero, the amplifier shown in
the circuit of Figure 1.5 forces a current / = e, /R to flow through the load
in the feedback path. The value of this current is independent of the nature
or size of the load.

1.4.4 The ideal op-amp can act as a perfect buffer

In the circuit of Figure 1.6 the amplifier output voltage must take on a value
equal to the input voltage in order to force the differential input signal to
zero. The ideal circuit has infinite input impedance, zero output impedance
and unity gain, and acts as an ideal buffer stage.

1.4.5 The ideal op-amp can act differentially as a subtractor

The circuit shown in Figure 1.7 illustrates the way in which an op-amp can
act differentially as a subtractor.

Ro
| SN g
Ri
eZ I
e Ra L_—
1 +
R,
N e, = R, [e1-e2]

Figure 1.7 An ideal op-amp can act as a subtractor

The voltage at the inverting input terminal is (by superposition):

R2 Rl
“%2r 1+ R %R + R
1 2 1 2

e

The voltage at the non-inverting input is:
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R
et = —2—
R, + R,
The op-amp forces e~ = e*

R, R, R,
Thus e, + e, =e
R, + R, R, + R, R, + R,

R,
O € = R lei—e]

1.4.6 The ideal op-amp can act as an integrator

In the circuit of Figure 1.8, negative feedback is applied by the capacitor C
connected between the output and the inverting input terminal. The ampli-
fier output voltage acting via this capacitor maintains the inverting input
terminal at earth potential and forces any current arriving at the inverting
input terminal to flow as capacitor charging current.

lf = lin

—

Figure 1.8 An ideal op-amp acts as an integrator

Thus:

= oY

R de

The output voltage is equal in magnitude but opposite in sign to the capac-
itor voltage. Therefore:

e de,
Fm _ _ Cio
R dr
1
ey= — a €in dt

The output is proportional to the integral with respect to time of the input
voltage.
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1.5 Op-amp packages

1.4.7 Limitations of the ideal op-amp concept

Real op-amps have characteristics that approach those of an ideal op-amp,
but do not quite attain them. They have an open-loop gain, which is very
large (in the region of 10°) but not infinite. They have a large, but finite,
input impedance. They draw small currents at their input terminals (bias
currents). They require a small differential input voltage to give zero output
voltage (the input offset voltage). And they do not completely reject common
mode signals (finite common mode rejection ratio, or CMRR).

In our discussion of ideal op-amp circuits no mention has been made of fre-
quency response characteristics. Real amplifiers have a frequency dependent
gain, which can have a marked effect on the performance of op-amp circuits.

The above features of real op-amps cause the performance of circuits to
differ from that predicted by an analysis based upon the assumption of ideal
amplifier performance. In many respects the differences between real and
ideal behaviour are quite small. In some aspects of performance, particularly
those involving frequency dependent performance parameters, the differences
are significant.

Chapter 2 presents detailed discussions about the parameters that are
usually given on the data sheets of practical op-amps. Knowledge of these
parameter values can be used to predict the behaviour of practical circuits.

Inexpensive integrated circuit op-amps are available, which are easy to use
and allow working circuits to be built rapidly. The newcomer to op-amps is
strongly advised to build a few of the basic op-amp circuits and practically
evaluate their performance. This forms a useful learning and familiarization
exercise, which is worth performing before delving more deeply into the
finer aspects of op-amp performance.

A preliminary practical evaluation of op-amp applications is most conve-
niently carried out using a general-purpose op-amp type. There are several
general-purpose amplifier types to choose from, such as the Texas Instruments
TLO71 or TLE2027.

As a user of op-amps, it is not necessary to have a detailed knowledge
of their internal circuitry. Fortunately most general-purpose op-amps are pin
compatible. It is the function of the external pin connections that the op-
amp user is primarily concerned. The most common packages for op-amps
are an 8-pin dual-in-line plastic package (known as DIL-8) and its surface
mount equivalent, SO-8. Smaller surface-mount packages are available, these
include the SOT23-5 shown in Figure 1.9.

Dual op-amps, where two op-amps are housed in the same package are
available in 8-pin and 14-pin DIL or surface-mount packages. Quad op-amps,
where four op-amps are housed together, are available in 14-pin DIL and
surface-mount packages.

Op-amps are commonly used with dual power supplies. Input and output
voltages are measured with respect to the potential of the power supply
common terminal, which acts as the zero signal reference point or ‘earth’.
The use of dual supplies allows input and output voltages to swing both
positive and negative with respect to the zero reference point.
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Exercises

SOT23-5 DIL-8 SO-8

Figure 1.9 Op-amp packages

Figure 1.10 shows the circuit connections which are required to make a
practical form of the inverting amplifier circuit previously described in Section
1.3. Amplifier pins not shown in Figure 1.10 should be left with no connec-
tions made to them — their function will be described later.

General purpose R Dual
Op Amp \ - Power supply
e.g. \
741 or LF 356N r -+ -
g 8 LH
R,
2 7
— D
3 6
—{] )—d-——
e
in ’_4c J5 t R,
€, = R_1 €in

Power supply
common line

Figure 1.10 Op-amp connections

Particular care, however, should be taken to ensure that the power supplies
are connected to the correct pins, as incorrect power supply connections can
permanently damage an amplifier. Input signals should not be applied to an
amplifier before power supplies are switched on, as application of input
signals with no power supplies connected can damage an amplifier.

1.1 Give component values and sketch diagrams of operational amplifier cir-
cuits for the following applications. Assume ideal op-amp performance.
(a) An amplifier voltage gain —5 and input resistance 100 k().
(b) An amplifier voltage gain —20 and input resistance 2 k).
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1.2

(c) An amplifier voltage gain +100 with ideally infinite input resis-
tance.

(d) An integrator with input resistance 100 k() and circuit performance
equation

e, = —100 fe,, dt

(e) A circuit which when supplied by an input signal of 2 V will drive
a constant current of 5 mA through a variable load resistor.

Find the value of the amplifier output voltage for each of the circuits
given in Figure 1.10. In all cases assume that the operational amplifier
behaves ideally.



2.1 Op-amp input and
output limitations

2 Real op-amp performance
parameters

There are many different op-amps to choose from. There are also different
technologies such as CMOS, BiFET and bipolar. And bipolar can be separated
into voltage feedback or current feedback types. Hence, some consideration
of each device’s performance parameters is needed. Selection of the best
op-amp for a particular application is a problem, especially for the new user
of op-amps. When first studying manufacturers’ catalogues, the designer is
faced with a huge variety of specifications and different op-amp types.

The choice of op-amp is likely to be governed by economic considerations.
A general-purpose op-amp will usually cost less than a device that meets a
demanding specification. This is because the manufacturer has to recover his
development costs and, since general-purpose devices sell in greater quan-
tities, these costs are spread over a larger number. The least expensive op-amp
that will meet the design specifications is usually the one to choose. In order
to make this choice the design objectives must be completely defined. The
designer must also understand the relationship between published op-amp
parameters and their effects on overall circuit performance for the intended
application.

This chapter will describe the various op-amp specifications normally
included in a manufacturer’s data sheet. The significance of these parameters
will be discussed. It is important to understand under exactly what condi-
tions a particular parameter is defined. The important question of op-amp
selection will be returned to in later chapters when op-amp applications have
been described. The user should then more clearly appreciate design objec-
tives and the way in which op-amp parameters limit their achievement.

The input circuit of an op-amp is very often a long-tailed pair. The long-
tailed pair is a pair of transistors coupled together at their emitters (in the
case of a bipolar input op-amp). The connection between the emitters and
the supply rail is through a constant current circuit. If the base of one tran-
sistor is biased at a slightly higher potential relative to the other, it will
conduct more through its collector; and the other transistor of the pair will
conduct correspondingly less. The collector of each transistor is taken to the
other supply rail through a resistor or, more commonly, through a constant
current generator. Figure 2.1 shows the use of resistors, for simplicity.
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circuit

2.1.1 Maximum voltage between inputs

The voltage between the input terminals of an op-amp is maintained at a
very small value, under most operating conditions, by negative feedback. If
negative feedback is not used, the differential input voltage may exceed this
small value and the output of the op-amp will saturate, see Figure 2.2.

€

o
‘} Positive
saturation
T 1, T .
eB f (eA— eB)
€o
en l
! Negative
-I- saturation

Figure 2.2 Idealized transfer curve for an op-amp

If the circuit design allows the application of several volts between the
input terminals, care must be taken to ensure that it does not exceed
the maximum allowable value, otherwise permanent damage to the op-amp
may be caused. Many op-amps allow the differential input voltage to be
equal to the supply voltage, and others are internally protected against input
overload conditions. Where such internal protection is not provided, diodes
may be connected externally to the op-amp’s input terminals to provide the
necessary protection.

2.1.2 Maximum output voltage swing

The output of an op-amp usually has two transistors, one connected to the pos-
itive rail, and the other connected to the negative rail, see Figure 2.3. This cir-
cuit controls the output voltage by increasing the drive on one transistor whilst
reducing it on the other. Constant current circuits are used in the base drive of
these transistors, so that quiescent supply current (the current with no signal) is
minimized. Both transistors in this circuit require a certain voltage between
collector and emitter, which limits the maximum output voltage swing.

The maximum output voltage swing e, ... is the maximum change in
output voltage (positive and negative), measured with respect to the mid-rail
supply, that can be achieved without clipping the signal waveform. Values
of e, ..« are quoted for the op-amp working into a specified load (sometimes
at full rated output current) and with specified values for op-amp power
supplies. Maximum values for supply voltages are normally specified and
should not be exceeded. Values for e, will be found to be dependent on
the supply voltage used. BiFET and CMOS op-amps have FET outputs that
allow the output voltage to be within 200 mV of the supply voltage, except
when operating from high supply voltages.
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2.2 Limitations in gain,
and input and output
impedance

2.1.3 Maximum common mode voltage

The common mode voltage is the average voltage on the two inputs relative
to earth.

_eates
Ecm_ 2

The maximum common mode voltage, £, is the maximum voltage that can
be applied without producing saturation or non-linearity at the output. Many
devices have a common mode voltage range that approaches to within 2 V
of the supply rails. Single supply op-amps often use input circuits that allow
the common mode voltage range to extend to the negative supply rail. In

the ideal case, common mode input voltage has no effect on the output.

e, = Ag(es — ep)

In practice, the common mode input voltage does affect the output.

If an op-amp is to be used under conditions in which excessive common
mode voltage may cause damage, protection can be obtained by the use of
a suitable pair of zener diodes. The diodes should be connected ‘back to
back’ with their anodes joined. The two cathodes should be connected
to the two op-amp inputs.

2.2.1 Non-infinite open-loop voltage gain

The open-loop voltage gain, 4, , of an op-amp may be defined as the ratio

change of output voltage

change of input voltage

The input voltage being that measured directly between the inverting and
non-inverting input terminals. 4, is normally specified for very slowly
varying signals and can in principle be determined from the slope of the
non-saturated portion of the input/output transfer curve (Figure 2.2). The
magnitude of 4, for a particular op-amp depends on the op-amp load and
on the value of the power supplies. Values of 4, are normally quoted for
specified supply voltages and load.

Op-amps are never used in an open-loop arrangement. They are occa-
sionally used in positive feedback circuits, but much more often in negative
feedback circuits that define precise operation. The significance of open-loop
gain is that it determines the accuracy limits in such applications. An assess-
ment of the quantitative effects of the open-loop gain magnitude requires a
study of the principles underlying feedback op-amp operation.

In a negative feedback op-amp circuit, a signal is fed back from the output
to the input. This feedback opposes the externally applied input signal. The
signal that actually drives the input of the op-amp results from a subtraction
process. The larger the gain of the op-amp without feedback (the open-loop
gain) the smaller is the signal voltage applied between the op-amp input
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terminals. If the open-loop gain of the op-amp is infinite (as assumed for an
ideal op-amp) negative feedback forces the op-amp’s differential input signal
to zero. However, with a large but finite open-loop gain, a small input signal
must exist between the op-amp’s input terminals. It is convenient to think
of this as an input error voltage, which arises because the real op-amp has
a finite open-loop gain.

2.2.2 Non-infinite input impedance

The circuit analysis based on the ideal op-amp assumed that no current
flowed into the op-amp’s input terminals. In practice there is a large, but
finite, differential input impedance. Part of this impedance is due to input
capacitance and this affects high frequency operation. For most applications
it is the input resistance that can affect performance. Op-amps with FET
inputs have an input resistance in the order of 10'? Q). Bipolar input devices
have a lower resistance, but this is usually greater than 10° Q).

The common mode input resistance to earth is much higher than this, typi-
cally 100 times greater (i.e. 103 Q) for a bipolar input device) and can be
largely ignored.

2.2.3 Non-zero output resistance

Op-amps do not have zero ohm output resistance. The output resistance of
a typical device is 50 €). This resistance restricts the maximum output voltage
swing into a low resistance load, where a significant voltage drop takes place
across the internal resistance. Feedback can reduce the effects of output resis-
tance, making the op-amp generate a larger internal voltage to compensate
for any reduction due to the output resistance. With feedback, the effective
output impedance is typically less than 1 m().

2.2.4 Effect on a non-inverting amplifier

The effects of finite open-loop gain, finite input resistance and non-zero
output resistance will be considered for a non-inverting amplifier. To analyse
the effects, each parameter will have to be considered separately. First we
must find a few general relationships for a non-inverting amplifier in terms
of the non-infinite open-loop gain.

A differential input op-amp with series negative voltage feedback applied
to it is shown in Figure 2.4. The op-amp has a differential input voltage, e..
The op-amp’s output is represented in terms of its Thévenin equivalent circuit.
The output behaves like a source of EMF (—4, e,) in series with the op-
amp output impedance. (Note the minus sign simply comes from the assumed
positive direction of the differential input signal e,.)

A voltage, e, which is directly proportional to the output voltage, e, is
fed back to the inverting input terminal of the op-amp (negative feedback):

e = Beo
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Figure 2.4 Series voltage feedback

The constant of proportionality  is called the voltage feedback fraction; it
is an important quantity when analysing the effects of feedback.

If, in Figure 2.4, we assume Z;, >> R, and neglect the shunting effect of
Z., on R, we may write:

B =R/R, + R, 2.1

Now we can examine the effects of non-zero output impedance. The output
voltage of the op-amp may be written as:

e, = —Age, — 1.2 2.2)

o~ o

It is simply a use of the general equation for the output voltage produced
by a loaded source of EMF: Output voltage = Open circuit voltage — Internal
volts drop. e, is the difference between the externally applied input signal
e; and the feedback signal e, Note that e, and e, are effectively applied in
series to the differential input terminals of the op-amp.

e, = e — e (2.3)
Substitution for e, in equation 2.2 gives:

e, = Aorle; — e) = 1,7,
Substituting e; = Be, and rearrangement gives:

_ AOL . Zo
e = e —I, 2.4)
1+ B4, 1 + BAgL
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According to equation 2.4, the circuit behaves like an amplifier with open-
circuit gain 4, /(1 + B4, ) and output impedance Z /(1 + BA,, ). These are
the closed-loop parameters for the circuit. Thus:

A 1 1
A =77 (;)32 B 1 (3)
ob 1+ —
Bdor
Z
dZoy="—"7"2— 2.6
and Zcr, 1+ BAy, (2.6)
Note that if 84, is very large, the quantity
1
1+
Bdor

is as near unity as makes no difference and the closed-loop gain is determined
almost entirely by the value of the feedback fraction. The closed-loop output
impedance is made very small (i.e. output voltage little affected by loading).
The product of the feedback fraction and the open-loop gain is the gain around
the feedback loop and it is called the loop gain. Loop gain, B4y, is a most
important parameter in determining the quantitative effects of feedback.

To see the effect of feedback on the output impedance, suppose that
B = 0.1, so that 4., = 10. An op-amp with Z , = 50 () and open-loop gain
Ao = 10° will have a closed-loop output impedance of

;50
L1 +10°

=0.5mQ

At high frequencies the open-loop gain reduces, which causes the output
impedance to rise.

Let us now derive an expression for the input impedance of the circuit.
Note that e, is applied in opposition to e; (effectively it is series feedback)
and tends to oppose any current into the circuit. Series negative feedback
may thus be expected to increase effective input impedance. We write:

6 = e — €, = Beo_ea‘
ZL
Z,+ 7,

But e, = -Age, (assuming R, >>Z,)

Substitution gives:

meliepta % |
o L

Now Z, ! e€[1+BA 4 }
oWZ o =—=--% —
inCL Iin Iin OL Zo + ZL
But -2 =7
ut ——* = Z

Iin m
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Z
Thus Z, o, = - Z,, [1 + B4y 7 +7 +LZL ] (2.7)
Series voltage feedback increases input impedance to an extent determined
by the loop gain BA, .

2.2.5 Effect on inverting amplifier

The effects of finite open-loop gain, finite input impedance and non-zero
output impedance will be considered for the inverting amplifier. To analyse
the effects, each parameter will have to be considered separately. First we
must find a few general relationships for a non-inverting amplifier in terms
of the non-infinite open-loop gain, A, .

s

Figure 2.5 Shunt voltage feedback

In Figure 2.5, the externally applied input signal voltage e, and the output
voltage e, are effectively applied in parallel to the op-amp’s differential input.
The signal e,, which drives the differential input, is a superposition of the
effects of e, and e,.

R, R, + R
e, = e, + e, ‘ (2.8)
R, + R, + R R, +R, + R

It is assumed that Z,, >> R, + R, and that Z <<R,.

R, + R,

The feedback fraction B = ————
R, + R, +R,

Let us now examine the effect of non-zero output impedance. The output
voltage may be written as

e, = —Age,. — 1.2,

o
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Substitution for e, and rearrangement gives
_ R, Aor . Z

T TR 4Ry R L+ By, 01+ Bdg,

The closed-loop signal gain of the circuit is thus

R2 AOL RZ 1
e, =— =_ 2.9)
R, +R,+ R, 1+ BAy. R, + R, L4 1
Bor
For large values of 4, , the term
1
1
1+
Bdor
is very close to unity and the closed-loop gain is
RZ
R, + R,
The closed-loop output impedance is
ZO
(2.10)

Zoop = 7o
L B,

The closed-loop output impedance of an op-amp in many circuits is a tiny frac-
tion of the open-loop impedance, typically less than 1 m{) at low frequencies.

Compare equations 2.9 and 2.10 with equations 2.5 and 2.6. Again, notice
the importance of the loop gain B4, . If the loop gain is sufficiently large
the closed-loop performance is determined by the value of the components
used to fix the feedback fraction B. If R, <<R, and the loop gain is large,
the closed-loop signal gain approximates to 4, = —R,/R,.

Now let us consider the input impedance. In Figure 2.5

I, =T1+1I

Now I’ = e,/Z, and I; = (e, — e,)/R,.

e, e, —e
Sol,=_°%*+—"*—-°
" Zin R2
IfZ >Z,e,=— Ay e, 1.e. assume that there is no voltage drop across the

internal output impedance.

1 1+4
By substitution, /., = +OL]
y substitution, 7, ee[zin R
In terms of input impedance, we have Z, and additional shunt impedance
R,/(1 + Aqp). Thus the effect of the shunt feedback is to reduce the effective
differential input impedance of the op-amp. And if 4, is very large, the input
impedance is very small (typically <1 ). The overall input impedance of the

inverting op-amp circuit then effectively equals the value of the resistor R,.



Real op-amp performance parameters 19

2.3 Real op-amp
frequency response
characteristics

2.2.6 Summary of some of the effects of negative feedback

It is useful to summarize the effects of negative feedback as shown by the
above analysis.

1. Series negative feedback increases input impedance.

2. Shunt negative feedback decreases input impedance.

3. Negative voltage feedback makes for a stable distortion-free output
voltage.

4. Negative current feedback makes for a stable distortion-free output current.

We have not yet considered the dynamic response of op-amps. Gain has
been defined as the ratio change of output voltage to slow change of input
voltage. The effect of rapid changes has not yet been considered. It is usual
to distinguish between sinusoidal and transient response characteristics.

Sinusoidal response parameters describe the way in which an op-amp
responds to sinusoidal signals. In particular they show how the op-amp’s
response depends upon signal frequency. Transient response parameters char-
acterize the way in which an op-amp reacts to a step or square-wave input
signal. An added complication is that it is necessary to distinguish between
small signal and large signal response parameters; differences arise because
of dynamic saturation effects that occur with large signals.

This section is concerned with small signal sinusoidal response character-
istics. An ideal op-amp is assumed to have an open-loop gain that is
independent of signal frequency, but the gain of a real op-amp does have
frequency dependence. Both the magnitude and the phase of the open-loop
gain are frequency dependent. This frequency dependence has a marked effect
on closed-loop performance.

2.3.1 Bode plots

Gain/frequency characteristics are often presented graphically. It is usual to
plot gain magnitude in decibels (dB) against frequency on a logarithmic
(base 10) scale. Gain in dB is determined from the relationship:

Voltage gain in dB = 20 log | e /e;,| (2.11)

The reader who is unfamiliar with the use of decibels (or dB) should get
practice in working out the dB equivalents of some voltage ratios (try
Exercises 2.5 and 2.6).

Examples
e/e,, = 10 represents a voltage gain of 20 log (10) = 20 dB; e /e, = 100

o Tin

represents 40 dB; e /e;, = 1000 represents 60 dB; e /e;, = 1/10 represents
—20 dB; e /e, = \2 represents 3 dB; e /e;, = 12 represents —3 dB. Since

power is proportional to (voltage)?, a fall in gain of 3 dB represents a halving
of the output power.
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Gain/frequency plots are often given as a series of straight-line approxima-
tions rather than as continuous curves. The straight lines are called Bode
approximations and the graphs are called Bode diagrams.

The open-loop frequency response of many op-amps is designed to follow
an equation of the form

Aorgy = (2.12)
1452
Je

where:

Ao 1s a complex quantity representing the magnitude and phase charac-
teristics of the gain at frequency f,

Agq,, represents the DC value of the open-loop gain and

/. is a constant, sometimes called the break frequency.

Equation 2.12 describes what is sometimes called a first order lag response;
its magnitude and phase characteristics are shown plotted in Figure 2.6. The
magnitude of the response is

AoL

OL(f — ,71 . (;F)z

At low frequencies for which f<f, Aq s, — Ao and the straight line
ldornl = Aop 1s the low frequency asymptote.

At high frequencies for which /> f,, the response is asymptotic to the line
lAorgnl = AoL(f/f) which has a slope of —20 dB/decade change in frequency.

For each ten times increase in frequency the magnitude decreases by 1/10,
or a change of —20 dB. (Note that a slope of —20 dB/decade is sometimes
expressed as —6 dB per octave; it goes down by 6 dB for each doubling of
the frequency.) Gain attenuation with increase in frequency is referred to as
the roll-off in the frequency response.

The two straight lines intersect at the frequency f = f, and at this frequency
lorgnl = Ao /N2: the response is thus 3 dB down when f = f.. The frequency
/. is sometimes referred to as the 3 dB-bandwidth limit.

The phase/frequency characteristic associated with equation 2.12 is deter-
mined by

A (2.13)

i

0 = —tan (2.14)

C

At f<<f,0—>0%atf=f, 0 = —45° and at f>>f, 6 > —90°.

The Bode phase approximation approximates the phase shift by the asymp-
totic limits of 0° at 1/10 of £, and —90° at 10 times f,. The asymptotes are
connected by a line whose slope is —45° per decade of frequency as shown
in Figure 2.6. The errors involved in using the straight-line approximation
for the magnitude and phase behaviour of equation 2.12 are tabulated in
Figure 2.6.

Op-amp data sheets normally give values of 4, and the unity gain
frequency f;, which is the frequency at which the open-loop gain has fallen
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Approximation errors
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Figure 2.6 First order low-pass magnitude and phase response and Bode
approximations

to 0 dB because of open-loop roll-off. In the case of op-amps which exhibit
a first order frequency response, with a 20 dB per decade roll-off down to
unity gain, the frequency f, is related to the 3 dB bandwidth frequency f; by
the expression f, = f,/Aq;.

Frequency response characteristics are readily plotted from knowledge of
Ay, and f;. The Bode magnitude approximations are obtained by simply
drawing two straight lines, one horizontal line at the value of 4, and the
second through f; with a slope of —20 dB/decade. The two intersect at
the frequency f..

Bode diagrams are useful in evaluating the frequency response characteris-
tics of cascaded gain stages. The gain of a multistage op-amp is obtained as
the product of the gains of the individual stages, but since gain is represented
logarithmically in Bode plots, the overall response may be determined by
linearly adding the Bode plots for the separate stages as shown in Figure 2.7.

Note that the final roll-off and limiting phase shift depend upon the
number of gain attenuating stages. Two stages give a final gain roll-off of
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2.4 Small-signal
closed-loop frequency
response
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Figure 2.7 Frequency response of cascaded gain stages

—40 dB/decade and a limiting phase shift of 180°; three stages give a gain
roll-off of —60 dB/decade and a 270° phase shift.

The desirable characteristics of op-amp circuits stem from the use of nega-
tive feedback. The quantitative effects of negative feedback are related to
the loop gain B4, . Real op-amps exhibit a frequency dependent 4, , and
in some applications the feedback fraction B is also frequency dependent.
Therefore, practical op-amp circuits have a frequency dependent loop gain
and this has a marked effect on closed-loop performance.

Frequency dependence implies both a magnitude change and a phase
change with frequency. In a circuit using negative feedback, it only needs
a phase shift of 180° in the feedback loop to make the circuit apply positive
feedback; this can cause serious problems. An op-amp feedback circuit will
produce self-sustained oscillations if the phase shift in the feedback loop
reaches 180° while the magnitude of the loop gain is greater than unity. This
should not be allowed to happen.

Phase shifts in the feedback loop of greater than 90° but less than 180°
will not result in sustained oscillations. However, they can cause a frequency
response that peaks up at the bandwidth limit, before it rolls off. Associated
with this closed-loop gain peaking, the circuit will have a transient response
that exhibits overshoot and ringing. Transient response refers to the output
changes produced in response to a step or square-wave input signal.
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Phase margin is a term used to express the relative stability of a closed-
loop op-amp circuit. The phase margin is the amount by which the phase
shift is less than 180° at the frequency where the magnitude of the loop gain
is unity. A closed-loop circuit with 90° phase margin shows no gain peaking.
As the phase margin is reduced, gain peaking becomes noticeable for phase
margins of approximately 60° (about 1dB peaking) and becomes more
marked with further reduction in phase margin (20° phase margin gives
approximately 9 dB of gain peaking).

Most general-purpose op-amps have an open-loop frequency response that
follows a first order decay characteristic. The open-loop gain reduces in pro-
portion to the signal frequency. This ensures that they are unconditionally
stable under any value of resistive feedback. This type of response was dis-
cussed in the previous section; it has a 20 dB/decade roll-off down to unity
gain and the phase shift associated with this never exceeds 90°. The phase
margin for any value of resistive feedback is therefore never less than 90°.

The gain frequency dependence of the open-loop response also affects the
closed-loop response. The effect on closed-loop gain is most conveniently
demonstrated in graphical form by sketching the appropriate Bode plots. We
look for the effect of A, on loop gain and then to the effect of loop gain
on the gain error factor. We may write:

A if
‘BAOL(jt)|: o

1

Bio
Which when expressed in decibel form gives:
1
loop gain (in dB) = open-loop gain (in dB) — E (in dB) (2.15)

That is, the magnitude of the loop gain in decibels at any frequency is equal
to the difference between the open-loop gain magnitude in decibels and 1/
in decibels.

As an example of the graphical approach, consider an op-amp with a first
order frequency response used with resistive feedback in the follower config-
uration. The circuit and its Bode plots are illustrated in Figure 2.8. In order
to display the frequency dependence of the loop gain we merely superimpose
the plot of 1/B (in dB) on the open-loop frequency response plot of the op-
amp. If feedback is purely resistive, as it is here, 3 is independent of frequency
and 1/B is a straight line parallel to the frequency axis. In this case, the
frequency dependence of the loop gain is entirely due to the frequency depen-
dence of the open-loop gain.

As the frequency increases there is a reduction in open-loop gain, A, .
There is a corresponding decrease in the loop gain, 84, and an increase
in the gain error. Remember that gain error is related to the amount by which
the gain error factor [1/(1 + 1/BA4,)] differs from unity.

If it is required to compute the gain error at frequencies approaching or
exceeding the open-loop bandwidth f;, the phasor nature of the loop gain
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Figure 2.8 Bode plots show frequency dependence of loop gain

must not be forgotten. Let us evaluate the gain error for the circuit of Figure
2.8 at a frequency f = 10° Hz. At this frequency, IBAoripl = 20dB = 10,
and the phase shift in the loop gain is close to —90°. Thus:

1

= = 0.995

1 1 1 +0.01
1+ \] 0.0

1+ -
BAOLQD 510

Compare this with the value obtained by neglecting the phasor nature of the
loop gain, which is:

1/(1 + 1/10) = 0.909, a 9% gain error!

At the frequency f,” at which the open-loop and 1/8 magnitude plots inter-
sect, the magnitude of the loop gain is unity (0 dB). The two plots close at
a rate of 20 dB per decade, which is indicative of a 90° phase shift in the
loop gain and a remaining 90° phase margin. The magnitude of the gain
error at the frequency f, is:

/(1 + 1/—j1)| = 1~2

The closed-loop gain magnitude is thus 3 dB down on its ideal value 1/83 at
the frequency f,". f,” represents the closed-loop bandwidth; at frequencies
greater than f;” the magnitude of the closed-loop gain approaches the magni-
tude of the open-loop gain. If Ay, >> 1, the product of closed-loop gain
and closed-loop bandwidth = 1/(f,") = f, remains constant for different values
of B. Negative feedback makes the closed-loop bandwidth greater than the
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2.5 Closed-loop
stability considerations
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Figure 2.9 Bode plots for inverting adder

open-loop bandwidth. The greater 3, the smaller the closed-loop gain but
the wider the closed-loop bandwidth.

A second example of the graphical approach used to find closed-loop
signal bandwidth is illustrated in Figure 2.9. The circuit considered here is
an inverting adder application. In this type of circuit the feedback fraction
is influenced by the presence of the two input resistors R, and R,.

R, R,
R, + R,

R
- D - -
B R+ R where R, =R, //R,

Substituting component values gives 8 = 1/1000 and 1/8 = 1000 or
60 dB. 1/B intersects the open-loop frequency response at the frequency
/i, = 1 kHz. This fixes the closed-loop bandwidth at 1 kHz but note that, in
this circuit, the closed-loop signal gain is not the same as the closed-loop
gain (1/B) since there are two possible input signal paths. The ideal signal
gain for the e, signal is —R;/R, and is —R./R, for the e, signal. In this
particular example R, = R,, so the two gains are equal and the closed-loop

signal bandwidth is 1 kHz.

Most op-amps are internally frequency compensated and have an open-loop
frequency response with a 20 dB/decade roll-off. A response of this kind,
in principle, ensures that the op-amp will be closed-loop stable under all
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conditions of resistive feedback. However, it is important to be aware that
the use of an internally frequency compensated op-amp does not always
ensure closed-loop stability.

Capacitive loading at the output of an op-amp, or stray capacitance between
the inverting input terminal and earth, can cause phase shifts leading to insta-
bility — even in resistive feedback circuits. In differentiator applications, in
which the feedback fraction 8 is deliberately made frequency dependent, an
internally compensated op-amp exhibits instability.

Some op-amps exhibit a final roll-off in their open-loop frequency response
of greater than 20 dB/decade; they are called externally frequency compensated
op-amps. These fast roll-off op-amps are often used in circuits where both wide
closed-loop bandwidth and greater than unity gain are required. They require
the external connection of a capacitor to make them closed-loop stable.

The closed-loop frequency response obtained with fast roll-off (externally
frequency compensated) op-amps can be explained using Bode plots. The
response is related to the gain error caused by the decaying open-loop gain
and the associated phase shift. For example, consider an op-amp with a
response that has three gain stages, each stage having a frequency response
with a different cut-off point. The magnitude and phase characteristics of
the open-loop gain are illustrated in Figure 2.10.

The magnitude and phase characteristics of the loop gain for a particular
feedback fraction are obtained by superimposing a plot of 1/8 on the open-
loop frequency response plot. With resistive feedback, B is frequency
independent. The phase shift in the closed-loop gain is determined by the
phase shift in the open-loop gain; this can be found by referring back to
the graphs in Figure 2.5.
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Figure 2.10 Gain magnitude and phase characteristics of op-amp with three-pole response



Real op-amp performance parameters 27

dB

1001

Open loop gain
magnitude

80

601

- Closed loop gain with
different values of

40

201

0

log f

Figure 2.11 Too much feedback gives gain peaking with uncompensated fast roll-off op-amps

Phase margin is the amount by which this phase shift is less than 180° at
the frequency at which the magnitude of the loop gain is unity (0 dB). Note
that increasing 3 results in successively smaller phase margins. Phase margins
less than 60° cause the closed-loop gain to peak up (see Figure 2.11). The
gain peaking increases as the phase margin is reduced further until, at zero
phase margin, the circuit breaks out into sustained oscillations.

2.5.1 Phase margin determines closed-loop gain peaking

The gain peaking occurs as a result of inadequate phase margin and is caused
by positive feedback. Positive feedback occurs when the feedback signal has
a component that is in phase with the externally applied input signal. If the
gain is greater than unity when phase shift in the loop gain reaches 180°,
the circuit oscillates.

When considering the extent of the gain peaking (obtained as a result
of inadequate phase margin) we must look to the effect of the loop gain
magnitude/phase behaviour on the gain error factor.

BAovn = |BAOL(jf)|eij0
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2.6 Frequency
compensation (phase
compensation)

The value of the gain error factor may then be expressed as

1 _ 1
1 0
1+ 1+
BAown | BAowp)
.
1+ cos6 + jsinf
|BAOL(jf)|

The magnitude of the gain error factor can then be written as

1 1
— 2.16
1 1 2 cos 6 ( )

1+ +
BAOL(jf) | BAOL(jf)1| |BAOL(jt)|

1+

Since the cosine of angles lying between 90° and 180° is negative we have
the possibility of a gain error factor magnitude greater than unity for values
of B greater than 90°. It is this variation in the gain error factor that is
responsible for closed-loop gain peaking.

Gain peaking usually arises as a result of phase shift with frequency
controlled by a single first order function. Here the break frequency is greater
than a decade away from other break frequencies. Two situations are illus-
trated in Figure 2.11. The relationship between closed-loop gain peaking and
phase margin that is to be expected in a situation of this kind is also shown
graphically in Figure 2.12 (see also Appendix A2).

In order to assess the phase margin in a particular circuit, the 1/8 graph
(in dB) is superimposed on the open-loop response. The intersection of the
two curves gives the frequency f,” at which the magnitude of the loop gain
is unity. The phase shift 8 at this frequency is then determined from the
phase/frequency variation in A, ; the phase margin is 6, = 180° — 6.
The amount of gain peaking can be found from the graph. Note that the
gain peaking in fact occurs at frequencies slightly less than the
frequency f,". However, as the phase margin is reduced, the gain peak
increases in amplitude; the frequency at which it occurs moves closer to the
frequency f,".

Frequency compensation or phase compensation is the name given to the
process of tailoring the loop gain magnitude/phase characteristics of a feed-
back op-amp circuit to give an adequate phase margin. Adequate phase
margin ensures closed-loop stability and freedom from closed-loop gain
peaking. Bode diagrams are particularly useful in assessing the stability and
frequency response of feedback circuits, and examples will be given in terms
of their Bode diagrams.

General-purpose op-amps are normally internally frequency compensated
and give unconditional stability with all values of resistive feedback. The
phase shift in their open-loop gain is typically controlled to be 135° or less
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Figure 2.12 Gain peaking versus phase margin for two commonly
encountered situations

for all frequencies where the open-loop gain magnitude is greater than unity,
assuring a minimum phase margin of 45° for all values of resistive feedback.
Internal frequency compensation gives user convenience at the expense of closed-
loop bandwidth and speed (slew rate — see later) which would otherwise be
available when the op-amp is used at higher closed-loop gains than unity.

It is important to note that even frequency compensated op-amps can
become unstable if the load is sufficiently capacitive. The internal resistance
and the external capacitance cause a phase shift at the op-amp’s output
terminal. Even though the op-amp may have a phase margin of 45° or more,
the phase shift at the output can be greater than this and lead to oscillation.
This is because feedback is taken from the op-amp’s output. An external
resistor between the op-amp’s output at the load reduces the phase shift at
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the output, and hence in the feedback path. The subject of compensating for
capacitive loads and capacitive inputs is discussed further in Section 10.5.

Op-amps without internal frequency compensation require external fre-
quency compensating components. They allow the user to select a frequency
compensating scheme appropriate to the particular closed-loop circuit.
Closed-loop bandwidth, slew rate, full power response and noise performance
(see later) are all affected by the frequency compensating method adopted.
Compensation methods advocated for different op-amp types differ in detail
because of internal circuit differences. The general principles involved in
frequency compensation are the same for all op-amps.

Amplifying stages within an op-amp can achieve very high gains by using
active loads. In many cases the overall gain can be sufficiently large using
only two internal voltage gain stages. Op-amps of this type are normally
frequency compensated by means of a single feedback capacitor connected
around the second inverting gain stage in the op-amp. The technique requires
only small values of frequency compensating capacitor (10 pF-30 pF).
Capacitors of this size are small enough to be fabricated on the same inte-
grated circuit chip as the rest of the op-amp circuitry. This is the method of
internal frequency compensation in general-purpose op-amps: a simplified
model of the internal circuit is given in Figure 2.13.

Formed on chip or
connected externally

dB

gm

s AoLify= ——2
N T janfc,

N
N\
AN

20 dB / decade

- log f

fi

Figure 2.13 Equivalent circuit for frequency compensation
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The differential input stage used in many op-amps has a very high gain
and a very high output impedance; it provides what is essentially a current
drive to the second gain stage. In Figure 2.12, its action is represented by
the current generator g, .e,.

The second gain stage is inverting; a capacitor connected between input
and output of the high gain inverting stage gives that stage the frequency
response characteristics of an integrator. Its output voltage is proportional to
the integral of the input current. Assuming ideal integrator action for the
second stage, its output and the output of the complete op-amp has a frequency
roll-off that can be approximated as

gmee
e, ==
JoCy

and the open-loop gain roll-off is approximated by

4 &m
OLD 2 afC,

2.17)

Equation 2.17 must be made to dominate the overall frequency response.
Unity gain frequency compensation requires that the value of C; be chosen
so that the equation brings the open-loop gain down to unity at a frequency
lower than the break frequency of other gain attenuating stages.

Setting |4q;p| = 1 in equation 2.17 and transposing gives equation 2.18.
This gives the relationship between the unity-gain frequency (f;) and the
required unity-gain frequency compensating capacitor (C,) as

fi = g,/2mC, (2.18)

In many general-purpose op-amps, the current drive supplied by the first
gain stage has a frequency dependence. This is determined by the frequency
response of transistors in the first stage, where the break frequency may be
a few MHz. Dependent upon the unity-gain phase margin required, f; must
be made to have the same order of magnitude. Most general-purpose mono-
lithic op-amp designs have C; chosen to make f; typically slightly less than
the break frequency of the first stage transistors.

Unity-gain frequency compensation, although satisfactory, is not strictly
necessary when an op-amp is used in a circuit where the closed-loop gain
(1/B) is greater than unity. Externally compensated op-amps in which the
frequency compensating capacitor is user connected permit the designer to
apply just sufficient compensation to achieve a desired phase margin. Some
internally compensated op-amps have a minimum stable gain specified; these
devices have a greater gain-bandwidth product than would otherwise be
achievable with a unity-gain stable device.

Use of the minimum frequency compensating capacitor, consistent with
achieving adequate phase margin, gives a wider closed-loop bandwidth than
would be obtained if the op-amp were unity-gain frequency compensated.
In applications that are concerned only with slowly varying input signals, a
wide closed-loop bandwidth is of course not required. In such cases it is
often advantageous to restrict closed-loop bandwidth (in order to reduce
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noise) by using much greater frequency compensation than is required for
closed-loop stability. These points are illustrated in Figure 2.14 which shows
Bode approximations for the open-loop frequency response of a general-
purpose op-amp, using values of the frequency compensating capacitor Cy
larger than and smaller than the value C, required for unity-gain frequency
compensation of the op-amp.

Adequate phase margin (60° in the case considered in Figure 2.14) requires
that the minimum value of C; be chosen so, for a particular value of B used
in the circuit configuration, the magnitude of the loop gain B*4,, is reduced
to unity at the frequency f;. Use of equation 2.17 gives
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Figure 2.14 Open-loop frequency response of op-amp with different values
of compensation capacitor
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8m
2mwfCe

|:8AOL(jf)| =B

We require

|BA0L01)‘ =l atf =/

Substituting for f; from equation 2.23 gives the required minimum value of
C; as

C,= BC, (2.19)

Remember that C, is the value of the frequency compensating capacitor
required for unity-gain frequency compensation.

A typical value of frequency compensating capacitor is 30 pF for unity-
gain frequency compensation. Lower values can be used for higher
closed-loop gains. Typically, a 3 pF frequency compensating capacitor can
be used if the closed-loop gain is 20 dB.

There are certain conditions in which the use of minimum values of C; can
lead to instability problems. These are in circuits with large resistor values, or
where there is appreciable stray capacitance to earth at the inverting input
terminal, or those in which the op-amp is expected to drive a capacitive load.

2.6.1 Frequency compensation and slew rate considerations

There is a limit to the rate at which the output voltage of an op-amp can
change; this is called the slew rate. Slew rate is usually expressed in volts
per microsecond and is defined as the maximum rate of change of output
voltage produced in response to a large input step.

The basic mechanism governing slew rate is capacitor charging. The rate
of change of voltage, at any point in a circuit, is limited by the maximum
current available to charge the capacitance at that point. In many op-amp
applications it is the charging of the frequency compensating capacitor
(internal or external) that sets the output slew rate. For this reason, op-amps
designed to have low supply current requirements are generally slower and
bandwidth limited.

The frequency compensating capacitor of an op-amp is charged by the
output current supplied by the first gain stage in the op-amp. The limitation
on the charging rate is therefore determined by the first stage output current
capabilities, thus:

€

= ° (2.20)

Slew rate = ‘

max

where / is the first stage operating current.

Equation 2.20 suggests that increased slew rate may be achieved by simply
increasing the first stage operating current, but this is not the case for op-
amps using bipolar transistor input stages. In normal bipolar transistor op-amp
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stages increase in operating current causes a corresponding increase in the
transconductance of the stage:

1
Transconductance g,, = 2 ];) (2.21)
q
where:

k is Boltzmann’s constant,
T is temperature in K (Kelvin) and
q is electronic charge.

Equation 2.21 is a modification of the transconductance equation for bipolar
transistors:

1

Transconductance g, = kL;{
which is ~40 /. V™! at room temperature. Thus for a transistor with a collector
current of 1 mA, g, = 40mA V! and a Vy change of 1 mV causes a
collector current change of 40 wA. The value of transconductance is halved
in the input stages of an op-amp because of the differential input, so a differ-
ential input of 1 mV gives rise to an output current of 20 pA.

Increase in transconductance that accompanies any increase in operating
current requires a corresponding increase in C; in order to set a particular
value for f;. Combining equations 2.20 and 2.21 with equation 2.18 gives

de,

Slew rate =

= “onf, (2.22)
q

max

Slew rate is seen to be independent of input stage current level. Our approx-
imate treatment explains why most internally compensated general-purpose
bipolar input op-amps have slew rates of the order of 1 V/us.

Bipolar input op-amps that are externally frequency compensated have the
same slew rate limitation when compensated down to unity gain. When they
are frequency compensated for closed-loop gains greater than unity the smaller
value of the frequency compensating capacitor which is required gives an
increased slew rate. High slew rate bipolar input op-amps are available; they
feature specialized input stage circuitry which provides increased current output
without at the same time giving an increase in the transconductance of the stage.

FET input op-amps do not have the above limitation on slew rate because
unlike bipolar transistors, FETs do not have their transconductance directly
dependent upon operating current. FET input op-amps normally feature a
higher slew rate than bipolar input op-amps.

2.6.2 Feed-forward frequency compensation

A few op-amps are suitable for use with feed-forward frequency compen-
sation. This technique can provide a significant increase in bandwidth and
slew rate over standard lag compensation techniques.

