



















































































































































































































































































































































































































































































142 Applications of Operational Amplifiers

effect as the input signal, the output voltage equals the rms value of the
input voltage. When the input signal is removed, the input thermocou-
ple voltage drops and the polarity of the amplifier output voltage re-
verses. This reverse-polarity voltage would also create heating, and so it
is disconnected by the diode shown.

In addition to the normal accuracy limitations imposed by the ampli-
fiers, the heater/sensor elements introduce several sources of error. Any
mismatch in heater resistors results in unequal input and output rms volt-
ages for the equal-heating null. Analogously, any mismatch in the ther-
mal resistances controlling heat losses will result in unequal voltages at
the equal-temperature null. A similar error is produced by differences in
thermocouple temperature characteristics, which are nonlinear and diffi-
cult to match. With care these errors can be reduced to 0.1 percent of
full scale. Output settling to this error level is limited to several seconds
by the thermal responses of the heater/sensor elements.

Several of the difficulties encountered with the above thermal rms
converter can be reduced by using semiconductor junctions instead of
thermocouples as the heat-sensing elements.® This is accomplished in
the circuit of Fig. 4.26 by using the emitter-base junctions of transistors
as heat-sensing elements. Due to the gain developed by these sensing
transistors, the error effects of the monitoring amplifier are significantly

v, O

€j

Fig. 4.26 Thermal rms conversion can be achieved with transistors as sens-
ing elements to reduce several errors of the previous thermocouple circuit.
(Koerner, U.S. Patent 3,668,428, 1972)
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reduced over those of the thermocouple form. Circuit operation is anal-
ogous to that of the thermocouple rms converter described above. Once
again, matched heaters and sensors are connected in a null-seeking feed-
back loop which reaches equilibrium when the input and output voltages
have the same rms value. Under this condition the two voltages create
equal heating for equal emitter-base voltages and balanced collector
currents.

As with the thermocouple circuit, errors are largely determined by
mismatches between the input and feedback signal paths. Unequal in-
put and output rms values result from mismatches in heater resistors,
thermal losses, and sensors. In this case thermal losses are easier to con-
trol since the resistor and transistor can be integrated together on a small
chip. In addition, the low thermal mass of this chip responds faster, im-
proving output settling time. Now the settling time is primarily deter-
mined by the filtering phase compensation. Sensor matching is much
simpler with semiconductor junctions, as they have linear temperature
characteristics which ensure close thermal tracking from matching at
only one temperature.! Added sources of mismatch error in this circuit
are the differences in transistor betas and collector resistors. Overall,
the transistor sensor significantly eases reduction of error to 0.1 percent
of full scale for this rms converter configuration.
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SIGNAL GENERATORS

Precise, controllable signals of almost any type can be generated by using
operational amplifiers.! Sine waves, square waves, triangle waves,
ramp trains, pulse trains, and timed pulses are generated by circuits of
varying complexity and convenience as described in this chapter. In
most cases, the signal characteristics are determined by a few compo-
nents external to the operational amplifiers for ease of control. Variable
controls over numerous signal characteristics are also achieved. Voltage
control of signal characteristics is outlined for various modulation
techniques.

5.1 Sine-wave Generators

As a reference signal, test signal, or carrier, the sinusoidal waveform is
the most commonly used. A great variety of circuits have been devel-
oped for generating sine waves, including a number of operational ampli-
fier circuits which provide signal precision and circuit simplicity. With
operational amplifiers the signal frequency and amplitude can be essen-
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tially set by feedback elements alone. Discussed in this section are
Wien-bridge oscillators and a variety of other sine-wave generators which
are controlled by phase shift, a crystal, a square wave, and multipliers.

5.1.1 Wien-bridge oscillators For fixed-frequency applications the
Wien-bridge configuration is about the simplest precision sine-wave gen-
erator. With an operational amplifier as a gain element, such an oscilla-
tor will have a frequency that is precisely controlled by the bridge ele-
ments. Amplitude control is achieved by means of automatic gain
control (AGC), and several such control techniques are described below.
Shown in Fig. 5.1 is one of these, where the Wien bridge is formed by the
components labeled R and C, and where AGC is provided by zener diode
feedback. The Wien-bridge elements supply positive feedback around
the amplifier to induce oscillation, and oscillation results at the frequency
f = 1/2aRC, where the positive feedback peaks. A peak in the positive
feedback results because the series capacitor increases feedback with
frequency while the parallel capacitor decreases it. For equal resistors
and capacitors in the Wien bridge, as shown, the peak feedback factor is
141 Then, for a gain of 3 through the amplifier, the gain around the
positive feedback loop is unity and oscillation results. The amplifier gain
is set by the feedback to its inverting input.

Deviations from unity in the gain around the positive feedback loop
cause the oscillation amplitude to diverge or converge with time. Ex-

FV VN V.V
ANAL vy
0.8R, 2R,

Fig. 5.1 With this Wien-bridge oscillator, the frequen-
cy is determined by the positive feedback, and the
amplitude is set by the negative feedback.
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tremely precise gain setting would be required for amplitude stability
without AGC. With AGC the initial gain is set slightly high to initiate
oscillation; however, the greater this gain is, the greater the distortion.
As the signal amplitude approaches the desired peak level, AGC feed-
back begins to reduce gain and stops the signal increase. Without AGC
the signal amplitude would be limited only by the saturation of the ampli-
fier, and the resulting distortion would be quite high. In Fig. 5.1 the
increasing signal turns on the zener diode feedback for the desired gain
reduction. A resistor in series with the zener diodes limits the gain re-
duction to prevent distortion from a drastic gain change. The gain
change is further reduced by returning this AGC feedback to the input
resistor rather than directly to the amplifier input.

For this sine-wave generator the frequency is determined by the feed-
back to the noninverting amplifier input and the amplitude is primarily
set by the feedback to the inverting input. The accuracy and stability of
the waveform frequency are controlled by the characteristics of the
Wien-bridge R and C elements. A maximum frequency of operation is
set by the slewing rate limit of the operational amplifier. Waveform
amplitude will be slightly greater than the zener diode voltage. While
the exact amplitude can be varied slightly by adjusting the negative feed-
back, this also greatly affects distortion. Generally these feedback resis-
tors are chosen for low distortion, and the zener voltage is selected for the
desired amplitude. In this way distortion can be reduced to around 0.5
percent with this circuit.

A significant reduction in distortion can be achieved by using an AGC
loop that produces the ideal gain level rather than the clamping of the
above zener diode approach. The zener clamp technique introduces dis-
tortion by the abruptness of the gain change accompanying zener turn-on
and by the positive feedback gain of greater than unity needed to initiate
oscillation. For more gradual gain change, thermistors and incandescent
lamps are often used as signal-sensitive feedback elements. Both types
of elements change their resistance to lower gain as their temperatures
are raised by increasing feedback signal currents. While this produces a
more gradual gain change, the initial gain must still be set high for
turn-on.

To also avoid distortion from excess gain, an active AGC loop which
reduces gain to the optimum level following turn-on can be used. This
is achieved by using an FET as a voltage-controlled resistor, as in Fig. 5.2.
The control voltage is derived from the output signal with a common
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Fig. 5.2 A continuous-acting AGC loop reduces distortion for a
Wien-bridge oscillator.

rectifying and filtering detection approach. Here the detected voltage is
that which exceeds the turn-on level of the zener diode reference. When
the signal peaks are below the detection level, as during turn-on, the FET
has zero gate-source bias and appears as a low resistance. This connects
the resistor labeled 10R; to temporarily raise gain and initiate oscillation
or increase amplitude. As the amplitude passes the detection level, the
gate voltage is pulled below that of the source to begin turning the FET
OFF and raising its resistance. At some signal amplitude the FET resis-
tance is that which makes the net gain unity around the positive feedback
loop, and the amplitude stabilizes. The gain remains near unity through-
out the oscillation cycle, as the filter capacitor holds the gate bias be-
tween peaks.

In the above operation the critical gain is made greater than unity for
turn-on, but the gain is lowered to unity at equilibrium for low distortion.
Since the AGC loop controls the gain in both the turn-on and equilibrium
states, the adjustment of feedback resistors for gain trim is far less critical
than in the previous zener clamp circuit. Some gain change does occur
during each oscillation cycle due to the discharge of the filter capacitor
C; by the reset resistor Ry. By making the associated time constant
large, this effect is reduced, but so is the response of the AGC. How-
ever, distortion can be limited to 0.2 percent with this active AGC loop.

For a highly precise and stable signal frequency, a parallel mode crys-
tal can be added to the Wien-bridge oscillator of Fig. 5.2, as shown in
Fig. 5.3. The very high selectivity of the crystal greatly sharpens the
frequency peak of the positive feedback to control the oscillation fre-



148 Applications of Operational Amplifiers

1.05R, 2R

1
A AAAN
_E_IW' VW

VAVAv =
10R, —O
&

Iglinsas

>R

>
Cy <$ 2 ¢ >
I | RC= 1/27f

AN

Fig. 5.3 Addition of a crystal to a Wien-bridge oscillator
provides highly accurate frequency control.

quency. In this case the conventional positive feedback elements R and
C serve primarily to filter out harmonics of the crystal and must be tuned
with the resonant impedance of the crystal. At resonance the phase shift
through the crystal is zero, and so its impedance is resistive. This resis-
tance replaces one of the resistors of the conventional positive feedback
in the circuit shown, although further resistance can be added in series
with the crystal. To match the frequency peak of the conventional feed-
back with that of the crystal, the resistor R is chosen or trimmed to equal
the resonant impedance of the crystal, and the capacitor value C is select-
ed for RC = 1/2#f,. Since the crystal impedance varies with tempera-
ture, the gain of the positive feedback loop tends to vary, but the contin-
uous-acting AGC loop will adjust for this. Where the thermal variation
is too great, the gain can be desensitized from the crystal impedance by
designing the positive feedback with a resistor in series with the crystal.

5.1.2 Variable frequency circuits For the Wien-bridge oscillators de-
scribed above, the frequency-determining elements also affect the critical
gain of the positive feedback loop. Thus, any change in frequency made
by altering these components must be followed by a precise adjustment
of gain. For this reason a Wien-bridge oscillator does not permit simple
frequency adjustment unless it has a sophisticated AGC circuit to auto-
matically readjust gain over a wide range. Further discussion of AGC
circuits is included in Sec. 6.4.2. Two other approaches to variable-
frequency sine-wave generators which are discussed below are a special-
ized phase-shift oscillator and a voltage-controlled quadrature oscillator.
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The first circuit uses the phase-shift circuit of Sec. 3.5.1 to form a sine-
wave generator that has a single resistor frequency control. To form
the oscillator, two of the phase-shift circuits are connected in a loop with
an amplitude limiter, as shown in Fig. 5.4. While the phase-shift cir-
cuits, formed with A; and Ay, have phase shifts that vary with frequency,
the circuits have gain magnitudes which are constant over the bandwidth
of the amplifiers. This independence of gain magnitude and phase
responses permits phase response variation for changing oscillation fre-
quency without disturbing the gain magnitude of the feedback loop.
The initial gain around the loop is set slightly greater than unity to initi-
ate oscillation. As the oscillation amplitude rises, the zener diode feed-
back provides AGC action by lowering gain, as discussed before for
Fig. 5.1.

At one frequency the phase shift around the overall feedback loop
of Fig. 5.4 reaches 360°, and this will be the frequency of oscillation.
For the phase-shift circuits the phase responses are determined by Ry,
Rg, and the capacitors, as expressed by

¢ = —2 tan 'wR;C —180° and ¢y = —2tan 'wR,C— 180°
Added to these phase shifts is the 180 ° phase shift of the amplitude

3R
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Fig. 5.4 A sine-wave generator with a single resistor frequency control
and a second, phase-delayed, output is formed with phase-shift circuits.
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limiter, and the combination results in an oscillation at

1
fo=—F"F7—
2nC \/RIRQ

To vary {,, either R; or Ry or both can be adjusted. A 10:1 range can
be reliably achieved by varying only one of the resistors, as drawn.
Beyond this range the phase-shift contribution of one of the phase-shift
circuits becomes small, and frequency control is degraded by extraneous
small phase shifts. For greater range, Ry should be switched as a range
control while R; is used for the variable control. If highly accurate
frequency control is needed, R; and Ry should be varied together to keep
the phase-shift contributions of both circuits high. A maximum fre-
quency limit is imposed by either the slewing rates or the phase shifts
of the operational amplifiers. One unique feature of this circuit is that
it will produce two sine-wave outputs with a known, controllable phase
difference of

¢1 — ¢ = —2tan” *wRC  for Ry, =Ry =R

A signal generator which has electronically variable gain permits
automated instrumentation. For this purpose a quadrature oscillator®
can be frequency-controlled by electronic multipliers,? as shown in
Fig.5.5. The principle of operation of a quadrature oscillator is based on
the fact that the double integral of a sinusoid yields the negative of a sinu-
soid of the same frequency and phase. Thus, the result of the double
integration can be inverted and used for in phase positive feedback to
induce oscillation. With amplitude stabilization, oscillation will occur
at that frequency for which the integrator gains are such that integration
does not change the signal amplitude. For the elementary quadrature
oscillator the oscillation frequency will be that for which

ﬁlé / <.R1_C JA sinw,t dt> dt = —A sin oot

In that case oscillation occurs at f, = 1/27RC.

For the modified quadrature oscillator of Fig. 5.5, the added multi-
pliers vary the frequency of oscillation. Note that one of the multipliers
has a negative gain to provide the required inversion in the feedback
loop. Alternately, an inverter can be used or feedback can be returned
to a noninverting integrator input.® With this circuit the output of each
integrator is multiplied by Ec/10, and this has the same effect as multi-
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Fig. 5.5 A sine-wave generator with voltage-controlled frequency is formed by
using multipliers to control the gain in the feedback loop of a quadrature oscillator.

plying the integrator gains by the same factor. This alters the frequency
at which integration does not change signal amplitude, and thereby
alters the frequency at which amplitude-stabilized oscillation will occur.
This results in

__Ec 1

fo = 10 2aRC

As aresult, the signal frequency can be varied in direct proportion to the
control voltage Ec. To achieve this, some means of amplitude stabiliza-
tion must be added to the circuit shown. While most of the AGC tech-
niques of Sec. 6.4.2 can be used for this, the computing feedback tech-
nique shown later in Fig. 5.7 is attractive for AGC over a wide range of
frequencies.

Other advantages are provided by the multiplier frequency control.
Very rapid frequency adjustment is permitted by the fast responses of
the multipliers. Following a change in Ec, the frequency can stabilize
in a fraction of a cycle if a fast-responding AGC circuit is used. With
voltage control over frequency, this circuit readily provides frequency
modulation. A combined frequency and amplitude modulation is at-
tained if the outputs are taken from the multipliers rather than from the
integrators. The range of frequency control is determined by the dy-
namic range of the multipliers, and a 100:1 range is attainable.

5.1.3 Variable-amplitude circuits For a variable-amplitude sine-wave
generator, the previous circuits could be modified with a variable refer-
ence for the AGC loop or with a variable-gain outpat amplifier. In any
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case, some form of AGC must be used for amplitude stabilization with
every sine-wave oscillator. Conventional AGC loops introduce distor-
tion from the inevitable gain variation produced during each cycle.
Described below are two other approaches to amplitude control which
avoid adding distortion and permit simple amplitude variation. These
circuits are a square-to-sine-wave converter and a computing feedback
configuration that avoids the frequency sensitivity of common AGC
circuits.

With a square-to-sine-wave converter the amplitude control can be
applied to the square wave without developing distortion in the sine
wave. To make the conversion, the circuit of Fig. 5.6 simply filters out
signal components. at all frequencies other than the fundamental fre-
quency. Such filtering results in a sine wave at the fundamental fre-
quency with some harmonic components. The harmonics to be filtered
out can be determined with a Fourier-series representation of the square
wave.

To perform this filtering the circuit of Fig. 5.6 employs a multiple-
feedback, bandpass filter! preceded by low-pass filter R;C;. The band-
pass filter is designed for the fundamental frequency by choosing com-
ponent values to satisfy the equation

f — 1 [RellRs

© 27 R4C2C3
Beyond the bandwidth of the operational amplifier, the bandpass filter
does not provide the needed filtering. To block the associated high-

frequency harmonics, the low-pass filter R;C; is added. When accu-
rately tuned, this circuit will produce a sine wave with less than 1 percent

Cs
1L
LAY
R1 Ry _ 1 R2"R3
_! o % = 27/ RaCaCs
b Co
<
C1 R34:
) for R4C4 << 127 f
1-1 )

<

Fig. 5.6 A variable-amplitude sine-wave generator without distortion from ampli-
tude control can be formed by controlling the amplitude of a square wave and filter-
ing the result.
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distortion. Further reduction in distortion can be achieved by adding
filter stages identical to the bandpass circuit.

