CHAPTER 10

Operational Amplifier Circuits

10.1 INTRODUCTION

In this chapter we present a number of linear and nonlinear op amp circuits
to show the wide range of possible applications. A brief explanation is given
for each circuit along with pertinent waveforms, impedances, and some
specific applications.

10.2 THE INVERTING AMPLIFIER

]’c-l'lnznlas the simplest of all op amp circuits is the inverting amplifier shown
in Fig. 10.1. As we have seen in Chapter 9, the exact voltage gain
expression is '

A, =———— (10.1)

If AR, » (R, + Ry), which is almost always the case, we have the simple
gain expression

R,
Ay 2
R (10.2)

(10.2) can also be derived immediately by using the two op amp rules of
Chapter 9, which we repeat here for convenience:

I Op amp current rule (OACR): The current flowing into (or out of) each op
amp terminal is zero.

I, Op amp voltage rule (OAVR): The voltage difference between the inverting
and the noninverting terminals is zero,

As n review, we repeat the voltage gain derivation, using the two rules,
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FIGURE 10.1 The inverting ampiifier.

The OACR implies i; = i, and the OAVR implies v, = v;. Thus, using
Ohm’s law to evaluate i; and i, we have v;/R; = —Uowd/ Rz, OF Ugu/ Uin =
—Ry/R;.

The input resistance is simply equal to Ry, because by the OAVR the
voltage at the inverting input must be zero. The inverting input is termed a
virtual ground. Notice that this is true regardless of the value of R; or R—
that is, regardless of the circuit gain.

The output resistance of the amplifier circuit of Fig. 10.1 is reduced to
below that of the bare (no feedback) op amp by the negative feedback and
is given by

e |
Tou v
Rout = s R:Ao = A, : Tout = —A_; Fout (10'3)
R1 + R2

where 7., is the output resistance of the bare op amp. Typical values of the
output resistance Roy are extremely low—a few ohms or less.

The circuit bandwidth (BW) (see 9.8.1) depends on the gain with
feedback, A,: the smaller the gain the larger the bandwidth. For most op
amps the open-loop op amp voltage gain decreases as 1/f (20 dB/decade or
6 dB/octave) for f> fs; fs is the break frequency where the op amp
open-loop gain A, is 3 dB down from its dc value. fg is usually 100 Hz or
less. Thus,

BW = fB(%:) ' 10.4)

This is simply another way of writing the constant gain bandwidth product:
(BW)A, = faA,. For example, if the open-loop gain break frequency is
fiy = 500 Hz, and the open-loop gain is 10°, then for a gain of 20 the
bandwidth would be BW = (500 Hz)(10%)/20 = 2.5 x 10° Hz.
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The input resistance for the noninverting circuit of Fig. 10.2 is much
larger than for the inverting circuit of Fig. 10.1. From either direct analysis
or the feedback theory of Chapter 8, the input resistance of the amplifier is

>

Rin = (1 + AOB)Rino =

2 Rino (10.9)

v

>

where R, is the input resistance of the bare op amp (usually very large)
and can be estimated from the bias current Iy given in the op amp spec
sheet. For example, if the bias current is 1nA, then Ry,,=1V/Iz =
1 V/10° A = 10° Q. In most cases the input resistance of the noninverting
amplifier is so large it can be considered infinite for all practical purposes.
Thus, it is common practice to wire in a resistance R' = 100 k() from the
noninverting input to ground to stabilize the input impedance. (Some dc
resistance R’ to ground is absolutely essential if the input is ac coupled.)
The output resistance R, of the noninverting amplifier circuit of Fig.
10.2 18
R,

Rou = F—r7
"1+ A.B

I

A,
R, A, (10.10)

where R, is the output resistance of the base op amp with no feedback.
Typical values of R, are extremely low—several ohms or less.
The bandwidth is the same as for the inverting amplifier:

BW = fg (2") (10.11)

where fy is the frequency where the op amp open-loop gain is 3 dB less than
the dc gain, A, is the dc open-loop gain, and A, = 1 + R,/R, is the circuit
gain with feedback. ‘ k

The dc output with zero input is

R,
Voo = :tvi()(l + E") + IBRQ (10.12)
1

With the addition of Ry = R{R,/(R; + R;) in series with the noninverting
input, as shown in Fig. 10.2(b), the dc output with zero signal input is

R,
Voo B vin(l + ﬁ) + »IioR2 (]0.]3)

which is the same as for the inverting amplifier,
A special case of the noninverting amplifier is the voltage follower
shown in Fig. 10.2(¢). It is the noninverting amplifier with R, = 0, and
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R, — ; in other words, all the output voitage is fed back. The voltage
follower thus has a voltage gain of 1, but a very high input resistance and a
very low output resistance, and a large bandwidth. Thus, it is useful as a
buffer amplifier when it is desirable to isolate two parts of a system. It is
almost an ideal one-way device because of its high input and low output
resistances—changes at the output will have almost no effect on its input,
and it will draw almost no current from its input. In other words, it acts as
an impedance transformer; it allows us to couple a signal from a source with
a high output resistance (such as a glass pH electrode, a wick electrode in
neurophysiology, or a photomultiplier tube) to a lower impedance circuit.

Actual measurements of these parameters for some popular op amps
are shown in Table 10.2 for R, = 1k, R, = 100kQ in Fig. 10.2(a).