In most op-amps the first stage provides the greatest single contribu-
tion to the overall gain of the op-amp, but its frequency response is normally
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rather limited. In feed-forward frequency compensation the high-gain
low-bandwidth first stage is bypassed at the higher signal frequencies and
these are fed directly to the wider bandwidth second stage of the op-amp.
Using this technique, the phase shift at the higher frequencies is primarily
due to the wide band stage, and the phase shift due to the high-gain low-
bandwidth stage is eliminated. The principle underlying the scheme is
illustrated in Figure 2.15.
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Figure 2.15 Principle of feed-forward frequency compensation
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The overall gain due to both stages may be expressed as

R 1
Aovior = [A1gey T T | 2o T [Aige T T | 42w
R+ — 1+ —

joC jwCR
C is chosen so that when f> 1/277CR the gain of the first stage has fallen to
below unity, making the overall gain approximately that of the second gain stage.

The second stage 20 dB/decade roll-off takes the overall gain down to
unity. Bode plots of the uncompensated response and the response with feed-
forward compensation are illustrated in Figure 2.15. Feed-forward frequency
compensation is only applicable to inverting feedback configurations using
externally compensated op-amps.

2.6.3 Lead compensation

Lead frequency compensation is a technique used to increase the phase margin.

A capacitor is included in a feedback loop to introduce a phase lead, compen-

sating for the op-amp phase lag, which would otherwise result in insufficient

phase margin. A simple way of achieving this is to connect a capacitor C; in

parallel with the feedback resistance. A circuit using this method of lead

compensation is shown, together with its associated Bode plots, in Figure 2.16.
We write

1_, R( 1 ):{ Rz]Hlﬂwcf(Rl//Rz)

1 + joC,R, R, 1 + jwC,R,

B R,

At frequencies greater than 1/27C¢R, the capacitor introduces a phase lead
in the feedback fraction, which approaches 90°. If C; is chosen so that the
frequency 1/27wCR, is a decade below the frequency at which the 1/8 and
open-loop response plots intersect, a phase margin of approximately 90° is
obtained. Use of a lead capacitor in parallel with a feedback resistor is a
convenient way of getting extra phase margin. It is also a technique that can
be used to overcome the effect of stray capacitance between the op-amp’s
inverting input and earth (see Section 9.5).

2.6.4 Other frequency compensating techniques

Techniques other than those described in the above sections are sometimes
used for frequency compensation. Whatever technique is used, the same basic
principle is involved. Frequency compensation involves attenuating the loop
gain magnitude down to unity without, at the same time, introducing an
excessive phase shift leading to closed-loop instability.

Frequency compensation is achieved by simply shunting a signal point in
the feedback loop with a capacitor (Figure 2.17). Assuming the output resis-
tance at the signal point is R the added capacitor introduces a 20 dB/decade
rate of attenuation, which starts at the break frequency 1/27C,R . The maximum
phase shift associated with a CR lag network is 90°. The capacitor value must
be chosen so that the loop gain magnitude is attenuated down to unity at a
frequency lower than other break frequencies of attenuating stages.
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2.7 Transient response
characteristics
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Figure 2.16 Lead compensation

Shunting a signal point with a capacitor resistor combination (a lag-
network) is an alternative technique that allows wider closed-loop bandwidths
(Figure 2.18). At frequencies above 1/27wC|R, (the break-back frequency) a
network of this kind produces an attenuation R,/(R, + R,) but the phase shift
returns to zero.

Previous sections have been concerned with factors influencing the small-
signal frequency response characteristics of op-amp feedback circuits.
Attention is now directed to the factors influencing their behaviour in time,
namely their transient behaviour in response to large and small input step
or square-wave signals.

Students may gain a greater understanding of op-amp transient behaviour,
and the terminology used to describe it, by performing transient tests.
Frequency compensating component magnitude, load capacitance, input
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Figure 2.17 Simple lag compensation with single capacitor

capacitance and any stray feedback capacitance all influence closed-loop tran-
sient behaviour.

2.7.1 Small-signal transient response

Small-signal characteristics are those obtained when there are no saturation
effects (no slew rate limited output) and the op-amp circuit is operating in
its linear range. In small-signal operation circuit relationships are indepen-
dent of the level of the output voltage and current, and of their previous
history.

The small-signal transient behaviour of an op-amp feedback circuit is
closely related to its small-signal sinusoidal frequency response. In our
previous discussion of small-signal closed-loop frequency response we distin-
guished between two different closed-loop situations.
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In the first situation, consider a unity gain frequency compensated op-amp
with resistive feedback. Figure 2.19 illustrates the considerations governing
the behaviour of such a circuit. In response to an input step signal the output
follows an exponential governed by the relationship

Vo=V;[1-e"e] (2.23)

where the time constant 7, = 7',/B and 7|, = —1/2f,. Notice that 7. increases
for increasing values of closed-loop gain (decrease in () and decreases for
increasing values of the unity gain frequency f,.

Rise time is a parameter that is frequently used to characterize the response
of an op-amp to an input step. Rise time is defined as the time taken for the
output to rise between 10 per cent and 90 per cent of its final value. Neglecting
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Figure 2.19 Small signal sinusoidal and transient response for unity gain
frequency compensated op-amp with resistor feedback

the time for the initial 10 per cent rise an approximate expression for rise
time can be obtained by substituting ¥, = 0.9V} in equation 2.23. Thus,

0.9V, =V, [1-e /7]
giving 7,/T, = In (10), where In (x) is the natural logarithm of x.

or 7, = In (10)/27f(3 dB)
T.~ 1/[3/(3 dB)]

f(3dB) = Bf, is the closed-loop small-signal 3 dB bandwidth limit.

The second situation is when using a closed-loop configuration with a
lightly damped transient response.

The most commonly encountered closed-loop configurations which exhibit
a lightly damped transient response are those in which the frequency response
is governed by two breaks, and in which the break frequencies are remote
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Figure 2.20 Lightly damped closed-loop response

from each other by at least a decade (see Figure 2.20). Systems of this kind
have a response that is typical of a second order system. The response equa-
tion is obtained by substituting the frequency dependent loop gain expression
into the gain error factor (see Appendix A2).

A second order system is characterized by parameters called the damping
factor () and natural frequency f,. A step input, V, causes overshoot and
ringing. Treating A V,, as a scaling factor and plotting time in units of w, ¢
the normalized step response for different values of the damping factor is
plotted in Figure 2.21.

The step response shows an increasing overshoot and ringing as the value
of the damping factor is successively reduced below unity. The damping
factor is related to the break frequencies, governing the frequency response
of the op-amp by the expression

PR
2 |BA(0)|f<‘:l

The amount of gain peaking to be expected in the small-signal closed-loop
frequency response is related to the damping factor by (Appendix A2)

(2.24)

1
P, of peaking) 20 log( >
st = B g

where { = 1A2.
Note: there is no peaking in the sinusoidal response for { > 1A2.
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Figure 2.21 Second order step response

2.7.2 Overshoot

In the case of a lightly damped response ({ < 1), the amount by which the
first ringing peak exceeds the final value is referred to as overshoot. Expressed
as a percentage of the final value

Overshoot % = 1ooe< < ) (2.25)

yi-g
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2.7.3 Small-signal settling time

Overshoot represents the maximum output transient error following initial
rise in response to a stepped input. The time taken by the output to settle
within a certain accuracy (settling time) following a transient is often of
greater interest. A conservative estimate of the small-signal settling time for
a second order system can be made by finding the smallest value of N which
satisfies:

—{N
V1=

where x% represents a specified accuracy.
The settling time is found by substituting N into the following equation:

IOOe( )<=x%

. N

e \1-22

Small-signal settling time is clearly directly related to the value of the
damping factor. For fast settling to a high accuracy, nothing is to be gained
by using damping factors less than unity. Although light damping does give
a faster initial rise, any ringing prolongs settling time. It is for this reason
that designers of fast settling op-amps strive to have the open-loop frequency
characteristic strongly dominated by a single 20 dB per decade roll-off down
to unity gain in the open-loop frequency response.

2.7.4 Large-signal time response characteristics

If the op-amp is operating in its non-linear regions, the small-signal tran-
sient response characteristics discussed in the previous section no longer
apply. In this section some of the effects accounting for the difference between
small- and large-signal characteristics are considered.

Slew rate

Within an op-amp there is inherent semiconductor and circuit capacitance,
as well as those added for frequency compensation. There is also load capac-
itance at the output. The rate of change of voltage at a point in the circuit
depends on the available current to charge the capacitance at that point:
dar 1

max

.. C

This mechanism sets an upper limit to the rate at which the output voltage of
an op-amp can change. Slew rate, usually expressed in V/us is the parameter
that is used to characterize the effect. As discussed in Section 2.7.1 it is often
the charging of the frequency compensating capacitor which determines the
output slew rate, but there are applications in which the charging of some other
circuit capacitance sets the limit, for example large capacitive loads.
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2.8 Full power
response

Slew rate is the performance parameter which determines the maximum
frequency at which an op-amp can give a full-scale sinusoidal output signal,
and is one of the important factors in determining large signal settling time.
Slew rate determines the maximum operating frequency in such applications
as precise rectifiers.

Overload recovery

An op-amp in a saturated overload condition takes a finite time to recover
to linear operation. Overload recovery defines the time required for the output
voltage to recover to within its rated value from a saturated condition.
Saturation takes place when an op-amp’s output voltage exceeds its rated
value. It also occurs during non-linear slew with the output within rated
limits. Saturation causes charges within the circuit to become unbalanced.
These charges must be brought back to equilibrium before the op-amp can
operate normally.

In an op-amp circuit required to give a full-scale output step there is a
period of recovery which is comparable to the period of slew. The recovery
period may be substantially greater if many internal stages are involved.
Fast slew rate, therefore, is not by itself a good indicator of a fast settling
op-amp. Some op-amps with extremely large slew rates have excessive
recovery time.

Large signal settling time

Settling time is defined as the time elapsed from the application of a perfect
step input to the time when the op-amp’s output has reached its final value
(within specified tolerances). Large-signal settling time is usually specified
for the condition of unity gain and a full-scale output step. The main contri-
butions to settling time are slew rate and overload recovery.

The inability of an op-amp’s output voltage to slew faster than a limiting
rate can lead to distortion of sinusoidal signals. This is true, even though
their amplitude is below the maximum rated output voltage for the op-amp.
Some manufacturers specify the effect by op-amp full power response, £,
defined as the maximum frequency, measured at unity closed-loop gain, for
which full output can be obtained at rating load without distortion. An approx-
imate relationship between slew rate and full power response is readily
derived if it is remembered that in the case of a sinusoidal signal the maximum
rate of change occurs as the signal passes through zero. Consider a sinu-
soidal output signal with amplitude equal to the rated output voltage E_ and
frequency f:

e, = E,sin27f1)

de,

dr

= 2mf,E, cos(2m f,1)
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2.9 Offsets, bias
current and drift

€

dr

max = 27H E, (2.26)

Slew rate = ‘

If the output amplitude is reduced, distortion due to slew rate does not occur
until the frequency is increased above f,. Op-amp data sheets sometimes give
graphs which relate maximum sinusoidal output voltage obtainable without
distortion to frequency; they show what is called the power bandwidth of
the op-amp.

In circuits where the DC response is important, offset voltages, bias currents
and drift have to be taken into account. An op-amp is normally required to give
zero output voltage (referred to earth — or mid-rail) when the voltage between
its input terminals is zero. When a constant DC input signal is applied, the op-
amp’s output should remain at a constant voltage. Parameters are defined which
indicate how far real op-amps depart from this ideal behaviour.

In a circuit designed to handle AC signals, a DC path from both inputs
to either earth or another DC voltage source is required. A non-inverting
op-amp with a capacitively coupled input signal needs a resistor, between
the input and the mid-rail supply, in order to supply bias current to the non-
inverting (+) input. The feedback resistor, between the output and the
inverting input, supplies bias current to the inverting (—) input.

An op-amp with its input terminals shorted together is found to give a
non-zero output voltage or ‘offset’. In some cases, the high gain of the op-
amp will cause the output voltage to be at one of its saturated levels. It is
therefore usual to specify op-amp offsets by referring them to the input of
the op-amp.

The input offset voltage, V,, is defined as that input voltage which would
have to be applied in order to cause the op-amp output voltage to be zero.
It is specified at a particular temperature.

All op-amps require some small relatively constant current at their input
terminals, called an input bias current. In the case of a differential op-amp
the input bias current, /,, is defined as the average value (half the sum) of
the currents at the two input terminals with the op-amp output voltage at
zero. It too is specified at a particular temperature. Ideally the currents taken
by the two input terminals should be the same under these conditions but
in practice some degree of mismatch always exists.

The input offset current, 7, is defined as the difference in the input bias
currents to the two input terminals, at a particular temperature. With equal
source impedances connected to the two input terminals, it is only this
mismatch, or difference current, which causes an offset error. The effects of
bias and offset currents tend to overshadow the effects of input offset voltage
when the input source impedances are high.

Provision is normally made for balancing out the effects of initial op-amp
offsets by means of a suitable potentiometer. After this adjustment has been
made the output voltage of an op-amp is still found to change, even though
the applied input signal is zero or a constant DC value. This slow change
in the output voltage of an op-amp is referred to as drift. Drift problems do
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not arise in AC op-amps because any DC change in voltage level is effec-
tively blocked off from the output by a coupling capacitor.

A specification for the drift in an op-amp’s output voltage would, in itself,
give little criterion for the selection of an op-amp for drift performance. The
observed output drift is dominated by drift in the early stages of the op-amp,
for this is magnified many times by subsequent stages before appearing at
the op-amp output. It is usual to characterize drift performance by referring
the drift to the input; the various contributions to drift are specified by their
effects on op-amp input offsets.

2.9.1 Temperature drift

In op-amps, drift with temperature normally represents the largest single
source of drift. This causes the biggest errors in many applications. It arises
because of the temperature dependence of the characteristics of both active
and passive components. Temperature drift may be specified by the tempera-
ture coefficients of bias current and input offsets. The coefficients, Al/AT,
AL /AT and AV, /AT are usually defined as the average slope over a speci-
fied temperature range.

The drift to be expected for a defined temperature change from ambient
is found by multiplying the specified drift rate by the temperature excursion.
The drift of bias current, the input offset current and the input offset voltage
are generally a non-linear function of temperature. The drift rates are normally
greater at the extremes of temperature.

2.9.2 Supply voltage sensitivity

Changes in the op-amp’s power supply voltage causes changes in op-amp
output voltage. The effect is usually specified by the effect of supply volt-
ages on input bias current and input offsets. Supply voltage coefficients,
AV, JAV, AL/AV and AL /AV are included in most data sheets. In the case
of op-amps using twin power supplies, the positive and negative supply
voltage coefficients will not normally be the same. However, with regulated
power supplies, drift due to power supply changes will normally be negli-
gible compared with temperature drift.

2.9.3 Evaluating errors due to input offset voltage and bias current

In applications requiring a response down to DC, the op-amp input offset
voltage and bias current, and their drift coefficients, are usually the limiting
performance parameters. A general method for evaluating offset errors will
now be described.

The use of error signal generators at the input of an otherwise ideal op-
amp (see Figure 2.22) conveniently represents offset voltage and bias current.

Combining the effects of the separate error generators into one single gen-
erator provides further simplification. The effects of bias current are expressed
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Figure 2.22 Evaluating offset errors

in terms of the equivalent voltages connected directly to the input terminals
of the op-amp. Thus /" applies a voltage —/;" R .. to the inverting input ter-
minal and /," applies a voltage —IR* ... to the non-inverting terminal.

R e and R* _ represent the effective source resistance connected at
the inverting and non-inverting input terminals respectively. They represent
the parallel combinations of all resistive paths to ground, including in the
case of R ... the path through any feedback resistor and the op-amp output
resistance to ground.

Since V;, is directly applied to the input terminal, we may represent the
total equivalent input offset voltage as

eOS = i ViD + IbiR ;()UI’CE - IJlraRJgource (2'27)
Drift in the total equivalent input offset voltage is obtained by substituting
values of the drift coefficients of 7, and V.
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Graphs showing the dependence of e  drift on source resistance are given
in some op-amp data sheets. e, appears at the output multiplied by the ‘noise
gain’ 1/3; the resultant error may be referred to any signal input by simply
dividing by the signal gain associated with that input. A numerical example
should serve to clarify the evaluation of offset error.

An op-amp with /, = 100 nA, [,, = 10nA and V;, = 1 mV is to be used
in the inverting summing circuit shown in Figure 2.23. Find the minimum
signals that can be amplified at the two input signal points with less than
1 per cent error due to offset.

100 kQ 100 kQ
—{— 11— -}
10 kQ
Ry

|||—4

Figure 2.23 Circuit for example of offset error evaluation

In the circuit of Figure 2.23, the non-inverting input terminal is connected
directly to earth, making RY _  zero. The effective source resistance through

source

which bias current must flow to the inverting input terminal is

R = R //Ry// Ry = 83 KQ

source

According to equation 2.27
e, = 1073 + 1077 X 8.3 X 103 (worst case) = 1.83 mV

In this circuit

1 R,
—=1+ = 12
B R, /IR,

The output offset error is thus e /B8 = 22 mV. Referring this error to the e,
input the equivalent input error is 22/10 = 2.2 mV. Referring the output
error to the e, input the equivalent input error is 22/1 = 22 mV. The smallest
input voltage for less than 1 per cent error is thus 220 mV at the e, input,
or 2.2V at the e, input.

The input offset error due to bias current can be reduced, by connecting
a resistor equal in magnitude to R . between the non-inverting input and
earth. This makes
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2.10 Common mode
rejection ratio (CMRR)

€os — iVio + IioRsourcc
Accuracy is still relatively low, but can be improved if the initial offset is
balanced out by using one of the offset balancing methods discussed in
Section 9.6. An evaluation of subsequent offset error would then require
knowledge of the temperature coefficient of /, and V,,, and an estimate of
the possible ambient temperature variations (87).

AV, Al
© 87 and I, = —26T

Values V_ =
alues V= =7, AT

should then be substituted in equation 2.27 in order to find the equivalent
input error due to temperature drift.

An ideal differential op-amp responds only to the difference in the voltages
applied to its input terminals and produces no output for a common mode
input voltage. In practical op-amps, common mode input voltages are not
entirely subtracted at the output due to slightly different gains between the
inverting and non-inverting inputs. The gain of an op-amp for common mode
input voltage is known as the common mode response. The ratio of the gain
with the signal applied differentially to the common mode response is called
the common mode rejection ratio, CMRR. It is often expressed in decibels
(dB) by taking 20 times logarithm (base 10) of the ratio.

Common mode rejection presents no problem for op-amps used in the
inverting configuration. This is because, with one input earthed, the input
common mode voltage e, must be zero.

In non-inverting circuits, feedback causes the voltage at the inverting input
to follow that at the non-inverting input. The input common mode voltage
thus varies directly with the input signal. With finite CMRR an output signal
is produced in response to this common mode input signal. Thus an error is
introduced which affects the overall circuit accuracy.

The common mode error is conveniently represented in terms of equiva-
lent input common mode error voltage, e, where this is the common mode
output divided by the differential gain. If the op-amp is considered to have
e..m applied to its non-inverting input terminal, along with the input signal,
it may then be treated as though it completely rejected the actual input
common mode signal e_,. The relationship between input common mode
error voltage and input common mode voltage is readily obtained as

€ecm 1

= CMRR (2.28)

ecm

For example, consider an op-amp with CMRR = 1000 (60 dB) used in the
non-inverting configuration with an input signal of 1 V. The input common
mode voltage e, would also be 1 V. The input common mode error voltage
is seen to be 1 mV and this represents a 0.1 per cent measuring error. The
op-amp is illustrated in Figure 2.24.

It is not always possible to compensate for common mode errors. This is
because the CMRR for some op-amps shows a dependence on the magnitude
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2.11 Noise in op-amp
circuits

R,

€m™ CMRR

S [

Figure 2.24 Representation of common mode error

of the input common mode signal. Also, the common mode error voltage is a
non-linear function of common mode voltage and there is also an added com-
plication of temperature dependence. Since linearity of common mode error
voltage with common mode voltage is really more important than the actual
value of the CMRR, a graph illustrating this relationship is valuable if an op-
amp is to be used in an application which is critically dependent on common-
mode performance. Figure 2.25 illustrates an example.
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slope specifies CMRR
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non-linearly with e,

Figure 2.25 Common mode error voltage as a function of common mode
input voltage

Specified values of CMRR where non-linearities exist are usually average
values, assuming a measurement of e, at the end points corresponding to
the maximum common mode voltage £ . It is important to note that published
common mode specifications generally apply to DC input signals; CMRR is
usually found to decrease at the higher frequencies.

The output of an op-amp is always found to contain random signals that are
unrelated to the input signals. These unwanted signals are called noise. Errors
such as drift error can, theoretically at least, be reduced to negligible propor-
tions (by, say, using a temperature-controlled environment), but there always
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remains a noise error that limits the attainable accuracy and resolution. Noise
should be taken into account if the circuit being designed must process low-
level signals with high accuracy.

There are two basically different types of noise in a circuit. Interference
noise is picked up from outside the circuit. Inherent noise arises within the
circuit itself.

Sources of interference noise are many and varied. They include electro-
magnetic or electrostatic pickup from power sources at mains frequency,
broadcast radio, electrical arcing at switch contacts and signals radiated
from digital electronic circuits. Fortunately the circuit designer can usually
minimize interference noise by suitable shielding and guarding and the elim-
ination of earth loops (see Section 9.4) and by proper attention to mechanical
design.

Inherent noise is a function of a particular op-amp and the circuit in which
it is used. The only way in which the designer can influence inherent noise
is through his choice of op-amp and circuit components. The noise in an
op-amp can vary by several orders of magnitude.

2.11.1 Characterization of random noise sources

The total noise that is inherent in an op-amp circuit (or any circuit for that
matter) can be thought of as a combination of the effects of several, separate,
noise sources. These inherent noise sources are essentially random signals.
They give an electrical signal whose waveform has no defined shape, ampli-
tude or frequency. They may be thought of as a superposition of signals at
all possible frequencies, with amplitude and phase varying in a completely
random fashion.

Root mean square (RMS) value of a noise source

It is a characteristic of most forms of random noise source that averaged
over a sufficiently long time interval their RMS value in a specified band-
width remains constant. The RMS value in a specified bandwidth is thus a
useful and meaningful way of characterizing a random noise source. The
general defining equation is

1 T
News = | 7 f n? dt (2.29)
0

where 7, is the instantaneous noise amplitude (current or voltage), and Ny
is the RMS value of the noise source. In order to be meaningful, the RMS
value of a noise source must have the bandwidth clearly defined. The wider
the bandwidth: the greater is the RMS value of the noise.

Combining noise sources

The combined effect of several random noise sources is found by root
sum of the square addition of the RMS values of the separate noise sources.
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Thus, if E|, E,, E; are the RMS voltage values of three separate voltage noise
generators their combined effect when connected in series is equivalent to a
single noise voltage generator of RMS value

E=\E>+E2+E? (2.30)

2.11.2 Peak-to-peak noise

In some applications it is peak-to-peak noise which really sets the limit to
a system performance. Peak-to-peak noise is the difference between the
largest positive and negative peak excursions to be expected during some
arbitrary time interval. Random noise is, for all practical purposes, Gaussian
in amplitude distribution; the highest noise amplitudes having the smallest
(yet not zero) probabilities of occurring.

Peak-to-peak noise is thus difficult to measure repeatedly, but a useful
rule of thumb for converting from an RMS noise value to a peak-to-peak
value is to multiply the RMS value by a factor of 6. The amplitude obtained
is exceeded less than 0.25 per cent of the time by a random noise signal of
the given RMS amplitude.

2.11.3 Noise density spectrum

The noise generated by any random noise source exists in all parts of the
frequency spectrum. The amount of noise contributed by a source varies with
the range of frequencies over which the observation is made:

fZ
NRMS(f] —f) f n’ df (2.31)
f,

A noise density spectrum shows the way in which the noise produced by a
given source is distributed over the frequency spectrum. Noise density 7 is
shown as a function of frequency, usually on log—log axes. Examples of
noise spectra are given in Figures 2.26, 2.28 and 2.29.

In the spectral regions of interest in op-amp applications, the noise sources
encountered often have spectral distribution belonging to one of two types:
in one, n is constant as a function of frequency; and in the other, n varies
inversely with the square root of frequency.

2.11.4 White noise

Noise for which # is constant with change in frequency is called white noise.
The noise from a white noise source is distributed uniformly throughout the
frequency spectrum.

Thermal agitation of electrons in a resistor causes random voltages to
appear across it. The spectrum of this noise voltage is characterized by a
noise density that is constant as a function of frequency. Resistance noise
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Figure 2.26 Noise density spectrum for op-amp generated noise

(Johnson noise) is thus an example of white noise. The noise voltage asso-
ciated with a resistor has a noise density:

Resistance noise e = V(4kTR) V per \VHz (2.32)

where:

k = Boltzmann’s constant = 1.37 X 1073 J/K,
T = the temperature in K and

R = the resistor value in ().

The RMS noise voltage generated by a resistor R, in the range of frequen-
cies f; to f;, is:

Resistance noise egyis(r, 1) = VAKTR (f; —f,) volt RMS (2.33)

2.11.5 1/f or ‘pink’ noise

Noise, which has a density that varies inversely with the square root of fre-
quency, is referred to as 1/f noise. This is sometimes called ‘pink’ noise. The
noise density for a pink noise source is determined by an equation of the form

1
Pink noise n = K \/; (2.34)

where K is the value of n at f = 1 Hz.

A graph of n against frequency for a pink noise source when shown as a
log—log plot is a straight line of slope —10 dB/decade. A graph of n? against
frequency gives a straight line of slope —20 dB/decade.

The contribution which a pink noise source makes to the RMS value of
the noise in a frequency range f; to f, may be found by substituting equation
2.34 into the general equation 2.31. Thus:
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Npms, ) = K\/J’%(j{ =k \/111(?1) (2.35)

Note that the RMS noise contributed by a pink noise source in a particular
bandwidth depends upon the ratio of the frequencies defining that bandwidth.
Every frequency decade of noise from a pink noise source has the same
RMS value as every other decade.

2.11.6 Evaluation of RMS noise from a noise density spectrum

The contribution that a particular noise source makes to the RMS noise in
any specified bandwidth can, in principle, be found by evaluating the inte-
gral in equation 2.31. Equations 2.33 and 2.35 are the results of such
evaluations for the particular cases of a white noise source and a pink noise
source. Note that in order to evaluate the integral the equation defining the
noise density as a function of frequency must of course be known.

In the spectral regions of interest, the noise generators used to represent
the effect of internally generated op-amp noise often exhibit a noise density
spectrum of the form shown in Figure 2.26. A spectrum of this kind can be
thought of as consisting of two components; a white noise component, which
is the predominant noise component at high frequencies, and a 1/f compo-
nent which predominates at low frequencies. The RMS value of the noise
contributed by the source in any bandwidth can be found by a root sum of
the squares addition of the RMS contributions of the two separate compo-
nents in that bandwidth.

2.11.7 Op-amp noise specifications

The noise present at the output of an op-amp is a combination of the ampli-
fied noise present at its input and noise generated internally inside the op-amp.
Noise produced internally by an op-amp is conveniently modelled as shown
in Figure 2.27, by a noiseless op-amp with a noise voltage and a noise current
generator at its input terminal.

Noiseless op-amp

Figure 2.27 Op-amp model for internally generated noise
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Equivalent noise generators connected to the op-amp’s input terminals could
be used to represent noise generated by resistors at the input. The several input
contributions to the noise can be combined as a single resultant input-referred
noise source and in closed-loop op-amp applications this total input-referred
noise appears at the output multiplied by the closed-loop noise gain 1/8.

The technique for noise evaluation, just described, is similar to the tech-
nique for evaluating offset and drift errors, previously described in Section
2.9.3. The main difference between a drift error evaluation and the evaluation
of noise errors is the dependence of noise on bandwidth. In making a noise
assessment of an op-amp circuit, the designer must use noise data from the
op-amp data sheet.

Op-amp noise data will be found presented in both graphical and numer-
ical form. An example of graphical data is given in Figure 2.28, where the
frequency dependent nature of the noise can be seen. Numerical noise data
is usually given in terms of voltage noise and current noise, as modelled in
Figure 2.27.

Some manufacturers specify typical peak-to-peak input voltage and current
noise in a low frequency band (say 0.01 to 1 Hz). A peak-to-peak specifi-
cation of this kind is particularly useful in assessing accuracy limits (as
limited by noise) in applications in which the signals of interest are essen-
tially DC, or very slowly varying quantities. Wide bandwidth noise will of
course be present in the op-amp output but it can be removed by following
the op-amp with a suitable low-pass filter.

RMS values of noise can be used as a means of estimating peak-to-peak
values. The rule of thumb multiplication factor of 6, mentioned previously,
is used.

2.11.8 Evaluating noise errors using noise specifications

The problem facing the circuit designer is to assess accuracy and resolution
limits as determined by noise. Clearly if the noise level at the output is
comparable to the signal level, the signal is obscured by the noise. In wide
band applications signal-to-noise ratio (SNR) is a useful figure of merit in
describing how well the signal ‘stands out’ from the noise. The signal-to-
noise ratio at the output is defined as

SNR = signal power out/noise power out
The ratio is sometimes expressed in decibels (dB) by the relationship
SNR(dB) = 10 log(P/P,) (2.36)
In DC and low frequency applications, accuracy limits determined by noise

can be related to peak-to-peak noise. Noise error is expressed as a percentage,
from the relationship:

peak-to-peak value of output noise
peak-to-peak value of output signal

Noise error = X 100% (2.37)
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Figure 2.28 Noise spectral density for a typical op-amp

An estimate of the amount of noise to be expected in a given circuit is made
by using the noise data for the op-amp used. Rigorous noise evaluations are
time consuming and can be of dubious practical value if they are based upon
‘typical’ noise data. In many applications the effect of a single noise source
can be dominant, and the ability to identify the most significant noise contri-
butions allows a rapid order-of-magnitude noise assessment.

As a starting point in any noise evaluation, the signal gain and the noise
gain in the circuit should be found. Bode plots giving their frequency de-
pendence help to show up the spectral regions where significant noise
contributions are to be expected. An evaluation of the noise performance of
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Figure 2.29 Noise evaluation example 1

an op-amp used in a basic resistive feedback configuration is taken as a first
example, Figure 2.29. Input noise sources appear at the op-amp output multi-
plied by the noise gain; in this example the noise gain is 100, its 3 dB
bandwidth limit is 10* Hz and it rolls off at 20 dB/decade beyond this
frequency.

Using equivalent input noise generators

Noise voltage and noise current can be used to find the total noise. In order
to calculate the total noise, both noise sources need to be described in the
same form. Noise voltage is normally used. To convert the noise current (/)
into voltage form it is multiplied by the resistance presented to the op-amp’s
inputs.
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Thus we have

e, = LR}

in” “source

erTZ = [inR;()urce
Simplifying into one noise generator, where R, is the effective resistance
between the op-amp’s two inputs (given by Sy = \(R,//R,)* +R,* in Figure
2.29), we have

€n = [inRs
The total intrinsic noise is V[e,> + (I,R.)?]. The voltage and current genera-
tors have equal contribution to the intrinsic noise when e, = I, R.. This occurs
when R, = R, = ¢,/I,, and R, is known as the noise resistance. If the resist-

ance presented to the op-amp’s inputs is much lower than e /I, the intrinsic
noise can be considered due to the voltage generator alone. Conversely, if
the resistance is much higher than e /I, the intrinsic noise is due to the

current generator alone.

Lowering an AC op-amp’s noise figure

The noise figure of the op-amp is described as the signal-to-noise ratio at
the output divided by the signal-to-noise ratio at the input. This is often
measured as a voltage, but expressed in decibels (dB) by taking 20 log(voltage
ratio). In other words, it is the amount of noise added to the signal by the
op-amp.

If the resistance presented to the op-amp’s input is lower than the noise
resistance, the op-amp’s voltage noise will dominate. The noise power is
this voltage squared, multiplied by the resistance presented to the input. One
way to minimize the noise contribution of an op-amp is to transformer couple
the input signal with a step-up transformer (1:N).

When a step-up transformer is used, the signal voltage is multiplied
by the turns-ratio (V). The effective impedance seen by the op-amp input is
the source resistance multiplied by N squared. Assume that the op-amp’s
input impedance must match the source impedance. First, we choose a
value of N such that N> = 2R, for the signal impedance given. Second we
terminate the secondary of the transformer with a load resistor equal to 2R, .
The op-amp’s inputs now see impedance R, and both 7, and /, contribute
to the total noise. The equivalent voltage noise is now (\/Z)en, or 3dB
above e,.

Suppose R, = 3 k() and the signal impedance is 600 (). We choose a
transformer ratio of 1:3.16. The 600 () primary impedance is transformed
up to 6 kQ) at the secondary. A load of 6 k() is then applied across the
secondary winding. The input voltage is increased by 10dB (20 times
log(3.16)). Since the impedance at the op-amp’s input equals R, the total
input noise is only increased by 3 dB. Therefore this circuit has raised the
signal-to-noise ratio by 7 dB, compared to a circuit with a 600 ) resistor
across its input. This is shown in Figure 2.30.
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Exercises

1:38.16

600R
Input

Voltage gain = 3.16 + (1+ Ry/R1)

Figure 2.30 Transformer coupled op-amp input

In some circuits, impedance matching is not required. This is usually where
the source and load are physically close. If there is a transmission line between
source and load, matching is often necessary. Unmatched transmission lines
suffer from reflections and crosstalk from other signal carrying circuits.

The important notion of noise resistance can lead to a misunderstanding. The
resistance of a source should not be artificially raised to be equal to the noise
resistance. This will increase thermal noise due to the extra resistance in series
with the signal path. Transformer coupling, to increase the effective source
resistance, works because the signal voltage is also raised in the process.

The use of a transformer gives additional benefits. Transformer coupling,
using an earthed screen between primary and secondary windings, increases
the rejection of common mode signals. Transformers are designed to cover
a specified range of frequencies and tend to reduce the amplitude of signals
outside this range; hence they act as first order bandpass filters.

2.1 An op-amp is to be used in the inverting feedback configuration with

a closed loop signal gain of 100 and an input resistance of 10 k().

(a) Assuming ideal amplifier performance what values of input and
feedback resistor should be used?

(b) If the op-amp is assumed ideal except for a finite loop gain of 104,
by how much will the signal gain differ from 100?

(c) If the open-loop gain of the amplifier changes by 5 per cent what
effect will this have on the closed-loop signal gain?

2.2 The amplifier used in the circuit of Figure 2.5 has an open-loop gain
5 X 10* and differential input resistance 100 k(), resistor R, = 1k{),
R, =3.9kQ. Find the closed-loop gain and the effective input resist-
ance of the circuit. Assume that the common mode input impedance of
the amplifier is infinite and that its output resistance is negligible.

2.3 Write expressions for the feedback fraction 8 and the closed-loop gain
1/B for the circuits given in Figures 1.3, 1.4(b), 1.6, 1.7 and 1.8.

2.4 Express the following voltage ratios in decibels to the nearest whole dB.
(@ 1, (b) 2, (¢) 3, (d) 10, (e) 100, (f) 1000, (g) 10°.
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2.5

2.6

2.7

2.8

2.9

Without using log tables, using only the results of Exercise 2.4, calcu-
late the dB equivalents of the following voltage ratios to the nearest
whole dB.

(a) 6, (b) 15, (c) 3.33, (d) 333, (e) 9, (f) 0.01, (g) 0.05, (h) V2, (i) 1N2.
(Hint: 3.33 = 10/3. Thus (3.33 expressed in dB) = (10 expressed in
dB) — (3 expressed in dB).)

An op-amp has an open-loop frequency response that exhibits a

20 dB/decade roll-off down to unity gain. Its open loop gain at zero

frequency is 100 dB and its unity-gain frequency is 1 MHz. Sketch the

open-loop frequency response on a dB/log f plot:

(a) The amplifier is connected as a non-inverting feedback amplifier (a
follower) with closed-loop gain (i) 2, (ii) 10, (iii) 50. Find the small-
signal closed-loop bandwidth in each case and sketch the appropri-
ate Bode plots.

(b) The amplifier is connected as an inverting adder, as in Figure 1.4(b),
so as to form the weighted sum of three separate signals. Input
resistors R, = 27k, R, = 39k}, R, = 56k(), and a feedback
resistor R, = 120 k(), are used. Find (i) the ideal performance
equation, (ii) the value of 1/8 for the circuit, (iii) the small-signal
closed-loop bandwidth, (iv) by how much the ideal performance
equation is in error at a frequency 20 kHz (see Section 2.4).

An op-amp has a slew rate of 0.5 V/ps. What is the maximum frequency
for which the amplifier will give an undistorted sinusoidal output signal
of (a) 20 V peak-to-peak; (b) 10 V peak-to-peak? (see Section 2.8).

An op-amp employing the frequency compensating technique discussed
in Section 2.6 has a frequency compensating capacitor of value 10 pF
connected to it. When it is used as a unity-gain follower, it has a closed-
loop frequency response that exhibits 5 dB of gain peaking. What
damping factor and overshoot do you expect in the small-signal step
response of the follower?

What minimum value of frequency compensating capacitor would be
required for no gain peaking, and what overshoot would result in the
small-signal step response if this value of capacitor were connected?

The open-loop gain of an op-amp is 100 dB at DC and its open-loop
frequency response exhibits two breaks at frequencies f, = 100 Hz,

f.; = 4 MHz. The amplifier is connected as a unity gain follower. At

what frequency is the magnitude of the loop gain unity? What is the
phase margin in the circuit? By how much does the closed-loop gain
peak and at what frequency does the gain peak occur? Estimate the
settling time to 0.1 per cent if a small input step signal is applied. Find
the minimum closed-loop gain for which the amplifier will exhibit (a)
no closed-loop gain peaking; (b) a critically damped response with no
overshoot in the transient response.

Find the closed-loop 3 dB bandwidth for each of these values of
closed-loop gain (see Section 2.7 and Appendix A2).
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2.10 An op-amp has the following offset and temperature drift specifications:

V., = 2mV; AV, /AT = 10 wV/°C; I; = 500 nA; AI/AT =

1 nA/°C; I, = 50 nA; AL /AT = 0.1 nA/°C.
The amplifier is connected as a simple inverter with R, = 10 k{),
R; = 1 M), and is supplied by a signal source of negligible resistance.
Find:

(a) the output offset voltage;

(b) the change in output offset voltage to be expected from a tempera-
ture change of 10°C;

(c) assuming initial offset balanced, the smallest input signal that can
be amplified with less than 1 per cent error, due to a 10°C tempera-
ture change;

(d) the value of a resistor R_ that should be connected between the
non-inverting input terminal and earth to reduce the offset error
due to amplifier bias current.

Repeat parts (a), (b) and (c), assuming that the resistor R is connected

in the circuit. In all cases assume worst case errors (see Section 2.9.3).

2.11 An op-amp with the offset and temperature drift specifications given in

Exercise 2.10 is to be used as a follower with a feedback resistor of

10 kQ and a resistor of 1 k() connected between the inverting input

terminal and earth. The circuit is supplied by a signal source of internal

resistance 100 k(). Find:

(a) the output offset error with no offset balance;

(b) the smallest input signal that can be amplified with no more than
1 per cent error if initial offsets are balanced and the temperature
changes by 10°C (see Section 2.9.1).

2.12 A differential input op-amp, assumed ideal except for finite open-loop
gain and finite CMRR, has an open loop gain of 5 X 10*. When the
op-amp inputs are connected together, and a signal of 1 V with respect
to earth is applied to them, the output voltage of the amplifier is found
to be 5 V. Find the CMRR of the amplifier and the measurement error
due to common mode signals (expressed as a percentage), when the
amplifier is used as a non-inverting feedback amplifier.

2.13 A random noise voltage source has a noise density function which varies
inversely with frequency; the RMS value of the noise voltage produced
by the source is 2 WV in the frequency range 20 Hz to 100 Hz. Find
the RMS noise voltage produced by the source in the frequency range:
(a) 1 Hz to 10 Hz, (b) 10 Hz to 100 Hz, (c¢) 1 Hz to 1 kHz (use equa-
tion 2.35).

2.14 The input connected noise voltage and noise current generators that are
used to represent the noise generated by an op-amp have noise density
spectra consisting of white noise and 1/f components. The noise voltage
generator has a white noise component with density 20 nV/\VHz and a
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1/f corner frequency of 50 Hz. The current generator has a white noise
component with density 0.3 pA/NHz and a 1/f corner frequency of 1 kHz.
Sketch the noise density spectra. Find:

(a) the RMS value of the noise voltage generator;

(b) the RMS value of the noise current generator, in the frequency
ranges (i) 0.1 Hz-10 Hz, (ii) 1 Hz-100 Hz, (iii) 1 Hz-1 kHz,
(iv) 1 Hz—-10 kHz;

(c) the RMS value of the total input referred noise voltage in the above
frequency ranges for source resistance 1 k(), 10 k€, and 100 k().



Vin = Vi = Vout Ry / (Ry + Ry)

Figure 3.1 Voltage feedback
amplifier

At balance, I, ~ 0, hence | = 1,
Vin ~ lo Ry =Vour Ri/(Ry +Ry)

Figure 3.2 Current feedback
amplifier

3 Analogue integrated circuit
technology

This chapter describes the technology used within analogue integrated cir-
cuits, concentrating on op-amps. It will also describe the differences between
voltage feedback and current feedback.

The technology is determined by the type of transistor used in the integrated
circuit (IC). The types include bipolar, bipolar with JFET inputs, LinCMOS
(linear CMOS) and BiCMOS (incorporating bipolar and CMOS transistors).

The majority of op-amps are designed to use voltage feedback. However,
current feedback devices are now employed in radio frequency and video
signal processing because they have a very wide bandwidth capability. It
may be useful to define (i) voltage feedback, and (ii) current feedback.

Voltage feedback refers to a closed-loop configuration in which the error
signal is in the form of a voltage (see Figure 3.1). Traditional op-amps use
voltage feedback and produce an output voltage in response to a difference
in voltage at their inputs. In other words, their inputs respond to voltage
changes. The ideal voltage feedback op-amp has high impedance inputs and
zero input current. Voltage feedback is used to maintain zero differential
input voltage.

The transfer function of a non-inverting voltage feedback amplifier is
given by:

Current feedback refers to any closed-loop circuit that uses an error signal
in the form of a current (see Figure 3.2). Unlike voltage feedback op-amps,
current feedback devices have a low impedance inverting input. The low
impedance allows current to flow into and out of the inverting input. Any
current flow at this input is an error current, and the op-amp produces an
output voltage in proportion to its magnitude. Current feedback is used to
maintain zero error current at the inverting input. The non-inverting input is
high impedance, like that of a voltage feedback op-amp.

The heart of a current feedback op-amp is a transimpedance amplifier.
The transimpedance amplifier produces a voltage output from a current input.
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3.1 Voltage feedback
op-amps

As the function implies, the open-loop ‘gain’, V /I, is expressed in ohms.
We will consider this impedance in its separate resistive (R_,) and capacitive
(Cp) forms, or as a complex impedance Z(s). Hence a current feedback op-
amp is sometimes called a transimpedance amplifier.

The transfer function of a non-inverting current feedback amplifier is

given by:

v, ( R2> 1
=(1+22
Rl

1
1+—
LG
2s)
R2
The closed-loop gain now depends on just R, and the op-amp’s trans-
impedance Z(s).

In this case loop gain (LG) is given by LG =

Op-amp integrated circuits employing bipolar transistors have been used since
1965. These op-amps were a great improvement on discrete ‘operational
amplifiers’ that were built using individual transistors, resistors and capacitors.
They were smaller, low cost and simple to use. Field effect transistors were
later used in some op-amps to improve certain aspects of bipolar op-amp
performance.

Devices with JFET input transistors, but otherwise using bipolar transistors
throughout, were developed in the late 1960s. The advantage of the JFET
input op-amp was reduced input bias current requirement. JFET input op-
amps were called ‘BiIFET’ op-amps by Texas Instruments; this name is very
descriptive since it employs bipolar and FET transistors.

Op-amps that use CMOS transistors throughout have been used more
recently to allow very low power operation. Further development has
produced BiCMOS op-amps, employing both bipolar transistors and comple-
mentary MOSFET transistors.

3.1.1 Bipolar op-amps

The problem with the original (1965) op-amp designs was that the input
impedance was much lower than the ideal (about 200 k(). Also the input
bias current and offset voltages were significant. Continual development work
by several semiconductor manufacturers has enabled the performance of
bipolar op-amps to improve steadily.

Bipolar op-amps have a typical input impedance of about 10 M(), but
negative feedback can increase this to 1 G or more. The greater problem
is that input bias currents are in the order of 10 nA, and the resulting noise
current is in the order of 0.3 pA/\Hz. These levels of bias and noise current
make bipolar op-amps unsuitable for use with high impedance sensors.