As described earlier for the Wien-bridge oscillators, the distortion
introduced by AGC is reduced with a continuous-acting gain control.
To make the control continuous, the output signal is rectified and fil-
tered to derive a control voltage. However, the decay of this voltage
between charging peaks results in a residual gain change and distortion.
In addition, the time constant of the filter is well suited to only a narrow
frequency range, so that this AGC technique is not usable in variable-
frequency circuits. Both the distortion and the frequency sensitivity
of conventional AGC circuits can be removed by using a computing feed-
back with a quadrature oscillator. The fundamental principle behind
this approach is the trigonometric identity

sin® ot + cos® ot = 1

Since the quadrature oscillator has both sine and cosine outputs, the
computation can be made to provide an amplitude-controlling feedback.

The computing feedback is shown in Fig. 5.7. Here the sine and co-
sine outputs are squared and compared with a control voltage Ec. At
equilibrium the squared signals cancel the control voltage as expressed

by
A% sin? oot + A% cos® wot + Ec =0
Then, the amplitude will be
A= /—Ec

If the amplitude deviates from this level, the signals do not exactly cancel
Ec on the summing network, and a correction signal is developed at the
input of comparison amplifier As. Then, As changes the voltage it im-
presses on a gain-control multiplier to correct the amplitude. When
equilibrium is restored, As supplies to the gain-control multiplier the
voltage that makes its gain —1.

In addition to reducing distortion, this amplitude control improves
control accuracy and speed. With a high-gain operational amplifier in
the control loop, the amplitude error can be reduced to essentially that
caused by the offset and gain errors of the multipliers. In general, the
offset of the comparison amplifier and the errors of the comparison re-
sistors can be made negligible. The time required for amplitude change
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Fig. 5.7 Precise, fast amplitude control is achieved with a computing feedback that
makes use of the identity sin®wt + cos 2ot = 1.

is now not limited by AGC filters, but merely by the responses of multi-
pliers and amplifiers, so that amplitude changes can be made in a frac-
tion of a cycle. Also, since the amplitude is controlled by a voltage,
this oscillator is suited for automatic instrumentation or amplitude
modulation.

5.2 Square- and Triangle-Wave Generators

Square waves and triangle waves are generated simultaneously by opera-
tional amplifier circuits through two electronic functions. These func-
tions are integration and voltage comparison with hysteresis. Integration
of the output of a comparator in one of its states develops a ramp, and
this ramp can be used to trigger the comparator to reverse its state. In
the reversed state the signal integrated will be of opposite polarity, and
so the resulting ramp will be of opposite slope. With hysteresis in the
comparator, the new ramp will cause reversal at a different trigger
point, and at this point the original state is resumed. As this action
continues, the comparator output traces out a square wave, and the in-
tegrator output is a triangle wave. Described in this section are several
circuits which generate these signals with only one operational ampli-
fier and additional circuits which use two amplifiers to improve precision
and provide variable waveform controls.
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5.2.1 Single amplifier configurations Both the integration and voltage
comparison required for generating square and triangle waves can be
performed by one operational amplifier. This is achieved by using a
simple resistor/capacitor integrator as a feedback network to the input
of a comparator circuit, as in Fig. 5.8. Here R and C perform the inte-
gration and the amplifier compares the voltage on C with the reference
established at its other input by the hysteresis feedback of R; and R,.
When the capacitor voltage integrates up to the level of this feedback
reference, the comparator state reverses to reverse the slope of the in-
tegration voltage and to reverse the polarity of the feedback reference
voltage.

The continuation of this action produces a moderately precise square
wave at the comparator output. To fix the amplitude of this signal the
dual zener diode clamps the output, with current-limiting provided by
Rs. The rise time is set by the slewing rate of the amplifier. Deter-
mining the frequency of the signal are the integrator time constant and
the hysteresis feedback as expressed by

f= L

This frequency can be varied by means of resistor R without altering
the amplitude of either signal output. Note that the frequency as ex-
pressed is independent of the square-wave amplitude even though the

e, e, R v ASs
z —
KV
z Frequency
C Adjust e
[0] > | —QO © 7‘
-KV, v
-V,
/b
R, Ri z
K= R R, >

f =

2RC In(1 + 2R,/Ry)

Fig. 5.8 Integrating feedback around a comparator circuit produces an oscillation with
square- and triangle-wave outputs.
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amplitude determines the capacitor charging rate. This is because
the same amplitude determines the level of the hysteresis feedback.
If a variable output clamp were used, the circuit would have amplitude
control that would be independent of the frequency control.

For the simple integrator used in this circuit the slope of the ramp
is not linear, but rather it is a portion of an exponential capacitor charg-
ing characteristic. Improved linearity is achieved by using only the
initial portion of this charging characteristic, as occurs when the com-
parator trip points are well below the output voltage levels. To establish
this condition, the comparator hysteresis should be made a small portion
of the output voltage, as described by the fraction

_ Ry
K= R+r

Note that the linearity of the triangle wave, as well as the oscillation
frequency, can be seriously affected by any input current drawn by the
operational amplifier. Such current will flow into many operational
amplifiers under the differential input overload created by the opera-
tion of this circuit. With amplifiers which have input protection circuits
that lower input resistance, large resistors should be added in series with
each amplifier input.

Far better triangle-wave linearity can be achieved by maintaining a
constant capacitor charging current magnitude, as this results in a con-
stant rate of change of voltage with time. In the above circuit the charg-
ing current decreases as the capacitor voltage increases, but this can be
avoided by replacing the charging resistor with current sources, as in
Fig. 5.9. In this circuit the capacitor charging feedback consists of FET
current sources that will supply both polarities of charging current. For
a given polarity of output voltage, one gate will be reverse-biased for
current source operation, and the other gate will be forward-biased,
operating simply as a diode in series with the drain of the current source.
When the output polarity switches, the roles of the two FETs are inter-
changed, and the polarity of the charging current reverses. Now the
frequency of oscillation is controlled by the charging current i, as re-

lated by

4KV;C
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Fig. 5.9 Improved triangle-wave linearity is provided by current source charging of the
capacitor.

As indicated by the term V7 above, this circuit modification makes the
frequency dependent on amplitude. Otherwise, this circuit is identical
to that of Fig. 5.8.

Since the FETs will operate as floating current sources, their bias is
fairly simple. No separate reference voltage is needed to set their cur-
rent levels. However, for thermal stability, the bias-setting resistors
labeled Rg should be chosen to set the current levels near the zero tem-
perature coefficient level of the FETs. In addition, the FETs should
be matched to ensure waveform symmetry. To operate as current
sources, the FETs must have a gate-drain voltage large enough to induce
pinchoff. Then, the triangle-wave amplitude must be less than that of
the square wave by a voltage that at least equals the sum of the pinch-
off voltage and the forward gate drop. It is the residual current depen-
dence on gate-drain voltage that is now the major source of nonlinearity
in the triangle wave. This dependence is expressed by the current
source output resistance of Rop = (1 + gzRs)rgs, and the associated non-
linearity is typically around 1 percent. This nonlinearity can be further
reduced by increasing R with cascode bias on the current sources. The
significance of the operational amplifier input current is greater in these
attempts to improve linearity. For this reason the amplifier used should
retain high input resistance under differential input overloads. Note
that any load current drawn from the triangle-wave output also disturbs
linearity, and buffering may be necessary.

Another variation on the signal generator considered here is one that
adds a synchronizing input for timing coincidence. To achieve synchro-
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Fig. 5.10 To synchronize the square- and triangle-wave generator with another
signal, the hysteresis feedback is shifted to make zero an initial capacitor voltage, and
the timing capacitor is reset to zero voltage.

nization, the timing capacitor voltage must be reset to the initial value
it normally has at the beginning of one half cycle. With the circuit of
Fig. 5.10, the capacitor voltage is reset to zero when a control signal
e, turns ON the FET switch. This resets the circuit to the beginning
of the positive half cycle of the square wave coinciding with the end of
the control pulse. To make the zero volt RESET level one of the capaci-
tor initial voltages, a constant voltage is added to the hysteresis feedback.
The added voltage is supplied by a zener diode as shown, and it provides
the desired voltage shift as long as its voltage matches that of the dual
zener. Any mismatch in these voltages will result in a difference be-
tween the capacitor RESET voltage and its true initial voltage. The
effect of this RESET error can be trimmed out by unbalancing the hys-
teresis feedback resistors. In fact, by varying this feedback, the signal
generated can be made to either lag or effectively lead the control signal.
Another source of RESET error is the residual capacitor voltage left
because of finite discharge time. The discharge is controlled by a time
constant of ronC, where roy is the ON resistance of the FET.

5.2.2 Variable circuits By using separate operational amplifiers for
the integration and the voltage comparison, waveform control and
greater precision are added to square- and triangle-wave generators.
Described below are generators which have potentiometer controls for
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virtually every waveform characteristic and which have a multiplier for
electronic control of frequency. A more precise triangle wave and more
accurate frequency control are attained by using a separate amplifier
for the integrator. The first circuit is basically an integrator with a feed-
back comparator that switches the reference voltage to be integrated,®
as shown in Fig. 5.11. Forming the integrator are A;, R, and C. The
voltage integrated is the difference between those supplied by the com-
parator output and the symmetry control, or e, — Vs. Since e, switches
polarities, Vg alternately increases and decreases the voltage integrated.
This increases one integration rate and decreases the other to control
the waveform symmetry, as expressed by the ratio of the two integration
times in the form

_Vz— Vs

S =

Symmetry is then affected only by control potentiometer Rg. The ac-
curacy of this control is primarily set by the accuracies of Rg and its
biases, while the errors produced by the input bias current and offset
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Fig. 5.11 Comparator feedback around an integrator produces precise square and
triangle waveforms that are highly controllable.
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voltage of A; are negligible in most cases. Control range is limited by
the maximum integration rate, set by either the operational amplifier
slewing rate or the charging rate limit of C, set by the output current
of Al.

As the output of A; traces out the triangle wave, the waveform peaks
are set by the trip points of the comparator. The comparator is com-
posed of amplifier Ay, the zener diode output limiter, and hysteresis
feedback through R,. Switching occurs when e; overcomes the hys-
teresis feedback from e, to raise the noninverting input of A, to the off-
set voltage set by Ros. Both the positive and the negative switching
points are affected by the offset control, so that it merely shifts the mid-
point of the waveform, as expressed by Vyuia = Vos/K. The controls
which determine the midpoint are Rog and R,, which sets K as illus-
trated. The offset accuracy is essentially determined by the precisions
of Ros, Ra, V4, and V_, with generally negligible errors contributed
by the input offset voltage and bias currents of A,.

In determining the comparator trip points, the hysteresis feedback
signal of R, is combined with Vog. Hysteresis is established by the
alternating polarity of the voltage supplied through R4, and this separates
the two trip points to establish the triangle-wave amplitude at

E, , =2V;(1/K —1)

The amplitude is then controlled only by the setting of amplifude control
Ry, as expressed by K. Both the accuracy and the stability of the ampli-
tude are set by those of Ry and V;. The range of amplitudes attainable
is limited to below the output swing limits of A; and above the com-
parator input offset voltage.

Since the amplitude determines the voltage change of the integration,
it directly affects the time of integration and thus the waveform fre-
quency. The other factors determining frequency are the two integra-
tion rates, as set by the time constant R;C, and the input voltage e, — Vs

of the integrator. Considering these factors, the frequency is found to be
f _ VZ2 - V52 1
~ 2E,_,V; RC

While the frequency is directly varied by the control R;, the amplitude
and symmetry controls also create variations. The accuracy and sta-
bility of the frequency are set by the accuracy and stability of the ele-
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ments of the above expression. The upper limit is set by the maximum
integration rate, controlled by the slewing rate limit of A; or by the
charging rate limit of C from A;. A lower limit is imposed at a very
low frequency by the integration error of the input bias current of A;.}

Once again, a multiplier can be used to provide electronic control for
automatic signal variation. For electronic frequency control of a square-
and triangle-wave generator, a multiplier is inserted in the generator
feedback loop, as shown in Fig. 5.12. Otherwise, this circuit consists of
an integrator with a feedback comparator as described above. With the
multiplier the amplitude of the signal to be integrated is multiplied by
control voltage E¢, and this multiplies the rate of integration or the
triangle-wave slope by the same factor. As a result, the integration time
between comparator trip points is reduced, and the oscillation frequency
becomes related to E¢ by

Ec

f= 20R¢

The accuracy of this control is primarily limited by the nonlinearity and
the offset of the multiplier. Very rapid frequency changes can be made,
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Fig. 5.12 Electronic frequency control is achieved with a multiplier in the feedback
loop of a square- and triangle-wave generator.
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as permitted by the responses of the elements in the feedback loop.
Any mismatch in the voltages of the dual zener diode will disturb the
symmetry of the waveforms, but this can be corrected by a trim resistor
to the comparator feedback point from a dc bias or by a diode bridge
limiter.!

Electronic amplitude control can also be produced with multipliers.
The multiplier shown varies the square-wave amplitude, but it cannot
do so without affecting frequency. Analogously, a multiplier between
the integrator output and the comparator input varies the triangle-wave
amplitude along with the frequency. For independent amplitude con-
trol, multipliers can be used to simply multiply the output waveform
amplitudes.

One further waveform characteristic that can be readily controlled
with an operational amplifier square- and triangle-wave generator is the
shape of the triangle wave. In particular, the normally linear slopes
of the triangle wave can be made exponential, with either a positive or
negative exponent. With this control the nonlinearities of loads driven
by a triangle wave can sometimes be compensated by the appropriate
exponential wave shape. Such a requirement can arise when driving a
long line that has a capacitive load.

While a negative exponent can be developed with a simple resistor
capacitor lag network, a positive exponent requires positive feedback.
By increasing the positive feedback supplied to a lag network, the ex-
ponent can be varied from negative values through zero to positive
values. This exponent control is achieved with the square- and triangle-
wave generator of Fig. 5.13. Once again, integration and voltage com-
parison combine to generate the waveforms. The comparator shown is
the same as that of previous circuits, and it again produces a square
wave that swings from V7 to —V;. However, the integration function
is provided by a circuit with the desired exponential response control.*
Without R this circuit would have the decreasing exponential response
of the lag network formed by Ry and C. With Rs a positive feedback
is supplied to C, and it tends to make the triangle-wave shape that of an
increasing exponential.

By combining the responses of the lag network and the positive feed-
back, an exponential response with an exponent of any magnitude and of
either polarity can be produced. The shape of the triangle wave gen-
erated is described by
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Fig. 5.13 A triangle wave with a variable exponential shape is generated by using
positive feedback to a lag network.
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From the expression for 7 it is seen that the exponent becomes positive
when Rs becomes less than R,. When the two resistors are equal, the
triangle wave is linear with a frequency of

1 where K = Ry

f= 4KR,C R, + Ry

The signal frequency varies with the response exponent, since the capac-
itor charging speed is changed.

5.3 Ramp and Pulse Generators

A ramp waveform is useful for sweep testing and display, and generation
of this waveform often also produces a pulse train that aids in timing
and sampling. To build a ramp and pulse generator, one half cycle of
a square- and triangle-wave generator can be shortened. In this way
the circuits of Sec. 5.2 can be converted for ramp and pulse outputs.
Generally, the conversion is accomplished by greatly reducing the time
required to charge the timing capacitor in one direction. Described in
this section are several such converted circuits and a staircase ramp
generator.
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5.3.1 Single amplifier configurations To generate a ramp waveform
a voltage is integrated on a capacitor, and this ramp can be sensed by a
comparator which produces a pulse in resetting the circuit. Both the
integration and the voltage comparison can be performed with one opera-
tional amplifier in several ways to be discussed. The first approach,
shown in Fig. 5.14,° parallels that of the square- and triangle-wave gen-
erator of Fig. 5.8. With the pulse width control potentiometer indicated,
a wide range of duty cycles can be accurately developed; however, the
ramp output is nonlinear.