TABLE 10.2. Noninverting Amplifier Parameters

Op Amp A, R, (T BW (kHz) GBW (MHz)
741 94 2 10 0.94
318* 92 140 200 18
071 96 1 34 33

*5 pF in parallel with R, = 100 k{2.
tat 1 kHz.

10.4 THE DIFFERENTIAL AMPLIFIER

A difference or differential amplifier is one whose output is proportional to
the difference between two input voltages Uou = Ao(vs — va). The amp-
lifier is shown in Fig. 10.3(a). Such an amplifier is useful when both
signals contain large (and equal) amounts of noise, such as 60-Hz pickup.
This is often the case when the input signals come fron transducers that
have a high impedance to ground (biological wick electrodes, for example).
Another useful application is when the dc level of the two inputs is high
(several volts) and when the signal change is small (millivolts). This is the
case for strain gauges.

Applying the OACR and the KCL to the junction at the inverting
input, we have

. ; Ua — Uy U1 — Uout
h=n = R ®
Ry 2

The OAVR implies v; = v, but v, is given by

R4
Uy =

g = @
R+ R, 2 U
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Vout

if Ry/R, = Ry/R,

R
v, 2 s
out = —= (vg — v,
t R, ( A)

Yout

(b) instrumentation amplifier

FIGURE 10.3 The difference amplifier.

Eliminating v, between (1) and (2), we get

R
1+
v()ut = _—'2 R2

Ry 1+ R
R,

". we choose the resistances such that Ry/R; = R3/R,, then the output is
given by

(vs ~ Va)

R
Vour = == (Up — va) (10.19)
R,
which indicates that the output is proportional to the difference between the

Iwo input voltages vy and v,,
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The resistances must be chosen carefully to satisfy R,/R, = Ra/R,.
Resistances of 1% or better tolerance are generally required to get a high
CMRR. If (10.14) holds exactly, the CMRR = «; that is, the gain for
va = vg is zero. Also, notice that the input impedances for v, and vg are
different, being much higher for vg. This can be a very serious source of
noise pickup.

The usual instrumentation amplifier consists of three op amps and is
shown in Fig. 10.3(b). Op amp #3 and R, R,, R;, and R, comprise the
standard basic circuit of Fig. 10.3(a). Thus, the output is given by

R,

Uout = R (vB' - DA') (1)

1

if R]/R2 = R3/R4.

The input impedance for both v, and vg is Rs because both inputs go
directly to the high impedance noninverting input terminals. From the
OAVR we have

vy =va and v, = vy

Thus, for a common mode input (va = vg) there is zero voltage drop across
R, and therefore no current flows through the Rs, Rs, R; resistor chain.
Thus, va = v, and there is zero differential input to op amp #3, and vy is
zero. But for a differential input (vs # vg) the same current must flow
through the Rs, Rs, R, chain because zero current flows into the inverting
input terminals of op amps #1 and #2. Thus,

UA'—1)1= 01—1)2= 1)2_1)]3'= Var — Up (2)
R, Rq Rs Rs+ Rs + R,

Solving for Vs’ — va; we obtain

It is common practice to choose Rs = R; = R, so the gain expression

becomes

R 2R
2 (1 +

Vout = — k—l E)(UB - UA) (10.15)

‘The overall differential gain can be set by adjusting Rs.

Many different commercial instrumentation amplifiers are available at
prices from less than a dollar to hundreds of dollars. One such (expen-
sive) instrumentation FET amplifier is the 4253, which is especially
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suited for amplifying small differential signals in the presence of large
common mode voltages. It has a very high input impedance, low drift with
time and temperature, low input noise, low bias current, adjustable gain
with one external resistor, and output short circuit protection. The 4253
specifications are listed in Table 10.3. A less expensive instrumentation

amplifier is the AD624A.

105 THE OP AMP POWER BOOSTER

Most inexpensive op amps can put out a maximum current of approximately
10 to 20 mA before the output waveform is seriously distorted. The circuit
shown in Fig. 10.4(a) will boost the output current (and power) to the limits
of the transistor, which can be chosen to be a high-power transistor. The
circuit of Fig. 10.4(a) has one disadvantage, however; its output voltage is
always positive (or negative if a pnp transistor and negative supply are
used). Thus, this circuit can only “source” current; it cannot “‘sink” current.
Notice that the output transistor is inside the feedback loop and is acting
essentially as an emitter follower. From basic negative feedback theory
B = Ri/(R; + R;), and the overall voltage gain of the op amp and tran-
sistor of Fig. 10.4(a) must be

1 R,

A===1+2
B R,

(10.16)

If both positive and negative output voltage swings are desired, the
bottom of Rg can be tied to a negative supply voltage or the push-pull
circuit of Fig. 10.4(b) can be used. If the op amp output swings positive,
then the npn transistor Q, is turned on and Q, is turned off; hence the
output voltage goes positive. If the op amp swings negative, then the pnp
transistor Q, is turned on and Q, is turned off; hence the output goes
negative. You might recall that the turn-on voltage for any silicon transistor
is approximately 0.5 V and thus might be tempted to conclude that the op
amp output would have to be at least +0.5V to get a nonzero output and
that therefore the output will be seriously distorted. This is not the case
because the transistors are inside the feedback loop. The OAVR states that
the voltage at the noninverting input terminal (v;,) must equal the voltage
at the inverting terminal, which is R;/(R, + R,) times the output voltage:

R, o
Vi = ———
"R, +R, ™

Thus, the overall voltage gain of the op amp plus transistors is

A = Your _

— =] 10.17
Uin Rl Rl ( )
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= =¥

(¢) bad circuit

FIGURE 10.4 Power booster.