Bipolar op-amps use fast npn and pnp transistors. Typical input and output
circuits were described in Chapter 2 (Figures 2.1 and 2.3). These allow the
device to have a gain—bandwidth product of 10 MHz or more. Good matching
between the input transistors not only reduces the input offset voltage, but
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also reduces drift with temperature and with time. Op-amps with a bipolar
input stage have the greatest long-term stability of all existing technologies.
One reason is that collector currents flow vertically through the semicon-
ductor, and hence are not subject to lateral stress and strain due to temperature.

The noise voltage in a bipolar transistor is due to the emitter resistance,
and this is far lower than the equivalent resistance in JFETs or MOSFETs.
Hence the noise voltage is lower in a bipolar input stage, compared with a
FET input stage. Typical noise voltage is 15 nV/VHz, although low noise
types have a noise voltage below 5 nV/ANHz.

3.1.2 Complementary bipolar (Excalibur) technology

There are thousands of different types of integrated circuit op-amps available
commercially, and the number is increasing almost daily. The many manu-
facturers of these different types are trying to produce the best devices by
giving them improved DC precision, faster AC performance and lower power
consumption.

One difficulty in improving the performance of op-amps is the relative slow
response of the pnp transistor compared with that of the npn. The reason for this
is the low mobility of the majority carrier ‘holes’ in the pnp transistor, com-
pared with that of the electrons in the npn transistor. Many op-amp designs use
pnp transistors, particularly in input stages that use differential pair transistors;
they are also used in emitter follower outputs. However, the pnp transistor has
a typical f; of only 5 MHz compared with 150 MHz for the npn transistor. One
method of increasing the speed of slow complementary bipolar circuits is to
increase the speed of the npn element, so the overall speed increases. This is
the approach of several semiconductor manufacturers.

Conventionally, a vertical structure in the silicon die is used to create tran-
sistors. An npn transistor will have a p-type substrate and an n-type epitaxial
layer. In theory, faster pnp transistors can be achieved by simply reversing this
design, with a substrate of n-type silicon. Although this method successfully
increases the pnp transistor speed, it reduces the speed of the complementary
npn fabricated in the same IC.

In contrast to this, Texas Instruments has developed a manufacturing
process for a fast vertical pnp device structure that retains the speed of the
npn devices. Texas Instruments call this their Excalibur process and it uses
a deeply submerged n-region as an ‘artificial substrate’ in which a buried
p-region becomes the collector. The fast pnp Excalibur transistor can be inte-
grated directly into the signal path without fear of limiting the bandwidth or
slew rate. This often has the added benefit of requiring less supply current
than its predecessors.

An example of the Excalibur range of op-amp is the TLE2021, which is
a low power, precision op-amp. The TLE2021 achieves a unity-gain band-
width in excess of 2 MHz and a slew rate of 0.9 V/us. The supply current
is less than 200 wA with an input voltage offset of less than 100 V.

A common problem with many op-amps is that they suffer from ‘phase
inversion’. This happens if the input swings close to the power rail poten-
tial, causing the output to change state and swing to the opposite rail. Many
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of the older bipolar and BiFET op-amps are known to have this problem.
Many newer products, such as the TLE2021 family, have been designed to
avoid this.

3.1.3 ‘Chopper’ stabilization

The TLC265X family of CMOS technology op-amps offers enhanced DC
performance using a technique known as chopper stabilization. The chopper
op-amp is designed continuously to undertake self-calibration to provide an
ultra low offset voltage, which is extremely time and temperature stable. At
the same time, the CMRR is increased and the 1/f noise content is reduced.
Figure 3.3 shows a typical chopper stabilized op-amp.
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Figure 3.3 Chopper stabilized op-amp

Basically, the enhanced performance of a chopper stabilized op-amp is
achieved by using two op-amps. A nulling op-amp and a main op-amp are
used together with an oscillator, switches and two external (or internal) capac-
itors to create a system that behaves as a single op-amp. With this approach,
the TLC2652 op-amp achieves a sub-microvolt input offset voltage and a
sub-microvolt input noise voltage. Offset variations with temperature are in
the nV/°C range.

The on-chip control logic produces two dominant clock phases: a nulling
phase and an amplifying phase. During the nulling phase, switch ‘A’ is
closed, shorting the nulling op-amp inputs together. This allows the nulling
op-amp to reduce its own input offset voltage, by feeding its output signal
back to an inverting input node. Simultaneously, the external capacitor, Cy,,
stores the nulling potential, to allow the offset voltage of the op-amp to
remain nulled during the amplifying phase.

During the amplifying phase, switch ‘B’ is closed. This connects the output
of the nulling op-amp to the non-inverting input of the main op-amp. In this
configuration, the input offset voltage of the main op-amp is nulled. Also,
the external capacitor, Cyp, stores the nulling potential, to allow the offset
of the main op-amp to remain nulled during the next phase.
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This continuous chopping process allows offset voltage nulling during
variations in time and temperature. The nulling process works over both the
common mode input voltage range and the power supply voltage range.
Additionally, because the low frequency signal path is through both the
nulling and main op-amps, an extremely high gain is obtained.

The level of low frequency noise output from the chopper op-amp depends
upon the magnitude of component noise prior to chopping. It also depends upon
the capability of the circuit to reduce this noise while chopping. Increasing
the chopping frequency reduces the low frequency noise. Limiting the input
signal frequencies to less than half the chopping frequency reduces the effects
of intermodulation and aliasing.

3.1.4 JFET input op-amps
Junction field effect transistors (JFETs) were introduced into op-amp input
stages in an attempt to increase the input impedance and reduce the bias

current. The intermediate and output stages of the op-amp continued to use
bipolar transistors, as shown in Figure 3.4.

:
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Figure 3.4 JFET input op-amp circuit

Op-amps with JFET inputs have very high input impedance, typically
1 TQ. Their input bias current is typically 50 pA and their noise current is
about 10 fA/VHz. Noise voltage is higher in JFET input op-amps than in
bipolar devices, due to the high channel resistance. The noise voltage is
typically 20 nV/AHz.

Input offset voltages in JFET input op-amps (typically 500 wV) are about
ten times that for bipolar input op-amps. The stability of a JFET input op-
amp is also far worse than for a bipolar input device. Current flow through
a lateral JFET channel is subject to stress and strain due to temperature,
which results in changes in the channel current. Special circuits that use
bipolar transistors to reduce input offset voltage drift are used in the ‘Texas
Instruments’ Excalibur process.

The JFET at the input does not allow as much gain as in a bipolar stage.
Because of this, greater slew rates can be achieved than for a bipolar input
op-amp having the same gain-bandwidth product. A fast slew rate makes
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JFET input op-amps suitable for use in rectifier circuits, peak detector circuits,
pulse amplifying circuits and sample and hold circuits.

3.1.5 CMOS op-amps

Digital electronics has employed CMOS transistors for many years, in order
to reduce the size and power consumption of circuits. Power consumption
has been reduced by the combination of low voltage and low quiescent
(steady state) current requirements. Now analogue op-amps use CMOS for
similar reasons, as shown in Figure 3.5.
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Figure 3.5 CMOS op-amp circuit

Op-amps are available that draw just 1 wA quiescent current from their
supply rails. Devices that operate from supply voltages as low as 1.4V are
also available. Most CMOS op-amps are unable to operate with supply volt-
ages greater than 16 V and many are limited to about 6 V operation.

As a result of using p-channel MOSFETSs on their input, CMOS op-amps
can operate correctly with input voltages down to the negative supply rail.
This makes them suitable for use in single supply circuits where the input
voltage is referenced to the negative rail. The MOSFET input provides high
input impedance, with low offset and bias currents.

The input bias current is typically about 100 fA. However, like the JFET
input, this current doubles for every 10°C rise in temperature. The CMOS
op-amp is therefore susceptible to drift with temperature.

Offset voltages are typically 1 mV, although some op-amps are designed
for offset voltages as low as 200 wV. This is better than many JFET input
op-amps, but not as good as can be achieved with bipolar devices. Chopper
stabilized CMOS op-amps achieve high DC precision, with maximum offset
voltage in the order of 1 wV. The offset voltage stability is generally better
in CMOS op-amps than in JFET input devices.

Unfortunately, CMOS op-amps suffer from high noise voltage. Noise volt-
age is typically 30 nV/VHz, although some devices have been designed for low
noise and produce a noise voltage of about 10 nV/\Hz. This level of noise is
lower than that of JFET input op-amps, and lower than some bipolar types.
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Figure 3.6 BiCMOS op-amp
input stage

3.2 Comparison of
voltage feedback
op-amps

The single supply, low voltage and low quiescent current requirements
make CMOS op-amps ideal for portable equipment. The high input imped-
ance and low bias current make them suitable for interfacing high impedance
transducers.

To prevent damage due to electrostatic discharge (ESD), care has to be taken
with all electronic devices. Bipolar and JFET inputs will conduct when a
high voltage is applied. If reverse biased, a pn junction will break down
temporarily, like a zener diode. Provided that current flow is limited, no
permanent damage occurs. The very high impedance of MOSFET input
op-amps makes them more susceptible to ESD damage. Overvoltage applied
to an input will permanently damage a MOSFET gate by burning a hole in its
surface.

3.1.6 BiCMOS op-amps

BiCMOS technology has been used in logic integrated circuits for a few
years, but until the late 1990s there were few BiCMOS analogue devices.
However, the move to BiCMOS has been encouraged by the need to
use single-rail low-voltage power supplies. Op-amps are available that
operate from a single-rail supply, typically between 2.7V and 12V,
and draw very little current. They are therefore suitable for battery-operated
equipment.

The input stage of a BICMOS op-amp is illustrated in Figure 3.6. The
current source connected to the V+ supply limits the current into the circuit,
and the bipolar transistors form an amplified current mirror. If the voltage
at input IN1 is made negative to increase the current flow through the
MOSFET Q,, then more current flows through the base of Q,. This current
is amplified by Q and then used to drive the bases of Q, and Qs. An increase
in current through Qs lowers the output voltage. Thus the gain of this stage
is very high due to the amplified current mirror.

Like CMOS op-amps, the use of p-channel MOSFETs at the input allows
the BICMOS op-amp to operate down to the negative supply rail. They are
ideal for single supply operation where the input voltage is referenced to the
negative supply rail. The MOSFET input gives very high input impedance
and bias currents of 1 pA are typical.

One advantage of BICMOS is the ability to produce a good output band-
width and slew rate, whilst drawing little current from the supply. One device,
the TS951, is intended for use in mobile phones. This op-amp draws 0.9 mA
from the supply and delivers a gain-bandwidth product of 3 MHz. Another
op-amp, the LMV321, requires just 0.1 mA to deliver a gain-bandwidth
product of 1 MHz.

3.2.1 DC considerations

Table 3.1 shows typical DC performance figures and highlight some of the
features and benefits for the three basic types of op-amp technology: bipolar,
BiFET and CMOS.
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Table 3.1 DC comparison of voltage feedback op-amps
DC parameter Bipolar BiFET CMOS/BiCMOS
Input offset voltage 10 wV-7 mV 500 wV-15mV 200 wV-10 mV

Input offset voltage 0.1-10 wV/°C  5-40 wV/°C 1-10 pv/°C
drift

Input bias current ~ 100-50 000 pA  1-100 pA 0.1-10 pA

Input bias current  Fairly stable with Doubles for Doubles for every

drift temperature every 10°C 10°C increase
change increase

Bipolar features

Very low offset and drift; allow low level signal conditioning.
Stable bias current; remains low at high temperature.

High voltage gain; ensures accurate amplification.

Lowest voltage noise; wide dynamic range.

BIiFET features

Very low input bias and noise current; matches high impedance circuits.
Good AC performance; useful for combined AC and DC applications.

CMOS features

Very low input bias and noise current; matches high impedance circuits.
Single supply operations; can be operated from battery or 5 V supply.
‘Chopper’ stabilizing techniques are used to overcome the large input offset
drift prevalent in standard MOS devices; can be used to amplify very small
signals and provide a wide dynamic range.

BiCMOS features

DC operation of BiCMOS is similar to that of CMOS. Very low input bias
and noise current that matches high impedance circuits and the ability to
operate from low voltage, single rail supplies.

Comparing DC errors for the different types of op-amp shows that the
newer bipolar designs are better than the older LM741 and LM301 devices.
The input offset and bias current have been greatly reduced, while the open-
loop gain has been increased dramatically.

BiFET op-amps normally have higher input offset voltage and drift,
compared with bipolar devices. However, the input bias current of FET op-
amps is insignificant when compared with that of bipolar devices. The FET
bias current doubles for every 10°C temperature increase. Note that some
bipolar designs actually have lower bias currents at higher temperatures than
FET input op-amps.

Silicon gate CMOS technologies such as LinCMOS have reduced the
problem of unstable offsets in CMOS designs. The TLC2201, designed using
LinCMOS, is an example of the new breed of CMOS devices. It offers
extremely low and stable offsets while simultaneously featuring the high
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input impedance and low noise current found in the best of JFET devices.
For high order DC precision, the chopper stabilized op-amps, such as the
TLC2652, provide the lowest input offset and drift.

3.2.2 AC considerations

Op-amps require both AC and DC accuracy. While input offset voltages and
bias currents are relevant in DC applications, other parameters must be con-
sidered for AC circuits.

The op-amp is designed to perform an amplification function. Unfor-
tunately, amplification of the signal is usually accompanied by a phase shift,
which can lead to instability of the device. To prevent instability, a Miller
compensation capacitor is used, but only at the expense of the slew rate and
gain of the op-amp. Ultimately this compensation capacitor defines the unity-
gain bandwidth. The AC performance of an op-amp is determined by the
process technology used in manufacture, or the design techniques employed.
Wide bandwidth devices usually have high supply current requirements.

Bipolar op-amps offer good gain and bandwidths but their slew rate for
a given bandwidth is slow. This is a limitation of the bipolar technology
process (high transconductance, g,) and is not easily designed out. As
discussed in Section 3.1.1, the use of pnp transistors in bipolar op-amps
provides a speed limitation.

BiFET op-amps are designed using a combination of bipolar and JFET
structures. P-channel JFETs (with much lower transconductance than have
bipolar transistors) are used in the input stage. The remaining circuit is
designed using bipolar transistors. This combination has produced op-amps
with significantly higher slew rates than purely bipolar designs.

CMOS technologies such as LinCMOS have a similar performance to
designs using BiFETs, but are of particular benefit for low power or single
supply applications.

BiCMOS techniques have many of the same qualities as CMOS, except
that for a given supply current they have much higher dynamic response.
The slew rate and gain-bandwidth product of BiCMOS op-amps is gener-
ally greater than a CMOS op-amp that draws the same current. They are
widely used in the audio amplifier circuits of mobile telephones.

3.2.3 Noise considerations

An op-amp’s input voltage noise is described in terms of nanovolts per root
hertz (nV/\VHz). This level is higher at very low frequencies than across the
majority of the op-amp’s operating bandwidth. The break point where the noise
level ‘flattens out’ is known as the 1/f corner frequency. Below the 1/f corner
frequency, the noise level rises inversely proportional to frequency. In a bipolar
op-amp, the 1/f corner frequency can be as low as 100 Hz, but in FET input
op-amps this frequency can be much higher (several kHz).

Bipolar devices offer the lowest voltage noise among those commercially
available, typically 15 nV/VHz, although some devices have much lower volt-
age noise levels (< 5 nV/VHz). The voltage noise from a bipolar input stage, in
the flat part of the band, is dominated by thermal noise from the base-spread
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resistance and the emitter resistance. Unfortunately, the shot noise arising from
the input bias current can be significant. Therefore, in order to reduce this cur-
rent noise, bias current cancellation circuits are sometimes used.

The input noise current of FET input op-amps is caused by shot noise,
due to the gate current. This is very low at temperatures around 25°C
compared with the base current in bipolar inputs. Consequently, FET input
op-amps have negligible input current noise and provide a superior noise
performance with high impedance sources.

A FET input stage has higher voltage noise and higher 1/f corner frequency
than a bipolar input stage. The gate current is negligible and the input current
is reduced to leakage current by the input protection network. The noise
sources of a MOSFET input device are similar to those of the junction FET.
A common disadvantage of MOSFET input op-amps (i.e. CMOS and BiCMOS
op-amps) is their relatively high voltage noise and high 1/f frequency.

In contrast, some devices (e.g. the Texas Instruments LinCMOS op-amp,
TLC2201) offer current noise levels similar to the very best junction FET input
op-amps. They also have voltage noise levels comparable to many bipolar
designs. The TLC2201 features low input offset voltages coupled with a very
low drift with time and temperature change. Additionally, the device features
operation from a single 5 V supply and rail-to-rail output swing.

In summary, bipolar input stages give the lowest voltage noise and lowest
1/f corner frequency and are well suited for interfacing with low impedance
sources. JFET, CMOS and BiCMOS input stages have negligible input current
noise, allowing them to be used with extremely high source impedances.
Noise current is related to the input bias current and it will increase by 2
for every 10°C rise in temperature.

3.2.4 Power supply considerations

Op-amps are required to operate with many different supplies. Circuits may
be battery powered and required to run off a single 1.5V supply or they
may have a =22V or more supply in an instrumentation application. The
available power affects the choice of op-amp.

Single supply op-amps will normally need to operate from a low voltage
supply, maybe as low as 1.5 V if used with battery powered equipment. They
will also require an input common mode range down to the negative rail
and an output that swings near to ground. These restrictions do not usually
apply to dual supply op-amps.

An op-amp with a common mode range down to the negative rail can
easily be designed using a bipolar process. PNP input transistors ensure that
the input can swing down to the negative rail, or below, without causing
problems.

A good output swing is not so easy to achieve. Many bipolar devices are
optimized for dual supply operation, that is, capable of sinking and sourcing
current. This therefore means that the output will not normally swing down
to the negative rail. If a device is optimized for single supply operation, its
output suffers from crossover distortion when it is operated with dual supplies.
Bipolar devices suitable for both single and dual power supply operation
are uncommon.
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3.3 Current feedback
op-amps

BiFET op-amps have been designed for dual supplies and are generally
unsuitable for single supply operation. Their common mode input range
reaches (and sometimes exceeds) the positive supply rail potential. The output
will normally swing to within 2.5 V of each supply voltage. They operate
from a wide range of supplies (=3 V to £22 V) and are optimized for AC
performance.

CMOS devices (LinCMOS) and BiCMOS have been specifically designed
for single supply operation. The supply voltage range is typically +2 V to
+16 V. The input voltage range extends below the 0 V supply. The output
voltage swing can approach the power rails for high impedance loads. Unlike
bipolar designs, CMOS devices with push—pull outputs can also perform well
with dual supplies. However, a limitation in some dual supply applications
is the limited operating voltage.

The disadvantage of voltage feedback op-amps is that the gain-bandwidth
product is constant. Extending the bandwidth is at the expense of gain.
Current feedback op-amps have an entirely different gain-bandwidth
product relationship. In fact, the bandwidth is almost constant, irrespective
of gain.

The simplest model of a current feedback amplifier is shown in Figure
3.7. In this model, the input of a current feedback amplifier is a buffer,
connected between the non-inverting and inverting inputs. The non-inverting
input is connected to the buffer input and has high impedance. The inverting
input is connected to the buffer output and has low impedance. Current can
flow in and out of the low impedance inverting input. An internal amplifier
senses the current flow and produces a voltage output proportional to the
current. Current flowing out of the inverting input produces a positive output
voltage. Current flowing into the inverting input produces a negative output
voltage.

Non-
inverting
input
+
vV,
S Output
. Iin
Inverting
input -
Vo =iy -Z(9)

Figure 3.7 Simple current feedback op-amp model
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Figure 3.8 The small signal
current feedback op-amp
model

3.3.1 AC performance

The bandwidth relationship of a current feedback op-amp can be explained by
studying the amplifier in more detail. Figure 3.8 shows the small-signal model.

The input buffer has its output connected to a current mirror. When current
flows from the buffer, out of the inverting input, an equal current flows out
of the current mirror. A resistive load (R,) across the current mirror converts
the current flow into a proportional voltage. A small frequency compensating
capacitor (C,) is connected across R, to ensure stability of the op-amp. The
voltage across R, is output via a second buffer.

The node equations for this model can now be worked out to find the
frequency response. Since the input buffer forces the inverting input to have
the same voltage as the non-inverting input, V, = V.

IR

m

The voltage across R, is V, = T T iwC R
JOLclty,

1 1 V
And I =V, ( + )‘“‘t

Rl RZ R2
And since V, is a buffered version of V,, V

Now these can be combined to find V.

out*
1 1 Vout
Vin i Rm
Vo= R, Ry R
out 1 + joCcR,
If R, >> R,, this can be simplified to:

=7,

ut

R2

1 +-2

Vout _ Rl
Ve 1 + joC-R,

The closed-loop gain is 1 + R,/R,, therefore:

@: Ayer
V., 1 + joC.R,

in

When 1 = 27fC.R,, the closed-loop gain falls by 3 dB, thus:

1
IO T 2w C R,
Thus the bandwidth is dependent upon R, and the internal compensation
capacitor. The bandwidth is not dependent upon R, and is therefore not

dependent upon the closed-loop gain.
If we consider the gain in terms of the complex impedance Z(s), we find:

V, R 1
_~0 _ (1 +2>
I/IN Rl

1
1 +—
LG
, . . Z(s)
In this case loop gain (LG) is given by LG = Y
2
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But what about the circuit design assumptions that were made for ideal op-
amps, in Chapter 1? Figure 3.9 shows a simple current feedback op-amp
model using the complex transimpedance Z(s), within a non-inverting ampli-
fier circuit.

INPUT
o +1In
linv OUT|  ouTPUT
®
[NV Z(s)
-In —
RQ
1
L

Ry
J;[ If Z(s) >> R, VgV, ~ 1 + Ro/R;

Figure 3.9 Non-inverting amplifier with ideal current feedback op-amp

First consider what happens when the input voltage V,, is raised above
0 V. The input buffer responds to the increasing input voltage by raising the
voltage at the inverting input. A current then flows out the inverting input.
The current flow is sensed by the transimpedance stage and the output voltage
rises. The output voltage ceases to rise when a balance is reached; this is
when the current fed back through R, is equal to the current flowing through
R,. Feedback current thus replaces the current from the inverting input. In
steady state conditions, the current from the input buffer can be very small;
this is dependent upon the gain of the transimpedance stage.

If the transimpedance stage has high gain (high Z(s)), the current from the
inverting input can be assumed close to zero. The voltage gain of the input
buffer is close to unity, which means that the differential voltage between
inverting and non-inverting inputs can be assumed to be close to zero. Thus
the ideal model can be used to determine gain; in this case 4y, = | + R,/R,.

In practice, the input buffer’s non-ideal output resistance (R,) will be typically
about 20 Q) to 40 , as shown in Figure 3.10. This additional resistance will
modify the response, because the two input voltages will not be exactly equal
while an error current flows. Some small voltage will be dropped across R,.

The additional resistance in the feedback path means that the loop gain will
actually depend somewhat on the closed-loop gain of the circuit. At low gains,
R, dominates, but at higher gains, the internal resistance has a greater effect
and this reduces the loop gain, thus reducing the closed-loop bandwidth.

The transfer function of a non-ideal, non-inverting current feedback ampli-
fier is given by:

Vo:<1 +Rz>1
Vi RS

LG
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INPUT
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R
Q ! R, reduces loop gain, hence overall gain
Figure 3.10 Non-inverting amplifier with non-ideal current feedback op-amp
Loop gain (LG) is modified by the introduction of R, and becomes:

LG = s)

R2+R0<1+

= ‘3’3
S———

R2
R[1 + =2
Rl

The gain error due to R_is ——————
g 0 Z(S)

High-frequency circuits

Current feedback op-amps can be used in most applications where voltage
feedback op-amps are used. They have the advantage of having very high
slew rates at low supply currents. Slew rates of 1000 V/us or more are
common. The availability of high slew rates means that current feedback
op-amps are often found in video amplifier and cable driver circuits.

The low impedance inverting input of a current feedback op-amp allows
fast transient currents to flow into the amplifier as needed. The internal current
mirrors convey this input current to the compensation node, allowing fast
charging and discharging. The actual slew rate will be limited by saturation
of the current mirrors, typically at 15 mA. The overall slew rate is also
limited by the slew rate limit of the input and output buffers.

Using current feedback op-amps in Sallen and Key low pass filters enables
much higher frequencies to be used, compared to voltage feedback designs.
However, the group delay of the op-amp becomes significant if the —3 dB
bandwidth of the op-amp is less than ten times that of the filter.

Sallen and Key filters usually use op-amps as unity gain buffers. These
have a direct connection between output and the inverting input. Current
feedback op-amps cannot be connected in this way because the inverting
input of the op-amp is actually the output of a buffer. Large amounts of
current would flow between the two outputs if they were connected together.
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Instead a resistor can be connected between them, to limit the current flow.
Alternatively, the op-amp can be given some gain using feedback and shunt
resistors. Note that the filter circuit component values are dependent upon
the amplifier gain.

Filter topologies that use reactive feedback, such as multiple feedback
types, are not suitable for current feedback op-amps. Sallen and Key filters
are feasible because the op-amp is used as a fixed gain block. In general, it
is not desirable to add capacitance across the feedback resistor of a current
feedback op-amp circuit.

Stability

Current feedback op-amps are like voltage feedback op-amps, because they
both suffer greater phase shifts at higher frequencies. Instability can be
produced with phase shifts approaching 180°. Because the optimum value
of R, will vary with closed-loop gain, op-amp manufacturers usually supply
a Bode plot and tables that give the bandwidth and phase margin for various
gains. High values of closed-loop bandwidth can be obtained at the expense
of a lower phase margin, which results in peaking in the frequency domain,
and overshoot and ringing in the time domain.

With a voltage feedback op-amp, shunt capacitance at the inverting input
(Cy) generates an excessive phase shift that can lead to instability. The same
effect occurs with a current feedback op-amp, but the problem may be less
pronounced. This is because the phase shift occurs at higher frequencies due
to the inherently low impedance of the inverting input.

Consider an amplifier circuit that employs a wide-band voltage feedback
op-amp with R, = 680 Q, R, = 680 (), and C;y = 10 pF. The phase shift
reaches 90° (and is thus unstable) at 1/[27C(R,//R,)], which is roughly
47 MHz. Let us now replace the voltage feedback op-amp with a current
feedback device having an inverting input resistance (R,) of 40 Q). The
frequency where 90° phase shift occurs is now given by 1/[27C\(R,//R,//R,)],
this is about 445 MHz.

If the unity-gain bandwidth of both amplifiers is 500 MHz, the voltage
feedback op-amp will require a feedback capacitor for compensation.
Although this will reduce the effect of Cp, it will also reduce the ampli-
fier’s bandwidth. Using the current feedback device will give reduced phase
shift, because the break point is about a decade higher in frequency. This
means that the amplifier’s bandwidth will be greater because a compensating
capacitor will not usually be required, unless to flatten the passband or to
give optimum pulse response.

3.3.2 DC performance

The DC gain accuracy of an amplifier using a current feedback op-amp can
be calculated from its transfer function.

R
The gain error due to R, is R0<1 + R2>
R S

Z(s)
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Using a typical transimpedance of 1 M{), a feedback resistor of 1 k(}, and
an inverting input resistance of 40 (), the gain error at unity gain is 0.004
per cent (basically R /Z(s)). At higher gains, gain accuracy degrades signifi-
cantly. Current feedback amplifiers are rarely used for high gains, particularly
when gain accuracy is required.

For many applications, settling times are more important than gain accuracy.
Although current feedback amplifiers have very fast rise times, many data
sheets will only show settling times to 0.1 per cent. This is because of thermal
settling tails, which are a major contributor to lack of settling precision.

Thermal tails are caused by temperature differences between input stage
transistors. Power dissipation of each transistor occurs in a very small area,
which is too small to achieve thermal coupling between devices. Thermal
errors are significant in non-inverting circuits because these have a common
mode input voltage and are thus more sensitive to differences in performance.
Errors can be reduced by using the op-amp in the inverting configuration,
because the common mode input voltage is eliminated.

Thermal tails do not occur instantaneously; the thermal coefficient of the
transistors (which is process dependent) will determine the time it takes for
the temperature change to occur and alter parameters — and then recover.
Amplifiers do not usually exhibit significant thermal tails for input frequen-
cies above a few kHz, because the input signal is changing too fast. Step
waveforms, such as those found in imaging applications, can be adversely
affected by thermal tails when DC levels change. For these applications,
current feedback amplifiers may not offer adequate settling accuracy.

One application that is difficult for current feedback op-amps is an inte-
grator circuit. The problem is that direct capacitive connection between the
output and the inverting input can cause instability. Instability is a result of
phase shifts in the feedback path. The frequency compensating capacitor
produces up to 90° of phase shift. The gain and phase shift in the feedback
circuit are frequency dependent due to the feedback capacitor. The circuit
oscillates if the signal fed back to the inverting input approaches 180° at a
frequency where the gain is greater than unity.

The integrator circuit has to be modified to prevent instability when using
current feedback op-amps. A resistor (R;) has to be inserted between the
feedback capacitor (C,) and the inverting input. This resistor ensures that a
minimum value of resistance is always in the feedback path, which limits
the gain. A resistor (R,) in parallel with capacitor C, determines the minimum
frequency (F,) at which the integrator is effective.

1
F,=———-
27 R,C,

3.3.3 Current feedback noise considerations

When amplifying low level currents, higher feedback resistance means higher
signal-to-noise ratio. This is because signal gain increases in proportion
to R, whilst resistor noise increases in proportion to VR. Doubling the
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feedback resistor value doubles the signal gain and increases resistor noise
by a only factor of 1.4.

However, doubling the feedback resistor value causes the contribution
from current noise to be doubled and the signal bandwidth to be halved.
Therefore, the higher current noise of current feedback op-amps may rule
out their use in photodiode amplifier circuits. In circuits where noise is less
critical, select the feedback resistor based on bandwidth requirements. If
more gain is required, use a second stage.

The number of applications for current feedback amplifiers will be limited
because of current noise. The inverting input current noise can be about
30 pA/NHz. However, the input voltage is somewhat lower than in voltage
feedback op-amps, 2 nV/VHz or less. The feedback resistor will usually be
under 1 kQ and, in a unity-gain circuit, the dominant noise source will be
the inverting input noise current flowing through the feedback resistor.

Let the input noise current be 25 pA/NHz in a unity gain circuit with a
feedback resistor value of 680 (), this gives 17 nV/VHz noise at the output.
If the input noise voltage is 2 nV/VHz, the noise current is the dominant
noise source.

Let the gain of the circuit now be increased, by reducing the input resistor
value. The output noise due to input current noise will not increase, because
it is determined by the feedback resistor value. Now the amplifier’s input
voltage noise will dominate. When the closed-loop gain reaches 10, the
contribution from the input noise current is only 1.7 nV/\VHz when referred
to the input. The two noise sources are combined using the equation
V(I2+ V.?) to give an input-referred noise voltage of only 2.6 nV/Hz
(neglecting the resistor’s thermal noise). The current feedback op-amp is thus
useful in low noise amplifiers having a moderate gain.

3.3.4 Using current feedback op-amps

The inverting amplifier circuit works because of the low impedance node
created at the inverting input. The summing junction of a voltage feedback
amplifier (inverting input of the op-amp) has low impedance. A current feed-
back op-amp will operate very well in the inverting circuit because it has
inherently low inverting-input impedance. The internal buffer holds the
summing node at the same potential as the non-inverting input.

In the inverting circuit, voltage feedback amplifiers suffer from voltage
spikes at the summing node in high speed applications. This is because the
feedback loop takes time to settle and, until the loop has settled, the summing
node impedance is not low. Current feedback op-amps do not produce these
voltage spikes because the summing node is low impedance irrespective of
the feedback loop. Other advantages of the inverting circuit include maxi-
mizing the input slew rate and reducing thermal settling errors.

Current feedback op-amps can be used in current-to-voltage converters,
by applying the input current into the op-amp’s inverting input. There are
limitations introduced by this arrangement: the amplifier’s bandwidth varies
directly with the value of feedback resistance; and the inverting input current
noise tends to be high.
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Although the inputs of a current feedback op-amp are not matched, the
transfer function for the ideal difference amplifier is still valid. At low
frequencies, the differential amplifier’s CMRR is limited by the matching of
the external resistor ratios, with 0.1 per cent matching yielding about 66 dB.
At high frequencies, what matters is the matching of time constants formed
by the input impedances. High speed voltage feedback op-amps usually have
well-matched input capacitance, achieving a CMRR of about 60 dB at 1 MHz.

Because the current feedback op-amp’s input stage is unbalanced, the input
capacitance will not be matched. Low value external resistors (100 €} to
200 Q) must be used on the non-inverting input of some amplifiers to mini-
mize the mismatch in time constants. With careful attention given to resistor
selection, an amplifier using a current feedback op-amp can yield a high
frequency CMRR equal to that obtained using a voltage feedback op-amp.
Both voltage feedback and current feedback amplifiers can further benefit
from additional trimmer capacitors, but this reduces the signal bandwidth.

If higher performance is needed, the best choice would be a monolithic
high speed difference amplifier, such as the AD830. It requires no resistor
matching and has a CMRR > 75 dB at 1 MHz, which reduces to about 53 dB
at 10 MHz.

Load capacitance presents the same problem with a current feedback ampli-
fier as it does with a voltage feedback amplifier. It causes increased phase
shift of the error signal, which results in reduction of phase margin and possible
instability. The most popular method of dealing with capacitive loads is a
resistor in series with the output of the op-amp. The resistor should be outside
the feedback loop, but in series with the load capacitance. A current feedback
op-amp also gives the option of increasing R, to reduce the loop gain. All
methods produce a reduction in bandwidth, slew rate and settling time.

Care has to be taken with all circuit layouts to prevent instability. Stray
and parasitic capacitance can reduce the phase margin and lead to oscilla-
tion. It is not a good idea to use sockets for the op-amp; these increase the
capacitance between device pins. Capacitance can be reduced by removing
the printed circuit ground plane from the area around the input pins.

Low value feedback resistors are advisable to reduce capacitive effects.
Many current feedback op-amps have recommended feedback resistor values
quoted on their data sheets. Often graphs of frequency response versus feed-
back resistor values are given to show how the flatness of the response varies
with resistance. As we know, the feedback resistor determines the bandwidth
of the amplifier circuit.

3.3.5 Power supplies for current feedback amplifiers

Current feedback op-amps cannot be used for single supply operation. Op-
amps that are designed to deliver good current drive and have a voltage
swing that approaches the supply rails usually use common emitter output
stages, rather than the usual emitter followers. Common emitter circuits allow
the output voltage to swing almost to the supply rail (less the output tran-
sistor’s collector—emitter saturation voltage). This type of output stage is
slower than emitter followers, due to the increased circuit complexity and
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Exercises

higher output impedance. Because current feedback op-amps are specifically
developed for the highest speed and output current, they feature emitter
follower output stages.

Higher speed processes have produced a common emitter output stage
with 160 MHz bandwidth and 160 V/ws slew rate. An example of a device
using this technology is the ‘Analog Devices’ AD8041. This voltage feed-
back op-amp is powered from a single 5-volt supply.

Single supply input stages use pnp differential pairs. This arrangement
allows the common mode input range to extend down to the lower supply
rail (usually ground). Such an input stage is impossible with current feed-
back op-amps. Note that even in circuits using ‘rail-to-rail’ voltage feedback
devices, the output voltage will not be near the supply rails if driving a low
impedance load; this is due to the voltage drop across the output stage’s
internal resistance.

Current feedback op-amps can be used in single supply circuits provided
that the input and output voltages are not allowed to approach the supply
rails. This may require level shifting or AC coupling. The non-inverting input
must be biased to the middle of its working range, but this is already a
requirement in most single supply systems.

Decoupling capacitors across the power supplies are very important. As
with all high frequency circuit design, capacitors suitable for all encountered
frequencies are needed. As a rule of thumb, a 10 wF tantalum capacitor in
parallel with a 10 nF or 100 nF ceramic capacitor should be used. The capac-
itors should be connected close to the op-amp’s power supply pins.

3.1 In an inverting amplifier circuit, using a current feedback op-amp, the
transimpedance is 1 M() and the feedback resistor R, is 750 (). Find
the loop gain (LG). Resistor R,, connecting the inverting input to ground
has a value 100 ). What is the closed-loop gain V,/V}y at low frequen-
cies? (Assume an ideal amplifier.)

3.2 The circuit in Exercise 3.1 is now used with a non-ideal amplifier,
having a non-inverting input resistance of R, = 30 (). What is the
closed-loop gain V,/V} in this case?

What is the gain error due to the introduction of R ?

33 A current feedback amplifier has a voltage noise of 2nV//Hz and
inverting input current noise of 25 pA/Hz. With a feedback resistor of
750 Q and a gain of 20, what is the input referred noise?



4.1 Introduction

4 Applications:
linear circuits

This chapter concentrates on linear circuit applications, including inverting
and non-inverting amplifiers, differential amplifiers, buffers, current-to-
voltage converters and voltage-to-current converters. Modifications to these
basic circuits can be found in later chapters. A further collection of op-amp
circuits will be found in Appendix A1l. The usefulness of the op-amp approach
is the many variations of a basic circuit that are possible.

Op-amps are used extensively in analogue circuit design. The approach
involves breaking down the circuit, or system function, into a series of
specific operations. A separate op-amp circuit can then perform each oper-
ation. The requirements of each circuit may vary considerably, but the specific
operations required in the different systems are common to many systems.
The designer should be able to pick out, from the many circuits given, those
appropriate to their own particular system.

The circuits presented in this chapter do not generally refer to particular
op-amp devices. Most applications will function with any op-amp type. The
particular op-amp used in a circuit determines the errors and performance
limits of the application. In order to make a working circuit from those given
in the text, all that is normally required is to add power supply connections
to the op-amp. Only those applications requiring very low noise, or wide
bandwidth, or very fast slew rate, will normally require the use of more
specialized (and more expensive) op-amps.

Passive external components are connected to the op-amp in order to define a
precise circuit operation. The circuit designs given do not generally give compo-
nent values, and the designer must choose these for himself. As a general guide-
line to resistor value selection, choose the lowest value that does not significantly
load the op-amp’s output. Most op-amps are designed to supply a load at their out-
put terminal that should be no less than 1 k(). Large input resistor values increase
the offset errors due to bias current (see Chapter 2); and they are shunted by stray
capacitance, which limits the operating bandwidth. It should be remembered that
the feedback resistor also contributes to the op-amp’s load. The effective load is
the parallel combination of an external load and feedback resistor.

In inverting amplifier circuits, the inverting input of the op-amp is effec-
tively at earth potential. The input resistors provide a load to the signal
source, and their value must be chosen with care. In some instances, imped-
ance matching may be required and the input resistor should have a value
equal to the characteristic impedance (often equal to the source impedance).
Most often, input resistors are chosen to have a higher value than the input
signal source, so that they do not significantly load it.
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4.2 Voltage scaling and
buffer circuits

Ideal forms of the basic voltage scaling and buffer circuits have already been
dealt with in Chapter 1. The circuits are for convenience shown again in
Figure 4.1.
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Figure 4.1 Basic voltage scaling applications (a) Inverting amplifier.
(b) Non-inverting amplifier. (c) Unity-gain follower (buffer)

The great attraction of all op-amp circuits lies in the ability to set a precise
operation with a minimum number of precise components. In Figures 4.1(a)
and (b), closed-loop gain is determined by simply selecting two resistor
values. The accuracy of this gain depends almost entirely upon the resistor
value tolerance.

The inverting circuit in Figure 4.1(a) can be given any gain from zero
upwards. The lower limit of the gain for the non-inverting circuit Figure
4.1(b) is unity. In both configurations, the practical upper limit to the gain
depends on the requirement for maintaining an adequate loop gain, so as to
minimize gain error (see Section 2.3.1). Also, closed-loop bandwidth
decreases with increase in closed-loop gain. If high closed-loop gains are
required, it is often better to connect two op-amp circuits in cascade rather
than to use a single op-amp circuit.

Both inverting and non-inverting amplifier circuits feature low output imped-
ance. This is a characteristic of negative voltage feedback (see Chapter 2).
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The main performance difference between them, apart from signal inver-
sion, lies in their input impedance. In the case of the inverter, resistor R,
loads the signal source driving the circuit. The non-inverting amplifier
presents very high input impedance, which ensures negligible loading in most
applications.

The main limitation of the inverting circuit is that its input impedance is
effectively equal to the value of the input resistor R,. The application may
require high input impedance, to minimize signal source loading. This
demands a large value for the resistor R, and an even larger value for R,,
dependent upon the gain required. Large resistor values inevitably give
increased offset errors due to op-amp bias current. Also, stray capacitance
in parallel with a large feedback resistor limits bandwidth.

For example, assume that it is required to use the inverting circuit with
closed loop gain 100 and input resistance 1 M{). In Figure 4.1(a) R, = 1 MQ
and R, = 100 M(Q is required. Stray capacitance C, in parallel with R, would
limit the closed-loop bandwidth to a frequency /= 1/(2wC.RR,). With C, say
2 pF, the closed-loop bandwidth would be limited to 800 Hz — a severe
restriction!

Stable very high value resistors are not freely available. If the inverting
configuration must be used, the need for a very high value feedback resistor
can be overcome by the use of a 7 resistance network as shown in Figure 4.2.
This is at the expense of a reduction in loop gain and an increase in noise

gain (1/8).
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Figure 4.2 Inverter circuit using resistive T feedback network

The non-inverting circuit achieves high input impedance without the use
of large value resistors. This is an advantage in applications requiring wide
bandwidth, since large value resistors and stray circuit capacitance interact
to cause bandwidth limitations. The effective input impedance of the non-
inverting configuration was described in Section 2.3.3. This was shown to
be equal to the differential input impedance of the op-amp, multiplied by
the loop gain in the circuit (Z;, 84, ). Practical op-amps have their common
mode input impedance Z_ between their non-inverting input terminal and
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earth. This shunts Z, B4, and so reduces its value. The effective input
impedance of the follower configuration is thus Z_,.

The high input impedance of the non-inverting circuit makes it a better
choice than the inverting circuit for use in many applications. However, the
non-inverting circuit is subject to common mode errors (see Section 2.11).
Also, the voltage applied to the non-inverting input must not be allowed to
exceed the maximum common mode voltage for the op-amp (since feedback
will force both inputs to have the same potential). These points do not usually
impose too serious a restriction.

The buffer circuit in Figure 4.1(c) has high input impedance and low
output impedance. It is often used to prevent interaction between a signal
source and load, e.g. for unloading potentiometers, or buffering voltage refer-
ences. Buffers are used in Sallen and Key filter circuits (see Chapter 9) to
prevent interaction between filter stages and to allow simple design rules.

4.2.1 Variable gain control

Instead of using fixed value resistors to set the gain, potentiometers may be
used to give variable gain control. The arrangement shown in Figure 4.3(a)
allows a variation of gain from zero to a very high value. However, the
scaling factor does not vary linearly with respect to potentiometer rotation.
A second disadvantage is that the input impedance falls as the gain is
increased.

The circuit of Figure 4.3(b) gives a narrower range of scale factor variation
from zero to R,/R,, but the gain variation is linear with respect to poten-
tiometer setting and the input impedance remains constant (equal to R)).
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Figure 4.3 Variable scale factor. (a) Non-linear gain control. (b) Linear
gain control

Changing the closed-loop gain inevitably changes the closed-loop band-
width. Also, changes in the values of gain setting resistors produce a change
in the offset error due to op-amp bias current. Offset errors due to bias
current can be minimized by using a low bias current FET input op-amp.



86 Operational Amplifiers

4.2.2 Switched scaling factor

Gain setting resistors can be switched into circuit. Different values of scale
setting resistors are switched into the signal path, thus allowing switching
of the gain between preset values. Switching can be performed by a manual
control of a mechanical switch, by an electromechanical switch or by means
of some form of solid state switch. The circuit given in Figure 4.4 illustrates
the use of an analogue switch in a programmable gain circuit.
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Figure 4.4 Programmable gain operational amplifier

4.2.3 Voltage controlled gain

Voltage control of an op-amp’s gain requires a voltage controlled resistive
element. Junction gate FETs when operated below pinch-off behave as linear
resistors with channel resistance (r,) determined by the value of the gate
source voltage. For small values of drain source voltage they exhibit a bi-
lateral characteristic.

Linear voltage control of gain can be obtained by using a feedback arrange-
ment between the drain and gate of the FET. The voltage swing across the
FET can be kept small by including it in a T-network as shown in the circuit
of Figure 4.5. The effective resistance of the resistive T when connected to
the op-amp summing point is

RyR,

R.=R,+ R, +
Fas
Where 7, is the drain source resistance of the FET, which is determined by
the relationship
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4.3 Voltage summation
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Figure 4.5 Voltage controlled scaling factor

rO
Tes = 18
1-— __Cc
2 Vp
where:

r, is the drain source resistance for Vy, = 0; I,, = 0,
V, is the pinch-off voltage and
V., is the control voltage applied to the gate of the FET via a series resistor.