Essentially, the circuit is an astable multivibrator having its two char-
acteristic time intervals determined by separate feedback elements.
Astable operation is ensured by positive feedback through Rs and Ry.
From this feedback the switching threshold voltage is set at the non-
inverting input. Switching occurs when the inverting input voltage is
brought to this threshold level by the charging of capacitor C. The ca-
pacitor charging current is supplied from e, by one of the feedback re-
sistors, Ry or Rg. A positive e, forward-biases D;, and R; controls the
rate of charging with time constant R;C. When e, reaches KVz, the
output switches, reversing the polarities of the charging current and the
positive feedback. The negative output then discharges C through
Ro with a time constant that is now RyC. Since separate resistors control

Ry D,

W ; - |‘+
Pulse \V /
Width f e,
er PR vz_ﬂ‘p _
| Ra Dy
C Y

I —O (o] T

— Rg

KVz -
0 - Ra /"~
R i +Vz
—KVz ® Duty Cycle = P
\ Ry + Rp
R = =
K 3
R3+ R
1
f =
Vi - (K+ 1V,
(Ry + RRIC In m

Fig.5.14 By means of separate feedback resistors for the two output states, this ramp and
pulse generator provides a controllable duty cycle.
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the time intervals of the two output states, the duty cycle is set by simply
choosing the resistors, and it will be R;/(R; + Rg).

In practice the range of duty cycles attainable is limited by the slewing
rate, output current, and input bias current of the amplifier. Slewing
rate controls the large-signal rise time and, thereby, limits the minimum
time interval of either state. This minimum is also limited by the slew-
ing rate of the capacitor as set by the amplifier output current available
for charging. With the minimum interval determined by the preceding
two factors, the maximum interval length is limited by input bias current.
This input current must be small compared to the charging currents
supplied by R; and Ry. For this reason high input resistance must be
maintained by the operational amplifier under input overload. The
ramp output is nonlinear since it is generated by means of capacitor
charging through a resistor.

To improve the linearity of the ramp waveform, the appropriate ca-
pacitor charging current can be made constant with a feedback current
source. This is achieved with the same technique that was used to
linearize the triangle wave of Fig. 5.9. The result is the circuit of Fig.
5.15, and it has the same basic astable operation as described above
except for the capacitor charging. Now the capacitor is charged by an
FET which supplies a constant current for charging and a low impedance
path for discharging. When the amplifier output voltage is positive,
the gate junction of the FET is reverse-biased for operation as a constant
current source. However, when the amplifier output voltage swings
negative, the gate junction forward-biases, providing a diode feedback
for rapid discharge. The speed of the discharge is determined by the
current available from the amplifier output through resistor Rg. Assum-
ing that the discharge time is small, the generated signals have a fre-
quency of

f= s
2KV;C

To ensure a linear, stable ramp the normal limitations of an FET cur-
rent source must be observed. Since an FET current source will float
without a separate reference voltage, it is very convenient for this appli-
cation. However, a temperature-stable current output requires that bias-
ing resistor Rg be selected to set the FET at its zero temperature coef-
ficient point. In addition, a minimum bias voltage must be maintained
across the FET to keep it in pinchoff and maintain a constant output



166 Applications of Operational Amplifiers

» O

L

o
o
N

f = 2KviC

Fig.5.15 A linear ramp output is produced by constant capacitor charging current from an
FET current source.

current. Even when this voltage bias condition is maintained, the charg-
ing current supplied will vary slightly with the change in voltage across
the FET. This effect is represented by the current source output re-
sistance, which is

Ro = (1 + giRg)ras

Further degradation of ramp linearity is produced by amplifier input
current and load current from the ramp output. To avoid this degrada-
tion the amplifier must maintain high input resistance under input over-
load, and output buffering may be needed.

Yet another ramp and pulse generator circuit can be formed with a
single operational amplifier, and this one avoids the need for a separate
output buffer. In this case the circuit is an integrator with a voltage-
sensing RESET switch, as represented in Fig. 5.16.° By integrating a
constant voltage, a constant capacitor charging current produces a linear
output ramp. The output voltage rise continues until Q; and Qy turn
ON, as initiated by the emitter-base breakdown of Q,. Breakdown
results from the inverted connection of Qg and provides a low output
voltage limit expressed by

A
€rmax = Vp = —V; +Vcg — BVgg + Vig

Since the collector-base junction of inverted Q. is forward-biased, its
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voltage drop is that of a forward-biased junction and —V;+ Vg = 0.
Then

Vp = —BVgs + VBE =7V typically

This peak voltage is quite temperature-stable, as the typical +2.6
mV/°C sensitivity of —BVgp is largely canceled by the —2mV/°C
variation in Vgg. As a result, the temperature coefficient of the output
peak V, is around 0.01%/°C. Since the signal is a linear ramp, frequen-
cy drift is also 0.01%/°C. Frequency is set by the integration time at
_ V-1
~ VpRC

Once the emitter-base junction of Q, breaks down, a base current is
supplied to Q;. Then Q; in turn supplies base current to Q. and dis-
charging current to the capacitor. As the capacitor voltage drops below
the breakdown point, Q; and Q, remain ON from their positive feed-
back to continue discharging C. Discharging continues until the capaci-
tor voltage will no longer sustain Vgg. At this point the capacitor voltage
equals Vgg and the output is

€rmin — _Vf + VBE =0

The canceling voltage provided by V; thereby removes the output offset.
With the above circuit, the ramp-train frequency is limited only by the
slewing rate of the operational amplifier. Ramp linearity is limited by

Ve = Vge ~ BVgg

Fig. 5.16 A buffered, linear ramp output is provided by an integrator with a volt-
age-sensitive RESET switch.
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leakage from Q; and Qy, the sensitivity of V¢ to e;, and an amplifier input
overload recovery following discharge. Leakage from Q; and Qg is
limited by R;, which also prevents this leakage from turning the transis-
tors ON. A stray turn-on current is also created by capacitance coupling
from the output, making the required value of R; frequency-dependent.
Linearity error from variations in Vi is a result of the change in its cur-
rent as e, changes the drop on diode bias resistor R;. Nonlinearity from
these effects is about 0.3 percent. '

5.3.2 Other ramp and pulse generators By using two operational ampli-
fiers to form a ramp and pulse generator, greater waveform control and
precision is achieved. Described below are a circuit having potentiom-
eter control over most waveform characteristics and a circuit that gener-
ates a staircase ramp. The first circuit is quite similar to the triangle-
and square-wave generator of Fig. 5.11. Once again, an integrator and
a voltage comparator are connected in a feedback loop, but in this case
they are connected so that the comparator forces a rapid negative inte-
gration, as shown in Fig. 5.17. Only the negative integration is influ-
enced by the comparator, as the diode shown disconnects the compara-
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Fig. 5.17 An integrator and a comparator generate a controllable, highly linear ramp
and an accurately timed pulse train.
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tor during the positive integration. By making R; much smaller than R,
the fall time of the ramp will be made much less than the rise time.

With the circuit of Fig. 5.17, the waveform is largely controlled by
three potentiometers. To set the amplitude of the ramp, the comparator
trip points are adjusted by means of R, to give

E,_,= 2Vz<% — 1)

By varying the midpoint of the comparator trip points with Rgg, the
waveform is offset by a voltage of Vos/K. The ramp frequency is varied
by adjusting the integration resistor as related by

Vo 1

f=% - R®e

A minimum fall ime is imposed by the limited currents available from
the amplifier outputs to discharge the capacitor. To avoid this limit the
comparator can instead be used to drive an FET RESET switch con-
nected across C.

A staircase waveform is a specialized ramp that is useful for sequential
control and multiple-level testing. Such a signal can be precisely pro-
duced with a D/A converter driven by a clock-controlled counter. A
much simpler staircase generator which retains moderate precision can
be formed with operational amplifiers, as shown in Fig. 5.18.7 As will
be described, this circuit forms a staircase by differentiating and reinte-
grating a square-wave train with a rectification that eliminates one tran-
sition of the square wave.

Amplifier A; performs the differentiation and rectification. Square
wave e;, which can be produced with the circuits of Sec. 5.2, is impressed
on C; to develop a current i = C;de;/dt for R; small. For the positive
transistion this current is positive, and D; conducts with Q; and Qg OFF.
For the negative transition the conductions reverse, and Q; and Q, con-
duct the derivative current. From this rectification action only the nega-
tive-going transition transfers a current through Q; and Q, to the second
amplifier. Voltage bias across these transistors is provided by biasing
one input of A; below ground through Ry, and Rs.

Integration of the current supplied by Q; and Q, is performed by A,
to produce the staircase output. This current flows in integrating capaci-
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Fig.5.18 To form a staircase, A; differentiates a square wave and passes
the derivative current of the negative transition to Ag, where it is rein-
tegrated.

tor Cy to produce an output voltage change of
R .
Aeo—c—fldt fori <0 and B8 > 1
2
Replacing i with its expression above gives
Ae, = — = ¢ for negative transitions

Or more simply, Ae, is related to the input transition Ae; by
Ae, = — — Aeg; for Ae;< 0

Each negative transition of the input square-wave train creates a step
in the output voltage, producing a staircase waveform.

Output steps continue until the output voltage reaches the trigger level
of the RESET clamp. This clamp is described for the circuit in Fig.
5.16, and it triggers when the emitter-base junction of Q4 breaks down,
limiting the output to a peak of

Vp = Vg — BVgs as Vep = Vi
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This peak is quite temperature-stable, as the thermal variations of Vg
and BVgg largely cancel, and the resulting temperature coefficient of V,,
is around 0.01%/°C. The breakdown supplies base current to Qg and
turns ON the positive feedback loop it forms with inverted transistor Q4.
With this conduction C, is discharged until its voltage reaches Vgg,
below which the clamp conduction is not sustained. At this point, the
output voltage has been returned to e, = Vgg — V{ = 0. The clamp
then turns OFF and a new staircase begins.

Gain errors and nonlinearity vary with the operating frequency and
component characteristics. The input currents of the amplifiers remove
some of the derivative current pulses, and they also create output sag by
discharging Cy. To avoid severe error from these input currents, ampli-
fier input protection which draws high current during input overload
must be avoided. Overload recovery and slewing rate limit the operat-
ing frequency range. Further current transfer error results from the
finite betas of Q; and Q,. However, for this Darlington pair the loss
is only about 0.002 percent. Leakage of the RESET clamp introduces
an output nonlinearity which is reduced by Ry and Rs. The endpoints
of the staircase are controlled by the voltage relationships described
earlier. With these error sources the gain error is typically 0.05 per-
cent, and the nonlinearity will commonly be 0.1 percent.

Several other ramp and pulse generators can be formed by circuits
similar to the triangle- and square-wave generators of Sec. 5.2. The
electronic frequency control achieved with a multiplier in Fig. 5.12 can
be applied in an analogous manner to the ramp and pulse generator of
Fig. 5.17. Once again, the multiplier is connected in series with the
frequency-control resistor, and it sets the voltage to be integrated. A
ramp with a controllable exponential shape can be generated with the
circuit of Fig. 5.13 if a diode is connected in parallel with the control
potentiometer.

5.4 Monostable Multivibrators

A monostable multivibrator is a widely used timing signal generator
that can be formed with an operational amplifier for timing precision and
stability. As will be described, these monostable circuits can be de-
signed for either reset capability or reset immunity during the timing
pulse and for sequential generation of two independent pulses. In the
simplest case, the monostable multivibrator is formed by a voltage com-
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parator that compares the voltage on a charging capacitor with a refer-
ence voltage, as in Fig. 5.19. Here the comparator is an operational
amplifier, and the reference voltage V, sets the switching threshold.
To initiate the timed output pulse, a trigger signal e, turns ON the FET
switch and resets the capacitor voltage to zero. This places the inverting
amplifier input at a voltage below the noninverting input so that the out-
put swings positive. Then, the capacitor charges through resistor R
to raise the voltage on the inverting input and reverse the output state
when this voltage reaches the threshold voltage V.. The charging time
from the end of the trigger pulse until V, is reached will essentially be
the pulse length if trigger pulses are short. Under this condition the dur-
ation of the pulse will be

t, =RCIn(1 + Ry/Ry)

By means of potentiometer R a linear control over t, is achieved.
Timing accuracy is controlled by only a few components with this
circuit. Only minor errors will be introduced by the gain error, input
offset voltage, and input bias currents of the operational amplifier, as
long as it maintains high input resistance under overload. If overloads
lower the input resistance, as occurs with some input protection tech-
niques, large resistors should be connected in series with the amplifier
inputs. Otherwise, the primary sources of timing error are the inaccu-
racies of the passive component values. Some additional error will re-
sult if the trigger pulse is either too short to allow capacitor voltage
RESET or if it is significant in length compared to t,. However, this
circuit does avoid the customary error associated with triggering most

ﬂleo

R,

t, = RC In (1 + Rp/Ry)

— P

Fig. 5.19 A precise, variable monostable multivibrator is formed with an
operational amplifier that compares the voltage on a charging capacitor with a
reference.
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Fig. 5.20 By means of a feedback clamp this monostable multivibrator is made
immune to trigger signals that continue into or occur during the timed interval.

monostable multivibrators before a recovery time has elapsed. While
most such circuits require time to recover between timing pulses, this
circuit can be retriggered any time after or even during a timing pulse.
In every case the trigger causes the timing to start at zero.

In some applications it is undesirable to have the timed pulse affected
by trigger signals that continue into or occur during the timed interval.
This is true where the time added by the trigger pulse duration would be
significant in comparison with the duration of the output pulse. For
these applications the trigger input can be disabled during the timed
interval by using the monostable multivibrator of Fig. 5.20.% Once the
circuit has been triggered, the resulting positive output voltage clamps
the trigger input through De. In this way the inverting amplifier input
is held at a voltage that sets the switching threshold, and the voltage is

Vi(Vz—V—)Rs
! Rs + Ry

No signal at the trigger input will alter this threshold to affect timing as
long as the clamp holds. Since the clamping might be upset by fast posi-
tive trigger pulses, such pulses are suppressed by diode D;.

Monostable action results from feedback through the timing capaci-
tor C. When the circuit is triggered by a negative-going pulse, the out-
put swings positive and supplies positive feedback through C to hold the

— Vi for Rs > Rs || Rs
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output in this state. But C discharges through R; and R, until it lowers
the noninverting input voltage to the threshold level V;, and then the out-
put switches back to the negative state. Now the capacitor charging is
reversed to return the noninverting input to its equilibrium voltage.
This voltage is set by the divider action of R; and R, at

_ RV-
Vbo = R; + R

Until this equilibrium voltage is reached, the circuit cannot be retrig-
gered without encountering timing error, and so this circuit is limited by
arecovery time. This recovery time is greatly reduced by adding D; to
provide a low irapedance charging path in this mode. To ensure that
this diode does not alter Vy,,, the voltage is set well below the forward-
bias level of the diode. In practice, Vi, need only be large enough to
hold the output negative in the presence of noise and offset. By the
above action, the timing pulse has a duration of

2Vy

t, = (Ri | Ry)Cln VT v,

Another monostable multivibrator configuration produces two sequen-
tial timing pulses.® The two pulses are of opposite polarity and have
independent time durations, so that they can be used to time two sepa-
rate, sequential operations. Once again, monostable timing action is
achieved by positive feedback through the timing capacitance, as de-
scribed for the last circuit. In the circuit of Fig. 5.21, two such feedback
paths are provided. Each feedback path controls timing for only one
polarity of output voltage, as controlled by D; and Ds. By means of neg-
ative feedback through Ry, the equilibrium output level is made zero,
and so a three-level output is now produced.

When the circuit is in the equilibrium state, a positive trigger pulse
will raise the noninverting input voltage through D; and cause the output
to swing positive. This output swing supplies positive feedback through
C; and Dy to hold this state as long as the positive feedback exceeds the
negative feedback, with iy > i;. If R, < Ry, the positive feedback is
initially greater for the essentially equal voltages on the two resistors. As
the voltage on C; increases, iy decreases until it equals 1, for which the
output falls toward zero. With this fall, Cy couples positive feedback
through D, to make the output continue its negative swing to its negative
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Fig. 5.21 Two sequential pulses are produced by monostable action where sep-
arate positive feedback paths are provided for the two output pulses.

state. The output remains in this state until the positive feedback cur-
rent declines to the level of the negative feedback current as Cy dis-
charges. At this point the output rises and would couple positive feed-
back through C; again if C; were not chosen to be greater than Cg.
Under this condition the voltage on C; will not change enough during
the shorter C, timing cycle to forward-bias D; when the output reaches
zero. As a result, the output rise stops at zero until the circuit is trig-
gered again. Before retriggering, the capacitors should be allowed time
to recover their equilibrium zero voltage states. With C; greater than
Cg, the positive pulse must be the longer one, but the time intervals
can otherwise be separately set.

5.5 Modulated Signal Generators

Signal generators which have a voltage control over some waveform
characteristic produce waveforms which are modulated by the control
voltage. A variety of waveform characteristics are commonly modulated
for information transmission, and operational amplifier signal generators
can be precisely controlled for most of these modulation approaches.!
Many of the previous signal generators in this chapter can be modulated,
including those of Figs. 5.4, 5.5, 5.7, 5.8, 5.12, 5.16, and 5.17. The
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modulation of these signal generators is described in this section along
with other modulated signal generators. With these circuits modula-
tion is achieved over amplitude, frequency, and pulse width.