Push-pull transistors are available on a single chip that will supply up to
several hundred mA of output current. Examples are the MC1438 and the
1.LHO0063,

It is instructive to investigate what would happen if the output tran-
sistors were outside the feedback loop, as shown in Fig. 10.4(c). In this case
the output of the op amp would have to be greater than approximately
0.5V (either -+ or =) to turn on one of the output transistors. Thus, the
output would “miss” the first 0.5V of signal and would look like Fig,

10.4(d) for a pure sinusoidal input, Such distortion is called crossover
distortion, because it occurs as the input signal crosses or changes polarity
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FIGURE 10.5 Push-pull power booster with level shifter.

If minimum distortion is required, the crossover distortion can be
decreased even more by adding level-shifter circuits (see 9.5.1), as shown
in Fig. 10.5. Both the npn and the pnp transistors are biased slightly on by
the level shifter even with zero signal from the output of the op amp. The
price paid is the higher power dissipation in the transistors with zero input
signal.

10.6 COMPENSATION OR EQUALIZATION
AMPLIFIERS

The conventional noninverting op amp of Fig. 10.6(a) has a flat frequency
response out to f,; it will amplify signals from dc up to f, with a gain of
I + Ry/R,. The gain at f, will be 3 dB less than the dc gain.

To avoid having the dc output level depend on the slowly drifting (due
to aging or temperature changes) op amp voltage offset and bias current, it
is often desirable to decrease the amplifier gain at dc and low frequencies.
A capacitance C, in series with R; will accomplish this, as shown in Fig.
10.6(b). There must be some dc path from the inverting output to ground
through v,u,, shown in Fig. 10.6(b) as R, . The voltage gain will be

R,

A=1+
Zy
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where Z, is the series impedance of R; and Cy: Z; = R; + 1/jwC,. Thus,
the amplifier gain is

A
log A jm—me s .
”m( \\\ A = 1 + R2 = + ]w1,22C1
r—-—-0vmn N A R. + 1 1+ joR,Cy
R N \,\/ )
A Y
N
Ay b If we let w; = 1/R,C;, then we can write the gain as
1+ Ry/R,— £ 2
\ ]ﬁ)Rz
I
R
= ! - A=1+-21 (10.18)
b log f L4 1o
(a) dc coupled w1

If > wy, then A— 1+ R,/R;, which is the midfrequency gain. If w <
w1, then A =1+ j(w/w1)R,/R;, which decreases (to 1) with decreasing
frequency. At @ = w;, A= 1/Vv2(Ry/R;) if R,/R, > 1, that is, A is 3dB
less than the midfrequency gain. The gain-versus-frequency curve is shown
in Fig. 10.6(b).

Similarly, to reduce the gain at high frequencies (but less than f,), we
can add a capacitance C, in parallel with R, as shown in Fig. 10.6(c). The
voltage gain will then be

log A [wem = e -

Vout N
\
\
\\
\
\
\
R N
R,
14 32—
= R,

\

\

{
- \ o

i +
fi 5 log f
] (o]

277'R]C|

Ao o 2

1

r o

=1
e where Z, is the parallel impedance of R, and C;:

(b) ac coupled to reduce dc gain

1
”(5g)
z, = \joC) R
1 1+ij2C2
A R2+-:—C—
log A e g Jot-2

\ R,
\ R,
\ m S A _ 1 o —
\ - Thus, 1+ j(v)RzCz

v 1 +—=% = 2 ” %
) R, N\ 3 : If we let w, = 1/R,C,, then the gain can be written as
B ) \\
\ . :

fm b
2R, C,

(10.19)

OF W) = ==
R,

(¢) reduced high-frequency gain

FIGURE 10,6 Equalization amplifiers,
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FIGURE 10.7 RIAA phonograph compensation amplifier.

Thus if @ < @y, A— 1+ Ry/R;, which is the midband gain; if w > 3,
A — 1 + Ryw,/joR;, which decreases (to 1) with increasing frequency. At
w = w), A=1/V2(R,/R,) if Ry/R; > 1, that is, A is 3dB less than the
midfrequency gain. The gain-versus-frequency curve is shown in Fig.
10.6(c).

The popular RIAA compensation curve for LP phonograph records
can be created with three capacitors, as shown in Fig. 10.7. The 1-uF,
47-k() high-pass RC filter at the input has a break frequency of 3.4 Hz.

10.7 THE SUMMING AMPLIFIER

An op amp can easily be hooked up to act as an adder; that is, the output
voltage will be the sum of a number of independent input voltages (with
each input multiplied by its own gain if desired). The circuit is shown in Fig.
10.8: it uses the fact that for the inverting configuration the inverting in-
put is a virtual ground, which means that the various inputs are electric-
ally isolated from each other. No input should affect any other input.

R

U Ot AV
h

R,

Ui e ANV e AN AN
1

R, i

VA e — R
] NW Uy b ———O Yo = ( 'B'/‘) U ~ (BI' )“Il - (""r )1’1 !