Substitution gives

RR(I V“)
2543 2V
R,=R,+ R, + ————*=

Ty

Which is a linear function of V..

The closed-loop signal gain of the circuit, —R/R,, also varies linearly
with the value of V. The range of gain variation obtainable depends upon
the r, of the FET used in the circuit. A practical circuit with the component
values shown in Figure 4.5 gives the gain control shown by the graph.

The voltage summing property of an ideal op-amp has been treated in
Chapter 1. The behaviour of a practical summing circuit is now discussed.
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4.4 Differential input
amplifier configurations
(voltage subtractor)

R3 R
eS ) SN o | S g

R2 See Section 9.6 for offset
—_"1—¢ balancing techniques

Re=Ra//R2//R1//Rs

\ Optional for bias

= current compensation

Figure 4.6 Voltage summation

A summing configuration is shown in Figure 4.6. In this circuit the input
signals are effectively isolated from one another by the ‘virtual earth’ at the
inverting input terminal of the op-amp.

Some consideration has to be given about the resistor values used in this
circuit. The resistors should have a high enough value to prevent signal
source loading, but low enough to prevent input bias current from causing
offset errors. If large values of input resistor are necessary, use a low bias
current FET input op-amp in order to minimize the offset error.

In the ideal circuit there is no limit to the number of input voltages that
can be summed, but in the practical circuit the number of inputs is limited
by the need to maintain an adequate loop gain. All paths to the inverting
input terminal of the op-amp should be taken into account when assessing
loop gain, closed-loop signal bandwidth and drift error. Note that the closed-
loop gain 1/ for the circuit is

lzl Ry

ot @.1)
B R, /I Ry /I R,

A differential amplifier circuit is commonly used to amplify or buffer differ-
ential signals whilst rejecting common mode signals. A differential signal is
presented across two terminals; the voltage on one terminal rises as the
voltage on the other terminal falls (relative to earth). A common mode signal
is one where the voltages on both terminals rise and fall together.

An example use of a differential amplifier is terminating transmission lines
where signals common to both wires are due to induction from external
sources, such as mains power supplies. In many cases, the wanted differential
signal is smaller in amplitude than the common mode signal, but the differ-
ential amplifier is able to extract the wanted signal because of the common
mode rejection by the amplifier.

Differential amplifiers also allow one signal to be subtracted from another.
Figure 4.7 shows the type of circuit configuration that is employed. An ideal
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Figure 4.7 Single op-amp differential amplifier

analysis of this circuit was given in Chapter 1; some of its practical limitations
are now discussed.

A prime requirement of a differential input amplifier circuit is that it should
have a high common mode rejection ratio (CMRR). According to the ideal
performance equation of the circuit in Figure 4.7, the output is zero if the two
input signals e, and e, are equal. The ideal circuit has an infinite CMRR —
not the case with practical circuits. In a practical circuit any mismatch in
the resistor ratio values connected to the op-amp input terminals causes a
common mode signal (e, = e, = e,,) to inject a differential signal to the
amplifier. This differential signal is amplified to produce a non-zero output
signal. CMRR is thus degraded unless the resistor values are exactly matched.

In assessing the common mode characteristics of differential amplifiers,
care must be taken in distinguishing between the characteristics of the circuit
and those of the op-amp used in it. The CMRR of the circuit is defined as:

Differential gain of circuit

CMRR = Common mode gain of circuit 4.2)

In the circuit of Figure 4.7, CMRR depends both upon resistor matching and
upon the CMRR of the op-amp. The CMRR of the circuit due to resistor
mismatch using resistor values with tolerance x is in the worst case:

R
1+ R%
CMRR (due to resistor tolerance) = ———

. (4.3)

(see Appendix A3)

For example, a single op-amp differential input circuit (such as Figure 4.7)
with differential gain 10 (R,/R, = 10), using resistors of 1 per cent toler-
ance (x = 0.01) in the worst case has:

CMRR (due to resistor tolerance) = 11/0.04 = 2.75, or = 49 dB

The overall CMRR of the circuit due to both resistor mismatch and the finite
CMRR of the op-amp is:
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CMRR ) CMRR
CMRR , + CMRR

The common mode errors due to the two effects may be of the same or
opposite sign, so that the total CMRR may be greater than or less than the
CMRR of the op-amp used in the circuit.

It is of course possible to trim one of the external resistors in Figure 4.7.
This enables the common mode gain, due to resistor tolerance, to be equal
in magnitude but opposite in sign to the common mode gain of the circuit
(due to the non-infinite CMRR of the op-amp alone). In theory, an infinite
CMRR can be attained in this way. In practice, resistor trimming can give
a 10 to 100 times increase in CMRR for the circuit over the CMRR of the
op-amp used in it. A high CMRR achieved in this way is unfortunately not
maintained: resistor values change with temperature, and also the CMRR of
an op-amp does not remain stable.

In many applications a requirement of differential input amplifiers is that
they have high differential and common mode input impedance. The input
impedance of the circuit in Figure 4.7 is determined by the resistor values.
Its differential input resistance is 2*R, and it has an effective common mode
input resistance at each input point of R, + R,. If large resistor values are
used in the circuit, to give a high input resistance, this can have side effects.
One effect is stray capacitance that causes degradation in CMRR at the higher
frequencies. Another effect is to give an increased offset error because of
op-amp bias current.

The single op-amp differential amplifier has limitations in its performance.
Despite this, it is often used (because of its simplicity) in non-critical differ-
ential applications. Improved performance can be obtained with circuit
configurations using two or more op-amps; or by using application specific
integrated circuits which have the functionality of differential amplifiers.

The circuit shown in Figure 4.8 is a differential input amplifier. It uses
two coupled followers to attain high input impedance without the use of
high value resistors. It also provides the possibility of gain setting with a
single resistor.

Treating each op-amp and its associated input and feedback resistors separ-
ately, we can derive the ideal performance equation for the circuit in Figure
4.8. Analysing the circuit we can see that op-amp A, has two input signals
applied to it. These are signal e, and the output from A4,, which is signal e,
multiplied by [1 + R,/R,]. The output of 4,, due to input e, alone, is the
signal from 4, multiplied by —R,/R, (see Chapter 2).

Thus the output from A4,, in terms of input ey, is:

’ Rl 7R2
e’ = e 1 +R7 Ri
2 1

Now considering the output from A,, due to input e, alone, we have:

” RZ
e  =e |1+ Rf
1

Total CMRR =

(see Appendix A3)
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Variable gain control
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Figure 4.8 High input impedance differential amplifier

The total output from 4, (e,), in terms of inputs e, and e, applied together,
is found by adding the two expressions:

_ ” ’
o~ % +€0

R, Ry | (R,
e,=e |1 +—=|-e |1 +—||
R, Ry 1 \R,

This becomes:

e

e, = (e,—¢€)) [1 + Rz] (4.4)
Rl

A practical circuit based upon Figure 4.8 has a CMRR that depends upon

both resistor tolerances and upon the CMRR of the op-amps used in it. The

input common mode range for the circuit is equal to that of the op-amps.

With the gain setting resistor R, in circuit the output voltage in the ideal

case is determined by the equation:

R R
e = (ey—e)) [1 o 2R3] 45)
In deriving this equation it should be remembered that, with R, in circuit,
R, and the parallel combination of R, and R; now determine the value of
1/B for op-amp A,.

Another differential amplifier configuration that is often used is shown in
Figure 4.9. This circuit has two stages: a differential input stage and a subtractor
stage. The differential input stage presents high impedance to both inputs.
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Rs3 R4

Ry

Gain control

Subtractor stage

Differential input
differential output
stage

Figure 4.9 High input impedance differential amplifier configuration

Two coupled non-inverting amplifiers form the differential input stage.
This stage produces a differential output voltage in response to a differential
input signal. Assuming that the op-amps in the input stage take no current
at their input terminals, the same current must flow through the three resis-
tors (labelled R, and R,). If we make the further usual assumption of negligible
voltage between op-amp input terminals then this current

e, —e e —e,  e,—e

I= = d
RZ Rl R2
R R
Thus e, = (1 + 2) e,——2e,
‘ Rl Rl

R R
And e, = <1 + R72> ez—sze1
1 1

The input stage has a differential output, given by:

R
(e, —€,,) = (el—ez)[l + 2R2} (4.6)
1
Note that if e, = e, = ¢, then eo, = eo, = e.,. The input stage passes

common mode input signals at unity gain. If the input stage used separately
connected follower circuits, these would pass both common mode and differ-
ential signals at the same gain. The advantage of a cross-connected differential
input stage, which is configured to provide some voltage gain, is that it
amplifies differential input signals but not common mode signals.

An isolated load, such as a meter, can be driven directly by the differen-
tial output from the input stage. This has a theoretically infinite CMRR
unaffected by resistor tolerance and the possibility of gain setting by means
of a single resistor value (R,). In practice CMRR is not infinite, because of
differences in the internal common mode errors of the two op-amps. Dual
op-amps can be used in this type of circuit, with the possibility of drift error
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4.5 Current scaling

cancellation (if the temperature drift coefficient on the two op-amps matches
and tracks).

Monolithic dual op-amps have the advantage of maintaining both op-amps
at the same temperature. However, despite the monolithic construction, the
op-amp parameters are not matched. Improved performance can be obtained
by using dual op-amp devices in which two separately matched op-amp chips
are assembled into a single dual-in-line package.

To drive an earth-referred load, a single ended output is required. The
differential output produced by the cross-coupled followers can be converted
into a single ended output by using the differential amplifier circuit of Figure
4.7, which uses a single op-amp. The overall CMRR obtained with a circuit
that uses three op-amps is greater than that of the single op-amp circuit, by
a factor equal to the differential gain of the input stage.

The resistor values in the single op-amp circuit should be well matched,
to give good common mode rejection. The input common mode range of
the circuits of Figures 4.8 and 4.9 is limited to that of the op-amps used in
the circuits. A differential input circuit configuration using two inverting
amplifiers (see Appendix Al, Figure Al.2) can be given a larger input
common mode range but with the disadvantage of lower input resistance in
the inverter configuration.

In the presence of large or potentially dangerous common mode signals,
consideration should be given to the use of an isolation amplifier.

The op-amp circuits considered up to now are suitable for scaling input
signal voltages. In many systems there is a need to scale the output from
current sources, such as light-sensitive diodes. Light-sensitive diodes provide
areverse leakage current proportional to the light intensity at their p» junction.
The circuits considered in this section are designed to process an input
current, rather than an input voltage.

4.5.1 Current-to-voltage conversion

In Chapter 1, it was shown that an ideal op-amp could provide an ideal,
zero voltage drop, current-to-voltage conversion. There are two things that
must be considered: (1) the possibility of closed-loop instability and (2) the
reduction of drift errors that determine conversion accuracy.

(1) Closed-loop stability

In practice, the stability problem does not usually present too serious a diffi-
culty. An externally connected capacitor C; (see Chapter 2) connected in
parallel with the scaling resistor R; normally assures closed-loop stability.
The importance of offset is dependent upon the size of the current to be
measured and the processing accuracy required.

In Figure 4.10, an op-amp current-to-voltage converter is supplied with
signals by a current source. Stability is determined by the source capacitance.
Source capacitance causes a phase lag in the feedback signal at the higher
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Figure 4.10 Current-to-voltage converter—stability analysis

frequencies, which can lead to insufficient phase margin. Closed-loop stability
is most conveniently examined in terms of the appropriate Bode plots. The
Bode plot for 1/8 is superimposed upon the open-loop Bode plot in order
to examine the frequency dependence of the magnitude and phase of the
loop gain (see Chapter 2).

The value of 1/8 for the circuit of Figure 4.10 without the capacitor C;
in the circuit is

1

R
i [1 + Rf} [1 +joC, (R, /I R)] 4.7)

This breaks up at the angular frequency w, = C(RJ//Ry). If this frequency
occurs before the frequency at which 1/8 and A, intersect, the two plots
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will have a rate of closure of 40 dB/decade. This means that there may
be insufficient phase margin. Note that at frequency w, the phase shift in
B is 6 = tan”Y(w,/w,) and the phase margin in the circuit is 90° — 0 (see
Chapter 2). If C; is connected in circuit it introduces a phase lead into the
feedback loop which offsets the lag due to C,. With C; in circuit, the value
of 1/B becomes

1_ [1 N Rf”l + jo(C, + C (Rs//Rf)]
B R 1 + jwCR,

The (1/B) log(f) plot breaks back at the angular frequency 1/(C;R;) and if
this frequency is suitably chosen the 1/8 and A plots close at 20 dB/decade
thus ensuring an adequate phase margin. The closed-loop signal bandwidth
is fixed by the value used for C; at the frequency f = 1/(27CRy).

(4.8)

(2) Conversion accuracy

In many practical applications of the current-to-voltage converter, R, will be
greater than the value of the scale setting resistor R;, making the value of
1/B approximately unity at low frequencies. If the impedance of the source
current is lower than Ry, the noise gain 1/8 will be greater and the loop gain
smaller. Consequently, there will be a decrease in accuracy, and an increase
in drift error due to op-amp input offset voltage temperature dependence.

Offset and drift error may be estimated by applying the general method
outlined in Section 2.10.4. An expression for the total equivalent input offset
voltage is:

E.=V,+ R/ R~
This appears at the output multiplied by 1/8.
Output offset voltage = E_(1 + R;/R,)

In order to assess accuracy this may be referred to the input (by dividing
by R)) as an equivalent input error current.

R\ E 8
105=[1+f]°s=i o -
R R; R, /IR;

S

Op-amp bias current is normally the main error component. The large resistor
values commonly used in current-to-voltage converters make the error due
to op-amp input offset voltage negligible. Initial offset can be zeroed using
a high value resistor, to feed a small adjustable current to the inverting input
terminal of the op-amp.

The temperature drift of the op-amp bias current is then the limiting factor
in determining accuracy. A low bias current op-amp should be chosen for
accurate measurements of small currents, e.g. a FET input type. Measurement
of currents in the pico-amp range requires particular attention to the avoid-
ance of stray leakage currents otherwise the performance capabilities of low
bias current op-amps cannot be realized (see Section 9.4).
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Figure 4.12 Current flow to
derive transfer function

High value resistors are necessary to set the scaling factor in small current
measurements. Unfortunately, high value resistors tend to be less stable than
commonly available devices. Sensitivity of the circuit can be increased
without using very high value resistors by using a resistive T network as
shown in Figure 4.11, but note that this is at the expense of a decrease in
loop gain and an increase in offset and noise gain.

- ||n Rz + Rf + RzRf
R1

Figure 4.11 Resistive T network gives increased sensitivity without high
value feedback resistor

The transfer function for this circuit can be derived from consideration of
currents in the feedback loop; see Figure 4.12.

Negative feedback forces the op-amp’s inputs to be at the same (earth)
potential. A voltage at the output, e,, causes current /, to flow through R,
and the parallel combination of R, and R, Thus:

R\Ry ] (4.9)

R, + R;

Current / flows through the parallel combination of R, and R The share
passing through R; is equal to 7, , but with opposite polarlty, since no current
flows into the op-amp’s inverting input. The current through R, is given by:

|: :|
1 [
R R

Transposing this to find 7, in terms of /, we get:

R, +R
I,=—1, [R} (4.10)
1

Combining equations 4.9 and 4.10, we get:
{R + R, [
e, =—1,
+ R;
e, = — 1. [ } [R, + R{]

R,R
€ = _Iin|: 2 f ; f} (4.11)

e, =1, [Rz +

R +R]
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A current-to-voltage converter overcomes the problem of the finite resistance
of moving-coil meters when used for current measurement. Possible circuit
configurations are shown in Figure 4.13. Battery operation of the op-amp
allows non-earth referred measurements to be made as in Figure 4.13(c).
Note that equation 4.10 is used, except that R, is replaced by R, and —I,
becomes /. What was R, in Figure 4.11 is now the meter resistance, which
does not affect the transfer function.

R, + R, R,
7Io:Im:Iin7:Iinl+7
Rl Rl

(@ __Meter __
Im=1lin 1 O 1
L. J
Iin
-
(o) Ro
—
R1
—1|1.B2
I |m=lin 1+R1I
Im=lin 1+E—fl

Figure 4.13 Current measurement circuits. (a) Simple measurement.
(b) Current measurement with increased sensitivity. (c) Current
measurement not referred to earth (battery supplies)
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4.5.2 Current summation

The basic current-to-voltage converter circuit of Figure 4.11 can be used to
sum currents to earth from separate signal sources. All that is required is to
add the extra input paths to the inverting input terminal of the op-amp. The
circuit shown in Figure 4.14 illustrates the principle. In order to ensure
adequate phase margin, the value required for the feedback capacity C; is
now governed by the total capacitance to ground at the inverting input
terminal (C; + C, etc.).

Cs
— i
+—C———tq
l2 =
1
eo=—[l2 4+ 1] Ry
|

Figure 4.14 Current summing circuit

4.5.3 Current difference-to-voltage conversion

Op-amps allow the measurement of current with no voltage drop in the
measurement circuit. Current is supplied to the inverting input terminal of
an op-amp and its non-inverting input terminal is earthed. The feedback
resistor provides a path for the current whilst the inverting terminal is held
at earth potential.

A current difference measurement requires the use of two op-amps in order
to satisfy the zero voltage drop criterion. The circuit shown in Figure 4.15
combines the summing property of one op-amp with a current inversion
performed by a second op-amp. Op-amp 4,, with equal value resistors (R,)
connected between its output and its two input terminals, forces equal currents
to flow towards its two input terminals in order to maintain them at the same
potential. The inverted current 7, is supplied to the summing op-amp 4, via
a very high effective output impedance obtained as a result of the positive
feedback applied to amplifier 4,.

In cases where a voltage intrusion into the measurement circuit is allow-
able, a single op-amp can be used to perform a current difference conversion.
The circuit shown in Figure 4.16 gives an output voltage that is proportional
to the difference in the two input currents, /, and /,. Note that, in this circuit,
a voltage drop, V' = LR, is introduced into the measurement path. This
voltage drop represents a common mode input to the amplifier. Subtraction
of equal input currents requires accurate matching of resistor values.
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Figure 4.15 Current difference-to-voltage conversion

eo=—[l2 + 1] Ry
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circuit

Figure 4.16 Single op-amp for current difference-to-voltage conversion

4.6 Voltage-to-current Some loads require a current drive rather than a voltage drive. In such cases,
conversion an op-amp circuit configuration is required that will give a linear voltage-
to-current conversion. Voltage controlled current sources are very useful in
a variety of measurement applications, such as resistance measurement. They
can also be used to drive inductive loads for the production of controlled
magnetic fields.

There are several ways in which an op-amp may be used to produce a
voltage-to-current conversion. The circuit configuration adopted is determined
by the operating requirements of the load. For example, is the load to be
earthed or can it float, is a unidirectional or bi-directional current drive
required?
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4.6.1 Voltage-to-current converters — floating load

The simplest current-to-voltage converter circuits are those for which the
load is allowed to float. Basic inverting and non-inverting voltage-to-current
converters are illustrated in Figure 4.17. In each case the ideal performance
equation, / = e, /R,, follows directly from the usual ideal op-amp assump-
tions. In the inverting configuration the input signal source must supply a
current equal to the load current. In the non-inverting circuit, negligible
current is drawn from the signal source but common mode limitations and
errors must be considered.

4

|—e

'II—SD —

ERW

Figure 4.17 Simple voltage-to-current converter load floating

In all voltage-to-current conversions, the op-amp used in the circuit must
be capable of providing the desired maximum load current. Also, the output
voltage that is required for maximum load current must not exceed the op-
amp’s rating. Remember that some form of booster circuit (see Chapter 9)
can always increase op-amp output limits.

Inductive loads (coil driving) require particular attention, in terms of the
op-amp’s maximum output limits and in achieving closed-loop stability. An
inductive load introduces an extra phase lag in the feedback loop. This can
lead to an inadequate phase margin, even when the op-amp used in the circuit
is frequency compensated for unity-gain operation. Closed-loop stability can
often be achieved by connecting a resistor in series with the inductive load,
and by adding a lead capacitor directly between op-amp output and phase
inverting input. Bandwidth is inevitably limited by these added components.

4.6.2 Voltage-to-current converters — earthed load

Simple circuits can be used for current drive of an earthed load provided
that either the controlling input signal voltage or the power supplies to the
op-amp can be floated. The input signal must float in the circuit of Figure
4.18. Negative feedback forces the differential input terminals of the op-amp
to be at the same potential and in doing so produces a voltage across the
resistor R that is equal to e,,. The current through R, except for the small
op-amp bias current, passes through the load, and there is negligible loading
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Figure 4.18 Voltage-to-current converter floating signal source

of the input voltage signal. Note that the voltage that appears across the load
represents a common mode input voltage to the amplifier and common mode
limitations and errors must therefore be considered.

4.6.3 Voltage-to-current converter — earthed load and power supplies

The circuit shown in Figure 4.19 can be used to supply a bi-directional
current to an earthed load.

R1 R2
[ ]
1 100k 1%

lo[Rs+ZL] must not exceed

€in
amplifier output
.l__ limit
lo=— &in R2 Must not exceed
Ra Rs R amplifier output
100kQ 1% current limit

=1 mAN
with component
values shown

Figure 4.19 Voltage-to-current converter (earthed load and power supplies)

In the circuit of Figure 4.19, the current is controlled directly by a single
ended input voltage. Making use of the usual ideal op-amp assumptions, we
can derive the ideal performance equation for the circuit. Thus the signal at
the inverting input terminal is:

R, R,
e, + e,
R, +R, R, +R,

e =
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and the signal at the non-inverting input is:

R
+ = _JRJ]—%
¢ Tl IR R,

It is assumed that [R; + R,] >> R4//R,. The op-amp forces e~ = e™. Resistor
values are chosen so that R,/R, = R,/R,. Making these substitutions the
performance equation simplifies to:

einRZ
[ =72
RSRI

The offset error for the circuit when referred to the signal input is:

V. =E [1 + R‘]
in(offset) ~ ~os R2
where E , = £V, + I, R~ — I,"R," (see Chapter 2).

The load current is supplied by very high effective impedance. The value
of this impedance depends upon accurate matching of resistor ratios in the
circuit. Accurate matching of resistor ratios provides stability of load current
against fluctuations in load impedance. Trimming the value of resistor R,
(by the use of a small potentiometer in series with it) allows the circuit to
produce near constant output current with variations in load. A preferable
alternative to a trimming potentiometer would be to use close tolerance (<< 1
per cent) metal film resistors.

4.6.4 Unidirectional current sources and sinks

The voltage-to-current sources considered so far have provided a bi-directional
output current. Unidirectional current sources can be formed using a simple
circuit comprising a transistor, a resistor and an op-amp, as shown in Figure
4.20.

Vs+ve Vs—ve
Load Load
= &in |, = Sin
IL= R L R4

€in

‘(+ve)

i Ri Ry

Current sink Current source

Figure 4.20 Current source and sinks
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4.7 Voltage regulators

Resistor R, is a current sensing resistor. Feedback around the op-amp forces
the current through resistor R, to take on a value such that /|R, = e,. The
current /; is the emitter current of the transistor, less the very small bias
current of the op-amp. The collector current of the transistor, which is almost
equal to its emitter current, forms the stable output current to the load.

einiVio
I A
Rl

Output currents greater than the capability of the op-amp are possible, since the
op-amp need only supply the output transistor’s base current. A current limit is
set by transistor saturation caused by the voltage that appears across the load.

Departure from linearity in voltage-to-current conversion is likely at low
current levels. This is because the gain of a bipolar transistor falls at low
values of collector current. The linearity dependence on transistor current gain,
exhibited by the current sources of Figure 4.20, can be overcome by using a
FET in place of the bipolar transistor. However, output current is then limited
to the /, of the FET. The output current limit can be overcome by combining
an n-channel FET and a bipolar npn transistor as shown in Figure 4.21.

Vs+ve

(]
5
|

s

R2lpss>>0.5V R

Figure 4.21 Precise current sink

In the circuit given in Figure 4.21, virtually all the current through the
sensing resistor R, flows as output current. The only error contributions being
the very small gate leakage current and the op-amp bias current.

A simple voltage regulator is shown in Figure 4.22. This uses an op-amp
to drive the base of a power transistor, to turn on the transistor and pass current
from the input (V) to the output (V). The accuracy of the output voltage
depends upon both the gain of the op-amp and the transistor, as well as the
reference voltage V.. This reference voltage is applied to the non-inverting
input of the op-amp. A potential divider, comprising R, and R,, applies a



104 Operational Amplifiers

V\n Vout

Ry
Vref

-
1

= "V, +06V

Ground (OV)
Figure 4.22 Simple voltage regulator

fraction of the output voltage to the inverting input of the op-amp. The output

voltage is stable when the feedback voltage equals the reference voltage.
The output voltage equals the reference voltage (developed across R,) plus

the voltage drop across R,. The current through R, is Vyp/R,, therefore:

V.
Vour = Veer T Rz[ ;EF}
1

This simplifies to:

Vour =V, [1 + RZ]
ouT REF R1

Integrated circuit voltage regulators are popular, because they have current
limiting outputs and over-temperature shutdown circuits built into them. One
such regulator is the LM317, which is produced by a number of manufac-
turers. This uses external resistors to set the output voltage and a typical
circuit is shown in Figure 4.23. The reference voltage is a band-gap refer-
ence set at 1.25 V. Resistor R, is usually set at 240 (), to give a nominal
5 mA through the potential divider R, and R,. This level of current over-
comes any errors due to small current leakage out of the LM317 reference
terminal. The output voltage is given by the equations above.

LM317
Viﬂ :— -------- _-----------l Vout
: Vref :
1 1.25V )
: Vot 0.6V |
: Reference '
+—1 s
po— CW R1
R, —~C,
Ground (0V)

Figure 4.23 Standard LM317 voltage regulator circuit
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Capacitors C, and C, connected from the input and output terminals to ground
are necessary to prevent oscillation.

The disadvantage of the LM317 type of regulator is that the device needs
at least 3 V between the input and the output in order to provide power to
the internal circuits. Fixed voltage regulators are slightly better in this regard
because their internal circuits are able to use the higher potential difference
between input and ground. However, in a fixed voltage regulator with an
integral output driving NPN transistor, the minimum potential difference
between V;, and V_, must be about 1 V. This is because the base of the
NPN transistor must be at least 0.6 V above the output voltage and a frac-
tion of a volt will be dropped across the op-amp output stage.

A modification to the simple regulator circuit is given in Figure 4.24. This
uses a PNP transistor Q, to drive the output and a second PNP transistor O,
to buffer the op-amp output. The op-amp output is held at about V;, — 1.2 V.
Note that the input terminals of the op-amp are reversed, compared to the
regulators shown in Figures 4.22 and 4.23. If the voltage at the junction of
resistors R, and R, is higher than V,, the output of the op-amp goes posi-
tive, reducing the base current through transistor Q,, which in turn reduces
the base drive to transistor Q,. This circuit arrangement allows the minimum
voltage between V;, and V_, to become very low (about 0.2 V). This is because

out
the transistor base drive from the op-amp is relative to V;,, instead of V.

The maximum voltage across a voltage regulator is usually limited to
37V — 60 V.

Ground (0V)

Figure 4.24 Simple low drop-out (LDO) regulator

However, increasing the working voltage range of a regulator is possible using
a high voltage depletion mode MOSFET. The circuit shown in Figure 4.25 has
the MOSFET Q, preceding the regulator /C,. The drain of Q, is connected to
the high voltage supply, the source is connected to /C, input and the gate is
connected to /C, output. A depletion mode MOSFET conducts between drain
and source until a voltage that is about 3 V negative, with respect to the source,
is applied to the gate. This means that if the regulator has more than about 3 V
dropped across it, the MOSFET conduction decreases and a greater proportion
of the applied voltage is dropped across the MOSFET. However, heat dissipa-
tion limits the current that can be supplied from such a circuit, because most
of the power is dissipated by the MOSFET. The LR8 high voltage regulator
from Supertex uses this technique to allow supply voltages of up to 450 V.
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4.8 AC amplifiers

g
Q4 IC4
Vin Vout

LM317

02:

11

Ground (OV)

Figure 4.25 High voltage regulator

Op-amps are basically high gain DC amplifiers, but they are often used in
applications not requiring a DC response. When used for AC amplification,
DC blocking capacitors are placed in the signal path. The op-amp offset and
drift specifications are not as important in AC applications, and are often
ignored. Operation from a single rail supply is often used, with mid-rail
biasing, to avoid the need for separate positive and negative power supplies.

4.8.1 Phase inverting AC amplifier

Figure 4.26 illustrates the basic inverting amplifier with a capacitor C, con-
nected in series with the input resistor. Bias current to the inverting input
terminal of the op-amp is supplied through the feedback resistor R,. The gain
of the amplifier is R,/R,, with the low frequency 3 dB fall in gain occurring at
f5 4 = 1/2@C\R,). The upper frequency limit of this circuit will depend on
the compensated open-loop frequency response of the particular op-amp used.

R2

- Ny

| 7
1

Figure 4.26 Phase inverting AC amplifier

4.8.2 Non-inverting AC amplifier

The circuit illustrated in Figure 4.27 is basically a non-inverting amplifier,
with the addition of DC blocking capacitors and the DC bias path R,. The
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Figure 4.27 Non-inverting AC amplifier

closed-loop gain of the circuit is 1 + (R,/R,). The closed-loop low frequency
response will show two breaks at f; = 1/(27wC|R,) and f, =1/(27C,R;). Bias
resistor R, determines the input impedance of the circuit.

4.8.3 High input impedance AC amplifier (bootstrapped input)

The non-inverting amplifier, being a voltage follower, is intrinsically capable
of high input impedance. Input impedance in the simple follower of Figure
4.27 is reduced by the need to provide a DC bias path (R;). In the circuit
illustrated in Figure 4.28, high effective input impedance is obtained because
of positive feedback applied via R,, C, and R, to the ‘earthy’ end of R,. The
technique of raising the apparent value of an impedance by driving its low
potential end with a voltage in phase with, and almost as large as, the voltage
at its high potential end is known as ‘bootstrapping’. The effective value of
R, is increased by a factor equal to the loop gain.

R2
J S
C -
Co
_.l +
) o
€j

Ii

i

Figure 4.28 High input impedance AC amplifier

4.1 In the circuit shown in Figure 4.6, input signals e,, e, and e, are applied
through input resistors 100 k€2, 47 k€ and 10 k) respectively. The feed-
back resistor has a value 100 k(). Write down the ideal expression for
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4.2

43

4.4

4.5

4.6

the output signal. If the operational amplifier is assumed ideal except
for a finite open-loop gain of 80 dB what is the percentage error involved
in the output sum?

An internally frequency compensated operational amplifier has an open-
loop gain 100 dB, unity-gain frequency 4 X 10° Hz, input offset voltage
2 mV and bias current 100 pA. It is used in the circuit of Figure 4.2,
with R, = 1 MQ, R; = 1 M, R, = 1k, R, = 100 k(). Find: (a) the
signal gain, (b) 1/B, (c) the closed-loop bandwidth, (d) the output offset.
(Hint, consult Sections 2.4 and 2.9.3.)

Resistors R, = 10k, R, = 1 M), with tolerance 1 per cent are used
in the circuit of Figure 4.7. The operational amplifier has 4, = 100 dB,
CMRR = 80 dB, unity-gain frequency f, = 10° Hz, input offset voltage
V., = 2mV, input difference current /,, = 50 nA. Find:

(a) the worst case CMRR of the circuit (use equations 4.3 and 4.4);
(b) the closed-loop bandwidth (consult Section 2.5);

(c) the output offset.

(Hint, consult Section 2.9.3.)

Resistors R, = 1k, R, = 100 k(), of 2 per cent tolerance, are used
in the circuit of Figure 4.8. What is the worst case CMRR of the circuit
due to resistor mismatch? If the operational amplifiers have an open-
loop gain bandwidth product of 4 X 10° Hz, what is the closed-loop
signal bandwidth? (See Section 2.4.)

An internally frequency compensated operational amplifier with unity-gain
frequency 10° Hz is used as a current-to-voltage converter and is supplied
by a current source of very high internal resistance and capacitance C, =
5pF. A feedback resistor of value 1 M{) is used. Initially no feedback
capacitor is connected, but the circuit is found to be very lightly damped.
Explain this fact and estimate the phase margin in the circuit.

The problem of the lightly damped response is overcome by connect-
ing a capacitor of value 10 pF in parallel with the feedback resistor.
Explain the action of this capacitor and estimate the phase margin and
signal bandwidth with the capacitor connected. Illustrate your answer
with appropriate Bode plots. (Consult Sections 4.5.1 and 2.5.)

A current-to-voltage converter has a feedback resistor of value 1 MQ.

Initial offset in the circuit is balanced by means of an adjustable current

bias supplied through a resistor of value 10 M{). Assuming a temperature

change of 10°C, estimate the smallest current which can be converted
with an error no greater than 1 per cent:

(i) (a) using a bipolar transistor input operational amplifier with
Al/AT = 1nA/°C and AV, /AT = 10 wV/°C; (b) using a FET
input operational amplifier with /; = 50 pA, doubling for a 10°C
rise in temperature and AV, /AT = 40 wV/°C. Assume the input
signal source has a resistance R, = 10 M{).

(i1) Repeat the question assuming a source resistance R, = 100 k().

(Hint, consult Section 4.5.1.)



5.1 Amplifiers with
defined non-linearity

S Logarithmic amplifiers and
related circuits

In Chapter 4, amplifier circuits were described that had a linear and frequency
independent relationship between input and output. This relationship arose
because of the use of linear resistors for input and feedback components.
Later, Chapter 6 will describe circuits that use reactive components to give
frequency dependent relationships. This chapter discusses the use of non-
linear components to give non-linear relationships.

Non-linear circuits find many applications in signal processing. In partic-
ular, logarithmic (log) amplification has many uses; principally to increase
the voltage range of signals that can be handled. Conversely, a power law
(anti-log) relationship allows an expansion of a narrow range of voltages.
Operations such as multiplication, division, and the taking of powers or roots
may also be performed using log and anti-log circuits.

Defined non-linear amplification requires defined non-linear element char-
acteristics to produce the desired input—output relationship (or transfer
function). In the general case, a non-linear element may comprise one or
many non-linear components.

The non-linear element is connected as either the input or feedback path
in an op-amp circuit. In Figure 5.1 a non-linear element is shown replacing
the normal input resistor used in the inverting amplifier circuit.

li=flei) [
4 | S— |

€i

———

N

Non-linear
element

eo=_Rf(ei)

i—e

Figure 5.1 Op-amp with non-linear input path

The usual summing point restraints applied to the circuit give:

I, =fle) and I, = I; = —¢ /R

o

Thus e, = —R(e,)
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In Figure 5.2, the positions of resistor and non-linear element are inter-
changed. The op-amp output voltage drives the non-linear element and the
feedback current is thus related to the output voltage in the defined non-
linear manner.

o Non-linear element

li=—f(eo)

Figure 5.2 Op-amp with non-linear feedback path

[f = _ﬂeo)
and I, = I; = ¢/R
Thus e, = —f"'(¢/R)

The circuit develops the required inverse function /1.

The main problem is finding a component that has the desired non-linear
characteristic. Such components are required to show this non-linear char-
acteristic over the widest possible range of current. They should also be
insensitive to temperature changes.

The techniques used to achieve non-linear amplification generally fall into
two categories. In one method, the desired non-linear response is synthesized
by a network using a number of semi-linear elements (piecewise linear). The
other method makes use of the inherent non-linearity of semiconductors.

5.2 Synthesized In graphical terms, any non-linear function can be approximated by a series
non-linear response of straight-line segments, each tangential to the desired function. The process
is illustrated by the graph in Figure 5.3 in which the currents are:

I, = k(e; — e)), for e,>ey;
I, = ky(e; — e,), for e, > e,;
I, = ky(e; — ey), for e;> e;; etc.
In the circuit shown in Figure 5.3, the break points, e, e,, e;, .. ., etc. are
each set by a diode, a resistive divider, and a reference voltage supply. The

input voltage is connected to these networks. The reference voltage polarity
and the diode orientations shown are appropriate to a positive input signal.
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Figure 5.3 Synthesized non-linear response

Diode D, becomes forward biased when the input voltage exceeds the first
break point e, = E (R, /R, ). Feedback from the amplifier output, through
the resistor R, holds the inverting input terminal of the amplifier at earth
potential. Neglecting the diode voltage drop, the current through diode D,
for values of the input voltage greater than the first break voltage e, is thus

1
I = Rt,(ei_el)

Similar reasoning gives the values of the currents through D,, D, .. ., D,, as

1
[ =— (e —
n Ran (el el’l)

The values for the break voltages are given by

n

€y = Ercf
Rb
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The slopes of the straight-line segments used to approximate the desired
function are

[ 1 1 1 ]

S=R|—+——+...+—

" R, R, R,

Negative input signals may be handled by using additional input networks,
with diode and reference voltage polarities reversed. Non-monotonic func-
tions can be generated by the use of an additional op-amp to invert the
polarity of the input signal. Input networks with appropriate diode and refer-
ence voltage polarities must follow the op-amp.

This simple treatment has neglected diode voltage drops. Practical diodes
exhibit a non-zero forward voltage drop with the added complication of
temperature dependence. By using additional op-amps, diode effects can be
reduced to negligible proportions and give break point voltages that change
insignificantly with temperature. The circuit shown in Figure 5.4 illustrates
a method of reducing diode effects.

The op-amp diode combinations used in the input network act essentially
as precision rectifiers (see Chapter 8). Break point voltages are determined

by E,., resistors R, and resistors Ry, Ry, - Ry, and
RC
ey = Erefa
The slopes of the line segments are determined by resistors Re], Rez, e Ran, and
1 1 1
Sn=R[++...+]
Raz Raz Ran

The circuit shown in Figure 5.5 illustrates another method of producing
temperature stable break points. The external transistors should all be of the
same type and have a high current gain.

In the circuit of Figure 5.5, the gain for small output signals is R,/R,.
Transistors 772 and 773 are conducting, but feed back very little current to
the amplifier summing point. When the output voltage rises to a certain level
(set by R;, R, and V), transistor 7r2 saturates and effectively connects R,
in parallel R,. This makes the gain of the circuit reduce to:

_ R IRy
Rl

Gain

When the output voltage rises further, to a level set by Rs, R, and V, satu-
ration of transistor 773 occurs and connects R, in parallel with R; and R,.
The gain is thus reduced further to:

_ R, // Ry // R
Rl

Gain

Temperature compensation is achieved in the circuit by the inclusion of tran-
sistors 7rl and 7r4. Transistor 7r1 is used to temperature compensate the
base-emitter voltages of 7r2 and 773. This arrangement keeps the voltage
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5.3 Logarithmic
conversion with
an inherently
logarithmic device

Eref(-ve) ‘ R

€o

(+ve)

T

eo‘

e1 e2 e3 €j

Figure 5.4 Non-linear amplifier, break points stabilized

across the feedback resistors R, and R, equal to the output voltage across
the feedback resistor R,. Transistor 7r4 is used to provide temperature
compensation for change in saturation voltage of the transistors 7r3 and 772.

The non-linear effects of diodes and transistors are often used to obtain loga-
rithmic amplification. The logarithmic performance obtained using an op-amp
with non-linear components is influenced by the characteristics of both the
amplifier and the non-linear component. Therefore, an understanding of accu-
racy limitations requires some knowledge of the non-linear component.
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RG Tr3 R5
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ei — [

Tr1

Figure 5.5 Non-linear amplifier with temperature compensated break
points

Shockley’s first order theory for a single pn junction gives the relationship
[=1 (V< -1) (5.1)

where:

I is the current through the junction (A),

1, is the theoretical reverse saturation current (A),

V' is the voltage across the junction,

q is the magnitude of the electronic charge (1.6 X 107" C),
k is Boltzmann’s constant (1.38 X 10723 J/K) and

T is the temperature in Kelvin.

Substituting values of constants gives k7/g ~ 26 mV at 27°C; thus for values
of V' greater than say 100 mV the exponential term in equation 5.1 predom-
inates and we may write:

[=1,eV%T (V> 100 mV)

Now, by taking natural logarithms:

o)
(1)
1 kT

o

kT (1
hence V =— 1n<>
q s

To give this result in terms of logarithms to base 10, i.e. log(Z/],), we use

the mathematical relationship log(x) = In(x)/In(10), where log(x) is to the
base 10.
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o)

~ In(10)

1

Thus, log,, (1>

o

1 1
and In(10) loglo(l ) = 1n<1)

o o

Note that In(x) = 2.3 log,,(x), because In(10) = 2.3.
In terms of diode junction voltage, we have:

kT
q

1
log,, (7) (5.2)

10

V=23

According to equation 5.2, a plot of log(/) against V' gives a straight line
of slope 2.3 kT/q volts per decade of current change. (Note the factor
2.3 kT/g ~60 mV at 27°C.)
A diode, which is assumed to obey equation 5.2, is shown connected as
the feedback element in the circuit illustrated in Figure 5.6.
-\ —

INL
i

r‘»—r'*:\‘
e / RzT

Ry

(—

Figure 5.6 Log amplifier with a diode as log element

Referring to the circuit in Figure 5.6, and assuming ideal op-amp perform-
ance:

R KT (1
y=-—"1% =235 jog,, <)
R+R, T4 I

o

kT I\ (R, +R
ore,=-23— logm() ( ! 2) (5.3)
q I R,

o

The input current in the circuit shown is / = e/R. In the derivation of equa-
tion 5.3 we neglect the loading effect of the current, /, on the resistive divider
R, and R,. This divider is used to set a convenient scaling factor. The
60 mV/decade current change is a somewhat inconvenient factor, and a
1 V/decade scaling factor is usually preferred.

The circuit given in Figure 5.6 is attractively simple but is unfortunately
rather limited in performance. Even assuming the availability of diodes that
accurately obey equation 5.1, there remains the problem of temperature depen-
dence. The scaling factor of 2.3k7/q is linearly dependent on temperature,
with a positive coefficient of 0.3 per cent/K. This temperature dependence
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can be compensated by replacing resistor R, with a temperature sensitive
resistor, having a temperature coefficient closely matched to the scaling factor.

Most diodes do not accurately obey equation 5.1. The derivation of this
equation is based upon a single diffusion mechanism of current flow. There
are actually several mechanisms operating and diode current is more accu-
rately represented as the sum of several (N) components. The current
components each have the form

L=1,V™T 1) j=1,2..,N

where m; can take values between 1 and 4.

A typical example of V/log(l) plots for general-purpose silicon diodes is
shown in Figure 5.7. The two straight lines in this case have slopes corres-
ponding to values of m equal to 1.78 and 1.55.

0.1 /

0.2 . A’

4
0.3 /

4
04 /

05 —424X4

0.6
1073 1074 1075 1076 107 1078 109  <«— [(A)

Figure 5.7 Typical V/log(l) plot for a general-purpose diode

The resistance of bulk semiconductor material causes errors in the loga-
rithmic relationship. The voltage across a diode is that across the junction
and the internal resistance. At higher currents, the voltage drop across this
resistance becomes significant, hence only a fraction of the total diode voltage
appears across the junction.

The above factors make general-purpose diodes unsuitable for accurate
logarithmic conversion, except over a restricted range (three decades of
current at the most). Temperature compensation requires the selection
of matched diodes (matched m factors), and this presents an added difficulty.
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So-called ‘log diodes’ are available which are said to exhibit a 7-decade
current logarithmic range, but they are expensive. Transistors, which we will
now consider, appear to be the most convenient elements for accurate loga-
rithmic conversion.

A bipolar transistor consists essentially of two interacting pn junctions;
the circuit symbol and a simple model for an npn transistor are illustrated
in Figure 5.8. The collector current of a transistor can be accurately repre-
sented by the equation

Ic = ap [ES (e*qVE/kT _ 1) _ [CS (e*ch/kT _ 1) _ 2 [CSJ (e—qVC/ij _ 1)

(5.5)

where:

ap 1s the current transfer ratio between emitter and collector; it is very
nearly unity,

I 1is the collector reverse saturation current with the emitter shorted to the
base,

I is the emitter reverse saturation current with the collector shorted to the
base,

m; is the ideality factor that takes on values between 1 and 2 for silicon
transistors and up to 10 for III-V materials, and

j  is the number of the current path (1, 2, ..., N).

Figure 5.8 Simple transistor model and sign conventions

The sign convention adopted is shown in Figure 5.8. Equation 5.5 is appropri-
ate for an npn transistor, the senses of V5 and /g being reversed for a pnp device.

The first term in equation 5.5 represents that part of the emitter current,
comprised of minority carriers in the base, which diffuses to the collector.
The second and third terms are analogous to the diode current equations
(equations 5.1 and 5.4); they give the collector current for the emitter shorted
to the base.