5.5.1 Amplitude-modulated generators To modulate the amplitude of
virtually any signal, the signal can be multiplied by the modulating sig-
nal. For the general case an analog multiplier is the most straightfor-
ward modulator, although some simpler circuits can be used to modulate
the amplitudes of square waves and pulse trains. Through the use of
multipliers the quadrature oscillator presented in Fig. 5.7 computed a
feedback signal to stabilize amplitude. While providing the required
amplitude stabilization, this feedback circuit also permits amplitude
modulation by the control voltage. If a modulation signal ey is applied
to the control input, the sine wave generated will have a modulated
amplitude of
A= ﬁ

Since the amplitude-control feedback is continuous, the response to the
modulating signal is as fast as the multiplier responses permit. The
multipliers also determine the modulation range by their dc offset limita-
tions on accuracy for small amplitudes.

Amplitude modulation of a square wave or a pulse train can be
achieved without multipliers by using the signal to control the amplifi-
cation of a modulation signal. Specifically, the square wave or pulse
is used to control gain polarity. Wher a signal causes this gain polarity
to alternate, the amplified signal alternates in polarity, tracing out a
modulated signal as illustrated in Fig. 5.22. The modulated square
wave shown is produced as the square-wave generator formed with
A, switches the gain polarity of the amplifier formed with A;. Opera-
tion of the square-wave generator was described in Sec. 5.2.1, and it has
a highly predictable oscillation frequency, as long as the differential
input resistance of the amplifier remains high with large differential
input voltages.

Square-wave switching of the amplifier formed with Ay reverses the
amplifier gain polarity by converting Ay from an inverter to a voltage
follower. This conversion is like that previously performed for absolute-
value conversion (Fig. 4.14). When the output of A; is negative, Q;
is ON to ground the noninverting input of A;. The ON resistance of the
switch produces an input error voltage, but this error is compensated by
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Fig. 5.22 An amplitude-modulated square wave is generated when a square wave
is used to alternate the polarity of the gain by which a modulation signal is amplified.

connecting a matching ON resistance in the amplifier feedback. As
biased, the compensating FET Qs acts simply as a resistor. With Q; ON,
Ay appears as a unity-gain inverter to the modulation signal e,,. When
Q, is OFF with the positive state of A;, the modulation signal reaches
the noninverting input of Ay directly. No voltage is then across the
R; summing resistor, and so essentially no feedback current flows around
A,. With no feedback current there is no feedback voltage drop, and the
output of Ay follows its input signal e,. In other words, Ay has been
switched to a voltage follower from an inverter to reverse the polarity
of the gain it provides to ep,.

5.5.2 Frequency-modulated generators Frequency-modulated sine waves,
triangle waves, square waves, ramp trains, and pulse trains can be gen-
erated by operational amplifier signal generators. For frequency-
modulated sine waves, the circuits of Figs. 5.4 and 5.5 can be voltage-
controlled. While the phase-shift oscillator of Fig. 5.4 is resistor-
controlled rather than directly controlled by a voltage, it is readily
adapted for frequency shifting by a control signal. To shift frequency
one or both of the phase-shifting resistors, previously shown as R; and Ry,
are shunted by other resistors. By electronically switching these shunt
resistors, the frequency shift can be voltage-controlled for virtually any
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number of steps in frequency. Both phase-shifting resistors should be
shunted for wide-frequency-range operation so that both phase shifters
have significant control at each frequency.

To modulate the frequency of a sine wave in direct proportion to a
modulation voltage, the multiplier-controlled quadrature oscillator
presented in Fig. 5.5 can be driven by a modulation signal.. This results
in a modulation described by

f= o
20mRC

where e, is a modulating signal of much lower frequency. A highly
linear modulation over a wide range of frequencies can be achieved with
this circuit, as it is controlled primarily by the linearities and frequency
responses of the multipliers. Some means of amplitude control must
be added to the oscillator. Fairly simple amplitude stabilization can be
applied where the only important waveform characteristic is frequency.
If a highly stable amplitude over a wide frequency range is required,
the computing feedback shown in Fig. 5.7 can be used. "

Frequency-modulated ramp and pulse trains are somewhat easier to
develop and can be generated with the circuits of Figs. 5.16 and 5.17.
In both circuits the signal frequencies are determined by a voltage
input to an integrator. Previously the negative supply voltage served
as the integrator input voltage, but this can be replaced by a modulation
signal e, for direct, linear control over frequency. With the single
amplifier circuit of Fig. 5.16, the ramp and pulse trains are then fre-
quency-controlled by e, as expressed by

€m
VpRC

Both circuits offer wide modulation frequency ranges, although the fre-
quency sensitivity of the clamp of Fig. 5.16 makes this circuit more
limited. Otherwise, the frequency ranges are limited by the integrator
drifts from amplifier dc input errors® and by the amplifier slewing rates.

Frequency-modulated square waves and triangle waves can also be
generated by modulating integrator input voltages. While it was possi-
ble to directly connect the modulating signal to the integrator in the ramp
and pulse generators above, the polarity of the integrator input must
be reversed each half cycle for the square- and triangle-wave generators
to reverse the direction of integration. This operation is achieved di-
rectly with a control multiplier in the circuit of Fig. 5.12. By inserting
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a multiplier in the basic integrator/comparator feedback loop, the alter-
nating comparator output is multiplied by a control voltage. If this con-

trol voltage is made the modulating signal e, the oscillation frequency
will be

€

t=30RrC

The modulation linearity and range will be essentially set by the linearity
of the multiplier, the drift with time of the integrator, and the responses
of the feedback loop.

As an alternative to the multiplier control above, a frequency-modu-
lated triangle- and square-wave generator can be formed with the aid
of the square-wave amplitude modulator from Fig. 5.22. Just as with the
multiplier control above, modulation of the amplitude of a square-wave
input to an integrator varies the integration time between comparator
trip points. By this control over integration time, a frequency modula-
tion is attained with the integrator/comparator configuration, as shown
in Fig. 5.28. The basic generator consists of integrator Ay and compara-
tor Ag, with operation as described for Fig. 5.11. Added to the normal

em>o

_VZ—1

Fig. 5.23 Frequency-modulated square and triangle waves are generated
by the circuit of Fig. 5.11 when it is combined with the amplitude modulator
of Fig. 5.22.
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feedback loop is the modulator formed with A;. The polarity of the gain
provided by A; to e, reverses each time the integrator output reaches
a comparator trip point and causes the comparator to reverse the state of
switch Q;. As described in Sec. 5.5.1, reversing the state of this switch
converts the amplifier configuration from that of an inverter to a follow-
er, and this reverses the polarity of the modulation signal reaching the
integrator input. With either gain polarity, e, controls the magnitude
of the integrator input voltage and thereby controls frequency by the re-
lationship

f= =
4VZRC

5.5.3 Pulse width-modulated generators Simple circuitry and high power
efficiency characterize pulse width modulation. Since the pulse is gen-
erated by switching, control is simplified, and the modulator output
is always either saturated or off for low power loss. The power efficien-
cy is especially advantageous in the controllers of the next chapter where
higher output power is needed. Modulation control of the switching fixes
the relative time intervals of the two output pulse states, as described
with the circuits below.

Highly precise pulse width modulation is attained with a triangle-wave
generator and a comparator, as illustrated in Fig. 5.24. The triangle-
wave generator can be formed as described in Sec. 5.2. If the triangle
wave is compared with the level of a modulation signal, a positive output
pulse is generated when the triangle wave is greater. When the modu-
lating signal is zero, the triangle wave is greater one-half the time, so that
the generated pulse then has a duty cycle of one-half. As the modulat-
ing signal increases, it linearly decreases the interval of the positive
pulse, since the triangle wave is a linear function of time. The result
is an output pulse train with an average value that is directly proportional
to the modulating signal and with a duty cycle of 0.5 — en/2E,, where
E, is the amplitude of the triangle wave. The linearity of this modula-
tion is determined by that of the triangle wave. Any comparator switch-
ing delay will limit the extremes of the duty cycle range, but otherwise
equal positive and negative switching times will have compensating
errors. ,

By using the integrator/comparator configuration for a triangle-wave
generator, linear pulse width modulation can be produced without a
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Fig. 5.24 By comparing a modulation signal with a triangle-wave refer-
ence, a linear pulse width modulation is achieved.

separate comparator. With this configuration, presented in Fig. 5.11,
the modulating signal can be summed into the integrator input on a re-
sistor. During a given cycle, the addition of this modulation signal will
increase the integration rate in one direction and decrease it in the other
direction. The result is an unsymmetrical triangle wave and a corres-
ponding modulated pulse output from the comparator. With equal
integrator summing resistors, the duty cycle of the output pulse is equal
to 0.5 —en /2Vz, provided the symmetry control of that circuit is set for
S = 1. Alternatively, the symmetry control can be replaced with the
modulation signal for a high impedance modulation input.

Although it is nonlinear, a pulse width modulation can be produced
by summing a modulation signal into the single amplifier triangle-wave
generator. For feedback controllers the modulation nonlinearity is over-
come by the feedback, and this simple approach need not limit precision.
Shown in Fig. 5.25 is the result of this summation in the basic circuit
from Fig. 5.8. The effect of the modulation signal is analogous to that
just described above in that one integration rate is increased and the
other is decreased to alter the duty cycle. Since the capacitor charging is
nonlinear, the effect of ey, is nonlinear as expressed by the duty cycle of

In(1 + 2Vz/en)

Duty cycle =
vy In(1 — 4V,%/eg?)

As always with this basic square- and triangle-wave generator, the opera-
tional amplifier input impedance must remain high under overload so
that amplifier input currents do not affect capacitor charging.
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Fig. 5.25 Nonlinear pulse width modulation is produced by adding charging
current from a modulation signal to the elementary square- and triangle-wave
generator.
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6

SPECIAL-PURPOSE CIRCUITS

In the previous chapters general-purpose operational amplifier circuits
were described. Numerous special-purpose circuits of general interest
are presented in this chapter, including transistor test circuits, measure-
ment circuits, controllers, and others. For transistor testing, operational
amplifiers provide simple, independent control of dc biases and test sig-
nals to test virtually any bipolar transistor or FET characteristic. Opera-
tional amplifiers permit simple circuit configurations for precise meter
circuits and for circuits that measure frequency, phase, and high voltage.
High gain in operational amplifiers produces a sensitive monitor of sys-
tem deviation from a desired setpoint in controller applications for on-off,
proportional, and optimizing control. Other special-purpose circuits de-
scribed here include some for audio and AGC.

6.1 Transistor Test Circuits

All the basic low-frequency characteristics of bipolar transistors and
FETs can be measured with circuits using only one or two operational
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amplifiers.! These circuits are described, with comments on accuracies
and alternate techniques, below. Only resistors are adjusted in the test
circuits, as will be described, to provide independent adjustments of dc
bias current, dc bias voltage, and the ac test signal. Resistive controls
without interaction are made possible by the high-gain feedback, high
input resistance, and low output resistance provided by an operational
amplifier. While the basic test circuits are intended for voltmeter dis-
play, they can be used with a simple ramp generator to provide oscillo-
scope traces of a wide variety of transistor parameters.

6.1.1 Gain measurement Curve tracer bias of bipolar transistors sets
the base current for a common-emitter configuration. Beta is then found
by observing the resulting collector current. This is a poor bias approach
for beta testing, as the magnitudes of the collector bias and signal cur-
rents then vary with beta. Instead, it is better to measure beta at a spe-
cific collector bias current and signal current. Beta is then determined
from the resulting base current magnitude. Fixed collector bias and sig-
nal currents are established in the beta test circuit of Fig. 6.1 by the feed-
back around A;. In establishing these currents, A; drives the transistor
to maintain near-zero input voltage and current at the amplifier inputs.
For zero input voltage, the common ends of R; and R are at ground level,

+V ?
V/R,+E./R
R 1 72
PP | "Adjust Cq ‘\Vca =-v,
v It
" DU.T. AA
R2 Rs
r%— g Ra
I. Adjust
c A —O
Cp . By
+ — eo
E; _!
i\ Controls +V ? +}
— = R
= Io = WR, pnp  Ra) Y
I, = E,/R, (Bnpn Vep Adjust]_
= -V -
Ves = =V
Rs V Rs E;
hre = Ry Eo Pre = Ry E,

Fig. 6.1 Static and dynamic current gains are measured with this cir-
cuit at bias and signal levels set by independent control potentiometers.
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and the entire input signals are impressed on these resistors. For zero
amplifier input current, the currents from R; and R, all flow in the collec-
tor. Thedcand ac collector currents are then Ic = V/R; and I, = E;/Rq,
respectively.

The base current resulting from the above collector currents is sup-
plied to Ay and flows in the feedback resistor Rs. From this current an
output voltage is generated equal to

Ic L >
R
o=+ i)
where hgg is the dc or static value for beta and hy, is the ac or dynamic

value. Using the last result, the two current gains are expressed in terms
of the dc and ac components of ¢,, Eg and E,, by

Rs V. Rs E;
hFE R EO hfe R2 E0

Amplifier A, also serves as a convenient means of setting the collector-
base bias Vcg. From Rg a voltage is set at one amplifier input and is,
thereby, set at the test transistor base. This base voltage establishes
Vs, since the collector is held at zero voltage by A;. Then, from Fig.
6.1, VCB == —Vl.

Using this circuit, low-frequency measurements can be made within
the accuracy permitted by the temperature coefficient of beta. This tem-
perature coefficient is about 0.5%/ ° C near room temperature, and nor-
mal ambient variations limit beta test accuracy to around 1 percent.
Test accuracy is also directly related to the accuracies of voltages V and
E; and of resistors R;, Rg, and Rs. At low currents an additional error in
the test for hgg is the input bias current of Ag, but this may be avoided by
using an FET input operational amplifier. Further limitations on the
hg test are the amplifier bandwidth and stray capacitance shunting the
high resistance of Rs. These latter factors limit hg, testing to 10 kHz or
lower. By using a low test frequency. with low-level tests, the stray ca-
pacitance effects which often limit curve tracer measurement by hystere-
sis looping are avoided.

The forward transconductance gg of a field-effect transistor (FET) can
be measured in a manner similar to that of the beta test above. Again it
is preferable to test at a fixed operating point rather than with a fixed
driving signal. Therefore, the drain bias and signal currents are fixed in
Fig. 6.2, as were the collector currents in Fig. 6.1. In this case, the dc
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Fig.6.2 Static and dynamic forward transconductances are measured
in this circuit as bias and signal levels set by independent control
potentiometers.

and ac drain currents are set by R; and R to be Ip = V/R; and I =
E;/Rg, respectively. The biasing voltage on the FET is set directly by
establishing the gate voltage with Rg. Since the drain is held at zero volt-
age at the operational amplifier input, the gate-drain voltage Vgp is set
by the gate bias at Vgp = V3. To find g, the gate-souree voltage vy
developed by the drain current is measured at the output. By relating
this voltage to the current, the static and dynamic values of forward
transconductance are found in terms of the dc and ac components of e,,
Eo and E,, as
__V PR O

grs — E‘ES gfs — EZE

As before, the primary limitation on test accuracy is generally the tem-
perature coefficient of the device under test. The exact coefficient en-
countered varies from zero to 0.7%/° C, depending upon how close the
test current is to the FET zero temperature coefficient point. The cir-
cuit-oriented accuracy limitations are the same as those encountered with
the corresponding elements in the beta test above. Test bandwidth is
again dc to 10 kHz.

6.1.2 Breakdown and leakage testing The breakdown voltage of a tran-
sistor is not an exact voltage, since this voltage varies in several ways with
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the current flow under breakdown. As this breakdown current is the
source of circuit error, it is desirable to set the current level at which
breakdown voltage is measured. Such testing is readily performed with
an operational amplifier, as illustrated in Fig. 6.3 for several cases. The
amplifier output increases the voltage on the device under test until the
device breaks down and supplies a feedback current to the amplifier in-
put. With this feedback, the amplifier input voltage and current are
returned to zero, and the breakdown current Izy will be Izy = V4/R.
Any breakdown voltage can be tested in this manner by connecting the
appropriate device terminals between the amplifier input and output.
The connection polarity is that which results in breakdown with a current
flow into the terminal connected at the amplifier input.