R| Rl I{\

FIGURE 10.8  The summing amplifier
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The output voltage expression can be obtained easily by writing the
KCL at the inverting input:

Wt i iy = gt

Neglecting i’ from the OACR and using Ohm’s law give

UA_01+UB"_01+UC”‘01 — U1 — Uout
Ry R, R; Rf

But v; = v, = 0 from the OAVR, so the output is

- (- (- ()
Uout (Rl Va R2 Up R3 Uc (10.20)
Thus we see that the output is a linear sum (with negative coefficients) of
the inputs. If R, = R, = R; = Ry, then the output IS Ugyt = — Ua — Up — Uc.

The output can easily be made positive by simply adding an inverting
amplifier to the output.

This summing circuit can be made into a digital-to-analog converter
very simply—uv, is the least significant bit, v the next more significant bit,
and so on. We then choose the resistances so that R, = Ry/2, R; = Ry/2,
and so on, so that vg will be weighted twice as heavily in the output as
va, and so forth. This will be explained at greater length in Chapter 15.

10.8 THE CURRENT-TO-VOLTAGE CONVERTER
(THE TRANSCONDUCTANCE AMPLIFIER)

It is often desirable to convert a small input current to an output voltage for
further processing. Examples of input current sources are a phototube, a
photovoltaic cell, a photomultiplier tube, a photodiode, and a phototran-
sistor. The op amp circuit of Fig. 10.9 does the trick; the output voltage
equals the negative of the input current times the feedback resistance R.
The KCL at the inverting input implies

iin = i2 + i,
The OACR implies i’ = 0. But Ohm’s law implies

U1 — Uout

R

i2:

But the OAVR implies v, = v,, and v, = 0, s0o
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b——0 Vour

Rh Vour = — fip R

(a) basic circuit (b) reduced high-frequency gain from C,
reduced output offset from R,,

FIGURE 109 Current-to-voltage converter.

. _ " Uour
lin = R
or Uour = —inR | (10.21)

For example, if R = 1M, then a 1-uA input current will produce a 1-V
output. We say the output will be 1 V/pA. If R = 5MQ, we would have
5 V/uA. The reader might well ask, Why not just run the current directly
through the resistance R and avoid the expense of the op amp? After all,
the output voltage will still be 1 V/uA for R = 1 MQ. The answer is that
the op amp provides power gain; in other words, the output impedance
of the op amp is much less than R and thus can drive a wide variety of
circuits. If the output were taken off R directly (without the op amp), there
would be no power gain and the output resistance would be high. The op
amp circuit also provides much better isolation between the input and
output,

If only low-frequency or slow dc variations in the input current are of
interest, it is desirable to connect a capacitance in parallel with R as shown
in Fig. 10.9(b) to reduce the high-frequency gain so that high-frequency
pickup and possible oscillations are prevented. The maximum frequency
response of the circuit will then be approximately

27Tfmnx = Wmax

RC

because the output voltage cannot change in a time shorter than the RC'
time constant,
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A resistance R, in series with the noninverting input. might be neces-
sary to decrease the dc output voltage due to the'oﬁset bias current of the
op amp, as shown in Fig. 10.9(b). R, can be adjusted to zero the output
voltage at any fixed temperature, but temperature changes will alwqys
change the output dc voltage due to the temperature coefficient of the bias
current.

109 THE VOLTAGE-TO-CURRENT CONVERTER

The circuit of Fig. 10.10(a) will supply a current through the “lpad”
resistance Ry, which is independent of Ry ; the current equals the input

ivided by R;. )
VOltag:C(;use the zl)p z;mp inputs draw negligible current (OACR), there is
no voltage drop across R; and the input voltagg equals the voltage a? the
noninverting terminal: v;, = v,. The OAVR implies v, = vy, and there is no
current through or voltage drop across R, from the QACR, so v, = i1Ry.
Thus

Vin =0 =01 = iRy

But i, = i, because no current flows through R, into the inverting input.

Thus
Uin = iLRy

j + Ve

R,
I

Vino

Ie

hFE vcc - ‘/l
o=t BE | Te
1+ hee/\ R,

R,

=

(b) one end of load grounded

(a) "floating" load

FIGURE 10.10 Voltage-to-current converter.

)
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or the current through the load R; is simply

ip = E (10.22)
Notice:

l. The load current can be changed by changing the input voltage.

2. No current (or power) is drawn from the v;, source.

3. The load current is independent of the load resistance R, .

4. The maximum load current is the maximum current output of the op amp, which
is typically 20 mA for an inexpensive general-purpose op amp.

5. Both ends of the load resistance are above ground.

6. R; and R; can be adjusted to minimize op amp bias current efforts on the output.

If one end of the load resistance must be grounded, the circuit of Fig.

10.10(b) can be used.
By the OACR, I, = I; and I =1,. And

(35 = () (Vo)
1+ hee/ T \1+ heg R,

From the OAVR v, = V2 = 0i,. Thus

I

IL = IC = aIE

— hFE )(Vc _ vin)
I = (1 + hes R, (10.23)

The load current depends on the input voltage, V.., R;, and hge of the
transistor. We want I, to be controlled by only v;,, so we want Vee, Ry, and
hyi to be constant. It is easy to keep V. and R; constant, but hg will
depend slightly on Ic = I,. The best solution is to pick a transistor with a

value of hgr much greater than 1, s0 hge/(1 + hgg) = 1. This means using a
Darlington transistor for Q.