The adoption of a circuit configuration which makes V. = 0 causes all
but the first term in equation 5.5 to become zero and the collector current
is then given by the equation

I, = ag Igg (¢ VEXT 1) (5.6)

This is analogous to the ‘ideal’ diode relationship of equation 5.1.
Note that the m # 1 components of collector current become zero. The
emitter (m # 1) current components behave largely as majority carriers in the
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base and as such do not diffuse to the collector. /4 is typically of the order
1073 A and oy is very nearly unity. For values of collector current I >> Iig
the exponential term in equation 5.6 predominates. Under these conditions,
the following relationship holds:

kT I-
- V=23 ;log I 5.7

where [, = aglgg.

Note that «; should not be confused with the commonly used grounded
base current gain o = /. The value of « remains essentially constant
over the range of collector currents for which equation 5.7 is valid.

The V. = 0 condition may be obtained by connecting the collector of the
transistor to the summing point of an op-amp, and the transistor base is
connected to earth. This connection is made in the circuit shown in Figure
5.9. The circuit illustrates the so-called transdiode (Patterson diode) loga-
rithmic configuration. The amplifier output terminal is connected to the emitter
and provides the driving voltage (e, = Vp).

N
*
% Ve
le=l; “ |

T
: T
©i
€0 =-2.3kT Iogmli_
| q ales

li=ei
R

||'—1 ]

Figure 5.9 Logarithmic amplifier, transdiode configuration

The transdiode configuration of Figure 5.9 is capable of the widest
range of logarithmic (log) conversion of input current. Accurate log conver-
sion requires that o remain constant over a wide range of current values.
Silicon planar transistors have this characteristic and can have a range of up
to 10 decades. The upper end of the useful current range is determined by
semiconductor bulk resistance effects and is usually between 1 mA and
10 mA.

The earthed base used in the transdiode configuration has two disadvant-
ages. It allows only single polarity input signals; the reverse polarity requires
the use of a complementary transistor type. Also, the transistor has a frequency
dependent gain and, since it is connected inside the feedback loop, this intro-
duces closed-loop stability problems.

An alternative arrangement is illustrated in Figure 5.10. In this circuit the
collector and base are connected together and the transistor acts as a diode.
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Figure 5.10 Log amplifier, diode connected transistor

The circuit in Figure 5.10 is not capable of such a wide range as the trans-
diode circuit, but in many respects it is more versatile. Since it is a two-
terminal device, its polarity can be reversed to allow a reversed input polarity.
Several diodes may, if required, be connected in series for greater output
voltages. Since the transistor produces no gain when connected as a diode,
closed-loop stability is achieved.

In the diode configuration the feedback current (/) is not exactly equal to
the collector current (/). But,

Iy = 1.+ I
= I.(1 + 1/hgg)

where I, = [./hy is the base current drawn by the transistor and /g, is the
common emitter DC current gain. Equation 5.7 becomes

kT I, 1
—e, = —Vy;=23"—log ! (5.8)
q ag Igg 1+ L
hFE
Transistors with a large value of /. should be used in order to reduce the
error term. The fall in /g, which occurs at low current levels, sets the lower
level of the input current at which the configuration departs significantly
from logarithmic accuracy. The logarithmic range obtainable is typically
within the range 1073 A to 1077 A,

The curves illustrated in Figure 5.11 show the logarithmic characteristics
of diode connected type 2N3707 transistors. The curves show the typical
upper and lower limits of logarithmic range.

A third transistor logarithmic configuration, which is sometimes used, is
illustrated in Figure 5.12. The most useful feature of this connection is the
reduced loading on the op-amp output (only a small base current is required).
Disadvantages of the circuit are the lack of reversibility, the separate supply
for the collector, and a reduced logarithmic range.
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Figure 5.11 Logarithmic characteristics of diode connected transistors
(type 2N3707)

Bias voltage
say +1V

d—e

Figure 5.12 Log amplifier, transistor connection

The current fed back to the op-amp summing point is the emitter current
of the transistor (npn) which is given by equation 5.9.

Iy = agleg(€ VKT 1) — Ipg(e WVERT 1) = D [ (e VEMKT 1) (5.9)

Where « is the reverse current gain of the transistor (ay ~ 0.2).
The collector is usually taken to a reverse bias of order 1 V. This gives
V,#0 and the first term in the equation contributes a small error. A more
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5.4 Logarithmic
amplifiers: practical
design considerations

significant error is contributed by the m;# 1 components of current repre-
sented by the third term of the equation. The useful logarithmic range with
this configuration is typically within the range 107> A to 1078 A.

We will now look at practical considerations for logarithmic amplifiers. A
more general treatment of practical considerations for op-amp circuits is
given in Chapter 9.

The following are some of the more important points requiring attention
in a practical logarithmic converter:

(1) The designer must ensure closed-loop stability. The method used to
achieve this may affect the output slew rate, so this must be considered.

(2) Offsets must be balanced out if the full capability of the op-amp is to
be exploited. The logarithmic range is usually determined by op-amp
offsets, rather than by the logarithmic range of the transistor. The relative
importance of voltage and current offset is determined by the magnitude
of the source resistance (see Chapter 2).

(3) The transistor must be protected against possible damage caused by acci-
dentally applying a reverse polarity voltage.

(4) A means of temperature compensating the logarithmic transistor must be
employed, unless the circuit is going to be used in a temperature controlled
environment.

5.4.1 Closed-loop stability

Chapter 2 discussed amplifier stability. Stable (non-oscillatory) closed-loop
operation requires that the loop gain (B84yq;) should be less than unity at
frequencies where the phase shift around the loop reaches 180°. The condition
implies that, on a Bode plot, the intersection of 1/8 and 4, should occur
with a rate of closure of less than 40 dB/decade.

In the feedback circuits considered so far we have assumed the feedback
fraction 8 to be determined by purely resistive components. This makes 1/3
real at all frequencies and never less than unity. Under these conditions, an
op-amp open-loop response characterized by a 20 dB/decade roll-off, down
to unity gain, ensures closed-loop stability for all values of input and feedback
resistors.

In practical circuits, the 20 dB/decade roll-off does not always ensure closed-
loop stability. Stray capacitance between the op-amp’s summing point and
earth causes a phase lag in the feedback fraction $ at the higher frequencies.
This produces a corresponding phase lead in 1/8. Capacitance at the op-amp
output can cause an additional phase lag. Both effects can lead to instability.

The problem of stability in logarithmic amplifiers is further complicated
by the non-linear nature of the feedback. The feedback is greater, and there-
fore 1/ is smaller, at the higher input currents. In examining stability criteria,
it is convenient to assume an op-amp with a finite open-loop gain with a
20 dB/decade roll-off down to unity gain. The effects of other departures
from the ideal op-amp are initially neglected.



122 Operational Amplifiers

Since the feedback fraction B is dependent on the operating current, we
examine stability in terms of a small-signal feedback ratio. The small-signal
feedback ratio Ae;/Ae, is assumed to be defined about some DC operating
current /.. Referring to the circuit shown in Figure 5.13, the current fed back
to the op-amp summing point (/;) is equal to the collector current of the
transistor (/).

Ry 25kQ =
dBj Cq
AvoL 40,F
100 /
80 L
60 | /
lc = 1078A
40 < 0 v values of 1_
I = 107A |
20 '
lc = 10A I
L 5 > |0
0 700 102 10° 10 105 106 07 g
— -5 |
0 lo = 10°5A /<
|
_ —4 |
0 lc = 107%A i
|
|
|

‘

g

o
Ey

Figure 5.13 Bode plot for transdiode configuration
Assuming a predominance of the exponential term in equation 5.6 we may
write this equation as
I; = oy I e 0T (5.10)

Differentiating equation 5.10 with respect to e, gives the small signal feed-
back resistance ry.

o, —ql, 1
Thus —f=—1f—_ =~
oe, kT I
And il (5.11)
n =— = — )
L RRTYA

Note that for an operating current of 1 mA, the transistor’s intrinsic emitter
resistance r; = 25 (), but when the operating current is, say, 1 nA, r, = 25 M().
A change in the output voltage Ae, results in a change in the feedback current
Al = —Ae/rg. This in turn causes a change —A/Z, in the voltage fed back
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to the op-amp summing point. We may thus write the value of the small-
signal feedback ratio as

B = Zlrg (5.12)

Z, is the impedance between op-amp summing point and earth. In Figure
5.13, Z, = R/(1 + jwC,R,) where C, is the total capacitance between op-
amp summing point and earth. C, is taken to include the capacitance between
the collector and base of the transistor. The shunting effect of the collector
output resistance is neglected.

Substituting for Z; gives

1/8 = ry(1 + jwC,R,)/R, (5.13)

Note that, at the higher operating currents, it is possible for 1/83 to be consid-
erably less than unity (r; <R,). This feature is peculiar to the transdiode
configuration; in other feedback circuits the lower limit of 1/8 is unity.
Remember that in the transdiode configuration the transistor acts as a common
base amplifier for feedback signals and, as such, it can provide a voltage
gain which is greater than unity.

Values of 1/8 for different operating currents are shown in Figure 5.13.
For the purpose of the discussion, component values are chosen to simplify
the arithmetic. The op-amp is assumed to have a unity-gain bandwidth product
of 107/(27) Hz. We see immediately that the circuit fails to satisfy the closed-
loop stability criterion for operating currents greater than 1 pA.

One solution to the stability problem is to connect a capacitor C, between
the op-amp output terminal and the summing point. This capacitor and ry
cause a break in the Bode plot at an angular frequency w, = 1/(C,rg). This
causes attenuation in the value of 1/8. But remember that the value of ry
depends on the level of the operating current.

The magnitude of C, required to ensure closed-loop stability at the higher
operating currents places a severe restriction on the bandwidth and output
slew rate at the lower levels of operating current. For example, to make
w, = 10 rad/s at an operating current of 1 mA requires a value of C, equal
to 0.04 wF. This value of C, makes w, = 1rad/s at an operating current
of 1 nA, this has a time constant of 1 s.

Another practical difficulty arises because of the finite open-loop output
impedance of the op-amp. This inevitably causes a reduction in open-loop
gain when the amplifier is used to supply a low value load resistor. At an
operating current of 1 mA, the transistor’s intrinsic emitter resistance is
rg = 25 (); such a small value is likely to have a marked effect on the gain-
bandwidth product of the amplifier.

A remedy is to connect a resistor Ry, in series with the emitter of the tran-
sistor. In addition to reducing the loading on the op-amp’s output, the
introduction of Ry allows the use of smaller values for C,. This in turn gives
the system a wider bandwidth and an increased slew rate at the lower levels
of input current. The arrangement is illustrated in Figure 5.14.

Closed-loop stability is again conveniently examined in terms of a small-
signal value of the feedback fraction . Referring to Figure 5.14,
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Figure 5.14 Bode plots for stable closed-loop operation

Ae, .
- Al = 7RE . + jwC, (Ae, — Aey)

e, is the feedback voltage developed between the amplifier summing point
and earth.

Ae; = — ALR|/(1 + jwC\R))
The small-signal feedback ratio
B = Ae;/Ae,
Manipulation of the above equations gives

I R 1+ju(C +C)R,
B R 1 + jwC,R,
where R, = Ry + 1.

The larger the value used for Ry the smaller is the value of C, required
to ensure closed-loop stability at the higher operating currents. The Bode
plot breakout frequency for 1/B8, w, = 1/(C,R,) (at the higher operating
currents) should be made to occur at least an octave before the intercept of
1/B with Ay . The maximum value which may be used for Ry is limited
by the maximum output voltage swing of the op-amp, bearing in mind that

the maximum output voltage across the logarithmic transistor is approxi-
mately 0.6 V. Thus R should be chosen so that

(5.14)
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+ 1

Vo max 0.6 V> (IL C max)RE (515)

max

The Bode plots in Figure 5.14 show values of 1/83 obtained from equation 5.14.
If the transdiode configuration is used for logarithmic scaling of current,
R, > and equation 5.14 becomes

1/B=R,jw(C, + C))/(1 + jwC,R,) (5.16)
The Bode plots in Figure 5.15 show values of 1/, given by equation 5.16.
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Figure 5.15 Bode plots, logarithmic current scaling

In Figures 5.14 and 5.15, the small-signal value of 1/8 tends to the value
1 + C,/C, at high frequencies. In both cases the breakout frequency for 1/8
at the higher operating currents is

w, = 1/(C,Rg) when Ry >>rg

A suitable choice for C,Ry; ensures closed-loop stability at the higher oper-
ating currents. The use of the maximum value of Ry allowed by equation
5.15 permits the smallest value of C,, and hence gives the fastest slew rate
at the low current levels. The low current value of w, is w,” = 1/(Cyrp).

In the diode configuration shown in Figure 5.16, the gain of the transistor
is shorted out which means that 1/8 cannot be less than unity. The circuit
used with an op-amp having a 20 dB/decade roll-off may be closed-loop
stable without the addition of a stabilizing network. If the simple circuit is
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not closed-loop stable, it may be stabilized in the same way as the trans-
diode circuit. If a transistor’s operating current makes its value of ry less
than the rated load of the op-amp, a resistor Ry connected in series with the
emitter will be needed.

The diode configuration Bode plots are illustrated in Figure 5.16.

¢ Re RL
C
dB R,
AvoL - >
100 / =
Cq +
80
60 i
%(Iow current)
40 i
I
|
20 |
| = '|+Q
| - L G
0 —dl \\ >
w2’ w1’ 1 \wz t log w

1
B (high current)

Figure 5.16 Bode plots, diode configuration

In the circuit shown the small-signal value of 1/8 is given by the relationship
/B =1+ 2)/Z

where Z, = R,/(1 +jwC,R,), Z, = R/(1 +jwC\R)) and R, = Ry + 1.
Substituting for Z, and Z, gives

R

. 1+R—2+jw(cl+c2)1e1

—= ! (5.17)
B 1 +joC,R,

At high currents, (r; << Rp), the break frequency in 1/ is
Ry
= 7&

(€ + )Ry

1 +
W

and the break out frequency is

w, = 1/(CyRg)
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At low current
o, =1/[(C, + C,)R|] and w, = 1/(Cyrp)

Stability considerations in the transistor configuration of Figure 5.12 are
similar to those encountered in the diode configuration, although the problem
of the loading of the op-amp output does not arise. We will not consider
this connection in any detail.

5.4.2 Offset errors

The lower limit to the range of a logarithmic converter is, in many DC appli-
cations, determined by op-amp offsets rather than by the logarithmic range
of the transistor. In the circuit for the transdiode configuration illustrated in
Figure 5.17, we represent op-amp offsets in terms of equivalent input gener-
ators. The op-amp is assumed to have infinite open-loop gain.

R1 l|b+ e

<
Figure 5.17 Offset errors, transdiode configuration

Referring to Figure 5.17 we see that the voltage at the summing point of

the amplifier
esp = I/io - Ib+Rl

A finite voltage at the summing point makes V. # 0 giving the possibility of a
logarithmic error through the /- terms of equation 5.5. Clearly any appreciable
forward collector bias (V. negative in the case of an npn transistor) must be
avoided. Dependent on the magnitude of the bias current /,*, it may be advis-
able to omit the bias current compensating resistor and return the non-inverting
input of the op-amp directly to earth. Reverse collector bias (V. positive in the
case of an npn transistor) can only contribute a small error since /g < 1 pA.

Assuming that the /g terms in equation 5.5 can be neglected, we may
use equation 5.7. Thus

Ic
Vg = e, =-E, log 7

o
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Where we write
E, = 23kT/q and I, = ol

In Figure 5.17,

[C — et_esg_lbf — € - Vio_[io
R, R,
€ - Vio
e,
Therefore, e, = —F_ log ! 7 (5.18)

We may use equation 5.18 to estimate the offset error for the transdiode
configuration. If the bias current compensating resistor is omitted from the
circuit we replace 7, in the equation by .

A similar analysis may be carried out for the diode configuration illus-
trated in Figure 5.18.

Figure 5.18 Offset errors, diode configuration

In this circuit,

VE = eo_esp = eo_Vio
A bias current compensating resistor does not balance out bias currents in
this configuration (because of its effect on eg,) and we return the non-inverting

input of the op-amp directly to earth.

ei_I/io -
Now [, = R -1
1

Making use of equation 5.8 and neglecting the 1/A;; term gives

ei_I/io -
_Ib

R
e, =V, —E,log ‘17 (5.19)

o
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5.4.3 Balancing offsets

Initial op-amp offsets may be balanced out; errors are then due to offset
drifts. Separate biasing of voltage and current offsets reduces errors and gives
maximum logarithmic range. Voltage bias should be applied to the non-
inverting input of the op-amp. Current bias should be applied to the inverting
input of the op-amp. Figure 5.19 illustrates a typical biasing arrangement.

Current bias
+Vs @_!
Ta—
Rt
€i - }— -
€o
+
r —
I +Vs Y —"
]
i
] A
|
i il N
E -
E -Vs Voltage bias
U

Figure 5.19 Offset balancing

When balancing offsets, a high value resistor (Ry) in the feedback path
should replace the logarithmic element. A resistor of the same order of magni-
tude as the highest value of 7, to be encountered should be used. Input offset
voltage is balanced by first shorting the inverting input of the op-amp to
earth and then, after removing the short, adjusting the bias current to zero
the amplifier output.

In practice it is advisable to inject a bias current slightly larger than 7, to
ensure that the collector current is not zero when the input is zero (see slew rate
considerations in previous section). A collector current equal to say 1 per cent
of the smallest input current to be measured should be suitable. Component
values used in the biasing networks should be chosen to allow balancing of the
maximum specified values of V, and /, . Once the adjustments have been made
the feedback resistor R is replaced by the logarithmic element.

5.4.4 Circuit protection

A small input signal of the wrong polarity applied to a logarithmic circuit can
cause a large reverse emitter bias, with possible destruction of the transistor.
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Figure 5.20 Protection against inverse polarity

It is advisable to provide logarithmic elements with protection against exces-
sive inverse voltage. Examples of such protective circuits are illustrated in
Figure 5.20.

5.4.5 Temperature compensation

Transistor logarithmic elements have an inherent temperature dependence,
which makes a single transistor log converter inaccurate unless the temper-
ature is kept very constant. The main effect is due to the variation with
temperature of the term /, = ay/yg, this approximately doubles for every 10
degrees Celsius change in temperature. A less significant effect is due to the
linear temperature dependence of the multiplying factor

E, = 2.3kTlq

The slope of the logarithmic characteristic changes with temperature, by 0.3
per cent per degree Celsius in the vicinity of 27°C.

The use of matched transistors enables cancellation of the / terms. Consider
two transistors with saturation currents /, and /,. We may write

1
Ve, = —E, log (ICI)

0y

1
And Vp =-E log <ICZ)

0,
ICI @

This gives  Vy — Vg = E, log (II )
o, °C,

Matched transistors make /, = /, and

Ic,
Ve,~ Ve, = Eolog{ ™ (5.20)

G,
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5.5 Some practical log
and antilog circuit
configurations

Thus, a circuit using a matched pair of transistors performs a subtraction
operation (by effectively taking the logarithm of a current ratio). This replaces
the uncontrollable 7, term with a fixed adjustable reference current /c,. Even
if the transistors are not perfectly matched it is generally found that, for tran-
sistors of the same type, the ratio /, //, remains fairly constant with change
in temperature.

The linear temperature dependence of the scaling factor £, can be compen-
sated by using an op-amp with a temperature sensitive feedback divider (see
Figure 5.6 and equation 5.3). The scaling factor of £, = 60 mV at 27°C is some-
what inconvenient. This system has gain that can be used to give a more con-
venient scaling factor; 1 V per decade of current change is normally preferred.

Circuits suitable as a basis for implementing practical log and antilog appli-
cations are now discussed. Because of the temperature dependence of
transistors, circuits that use a single transistor are only suitable for non-
critical applications and then only when ambient temperature variations are
small. Most practical circuits employ a pair of matched transistors and achieve
temperature compensation using the method outlined in the previous section.

Silicon planar transistors exhibit a logarithmic characteristic, but those
designed for use at low values of collector current should be chosen if a
wide logarithmic range is required. Care should be taken to ensure that the
transistors are maintained at the same temperature; the use of dual transistors
ensures matching and thermal tracking.

In some circuits, a temperature sensitive resistor is used to compensate
for the temperature dependence of the scaling factor. This needs to be main-
tained at the same temperature as the transistor.

5.5.1 Temperature compensated log of voltage and current

The circuit for a temperature compensated log converter is shown in Figure
5.21. With care in design and construction, the circuit may be expected to
provide logging of positive input voltages (use pnp transistors for negative
input signals) in the range 10 mV to 10 V. The accuracy over the whole
range may be in the order of 3 per cent, referred to the input, for temperature
changes of £10°C. Errors are greatest at the lower end of the logarithmic
range. The use of low drift op-amps improves accuracy and extends the
lower limit of the useful logarithmic range.

The circuit uses two op-amps and two transistors. The output of ampli-
fier 4,, attenuated by the resistive divider R, and R,, provides the emitter
base differential voltage between transistors 7, and 7,. Neglecting the base
current loading imposed by transistor 7, the following relationship holds:

R
Ve =e, —— (5.21)
' > Ryt R,
Negative feedback around amplifier 4, forces Vg, to take on that value which
causes the collector current /o = /. to flow in transistor 7,. The collector

e
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Figure 5.21 Temperature compensated log of voltage converter

current /o = I, flows through transistor 7 because of V; imposed by nega-
tive feedback around amplifier 4,.

Substituting ¥}, values from equation 5.7 into equation 5.21 and rearran-
ging gives the following circuit performance equation

R, +R kT I 1,
e, =——2>—4%23 log(["ﬁ)

X = (5.22)
R3 q ref “o,

where [, = V/R, and I,, = e, /R, in a logarithmic voltage circuit.
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In a logarithmic current circuit 7, is supplied directly to the inverting input
of amplifier 4,. There are different considerations regarding the offset
balancing of voltage and current circuits, which will be discussed shortly.

Output zero crossing

Readers who are unfamiliar with log amplifiers should carefully consider the
significance of equation 5.22. Zero input signal does not give a zero output
(log(0) is not defined). The output signal given by the circuit of Figure 5.21
is proportional to the log of the current ratio f;/I,; X 1, /I, . Since log(1) = 0,
zero output occurs if [, = [, and [;, = I

The point at which the input voltage causes zero crossing at the output is
under the control of /. In Figure 5.21 /. ; = V/R, and zero crossing of the
output may be adjusted by choice of R,.

Wide range logarithmic applications require a very low drift op-amp for 4,.
An amplifier of more modest drift performance can be used for 4, by making
I greater than the smallest value of 7. If I, << I ,the base drive to 7, forward
biases its collector base junction, causing an effective change in the reference
current. The extent to which this contributes an appreciable error is dependent
upon the /. terms in equation 5.5 and upon the value of /.

For example: Assume /[, = 1nA, [, =100 pA, I = 1pA and
R,/(R; + R,) = 1/16. There are five decades difference in /,, and I, the
output voltage is +5V and a bias 5/16 V is applied to the collector base
junction of 7,. If we take only the m = 1 term of the collector current
equation (equation 5.5)

Iog [¢ VKT 1] = 10712 ¢5/1630.025

=~ 10712 2.6 X 10°

Expressed as a percentage of I, this represents a 0.26 per cent error. If the
expected operating conditions are more extreme, the collector base voltage
of T, can be held near zero by returning the non-inverting input of op-amp
4, to the base of transistor 7,, instead of to earth. A current source is then
required to supply the reference current /. instead of the resistor R,.

Scaling factor

The scaling factor for the circuit

KT Ry + R,

K=23
q Ry

(5.23)

may be set at any convenient value by choice of resistor values Ry and R,. A
scaling factor of unity is often convenient; it corresponds to a 1 V change in
output for each decade change in input current. Substitution of constants gives

K =59 X 10—3,@
R

3

at 25°C
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If R, = 1kQ a value of R, = 15.9 k() is required to make the scaling factor
unity. Trimming the value of R, provides a convenient method for adjusting
the scaling factor. The scaling factor varies by 0.33 per cent per degree
Celsius. If such a variation is not tolerable the scale factor may be compen-
sated by using a temperature sensitive resistor for R, with resistance varying
directly with temperature. This resistor must be kept at the same tempera-
ture as the transistors.

Logarithmic voltage

Amplifier input offset voltage and bias current give rise to an equivalent
input offset voltage:

Eos = Vg + I, Ry — I,"Rg"

In a logarithmic voltage circuit, bias current can be compensated for temper-
ature by making Ry~ = Rg" (the function of resistor R in Figure 5.21),
where Ry~ is effectively equal to R, plus the resistance of the signal source.
Eqg acts as a signal in series with the input signal source and the output
voltage given by the circuit may be expressed as

-+ F
e, = K log (eIROS> (5.24)
1

ref

Consideration of the implications of equation 5.24 may be used to arrive at
a convenient adjustment procedure for practically trimming offsets. £, could
quite easily be trimmed to within 100 WV of zero (or closer for low drift
op-amps). In equation 5.24 substitute e¢,, = 0, Eos = 1074 R, = 10k,
I,=10"% K = 1. This gives

e, = —1log(107%) = +4V

The initial offset of amplifier 4, can thus be adjusted to within 100 wV of
zero by setting e,, to zero and adjusting the trim potentiometer P for an
output of +4 V. Subsequent temperature drift of £,q may degrade accuracy.

Logarithmic current

In logarithmic current circuits, input current is supplied directly to the
inverting input of op-amp 4,. It is inadvisable to use a bias current compen-
sating resistor at the non-inverting input of the op-amp, because current
sources usually have high impedance. The equivalent input offset voltage is

Eos = 2V, + 1, Ry

where Rq is the output resistance of the signal source.
The input error is more usefully expressed as an equivalent input offset
current by dividing the equation by Rg. Thus

Iog = Eog/Rg = 2V, /Rs + 1~
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The effect of op-amp input offset voltage V; is negligible for large values
of Ry. Accuracy at the lower levels of the input current range depends upon
the op-amp bias current.

In logarithmic current circuits, which have low source impedance, it may
be necessary to balance out the initial value of V. An adjustable voltage
bias may be applied to the non-inverting input of the op-amp. When making
the adjustment, the inverting input should be connected to earth through a
10 kQ resistor and the procedure for offset trimming outlined in the previous
section for a logarithmic voltage circuit should be carried out.

The use of low offset drift FET input op-amps in the circuit of Figure
5.21 makes it suitable for both logarithmic voltage and current conversion.
A circuit to produce the logarithm of very small input currents requires low
bias current op-amps.

Closed loop stability and dynamic response

The dynamic response of a log amplifier is directly determined by the com-
ponents used to achieve closed-loop stability (C,, C, and Ry). Log amplifiers
have a non-linear feedback path; the small-signal feedback fraction varies with
the level of the input signal. This makes the transient response and small-signal
bandwidth dependent upon the signal level. The effect can be investigated in
the circuit of Figure 5.21 by superimposing an input signal variation on top
of a DC bias, using the test arrangement shown in Figure 5.22.

The results shown in this figure were obtained by adjusting the amplitude
of the input square wave and the value of the DC bias. The adjustments
produced an output step covering the various levels of its full range. Note
that the response time for a 1 V step at the output depends upon the input
signal level. The response time for increasing input signals is less than that
for decreasing signals (note that the log converter is inverting, so the 10 V
input produces —1 V output).

The time taken for the output to slew through its full output range is domi-
nated by the time taken to slew through the range corresponding to the
smallest decade of the input signal (1 mV to 10 mV). Measured response
times for the circuit obtained by observing the output steps with expanded
time scale are as follows:

e, e, Input Input
increasing decreasing

1Vt 10V Oto -1V lightly damped

100mV to 1 V Oto +1V 22 s 92 s

10mV to 100mV ~ +1Vto +2V 230 s 1 ms

I mV to 10 mV +2Vito +3V 2.2 ms 9.6 ms

The test arrangement of Figure 5.22 can be used to measure the small-
signal 3 dB bandwidth of the circuit for sinusoidal signals. Log amplifiers
accept only single polarity input signals; the sinusoidal signal must be super-
imposed upon a steady DC bias. The small-signal bandwidth, like the transient
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Figure 5.22 Testing the dynamic response of a log converter

response time, depends upon input signal level. The output signal is of course
non-sinusoidal.

Adequate phase margin for op-amp 4, is ensured by choosing C, and Ry
so that the frequency fCz occurs at least an octave before the loop gain
becomes unity. The frequency fc2 is given by:

1

e = 0m O R + el

The value of r depends upon the value of the fixed reference current /¢
(see Section 5.4. 1) The closed-loop small-signal 3 dB bandwidth of op-amp
4, is equal to the frequency sz.

Now consider the feedback loop around op-amp 4,. At frequencies much
less than fcz, op-amp A, holds Vg, constant at a value determined by the
reference current. Changes in the output signal of op-amp A,, attenuated by
the dividers R, and R,, are in effect applied directly to the emitter of 7.

The effective feedback resistance around op-amp 4, is thus:
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_ Ry TR,
Tefr = R g,
3

But at frequencies approaching /. , reduction in the gain of op-amp 4, causes
an effective increase in the feedback path impedance and introduces a phase
lag. Critical damping of the response of op-amp A,, for input signals at the
upper end of the range, requires careful choice of the lead capacitor, C,.
Capacitor C; should be chosen so that the break frequency fo = 1/(27C\r )
occurs well below fc .

In practice C; is often made less than that required for critical damping
at the upper end of the input range. The lightly damped response at the
higher input signal levels is accepted, in order that the response time at
the lower levels of the input signal should not be excessive. Using amplifiers
with higher unity-gain bandwidth can decrease response times; this allows
the use of smaller frequency compensating capacitors.

5.5.2 Temperature compensated antilog converter

Circuitry of the type used in the temperature compensated log converter of
Figure 5.21 can be rearranged to give a circuit that will perform the antilog
conversion. Such a circuit is shown in Figure 5.23.

The input signal to the circuit, attenuated by the resistive dividers R, and R,
provides the emitter base differential voltage between transistors 7, and 7, and

R
e = Ve

. =V, -V
"R, + R, E

2 1

Negative feedback around op-amp 4, forces Vg to take on that value which
will cause the current I, = I to flow as a collector current in transistor 7.
If 7, is held constant, V, is constant and VE2 varies directly with the input
signal. The voltage VEl determines the collector current that flows in tran-
sistor 7,,. Negative feedback around op-amp 4, forces this current to flow
through resistor R,. Op-amp 4, develops an output voltage

e, = LR,

Substitution of V. values from equation 5.7 gives

R kT (1, 1,
e,———=—In (1 —2) : (5.25)
Ry + Ry ¢ L1,
where I, = I, = Vs/R, and I, = e /R,.
Antilog and rearrangement of equation 5.25 gives
e, = R. I & e Cin R+y/R;y + R, q/kT (526)

2 fref
Iol

The equation can be interpreted in terms of any base other than the expo-
nential by the use of the mathematical identity

a = b log,a
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Figure 5.23 Temperature compensated antilog converter

Expressed in terms of the normal base 10 the circuit performance equation
becomes

1,
e, =Ry 1 ;-2 107/

2 ref[ (527)
kT Ry + R
where K =23 ——=——*
q Ry
Adjustment procedure

1. Balance 4, offset. Set e,, sufficiently positive to cut off transistor 7,
completely (say e,, = +5 V) and adjust the offset trim on A, for zero
output.

2. Trim multiplying constant. The multiplying constant, M = IrefRz(IOZ/Iol),
may be set at any convenient value which allows output signals within
the capability of the op-amp 4,. Set e;, at zero and adjust /. (by adjusting
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5.6 Log-antilog circuits
for computation

the value of resistor R,) to make the output voltage of 4, exactly equal
to the value of the desired multiplier factor M.

3. Trim value of base. Apply an input signal of —1 V and trim R, to make
the output of op-amp A, exactly bM volts (10 for base 10). Response
curves for the antilog converter are shown in Figure 5.25 plotted in terms
of log e, /e;,; note that e, can be positive or negative but the output is

always single polarity. If negative output signals are desired, pnp tran-
sistors should be used as the logarithmic elements.

Log and antilog converters can be combined to generate a variety of both
linear and non-linear functions. The circuits are interconnected in such a way
that they perform operations normally involved in logarithmic computations.
Examples of such computations are:

antilog[n log(x)] = x" (5.28)

antilog[log(x) + log(y) — log(z)] = xy/z (5.29)

5.6.1 A log—antilog true RMS-to-DC converter

The circuit configuration shown in Figure 5.24 gives a DC output signal
proportional to the true RMS value of an input signal. This signal may have
a complex alternating waveform or an alternating wave superimposed upon
a DC level. The circuit consists of a precise rectifier (see Section 8.10) that
is used to provide unidirectional signals to a following log—antilog computing
circuit.

The performance equation can be derived, by summing emitter voltages
and using the basic transistor log relationship. Thus, starting at the base of
T, and ending at the base of 7, we have

Ve, + Ve

Ve, = Ve, = 0

2 3

Substituting for V7 values and cancelling out the temperature dependent
scaling factor after antilog conversion gives:
Ie I 1, 1,
Ielc 1, 1

0,70,

=1 (5.30)

Neglecting transistor base currents

I, = I, = €,/R,
Amplifier 4; performs a running averaging of the current /. . Provided that
the averaging time constant (C X R,) is considerably longer than the period
of any alternating input signal, the output of 4, is a steady voltage propor-
tional to the average value of /... We write:

e, = Ic,R, where I represents the average value of the current /..
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Figure 5.24 Log—antilog RMS-to-DC converter
Op-amp A, forces the relationship:
Io, = eJRy = I Ry/R,

Substitution of current values in equation 5.30 gives

o
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5.7 A variable
transconductance four
quadrant multiplier

L.I. = R3 103 ]04 eZ

cle, in
R12 RZ 10l [02

or 1%3 -5 Ll é?

RIR, I, I, "

o

RR; I, I, —
223 3 462
R2 I

m
0,70,

Thus: IoR, = e, = (5.31)
Mismatch in the 7, terms can be balanced, and the scaling factor can be
set to unity, by adjustment of the resistor R;.

Practical points

In the circuit shown, the four transistors are conveniently provided by a tran-
sistor array (such as CA3086). Note that one of the transistors in the array
is unused and the substrate pin 13 is connected to the —15V supply rail.
Four separate transistors or two dual transistors could be used as an alter-
native to the transistor array provided that they are maintained at the same
temperature. FET input op-amps with offset adjustment points could be used
to allow the use of an offset balancing potentiometer.

Setting-up procedure

1. Set ¢, = 0V and adjust potentiometer P, to make e, approximately
10 mV.

2. Make e, = +10V; adjust potentiometer P, to make the output read
+10 V.

Errors no greater than 1 per cent of full scale (full-scale input equals 10 V
peak) are achievable. Accuracy at the lower level of input signals could be
improved by separately balancing the offsets of all op-amps.

Log—antilog multiplier circuits allow only single polarity signals. Multipliers
designed for four quadrant operation make use of alternative methods to
obtain the multiplier operation. A commonly used technique is variable
transconductance. Four quadrant multiplier integrated circuits are used in
many signal processing applications.

Four quadrant variable transconductance multipliers do not provide the
accuracy at low signal levels that log—antilog multipliers give, but they allow
operation with alternating signals and provide greater speed and bandwidth
than log multipliers.

As an alternative to buying a ready built transconductance multiplier it is
possible to build a useful general-purpose four quadrant multiplier out of an
op-amp, a five transistor array and a few resistors. The circuit shown in
Figure 5.25 is based upon an offset-linearized, two quadrant multiplier cell.

The action of the circuit in Figure 5.25 can be understood in terms of the
basic model shown in Figure 5.26(a) and (b).
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Figure 5.25 Variable transconductance four-quadrant multiplier
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Figure 5.26 Models of transconductance multiplier cell. (a) Basic

linearized transconductance cell. (b) Model of offset transconductance cell
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Current relationships which must hold for the circuit in Figure 5.26(a) can
be derived by summing emitter voltages. Starting at the emitter of 7, and
ending at the emitter of 7, the emitter base voltages must sum to zero, thus:

Ve, = Vg, + Vg, = Vg, =0

Analysis requires a few assumptions. Transistors 7, and 7, can be assumed
matched, with negligible base currents. The transistor’s collector and base
voltages can be assumed to be zero. Now we can make use of the basic log
relationship between collector current and emitter voltage (equation 5.7).
After cancelling out the temperature dependent scaling factor and antilogging
the relationship between the currents in the multiplier cell we obtain the
relationship:

LI, = LI, (5.32)

In Figure 5.25 currents are supplied by input signal voltages V, and ¥ as shown
by the simplified model in Figure 5.26(b). The tail reference current of the pair
T, and Ty is made to vary with V,. Note that /, = /. + [, I, = I, — I, and
I, = 2(I, + I,) — L. Substituting values in equation 5.31 and rearranging gives

L=1L+I +1+ I/,
Also we have
L=15L+I+I+]
The output current is converted to an output voltage by the op-amp:

I, = ILJI

xy'r

Now I, = VR, I, = VR, I, = V§/R,
and the output voltage is determined by the relationship

R\Rg
RXRYVS
Component values are selected to give a scaling factor of 1/10. Input signals
V, and ¥, may be of either polarity; with ¥, = V, = 10V the multiplier
gives its full-scale output of 10 V. The bandwidth and the output slew rate

of the multiplier are determined by the dynamic response characteristics of
the op-amp that are used as the output current-to-voltage converter.

IRs = e, = [ ] VxVy

Setting-up procedure

1. xand y offsets. Earth V/, making V', = 0. Apply a 20 V peak-to-peak 100 Hz
input to V,_ and adjust P, for minimum AC output. Make V, = 0,
apply a 20 V peak-to-peak 100 Hz input to ¥, and adjust P, for minimum
AC output.
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Exercises

2. Output offset. Make V, = V, = 0, adjust P; for zero output.
3 Scale factor. Make V, = V, = 10V (DC), adjust P, for 10 V output.

5.1

5.2

53

54

5.5

5.6

5.7

5.8

The non-linear amplifier shown in Figure 5.5 uses the following compo-
nent values: R, = 10k, R, = 10kQ, R; = 10kQ, R, = 150k{,
Ry = 47kQ, R, = 22kQ, Vg = +15V. Deduce the values of the
break point voltages and the slopes of the straight-line segments in the
amplifier response. Sketch the relationship between amplifier input and
output voltage. Neglect the voltage drop across a saturated transistor.

Calculate the output voltage of the simple log amplifier shown in Figure
5.9 if the input current is 1 nA and the ambient temperature is 27°C.
Assume that ol = 1 pA at 27°C and that the op-amp behaves ideally.
What does the output voltage become if the temperature rises by 10°C?

In the circuit shown in Figure 5.14, C; = 100 pF, C, = 100 pF, R, =
47kQ, Ry = 10kQ. Sketch the Bode plots for 1/8 for input currents
of 100 wA, 1 pA and 10 nA.

The basic transdiode log configuration, Figure 5.9, is used with an input
resistor R = 100 k). The op-amp has an input offset /,, = 1 mV and
a bias current ;- = 20 nA. If no offset balancing is employed, what
is the smallest input signal voltage that can be logarithmically converted
with an error no greater than 2 per cent? Assume that the temperature
remains constant.

What values are required for resistors R, and R,, in Figure 5.21, in
order that an input voltage change from +10 mV to +10 V will cause
an output voltage change from 0 to —10 V? Assume that the tran-
sistors are perfectly matched and that all other circuit parameters are as
shown.

In the circuit of Figure 5.21 resistor R, is 1.5 M{); other circuit para-
meters are as shown. There is a mismatch in the transistors such that
I, =0.7,.F ind the value of the input signal for which the output is
zero. Neglect amplifier offsets.

The circuit of Figure 5.21 is used as a logarithm of current converter.
The non-inverting input of 4, is connected to earth. The input current
is supplied directly to the inverting input of 4,. Let 4, be a FET input
op-amp, with bias current /; = 50 pA and input offset voltage V,, =
2 mV. What is the smallest input current which can be converted with
no more than 2 per cent error if it is supplied by (a) a true current
source; (b) a current source of internal resistance 1 M()?

In the circuit of Figure 5.23, /., = 0.1 mA, R, = 1 k(. What values
are required for resistors R, and R, in order that the circuit should
generate an output signal e, = 27?7 Assume that the temperature is
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59

300 K and that transistors are perfectly matched. (Boltzmann’s constant
k = 1.38 X 103 J/K, electronic charge ¢ = 1.6 X 107" C))

Assume ideal op-amp action and that transistors are matched and follow
the log relationship (equation 5.7). Find the relationships between output
and input signals for the circuits shown in Figure 5.27. Discuss prob-
lems likely to be encountered in practical realizations of the circuits.

I 10kQ

— —

= {__}

10kQ
€in
..,
1kQ
1kQ B
10kQ
10kQ > €0
€in

Figure 5.27 Circuits for Exercise 5.9



6.1 The basic
integrator

6 Integrators and
differentiators

At the heart of most op-amp applications lies the ability of the circuit to
force precise mathematical relationships between input and output signals.
This chapter examines integration and differentiation circuits.

Integrators are used to perform timing functions, to measure charge, to
generate linear ramps and triangular waves and in many other applications.
In this chapter we consider integrator action and the factors which must be
taken into account when connecting and using practical integrators. Many
examples of integrator applications will be found in subsequent chapters of
the book.

An understanding of practical integrator circuits is helped by first consid-
ering the behaviour of an ideal circuit. Errors in practical circuits may then
be understood in terms of departures from ideal behaviour. There are two
main principles underlying the action of an ideal integrator.

The first principle concerns the ideal amplifier summing point restraints.
All current from signal sources arriving at the inverting input terminal of an
ideal amplifier must exit through the negative feedback path. The output
voltage of the amplifier takes on just that value needed to keep the inverting
input terminal at the same potential as the non-inverting input terminal. This
prevents accumulation of charge at the inverting input terminal.

The second principle concerns the relationship between the voltage across
a capacitor and the charge upon its plates, V, = (¢/C). For charge to exist
on the plates of a capacitor, charge must flow on to its plates. This charge
flow represents a current and we may write:

. _dg
=
dt
|1, a
C

thus ¥, =

The voltage across a capacitor is proportional to the integral of capacitor
charging current with respect to time.

The two principles applied to the basic integrator circuit of Figure 6.1
lead directly to the ideal performance equation. Thus, an input current /,, =
e, /R arrives at the op-amp’s inverting input. Since the op-amp takes no
current into its inverting input, all the current that flows through the resistor
must also flow through the capacitor.
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6.2 Integrator run, set
and hold modes

C
R Ve
— in
| S | -
T
ein + o = _C1_R fein dt
i —

Figure 6.1 The basic integrator

Negative feedback forces the op-amp to produce an output voltage that
maintains a virtual earth at the op-amp’s inverting input. This means that
the output voltage will be such that the current through the capacitor will
be equal to /. For positive e,,, the output of the op-amp will be negative,
relative to earth. Since the capacitor is connected between the op-amp’s
inverting input (which is at earth potential) and the op-amp’s output (which
is negative), the potential developed across the capacitor V. will be positive
at the end connected to the op-amp’s inverting input.

flindt
T

e, =—V¢

1
€ =~ gl én dt (6.1)
The input impedance of the integrator circuit is equal to the resistance R.
The output impedance is low because of the negative feedback that is inherent
in the circuit. CR gives the characteristic time of the integrator. It is some-
times useful to think of 1/CR as the integrator ‘gain’ in terms of V/s output
for each volt of input signal.

For example, if C = 1 wF and R = 1 M{), an input signal of +1 V would
cause a current of 1 pA to flow towards the amplifier summing point. To
maintain this charging current through capacitor C, the output would have
to decrease linearly with time at a rate of —1 V/s.

If during the integration process the input signal were switched to zero,
the input current would become zero and the output voltage of the ideal inte-
grator would remain constant (hold) at any value it happened to have reached.
If the input polarity were reversed (V,, = —1 V) this would require the
output voltage to increase linearly at a rate of 1 V/s to maintain the 1 pA
current flow away from the amplifier summing point.

In a practical integrator circuit it is necessary to provide some means of
setting a desired initial value of the integrator output voltage at the start
of the integration period. In some systems, it is also desirable to be able to
stop the integrator at any time and for the integrator output then to remain
constant at the value it has reached at that time. The principles underlying
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6.3 Integrator errors

Eref T § D-—\
Run
hold
?Set c
—
Run
R o
€in
Hold —- €0
set

Figure 6.2 Integrator run, set and hold modes

the switching of an integrator between its various modes of operation are
shown in Figure 6.2. Manual switching, relay switching or some form of
solid state switching can be used.
The switches put in the ‘set’ position allow the initial value of the integrator
output to be set at any desired value within the output capability of the amplifier.
~R,

eo(tZO) - R ref
1

The integrator output does not immediately take on this value when switched
to the set mode. It approaches the value exponentially in accordance with
the relationship
_ ’ —!
€ = eo(t:O) + (@0 - eo(tZO)) eXp R2 C
where ¢/ is the value of e, at the instant of switching to the set mode. Note

the period of the set mode must be long enough for the exponential to decay.
When switched to the ‘run’ mode the circuit integrates the input voltage and

1 t
e = eo(t=0)_&f e, dr
0

If the integrator is switched to the ‘hold” mode integration is stopped and
ideally the output of the integrator then remains constant at any value it may
have reached. In practice, in both the ‘run’ and ‘hold’ modes, drift causes
an integrator error.