Errors in this breakdown voltage are negligible for the measurement
accuracies normally desired. Test accuracy is maintained at low current
levels until the input bias current of the operational amplifier becomes
significant. Since this limit can be quite low, breakdown testing at very
low currents, for close examination of junction quality, is possible. How-
ever, the range of voltages accommodated in this test is more limited. It
is limited by the output voltage range of the operational amplifier, and a
high-voltage amplifier is required. Often breakdown voltages that ex-
ceed the capabilities of most high-voltage operational amplifiers are en-
countered. In this case the output voltage range can be extended, as

CV>+ ﬂ,{f D.UT. & A;%(v D.UT, -
lgy Adjust Igy Adjust L-t
A -BVeeo o —O-BVeeo
é-* AR‘I D.UT é‘l’ A% lD uT
v
Igy Adjust Igy Adjust \
C LOBVGSS

C BVceo

Fig. 6.3 Direct reading of breakdown voltage with independent current adjustment is
provided by an operational amplifier.
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shown in Fig. 6.4. The circuit shown adds voltage gain following the
amplifier with a common-emitter p-n-p driving an FET current source
load. By using the FET, a high gain and a current-limited output are
achieved simply. Output current drawn through the test device is limit-
ed to the Ipgs of the FET. Further voltage-range improvement can be
achieved with a stacked output stage.? By stacking output transistors in
series, the voltage range can be made greater than the individual break-
down levels of these transistors.

The very low leakage currents of silicon bipolar transistors and FETSs
present a significant measurement challenge. Bipolar transistor leak-
ages of 0.1 nA and FET leakages of 0.1 pA are now attained. Such low
current levels cannot be measured on most curve tracers or specialized
transistor testers. Fortunately, an operational amplifier readily permits
measurement of these low-level leakage currents, as demonstrated in
Fig. 6.5. In each case the leakage current flows in the amplifier feed-
back to develop an output voltage directly proportional to the leakage
current. Feedback constrains one terminal of the device under test to
zero voltage at the amplifier input, and the bias voltage is established by
a potentiometer which controls the voltage at the other device terminal.

The principal limitations on test accuracy and test current range are
the input bias current of the amplifier, stray leakages, and noise. To
avoid input bias current error, which adds directly to the leakage current,
an operational amplifier is chosen which has negligible input bias cur-
rent. For most bipolar transistor leakage current testing, an FET input

Ry
A

v,O- v D.U.T
gy Adjust

—L(__ = 3R

.

(SV.. (High Voltage)

O -BVeeo

Fig. 6.4 Breakdown voltages exceeding the operational
amplifier output voltage range can be tested by adding a
gain stage to the amplifier.
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Fig. 6.5 Extremely low leakage currents are measured accurately by using FET or
varactor input amplifiers which have comparatively negligible input bias currents.

amplifier has negligible input current. For FET leakage current mea-
surement, a varactor input operational amplifier and a very high feed-
back resistance are required. For all cases stray leakages should be
minimized by the use of clean surfaces and isolation from supply or bias
voltages. To reduce noise, various degrees of shielding and filtering are
needed. In general, bypass of the feedback resistor provides adequate
filtering.

6.1.3 Output resistance measurement  For high gain in common-emitter
amplifiers, high resistance loads are used. The ability of a bipolar tran-
sistor to drive a high resistance load is expressed by its output conduc-
tance h,e. To measure h,e, the slope of the common-emitter character-
istic curve can be calculated with a curve tracer. Alternatively, this
small slope can be measured accurately and quickly with the circuit of
Fig. 6.6. Basically, this test circuit provides an output voltage propor-
tional to the emitter current change induced by a collector-emitter volt-
age change. The collector-emitter signal voltage is established by E;, the
emitter signal current is supplied by E, from Ay, and biasing is set by A;
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Fig. 6.6 Output conductance measurement is performed by this circuit with biases set
by R; and Ry;.

and Ay. A differential current source formed with Q; and Q, and con-
trolled by A; biases the base of the test transistor. With current source
base bias, the biasing impedance will be much greater than the load
impedance presented by the transistor. Thus, the output conductance
measured will be the worst-case value hy,. Operational amplifier feed-
back around the current sources from the test transistor emitter forces
the emitter voltage to equal that presented by R;. This sets the collector-
emitter dc voltage Vcg at Veg = V1.

The other amplifier is also biased from R; so that the adjustment of
Ve does not affect the emitter bias current Ig. As R; causes A; to vary
the test transistor emitter voltage, this potentiometer also causes Ay to
identically vary the dc voltage at the other end of the emitter resistor Ry;.
No change in emitter resistor voltage results, and Ig is unaffected. In-
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stead, the dc voltage on Ry, is established by the zener diode in the feed-
back around Ay;. The zener drops the dc output voltage of Ay below its
input voltage, which is also the emitter voltage. Then Ig = Vz/Ry1.

If the output voltage of A had a fixed dc level only, then emitter signal
currents created by V. variation would not develop. Instead, the feed-
back provided by A; would drive the base to hold the emitter voltage
constant and would, thereby, remove the current which is to be mea-
sured. The desired emitter signal is restored by the ac coupling from the
output of A; to Ag. From the signal coupled, the output of Ay drives Ry
to supply the signal current and to present a buffered output for measure-
ment. This yields a signal output of E, = I.R;; and an h,, given by the
ratio I,/Vee, or

_ _E
Boe = Ry E;

Other than errors in E; and R;;, the major accuracy limitations are the
finite gain and bandwidth of A;. To supply all the emitter signal current,
A, must have a current gain through Rj; that is much greater than the
beta of the transistor tested. This commonly sets the upper limit of the
test bandwidth at about 200 Hz. A lower bandwidth limit is similarly
imposed by coupling capacitor C;. Within this bandwidth it is possible
to make low-frequency h,, measurements which avoid the stray capaci-
tance hysteresis looping encountered on many curve tracers at low
current.

Somewhat simpler than h,, testing is the measurement of the drain-
source resistance rqs of an FET. For an FET, its rq is the measure of its
ability to drive high resistance loads. The rq4 test circuit of Fig. 6.7 is
analogous in form to the previous h,. test circuit, but a high driving im-
pedance is not required for the FET gate. Once again, A, fixes the dc
bias voltage at Vi, giving Vps = V;. The feedback zener sets the dc
voltage on the source resistor, giving Is = Vz/Rg. As before, Ay supplies
the signal current, which is now Iy = E;/Ry, and the drain-source resis-
tance is found from

E
Iys — 'E':l; R2
This result is accuracy-limited by errors in E; and Ry and by the finite
gain of Ag. In this circuit, the current gain through A, and Ry, must be
much greater than the gg of the FET in order to have E, supply all the



192 Applications of Operational Amplifiers

V+?
n

Controls

Is = Vz/R,
Vos = V4
Ey
rds=E—R2 Vgs = — Ey

Fig. 6.7 At an operating point set by R; and Rg, the drain-source resistance of
an FET is measured under a signal voltage E; .

signal current. Measurement bandwidth is, then, about 20 Hz to 20
kHz.

6.1.4 Noise measurement To simplify noise considerations, the noise
sources of transistors can be considered as equivalent noise generators at
the terminal used for the signal input. In this way the noise contributed
by the transistor can be compared directly with the input signal to deter-
mine signal sensitivity. This noise representation closely parallels that
used for operational amplifiers.? All transistor noise sources are consid-
ered at the appropriate terminal, and the combined effects are repre-
sented by an equivalent noise voltage generator in series with the termi-
nal and a noise current generator that supplies current to the terminal.
Measurement of these equivalent input noise sources is straightforward
with feedback circuits.

For a common-emitter bipolar transistor or a common-source FET, the
equivalent input noise signals can be measured with the circuit of Fig.
6.8. When the transistor is connected in an operational amplifier feed-



Special-purpose Circuits 193

back loop, as shown, the equivalent input noise sources are accurately
related to output signals, and biasing is easily controlled. Biasing is fixed
when feedback reduces the differential input voltage of the amplifier to
near zero. Then Vg = V), and the transistor operating point is set by
Rs and Ry.. The transistor acts as an added gain stage for the amplifier,
and overall feedback is supplied by R;, Ry, and C. Since the transistor
adds voltage and current gain, it reduces the equivalent input noise con-
tributed by the operational amplifier input noise voltage and current.
With reasonable care the reduced noise contribution of the amplifier can
be made negligible in comparison with that of the transistor. Then

. R
€o — <l + ﬁ%) €n1 > (‘eﬁnf + in2> Te

where e, is the equivalent input noise voltage of the transistor and epg
and i, are the operational amplifier input noises. In an analogous man-
ner the equivalent input noise voltage of an FET is measured with this
circuit.

For both cases, the added gain of the transistor may necessitate added
phase compensation. The phase compensation will fix the overall ampli-
fier bandwidth and, thereby, the maximum noise measurement band-
width. Further restriction of the measurement bandwidth is readily
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Fig. 6.8 To measure the equivalent input noise of a transistor, the transistor is
inserted as an input stage in an operational amplifier feedback loop.
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achieved with capacitive bypass of R;. A low-frequency limit is estab-
lished by R; and C at their break frequency. Whenever the measure-
ment bandwidth includes frequencies of the noise environment, careful
shielding must be used.

To measure the equivalent input noise current of a transistor, the cir-
cuit of Fig. 6.8 is modified to amplify this noise signal rather than the
noise voltage. This modification deletes R; and C to reduce the voltage
gain to unity and increases Ry so that it develops a measurable voltage
from the input noise current. The level of Ry required is that which
makes the output signal created by noise current much greater than the
equivalent noise voltage. Then, if the noise current of the amplifier is
adequately reduced by the transistor beta,

€0 = iniRo > 3;72 Rs + en
where i, is the input noise current of the operational amplifier. For a
bipolar transistor this measurement can be made highly accurate with
careful shielding. However, the extremely low noise current of FETs
can be measured only with exceptionally high resistance levels and the
greatest attention to shielding.

6.1.5 Other transistor test circuits When operational amplifiers are
used to provide control of biases and test signals, several other transistor
characteristics can be measured. Described below are test circuits for
pinchoff voltage measurement, transistor matching, and oscilloscope dis-
play of characteristics. In order to easily measure the pinchoff voltage
Vp of an FET, the current in the FET must be nearly pinched off. The
low current level remaining is sensitive to voltmeter loading, but can be

v+?
n

\‘_—_
P
v_é \—1
D-UI. Fig. 6.9 Pinchoff voltage mea-
V+? surement is undisturbed by volt-
P R meter loading with the buffered
output of the biasing operational
n Ok, amplifier.



Special-purpose Circuits 195

buffered with an operational amplifier which also biases the FET. Fig-
ure 6.9 shows such a circuit. With the FET source voltage driven to zero
at the amplifier input, the output voltage is Vgg. This voltage approxi-
mates Vp for a specified, small source current supplied through the
resistor R.

Matched pairs of bipolar transistors or FETs are essential for differ-
ential amplifier stages with low dc error and thermal sensitivity. Such
transistor pairs have a match in emitter-base voltage Vgg or a match in
gate-source voltage Vgs. Elementary biasing is not generally suitable
for matching purposes, as a mismatch, AVgg or AVgs, creates a compen-
sating current unbalance between the two transistors. Operational am-
plifiers can remove this interdependence. In Fig. 6.10 a matching circuit
is shown which makes the current balance between the transistors inde-
pendent of their emitter-base voltage difference. The individual bias
currents and voltages are also independently controlled. Although
shown with bipolar transistors, the same circuit provides Vgs match-test-
ing for FETs. To set the two collector-emitter bias voltages, R; sets the
voltage at the inputs of both amplifiers and, thereby, at the two emitters.
This gives Vcg = V;. With the two emitters at the same voltage, the
base voltages will differ by AVgg. This mismatch is measured as
Eo — AVBE.

For the above output voltage to represent the transistor mismatch, the
emitter currents must be identical. Feedback sets the two emitter cur-
rents as the amplifiers drive the transistors to accept the currents sup-
plied by the resistors labeled Ry. These resistors carry emitter currents
derived from the zener diode voltage Vz. Since the diodes are refer-
enced to one amplifier output, rather than to ground, a change in V; from
R; does not alter the voltage on the current-setting resistors Ry and Rs.
The voltage across Re and Rg is —Vgg + Vz + Vi Since the diode
voltage Vi will approximately cancel —Vgg, the drop on Rg and Rg is V.
The emitter currents are then

Vz

e = g T o,

The dominant measurement errors are those created by differences in
operational amplifier offset voltages, in the emitter resistors Ry, and in
the temperature of the two transistors. A difference in input offset volt-
ages AVog results in an identical difference in the transistor emitter volt-
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Fig. 6.10 Measurement of Vgg match, or similarly Vgs match, is made with accurately
matched currents set by the same bias source.

ages to directly produce an output error equal to AVgg. To remove this
error, AVos is nulled by adjusting for Eo = 0 when the emitter-base
junctions are shorted.

A difference between the resistors labeled Ry creates a current unbal-
ance and an associated error AV{g of

Ig

AVgg = 25mV In m

Since the currents in this expression are directly determined by the resis-
tors, the expression may be rewritten in terms of the resistances as

Ry + AR,

AVig = 25 mV In
R

For small unbalances, the above resistance ratio is near unity, and the
logarithm may be expanded to yield

AVig = 25mV (éRf—‘z) for ARs < Rs
2

This result indicates that only a 1 percent emitter resistor mismatch will
produce a AVEg error of 0.25 mV. Removal of this error is accomplished
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by adjusting the Ry resistors until interchanging the two transistors cre-
ates only a reversal in the polarity of Eo.

Another AV}g error is produced by the transistor temperature differ-
ence AT. From the —2mV/° C thermal sensitivity of a silicon junction
voltage, the resulting error is

AVig = —(@2 mV/° C)AT

Just a 0.1 ° C difference results in a 0.2-mV error, and so thermal con-
ditions must be very well matched. Matching of the thermal environ-
ments of the two transistors is improved by using adjacent test sockets
and by avoiding air drafts and nearby thermal radiation. If each of the
above error sources is controlled, overall measurement error may be re-
duced to 0.1 mV.

A wide variety of transistor parameter dependencies can be displayed
on a common oscilloscope using the preceding circuits with a ramp gener-
ator. The ramp provides a linear sweep of one parameter so that the
dependence of another characteristic can be observed, as with a curve
tracer, but for a greater variety of measurements. In this way, i versus
vgs can be displayed to locate an FET zero temperature coefficient point.
Or beta versus i, can be viewed to determine the usable current range of
a transistor. Similarly, gg versus i; can be displayed for an FET. More
conventional traces, such as the current-voltage characteristic of a junc-
tion, are also possible.

One example of this display technique is illustrated in Fig. 6.11. Here
the i versus vy, characteristic is produced for oscilloscope display. As
with the pinchoff measurement circuit of Fig. 6.9, the output voltage
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Fig. 6.11 A ramp generator drive replacing a bias volt-
age permits oscilloscope display of characteristic curves,
such as for is versus vgs. i
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equals vy, This voltage is displayed with respect to the ramp voltage
that sets the source current. Display error common to this type of appli-
cation is largely that created by nonlinearity in the sweeping ramp.
However, a nonlinearity of 0.25 percent is acceptable, and such a ramp is
easily produced with the circuits of Sec. 5.3.

6.2 Measurement Circuits

In addition to the transistor parameter measurements of the last section,
numerous other measurements can be made with operational amplifier
circuits. Operational amplifiers generally permit simple circuit config-
urations for precise measurements. Described first in this section are
circuits for a voltmeter and an ammeter. Then, circuits are presented
for measurement of frequency, phase, kilovolt-level voltages, and thresh-
old voltages. Other circuits useful for measurement include the abso-
lute-value circuits of Sec. 4.3, the peak detectors of Sec. 4.4, and the
rms-to-dc converters of Sec. 4.5.

6.2.1 Meter circuits By using operational amplifiers, the current
through a meter can be made precisely dependent upon the absolute
value of a signal. The normal current errors created by voltage drops on
the meter and on rectifying diodes are avoided by connecting the meter
circuit in the feedback loop of an operational amplifier.> For use as a
voltmeter, the meter is connected as in Fig. 6.12. Since feedback main-
tains near-zero voltage between the amplifier inputs, it forces a current
of e;/R; to flow in R; to develop a voltage matching e;. Little current is
drawn by the amplifier input, and so essentially the same current is sup-

> R
R (b SR, ==c o ]eife
| Wy m 4T m T IR(R, + Ry)

e +

Fig. 6.12 A voltmeter with precisely controlled meter current is
formed by connecting the meter circuit in the feedback loop of an
operational amplifier.
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im =[] Rg + Ry

Fig. 6.13 By connecting the meter circuit in an operational amplifier
feedback loop, an ammeter is formed which has a voltage drop that is
only the differential input voltage of the amplifier.

plied through the meter circuit independent of the meter and diode volt-
age drops. The current is rectified by the diode bridge for a unipolar
meter current. Meter damping is provided by Ry and filtering by C and
R4 along with the meter resistance Ry, for a time constant of (Rq || Ry,)
C. In this way, the average meter current is controlled to be

-~ Bl
Rl Rd + Rm
Only the small input bias current and input offset voltage of the amplifier
limit the dc accuracy of this voltmeter beyond the limitations of the meter
itself. The effects of the voltage drops on the meter, the diodes, and
the damping resistor are reduced by a factor equal to the gain of the
amplifier.