10.10 THE CURRENT-TO-CURRENT CONVERTER

An op amp can be used to multiply a current with the circuit of Fig. 10.11,
The input voltage vy, is zero from the OAVR. Because the inverting input
of the op amp draws negligible current (the OACR), the input current and
the voltage v, are simply related by Ohm’s law:

'
”nul

R,

iln
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’
Uout
h

R,

L
I

QL= =i (1 + Ro/RY)

FIGURE 10.11 Current-to-current converter.

The KCL at the junction of R; and R; implies

2 3 3 v:)ut
Int i = i) = R,
Using vou = —iin R, yields
— R
iin + iL = —_R;_z
or g = _,-m(1 + 5_2) (10.24)
R,

Thus we see that the current through the load resistance is independent of
R; and depends only on the input current and the ratio R,/R;. Notice also
that both ends of the load resistance must be floating above ground._A
resistance can be placed in series with the noninverting input to minimize
bias current effects on the output.

10.11 THE LOGARITHMIC AMPLIFIER

With the circuit of Fig. 10.12, we can use an op amp to produce an output
voltage that is proportional to the logarithm qf its ' input voltage.' The
(ualitative explanation of the logarithmic amplifier is that as‘the input
voltage goes more positive, the output of an op amp goes ‘neg‘anve,'whlch
tends to turn on the npn transistor (the emitter going negative is equ}valent
to the base going positive). Thus, there is a smaller and smalle_br resnstar.lce
(of the transistor) between the op amp output and the inverting input, which
lowers the gain of the op amp. Thus, the larger the input signal _voll‘agf:, the
smaller the op amp gain, which effectively “compresses” the gain—a factor
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FIGURE 10.12 The logarithmic amplifier.

of l(') or 100 in the input will produce a much smaller factor in the output.
.lhe .KCL and the OACR applied to the junction at the inverting
terminal imply #, = ic. The input current i, can be expressed with Ohm’s

.luw, and the collector current of the transistor can be expressed in terms of
its base emitter voltage,

vi,,—O
R

eVgp/kT

iC= =I()e

But the base emitter voltage of the transistor is simply the negative of the
output voltage: Vgg = —v,y. Thus,

(o]

in

R

= Ioe—evom/kT

Solving for the output voltage, we obtain

Vout = — kT ln( o >
out p LR (10.25)
Using v, = +i, R, we can rewrite the output as
Vour = — _’5_7: ln(h)
out e I0

Notice:

I, The input voltage v, must be positive (otherwise no current would flow through
the transistor),
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2. The output voltage range is limited to approximately -0.2V t0-0.7 V, because
Vout = VEs.

3. I, is usually about 100 pA or less because it is the reverse current for the

transistor base-emitter junction and is temperature dependent.

. The factor kT/e at room temperature is 0.026 V.

. For small input currents i, it is necessary to use an op amp with a bias current
that is much smaller than the smallest i,,; this usually means an op amp with an
FET input stage. For small input currents the input voltage v, is also small,
which means the output voltage due to input voltage offset may swamp the
desired output; this means we must carefully null out the offset voltage with
appropriate circuitry.

6. It is often necessary to add a small capacitance across the transistor to prevent

oscillation as shown in Fig. 10.12.

7. When the op amp output goes positive {from a negative input), the npn transistor
is turned off and the maximum collector emitter voltage may be exceeded. A
diode is sometimes placed across the transistor to protect it as shown in Fig.
10.12.

8. If the input is a current source (with high impedance), the resistance R can be
omitted—the high output resistance of the current source takes its place.

W

10.12 THE IDEAL DIODE

An ordinary silicon p-n junction diode does not pass an appreciable forward
current until its forward voltage exceeds approximately vp = 0.5V, as
shown in Fig. 10.13(a). However, if the diode is put in the feedback loop of
an op amp, as shown in Fig. 10.13(b), the turn-on voltage of the diode is
effectively reduced to 0.5 V/A,, where A, is the open-loop gain of the op
amp. The qualitative explanation is that if the input voltage goes positive by
only a slight amount (approximately vp/A,, where vp is the diode turn-on
voltage), the output of the op amp will go strongly positive and will turn on
the diode. With the diode turned on the op amp circuit is essentially a
voltage follower (see Section 10.3) with a gain of unity. Thus, the output

(Vo — vp) 2V,

r

2V,

Vip = Vi sin wt

(n) real diode half-wave rectifier (b) ideal diode half-wave rectifier

FIGURE 10.13 The ideal diode.
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equals the input, and the circuit acts like an ideal forward biased diode
with almost zero turn-on voltage. But for a small negative input the op amp
output will go strongly negative, thus turning the diode off. There is then no
negative feedback, and the op amp output will saturate at close to the
negative supply voltage — V.. The diode is then strongly reverse biased
and the output of the circuit will be zero, because no current flows through
R. Thus, the circuit acts like an ideal reverse biased diode.