The deviations from ideal behaviour that are exhibited by a practical inte-
grator circuit are conveniently treated as errors. A firm understanding of the
sources of error enables the designer to choose an amplifier and associated
circuit to minimize errors.
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6.3.1 Offset and drift errors in practical integrators

The greatest source of error in practical integrators is usually due to offset
and drift of the op-amp. Even with zero applied input signal, the op-amp’s
input offset voltage and bias current cause a continuous charging of the feed-
back capacitor. Consequently, the output voltage of a practical free running
integrator will change continuously. Eventually, the op-amp’s output will
drift into either positive or negative saturation.

Integrator output voltage drift with time can be adjusted to zero by can-
celling the effects of the amplifier offsets with a suitable balance control (see
Section 9.6). However, amplifier offsets are temperature dependent, supply
voltage dependent, and they show long-term time dependence. This means that
a zero output drift condition established with a balance control is not main-
tained and a free running integrator therefore always ends up in one of its sat-
urated states. Integrator error due to amplifier input offset voltage and bias
current is readily deduced from the equivalent circuit shown in Figure 6.3.

C

li [T
Ll

Pt ()

Figure 6.3 Equivalent circuit used for estimating error due to input offset
voltage and bias current

For the moment we assume that the open-loop gain and open-loop input
impedance of the amplifier are infinite. We may write

L=1,-1I5

where I, = (e,, — V,,)J/R.
[1,ar
°

Thus e, = ideal performance equation — error due to offset and bias current.

Now, V.=V, —e

1 1 1
e, = — - eindt‘f'ifl/iodt—*_ij[Bdt_i_Vio (62)
CR CR C

The percentage error after a particular integration time may be written

Vi + I3 R

10

X 100% (6.3)

€in
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where e, is the time average of the input signal over the integration period.

In some applications it is more useful to refer integrator offset errors to
the output. Offsets cause the output of an integrator to have an error in the
form of an output drift rate (a ramp) determined by the relationship:
e Vo ls (6.4)

dl‘(dur:: to offset) CR C
It should be noted that V;, and /j are initial values plus accumulative drift.
If initial values are balanced this leaves temperature drift values only.

The error component due to amplifier bias current can be reduced by
connecting a resistor equal in value to that of the integrating resistor between
the non-inverting input terminal of the amplifier and earth. With this resistor
in circuit, values of the amplifier input difference current /,, should be substi-
tuted for /g in the drift error equations.

When switched to the hold mode, an integrator normally has R open circuit
so that, according to the error equations, it is bias current alone that accounts
for drift in the hold mode. However, as will be shown later, finite open-loop
gain and finite amplifier input impedance give rise to an additional source
of error in the hold mode.

Examination of equation 6.4 suggests that for a particular integrator char-
acteristic time drift error is minimized by using a large value capacitor. The
value needs to be large enough to make the bias current contribution to the
drift negligibly small, compared with the input offset value contribution.

There are practical considerations that limit the capacitor value. A large value
of C requires a correspondingly small value of R for a particular CR value.
The input impedance of the integrator is set by the value of the resistor R; the
minimum value that can be used is dependent upon signal loading error.
Capacitor leakage represents an additional source of integrator drift. Large value
high performance capacitors are expensive, and should have dielectric leakage
current that is less than the amplifier bias current. The dielectric absorption of
a capacitor will also cause drift. Polypropylene and polystyrene dielectrics have
lowest absorption, whilst electrolytic and tantalum have the highest.

For low drift integrators with long-term stability it is best to use low cur-
rent FET input op-amps. These allow the bias current contribution to integra-
tor drift to be made negligible without the use of excessively large capacitor
values. When such op-amps are used, it is important to prevent leakage paths
to the summing point from degrading performance (see Section 9.4.3).

6.3.2 Integrator errors due to finite open-loop gain, finite input
impedance and finite bandwidth

The ideal performance equation for an integrator (equation 6.1) was obtained
from the assumption that the op-amp used in the circuit had infinite open-
loop gain and bandwidth. In all op-amp circuits using negative feedback, the
extent to which a practical circuit performance departs from the ideal is
governed by the loop gain BA,, (see Section 2.2). The larger the loop gain
the closer the practical circuit conforms to the ideal.

In a practical integrator, finite open-loop gain causes integrator performance
errors for very low frequency input signals, and finite bandwidth causes errors
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Figure 6.4 Effect of finite open loop gain and input impedance

for high frequency input signals. Integrator errors due to inadequate loop gain
are discussed in terms of the circuit and Bode plots shown in Figure 6.4.

The op-amp used in the circuit of Figure 6.4 is assumed to have a finite
differential input resistance R, finite open-loop gain and a first order
frequency response described by the relationship:

A .
Aovn = —9—  (see Section 2.4)
1 +j=
Je
The closed-loop performance equation for the circuit expressed in the form:
actual performance equation = ideal performance equation X gain error factor
(see Section 2.3) is

e _ 1 1 6.5)
L 29 fCR 1 '
el(_]ﬂ J 7Tf 1+
:BAOL(jf)

Provided that the magnitude of the loop gain is large the integrator perfor-
mance closely approximates the ideal. The feedback fraction for the circuit is

R
1
jafC

B:

R+
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where R” = RR,/(R + Ry) and 1/8 = 1 + 1/(j27fCR’).

The intersection of the Bode plots for 1/8 with the open-loop response
shows that the magnitude of the loop gain becomes unity at the frequencies
1/(2mA,CR’) and f,. The integrator must thus be expected to perform near
ideally at frequencies such that:

1

27 ACR ((rih

Errors at high frequencies due to finite open-loop bandwidth

At frequencies approaching and exceeding the amplifier unity-gain
frequency f;

B— 1, Ao = —J(H1)

and, equation 6.5 approximates to

Co(if) _ 1 1 (6 6)
€ip) j2mfCR 1+ S/
A

Equation 6.6 represents the equation for an ideal integrator when cascaded
with a first order low-pass function having a break frequency equal to the
open-loop unity-gain frequency of the op-amp. The attenuation and phase
shift produced by this first order function represents the errors in the steady
state sinusoidal response of the integrator at frequencies approaching f;.
Associated with this low-pass function, the output of a practical integrator
exhibits a time lag in response to an input step signal as shown in Figure
6.5. The time lag is inversely proportional to the open-loop unity-gain
frequency f; of the op-amp.

ein (volts)
t
-1
Slope €in (volts/second)
€o (volts) CR -
7
7
Ideal P -
_ rd
re
7
b
RS Actual
1 | P Ctua
L
A 1
[ 1
P tq = 2mf1
e t

Figure 6.5 Time lag in integrator step response due to finite open-loop
bandwidth
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Errors at low frequencies due to finite open-loop gain

The gain of an ideal integrator circuit continues to increase as the signal
frequency is decreased, but clearly in a practical integrator circuit the gain
cannot be greater than the open-loop gain of the amplifier 4, (A, R/(R + R,),
if we allow for finite input resistance).

At frequencies less than fi/4,, Aoy p — 4, and

1 1 1 1
- = 4 = -
BAoriy Ao j2mfACR ~ j2mfA,CR

Equation 6.5 approximates to

RI
A—
oin_ L[, 1 _ R
e J2mfCR 1 L+ j2mfACR" (67

j2mfA,CR’

for f<f..

From equation 6.7 we can gain some insight into the operation of inte-
grators at low frequencies. Equation 6.7 is equivalent to the response of an
ideal op-amp with infinite gain and infinite input resistance. However, it has
a feedback impedance consisting of a capacitor C in parallel with a resistor
A R’ as shown by the equivalent circuit in Figure 6.6.

Effect of finite
AOR',/ open loop gain
{1}

—F—

fvs—_‘&_‘

. < ]

Ideal amplifier =

Figure 6.6 Integrator low frequency equivalent circuit representing effect
of finite open-loop gain

Connecting the input resistor R to a constant DC voltage produces a linear
ramp generator. In such applications, low frequency errors due to finite open-
loop gain cause departures from the ramp linearity. The output response of
the low frequency equivalent circuit of Figure 6.6 to an input step voltage
Vg is determined by the relationship

R —t
Vo = _A"E' Vs [1 —exp (A CR’)] (6.8)

Expanding the exponential in equation 6.8 as a power series gives
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t 7
Vo = VS[CR - 24,(CR) CR + .. } (6.9)
The first term in equation 6.9 represents the ideal response (a linear ramp).
The second and subsequent terms represent the error due to finite gain, which
causes a departure from linearity. The departure from linearity is governed
principally by the second term; expressing this as a percentage of the ideal
linear term gives

R -linearit = X100% | t<<CR'A. 6.10
amp non-linearity error = A CR CR 0 (6.10)

Finite open-loop gain causes errors in hold mode

If during an integration process the input voltage to the integrator is switched
to zero, the output of the integrator should ideally remain constant (hold) at
any value it may have reached. Finite open-loop gain and finite input resis-
tance, in addition to amplifier offsets, contribute errors in the hold mode.

Minimum error in the hold mode is obtained by open circuiting the input
resistor R. This makes the effective leakage resistance 4 R’ equal to 4 R,
due to the amplifier’s finite open-loop gain and finite input resistance. This
effective leakage resistance tends to discharge any fixed voltage stored across
the integrating capacitor and the equivalent circuit shown in Figure 6.7 may
be used to compute drift error in the hold mode.

Ao Rd

Vi —4

Ideal amplifier

Figure 6.7 Equivalent circuit used to find error in hold mode

An expression for the output drift error in the hold mode can be obtained
by assuming that when the integrator is switched to the hold mode the capac-
itor in the equivalent circuit of Figure 6.7 has an initial voltage V,. The
subsequent time variation of the amplifier output voltage is determined by
the relationship:

; —1
v + AR |1- 1- +h
Vi = exp(A R ) 540 d[ eXp( A CRdﬂ RENTAR)

o
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6.4 Extensions to a
basic integrator

If we write

—t —1
exp( > =1-—
A, CR, A,CR,

for t < CA Ry

The output drift value in the hold mode may be written as

dVo — Vl IB
= + B (6.12)
dt(hold mode) A CRd C

o

In a practical integrator, the drift error in the hold mode is normally domin-
ated by the effect of amplifier bias current and stray leakage currents.
However, equation 6.12 shows that even if all leakage paths were eliminated
and amplifier bias current compensated, an error would still remain because
of the amplifier’s finite open-loop gain and finite input resistance.

6.3.3 Slew rate errors

Fast integrators require an output voltage that changes rapidly. Slew rate
limitations, which set the maximum rate at which the op-amp’s output can
change, can cause performance errors.

Slew rate limitations are inherent and arise from the basic mechanism of
capacitor charging. Amplifier slew rates are normally specified for an op-amp
when it is used to drive a resistive load. The slew rate is determined by the charg-
ing of the op-amp’s frequency compensating capacitor (see Section 2.7.1).

In integrator applications, the output current of the amplifier charges the
feedback capacitor. The output current limit of the amplifier may impose an
output slew rate limit that is less than the published amplifier slew rate.
Remember that the output current of the amplifier must supply any external
load as well as the current taken by the feedback capacitor. For example,
consider an amplifier with an output current limit of 5 mA used in an inte-
grator circuit with a feedback capacitor of 0.01 wF. Even if all the output
current were available to supply the feedback capacitor, the maximum rate
of change of output voltage would be:

I, 5% 10°
Eo = 0% = 0.5 V/us

There are a variety of external circuit modifications that can be made to the
basic integrator circuit in order to change its response characteristics and
extend its usefulness.

6.4.1 Summing integrator

The current summing property of the inverting input terminal of a differential
input op-amp could be exploited, to allow a single amplifier to perform both
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Figure 6.8 Summing integrator

summation and integration at the same time. The circuit shown in Figure
6.8 illustrates the principle.

Note that by using different input resistor values the contributions to the out-
put of the several inputs is weighted in inverse proportion to the resistor values.

Considerations involved in determining performance errors are much the
same as those outlined for the basic integrator. The error equations of
the basic integrator included a single input resistor R. However, in the
summing integrator, a resistor R, that is equal to the parallel sum of all input
resistors must be substituted in place of R.

Note that low frequency errors due to finite gain occur at frequencies
approaching and below the frequency at which the Bode plots for 1/8 and
the open-loop gain intersect. For the summing integrator 1/83 is determined
by the parallel sum of all input resistors R :

1 1

=1+
B J27fCR,
6.4.2 Augmenting integrator

A resistor connected in series with the feedback capacitor of a basic inte-
grator (Figure 6.9) makes the circuit produce a composite output consisting



Integrators and differentiators 157

\Reset
e
[}

Ra | |

R1
€in

€o

dB

et

€o
€in(jf)

N

27C(R1 + Ra) 2= CRy
I i 4 [1 — 1
Bl TR TeCR + R
LSS L |
€in R, joCR2 1+m

Figure 6.9 Augmenting integrator

of a component proportional to the input signal added to a component propor-
tional to the time integral of the input signal. The principle may also be
adapted to the summing integrator of Figure 6.8 by connecting a resistor in
series with the feedback capacitor in that circuit.

6.4.3 Differential integrator

The subtraction principle of Section 4.4 can be applied to give a circuit in
which a single differential input op-amp produces an output signal propor-
tional to the time integral of the difference between two input signals. A
circuit for this purpose is shown in Figure 6.10.

This circuit may be used to integrate the output of a floating source whilst
rejecting common mode input signals. The ability of the circuit to reject
common mode signals depends on the CMRR of the amplifier but, in addi-
tion, it is also very much dependent upon an accurate matching of the time
constants of the networks connected to the two input terminals.
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Figure 6.10 Differential integrator

Performance errors in a practical circuit are similar to those of a basic
integrator. The errors are determined by amplifier input offset voltage, ampli-
fier bias current and by finite amplifier open-loop gain and bandwidth. Using
two capacitors with a single amplifier increases the problems associated with
providing a practical circuit with reset and hold modes. It may be found
more convenient to use the two-amplifier one-capacitor circuit shown in
Figure 6.11 to perform the differential integrator operation.

Reset
r=- i |
R i
e1 ) jl
St

6o =_1 [(ez—eq) dt
CR

Inverter Summing
integrator

Figure 6.11 Differential integrator using two op-amps
In this circuit one amplifier acts as a simple inverter and the other acts as a

summing integrator. The CMRR of the circuit does not depend upon the CMRR
of the amplifiers but it is still dependent upon accurate resistor matching.

6.4.4 Current integrator

It is sometimes desirable to form an output signal voltage proportional to
the integral with respect to time of input current rather than input voltage
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Figure 6.12 Current integrator and Bode plots

(see also Section 8.1.2). The basic integrator is readily adapted to current
integration by simply omitting the input resistor R. A practical current inte-
grator circuit is outlined in Figure 6.12.

The circuit is suitable for integrating small high impedance currents to
earth. It produces a negligible voltage intrusion into the measurement circuit.
Assuming that offsets are nulled and suitable precautions taken to avoid
leakage, the circuit may be expected to provide accurate integration for very
small input currents. If external leakage is reduced to negligible proportions,
the accuracy limitations are set by amplifier bias current drift. A FET input
op-amp has low bias current drift and should be used.

6.4.5 Integral of current sum and current differences

The current integrator circuit (Figure 6.12) is readily adapted to summation,
all that is necessary being to supply the extra input currents to the amplifier
summing point. A one-amplifier circuit can also be used to generate an output
voltage proportional to the integral of a current difference. The circuit shown
in Figure 6.13 illustrates the principle.
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6.5 Integrator reset

—
2

+ Ideal performance
1_J‘|2 dt : | equation
C Vo =L [(l2=14) dt
represents a F C
common =

mode input

Figure 6.13 Simple one-amplifier circuit for integral of current difference

However, with two capacitors, practical problems are involved in the provi-
sion of reset. Capacitors must be accurately matched if CMRR is not to be
degraded. The circuit introduces a voltage drop, 1/(C[I, d), into the measure-
ment circuit. Because of these difficulties it is usually more convenient to
employ two amplifiers in order to perform the integration of a current differ-
ence, one amplifier acting as a current inverter and the other as a summing
integrator. Offsets and drift of the amplifier types used in the practical circuit
determine performance accuracy in much the same way as before. A circuit
is illustrated in Figure 6.14.

R
g S——,
I2
R
e
lo c
—F—
—
P
eo =16f(|2— ) dt

Figure 6.14 Two-amplifier circuit for integral of current difference

Unlike a normal amplifier circuit, the output of an integrator does not return
to zero when the input signal is made zero. Therefore, a practical integrator
must always be provided with some means of resetting its output voltage to
zero (or some desired initial value). Switching of an integrator between its
various modes of operation can be performed by mechanical switches or
relays (see Section 6.2) but it is sometimes desirable to provide a solid state
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reset switch or to arrange that the integrator automatically resets when its
output reaches some predetermined level.

Reset switches are connected in parallel with the integrator feedback capac-
itor. In the run mode, any leakage across the open switch adds to the error due
to amplifier bias current. The extent to which switch leakage becomes a design
consideration is dependent upon the magnitude of the integrator’s input signal
current and the desired accuracy. If input currents are large compared to the
leakage of a simple solid state switch then a simple switch will suffice. If not,
then a leakage reduction switch configuration must be sought.

A low leakage reset switch can be implemented using two MOSFETs as
shown in Figure 6.15. When using p-channel MOS switches, the source
substrate junction must not become forward biased. The substrate must there-
fore never be allowed to become negative with respect to the input signal.
The leakage current of a MOS switch in the ‘off” state occurs mainly across
the substrate to drain junction.

_ Reset
Tl T2 L
—J]
Ro| |47
kQ
= Vs+
) —A—
1
— -
+

Figure 6.15 Low leakage integrator reset

In Figure 6.15 a negative going reset pulse turns on 7; and 7, shorting
the integrator capacitor and setting the output voltage to near zero (to a
voltage = —V; 2R,\/R,, where R, is the low ‘on’ existence of the MOS
switch, Ry <<R,). When the switches turn off the leakage current of T,
passes through resistor R,. The small voltage across R, is blocked from the
amplifier’s summing junction by 7,. 7 has practically no voltage across its
junctions because its substrate is earthed and hence leakage currents are
negligibly small.

The reset switch of Figure 6.15 can be made to provide an automatic reset
by the addition of a comparator (see Section 7.1) used to sense the inte-
grator output and to provide the reset drive.

The circuit shown in Figure 6.16 allows independent adjustment of both the
integrator-reset voltage and the output level to which the integrator is reset.

Reset in this circuit occurs when the output voltage of the integrator reaches
the comparator trip point. During reset, the capacitor discharges until the
integrator output voltage reaches the lower comparator trip point, as deter-
mined by comparator hysteresis. Integrator errors are like those of the basic
integrator, and are governed by amplifier offsets and bias currents, finite
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6.6 AC integrators
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Figure 6.16 Comparator provides automatic integrator reset

open-loop gain and bandwidth. Finite comparator switching time and the
bias current and offset voltage of the comparator amplifier introduce errors
in the reset level and reset point but these can be compensated practically
by choosing values of V¢ and V7 to give desired values of V., and V,

o(max eset”

In integrator applications not requiring a response down to DC it is possible
to avoid having an output reset. To do so means that the DC closed-loop
gain must be limited. The circuit shown in Figure 6.17 has a steady state
sinusoidal response governed by the relationship:

R 1
LoD (6.13)
e LEj2mfCRy| 1

Rl BAOL

For BAy. >>1 and for frequencies greater than 1/(2wCR,) the response
approximates that of the ideal integrator

e 1

e, J2m/CR,
At a frequency a decade away from 1/(2wCR,) the magnitude error is only
0.5 per cent.

The presence of R, prevents integrator drift due to amplifier bias current
and offset voltage from causing the amplifier to drift into saturation. Instead

the output assumes a DC value of
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6.7 Differentiators
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Figure 6.17 AC Integrator

R2 RIRZ
Vo(offset) =|1+° iVio 7IB
R, R, + R,

This output offset limits the dynamic range for AC output signals. As in all
applications an offset balance can be used to cancel initial values of amplifier
input offset voltage and bias current; output offset is then due to amplifier drift.

The differentiator is not as widely employed as the integrator operation, but
is nevertheless sometimes useful in signal processing applications. The
reasons for this are: (1) differentiation, unlike integration, is a noise ampli-
fying process — noise problems are inherent in differentiators and are not
just a defect of practical circuits; (2) differences between the ideal differ-
entiator circuit and the practical circuit are more marked than between the
ideal and real integrator.

6.7.1 The basic differentiator

A simple differentiator circuit (Figure 6.18) is obtained by interchanging the
position of the resistor and capacitor in the basic integrator circuit. The ideal
performance equation for the simple differentiator is readily derived from
the usual ideal amplifier assumptions. Since the input signal is applied through
a capacitor there is current flow to the amplifier summing point and a non-
zero output voltage only when the input voltage changes.
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Figure 6.18 Basic differentiation and Bode plots

The current to the amplifier summing point is

de,
I,=C-2»
m dt

In the ideal case this current must be equal to the current through the feed-

back resistor R, thus:

_ _cpdm
dt

or e,

The basic differentiator is unstable because of amplifier finite open-loop

bandwidth.

The feedback fraction 8 for the simple differentiator circuit of Figure 6.18 is

b
joC

1

B =
R+

joC

I 1+ jwCR
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6.8 Practical
considerations in
differentiator design

At angular frequencies greater than 1/CR the feedback signal lags behind
the amplifier output signal by a phase angle approaching 90°. Because of
the finite open-loop bandwidth of practical op-amps signals with frequency
above the open-loop bandwidth undergo an additional phase lag in their
passage through the amplifier. The two phase lags can readily add up to
180° making the overall feedback positive rather than negative and resulting
in oscillation.

Bode plots of 1/8 and A, for the simple differentiator are shown in Figure
6.18. The two plots intersect with a rate of closure of 40 dB/decade, indi-
cating a near zero phase margin. The simple differentiator produces gain
peaking for signal frequencies approaching the frequency at which the magni-
tude of the loop gain is unity. Any transient disturbance in the circuit gives
rise to output ringing. This very lightly damped response means that any
additional phase shift in the feedback loop, say due to capacitive loading at
the output, can cause sustained oscillations.

6.8.1 Bandwidth limits

Practical differentiator circuits often use some means of limiting the band-
width in order to achieve closed-loop stability. One method shown in Figure
6.19 is to connect a resistor R, in series with the input capacitor C. Bode
plots for 1/8 and 4, intersect with a rate of closure of 20 dB/decade, thus
ensuring adequate stability phase margin. Resistor R, also serves to increase
the differentiator’s effective input impedance and to reduce its high
frequency gain.

1 _ 1+joC(R+R)

B T+ joCRy

dB

* |og ®

1 /'/‘1_ on= 1
C(R+Ry) CR CR1

Figure 6.19 Input resistor R, increases phase margin
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Note that the gain of a differentiator increases with frequency. This means
that high frequency noise is amplified, which may obscure the wanted signal
at the output. Adding the resistor R, introduces a break in the differentiator
20 dB/decade rise at an angular frequency

In order to obtain additional attenuation of frequencies above those of interest,
a capacitor C; may be connected in parallel with the differentiator feedback
resistor as shown in Figure 6.20.

S|
" RNTILW
/lA(J'w)I/) —

Figure 6.20 Noise reduction in differentiation by restricting high

frequency gain

With C, chosen so that C,R = CR,, Bode plots are as shown in Figure
6.20. Note that the circuit acts as an integrator for frequencies greater than
1/(27C,R). In the circuits of Figures 6.19 and 6.20, component values should
be chosen to place the break point w, well enough above the maximum oper-
ating frequency, to ensure the required accuracy.

6.8.2 Offset errors in a practical differentiator

Amplifier bias current and input offset voltage give rise to a DC offset error
at the output of a practical differentiator circuit. The error is readily deduced
from the equivalent circuit shown in Figure 6.21.

For the purpose of offset error evaluation the open-loop gain of the ampli-
fier is assumed to be infinite. We may write
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Figure 6.21 Equivalent circuit for evaluation of differentiator offset error

de,
f,=cSn
and I=1 [, =+ o %
R
Thus e, = CR % ¢+ ey (6.15)

dr
e, = ideal performance equation — error due to input offset voltage and bias
current.
The output offset error can be referred to the input of the differentiator
where it represents an equivalent input error:
dv; I,

= By e 6.16
oy C CR (6.16)

Amplifier input offset voltage and bias current are initial values plus drift. If
initial values are balanced this leaves drift values only. The error component
due to amplifier bias current can be reduced by connecting a resistor, equal in
magnitude to the feedback resistor, between the non-inverting input terminal of
the amplifier and earth. With this resistor in circuit, values of the amplifier input
difference current /,; should be substituted for /; in the error equations.

Equation 6.16 suggests that for a particular CR value the equivalent input
error is reduced by making C as large as possible. But note that the current
through the feedback resistor R is supplied by the amplifier; R must there-
fore not be so small as seriously to load the amplifier output. Also there are
problems involved in large capacitor values (say C greater than 10 wF) as
discussed in Section 6.3.1.

6.8.3 Choice of differentiator component values

The component values and the amplifier type to be used in a practical differ-
entiator are dictated by the accuracy requirements assessed in terms of the
expected frequency content and magnitude of the input signal. The starting
point in a differentiator design is normally the choice of characteristic time CR.
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6.9 Modifications to
the basic differentiator

Exercises

It is convenient to select a characteristic time such that the amplifier will
give near full-scale output for the maximum expected rate of change of the
input signal.

|V0|max
(dein> (6.17)

dr Jmax
An output bounding circuit can be added to prevent unexpectedly fast input
signals from driving the output into saturation limits. Select resistor value
say in the range 10 k100 k(), which is not too low as to draw seriously
on the amplifier output current, and then calculate the necessary value of
capacitor. If the calculation calls for a value of C greater than 10 wF, it is
usually better to increase the value of R and use an amplifier type with
smaller bias current. This is especially true if the equivalent input offset error
(equation 6.16) is such as to reduce the accuracy below the design limit.

Ensure adequate closed-loop phase margin and reduce high frequency noise
by selecting a value for R, (Figure 6.19) or C\R, (Figure 6.20). To mini-
mize noise, the break in the 20 dB/decade increasing gain should be set to
the highest expected input signal frequency.

Choose CR =

Modifications comparable to those discussed in Section 6.4 can be made in
order to vary the response characteristics of a differentiator circuit.

6.9.1 Summing differentiator

The derivative of several input signals may be combined in a summing dif-
ferentiator. Introducing additional capacitive input paths to the amplifier sum-
ming point forms a summing differentiator, shown in Figure 6.22.

6.9.2 Differential differentiator

A circuit that produces an output proportional to the difference between the
derivatives of two input signals is shown in Figure 6.23.

6.1 A simple integrator circuit (Figure 6.1) uses C = 0.1 pF, R = 100 k().
The input point of the circuit is connected to earth and the output drift
rate is adjusted to zero by means of a suitable offset balance (Section
10.6). Find the output drift rate if the temperature changes by 10°C
assuming that the op-amp has AV, /AT = 20 wV/°C and ALL/AT =
0.5 nA/°C (see Section 6.3.1).

6.2 Show how you would use a single op-amp to generate the relationship

t
ey =~ [ (e, + 2¢, + 10ey) i

0
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Figure 6.22 Summing differentiator
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Figure 6.23 Differential differentiators

Find component values if the integrating capacitor has a value 1 pF.
Assume ideal operational amplifier action. If the op-amp has input offset
voltage V;, = 10 wV and bias current /; = 2 nA what is the integrator

output drift rate? (see Section 6.3.1 and Figure 6.8).

6.3 In the simple integrator circuit of Figure 6.1, C = 0.1 pF and R =
100 k€. If the open-loop gain of the operational amplifier at zero
frequency is 80 dB what is the lowest sinusoidal signal frequency for
which the phase error will be no more than 5 degrees?

What is the amplitude error at this frequency?
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6.4

6.5

6.6

What happens to the phase and amplitude errors if an additional input
path in the form of a second 100 kQ) resistor is added to the circuit?
(see Section 6.3.2).

A simple operational integrator with C = 0.1 pF and R = 100 k() is
to be used to produce a linear ramp of amplitude 10 V and duration
100 ms. What is the minimum value of the open-loop gain of the ampli-
fier to ensure that the departure from linearity of the ramp is less than
0.1 per cent? (see equation 6.10).

An AC integrator (Figure 6.17) uses the component values R, = 10 k{2,
R, = 1M, C = 0.1 nF. What is the lowest input signal frequency
for which the magnitude of the output is in error by no more than
0.5 per cent? (see Section 6.6).

An internally frequency compensated operational amplifier with open-
loop gain 100 dB and unity-gain frequency 10 MHz is used as a simple
differentiator (Figure 6.18) with C = 0.1 wF and R = 100 k(). The
circuit is found to be very lightly damped; explain this fact and esti-
mate the approximate value of the frequency at which the output ‘rings’
when the circuit is subjected to a transient disturbance. In order to over-
come the stability problem, a resistor R, = 1 k() is connected in series
with the input capacitor C.

Explain the action of this resistor and estimate the highest frequency
for which the magnitude of the output signal will be in error by no
more than 0.5 per cent with R, in circuit. Illustrate your answer with
appropriate Bode plots (see Sections 6.7.1 and 6.8.1).

If the operational amplifier has a bias current /; = 0.1 wA and input
offset voltage V) = 4 mV what will be the output offset in the circuit?
(see Section 6.8.2).



7.1 Comparators

7 Comparator, monostable
and oscillator circuits

Negative feedback has been used in the op-amp circuits described so far. In
such circuits, the op-amp’s output voltage usually lies between its positive
and negative saturation limits. The differential input is very small at all times,
due to the use of negative feedback and because the op-amp has a high gain.

When an op-amp is used without feedback (open-loop operation) its output
will usually be in one of its saturated states. The application of a small differ-
ential input signal, of the appropriate polarity, will cause the output to switch
to its other saturated condition.

In this chapter we will consider circuits in which op-amps, and related
analogue integrated circuits, have positive feedback applied to them. Positive
feedback can be used to produce a comparator action, or a controlled oscil-
lation of definite frequency. Integrated circuits (ICs) that are designed
specifically to operate as comparators will be described, in addition to the
ubiquitous 555 timer IC and the 8038 function generator.

A comparator is a circuit used to sense when a varying signal reaches some
threshold value. Comparators find application in many electronic systems.
They may be used to sense when an electrical signal reaches or exceeds
some defined voltage level.

A comparator may be built using dedicated comparator ICs. These dedi-
cated devices are like op-amps except they usually have fast switching outputs
designed for driving digital circuits. Alternatively, op-amps may be used as
comparators, and are able to drive digital circuits if suitable output voltage
limiting is provided. However, not all op-amp types are suitable. In addition
to low offset and drift, rapid switching times are normally essential.

Comparators have a differential amplifier at their input. The output is a
switching driver stage. The simplest comparator circuit has the signal voltage
directly to one of the input terminals and a reference voltage to the other.
The principle for an op-amp is illustrated in Figure 7.1; the same principle
applies for a comparator IC, except that the minimum output voltage is
usually 0 V (earth).

The op-amp is used open loop. Its output makes a transition between
saturated states as the input signal passes through a value equal to E, . E. ¢
must not exceed the maximum common mode voltage if the circuit uses an
op-amp. Swapping the connections of the signal and reference input changes
the polarity of the output.

The circuit in Figure 7.2 illustrates an alternative arrangement for com-
parator operation.
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Figure 7.1 Simple op-amp comparator

+
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Figure 7.2 Single ended input op-amp comparator

In Figure 7.2, signal and reference voltages are applied to the same input
terminal through appropriate resistors. The other input terminal is earthed,
which means that the circuit is not subject to common mode voltage limi-
tations and that an op-amp could be used. The output transition occurs when

R,
ref R2

The threshold voltage e, can be set by choice of input resistors. The refer-
ence voltage £, may be any convenient voltage of opposite polarity to the
input signal.

In both the comparators shown, for the full output transition to take place
the input voltage must swing past the threshold voltage by an amount

e, =€ =—

Vi o — V>

osat "o sat
AVOL

In the case of rapidly changing input signals the output transition time is
dependent on amplifier characteristics. The switching time with slowly
varying input signals depends on the rate of change of the input voltage. In
such cases it is often advantageous to speed up the output transition by using
some form of positive feedback. A comparator circuit with positive feed-
back is regenerative, in that the feedback adds to the differential input signal.
A regenerative comparator (also known as a Schmitt trigger) using an op-
amp is shown in Figure 7.3.
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Eref zero

Vo sat

- VH -
Figure 7.3 Regenerative comparator (Schmitt trigger)

Positive feedback is applied via resistor R,. This is connected between the
amplifier output and the non-inverting input terminal. When e, reaches the
threshold voltage the amplifier switches between saturated states. Positive feed-
back causes the voltage on the non-inverting terminal to rise or fall (depending
on the reference voltage polarity) such that the differential input voltage is
greater. This increases the drive to the output stage and the output transition time
is made virtually independent of the rate of change of input voltage.

The circuit in Figure 7.3 exhibits hysteresis; that is, the transition takes
place for different values of e; dependent on whether e, is increasing or
decreasing towards the threshold value. The transfer curve for the comparator
is illustrated for an op-amp with a value of £, equal to zero. The threshold
value for e, at which the transition takes place has a value, neglecting offsets,
equal to

Rl
VosatR + R
1 2

V, « can take on both its positive and negative saturation values and the

o

amount of hysteresis is thus

R

Vi = V= Vo) 5
H (sat osat) R1 + R2

(7.1)

The amount of hysteresis is directly dependent on the magnitude of the
positive feedback fraction,

_ R
B R, + R,

Avoid using a regenerative comparator (Schmitt trigger) with a very small
amount of hysteresis (small 8) because this usually results in high frequency
oscillations at switching.

In all comparator circuits outputs may be clamped to desired values rather
than using saturation limiting. It must be stressed that care should be taken
to ensure that reference and input voltages do not exceed allowable limits
for common mode and differential input signals. A modification of the simple
comparator of Figure 7.2 is illustrated in Figure 7.4.
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Figure 7.4 Comparator with diode bounding

Diodes are used to impose output bounds; the output voltage varies approx-
imately logarithmically with the current into the amplifier summing point.
The circuit incorporates a variable amount of hysteresis, which may be used
to speed up the output transition for slowly varying input signals.

In both the circuits of Figures 7.2 and 7.4 the state of the output depends
essentially on the direction of the current flowing towards the amplifier
summing point. The circuits may thus be used to compare the sum of several
voltages against a reference merely by adding appropriate resistors to the
amplifier summing point. The principle is illustrated by the circuit shown in
Figure 7.5.

V e
R4 ot ‘(:
O T T —
R, Vi +0.6V Eor
) j : / y
R3
Eref ¥ >(2122)
1 2
eo 06V

L

Figure 7.5 Comparison of sum of input signals

The output transition in this circuit occurs when

e & _ LBy

R, R, Ry

The circuit includes a method of restricting the comparator output for compat-
ibility with digital integrated circuits. Resistor R is included to limit the
amplifier output current.
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7.2 Multivibrators

Multivibrators are a group of circuits that have two states; they are used
extensively in pulse systems. There are two types described here: astable
multivibrators (free running) and monostable multivibrators (one shot).
Generally, circuits to perform these functions are available as digital inte-
grated circuits. However, sometimes it is necessary to use analogue devices.
Op-amps with positive feedback can be made to operate as multivibrators.

7.2.1 Astable multivibrators

In an astable multivibrator the two states of the circuit are momentarily stable
and the circuit switches repetitively between these two states.

The circuit illustrated in Figure 7.6 shows a differential input op-amp
acting as a free running symmetrical multivibrator.

.
C B
A
p————
A
R2
€0
R1

Figure 7.6 Free running symmetrical multivibrator

The two states of the circuit between which it switches are those in which
the amplifier output is at positive and negative saturation. The amplifier
output is thus a square wave. The period of the square wave is determined
by the time constant CR and the feedback ratio established by the potential
divider R,, R,.

The action of the circuit is conveniently described by reference to the
waveforms illustrated in Figure 7.7. Starting at the time ¢ when the amplifier
is in negative saturation, the voltage at terminal A4 is

VA = :8 Vo_ sat
R,
where B=—"—
R, + R,

Terminal B is positive with respect to terminal 4 and its potential is decreas-
ing as C charges down through R. When the potential difference between the
two input terminals approaches zero the amplifier comes out of saturation. The
positive feedback from the output to terminal 4 causes a regenerative switch-
ing which drives the amplifier to positive saturation. The voltage across a
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Figure 7.7 Waveforms for free running multivibrator

capacitor in series with a resistor cannot change instantaneously, and the
potential at the terminal B therefore remains substantially constant during this
rapid transition. Capacitor C now charges up through R and the potential at B
rises exponentially; when it reaches V; = BV, *, the circuit switches back to
the state in which the amplifier is in negative saturation.

The period of the oscillations may be obtained by making use of the
general equation for capacitor charging. A capacitor C with an initial voltage
Vi, charged through resistor R by a voltage V; reaches voltage ¥V} in time
given by:

V.—V.
t=CRI f) 7.2
n(Vf—Vb 7-2)

Substitution of appropriate voltages from Figure 7.7 gives the timing periods:

Vo+ sat BV(: sat)

t, = CRIn <
: VOJr sat IB VOJr sat
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v . —BV:
t, = CRIn (ﬁ‘) (7.3)
Vo sat(l 73)
Vo . —BV.*
and f, = CR 111( o_sat 18 o_sat)
Vo sat BVO sat
Vo~ BV’
t,=CRIn (‘B‘> (7.4)
Vo sat (1 _B)

If the positive and negative values of the amplifier saturation voltage have
the same magnitude, ¢, = ¢, and the expression to give the period of oscil-
lation becomes:

1+
t=t+t,=2CRIn <B>
-8
S R,
which simplifies to: 7=2CRIn |1 + 2R7 (7.5)
2

Non-symmetrical multivibrator

A free running multivibrator with a non-symmetrical waveform may be
obtained by using the circuit illustrated in Figure 7.8. The timing can be
synchronized so that the period is an exact multiple of the period of a syn-
chronizing signal. The synchronizing signal can be injected into the circuit
at the non-inverting input terminal of the op-amp.

R3>Ra4 Ra D4
Ry D2
C
_.' s
A
R2
Sync
Input l €o
R1

Figure 7.8 Non-symmetrical multivibrator

In this circuit capacitor C charges up through diode D, and resistor R;.
Diode D, is reverse biased during the timing period ¢, which is governed by
the time constant CR,. Capacitor C charges down through diode D, and
resistor R,; diode D, is reverse biased and the time constant CR, governs
the period #,. The waveforms are illustrated in Figure 7.9.

The timing equation for one output state of the non-symmetrical multi-
vibrator, when the positive and negative saturation voltages have equal
magnitude, is given by:
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Figure 7.9 Waveforms for non-symmetrical multivibrator

1+ R
t=CR ln( 'B> and as before B=—1—
1-B8 R, + R,
Here the value of R depends on the output voltage polarity. Referring to
Figure 7.8, a ‘mark’ is negative, so D, conducts and R = R,. A ‘space’ is
defined as a positive polarity output, so D, conducts and R = R;.

7.2.2 Monostable multivibrators

The monostable multivibrator has only one stable state. It can be made to
change to its other state by the application of a suitable triggering pulse.
After a time interval determined by component values, the circuit returns to
its stable state.

The connection of a diode in parallel with the timing capacitor in an
astable circuit may be used to prevent the phase inverting input terminal of
the amplifier from going positive; this gives a monostable circuit. The
arrangement is illustrated in Figure 7.10.

In the permanently stable state of this circuit the amplifier output is at
positive saturation, terminal B is clamped to earth by diode D, and terminal
A is positive with respect to earth; V, = BV, . It is assumed that the
resistor R, is much greater than R, so that its loading effect may be neglected.
If the potential at the point A is brought down to earth by applying a nega-
tive pulse, the circuit switches to its temporarily stable state (in which the
amplifier output is in negative saturation). Terminal A is then negative with
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Figure 7.10 Monostable multivibrator

respect to earth; V, = BV, ", The potential at B falls exponentially as C
charges down through R; diode D, is reverse-biased. The circuit switches
back to its permanently stable state when the potential at B is equal to that
at A. Waveforms are illustrated in Figure 7.11.

r

+
VO sat

€o

—————————— Vo sat

B'=Ri1//Rs
| R1//R3s + R2

€A — BIVB sat

__________ BVo sat

time

Figure 7.11 Waveforms for monostable multivibrator

R
The timing period is 7= CR In (l + Rl)

2
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Figure 7.12 Monostable multivibrator with period controlled by reference
voltage

The circuit illustrated in Figure 7.12 shows an alternative arrangement for
a monostable circuit.

The timing period is controlled by the magnitude of a negative reference volt-
age that is applied to the inverting input B of the op-amp. The timing capacitor
C connected between op-amp output and the non-inverting input A provides the
necessary positive feedback path. Waveforms are illustrated in Figure 7.13.

k Eref (~ve)

- —

+
€ em——— e \/{ sat

€B
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e
-

=== —Eref
/ (~ve)

Figure 7.13 Waveforms for circuit of Figure 7.12

= (V& sat = Vo sat)

The timing periods obtained with practical astable and monostable multi-
vibrators may be expected to show minor deviations from the values derived
in the text. This is due primarily to the effect of amplifier offsets. The values
of voltages and components used for practical circuits must ensure that ampli-
fier limitations are not exceeded. The use of bounding circuits may involve
some slight modification to the expressions derived for the timing periods.

7.2.3 Long delay monostable without large timing capacitor

Large value capacitors are rather expensive and bulky, and designers gener-
ally try to avoid using them. High value resistors are often used to give long
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time constants without having to use high value capacitors. Unfortunately,
this leads to increased offset and noise in op-amp circuits. Sometimes resistor
values are fixed by other circuit conditions that make large capacitance values
essential.

One method to avoid the use of a large capacitor is to use a capacitance
multiplier circuit. This increases the effective value of a capacitor. Capaci-
tance multipliers can also be useful in creating an effectively variable
capacitance from a fixed value capacitor.

Equivalent circuit

-L-. lo Zem
T Teer
€in - 1
1 TCW .
= Ceff = C1 |1 +02
eff 1 + Ry I
|m=ein—eo_e|n 1+&l
1 - R1
joC4 1
joCy
= °n
1
jwCeff

Figure 7.14 Variable capacitance multiplier

The circuit illustrated in Figure 7.14 allows the effective capacitance
between the input terminal and earth to be adjusted by simply varying the
gain of the inverting amplifier stage 4,. Amplifier 4, acts as a unity gain
follower; its function is to isolate the capacitance formed by the circuit from
the loading imposed by the inverting amplifier stage.

There is a practical limit on the size of capacitance that can be created.
This is determined by the fact that the capacitance multiplication achieved
is almost the same as the gain of the inverting amplifier stage. Thus, the
larger the capacitance multiplication, the smaller is the allowable input
signal that can be tolerated without exceeding amplifier 4, output voltage
limitation.

Choice of amplifier type to be used in the practical circuit is determined
largely by signal frequency requirement.

Amplifier bias currents and input offset voltage cause an offset voltage in
the output of 4,, but this is not of major significance other than in its effect
in limiting signal output sweep. The bias current of amplifier 4, represents
a leakage current of the synthesized capacitor, but it is not a function of the
applied voltage. Bias current continues to flow even with zero applied input
voltage. If the synthesized capacitor is used to perform a timing function,
the bias current causes an offset error.
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Figure 7.15 Capacitance multiplier

Another example of a capacitance multiplier circuit is shown in Figure
7.15. The op-amp is connected as a unity-gain follower and, neglecting off-
sets, its output voltage at any instant is equal to the voltage across the
capacitor C,. This output voltage is fed back via resistor R, to the input end
of resistor R, in a ‘bootstrap’ fashion and increases the effective capacitance
value between the input terminal and earth.

The performance equation and equivalent circuits given in Figure 7.15
represent circuit behaviour. Note that the multiplied capacitance has an effec-
tive resistance in series with it, so that high Q capacitors cannot be realized
and the circuit cannot be used for tuned filter applications. However, it can
be used in timing applications and simple RC low-pass filters where resis-
tance is always connected in series with the capacitor.