To form a low impedance ammeter, the meter circuit is again con-
nected in the feedback loop of an operational amplifier, as shown in
Fig. 6.13. Once again, feedback will supply that current needed to
maintain near-zero voltage between the amplifier inputs. In this case
the voltage so controlled is the drop across the ammeter. For this zero-
voltage condition, the ammeter input current i; must flow into the feed-

back meter circuit rather than into the amplifier input. Except for the
small error of the amplifier input bias current, the meter current will be

. T Ry
lm—|li|Rd_|_Rm
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With this current, voltage drops are developed on the meter resistance
R, damping resistance Ry, and amplifier output resistance Rg, but the
resulting voltage drop reaching the amplifier input is reduced by the
amplifier gain A. Thus, the voltage across the ammeter due to the meter
resistance is reduced by A, and the effective ammeter resistance is

o _ Ball Byt Ro
A
Added to the voltage produced with this ammeter resistance is the input
offset voltage of the operational amplifier.

For general-purpose use an ammeter must be capable of being inserted
in series with a current path. This requires that the ammeter return
from one terminal the same current that it accepted into its other termi-
nal. Such an operation is achieved with the above circuit through the
use of the floating power supplies shown. The input current i; is re-
turned through the supply common, as it is the only current drain from
the amplifier that does not flow from one supply through the amplifier to
the other supply. Instead the meter current flows from one power sup-
ply and out the output terminal so that the supply currents are unbal-
anced by precisely i;. This difference current flows from the supply
common. Of course, if the amplifier has an internal bias return to com-
mon, the above condition does not hold.

6.2.2 Frequency and phase measurement circuits To measure signal
frequency or phase, a dc voltage that is proportional to either signal
characteristic can be developed. This dc voltage is readily measured for
the frequency or phase indication with a voltmeter such as that shown in
Fig. 6.12. For frequency measurement the frequency-to-de converter of
Fig. 6.14 produces the desired output voltage by time-averaging the
pulses developed with each signal cycle. Amplifier A; operates as a
comparator to convert the signal to a controlled-amplitude square wave.
If the input signal has unequal time intervals above and below the zero
level, the comparator output will be similarly unsymmetrical, but this
will not affect the output voltage developed. To improve the rise and
fall times of an operational amplifier used for the comparator, its phase
compensation should be removed.

Following the comparator, the signal is differentiated, rectified, and
then averaged to produce a dc output. The differentiation and rectifica-
tion are performed with Ay. From the rapid rises and falls of the com-
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e, = 2V;R5C,f =

Fig. 6.14 Frequency-to-dc conversion is performed by deriving one current pulse per
cycle and time-averaging the resulting pulse train.

parator output voltage, differentiation capacitor C; produces current
pulses that are supplied to either the transistors or the diode around A,.
Only one polarity of current pulse is conducted by the transistors to the
output amplifier Ag. This rectification action results in only one current
pulse per cycle to Ag rather than pulses with both the rise and fall of the
signal. As a result, the time average of the pulses reaching Ag is inde-
pendent of the signal symmetry.

The averaging is performed by C,, and the average current is deter-
mined by the change in capacitor charge that generated it and by the
time between pulses. This is expressed by

AQ = 2V;C = iAt for RyC; < At

Here the term At is the time between pulses, and this is the period of the
signal or the inverse of the frequency. Thus, the average voltage gener-
ated by the flow of 1 in Rg is related to the signal frequency by

Eo - 2VZR,3C1f

Much of the ripple on this output is filtered out by the damping of any dc
voltmeter used as a readout. At low frequencies the accuracy of this
frequency-to-dc converter is determined primarily by the components in
the above expression. However, at higher frequencies the parasitic and
stray capacitances of the differentiator/rectifier circuit introduce charge
errors. Atsome high frequency the slewing rate limit of A; will prevent
it from completing its output swing, and very large errors will develop.

To measure the phase of a signal, its phase difference from a reference
signal can be used to develop a proportional dc voltage. The circuit of
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Fig. 6.15 A dc voltage proportional to phase difference is developed by using the

phase difference to control the time interval for which a nonzero signal is connected
to an averaging amplifier.

Fig. 6.15 is such a phase-to-dc converter. It consists of two signal-squar-
ing comparators A; and A, followed by an amplifier with a switched
input. As before, operational amplifiers used for the comparators should
not be phase-compensated, since this would reduce switching speeds.
Comparator A; generates a zero-based square-wave input signal for the
amplifier. So that the negative switching of this signal stops at zero, D;
disconnects the amplifier, and Ry discharges the capacitance of the zener
diode. The square-wave signal is impressed on resistor R; and switch
Q1, so that the ON resistance roy of Q; affects the amplifier gain. To
compensate for this effect, a matching ON resistance is added in series
with the zener diode by means of Qy to increase the signal amplitude.
As long as the current in the compensating Qs is less than Ipgs, the FET
acts as a resistance. For accurate compensation the current in Qs is set
to match that of Q; by appropriate selection of Rs. Then, the amplitude
of the square wave will be

ToN
Ep = Vz(l +Tl—>

The second comparator switches the input to the amplifier by driving
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Q;. If the two input signals are in phase, the amplifier input is connected
to the square wave only when this signal is at zero, and so the amplifier
output is zero. As a phase difference develops, the switch remains ON
during a portion of the nonzero state of the square wave. This portion of
the cycle is proportional to the phase difference, as is the time average of
the signal reaching A;. To average this signal a feedback capacitor is
added, and the average of the output voltage becomes

o= —tu(as)
°7 Ry \180°/ 2

where A¢ is the phase difference. Ripple remaining on this signal is
filtered by most voltmeters that would be used as monitors. An offset is
added to the output voltage if the switching times of Q; and the square
wave differ. Addition of Dy reduces this time difference by decreasing
the voltage through which A slews in turning OFF Q;. The gate return-
resistance of the FET switch must be low enough to rapidly discharge the
FET capacitance during turn-on. Any dc offsets in the input signals must
be removed to avoid errors in switching times.

6.2.3 Other measurement circuits Among the other measurements
performed with operational amplifier circuits are kilovolt-level voltage
measurement and switching-threshold measurement. The high-voltage
measurement is made with a low-voltage amplifier using charge ampli-
fier techniques,? and threshold is measured using integrator feedback.
To make the high-voltage measurement without loading errors, a small
capacitor is charged to the high voltage, and then its charge is transferred
to a much larger capacitor, where the charge develops a low voltage.*
This operation is performed with the circuit of Fig. 6.16. First, C; is
charged to the level of the high voltage through current-limiting resistor
R. Then this charged capacitor is switched to the input of the charge
amplifier, and again resistor R limits current flow. Without this limiting
resistor the high voltage would be initially impressed on the amplifier
rather than dropped across the resistor. Such a high-voltage input over-
load would probably destroy the amplifier, or any input protection
clamp would dissipate the capacitor charge.

With the limiting resistor the discharge of C; is controlled so that virtu-
ally all the discharge current flows through C, to transfer the charge.
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Fig. 6.16 To accurately measure a high voltage with a low-
voltage meter, the voltage can be reduced with a charge ampli-
fier.

E

This produces a low-voltage output from the amplifier that is an accurate
measure of the high input voltage through the relationship

Eo = — -C—z E]

This reduced voltage can be measured with almost any voltmeter. Er-
rors in this measurement technique are essentially due to the tolerances
and dielectric losses of the capacitors. Virtually no measurement loading
error is introduced, as the monitor capacitor C; draws only a leakage
current when it reaches its final charge. Where such loading would not
create significant error, a simple inverting amplifier connection with very
low closed-loop gain can be used. Voltmeter loading on the holding ca-
pacitor Cg is removed by the buffering of the operational amplifier. The
amplifier loads C; with its input bias current, but this current can be
made quite small by using an FET or varactor input amplifier.

To measure the switching thresholds of logic circuits and digital-to-
analog converters, the input voltage is varied until the output just begins
to switch. Integrator feedback around such switching circuits establishes
a threshold-seeking operation for rapid testing. Such a feedback loop is
represented in Fig. 6.17 for a D/A converter. If the converter output
voltage differs from the reference voltage Eg, there will be a voltage
across the integrator input resistor. Integration of this voltage difference
produces a change in the converter input voltage Ej applied by the inte-
grator. The integrator output continues to change the converter input
voltage until the converter output equals Eg. Then the integrator capac-
itor holds Ej at this level. This equilibrium voltage will be the switching
threshold if Ej is set near but not at the final value of the output voltage.
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For the feedback connection shown it is assumed that there is no volt-
age inversion through the D/A converter. If the converter has comple-
mentary logic inputs, an inversion does occur, and the feedback and
reference connections to the integrator must be interchanged to maintain
negative feedback. The integrator time constant is chosen large enough
to stabilize the feedback loop but not so large as to delay testing.

6.3 Controllers

Electronic analog controllers derive precision and stability from the high
feedback-loop gain provided by operational amplifiers. The amplifiers
provide precise comparison of reference and feedback signals for on-off
control, and they produce continuous adjustment of a control signal in
proportional controllers. For optimization control, operational amplifi-
ers can generate a sweep signal that stops when a desired response is
achieved. The various types of controllers described in this section can
be used to control a variety of devices in addition to the heaters, motor,
and receiver used for illustration.

6.3.1 On-off controllers  In the simplest applications a controller mere-
ly turns an actuator on and off as a system output falls below or rises
above a reference setpoint. Such on-off controllers typically drive an
actuator completely on and completely off, and this switched operation
simplifies the actuator requirements. For switched operation the actua-
tor control element can be a simple on-off device such as a relay, an SCR,
or a solenoid valve. Hysteresis is often added to on-off control so that the
actuator does not switch on and off too frequently. With hysteresis the
actuator remains on for a system response somewhat above the setpoint

E D/A Eo
[—JConverter
Fig. 6.17 Integrator feedback I
around switching circuits automa- Vi
tically seeks out the switching g o—
threshold. ' Fr
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and then remains off as the response falls somewhat below the setpoint.

Both the setpoint comparison and the hysteresis are readily provided
by an operational amplifier. Such control is achieved with the compara-
tor connection shown for heater control in Fig. 6.18. Here a transistor
switch is alternately turned on and off to control the power supplied to a
heater element. The temperature of the object being heated is detected
by a sensor, which is a diode in this case. Below 150°C, a forward-
biased diode is an excellent temperature sensor due to its exceptionally
linear voltage sensitivity to temperature? of around —2 mV/°C. While
the exact thermal sensitivity of a given diode is a function of its biasing
current and its construction, its thermal variation is highly repeatable.
Alternately, thermistors or thermocouples can be used as sensors in simi-
lar circuits, but the polarity of the associated thermal sensitivity must be
considered to ensure that it supplies negative feedback to the comparator.

As temperature changes the sensor voltage Vy, the voltage is compared
against the setpoint reference voltage Eg by the inputs of the operational
amplifier. This comparison is altered by the positive feedback supplied
through potentiometer R to develop hysteresis where desired. When the

Eg - V(25)) £ KV,
- 2mv/°C

T =25°c +

Eg < V(259

Rg << R
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Fig. 6.18 On-off heater control with accurate comparison of sensor and
reference voltages and with hysteresis is provided by an operational
amplifier comparator.
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sensor voltage reaches that of the reference plus that of the hysteresis,
the comparator switches to reverse the heater mode. This results in a
controlled temperature of around

L V(25°) +
Vi(25°) T KVz for Er < V425°) and Ry < R

. Er
T=25°C+
—2mV/°C

In practice, the precision of this control is limited by sensing accuracy. A
time lag exists between a heater output and the sensing of its effect.
While the heat travels to the sensor, additional heat is being generated
that will produce overshoot. This time lag and the overshoot are re-
duced by placing the sensor close to the heater element, but the tempera-
ture sensed is then more that of the heater than that of the object heated.
To sense the temperature of the object more accurately, some overshoot
must generally be accepted with on-off heater controllers.

For reduced overshoot a multiple-level on-off controller or a propor-
tional controller can be used. Proportional controllers are described
later. An on-off controller with a multiple-level output decreases over-
shoot by reducing the actuator signal to a lower level when the system is
near the setpoint. Away from the setpoint a full output is maintained for
rapid response. To provide a two-level control, two comparators are
used, as shown in Fig. 6.19 with a heater. Both comparators drive heat-
er supply transistors, but the transistors supply different current levels.
One transistor switch has a series-dropping resistor to limit its current
supply to a lower level, and this lower output is supplied near the set-
point. Control of the lower level is provided by the comparator and
hysteresis action of A, with the same operation as described for the pre-
vious circuit. However, the comparator action of A; is modified by the
biasing of R; and Ry. With this added bias, A; switches before the set-
point is reached to turn off the unlimited, higher-level switch. By appro-
priate choice of the transition point and the reduced output level for a
given system, overshoot can be greatly reduced without a similar reduc-
tion in response speed.

6.3.2 Proportional controllers Greatly improved control precision is
achieved by developing a control signal that is proportional to the differ-
ence between the system state and the setpoint reference. Such pro-
portional control gradually reduces the correction signal as the system
approaches the setpoint to avoid most of the overshoot of on-off control.
Sensing time lag still results in an excessive controller output, but the
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Fig. 6.19 With two comparators, an on-off controller supplies a reduced output
near the setpoint to decrease overshoot.

output during the time lag is reduced so that the overshoot is smaller.
Proportional control also supplies very small correction signals for fine
adjustments.

In addition, a proportional controller can be made to supply any output
level at equilibrium that may be needed to sustain an equilibrium state.
Such a sustaining output is needed where there is a continuous drain at
equilibrium on the element being controlled. Examples of this are the
heat loss in high-temperature control and the leak loss in pressure con-
trol, which occur at a steady rate in equilibrium. In basic proportional
control such losses are not compensated until they produce an error sig-
nal. If instead a continuous sustaining compensation is provided for
these equilibrium losses, resolution is improved.

A sustaining proportional heater controller formed with two operation-
al amplifiers is shown in Fig. 6.20. It is basically a pulse width modula-
tion circuit with feedback from a heater to sensing diodes through the
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medium being heated. If the sensor diodes change in temperature, their
voltage drops change and produce a voltage difference from the refer-
ence level. This difference is integrated by A;, and the resulting voltage
change on R; alters the charging current to C;. The charging and dis-
charging rates of Cy determine the output pulse width from Ay as de-
scribed in Sec. 5.5.3. As a result, the duty cycle of the heater current is
altered, correcting the sensor temperature and returning the sensor
voltage to that of the reference. As the sensor temperature is gradually
corrected, the pulse width also changes due to the decreasing error. At
equilibrium the pulse width settles at that width which sustains the zero
error. This operation is made possible by the holding feature of the inte-
grator. When the integrator input error signal goes to zero, the inte-
grator output holds at the existing voltage level. This in turn holds the
controller output width at that equilibrium level until a change in heat
loss occurs.

Since the controller described is a null-seeking feedback system, non-
linearities in the controller are diminished in effect by the feedback-loop
gain. This permits the use of a rather crude pulse width modulator when
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Fig. 6.20 An integrating error amplifier in this proportional controller holds the heater
current pulse width at a sustaining value at equilibrium.
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it is preceded by the high gain of an integrator. Resolution is then deter-
mined by the sensing and comparison accuracies. Sensing accuracy is
primarily limited by sensor placement and the thermal transfer delays.
Placement affects the thermal resistance and thermal loss between the
object controlled and the sensors. Thermal transfer delays cause a hunt-
ing-type oscillation that is common to servo applications. To limit this
hunting error, very long integrator time constants are used. This
matches the controller response with the thermal response. Further
improvement is provided by using multiple sensors with appropriately
weighted integrator summing resistors. In this way, the controller re-
sponse can be tailored to a weighted average of the thermal responses of
many points on the object controlled.

For motor control a proportional controller can be made to supply a
dither signal at equilibrium that avoids the delay and error introduced by
motor-starting friction. In dc servo control a pulse width modulation
commonly replaces a straightforward dc drive to improve power efficien-
cy and to reduce power dissipation requirements on the controller ele-
ments. However, such a controller can be formed with two operational
amplifiers to provide moderately precise dc servo position control.’