An ideal diode clamp can be made with the circuit of Fig. 10.14(a). The

Vrcl O—F o=
R, p——O Vout
Yin O—— MWV —9— > Vin O M\
R

Rz D2
Mo —W——¢
Vour = Vier if tjp <Viee D,
Vout = Vip if vy > Vg Ry b—_*'_—_—_
R«R, e Vour = — (%) vy if v, <0
- Vou = ~ Vpy if Yip > 0
(a) slow diode clamp (b) fast half-wave rectifier

FIGURE 10.14 Diode clamp circuits.

noninverting input of the op amp is connected to a reference voltage. If the
input voltage is less than the reference voltage, the Oop amp output goes
positive, which turns on the diode. The output voltage is then equal to the
reference voltage by the OAVR because the two inputs to the op amp must
be the same. We say the output is clamped to the reference voltage,
regardless of the input voltage, as long as the input is less than the
reference voltage. But if the input voltage is greater than the reference
voltage, then the op amp output goes strongly negative (approximately

Vee), which turns off the diode. Thus, the output is proportional to the
input because of the voltage divider action of R and R, :

Uout = _&gm_ = Uin
R + R,
Il R < Ry, the output approximately equals the input. Notice also that as
the input voltage goes below the reference voltage, the op amp output must
O from — V. to near V., which can be 10 or 20V, depending on V., and
Viet. Thus, the slew rate of the op amp may limit how fast the circuit can
make this transition. For example, if the slew rate of the op amp is 2 V/us,
the op amp will take 9 us for its output to swing from —13 V to +5 V. Thus
to avoid distortion in the output, the input signal cannot change appreciably
in Y us or a shorter time,

The circuit of Fig, 10.14(b) is a fast half-wave rectifier. If the input is
negative, the op amp output is positive and D, is on and D, is off. Then we
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have a standard inverting op amp, and vy = —(R2/R;) ;. If the input goes
positive, the op amp output swings negative but only to —0.5V (the drop
across D1); D, is off and D, is on. Then v, = —vp; because the voltage at
the inverting op amp input equals O by the OAVR. The circuit is thus a
half-wave rectifier whose output is scaled by the factor —R,/R;. This circuit
is faster because the output voltage swing is less.

An ideal full-wave rectifier can be made with the circuit of Fig. 10.15.

R, A U VA
VAN L
R4 R5
R AN
R,
R
B’ =
mY,

FIGURE 10.15 The ideal full-wave rectifier.

If the input is positive, the op amp output is negative; then D, is on and D,
is off. Then we have a standard inverting op amp circuit, and the output is
va = —(Rz/R{)vin. The output vy is zero because there is no current
through Rj;. But if the input is negative, then the op amp output is positive
and D, is off and D, is on. Again, we have a standard inverting op amp
circuit, and the output is vg = —(Ras/R;) vy, Which is positive because vy, is
negative. The output v, is zero because there is no current through R,.
Thus, the positive part of the input appears as a negative voltage at output
A, and the negative part of the input appears as a positive voltage at the
output B.

An inverter amplifier with a gain of —1 in series with B will change the
polarity of vg. Then the two outputs at A’ and B’ are summed and inve.rted
in sign by using a summing amplifier to produce the full-wave positive
output. Then the output of the summer will be R,Rs/R;R; times the

“absolute value of the input; that is, the output will be that of a full-wave

rectifier.

10.13 THE PEAK DETECTOR

If we add a high-quality capacitor to the output of the ideal half-wave
rectifier of Fig. 10.13(b), let R — o, and add a voltage follower, we have a
peak detector as shown in Fig. 10.16(a). The output voltage will be stored



436 CHAP. 10  Operational Amplifier Circuits
A
Uin r
v Vin
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(a) circuit (b) input and output waveforms

C'[ TN\ M +10V on

[ (\)" resetpulse ~ —10V off

(c) reset circuit

FIGURE 10.16 Peak detector.

on the capacitor, and the voltage at the inverting input of the op amp will
equal the output voltage v; = v,y Thus if the input rises above vy, the
first op amp output will go more positive and turn on D, thus producing a
voltage follower—the output voltage will follow the input voltage. The
capacitance C will be charged through the diode by the op amp to the new
more positive input voltage. But if the input voltage drops below v, the
op amp output will fall and turn off D. Then the capacitance will be isolated
and will hold its charge and voltage. The voltage on the capacitance is then
fed into the input of a voltage follower. The discharge current from the
capacitor will be the sum of the small reverse diode current and the bias
current into the inverting input of the first op amp and the voltage follower.

II the input varies with time, then the output will rise to the most
positive value of the input and hold there at the peak value until a more
positive input comes along, as shown in Fig. 10.16(b). Notice:

I. The output voltage will droop (gradually decrease in time) as the capacitance
discharges. To minimize this droop, use an op amp with a small input bias current
(Le., an FET op amp). The capacitance should also have a very high leakage
resistance and low polarization, which usually means a polystyrene or silver mica
capacitor must be used. The voltage follower op amp should also have a low
input bias current, which means an FET op amp. The maximum droop rate iy
dvg/dt = 1,/ C, 8o a large capacitance is desirable

SEC. 10.14 The Sample-and-Hold Circuit 437

2. The maximum rate of output change is limited by the slew rate of the op amp and
by C.

3. T¥1e circuit can be reset by shorting out the capacitance. An FET switch can.be
used as shown in Fig. 10.16(c), but the switch must have an extremely b{gh
resistance when off. Thus, a MOSFET device would be appropriate. The positive
reset pulse turns the MOSFET on and discharges the capacitor. .

4. The output voltage change per unit time is limited by the current supplied by op

amp 1.
oue _ i(Q) - (l) I
dt di\C c/

where I, is the maximum output current of the first op amp.