In timing circuits, the multiplied capacitance is connected in series with
an external resistor to a DC supply voltage. The voltage across the actual
capacitance C, rises exponentially, but the time constant is determined by
the multiplied capacitance value. The voltage across C, is available at the
low impedance output terminal of the op-amp. A timing circuit using the
principle is illustrated in Figure 7.16. The timing period is initiated by opening
the switch, after which the voltage across capacitor C, rises exponentially
governed by the time constant.

T=Ce[Regr t R3] = Cl|:1 + 21] [R, /R, + Rs]
2

The second amplifier in the circuit is used as a comparator, to sense when
the exponentially rising voltage reaches a reference value set by the poten-
tial divider R, and R;. When the reference voltage is reached, the output of
A, switches from its positive to its negative saturation value. Long timing
periods can be obtained with this circuit, without the necessity for very large
CR values. With the component values shown in the circuit the time delay
is approximately 90 s.
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7.3 Sine wave
oscillators
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Figure 7.16 Timing circuit not requiring excessively large CR values

An oscillator continuously produces a repetitive time varying electrical signal.
The most important characteristics of an oscillator are the waveform, ampli-
tude, and frequency of the signal it produces.

Op-amps or special linear integrated circuits may be used as oscillators.
The astable multivibrator discussed in the previous section uses op-amps to
produce non-sinusoidal oscillations. A different arrangement of the ampli-
fier is necessary if sinusoidal oscillations are required.

The application of sufficient positive feedback will transform any ampli-
fier into an oscillator. In fact, when using high gain, fast roll-off amplifiers,
it is easy to obtain unwanted oscillations. For this reason proper attention
should be paid to decoupling and frequency compensating techniques. When
an amplifier circuit is designed specifically to produce oscillations, a positive
feedback loop is deliberately introduced into the circuit.

To aid understanding of feedback oscillators, consider the simple feed-
back loop illustrated in Figure 7.17.

€o

Oscillations

Beo A Y ifpA>1

Figure 7.17 Representation of simple feedback loop
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The diagram shows an amplifier, gain 4, with a fraction 3 of its output
signal returned to its input via a feedback network. In the general case both
A and B are frequency dependent, and are represented mathematically as
complex quantities. If the loop is broken at any point and a signal is injected
at the amplifier input side of the break, the same signal appears at the other
end of the break multiplied by the loop gain BA.

The condition that the circuit should produce continuous oscillations when
the loop is closed is that the loop gain should be real, positive, and greater
than unity. If this condition is satisfied, any minute disturbance (for example,
noise) will trigger oscillations.

In order that the circuit in Figure 7.17 should produce a sinusoidal oscil-
lation of defined frequency, the circuit components must be chosen so that
the loop gain is greater than unity only at the desired oscillation frequency.
Values of loop gain greater than unity cause a continuous growth in signal
amplitude, which eventually results in waveform distortion. For stable ampli-
tude oscillations, with undistorted waveform, it is necessary to make the
effective loop gain decrease with increase in signal amplitude. Oscillations
then grow to some limiting stable amplitude at which the loop gain becomes
exactly unity.

7.3.1 Wien bridge oscillator

The circuit shown in Figure 7.18 illustrates the use of an op-amp in a Wien
bridge oscillator.

R2

+

R1 (Nonlinear)

Ro~2R4

Figure 7.18 Wien bridge oscillator

In this circuit, feedback is applied between the output and the non-inverting
input of the op-amp via the frequency dependent network Z,, Z,. The network
produces zero phase change at a frequency

1

Jo= 3mcR

Oscillations thus take place at this frequency since the feedback is positive.
The output from the network
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727
Z + Z,

is one third that of the input at the frequency f,. Negative feedback is applied
to the amplifier via resistors R, and R, in order to reduce the loop gain to
unity and so ensure a sinusoidal output waveform. If the amplifier had infinite
open-loop gain, oscillations would just be maintained for values of R, and
R, such that

R, 1
R +R, 3

In a practical circuit, in order to maintain stable oscillation amplitude, a non-
linear resistor is normally used for R,. The non-linear resistor should have
a positive temperature coefficient so that it increases its resistance with
increasing current. This effect can be used to make the loop gain depend
upon the amplitude of oscillations. An increase in the amplitude of oscillations
causes an increase in the current through R,, which results in an increase in
the value of R,. An increase in the magnitude of R, means a greater amount
of negative feedback and a consequent reduction in loop gain and signal
amplitude.

The impedances Z,, Z,, R,, R, in fact form the arms of a bridge network
(a Wien bridge). The imbalance voltage from the bridge is applied between
the differential input terminals of the op-amp. Analysis of the bridge network
shows that when R, = 2 X R, the bridge is balanced at a frequency

1

o= 5 mCR

In practice a small imbalance must always exist but the greater the open-
loop gain of the amplifier the closer is the bridge to balance and the greater
is the frequency stability of the oscillator.

The circuit illustrated in Figure 7.19 shows an alternative method of
ensuring amplitude stability. A field effect transistor (FET) is used in place
of the non-linear resistor R,.

For small values of drain source voltage (below ‘pinch-off’), an FET
behaves very much like a linear resistor. The resistance between the FET’s
drain and source (Rpg) is determined by the voltage applied between the
FET’s gate and source. In this circuit the oscillator output voltage is recti-
fied by the diode D, filtered by R, and C,, and applied via potentiometer R,
to the gate of the FET. The arrangement ensures that R, takes on that value
just necessary to maintain the required amplitude of oscillation. The signal
amplitude applied to the bridge must be small enough to ensure that the FET
is working in the linear resistance region.

7.3.2 Quadrature oscillator

The circuit illustrated in Figure 7.20 may be used to generate two sinusoidal
signals in quadrature.
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Figure 7.19 Wien bridge oscillator with FET amplitude stabilization
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Figure 7.20 Quadrature oscillator

The circuit uses two amplifiers: one acts as a non-inverting integrator, the
other as an inverting integrator (see Chapter 6). The two amplifiers are
connected in cascade to form a feedback loop. The feedback loop is repre-
sented by the differential equations

deg dec

RCE € Rngfes

The solution is represented by a sinusoidal oscillation of frequency
1
Jo = JucR

In practice the resistor R, is made slightly larger than the other resistors to
ensure sufficient positive feedback for oscillations. The zener diodes, used
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7.4 Waveform
generators

to limit the output of the inverting integrator, serve to stabilize the amplitude
of oscillations.

Signals with a waveshape other than sinusoidal are sometimes required.
Signal generators that provide a variety of waveforms are commonly referred
to as function generators. They can be built using op-amps or special linear
integrated circuits.

The basic waveshapes produced by most function generators are square
and triangular. These waves can be shaped by non-linear or limiting amplifiers
to produce sinusoidal and other waveform shapes.

There are two basic functions performed in a waveform generator. The
first is a capacitor charging, which is used to fix waveform periods and
generate a triangular wave. The second is a comparator function used to
sense capacitor voltage and switch between charge and discharge conditions.
In the astable multivibrator circuit discussed in Section 7.2.1, both functions
are performed by a single op-amp. The astable multivibrator gives a square-
wave and a non-linear triangular wave.

In order to generate a linear triangular wave, the capacitor must be charged
with a constant current. The astable multivibrator can be modified for constant
current charging (see Appendix Al, Figure A1.7). One alternative is to use
two op-amps; one providing the linear capacitor charging function and the
other providing the comparator function.

7.4.1 A basic triangular square wave generator

A basic circuit for a triangular square wave generator is given in Figure
7.21. It consists of an integrator and regenerative comparator connected in
a positive feedback loop.

Precise triangular waves are formed by integration of the square wave that
is fed back from the comparator’s output to the integrator’s input. With the
comparator output at its positive saturation level, the integrator output ramps
down at the rate

V +
——=V/s
CR (7.6)

until it reaches the lower trip point of the comparator:

The comparator output then switches rapidly to its negative saturation level

V,~ and the integrator output then ramps up at the rate

V.
- V/s
CR (7.7)
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Figure 7.21 Basic triangular square wave generator

When the integrator output reaches the upper trip point of the comparator:
R
-V, -1
R,

the comparator again switches states and the process repeats. The waveform
periods are determined by the relationships

R
AR
Tl = Tz S (7.8)
~ CR

R
AR
T, = Tz s (7.9)

CR
If the comparator positive and negative output limits have the same magni-

tude, V,* = —V,~, T, = T, and the frequency of the oscillations is determined
by the relationship
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1 R
T,+7T, 4R, CR

f= (7.10)
Equation 7.10 has been derived from the assumption of ideal op-amp action.
The performance limits of a practical circuit are determined by comparator
slew rate and integrator bandwidth at the higher frequencies and by inte-
grator drift at the lower frequencies.

Bias current and input offset voltage give rise to an integrator output drift.
This drift increases one integration rate and decreases the other as the output
of the comparator changes polarity. The effect at low frequencies is to cause
a lack of symmetry in the generator waveform.

The effect of bias current and input offset voltage on the performance of
4, is to introduce an equivalent error voltage at the non-inverting input
terminal. This error voltage shifts both comparator trip points an equal
amount, which in turn shifts the DC level of the triangular wave but leaves
its amplitude unchanged.

7.4.2 Varying the waveform characteristics of the basic generator

The waveform characteristics of the basic function generator system of Figure
7.21 can be varied during operation by using potentiometers. The circuit
shown in Figure 7.22 gives one possible arrangement. This allows adjustment
of frequency, waveform symmetry, triangular wave DC offset and triangular
wave amplitude. The circuit includes a zener output limiting clamp on the
comparator, which sets the square wave amplitude at +V/,.

Adjustment of the timing resistor R controls the frequency and does not
alter other waveform characteristics. Potentiometer P, applies a voltage V;
to the inverting input of the regenerative comparator amplifier 4,. This shifts
both comparator trip points by an amount V,/B, where $ is the positive

Triangular wave
amplitude control

p
lC z
T

Frequency
control

Vs— Symmetry Vs—
control

Trianglular wave
d.c. level control

Figure 7.22 Waveform generator with control of waveform characteristics
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feedback fraction determined by the setting of potentiometer P,. The effect
is to shift the DC level of the triangular wave by an amount V,/g.

The setting of potentiometer P, determines the amount of hysteresis in
the regenerative comparator. This controls the comparator trip points, and
thus controls the triangular wave amplitude. Change of triangular wave ampli-
tude is inevitably accompanied by a change in frequency. A decrease in
triangular wave amplitude causes a proportional increase in frequency.

Potentiometer P; applies a DC offset to the integrator. This results in an
increase in one timing period and a decrease in the other. This change of
timing controls waveform symmetry, but it also affects the frequency.

In Figure 7.23 is an alternative circuit that allows control of waveform
symmetry without altering the frequency. In the circuit, resistor values R,
and R,, which control the comparator trip points, are chosen so as to give
a triangular wave of amplitude approximately 10 V peak-to-peak. This allows
a single polarity triangular wave or ramp to be generated by adjustment of
the triangular wave offset control potentiometer P,. The traces as given in
Figure 7.23 show the control of waveform symmetry obtained by adjusting
the symmetry control potentiometer P;.

C 4.7kQ) 12kQ
b
Frequency Symmetry
control \ <control
P2 Ps
1kQ 100kQ
Da D3
A\ Triangular
wave D.C. offset

Figure 7.23 Waveform generator with frequency unaffected by symmetry
control
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Note that there is some interaction between the symmetry control poten-
tiometer and the frequency control potentiometer, at the extreme settings of
the symmetry control. This is due to unequal loading of the frequency control
potentiometer on the run up and run down portion of the triangular wave.
If this interaction is not tolerable, a follower can be used to buffer the output
of the frequency control potentiometer.

Temperature dependence of the forward voltage drops of diodes D, and
D,, which can be expected to cause frequency instability at the lower levels
of frequency, are compensated by diodes D, and D,.

7.4.3 Waveform generator with voltage control of frequency

It is often convenient to be able to control, or modulate, the frequency of a
waveform generator with a control voltage. To achieve this in the circuit of
Figure 7.21, the magnitude of the current to the integrator must be varied
in response to an externally applied control voltage. The sign of the inte-
grator current must change during operation, to allow the integrator output
to ramp both up and down.

A four-quadrant multiplier (see Chapter 5) could be connected between the
comparator and the integrator. This is shown in Figure 7.24. The multiplier
can be used for voltage control of the waveform generator’s frequency. The
multiplier may be thought of as acting as a voltage controlled potentiometer.

Assuming that the scaling factor of the multiplier is the normal 1/10, the
square wave is multiplied by V,/10 before being applied to the integrator. The
equations for the waveform periods (equations 7.8 and 7.9) are in effect multi-
plied by 10/V, and the expression for frequency (equation 7.10) is multiplied
by V/10. If the comparator positive and negative output limits are equal in mag-
nitude the frequency of oscillations given by the circuit in Figure 7.22 is thus:

V. R,
S 7.11
/=10 4R,CR (7.1
C R Ro
e "
AD533
Ve »—
>< — 3|
A >4 Ao - L
3 } 2_|_
- AN -
f=Ry Ve =
40 R1CR

Figure 7.24 Four quadrant multiplier allows voltage control of frequency
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7.5 The 555 timer

The 555 integrated circuit is a general-purpose timer that can be configured
to give accurate time delays or oscillation frequencies. It is produced by
several semiconductor manufacturers; for example, National Semiconductor
(LMS555), Texas Instruments and Maxim. A CMOS version of the 555 timer
allows working over a wider voltage range and also draws less current. The
CMOS version suffers from increased timing drift with temperature, but is
otherwise identical in performance.

The 555 timer comprises two comparators, a flip-flop (set/reset bi-stable
latch), a switch transistor and an output stage. The reference level of one com-
parator is fixed at a 1/3V, and the other is fixed at 2/3V, these levels are
maintained by three equal resistors in the device which are connected across
the supply voltage V... The comparator outputs are used to set and reset the
flip-flop. The flip-flop, in turn, drives both the output buffer and the switch
transistor. These internal connections are shown in Figure 7.25.

Ve Reset
8
R
Threshold
e Output
Control > s
5 *——0
Js
i Discharge
Trigger 7
2 ®
R
Ground
1 e .

Figure 7.25 Schematic of 555 timer

The control voltage terminal (pin 5) allows external control of the upper
and lower comparator trip points. This allows astable circuits to be frequency
modulated. Most circuits do not use this facility. Instead, it is advisable to
have a small capacitor between pin 5 and ground, this reduces the chance
of false triggering to power supply noise.

7.5.1 The 555 timer, astable operation

Figure 7.26 gives the external connections for an astable oscillator. This
circuit allows the duty cycle of the output waveform to be set by selection
of timing resistor values.

An externally connected timing capacitor C is charged up towards the
positive supply voltage through external resistors R, + R. When the voltage
across the capacitor reaches the reference level of the upper comparator
(2/3V,,), the comparator forces the state of the flip-flop to change, which
then turns on the switch transistor. The capacitor discharges through resistor
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o
10 V Supply
Ra
4 8 7
S 3 555 Timer Rg
Output
1 5 2 6
+ T
o
Ground (0 V)

Figure 7.26 555 timer functional schematic; external connections for free-
running operation

Ry until the voltage across it falls to the reference level of the lower
comparator (1/3V,). This comparator then forces the state of the flip-flop to
change again, which in turn turns off the switch transistor and the cycle
repeats.

The oscillation frequency is given by:

1.44

/= R+ 2Ry C

The duty cycle of the square wave output is determined by the ratio of R,

and Ry:

R, +R

Duty = %
R, + 2Ry

An accurate 50 per cent duty cycle can be obtained from a modified version
of this circuit, as shown in Figure 7.27.

o
10 V Supply
10k

Alternate
4 8 7 Output
555 Timer 3 Output

1 5 2 6 R

o
Ground (0 V)

Figure 7.27 50 per cent duty cycle oscillator using CMOS 555 timer
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In Figure 7.27, the timing capacitor C is charged and discharged from the
555 timer output, through resistor R. The CMOS output swings from V to
ground, so the voltage swing and the trip points are symmetrical about mid-
rail. Discharge pin 7 is not connected to the capacitor, but provides an
alternate output.

7.5.2 The 555 timer, monostable operation

A typical circuit for monostable operation of the 555 is given in Figure 7.28.
The DC voltage at the trigger terminal (pin 2) should be set above the
threshold level of the lower comparator (1/3V,,); this holds the timing capac-
itor in the discharged condition (output low). When a negative going pulse
forces the voltage on pin 2 to fall below 1/3V, this triggers the flip-flop.

o
10 V Supply
R

A Reset
4

Cco

8 7H
AL o—83 555 Timer
Output ||
P 2 1 5 6
Trigger .I. 10 nF c
O
Ground (0 V)

Figure 7.28 Monostable circuit using 555 timer

Once triggered, the flip-flop output state changes, to turn off the switch
transistor that is connected across the timing capacitor. The timing capacitor
then charges up exponentially through R towards V,,, with the time constant
CR. When the voltage across the timing capacitor reaches the threshold
level of the upper comparator (2/3V.), the flip-flop is reset. The switch tran-
sistor is turned on, discharging the timing capacitor. The cycle is now
complete.

Once the circuit is triggered it is insensitive to further triggering pulses
until the timing period is complete. The triggering pulse width must be less
than the timing period for proper operation. Connecting the reset terminal
to ground will interrupt the timing period; this action turns on the switch
transistor, which prevents the capacitor from charging. The reset terminal
(pin 4) is normally held at V.

The duration of the timing period 7, during which the output level is at
a high state, is given by:

T = —In (0.333)RC

or T'=1.1RC
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7.6 The 8038
waveform generator

Sine wave adjust 1 [] [114NC
Sine wave out 2 [] [113NC
Triangle out 3 [] [112 Sine wave adjust
Duty cycle 4 [] [111 Ground (V-)
Frequency
Adust 5 [ [ 10 Timing capacitor
vee s [ [ 9 Square wave out
FM Bias 7 [] [ 8 FM Sweep unit

The ICL8038 waveform generator is an integrated circuit voltage controlled
oscillator, which can generate frequencies up to | MHz. A more recent devel-
opment has been the Maxim MAXO038, which can generate frequencies up
to 20 MHz. Both versions will be referred to as an 8038 because, apart from
their operating frequency range, their functionality is identical.

The 8038 waveform generator is similar to the 555 timer, but provides
additional triangular and sinusoidal output waveforms. The triangular wave-
form arises because the timing capacitor is charged and discharged using
constant current circuits. The sinusoidal waveform is produced by internal
sine shaping circuitry.

A simplified functional schematic of the 8038 devices is shown in Figure
7.29. The device contains two current sources /, and /,, with a value set
by external resistors R, and Ry, respectively. A secondary control of /, and
I, is through the voltage applied to IC pin 8 (FM sweep input). If pins
7 and 8 are connected together the FM sweep input voltage is set at a value
4/5V, by an internal potential divider, making the frequency independent of
supply voltage.

3
VAVAV] 2
Vce 6 f\/J
T Sine
Buffer Convertor
I1/@7
Comparator
Pin 10 l I #1
VAVAV]
Comparator
#2
21
=c |l
12 Flip-flop
Ground 11 Buffer
'T_I"L,_‘ 9

Figure 7.29 8038 functional diagram and IC pin-out

Current source /; provides a continuous charging current to timing capac-
itor C, connected between IC pin 10 and ground. Current source 7, is usually
set to have a current flow double that of /;. When current source /, is switched
on it discharges capacitor C. The net discharge current is then / = (I, — 1))
and, if 7, equals 2 X [, the charge and discharge currents are equal.

Like the circuit of the 555 timer, the 8038 device includes two comparators
and a flip-flop. The threshold levels of the two comparators are set at 2/3V_,
and 1/3V,, by three equal resistors connected across the supply voltage. The
flip-flop is set and reset, causing /, to be switched on and off, by the two
comparators. Thus, the capacitor is charged and discharged between the levels
173V, and 2/3V, giving a triangular wave of magnitude 1/3V.
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The capacitor is charged by current /; alone, and this takes place in time
period #,, given by:
f - CV _ CVec3) Ry CR,
LT 022V 0.66

The capacitor’s discharged current is 7, — /;, and this takes place in time
period ¢,, given by:

Lo C(Vee/3) CR,Ry
== -
I v, 14 0.66 (2R, — R
2{0.22 CC} - [0.22 CC} (2R, =~ Ry)
Ry R,

The frequency of oscillation is given by:

1 1

:t1+t2:RAC<l+ Ry )
0.66\ 2R, R,

f

If R, = Ry = R, then [, equals 2 X [;, which gives equal charge and discharge
times. This results in a 50 per cent duty cycle and a frequency given by:

033

f_RC

7.6.1 Component selection

Resistors R, and Ry should be selected to give charging currents in the range
10 pA to 1 mA. Lower charging currents give errors due to leakage, partic-
ularly at high temperature. Higher charging currents are limited in accuracy
by saturation voltages in the constant current circuits. If pins 7 and 8 are
connected together, the charge current is given by:

SRSV 1020 1)
R +R, R, IR

Resistors R, and R, are within the 8038 device. R, = 11 k() and R, = 39 k().
Capacitor C should be chosen, using the frequency equations, at the upper
end of the required frequency range.

7.6.2 Fixed frequency operation

Circuit connections for fixed frequency operation are shown in Figure 7.30.
In Figure 7.30(a), separate resistors R, and Ry are used to adjust the
frequency and duty cycle. A fixed 82 k() resistor connected between pin 12
and the negative supply reduces sine wave distortion.
In Figure 7.30(b), a low-value potentiometer is used to adjust the duty
cycle. A variable resistor is used between pin 12 and the negative supply,
to give minimum sine wave distortion.
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+10V +10V
4K7
RA RB RL
4 5 5 Square R R,
—17 9 Out A Rs
Triangle
—18 8038 3—O Square
Zut [ 7 4 5 6 9 out
ine
10 11 12 2F—0 3 s 8038 |
J. 82K 10 11 122—o3gr

C
T Ground J-
c 100K
T Ground

Figure 7.30 Fixed frequency operation of the 8038

The square wave output (pin 9) is available at the open collector of an
internal transistor. This enables the output load resistor to be returned to a
separate power supply. The output can thus be made TTL compatible by
returning the load to +5 volts, whilst the waveform generator is powered
from a higher voltage. Non-symmetrical waveforms can be produced by
using different values for resistors R, and Rp.

7.6.3 Variable frequency operation

The signal frequency produced by the 8038 is a direct function of the DC
voltage at pin 8, the FM sweep input. By altering the voltage on pin 8§,
frequency modulation is achieved. For small deviations (e.g. up to =10 per
cent) the modulating signal can be applied to pin § via a decoupling capacitor.
The connections are shown in Figure 7.31.

+10V
Ry| |Rs R
Square
7 4 5 69 Out
R 8038 3 O Triangle

Out

1 122_0Sme

8
10 Out
T l C 82K
FM T

Ground

Figure 7.31 Frequency modulated (FM) oscillator

The external resistor between pins 7 and 8 is not necessary. Without it,
the input impedance is 8 k(). Adding the external resistor increases the input
impedance, by an amount equal to its resistance:

Z =R+ 8kQ.
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Exercises

In applications requiring a large FM deviation, the modulating signal is
applied between the V_, and pin 8. Thus the entire bias for the current sources
is produced by the modulating signal and a very large (e.g. 1000:1) sweep
range is possible. Care must be taken to regulate V,, in this configuration.
This is because the charge current is no longer a function of V_, but the

cc?

trigger thresholds are, which makes the oscillation frequency dependent on
V... The potential on pin 8 may be swept from V, to about 2/3V .

7.1

7.2

7.3

7.4

7.5

7.6

7.7

A regenerative comparator is required to give a negative output transi-
tion when an input signal rises through a value 3 V. The reverse
transition is to take place when the input signal decreases through the
value 2.7 V. The upper and lower limits of the comparator output are
to be bound at +5V and —1 V respectively. Sketch a suitable circuit
indicating appropriate component values.

A comparator is required to indicate when the average value of three
input signals, weighted in the proportions 1:2:3, is equal to 5 V. Sketch
a suitable circuit.

The following component values are used in the circuit shown in Figure
7.6; C = 0.1 nF, R = 47kQ, R, = 10k, R, = 47 k(). The output
voltage is bounded to the limits +10 V and —5 V. Calculate the timing
periods and sketch the circuit waveforms (analogous to Figure 7.7).

The circuit of Figure 7.8 is used to produce a non-symmetrical square
wave of frequency 1kHz and mark-space ratio 4:1. If R, = 22 k{(},
R, = 4.7k, C = 0.01 wF, and the output limits of the amplifier are
fixed at £10 V what are the values of R; and R,?

The following components are used in the circuit of Figure 7.12;
C = 0.01 wF, R = 10 k. The output limits of the amplifier are set at
+6V and —1 V. What range of reference voltage is required for an
output pulse of variable duration, between 50 ws and 200 ws?

The 555 timer is used in the free-running mode of operation (see Figure
7.26) with R, = 10k, Ry = 22 k() and C = 10 nF. The timer has a
+15 volt supply. Calculate the frequency and duty cycle (see Section
7.5.1).

The 8038 waveform generator in Figure 7.30(a) is used with the
following component values; R, = 4.7k, Ry = 5.6k, C = 22 nF,
V.. = 15 volts. Pins 7 and 8 are connected together. What are the time
periods of the rising (¢,) and falling (¢,) parts of the triangular wave-
form? Sketch the waveforms to be expected.



8.1 Sensor interface
circuits

8 Sensor interface, analogue
processing and digital
conversion

This chapter describes sensor interface circuits, peak detector circuits,
sample-and-hold circuits and both analogue-to-digital and digital-to-analogue
converters.

Interface circuits are required to convert the sensor’s output signal into a
convenient form. A high impedance and low level sensor signal may have
to be buffered and amplified before being processed by subsequent circuits.

Peak detector circuits and sample-and-hold circuits are often process sensor
signals. It may be that the largest signal within a certain period is required.
Or the value of a signal at a particular instance is needed.

Computers and other digital processing systems require analogue signals
to be converted into digital form. An analogue-to-digital converter (ADC)
performs this function. Analogue outputs from computing systems are
produced by a digital-to-analogue converter (DAC).

The first stage in any measurement system is often a sensor or transducer. This
is a device for converting the quantity under investigation such as mechanical
movement, temperature, pressure and force into an electrical signal.

Op-amps are used extensively to amplify weak electrical signals from a
transducer before performing any signal processing. The most suitable op-
amp circuit configuration depends on the electrical output characteristics of
the transducer. The expected signal level, the frequency response and the
source impedance are most important.

An amplifier with high input impedance is required to interface with trans-
ducers that produce an output voltage, proportional to the measurement
variable. This minimizes errors caused by loading of the transducer’s output
signal. A current-to-voltage converter circuit is required for transducers that
produce an output current, proportional to the measurement variable (e.g.
photodiodes). The bandwidth of the amplifier should be greater than the
expected frequency content of the transducer output signal; otherwise there
cannot be accurate reproduction of the signal waveform.

Differential transmission is used in cases where the transducer is remote
from the amplifier. This technique reduces the pick-up of noise and other
unwanted signals. The transducer’s output is connected across a pair of wires,
to produce a differential signal. At the other end of the transmission line a
differential input amplifier is required. The input impedance of this amplifier
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is usually matched to that of the transmission line. If the end of a transmission
line is terminated by high impedance, or is unbalanced, it will be susceptible
to external signal pick-up.

8.1.1 Bridge amplifiers for resistive transducers

Resistive transducers are available which respond to temperature, light inten-
sity and physical strain. When precise measurements are to be made, the
transducers can be included in the arms of a balanced bridge. Changes in
the physical variable to which the transducer is sensitive cause an unbalance
in the bridge; the extent of the unbalance being used to measure the change
in the physical variable.

There are several amplifier circuits that can be used with bridge circuits.
The most suitable circuit depends on the nature of the particular application.
Here are some of the points that have to be considered in choosing a particular
circuit:

earthed or floating bridge voltage supply;

earthed or floating unknown resistor;

output voltage linearly related to changes in the unknown resistor;
temperature sensitivity of the bridge circuit. This last point determines
whether or not the arrangement is sensitive to changes in the ambient
temperature affecting a// the arms of the bridge.

The circuit illustrated in Figure 8.1 is basically an application of the subtractor
amplifier (Chapter 4). £ denotes the battery voltage.

Figure 8.1 Bridge amplifier, earthed bridge supply

Referring to Figure 8.1 and assuming that the amplifier behaves ideally,
the following analysis holds:

(E—e,)R,

ep — €
B R +R,
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R
ex,=E__"* (8.1)
R, + R,
But e, = eg
Substitution and rearrangement gives
R &R
e,=| " R C|E (8.2)
R, + R,

There are two ways in which the circuit may be used, dependent upon which
arm of the bridge contains the unknown resistor (R,). One method is to make
R, =R,R, =R = R(l +a), and R, = R,. Substituting these values in
equation 8.2 gives,

o
=5 E (8.3)
The circuit gives an output voltage which is linearly dependent upon (R, — R,),
the difference between the unknown and the standard. Linearity is maintained
for large deviations from bridge balance. A possible disadvantage of this
arrangement is that the unknown resistor is not earthed (it is floating).
Another way of using the circuit is to place the unknown resistor in the
position occupied by R,. We make R; = R, R, = R, = R (1 + «) and R,
= R,. Substituting these values in equation 8.2 gives

° 24«

e (8.4)

With this arrangement the output is linear only for small deviations in the
unknown (a <<2), and is useful when one end of the unknown must be
earthed. The amplifier output does not have to supply current through the
unknown resistor. Thus, if this is required by the application, large currents
may be passed through the unknown resistor.

An advantage of both arrangements is the earthed bridge supply. The
output level from the bridge is independent of the bridge impedance.
However, the circuits do not provide amplification and the measurement of
small resistance changes may require an additional gain stage. Care must
be taken to ensure that the maximum common mode voltage rating of the
op-amp is not exceeded.

A single ended input amplifier may be used in the circuit shown in Figure
8.2. Bridge unbalance causes a voltage

to be developed across the bridge. In order to force the amplifier input voltage
(e,) to zero, the amplifier output voltage develops a voltage at A equal to
the bridge unbalance voltage.
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R1 A R2

Rx=Ro(1+a)

i—e

Figure 8.2 Bridge amplifier, single ended amplifier

Ea
Thus, e, L=

R, +R, a

411+ -

2

R, +R Ea
and e, — 2= (8.5)
° R

This is linear for a/2 <<1.

The circuit provides amplification of the bridge unbalance voltage and is
independent of bridge impedance. However, the need for a floating bridge
supply may be a disadvantage.

Another bridge circuit is shown in Figure 8.3. In this circuit the feedback
round the amplifier causes the opposing corners of the bridge to be at the
same potential. The amplifier output voltage establishes the differential
current into the bridge needed to maintain this condition.

Summing currents at B

E—eg eg  e,—ep
R R

o

R

=0

o o

Summing currents at A

E—e, en eA_O
R R(l1+a) R

o
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+E R
B R
: Y
€o

Rx =Ro(1+a)

Earth

(or-E) L
Figure 8.3 Bridge amplifier, earthed or floating supply

Equating e, = e and rearranging gives

R 1
=~ Ea (8.6)

RO RO
U+a%l+)+l
R

€

(linear for a <<1).

The circuit may be used with an earthed bridge supply, but it has the dis-
advantage of having a sensitivity that is dependent on bridge impedance.
The op-amp should be chosen to be insensitive to the input common mode
voltage.

8.1.2 Interfacing high impedance transducers

Some transducers have very high output impedance, which is essentially
capacitive. Examples include piezoelectric accelerometers, pressure trans-
ducers and capacitive (condenser) microphones. Transducers of this kind
operate by producing a charge that is proportional to the measurement vari-
able. The charge can be converted into a voltage by using an op-amp
connected as a current integrator.

The current integrator or charge amplifier arrangement has the desirable
feature that the transducer is connected between the amplifier summing point
and earth, and this means that the signal is unaffected by stray capacitance.
The amplifier summing point is a virtual earth, so stray capacitance and cable
capacitance between this point and earth has no potential across it (effec-
tively it is earthed on both sides) and therefore has no effect on the signal.

A theoretical charge amplifier circuit is shown in Figure 8.4(a). The output
of the capacitive transducer is represented by an equivalent circuit consisting
of a voltage source e, in series with a capacitance C,. The amplifier gives
an output signal e, = —(C/Cye,.

In a practical charge amplifier, it is necessary to provide a DC path for
amplifier bias current. This takes the form of a feedback resistor R, connected
between the op-amp’s output and its inverting input. Without this resistor,
C; continuous charges and causes the output to drift into saturation. However,
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Equivalent circuit for
piezoelectric transducer
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Figure 8.4 Charge amplifier. (a) Ideal charge amplifier. (b) Practical
charge amplifier and Bode plots

the presence of the resistor R; limits the lower bandwidth of the charge ampli-
fier to the frequency given by:

1
A= 27wCi R,
Bode plots, for the practical circuit, are illustrated in Figure 8.4(b). Note that
for signal frequencies less than f;, the output is proportional to the differ-
ential of the input signal. A very large value for R, is required if the amplifier
output is to reproduce faithfully slow changes in the measurement variable.
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8.2 Hot wire
anemometer with
constant temperature
operation

This normally requires the use of a low bias current op-amp (a FET input
amplifier) in order that offset and drift error should not be excessive.

The closed-loop upper frequency limit is determined by the frequency at
which the Bode plots for 1/8 and the open-loop gain intersect. If it is required
to restrict the upper frequency limit, this can be accomplished by connecting
a resistor R, in series with the transducer as shown in Figure 8.4(b).

Hot wire anemometers are often used to measure air speed. The principle
of operation depends upon the cooling of an electrically heated platinum fila-
ment by the movement of air around it. In the arrangement illustrated in
Figure 8.5 the heated filament is included as one arm of a balanced bridge.

Indicates air speed
over filament

Vo =—1 1 7
R3 Ri

+6V

+

Ro Ri
™— Filament

Figure 8.5 Op-amp forces constant filament temperature in hot wire
anemometer

The output voltage of the op-amp supplies the bridge, with a simple tran-
sistor emitter follower being used to boost the amplifier output current. A
Darlington connected transistor pair can be used for greater currents, if
required. The amplifier output voltage changes in such a way as to force the
input error voltage towards zero and in so doing it establishes the bridge
balance condition

g, = Rk
R3

Platinum has a positive temperature coefficient of resistance. If the air flow
over the filament increases, it loses more heat and its temperature begins to
fall. The falling temperature causes the resistance of the element to reduce
and this reduces the voltage on the op-amp’s inverting input. The amplifier
output voltage increases so as to increase the power dissipation in the fila-
ment and hold its resistance, and hence its temperature, constant.
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8.3 Temperature
measurement using a
thermocouple

D1

06

ZNREF ’Z&,

The output voltage of the amplifier represents an amplified form of the
filament voltage. This gives a measure of the air speed over the filament.
However, the output varies non-linearly with air speed and sensitivity is
greater at the lower speeds. Varying the value of resistor R, sets the oper-
ating temperature of the filament, and some experimentation is needed to
find the setting that gives the best sensitivity.

It is possible for the circuit to remain inoperative when switched on. The
emitter follower may not be brought into conduction because the op-amp
output is in negative saturation. A positive offset applied to the non-inverting
input of the op-amp ensures operation at switch-on.

Heated thermistors are sometimes used in airflow measurements. They can
be operated at constant temperature, using an op-amp circuit arrangement
similar to that of Figure 8.7. It is simply necessary to interchange input leads
to the op-amp because most thermistors have a negative temperature coef-
ficient of resistance. Their resistance decreases with rise in temperature.
Constant temperature operation allows rapid measurements of changes in
flow, since there is no thermal delay.

The typical circuit shown in Figure 8.6 may be used with a K-type (see
Appendix A4) thermocouple for the measurement of temperatures in the
range 0°C to 100°C. If the component values are changed then this circuit
may be used with other types of thermocouple at different temperatures.

Vs Vs Vs

Ri| |1kO Ri1| 1680 R

Re| | 33R M1

22R| |R2 | Rs []18K \

2

|

R4[]18k 53
ZNREF

/ﬂ% 777 i

Figure 8.6 Temperature measurement using a thermocouple and an op-amp
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8.4 Light sensitive
switching

The cold junction is at ambient temperature and any variation in this is
compensated by the change, about 2 mV/°C, in the forward voltage drop of
diode D,. A potential divider reduces this voltage to the thermocouple output.
The result, amplified by /C, and displayed on any 100 pA meter, is propor-
tional to the temperature of the measurement junction of the thermocouple.
The single voltage supply is intended to be from a standard 9 V battery.

The meter zero is set by adjustment of R;; the span by R, and the calibra-
tion procedure is as follows:

1. Place the measurement junction of the thermocouple in freezing water to
give 0°C.

2. Adjust R, to set a reading of zero on the meter.

3. Place the measurement junction of the thermocouple in boiling water to
give 100°C.

4. Adjust R, to give full-scale deflection on the meter.

5. The circuit will then be calibrated to give a reading of 1 pwA/°C.

The circuit shown in Figure 8.7 is that of a very sensitive light-operated
relay. The relay is energized when the light striking the light-dependent
resistor, NORP12, exceeds a level determined by the setting of VR,. If R,
and NORP12 were interchanged, the relay would be energized in poor light
conditions and would de-energize when the light intensity reached the
preset level.

+12V
1 t =)
IN 4148
12V rela
NORP 12 Dy \ y
\GD R, [ 1.5k ZE (min 110R)
A
’+\ 1 R4
741 > T
VRI [ - 3K 2N 3053
22k
Ri []1.5k R3[f1_5k
* —0

Figure 8.7 Extremely sensitive light-operated relay using a light-dependent
resistor
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8.5 Sensing analogue
light levels

8.6 Interfacing linear
Hall effect transducers
(LHETS)

The circuit shown in Figure 8.8 uses a general-purpose photodiode and FET
input op-amp, which has a low input bias current. The input signal to the op-amp
is obtained from the photodiode. The output produced is a steady DC indication
of the light level and this is particularly useful in photometry applications.

+12V to =15V
—o0
1000pF
1l
| 1]
R+
—J
10M
2 \ 7
\1« LM 6 Output
Photo diode 308H 5 —
3

- - 1
L
33pF
1000pF (b )
-lr 10M
_ ® 0 0V

—0
=12V to +15V

Figure 8.8 Analogue light level sensor

The values of components shown give sensitivity to light of approximately
14 V/mW/cm?. The values of R, and R, may be reduced for less sensitivity
but must be kept equal. For values less than 100 k(), a bipolar input op-amp
may be used. The 1000 pF capacitors may be increased in value to reduce
any ripple from AC lighting or to control the response time accordingly.

Hall effect transducers sense magnetic fields (see Appendix A4, Section A4.11).
Linear Hall effect transducers (LHETS) output a voltage proportional to the
magnetic field strength at the device. Figure 8.9 shows three methods of
interfacing an LHET with single supply op-amp circuits. The op-amp char-
acteristics limit the output voltage (V) equations at the high and low ends.

The circuits shown can be used with adjustable gain and adjustable offset,
although the adjustments will not be completely independent. One method
is to adjust the gain to the desired value with V| set at approximately half
the op-amp supply voltage. Then adjust V| to give the exact offset at the V,
required for the application.
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8.7 Precise diode
circuits

+
I v1
o—+
Output vy —oVo
LHET g L F -
R1
RL
I —
—
] 1 e
= Vo = (V1 =V) R—2+ Vi
1

1

Output
LHET
—O Vo
- Ra
Vo =Vin (1 +R1)
T
Output  Vin
LHET ° +
—0 Vo
RL -
Vo =ViN

(c)

Figure 8.9 Interfacing LHET devices and single-supply op-amps:
(a) inverting; (b) non-inverting, (c) voltage follower

An ideal diode is a device that exhibits zero resistance for applied voltages
of one polarity and an infinite resistance to the opposite polarity. When used
in a simple rectifier circuit as in Figure 8.10(b) it would completely block
signals of one polarity and transmit perfectly those of the other.

The characteristics of real diodes are non-ideal, as shown in Figure 8.10.
Real diodes pass no appreciable current for small voltages applied across
them. They exhibit a non-linear finite resistance when conducting. The voltage
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——\ ———
|
€o
Ideal
Real
! 1
! |
+ V =0.6V
\ 0.6V _
Real €in

(a) (b)

Figure 8.10 (a) Real and ideal diode characteristics. (b) Real and ideal
half-wave rectifier

drop across a forward biased diode has marked temperature dependence.
These non-ideal characteristics cause performance errors at low signal levels
when a solid state diode is used in a simple rectifier circuit.

Diode deficiencies can be largely overcome by combining them with
op-amps. The diode op-amp circuit of Figure 8.11 produces a near ideal half-
wave rectifier characteristic.

In the circuit of Figure 8.11, diodes D, and D, are included within the feed-
back loop of the amplifier. If the diodes are non-conducting the amplifier is
effectively acting open loop and an input signal of magnitude V;/4, is all that

|
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I\ P
| SR
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D1 RL

W—_—r3—

€in

Figure 8.11 Op-amp diode circuit performing ideal half-wave rectification
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8.8 Full-wave rectifier
circuits

is required to cause diode conduction (¥ is the diode forward voltage drop).
Negative input signals cause diode D, to conduct and the output signal that
appears at the cathode of D, is

The non-linear diode resistance has negligible effect on the output signal.
This is because the diode is included within the feedback loop of the ampli-
fier, and the resistance is effectively divided by the loop gain in the circuit
(see Chapter 2).

Positive input signals cause diode D, to be reverse biased and cause D,
to be forward biased. Thus D, is isolating and D, is conducting. This main-
tains the virtual earth at the inverting input terminal of the amplifier. The
output signal is zero since it is connected directly to the op-amp’s inverting
input via resistor R,.

The main performance limitation of op-amp circuits incorporating diodes
arises as a result of amplifier slew rate. Because of slew rate limitations, the
amplifier output voltage takes a finite time to overcome diode forward voltage
drops. This restricts the frequency response of precise diode circuits.

A full-wave rectifier circuit gives an output signal in proportion to the mag-
nitude of its input signal. It converts bipolar signals into unipolar form.
Full-wave rectifier circuits are used extensively in AC measurements. They
are used to interface bipolar inputs to single quadrant (unipolar) devices, e.g.
in log—antilog computation circuits.

The basic operation performed by a full-wave rectifier, using an op-amp,
is to switch the amplifier’s gain polarity. The circuits are arranged so that
when the polarity of the input signal changes, so also does the overall gain
polarity. Thus the circuit maintains a constant polarity output signal.

There are several op-amp circuit configurations possible that provide full-
wave rectification. The factors to be considered when choosing a circuit
configuration are: the input impedance requirements; whether or not summing
is required; and the cost or performance determined by the number of close
tolerance resistors required in the circuit.

Three full-wave rectifier circuits are shown in Figure 8.12. They all use
an inverting amplifier configuration at their input and therefore have input
impedance determined by the input resistor values.

Figure 8.12(a) is probably the most obvious approach to full-wave rectifica-
tion. It comprises the precise half-wave rectifier circuit (as shown in Figure 8.11)
added to a summing amplifier. Negative input signals are simply passed by the
inverting summer and blocked by the half-wave rectifier. Positive signals are
inverted and passed by the half-wave rectifier; they are multiplied by 2, summed
with the input and inverted by amplifier 4,. The circuit requires accurate match-
ing of two pairs of resistors plus the selection of a half-value resistor.

The circuit of Figure 8.12(b) requires only two matched resistors. Two
parallel signal paths exist between input and output. Amplifier 4, (via D,)
buffers positive input signals. Negative input signals are inverted by 4, and
passed through diode D;. Negative signals can reach the output of 4, through
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Figure 8.12 Full-wave rectifier circuits

R, and D,. Diode D, is used to prevent saturation of 4,. The value of resistor
R, must be sufficiently large to minimize this current.

The circuit of Figure 8.12(c) allows summation of signals at its input
simply by adding extra input resistors. Equal value resistors are used
throughout the circuit. Positive input signals produce a negative output from
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8.9 Peak detectors

amplifier 4,, which reverse biases D, and forward biases D,. The amplifier
A, inverts the voltage from 4, so a positive input produces a positive output.
A negative input signal provides forward bias across D, but reverse bias
across D,. There are then two feedback paths to the inverting input 4,.
Assuming ideal circuit performance:

I, =1L+
.t ein 60 62
iving —'=-—_>—-°
SVIE R TR R
But e, = e; = e, 2R/3R and substitution gives e, = —e,,, for e,, negative.

The circuit shown in Figure 8.13 is a high input impedance full-wave
rectifier circuit, which uses a follower-connected op-amp at its input. The
circuit requires only two closely matched resistors.