Unlike the elementary pulse width modulator which switches between
two levels, the modulator required for dc servo control must switch be-
tween three levels. The servo motor drive voltage must switch from
zero to a positive level for one rotational direction, and must switch from
zero to a negative level for the opposite rotation. This three-level, or
ternary, control is illustrated in Fig. 6.21a. Here the solid outlined wave-
form is the equilibrium condition, with dither pulses in both directions.
Due to this dither signal, the motor shaft is in continuous motion, chatter-
ing about its.null position. With this continuous motion, the motor-start-
ing friction does not interfere to prevent small signals from moving the
shaft or to create response delay. Rotation of the motor shaft is produced
by increasing the widths of pulses of one polarity and decreasing the
widths of the others. The dashed lines represent the pulse width in-
crease which produces one direction of rotation. Both the positive and
negative pulse widths must be alternately variable from zero to 100
percent. :

Basically, this control is provided in the manner represented by the
block diagram circuit of Fig. 6.21a. At equilibrium the control signal I¢
and feedback signal Ir cancel, and only the triangle wave i, exercises the
window comparator. The bipolar output window comparator provides
the required three output levels, positive, zero, and negative. To pro-
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Fig. 6.21 (a) A three-level pulse width-modulated control signal with dither is derived
with a triangle-wave generator and window comparator; (b) an operational amplifier
realization simplifies the controller by preserving only those characteristics of the gener-
ator and comparator which are important in the controller.

vide dither pulses when exercised by i;, the comparator trip levels are set
just below the peaks of the triangle wave. To produce a shaft-angle
change, the control potentiometer R is varied, which adds a dc offset to
the triangle-wave signal. The offset holds the triangle signal above one
trip point for a greater time and moves it away from the other trip point.
As a result, the pulses of one polarity increase in width and the others
decrease. This unbalanced output signal drives the motor, from which a
change in the feedback potentiometer Ry is derived. Rotation continues
until the feedback signal again balances out the control signal.

The typical triangle-wave generator and window comparator repre-
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sented by the block diagrams are somewhat complex. However, each
can be replaced by a simple operational amplifier circuit which preserves
only those generator or comparator characteristics that are significant
in the servo controller. Such a simplified controller is represented in Fig.
6.21b, where A; is used for the triangle-wave generator and Ay is used
for the comparator. Both amplifiers must have a high input resistance
under input overload to avoid loading of surrounding elements. The
triangle-wave generator is essentially that in Fig. 5.8. The triangle-
wave nonlinearity makes the pulse width modulation nonlinear, but this
error is removed by the null-seeking feedback loop. Similarly, the feed-
back loop removes window comparator errors. Moderately stable trip
points ensure dither signal control, but otherwise errors are negligible
under feedback. With low comparator input current i, the diode bridge
around A provides low impedance feedback to hold the amplifier output
near zero. As signals raise the input current to the comparator above
that which can be supplied by the diode bias, the output is driven away
from ground level. A more detailed description of the comparator opera-
tion is given with Fig. 4.3.

6.3.3 An optimizing controller For many systems operation is de-
sired at an arbitrary point that results in optimum performance rather
than at a fixed setpoint. Electronic control for an optimum operating
point can be achieved by sweeping the control variable and using feed-
back to stop the sweep when the optimum is reached. This control
operation is illustrated below for automatic receiver tuning. Tuning can
be rapidly locked on narrowband signals in a broad frequency search
band by electronically sweeping the tuned frequency until the AGC out-
put reaches an adequate level. Such automatic tuning is provided by a
feedback-controlled ramp generator, as shown in Fig. 6.22. The ramp
generator is similar to the circuit of Fig. 5.17, and it uses an integrator
and a comparator in a positive feedback loop to create a ramp oscillation.
By using this ramp to drive a varactor tuning diode, the tuned frequency
of the receiver is swept in search of a strong signal. To avoid forward-
biasing the diode, the driving ramp is made zero-based. For this a zero-
level comparator trip point is produced by using diode D; to disconnect
the hysteresis feedback of the comparator on the negative swing.
When the receiver detects a signal, the AGC output rises, and this out-
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Fig. 6.22 Automatic receiver tuning is provided by a ramp generator with feed-
back from the AGC output.

put is fed back to control the ramp generator. At some positive level the
AGC output cancels the negative integrator input signal supplied by the
comparator, and integration stops. Then, the voltage on the tuning
diode is held constant to lock tuning at the frequency of the detected
signal. Since the integrator is in a feedback loop with the receiver, the
integrator drift is compensated by the feedback. When higher-level sig-
nals are being searched for, the level adjustment is set so that only high
AGC levels will stop the sweep. For very low-level signals the frequency
sweep could be stopped by a peak detector, giving fine tuning to the best
reception point. To remove the frequency lock and advance in search of
another signal, the switch shown is depressed. This charges C; through
an integrator summing resistor and produces an equal increase in charge
on Cy. By this increase the integrator output rises to detune the receiver
and thereby remove the locking AGC feedback. The permissible sweep
rate of the controller is limited by the responses of the I-F strip and the
AGC circuit. If the controller sweep changes tuning before a detected
signal can produce an AGC output, frequency lock will not occur.
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6.4 Other Special-purpose Circuits

Among the other circuits formed with operational amplifiers are audio
and AGC circuits. For audio circuits operational amplifiers are well
suited to the needs for stable, controllable gain and for an equalizing,
variable-frequency response. High feedback-loop gain for precise AGC
is also provided by operational amplifiers. Greatly improved response
and linearity is achieved with phototransistor circuits by using opera-
tional amplifiers to bias the transistors and to provide linearity com-
pensation.

6.4.1 Audio circuits = Operational amplifier circuits useful in audio ap-
plications include the low-noise amplifier of Fig. 1.27, the power circuits
of Sec. 2.2, the filters of Sec. 3.5, the AGC circuits of Sec. 6.4.2, and the
response control circuits of this section. Using simple active filter tech-
niques, operational amplifiers can provide the precise response shaping
needed for equalization and the response adjustment desired for tone
control. Frequency response equalization is required to compensate for
the varying levels at which different frequencies are commercially
recorded.

A preamplifier designed for the standard RIAA equalization for rec-
ords and the NAB equalization for tapes is shown in Fig. 6.23. The basic
amplifier has a voltage gain of 60 dB as set by R; and R;. Below 10 Hz
the gain is rolled off by capacitor C;, which adds impedance in series
with R;. At higher frequencies the switched feedback elements de-
crease the gain. For the RIAA equalization a response pole is developed
at 50 Hz by the shunting of Cy; and Cs on feedback resistor R;. This
shunting is interrupted by a response zero at 500 Hz produced by stop
resistor Rg in series with C;. Then, at 2 kHz, Cs creates a pole with this
stop resistor to continue the gain rolloff. For the NAB equalization, Cy4
creates a 50 Hz pole with Ry, and stop resistor Ry produces a response
zero with C4 at 8 kHz. '

As long as the operational amplifier has an open-loop response signifi-
cantly greater than the desired equalizing responses, performance is
essentially determined by the feedback elements. Component toler-
ances determine the accuracies of the response break points. Note that
a polarized capacitor is shown for the large C; even though the signal on
this capacitor is bipolar. This is possible for most preamplifier applica-
tions, as the input voltage is well below the reverse voltage limitation of
the capacitor. Alternately, the capacitor can be returned to the positive
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Fig 6.23 Equalization responses for a preamplifier are readily tailored by choice of
operational amplifier feedback elements.

supply to avoid reversing the capacitor voltage. An input ground return
resistor of 47 kQ) is shown, but this value may be altered to match the
specific signal source used.

Independent control of the high- and low-frequency gains of an audio
amplifier provides bass and treble adjustment. Once again, the desired
response control can be achieved with simple feedback around an opera-
tional amplifier, and one such tone-control amplifier is shown in Fig.
6.24. Separate variable-feedback networks are connected for the two
controls. At very low frequencies where all the capacitor impedances
are high, the only effective feedback is the resistive portion of the bass
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Fig. 6.24 Independent bass and treble tone control is
achieved with separate feedback networks around an
operational amplifier.

control. Then, the circuit acts as a simple variable-gain amplifier with a
gain range of =22 dB at the extremes of the bass region. The effect of
the bass control potentiometer is bypassed by capacitors so that the gain
is held at 0 dB at somewhat higher frequencies.

At even higher frequencies the coupling capacitor of the treble control
begins passing feedback signal to alter the high-frequency response.
This treble feedback combines with that of the bass control, which con-
sists simply of the 10 k() resistors at these frequencies. At the extremes
of the treble control range the 1 k() resistor is effectively in parallel with
one or the other of the two 10 k() resistors to again give a =22 dB con-
trol range. As either control is varied, its gain at the frequency extreme
changes, but the response intercept with the 0 dB level remains fixed.
For the connection shown the source resistance must be much less than
10 kQ in order to not alter the tone control responses. Where a higher



Special-purpose Circuits 217

source resistance is present, the signal can drive the noninverting input of
the operational amplifier with the input terminal shown grounded.
While this noninverting configuration makes the midband gain 2 rather
than unity, it presents the high, common-mode input impedance to the
signal source. With this high impedance a capacitive coupling with
smaller capacitors can also be achieved.

6.4.2 AGC circuits For amplitude stabilization under varying signal
conditions an automatic gain control (AGC) is often applied. By means
of feedback the gain of an amplifier is automatically controlled to main-
tain a constant output signal level even though the input signal varies
widely. To achieve feedback control of gain a voltage-controlled gain
element is needed. This control is provided by the voltage-controlled
resistance of FETs and by an analog multiplier in the circuits described
below. Other AGC circuits are included with the sine-wave generators
of Sec. 5.1.

While an FET is a simple gain-control element, its resistance is modu--
lated by the signal voltage on that resistance, and this modulation effect
introduces distortion. In addition, a large, bipolar signal on a junction
FET can forward-bias the junction to produce a drastic resistance change.
To avoid these distortion effects and still permit large-signal swings, the
FET is connected as the grounded element of a T network® in Fig. 6.25.
The gain of the resulting circuit is most sensitive to modulation of the
FET resistance when the resistance is low. With the T network the mod-
ulation effect is the lowest then, since the portion of the signal supported
by the low FET resistance is small. At its higher resistance levels the
FET supports a larger signal, but the divider action of Ry and Rs limits
this signal to a level that does not forward-bias the gate.

Through the variable resistance of the FET, the gain of the amplifier of
Fig. 6.25 is controlled to maintain a nearly constant average output level.
As the FET resistance varies from a minimum of roy to a maximum of
rorr, the gain ranges over

_ R+t Rg _ Ry + Ry ReRs
R; 2 A2 R; ronRy

where rorr is assumed to be negligibly large. A gain range of 40 dB is
attainable. To control this gain the output amplitude is detected by the
diodes shown, and the detected signal is averaged by a capacitor for sus-
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Fig. 6.25 AGC control with an FET has greatly reduced distortion when

the FET is connected in a T network to reduce the signal swing on the
FET.

tained gate bias. If the amplitude falls below the detector level, no gate
bias is developed, and the FET assumes its minimum resistance. This in
turn raises the gain to restore the output amplitude. Increased ampli-
tude is detected and results in a gate bias that increases resistance until
equilibrium is reached. At equilibrium the FET resistance, amplifier
gain, output amplitude, and gate bias are at mutually compatible levels.

While the zener diode is the major determinant of the equilibrium
amplitude, the FET and its bias also have effects. The output amplitude
needed to produce the gate bias varies with the input signal. A change
in this bias is needed to adjust gain when the input signal varies. As a
result, the amplitude of the output still varies with that of the input, but
this variation is greatly reduced by the AGC feedback. Another ampli-
tude variation results from changes in signal frequency. This is due to
the associated change in ripple voltage on the filter capacitor.

Greater amplitude stability can be achieved with an AGC circuit that
has a more ideal detector diode and that has gain in the control feedback.
With an ideal diode no signal would be lost in supporting a diode voltage
drop, and so very small amplitudes could be detected. Gain is needed to
reduce the signal swing required to develop the AGC feedback signal.
These improvements are shown with a basic AGC amplifier in Fig. 6.26.
In this circuit the amplifier formed with A; receives control feedback
from an integrating absolute-value circuit.” From the precision rectifica-
tion a near-ideal detection is achieved, and the high gain of the integrator
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develops the bias for the AGC FET from only a very small portion of the
output signal. In addition, the integrator provides the filtering needed to
sustain the AGC bias between signal peaks.

Operation of the absolute-value circuit is similar to that of Fig. 4.10
except for the integrating operation. As before, the signals summed at
the input of Ag have a constant polarity sum. The difference between
this sum and the reference Eg is the signal integrated, and the average of
this difference produces a change in the integrator output to adjust gain.
The gain adjustment will be in a direction which will reduce the average
of this difference signal to zero. At this point equilibrium exists, and the
integrator holds the FET bias at a fixed level. Equilibrium exists when
the average of the output signal magnitude equals the reference, as
expressed by

|eol avg — ER

To reduce the distortion introduced by AGC, the gain control element
can be made an analog multiplier rather than an FET. This avoids the
distortion introduced by signal modulation of the FET resistance and
results in a distortion level determined primarily by the linearity of the
multiplier. For this approach the amplitude detection and feedback-
control voltage can be provided by the integrating absolute-value circuit
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Fig. 6.26 An integrating precision rectifier removes detector and feedback errors from
AGC.
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Fig. 6.27 AGC with an analog multiplier can be achieved with feedback through an in-
tegrating absolute-value circuit.

of the last figure. The resulting circuit combination is shown in Fig.
6.27. Once again, the precision rectification provides near-ideal ampli-
tude detection without voltage loss for diode drops, and the integration
develops a feedback voltage that stabilizes when the average of the rec-
tified signal equals the reference voltage Eg. The integrator output
determines a multiplier input voltage to set the gain by which the input
signal is multiplied. As before, the feedback stabilizes the average amp-
litude at a level that equals the reference voltage, or

Ieo‘ avg = ER
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GLOSSARY

Absolute-value Circuit A circuit that produces a unipolar output signal equal to
the magnitude or absolute value of a bipolar input signal.

Acquisition Time The transition time required by a sample-hold circuit to
switch from the HOLD mode to the SAMPLE mode.

Aperture Time The transition time required by a sample-hold circuit to switch
from the SAMPLE mode to the HOLD mode.

Bandwidth See Unity-gain Bandwidth; Full-power Response.

Bias Current See Input Bias Current.

Bode Diagram A straight-line approximation to a gain-magnitude- or phase-
response curve.

Breakpoint A point at which a Bode diagram changes slope due to a response
pole or zero at that frequency.

Broadbanding A phase compensation technique in which the compensation
applied to an amplifier is reduced for broader bandwidths at higher closed-loop
gain levels.

Charge Amplifier An amplifier that produces an output voltage proportional to
the charge supplied to its input.

Chopper-stabilized Amplifier An amplifier stabilized against dc drift by chop-
ping the input signal to form an ac waveform that can be coupled through dc
isolating capacitors to an amplifier and later demodulated.

221
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Common-mode Input Capacitance, Ci, The effective capacitance between
either input of an operational amplifier and the common.

Common-mode Input Resistance, Riem  The effective resistance between either
input of an operational amplifier and the common.

Common-mode Voltage The average of the two voltages applied to differential
amplifier inputs.

Common-mode Rejection Ratio (CMRR) The ratio of the differential voltage
gain of an amplifier to its common-mode voltage gain.

Comparator A differential input amplifier used to compare the voltage levels at
its two inputs and having high gain so that only small voltage differences are
needed to switch the output voltage from one polarity to the other.

Current Limiting A means for limiting the output current supplied by an ampli-
fier for protection purposes.

Difference Amplifier An operational amplifier with a feedback configuration
that results in an output voltage proportional to the difference of two input
voltages.

Differential Input Amplifier An amplifier which has two inputs of opposite gain
polarity with respect to the output.

Differential Input Capacitance, C; The effective capacitance between the two
inputs of an operational amplifier when operated open loop.

Differential Input Resistance, Ry The effective resistance between the two in-
puts of an operational amplifier when operated open loop.

Differential Output Amplifier An amplifier which has two outputs of opposite
gain polarity with respect to a given input.

Differentiator An operational amplifier with a feedback configuration that
results in an output signal proportional to the time derivative of the input
signal.

Drift See Input Bias Current Drift; Input Offset Current Drift; Input Offset
Voltage Drift.

Feedback The return of a portion of the output signal from a device to the input
of the device.

Feedback Factor, B That fraction of an output signal fed back to the input.

Feedforward An amplifier phase compensation technique in which high-fre-
quency signals are fed forward around the low-frequency portion of the
amplifier.