10.14 THE SAMPLE-AND-HOLD CIRCUIT

A circuit similar to the peak detector (Section 10.13) can be use'd to san'xpl.e
a waveform or pulse and store it for any desired length of time. This is
particularly useful in analog-to-digital converters (covered in Chapter 15)
where a voltage level at a certain time in an input analog waveform must b.e
sampled and held for a period of time during which time the voltage levgl is
converted into digital form. The circuit, shown in Fig. 10.17, uses a high-

HIEV e

Vin = Doy
when MOSFET switch is on
(*'sample” mode)

<] 4 +
Vin o.____/ _L'__L l pb——-—0 Vout
C
L

-15V
- k—V—J
sample hold

FIGURE 10.17 Sample-and-hold circuit.

input-impedance op amp at the input. When the . MOSFET swit.ch is
“on” (from a positive voltage on its gate), the circuit is sampling the input,

that is, the capacitance is charged to the input voltage through the MOS-
FET. When the MOSFET is “off” the input voltage is ‘“‘held” on the
capacitor. The second voltage follower presents a high imped'ance across
the capacitor, so the capacitor voltage does not decay appreciably before
the next sample is taken. Notice:
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I. The circuit samples the input for a time 7, when the signal on the gate of the
MOSFET is +15V, thus turning the MOSFET on. The sampling time 7, should
be short enough so that the input signal does not change appreciably during r,.
When the MOSFET gate voltage is at —15 V, the MOSFET is off and the circuit
holds the input.

2. The bias current I of the second voltage follower must be small so that the
capacitor does not discharge too quickly. The rate at which the capacitor voltage
decreases or droops is

av 1
T (E)IB

$0 it is desirable to have I, small and C large.

). The capacitor charges through the series resistance of the “on” MOSFET, which
is typically 50-100 Q. Thus, the charging time constant is RC = (100 Q)(O),
which should be smaller than the time during which the input signal changes
appreciably. Thus, a small C is best. (The MOSFET resistance and C form a
low-pass RC filter.)

4. The first voltage follower supplies the current to charge C. Because the current
must be large enough to charge C quickly, the Oop amp output impedance should
be small:

where I, = the output current of the first op amp.
5. € should be high quality, and its leakage resistance should be large to avoid
droop (polystyrene, teflon, or mica).

10.15 THE OP AMP DIFFERENTIATOR

An operational amplifier can be made to differentiate by using a capacitor
and resistor feedback network, as shown in Fig. 10.18. Assume C' = 0 in
the following explanation. Applying the KCL at the inverting input of the
op amp yields

ii,, = iz + 7

If'we let Q be the charge on the capacitor C then iin = dQ/dt. Neglecting, '

a8 usual from the OACR and writing i, from Ohm’s law yield
(!() vy — l?nul
di R

Hut vy = v, = 0 from the OAVR, which implies Q = Cvy,. Thus,

Iy 1
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C' to prevent oscillation

iin i
Vin dv:
B I L =

FIGURE 10.18 Op amp differentiator.

d(Cvin) - Uout
dt R

or Pout = —RC(—‘%‘) (10.26)

Notice that, unlike the passive RC differentiator of Chapter 3, we have
made no assumptions about the input signal period compared to RC. In
theory the op amp differentiator will work over a frequency range from dc
to infinity, unlike the passive integrator of Chapter 3. In practice, of course,
things are not so ideal. The differentiator tends to oscillate because its gain
is so large at high frequencies. A practical cure for oscillation is a small
capacitor C' connected across R to decrease the gain at high frequencies.
The reactance of C' should be comparable to R at the frequency of
oscillation. Sometimes a resistance in series with C is necessary.

10.16 THE OP AMP INTEGRATOR

An op amp can be made to integrate by using the circuit of Fig. 10.19.
Applying the KCL at the inverting terminal of the op amp yields

in =L+ i
If Qis the charge on the capacitor, then i, = dQ/dt. By the OACR we can

neplect i'. By Ohm’s law iy, = (vi, — v;)/R, and v; = v, from the OAVR,
and vy, = 0. Thus, we have

in _ dQ
R dt
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iin R i’ ) R
U Vin O— A\ —d
vy |
s b——0 Vout b——O Vout ,
2 i
(a) basic circuir (b) with reser

FIGURE 10.19 Op amp integrator.

But Q = CV, where V is the voltage across the capacitor, and V =
U1 = Vout = —Uou. Thus,

Yin _ a(- Cvon) - (dvout)
R~ a &
or Do = —L J v dt
out = B | Uin (10.27)

As in the case of the differentiator, notice that we made no assumptions
about the input signal period compared with RC. Thus, in theory the op
amp integrator will integrate over a frequency range from dc to infinity,
unlike the passive RC integrator of Chapter 3. Notice:

l. At the start of the integration we want the output to be zero, which requires that
we start with no charge on the capacitor. Thus, there must be a shorting switch
ncross C that should be opened when the integration is to start (i.e., when the
input signal is applied). An FET switch can be used, as shown in Fig. 10.19(b),
The signal to the gate that turns on the FET and shorts out C is called the reser
signal, The time required to reset the integrator is about R’'C, where R’ is the
"on” resistance of the FET channel, because C discharges through the FET,
2. It the input voltage is constant, v, = V,, then the output will be a negative-going |
linear ramp: vy, = (- Vo/RO)t. §
b iy = v,/ R, 50 the output is proportional to the time integral of the input current;
(I (/O) i, dr.
4. There usually will be a long-term dc drift in the output of the integrator due to
input offset effects, both voltage and current, For example, if Vi, is the input
offset voltage of the op amp, then V,, will be integrated by the integrator (if the
capacitor is not shorted) and the output will be
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=1
=— | v, de
Pea: RCI