Positive input signals cause D, to conduct and D, to block. The feedback
loop is connected around amplifier 4,, via 4,. No current flows through the
two feedback resistors, R, so the output voltage appears at the inverting
inputs of both 4, and A,. This results in 100 per cent feedback to both op-
amps and the signal is passed to the output of 4, at unity gain. Because two
amplifiers are included within the feedback loop for positive input signals,
additional phase compensation may be required. This can be obtained by a
capacitor, C, connected in the position shown.

Negative input signals cause D, to conduct and D, to block. Amplifier 4,
then acts as a unity-gain follower, which passes the input signal to the point
X. Amplifier 4, acts as a unity-gain inverter on this signal at X.

C for additional
frequency
compensation if Matched

required ’\ R / \ R

—> €0 = |€in|

\__ Path for Az

ei ¢
i” bias current

Figure 8.13 High input impedance absolute value circuit

It is sometimes necessary to measure the maximum positive excursion (peak
value) or negative excursion (valley value) of a waveform over a given time
period. There may also be a requirement to capture and hold some maximum
value of a positive or negative pulse. A circuit that performs this function
is a peak detector.
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A basic peak detector circuit consists of a diode and a capacitor connected
as shown in Figure 8.14(a). The capacitor is charged by the input signal
through the diode. When the input signal falls, the diode is reverse biased
and the capacitor voltage retains the peak value of the input signal. The
simple circuit has errors because of the diode forward voltage drop. Forward
voltage drop errors can be removed by replacing the diode with a precise
diode circuit as shown in Figure 8.14(b).
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Figure 8.14 Peak detection. (a) Simple peak detector. (b) Precise diode
peak detector

The circuit of Figure 8.14(b) is useful in applications not requiring a long
hold time, for example for measuring the peak value of a repetitive signal.
In the hold mode, the voltage across the capacitor decays exponentially
governed by the time constant

,_ CRR,
R+R,

In applications requiring an appreciable hold time some form of high input
impedance buffer must read out the output voltage across the capacitor. Peak
detector circuits employing FET input op-amps in the follower mode as
buffers are shown in Figure 8.15.

In Figure 8.15(a) a two-diode arrangement is used to reduce diode leakage
current, and it is only the input error voltage of amplifier 4, which appears
across diode D, in the hold period. Circuits of this type in which two op-
amps are enclosed within a single feedback loop, normally require added
frequency compensation; this has the effect of slowing down the rate at
which the circuit responds to rapid changes in peak value.

Two separate feedback loops, one connected round each amplifier, are
employed in the circuit of Figure 8.15(b). Amplifier 4, acts both as a
comparator and a unity-gain follower. The feedback loop around A4, is open-
circuit (diode D, blocks) when input signal levels are lower than the voltage
stored on the capacitor. When the input exceeds the capacitor voltage, diode
D, conducts. Amplifier 4, then acts as a unity-gain follower and causes the
capacitor voltage to follow the input signal.

If appreciable hold times are required, both amplifiers should be FET input
types. This will minimize capacitor leakage caused by amplifier bias current.
Amplifier 4, should be a type that retains its high input impedance in the
saturated overload condition and should be capable of fast recovery from
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8.10 Sample and hold
circuits
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Figure 8.15 Precise peak detector circuits. (a) Low drift peak detector.
(b) Fast peak detector

this condition. It must also be able to drive a capacitive load without serious
reduction in phase margin.

The choice of capacitor values in a peak follower circuit is governed by
conflicting requirements. It must be able to be charged quickly to allow a
rapid acquisition of rapidly changing input peaks. It must also have a long
hold time. The smaller the value of C, the more rapid is its charging rate.
By the same reasoning, small values of C will also discharge rapidly due to
leakage during the hold period. One way of increasing capacitor charging
current, in order to obtain faster acquisition, is to use a current booster at
the output of the op-amp. A simple emitter follower booster can be used
since only single polarity output currents are required.

Positive peak detector circuits have been described, but they can all be
modified in order to detect negative peaks (valleys) by simply reversing diode
directions. Peak-to-peak detectors can be implemented by connecting the
output of a positive peak detector and a negative peak detector to a subtractor
connected amplifier as shown in Figure 8.16.

In signal processing applications, it is sometimes necessary to hold the value
that a signal has at a specified instant in time. A circuit used to perform this
function is called a sample and hold. As well as input and output terminals, a
sample and hold circuit has control inputs to allow switching between the sample
and hold mode. The phrase ‘track and hold’ is often used when referring to a
sample and hold circuit that is in the sample mode for an appreciable time.
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Figure 8.16 Peak-to-peak detector

In the sample mode, the output of the sample and hold circuit is (ideally) equal
to the input signal. The output follows or tracks variations in the input signal.

When switched to the hold mode, the output of the sample and hold circuit
(ideally) remains constant. The output signal is held at the value that existed at
the instant of switching. Changes to the input voltage do not affect the output.

A switch and a capacitor as shown in Figure 8.17(a) can perform the
sample and hold function. When the switch is closed (sample mode) output
and input signals are equal and the output follows or tracks the input. When
the switch is opened, the output voltage remains constant at the value that
it had at the instant the switch opened.

A more practical sample and hold circuit is shown in Figure 8.17(b). It
uses a FET switch and an op-amp unity-gain follower to minimize capac-
itor discharge in the hold mode.

Practical sample and hold circuits do not behave in an ideal manner. They usu-
ally depart from the ideal in terms of both speed and accuracy. When switched
from the hold mode to the sample mode, a finite time is required for the output
to become equal to the input. This time is referred to as the acquisition time.

There is a small delay from when the hold command signal is applied and
the time the circuit actually goes into the hold mode. This time delay is
referred to as the aperture time. With fast changing input signals, the signal
held at the output is in error to an extent determined by the aperture time.

The ideal sample and hold circuit is designed to have unity gain (output
signal = input signal). Sample mode accuracy is sometimes expressed in
terms of the percentage gain error. In the hold mode, the output of a practical
sample and hold circuit does not remain constant. Loading of the hold capac-
itor causes the capacitor to discharge and the output drifts towards zero.

The choice of capacitor values for use in a sample and hold circuit is
normally a compromise based upon conflicting requirements. These require-
ments are fast acquisition time and long hold time. In the sample mode
the capacitor must charge up to the value of the input signal. The larger the
capacitor value, the longer it takes to charge. In the hold mode there is
inevitably always some capacitor discharge current (amplifier bias current
and switch leakage current). The larger the capacitor’s value, the longer the
time taken for the capacitor to discharge.

The capacitor dielectric also has an effect on performance. Electrolytic
and tantalum capacitors have high leakage current. Dielectric absorption (or
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Figure 8.17 The sample hold function. (a) Principle of sample hold
circuit. (b) Simple practical sample hold circuit

soakage) also affects these dielectrics, as it does Mylar or polyester capac-
itors. Polypropylene and polystyrene capacitors have lowest leakage and
lowest dielectric absorption.

Sample and hold circuits are available in integrated circuit form. The user
simply connects a hold capacitor externally. The choice between buying an
IC, or building the circuit using op-amps and FET switches, depends on the
performance requirements.

In the simple sample hold circuit of Figure 8.17(b) the storage capacitor
is charged directly by the signal source through the FET switch. The capac-
itor loads the signal source. The capacitor charging rate, when switched from
hold mode to sample mode, is determined by the time constant C(R, + R,).
Here, R, is the source resistance and R, is the switch-on resistance. An upper
limit to the charging rate is set by the signal source’s output current limit.

An alternative one-amplifier sample and hold circuit is shown in Figure
8.18(a). It is essentially an integrator that is switched between the sample mode
and the hold mode. The circuit, unlike that of Figure 8.17(b), does provide some
input isolation, in the form of resistor R,. Its main deficiencies are its limited
tracking bandwidth and comparatively slow acquisition time. Both tracking
bandwidth and acquisition time are controlled by the time constant C\R,.

The circuit for a two op-amp, high accuracy, sample and hold circuit is given
in Figure 8.18(b). Amplifier 4, is connected as a voltage follower and imposes



218 Operational Amplifiers

8.11 Voltage-to-
frequency conversion

8.12 Frequency-to-
voltage conversion

negligible holding on the signal source. In the sample mode (S, closed, S,
open) the feedback loop is closed round both amplifiers and the output is
forced to track the input. There may be errors due to the gain, common mode
and offset errors, and the current output capability of amplifier 4,. Common
mode and offset errors in the output follower 4, are compensated by the action
of the feedback loop. Extra frequency compensation in the form of C, and R,
is required to ensure closed-loop stability in the sample mode, but this slows
down the circuit response. In the hold mode S, is open, isolating the hold
capacitor, and S, is closed so as to complete the feedback loop round amplifier
A,. This prevents 4, from going into saturation.

If speed is more important than high accuracy, the circuit shown in Figure
8.18(c) can be used. The two amplifiers in this circuit work independently.
Each amplifier has its own closed feedback loop and, in the sample mode
(both switches closed), the switches are enclosed within 4,’s feedback loop.
The circuit is faster than that of Figure 8.18(b) because no additional
frequency compensation is required. It is less accurate because of the summa-
tion of the offset and common mode errors of both amplifiers.

A voltage-to-frequency converter produces a periodic signal with frequency
proportional to an analogue control voltage. The waveform produced may
be a square wave, a pulse train, a triangular wave or a sine wave.

Pulse train output voltage-to-frequency converters could be realized using
two op-amps, one acting as an integrator and the other as a regenerative
comparator. One such circuit is illustrated in Figure 8.19.

Starting at the time at which the comparator switches to its positive level V'*,
the action of the circuit is as follows. Diode D, is reverse biased and the output
of the integrator falls linearly, at a rate determined by the magnitude of the
positive DC voltage e,, and input resistor R. When the integrator output reaches
alevel =V, *(R,/R,), the comparator switches to its negative output state. Now
diode D, is forward biased and the integrator output voltage rises rapidly,
because R; << R. When the integrator output voltage —V, (R /R,), the com-
parator reverts to its positive output state and the cycle repeats.

If the integrator output rise time is made negligibly small compared to
the decay time, the frequency of oscillations becomes directly proportional
to the input voltage e;,.

R,

U NUANTS Yo S

Simple voltage-to-frequency converters using the type of circuitry discussed
above can be expected to provide +1 per cent accuracy over the two to three
decades at the most. Greater conversion accuracy and wider dynamic range
require the use of more sophisticated circuitry, or as an alternative to building
a voltage-to-frequency converter ready built modules are available.

Simple frequency-to-voltage conversion circuits operate by first converting
the signal (whose frequency is to be measured) to a constant amplitude pulse
train. The pulse train is then differentiated, rectified and averaged to give a
DC indication of the frequency. A simple frequency-to-DC converter using
this principle of operation is illustrated in Figure 8.20.



Sensor interface, analogue processing and digital conversion 219

b:H{ —= Co

Sample
__lq_-—‘v
Hold—l—

——- Co

. Op amps
4 f.e.t. switches I —15V Bi - fet type
€.g. = LF 156
15V LF1333 or Control
AHO 143 Input
(b)
+15V
ijf 7 25k()
] s
_T -
|
: Az 6 — o
]
\LF 156

‘E—‘EI

f.e.t. switches
LF1131 OR AH

(c)

Figure 8.18 Sample and hold circuits. (a) Simple integrating type.
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Figure 8.20 Simple frequency-to-DC voltage conversion

Amplifier 4, acts as a zero reference comparator, and its output is bounded
by back-to-back zener diodes. 4, produces a constant amplitude pulse train
with the same frequency as the input signal. Capacitor C, and diodes D, and
D, constitute a simple diode pump circuit. On each positive going part of
the input pulse a quantity of charge (2V,C)) is transferred through D, to the
summing point of amplifier 4,. The charge pulses are averaged (averaging
time constant = C,R,) to give an average current of 2V,C, f through the
feedback resistor R, and the amplifier develops an output voltage

e, = 2V;,C1 /R,

The output voltage is directly proportional to the frequency of the input signal.

This simple analysis has assumed that capacitor C; discharges completely.
It has also neglected diode forward voltage drops. Temperature dependence
of diode voltage, AV, may be expected to cause scaling factor changes but
if 2V, >> AV, the effect is small. Temperature dependence of zener voltages
also directly affects frequency-to-voltage scaling. The comparator switching
times determine the circuit’s upper frequency limit.

8.13 Analogue-to-  Analogue-to-digital converter (ADC) devices are used to interface analogue cir-
digital converter cuits with microprocessors and other digital devices. There are a number of
(ADC) ADC architectures, the simplest is used for slowly changing input signals and is
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known as an integrating ADC. The integrating ADC uses a digital counter, so
the time to produce a valid output depends on the voltage being measured. The
conversion time is a maximum of 2" clock cycles, where N is the number of bits.

The successive approximation ADC uses a sample and hold circuit so that
rapidly changing signals can be sampled and then measured. The digital
output is available after N clock cycles, where N is the number of bits.

Flash ADCs have many high-speed comparators connected in parallel. An §-
bit ADC uses 256 comparators. The digital output is produced by logic gates,
which produce a binary coded equivalent of the most significant comparator
output. The digital output is latched and is available after a single clock cycle.

All ADCs sample the analogue signal. This is like amplitude modulation
and can generate unexpected results unless the analogue signal is band limited
to less than half the sampling rate (usually the clock signal). If the signal is
not band limited, aliasing can result. Aliasing is where the digitized signals
appear to have a lower frequency than the original, and may be frequency
inverted (high frequency signals appear at lower frequencies, whilst low
frequencies appear at higher frequencies).

The requirements for anti-aliasing filters is reduced if oversampling sigma—
delta ADCs are used. These sample the signal at very high rates, up to 256
times the clock frequency. They work by using a single comparator; the
logic output from this comparator is integrated and then subtracted from
the input voltage. This results in a series of 1s and Os related to the input
voltage. This stream of bits is then used to generate a binary coded output.
This can result in an accurate 16-bit ADC.

8.13.1 Integrating ADC

Integrating ADCs are used for high accuracy data conversion when the input
is a slowly changing analogue signal. The integrating ADC has low offset
errors and can be highly linear. This type of ADC is used in measuring
instruments, such as multimeters.

A diagram of the integrating ADC is shown in Figure 8.21. The data con-
version process occurs in two stages. In the first stage, the signal to be measured

Integrator ~ | S,
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Figure 8.21 An integrating (dual slope) ADC
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(—V,) is input for a fixed time interval, T;. This is achieved by running the
clock for 2N cycles, where N is the number of bits of the digital output. If the
capacitor voltage, V., is initially zero, by the end of stage 1, it is:

Vin v Vi
Vc(l)—fJ;EdT—Rt

The second stage of conversion takes place over a variable length of time,
depending on the value of the input signal. The counter is initially reset to
zero and the switch S, is connected to the reference voltage, V... The control
logic will keep the counter running while the comparator output is low. The

expression for the input voltage to the comparator is now given as:
Vo Ty

' Vref Vref in
Ve == QBT+ YTy = 2T+ o
,

The comparator output will switch high when its input voltage reaches 0 V
(the capacitor is discharged).
Vil

V f
Ie T + mn
RC (72) RC

Ve (T, + T,) =0 =

The time period 7, when the integrator is connected to the reference voltage
is given as T, = T, (V;/V,.p)- The counter is enabled during period 7, and
the output of the counter will be the converted value of the analogue signal.
Since 7, is proportional to 7, this count is independent of the clock rate.
A faster clock rate results in periods 7, and 7, both becoming shorter. Figure
8.22 shows this, here V,, <V} and hence T, < 7T5.

in

Ve

T, T+T, T+Ty' time

Figure 8.22 The integrator response with two different values of input signal

8.13.2 Successive approximation ADC

Successive approximation ADCs are popular because they are moderately
fast without being too complex. The basic principle is a ‘divide and search’
approach in converting analogue voltage to digital form. A binary search
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8.14 Digital-to-
analogue converter
(DAC)

approach is used, in which the search space is reduced by half in each clock
cycle. Therefore, the successive approximation ADC will require 16 clock
cycles to convert an analogue signal into a 16-bit digital equivalent. A diagram
of this type of ADC is given in Figure 8.23.

IanUt Sample SAR DAC
& Hold
T Control [ J> J)
Clock Vit
Digital
Output

Figure 8.23 A schematic representation of a successive approximation ADC

A sample and hold circuit is used to sample the analogue input signal and
hold its value during the data conversion process. In the first clock cycle, the
most significant bit (MSB) of the successive approximation register (SAR) is
set to 1. The SAR is connected to the input of a digital-to-analogue converter
(DAC), which converts the binary value of the SAR into an analogue signal.

The analogue signal from the DAC is then applied to the comparator. The
comparator compares the output of the DAC with the stored input voltage.
If the output from the DAC is smaller than the stored input voltage, the most
significant bit of the register remains at logic 1; otherwise it is reset to O.
This bit remains unchanged for the remainder of the data conversion process.

The same process is repeated in the second clock cycle with the next most
significant bit (MSB — 1). This bit is set to logic 1, and the output of the
SAR is converted to analogue, using the DAC, and then compared with the
stored input voltage. If the output from the DAC is smaller than the stored
input voltage, the (MSB — 1) bit of the register remains at logic 1; otherwise
it is reset to 0. This bit now remains unchanged for the remainder of the
data conversion process.

Repeating this process for N clock cycles results in converting the analogue
signal to its equivalent N-bit digital value. At the end of N clock cycles, the
SAR contains the converted value of the analogue input signal. A flow chart
describing the successive approximation ADC process is given in Figure 8.24.

There are several circuit arrangements for digital-to-analogue converters
(DACs). The three main classes of DACs are: decoder-based DACs, binary-
weighted DACs (including R—2R converters), and thermometer code DACs.

The output from a DAC should be band limited to prevent switching spikes
from appearing at the output. These spikes, or glitches, are usually at the
clock frequency or higher.
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Figure 8.24 A flow chart describing the successive approximation ADC
operation

8.14.1 Decoder-based DACs

A decoder-based DAC uses a resistor string to produce a number of voltage
taps, see Figure 8.25. One of these voltage taps is selected by a decoder,
for connection to the output buffer through an analogue gate. Although resis-
tance of the switching network is minimal, the capacitive load is high because
one end of all transmission gates is connected to the input of the buffer.

Instead of transmission gates, which use both PMOS and NMOS transistors,
we can use just NMOS transistors. This has the disadvantage of limiting the
output voltage swing. The speed of operation is improved because of reduced
source and drain capacitance, due to the absence of the PMOS transistors.

Using equal values of resistor in the resistor string ensures equal voltage
steps in the tapped voltage, and hence for the DAC as a whole. The accu-
racy of the DAC depends on the matching of these resistors.

8.14.2 Binary-weighted DACs

Since binary numbers represent digital words, individual bits have binary
weights depending on their position within the digital word. A simple summing
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Figure 8.26 A binary-weighted resistor DAC (4 bit)

amplifier can be used to convert a digital word to its analogue value, by arrang-
ing for each bit to contribute a current equal to its binary weight. This princi-
ple is used in binary weighted DACs in two different implementations.

In the first implementation, the resistor values increase by a factor of two
as the bit becomes less significant. The circuit of a binary-weighted resistor
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DAC is illustrated in Figure 8.26. When the value of the digital bits is at
logic 1, the current through the binary-weighted resistance is diverted to flow
through the feedback resistor, R, When the digital bit is at logic 0, the
current flows directly to ground.

The current flowing through the resistors in either position of the switch
is constant. This is because the op-amp’s inverting input is acting as a ‘virtual
earth’ due to feedback, and is at earth potential. So, the potential on one

side of each resistor is at V., and the other side is at 0 V.

I, = Vii/2R
I; = Vit/4R
1L, = V. /8R
I, = V. /16R

ref’

If the feedback resistor value is R, the buffer’s output voltage range is 0 V
to —15/16V,,.
The accuracy of a binary-weighted resistor DAC is dependent on the
matching between different resistors used in the circuit. It is difficult to obtain
a good match of resistors in an integrated circuit. When the range of resistor
values is very large, matching them becomes the dominant problem. For
example, with a 14-bit binary-weighted resistor DAC, the range of resistor
values can vary by over four orders of magnitude. Therefore, the use of
binary-weighted resistors can result in large mismatch errors.

In the second implementation of binary weighting, only two different
values of resistors are used to obtain the binary weighted currents. Using an
R-2R network in conjunction with a summing amplifier and CMOS switches,
it is possible to implement a binary-weighted DAC as given in Figure 8.27.
Depending on the CMOS switch position, the binary-weighted currents either
flow to the feedback resistor or to ground. The currents flowing through the
feedback resistor will contribute towards the output voltage.

Ry

- Output
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2R 2R 2R 2R 2R

V,

ref [ ] [
1

Figure 8.27 R—2R binary-weighted DAC
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The bit values of the digital word determine the switch position. A logic 1
on the most significant bit causes the corresponding CMOS switch d4 to
connect to the buffer’s inverting input. Current V, /2R will flow into the
buffer’s summing node, thus generating an output voltage. A logic 1 on the next
most significant bit operates CMOS switch d3 and causes current V, /4R to flow
into the summing node. The current is halved each time the binary value of the
bit is halved, so the output voltage is proportional to the value of the digital word.

The advantage of an R—2R network is that only two resistor values are
required. Matching between a number of resistors, of values R and 2R, is
much easier to achieve than by using binary-weighted values.

8.14.3 Thermometer code DACs

Glitches (short pulses) are produced by decoder and binary-weighted con-
verters, and this is a major limitation. When the digital input values changes,
it is likely that some of the switches turn ON or OFF faster than others, result-
ing in glitches in the analogue output. A glitch due to the switch associated
with the most significant bit can have an amplitude of almost half V.

The production of glitches can be reduced by the use of a thermometer
code representation of binary numbers. The disadvantage of this coding
scheme is potentially more circuit complexity. The advantages are equal
output steps, reduced level of glitches, and linearity.

A thermometer code is an incremental digital output. The number of bits
required is equal to the number of voltage steps, thus 7 levels output requires
a 7-bit thermometer code, as given in Table 8.1.

Table 8.1 Thermometer code

Output MSB LSB
0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 1
2 0 0 0 0 0 1 1
3 0 0 0 0 1 1 1
4 0 0 0 1 1 1 1
5 0 0 1 1 1 1 1
6 0 1 1 1 1 1 1
7 1 1 1 1 1 1 1

The number of logic 1s in the thermometer code represents the converted
voltage. In a thermometer code-based DAC, the switching network has
(2N — 1) switches; each has equal resistance and carries equal current. The
current is switched either into the feedback resistor of an op-amp-based
summing circuit, or directly to ground. The number of switches contributing
to the current flow in the feedback resistor increase in small equal steps, as
the binary value of the digital input is increased. This minimizes the ampli-
tude of any glitches, compared to binary-weighted DACs. The schematic of
a DAC using thermometer code is given in Figure 8.28.
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Figure 8.28 A thermometer code-based DAC

8.1

8.2

8.3

A charge amplifier (Figure 8.4) has a 100 pF capacitor and a 100 MQ

resistor connected in parallel in the feedback path. The feedback resistor

prevents continuous charging of the capacitor. The op-amp used in the
circuit is internally frequency compensated and has unity-gain frequency

1 MHz, bias current /; = 10 pA and input offset voltage V;, = 2 mV.

The charge amplifier is supplied by a transducer, whose output imped-

ance is capacitive; this capacitance is 900 pF.

(a) Find the upper and lower frequency of the —3 dB bandwidth limits.
What is the output offset voltage of the circuit? What would
be the effect on circuit performance of connecting the transducer
to the amplifier by means of a cable of capacitance 200 pF? Sketch
the Bode plots to illustrate your answers.

(b) In order to avoid the use of a very large feedback resistor and yet
still maintain the same low frequency bandwidth limit, a 1 M)
resistor and a resistive T network is used in place of the 100 M()
resistor (see Figure 4.2). What effect will this have on the output-
offset voltage?

The following component values are used in the circuit of Figure 8.19:
R =100kQ, C = 0.1 pF, R, = 10k, R, = 22k, R, = 2.2k
(a) What is the frequency of oscillation when the input voltage is 1 V?
(b) What is the amplitude of the triangle wave at the output of the inte-
grator, 4,? Assume ideal op-amp characteristics and a comparator output
voltage swing of =10 V.

A basic sample hold circuit consisting of a FET switch and a unity-
gain buffer stage (Figure 8.17(b)) is supplied by a signal source of
output resistance 600 (), the FET has an ‘on’ resistance of 50 ) and
the op-amp has a bias current /; = 50 pA, C = 10 nF. Find the acqui-
sition time to 1 per cent for a 10 V change in output when switched
between the hold and sample mode. (Hint, 4.6 time constants are required
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to reach 99 per cent of the final value when charging a capacitor through
a resistor.)

Assume that the required initial capacitor charging current does not
exceed the current output limit of the signal source. What must the cur-
rent output capability of the source be for this assumption to be valid?

Neglecting switch and capacitor leakage find the output drift rate in
the hold mode. (Note: 7 = C dv/dt.)



9.1 Introduction

9.2 Passive filters

9 Active filters

In the context of this chapter, filters are electrical networks that have been
designed to pass alternating currents generated at only certain frequencies
and to block or attenuate all others. Filters have a wide use in electrical and
electronic engineering and are vital elements in many telecommunications
and instrumentation systems where the separation of wanted from unwanted
signals — including noise — is essential to their success.

There are two generic types of filter: passive and active. The first type
comprises simple resistors, capacitors and inductors while the second has
the addition of active components, usually in the form of operational ampli-
fiers. Both of these types are sub-divided into the four classes according to
their use. These are low-pass, high-pass, band-pass and band-stop. This
chapter is mainly concerned with active filters employing operational ampli-
fiers (op-amps), but it may serve as a useful introduction for some readers
if firstly a brief examination is made of the passive type.

9.2.1 The low-pass filter

The circuit of a simple CR low-pass filter is shown in Figure 9.1. This is
essentially a potential divider comprising a resistance in series with a capac-
itor. The output voltage, e, is taken from across the capacitor and is related
to the input voltage, e;, by the equation:

€ = _ch ei/(R _ch)

Algebraic manipulation of this complex number equation shows that the
amplitude of e, is given by the expression:

eg| = eXNR, + X2)

L
T

Figure 9.1 First order low-pass passive CR filter circuit
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Even though e; may be held constant over a range of input frequencies, the
amplitude of e, decreases as the frequency is increased. This is because
the reactance of the capacitor, X, = 1/2mfC, varies as the inverse of the
frequency, f, and tends from an infinitely high value at zero frequency to
zero at an infinitely high frequency. The circuit output is effectively shorted
out at very high frequencies. Figure 9.2 shows the response curve for this
circuit which is typical of the low-pass filter.

At low frequencies the output volts:input volts ratio remains sensibly level
up to a frequency, f,, at which a marked fall off starts. At about 2f; the fall
off (or roll off, as it is usually called) becomes linear at 20 dB per decade
(which is the same as 6 dB per octave). The frequency f, is known as the
cut-off frequency and is taken as that frequency at which the reactance of
the capacitor has the same magnitude as the resistance in the circuit. Also,
/. is the frequency at which the output voltage has fallen to 12 times its
DC value to give half the DC power output. Simple calculations based on
these facts show that the cut-off frequency is given by the equation:

J. = 12mRC hertz

For frequencies below f. the circuit gain (output volts:input volts) is taken
as being reasonably constant, while for frequencies higher than f, the gain
is regarded as being so low that the passage of these signals is effectively
blocked. The circuit is known as a low-pass filter having a bandwidth
extending from DC to f,.

Because the response of the circuit depends upon frequency to the math-
ematical first order, the filter is known as a first order filter. (Also note that
the circuit contains only a single component — the capacitor — the performance
of which is frequency conscious.)

The ideal low-pass passive filter frequency response curve or transfer
Junction would show no loss of gain for frequencies below f, and zero output
above f, (see Figure 9.2). Clearly, the first order low-pass filter achieves
neither of these ideals. If two CR sections are cascaded (see Figure 9.3) to
form a second order filter having two frequency dependent capacitors, a
steeper roll-off can be obtained, but only at the expense of decreased output.
If these two similar sections are used, the roll-off tends to 40 dB per decade
but the output is so attenuated as to be of little use.

A better solution for achieving a steep roll-off is still to use two frequency-
dependent components but make one a capacitor and the other an inductance.
This circuit, shown in Figure 9.4, takes advantage of the ability of the induc-
tance and capacitance to be near their natural resonant frequency at the filter
cut-off frequency. This would have the effect of producing an output voltage
magnification in the knee region of the frequency response curve. By varying
the ratio of the values of inductance and capacitance, the shape of the knee
can be adjusted. The critical case is where the flat top of the lower frequency
response is extended along the frequency scale before failing in a steeper
roll-off yet without introducing the undesirable effects of underdamping or
overdamping. These include output voltage oscillations before finally settling
or having an excessively long response time to transient inputs. The combined
high frequency effect of the high inductive reactance coupled with the low



232 Operational Amplifiers

fe log f
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0dB
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-90°

Bode approximation

————— Actual response

Figure 9.2 Low-pass filter response curves for (a) ideal magnitude,
(b) actual magnitude with Bode approximation, (c) phase shift with Bode
approximation

capacitive reactance eventually produces a second order filter linear roll-off
dependent upon the inverse square of the frequency.
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9.2.2 The high-pass filter

To form a high-pass filter, the CR components of the low-pass filter are
simply interchanged. Figure 9.5 shows the first order high-pass circuit and
Figure 9.6 its frequency response curve. The gain roll-off is once again 20 dB
per decade and the cut-off frequency is still given by the equation

f. = 1/2mRC hertz

C
o 1l °
T ) :f
€ R €o
O c O

Figure 9.5 First order high-pass passive CR filter circuit
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Figure 9.6 High-pass filter response curve showing the actual (dotted)
response and the Bode approximation

At low input frequencies the capacitor has a high reactance and effectively
rejects any input voltage. As the input frequency is increased the capacitor
progressively lowers its reactance, allowing an increasing proportion of the
input voltage to be developed across the resistor and appear at the circuit
output. Frequencies below f, are regarded as being in a stop-band; those
above, as being in the circuit pass-band.

9.2.3 The band-pass filter

A second order band-pass filter can be obtained by using the series LCR cir-
cuit arrangement shown in Figure 9.7. At low input frequencies the capacitive
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(a)

log f

Figure 9.7 Second order band-pass passive LCR filter circuit (a) and
response (b)

reactance predominates and the circuit behaves as a simple series capacitor
with a 6 dB per octave increasing response from DC. As the frequency of
the input signal approaches circuit resonance, there is a marked up-turn in the
response curve to climax in a peak at:

£, = 12m(LC) hertz

Once the resonant frequency has been exceeded, the inductive reactance
becomes increasingly dominant and the response falls away but not as sharply
as was the build up from the low frequencies.

Thus, there are two frequencies where the response is 3 dB less than the
peak and they are called the upper and lower cut-off frequencies, f,, and f,.
They are equally disposed about the resonant or centre frequency; the centre
frequency is always taken as the geometric mean of the two.

fo = (e fe)
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The difference between f, and f,, is taken as the bandwidth or pass-band,
B, of the filter and together with the goodness or Q of the circuit is related
to the centre frequency, f,, by the following equation:

B = f/QHz

The higher the O of the circuit the smaller is its pass-band and the filter is
said to be more selective.

If several such LCR circuits, each having a slightly different resonant
frequency, are connected in series, the resulting circuit is a band-pass filter.

9.2.4 The band-stop filter

A second order band-stop filter can be obtained by using the parallel CL circuit
arrangement shown in Figure 9.8. At low input frequencies the circuit is effec-
tively a low-pass arrangement comprising only the L and the R. At the circuit
resonant frequency, determined by /= 1/2m\(LC), the parallel L and C pre-
sents an infinitely high impedance and the circuit output is zero. Once the res-
onant frequency has been exceeded, the inductive reactance continues to
increase while that of the capacitor decreases, making the circuit perform more
as if comprising only the C and the R in a simple high-pass filter arrangement.

L
e Y Y Y YN e

D ——
=_=0
S—>0

[e]
()

&o
€

>

fo log f
(b)
Figure 9.8 Second order band-stop passive LCR filter circuit (a) and
response (b)



Active filters 237

9.3 Active filters

9.2.5 Passive filter summary

The four basic frequency sensitive filter circuits described above can be
cascaded using any mix of first and second order variants that is necessary
to produce a desired response. The shape of filter response curves has been
studied by many eminent people, some of whom have had their names cred-
ited to particular circuits which satisfy particular requirements. These names
include Butterworth, Bessel, Chebyshev, Cauer and, together with other
special filter circuits, they will be discussed later in this chapter.

Passive filter circuits contain various combinations of resistors, capacitors
and inductors and in most cases suffer from several shortcomings. Mathe-
matically, they are difficult to design; they are often pulled off frequency by
the load current drawn from them; even in their pass-band they usually atten-
uate signals and are not easily tuned over a wide frequency range without
changing their response characteristics. Further problems can be associated
with the use of inductors. Not only are they expensive, bulky and heavy;
they are prone to magnetic field radiation unless expensive shielding is used
to prevent unwanted coupling.

9.3.1 The case for active filters

Op-amps overcome most of the problems associated with the passive filter
circuit. Not only will the high input impedance and low output impedance
of the op-amp effectively isolate the frequency sensitive filter network from
the following load, it can also provide useful current or voltage gain. More
significantly, the op-amp can be designed into a CR only circuit in such a
way as to provide a filter response virtually identical with that of a passive
inductive filter network. This means that the use of inductors in filters is
now unnecessary. Unlike the inductor, the op-amp does not possess a
magnetic field which stores energy, rather it is designed to behave mathe-
matically in the same way as the whole passive circuit it replaces. Any
additional circuit energy is obtained from the separate power source used by
the op-amp.

9.3.2 Negative impedance conversion

The circuit shown in Figure 9.9 is designed to have an input impedance, Z,,
which appears to be the negative of the impedance Z.

j=-Xx_°© 9.1)
Normal OP-AMP action causes

ez
R+Z

e =e =e, and e =

1
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Figure 9.9 Impedance converter

Rearranging
e R+ 2
o =t T4
© VA
Substituting (9.2) and e, = e, into (9.1)

9.2)

e,(R+2) < R+6
e————— el|l——F7—
Z Z

i = =
' R R

) _ei(Z—R—Z)
f 7R

and rearranging

orzZ, = —72

Suppose Z is a capacitor, C. Then Z = j/wC and so it follows that:

Z; = —(—jloC) = +jloC
The +; means that the current lags the voltage, that is, has an inductive
reactance, jX;, but where X; = 1/wC. However, while the result is to produce

an inductive effect, the ‘inductive reactance’ decreases with increasing
frequency rather than increases as would the reactance of a true inductance.

9.3.3 Impedance gyration

A single negative impedance invertor is not capable of simulating the true
action of an inductor. However, this effect can be achieved if a pair of negative
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Figure 9.10 Analysis of the circuit at (a) by progressive simplification
through (b) and (c) to (d) shows that the input impedance is proportional
to the reciprocal of the load impedance, Z

impedance convertors are used. Such a circuit is shown in Figure 9.10 where
the input impedance is Z, = R?/Z. Suppose that Z = —jX_. then Z, = R¥—jX,
= +jwCR? Now the capacitor C is being made to act as if it were a true induc-
tor of value L = CR?.

Similarly, it can be shown that if Z were an inductive reactance of value
JX., then the gyrator would make this appear to the preceding circuit as a
true capacitance of C = L/R>.
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9.3.4 Making a simple active filter

The response curve shown in Figure 9.4 for a passive second order low-pass
LR filter can be simulated using only resistors and capacitors. A first attempt
may include two cascaded first order, low-pass CR sections with the addition
of an emitter follower. This has a high input impedance but low output
impedance and so minimizes any loading effects on the frequency sensitive
CR sections. This circuit, which produces a highly damped response, is shown
in Figure 9.11(a).

+V
R1 R2
__J ; —L_r 9

—>»0

[

o-—"-—<
| S

(a) -V
o+V
R
O L

L

Figure 9.11 Second order active filter

Figure 9.11(b) illustrates a major design improvement by the introduction
of positive energy feedback to the centre of CR section. This ‘bootstrapping’
has a maximum effect only near the cut-off frequency. At very low frequen-
cies the normal gain enhancement of positive energy feedback is largely
negated by the high reactance of C, the feedback path. In excess of the cut-
off frequency, the low reactance of C, allows the signal to leak to earth and
attenuate the output accordingly. The values of the filter network capacitors
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9.4 Active filters using
operational amplifiers

(op-amps)

9.5 Choosing the
frequency response
of the low-pass filter

and resistors can be selected to eliminate the damping problem of the previous
circuit. While the product of the resistors and capacitors decides the cut-off
frequency it is the ratio of the capacitors which affects the circuit response
rate. Compared with the values of C, and C, for critical damping, a large
C, with a small C, will produce an underdamped response while the reverse
will cause overdamping.

In practical active filters the emitter followers used above are invariably
replaced by op-amps in the form of integrated circuits. The frequency sensitive
filtering networks are either placed before the op-amp inputs or in the feed-
back circuits.

9.4.1 First order high-pass and low-pass filters

Examples of simple first order high- and low-pass active filters are shown
in Figure 9.12. As expected, the frequency selective resistor-capacitor circuit
elements decide the frequency response. The cut-off frequency is f, = 1/2wCR
at which the magnitude of the filter response is 3 dB less than that in the
pass-band, and the higher frequency roll-off tends to 20 dB per decade. If a
low value of f; is required, a general purpose Bi-FET operational amplifier
should be suitable. This will allow the use of large resistance values without
introducing any appreciable bias current off-set error. Resistor values up to
10 MQ) may be used so avoiding the expense of a high value, close toler-
ance capacitor.

First order low-pass filters are often used to perform a running average of a
signal having high frequency fluctuations superimposed upon a relatively slow
mean variation; for this purpose it is simply necessary to make the filter time
constant CR much greater than the period of the high frequency fluctuations.

A practical point to remember is that all op-amp active high-pass filters
show a band-pass characteristic. This is because their response eventually
fails at frequencies which exceed the closed loop bandwidth of the op-amp.

9.4.2 Second order low-pass and high-pass filters

Examples of simple second order low-pass and high-pass active filter circuits
are shown in Figure 9.13. The second order filter response has a 40 dB per
decade roll-off in the stop-band. The sharpness of the response curve knee
depends upon the choice of values for the components forming the frequency
sensitive element of the filter. In Figure 9.13, the components are propor-
tioned to give a so-called Butterworth response (further details later in this
chapter) and the cut-off frequency f, = 1/[2V2(wCR)] hertz.

Figure 9.2 shows the ideal shape for a low-pass filter. It has a perfectly flat
(horizontal) response from zero frequency up to the cut-off frequency where
a vertical fall then occurs. In practice this perfectly rectangular shape is
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Figure 9.13 Second order low- and high-pass active filters

unattainable. Depending upon the intended role of the filter, it can be designed

to approximate to the ideal response in varying ways and these are mentioned
briefly below.

9.5.1 The Butterworth low-pass response

This response requires that at zero frequency the circuit gain is flat and
remains as near flat as possible up to the designed cut-off frequency.
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Figure 9.14 Butterworth response

The higher the order of filter the more accurately does its response approx-
imate to this ideal, as illustrated by Figure 9.14.

9.5.2 The Chebyshev low-pass response

The Chebyshev approximation is an attempt to overcome the practical failure
of the Butterworth response to maintain a truly flat pass-band as the frequency
of operation is increased up to the cut-off frequency. The Chebyshev circuit
is designed uniformly to spread any deviation of gain over the pass-band in
the form of ripples as shown in Figure 9.15. Above the cut-off frequency,
like the Butterworth, the Chebyshev roll-off eventually tends to be mono-
tonic at 20n dB per decade where n is the order of the filter. Even so, the

Gain (dB)

!

0

-3dB

T

Figure 9.15 Third order Chebyshev response
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second and third order Chebyshev filters tend to have a less steep initial roll-
off than their Butterworth counterparts, whereas comparable fourth order and
above filters show the Chebyshev response to have the sharper knee.

9.5.3 The Cauer (or elliptic) low-pass response

Using a Butterworth or Chebyshev filter, a complete signal stop is usually
regarded as having been achieved when the filter attenuation has reached a
designed level. The frequency at which this degree of attenuation first occurs
is taken as the start of the filter stop-band. However, while a continued
increase in frequency initially causes further signal attenuation, a practical
limit is reached. This is where, owing to unwanted leakage through stray
reactances, further increasing the frequency can produce an unwanted output
from the filter. The Cauer response is designed to cater for those applications
where it is required that an infinite attenuation is achieved at a particular
frequency and that for any higher frequencies a designed minimum attenu-
ation is maintained.

Figure 9.16 shows the Cauer filter circuit diagram and the typical response
curves it produces. The infinite attenuation is caused at the frequency, f,,
because at this frequency L, and C, are in resonance and present an infinite
impedance to the signal flow.

Ll L
LT T

Gain, Lo
Passband . Stopband .
0dB I
-3dB I

Maximum permitted
| gain in stopband

log f

Figure 9.16 Cauer or elliptic, third order filter circuit (a) and the
response it produces (b)
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9.6 Choosing the
frequency response
of the high-pass filter

9.5.4 The Bessel low-pass response

The above studies on the Butterworth, Chebyshev and Cauer filter responses
have all emphasized the relative amplitudes of the filter input and output
voltages. No mention has been made of the phase shift which occurs as the
signal travels through the filter. In applications involving voice or other
analogue transmissions, phase shift is not important and optimum amplitude
responses are often obtained at the expense of phase shift. However, in the
case of digital transmissions it can be important that the pulses are not
distorted and linear-phase filters are often used.

Figure 9.17 shows the ideal linear relationship between the signal frequency
and the resulting phase shift introduced by the filter. With regard to the
signal transit time through the filter, signals of all frequencies should ideally
suffer the same time delay and so any signals in phase at the input will still
be in phase at the output. But a signal of double the frequency of another
will suffer twice its phase shift. This effect is shown at Figure 9.18.
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Figure 9.17 Linear relationship between frequency and phase shift in
ideal low-pass filter

The Bessel approximation is an attempt to produce such a linear-phase
filter. The Bessel response circuit has the same appearance as the Butterworth
and Chebyshev circuits and differs only in the component values necessary
to produce the required constant transit time at all frequencies.

9.5.5 Comparative responses of the different low-pass filters

See Figure 9.19 for a summary of the various low-pass responses.

Figure 9.6 shows the ideal shape for a high-pass filter response curve. It has
a zero output at low frequencies but continued frequency increase eventually

causes the response to rise monotonically until just short of the —3 dB cut-
off frequency which marks the start of the pass-band. At frequencies higher
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Figure 9.18 Time-related waveforms showing how a constant time delay
of 0.25 s produces a 90° phase shift in a 1 Hz signal but only a 45° shift
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Figure 9.19 Comparison of the different low-pass filter performance in
their stop-bands. (1) Cauer (elliptic); (2) Chebyshev, (3) Butterworth,
(4) Bessel

than this, the response in the pass-band levels at the maximum gain. But,
because of practical component inadequacies and stray reactances becoming
increasingly significant at the higher frequencies, the flat response of the
passive filter circuit element does not extend to infinity and eventually
declines. Additionally, in the case of the active filter, the inherent high
frequency gain roll-off of the op-amp effectively makes any high-pass filter
behave as a form of band-pass filter — but with the upper cut-off frequency
being above the highest frequency to be passed.
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9.7 Band-pass filters
using the state variable
technique
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Figure 9.20 Example of high-pass filter (fifth order) response curves.
(1) Overdamped; (2) flattest; (3) Chebyshev

The studies of the low-pass filtering transfer functions and response curves
made in Section 9.5 can be readily modified to suit the high-pass conditions.
Basically, the high-pass filter is a mirror image of its low-pass equivalent;
the capacitors and resistors are simply interchanged. The mathematical
process involved in this change is called mathematical transformation by 1/f.
Figure 9.20 shows a graphical summary of the high-pass response curves.

A band-pass filter characterstic can be obtained by cascading a high- and a
low-pass filter, but when a highly selective (high Q) band-pass character-
istic is required a different approach is necessary. Many examples of active
band-pass filters will be found in the literature and in manufacturers’ notes,
but high Q band-pass filters, based upon a single op-amp, have a Q value
which is very sensitive to component variation. The so called state variable
filter approach, which is based upon the use of analogue computer tech-
niques (Section 6.10), is less component sensitive although it requires the
use of three op-amps.

The circuit for a second order state variable filter is shown in Figure 9.21.
It is particularly versatile in that it allows the simultaneous realization of
high-pass, low-pass and band-pass characteristics at three separate circuit
points. A fourth amplifier can, if required, be used to form a band reject
characteristic.

The steady state sinusoidal response equation for the circuit of Figure 9.21
is now derived — op-amps are assumed to behave ideally. It is the action of
the feedback loops which forces the desired relationships between inputs and
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