Full-power Response, f, The maximum frequency at which an operational
amplifier can supply its rated output voltage and current without significant
distortion.

Function Generator A circuit that produces an output signal voltage related to
an input signal by some specific or adjustable function.

Frequency Compensation See Phase Compensation.

Frequency Response See Unity-gain Bandwidth; Full-power Response.

Gain See Open-loop Gain; Loop Gain.

Gain Error The difference between the actual closed-loop gain of an operational
amplifier with feedback and that predicted by the ideal gain expression.

Guarding See Input Guarding.
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Hysteresis The transfer response lag of comparators controlled by positive
feedback and resulting in different trip points for the two directions of output
transition.

Input Bias Current, Iy The dc biasing current required at each input of an oper-
ational amplifier to provide zero output voltage when the signal and input off-
set voltages are zero.

Input Bias Current Drift The rate of change of input bias current with tempera
ture or time.

Input Capacitance See Common-mode Input Capacitance; Differential Input
Capacitance.

Input Guarding Use of an input shield that is sometimes driven to follow the
voltage level of the input signal and, thereby, remove leakage and loss-inducing
voltage differences between the input path and surrounding stray conduction
paths.

Input Noise Current, i, The equivalent input noise current at each input of an
operational amplifier which would reproduce the output noise if the various
sources of amplifier current noise were set to zero and if the input noise voltage
were zero.

Input Noise Voltage, e, The equivalent differential input noise voltage of an
operational amplifier which would reproduce the output noise if the various
sources of amplifier voltage noise were set to zero and if the input noise current
were Zzero.

Input Offset Current, Ios The difference between the two input bias currents of
a differential input operational amplifier.

Input Offset Current Drift The rate of change of input offset current with tem-
perature or time.

Input Offset Voltage, Vos The dc input voltage required to provide zero voltage
at the output of an operational amplifier when the input bias current is zero.
Input Offset Voltage Drift The rate of change of input offset voltage with tem-

perature or time.

Input Protection Protection of the input of a device from damage due to the
application of excessive input voltage.

Input Resistance See Common-mode Input Resistance; Differential Input
Resistance.

Instrumentation Amplifier A direct-coupled, differential input amplifier with
internal feedback committed for voltage gain.

Integrator An operational amplifier with a feedback configuration that results
in an output signal proportional to the time integral of the input signal.

Integrator Reset Charging the integrator capacitor to a specific dc level to estab-
lish the initial condition of the integration.

Inverting Amplifier An operational amplifier with a feedback configuration that
results in negative voltage gain and, thereby, inversion of the signal polarity.

Isolation Amplifier An amplifier with high-impedance, high-voltage isolation
between input and output commons.

Logarithmic Amplifier An amplifier which develops an output voltage that is
proportional to the logarithm of the input signal.
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Loop Gain, AB The gain around a feedback loop formed by an amplifier and its
feedback network.

Noise See Input Noise Current; Input Noise Voltage.

Noninverting Amplifier An operational amplifier with feedback connected for
positive voltage gain, which thereby does not invert the signal polarity.

Offset Current See Input Offset Current.

Offset Voltage See Input Offset Voltage.

Open-loop Gain, A The ratio of the output signal voltage of an operational
amplifier to the associated input signal voltage when the feedback loop is open-
circuited.

Operational Amplifier A high-gain dc voltage amplifier which has high input
impedance and low output impedance and is capable of developing bipolar
output signals from bipolar input signals.

Output Protection Protection of the output of a device from overloads, as com-
monly provided by output current limiting for an operational amplifier.

Overload Recovery Time The time required for the output of an operational
amplifier to return from saturation to linear operation following the removal of
an input overdrive signal.

Phase Compensation Frequency response tailoring for stability of a feedback
system through addition of response poles and zeroes that reduce high-frequen-
cy phase shift.

Phase Margin, ¢, The margin by which phase shift around a feedback loop is
less than 360 ° at the unity-loop-gain frequency. Sometimes defined as the
margin by which the phase lag of a feedback amplifier is less than 180 °, for the
negative feedback accounts for the other 180 ° of phase shift.

Power Booster A buffer amplifier with high current gain and typically unity
voltage gain, used to boost the output power from an operational amplifier.

Precision Rectifier See Absolute-value Circuit.

RMS Converter A circuit that develops a dc output voltage equal in rms value to
an input signal of arbitrary waveform.

Sample-hold Circuit A device whose output follows an input signal and then
holds the instantaneous value of the signal that existed when the HOLD com-
mand signal was applied.

Settling Time, t; The time required for output voltage to settle to within a
specified percentage of its final value following a step input.

Signal Conditioner A device that conditions or modifies a signal so as to alter the
relationship of the signal with respect to time, frequency, or other signals.

Signal Processor A device that acts on or converts signals by analyzing, routing,
rectifying, sampling, etc.

Single-ended Characterized by a single input or output rather than by the two
of a differential input or output.

Slewing Rate, S; The maximum rate of change of an output voltage when sup-
plying the rated output.

Summing Junction The junction of the feedback and input resistors of a feed-
back network at which the signal currents from input resistors are summed.
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Unity-gain Bandwidth, f. The frequency at which the open-loop gain of an
operational amplifier crosses unity.

Varactor Amplifier A modulated-carrier dc amplifier using the capacitance
modulation of varactor diodes in response to low-frequency signals to transmit
the signal for ac rather than dc amplification.

Virtual Ground A characteristic of the summing junction of an inverting con-
nected operational amplifier, which resides virtually at ground potential since
the very high open-loop gain of the amplifier requires only small summing
junction signals to develop the output signal.

Voltage Follower The short-circuit feedback connection of an operational am-
plifier which results in an output signal that follows the voltage at the nonin-
verting amplifier input.

Window Comparator A comparator that detect levels within a set range or
window rather than simply distinguishing between levels above and below a
set point.
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Absolute-value circuits, 119-132, 221
integrating, 218-219
precision, 120-125
simplified, 124-129
speed improvements, 129-132
Ac performance, preserving, 14-25
Acquisition time, 136, 221
Active filters, 72-73, 102-108,
214-217
offsetless, 106-108
tunable, 102-106, 214-217
AGC (automatic gain control) circuits,
146-147, 153-154, 217-220
Ammeter, 199-200
Amplitude modulators, 151, 153-154,
162, 176-177
Analog gate, 115-117
Antilog amplifier, 95-96
Aperature time, 136, 221
Audio circuits, 49-50, 214-217
response equalizer, 214-215
tone control, 215-217
[See also AGC (automatic gain
control) circuits; Power
boosters]
Automatic gain control [see AGC
(automatic gain control) circuits]
Automatic tuning, 212-213

Bandwidth (see Full-power response;
Unity-gain bandwidth)

Bass and treble control, 215-217

Beta measurement, 184-185

Bias current (see Input bias current)

Bode diagram, 221

Bootstrapping, 3840, 61, 88, 92

Breakdown voltage measurement,
186-188

Breakpoint, 221

Broadbanding, 15-16, 129-130, 221

Buffering, input, 36-38, 53-54

Bulk resistance error, 95-96

Capacitance loading, 16-17, 20
Cascode bias, 24, 84-85
Charge amplifier, 203, 221
Chopper-stabilized amplifier, 221
Clamping amplifiers, 118-119
Common-mode rejection, 71, 76, 222

improvements, 40-41, 57-61, 63
Common-mode voltage, 61, 63, 222
Comparators, 109-114, 222

input protection of, 30-31

slope, 111-112

window, 112-114
Controllers, 205-213

on-off, 205-207

optimizing, 212-213

proportional, 207-213
Crystal controlled oscillator, 147-148
Current boosters, 42-46, 85-86
Current limiting, 31-33, 4243, 222
Current measurement, 188-189,

199-200

Current rectifiers, 127-129
Current sources, 78-94

bipolar: for floating load, 89-92

for grounded load, 92-94, 190
unipolar, 66-67, 79-89

Dc performance, preserving, 1-14
Difference amplifier, 11, 52-53, 222

229
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Differential amplifiers, 51-53, 222
(See also Instrumentation ampli-
fiers)
Differential output amplifiers, 50-53,
222
Differentiators, 76-78, 104-105, 222
noise of, 77-78
Digital-to-analog converter, 87, 116,
132, 204
Dither control, 210-212
Dividers, 97-102
Drift, 222
due to current unbalance, 5-7
due to offset null, 3-7
of dynamic emitter resistance, 8
of input bias current, 12-13
Droop, 133, 136-137
Duty cycle control, 164-165, 180-
182, 208-212

Equalizer, 214-215

Equilibrium sustaining control,
208-210

Exponent control, 162-163

Fault protection (see Overload
protection)

Feedback, 222

linearization, 63, 65, 98-100,
141-142

Feedback factor, 222

Feedforward, 222

Filters (see Active filters)

Frequency compensation (see
Phase compensation)

Frequency modulators, 103-106,
150-151, 161, 177-180

Frequency-to-dc converter, 200-201

Full-power response, 18, 222

Function generator, 222

Gain:
control, 55, 61-63

Gain (Cont.):

loop, 15-17, 224

open-loop, 224

transistor, 184-186
Gating amplifier, 115-117
Guarding, 88

input (see Input guarding)

h,e measurement, 189-191
Heater control, 205-210

Hifi circuits, 49-50, 214-217
Hysteresis, 110, 205, 223

Input bias current, 12-13, 223
error compensation, 12, 135-136
thermal drift, 12-13

Input buffering, 36-38, 53-54

Input capacitance:
common-mode, 222
differential, 21-24, 222
neutralization, 39-40
significance of, 21-24
(See also Input impedance)

Input current behavior, 12-14

Input guarding, 223
instrumentation amplifier, 57-59
operational amplifier, 14

Input impedance, 23-24, 35-36
bootstrapping, 38-40, 61, 88, 92
buffering, 36-38, 53-54
under input overload, 30-31
inverting amplifier, 36
isolation boosting, 40-42, 59-60,

63-68
noninverting amplifier, 37
(See also Input capacitance)

Input noise:
comparisons, 25-26
operational amplifier, 25, 223
performance optimization, 25-28
transistor, measurement of,

192-194

Input offset current, 223

thermal drift, 13-14



Input offset voltage, 223
thermal transient response of, 2-3
Input offset voltage null, 3-12
for an active filter, 106-108
for a difference amplifier, 11
drift effects of, 3-7
without drift effects, 6-12
for the general case, 8, 12
for an inverting amplifier, 9
for a noninverting amplifier, 9-10
for a voltage follower, 9-10
Input protection, 29-31, 223
Input resistance, 222
(See also Input impedance)
Instrumentation amplifiers, 53-63,
223
CMR boosting, 59-61
gain control, 55, 61-63
input guarding, 57-59
simplified, 53-57
Integrators, 71-73, 104, 106, 107,
223
reset of, 73-76, 133-134, 166-167
Inverting amplifier, 9, 36, 223
Isolation amplifiers, 40-42, 63-68,
223
feedback linearized configurations,
63-67
modulated carrier configurations,
67-68

Leakage current measurement, 188-
189
Leakage decoupling, 118-119, 133-
135
LEDs (light-emitting diodes):
biasing of, 64-65
in isolation amplifiers, 65-67
Limiters, 111, 118-119, 146
Logarithmic amplifiers, 94-97, 223
error reduction, 95
multiplier, 100-102
speed improvement, 96-97
Loop gain, 15-17, 224

Index 231

Matching, transistor: analysis of, 5-7,
45 :
measurement of, 195-197
Measurement circuits, 198-205
frequency and phase, 200-203
kilovolt-level voltage, 203-204
meter, 198-200
switching threshold, 204-205
Meter circuits, 198-200
Modulators, 103-106, 150-154,
161-162, 175-182
amplitude, 151, 153-154, 162,
176-177
frequency, 103-106, 150-151, 161,
177-180
pulse width, 180-182, 208-212
Motor controller, 210-212°
Multiplexers, 114-117
Multiplier/dividers, 97-102
using FETs, 99-100
using logarithmic amplifiers, 100~
102
using photoresistors, 97-99
Multivibrators, 154-175
astable signal generators, 154-171
monostable, 171-175

NAB equalizer, 214-215
Neutralization, 39-40
Noise:
differentiator, 77-78
operational amplifier, 25-28
transistor, 192-194
(See also Input noise; Signal-to-
noise ratio)
Noise figure, 26-28
Noninverting amplifier, 9-10, 37, 224
Null techniques (see Input offset
voltage null)

Offset current, 13-14, 223
Offset voltage, 223

Open-loop gain, 224
Optimizing controller, 212-213
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Oscillators (see Ramp and pulse gen-
erators; Sine-wave generators;
Square- and triangle-wave gen-
erators)

Output boosters, 42-53

current, 42-46, 85-86
power, 49-50
voltage, 40-41, 46-48, 50-53,
187-188
QOutput protection, 31-34, 224
from current overload, 31-33
from voltage overload, 33-34

Qutput resistance measurement,
transistor, 189-192

Overload protection, 28-34, 114

for input faults, 29-31

for output faults, 31-34, 42-43

for supply faults, 28-29
Overload recovery time, 19, 224

Peak detectors, 132-139
Phase compensation, 224
of absolute value circuits, 129-130
broadbanding, 15-16
for capacitive loading, 16-17
of current sources, 81
guidelines, 15-16
of logarithmic amplifiers, 96-97
Phase margin, 15, 224
Phase-shift oscillator, 149-150, 177-
178
Phase shifters, 102-103, 149-150
Phase-to-dc converter, 202-203
Pinchoff voltage measurement, 194-
195
Power boosters, 42-50, 224
Precision gate, 115-117
Precision rectifiers (see Absolute-
value circuits)
Proportional controllers, 207-213
Pulse generators, 163-169, 178
(See also Ramp and pulse gen-
erators)
Pulse width modulators, 180-182,
208-212

Quadrature oscillator, 150-151, 153-
154.176, 178

Ramp and pulse generators, 163-171,
178
simplified, 164-168
with two operational amplifiers,
168-171
Recovery time:
multivibrator, 173-174
operational amplifier, 19, 224
Rectifiers (see Absolute value circuits)
Regulator, voltage, 47-48
Reset, integrator, 73-76, 133-134,
166-167
Response characteristics, 17-21
RIAA equalizer, 214-215
RMS-to-dc converters, 139-143, 224
computing, 139-140
thermal, 141-143

Sample-hold circuit, 132-139, 224
accuracy improvements, 132-136
acquisition time, 136, 221
aperature time, 136, 221
speed improvements, 136-139

Sawtooth generators, 163-171

Servo controller, 210212

Settling time, 19-20, 138, 224

Short-circuit protection, 31-34

Signal conditioning circuits, 70-108

Signal generators, 144-182

Signal processors, 109-143

Signal-to-noise ratio, 25-26

Sine-wave generators, 144-154
variable amplitude, 151-154
variable frequency, 148-151,

177-178
Wien-bridge, 145-148

Single-ended, 224
voltage follower, 41-42

Slewing rate, 18, 20, 224



Square- and triangle-wave generators,
154-163

simplified, 155-158

variable, 158-163, 176-180
Square-to-sine-wave converter, 152
Staircase generator, 169-171
Summing junction, 224
Sweep testing, 198, 212, 213
Symmetry control, 159
Synchronized oscillator, 157-158

T feedback, 36-37, 97, 217
Thermal feedback, 3, 50, 141
Thermal transient response, 2-3
Threshold measurement, 204-205
Timing circuits, 163, 171-175
Transconductance measurement,
185-186
Transient protection (see Overload
protection)
Transistor test circuits, 183-198
beta, 184-185
breakdown voltages, 186-188
gain measurement, 184-186
leakage current, 188-189
matching, 195-196
noise measurement, 192-194
output resistance, 189-192
pinchoff voltage, 194-195
sweep testing, 198
transconductance, 185-186
Triangle-wave generators (see Square-
and triangle-wave generators)

Index 233

Tuning, automatic, 212-213

Unity-gain bandwidth, 18, 225

Varactor amplifier, 225
Virtual ground, 225
Voltage boosters, 40-41, 46-48, 50-
53, 187-188
Voltage follower, 225
for high voltage, 40-41
inverting amplifier form, 41-42
offset null, 9-10
Voltage regulator, 47-48
Voltage—to—current converters (see
Current sources)
Voltage-to-frequency converters, 150-
151, 161, 177-180
Voltmeters, 198-199, 203-204

Warm-up drift, 2

Waveform generators (see Ramp and
pulse generators; Sine-wave gen-
erators; Square- and triangle-
wave generators)

Wien-bridge oscillators, 145-148

Window comparators, 112-114, 225

Zero temperature coefficient bias
measurement, 197