This drift also depends on the temperature because V,, fiepends on the tem-
perature, typically 1-10 ' V/°C. One cure is to use a large time constant RC, put
this makes the output small for a real signal input. Another widely u§ed cure is a
resistance R, connected across C to bleed off the c.harge. on C in a time of
approximately R,C. But this requires integrating the signal input in a time sbort
compared to R,C. Bias current effects can be reduced by using a low-bias-
current FET op amp. Integrators, in general, are much better behaved than

differentiators.

10.17 THE CHARGE-SENSITIVE AMPLIFIER

In some cases the signal source voltage remains essentially constant, and
the source capacitance changes, such as in a capacitance microphone. Or
the signal source emits a certain amount of charge dQ_ tha_t must b.e
detected, as in an X-ray proportional counter. What is required is a circuit
to convert this charge dQ into an output voltage change; the amplifier to
do this is called a charge-sensitive amplifier. The circuit of Fig. 10.20(a)

R,
VW
C C
I 1
UHI
JL O—D——w’ /\/R\/\/\—l O—-.’m /\/\R/\/\._.4
mn

v d = -4Q p—O Vour

input pulse tD—lb—o Uout C
Ll
(a) basic circuit (b) with R, o discharge C

FIGURE 10.20 Charge-sensitive amplifier.

produces an output voltage change dvow proportiqnal to dQ. The circuit is
basically an integrator. The op amp voltage rule implies v, =v2= 0. And
the op amp current rule implies the input charge dQ all piles up on the
capacitor plate. Thus

dQ = C(— dvoy)

do

c (10.28)

ol dvmn = =
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Thus the output voltage change is linearly proportional to the change in
dQ. The smaller is C, the larger is the output voltage change for a given
change in charge.

A little thought will show that as more and more input increments of
charge come along, the output voltage steadily gets more and more
negative until the op amp is saturated and its output voltage is near — V..
Thus, we must discharge the capacitor between the dQ inputs; to do so, we
add a resistance R, in parallel with C, as shown in Fig. 10.20(b). R, C limits
the maximum counting rate, which must be less than 1/R,C. For example,
if R,C=1us(C=10 PF, R; = 100 k), the maximum rate of dQ events
is approximately 1 MHz. For example, a plastic scintillator and photomul-

+12V

O— W
v 1000

input

Vout ‘
O

270k 100 O 0.22 uF

|

-6V =
Q,0Q, = 2IN5247
Qy = 2N2222
OVQy = 2N2907
(n) discrete component cireult

FIGURE 10.21 Charge-sensitive amplifiers,
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C = 5 pF glass or mica

R=383kQ1%

N

output pulse

input from
microchannel plate
AQ=10""C

= -15V

(b) op amp circuit

F'C=0.5pF glass
- by
I |
|
]

500 pF
input from —'"

solid-state detector
AQ=10"YC

I 1
=" I I

12uF  0.1uF 150 pF
tantulum ceramic mica

12V -L
Y

(c) low-noise pre amp circuit

FIGURE 10.21 Continued.

tiplier tube will produce a 50-ns pulse input with dQ = 24 x 10"‘2C.=
24 pC. The output will then be a 4-V pulse with C = 6 pF. Commercial
charge-sensitive amplifiers can detect charge incréements dQ = 0.16 to
10 pC. ‘

A charge-sensitive preamplifier used to amplify fast (50-ns wide)
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pulses from a photomultiplier (looking at a plastic scintillator) built from
discrete components is shown in Fig. 10.21(a). The small, fast, negative
input pulse is fed into the gate of one of the two FETSs that are connected as
a standard differential amplifier. The four diodes at the input provide
protection against excessive input voltage. The diode D, in the drain of the
other FET ensures that Qj; is always biased “on.” Qs is a common emitter
amplifier and drives a push-pull output stage consisting of Q, and Qs.
Diodes D, and Ds; ensure that Q, and Qs are just barely conducting with
no signal input. The output of the push-pull stage is amplified by a standard
noninverting BIFET op amp. The integration of the input is due to the 2-pF
capacitance from the emitters of Q, and Qs to the input and the 100-0)
resistance in series with the input. Two high-speed charge-sensitive am-
plifier circuits are shown in Figs. 10.21(b) and 10.21(c). The OP-37 op amp
circuit is designed to amplify current pulses from a “microchannel plate.”
The AHO0013 circuit is designed to amplify very small pulses from a
solid-state electron detector. Notice the very careful bypassing of the
t12-V supply; this is necessary for low noise operation.

The LeCroy TRA1000 charge-sensitive preamplifier comes as a 16-pin
DIP (dual-in-line-package) and can also be used as a current-to-voltage
converter. Its gain is 2.7 to 270 mV/upA or 100 to 500 mV/pC. Its noise can
be as low as 0.1 fC (1 fC = 10'* C).

10.18 OP AMP COMPARATORS

The output of any op amp is always equal to the very large open-loop gain
times the difference between the input voltage at the noninverting and
inverting terminals of the op amp, provided the op amp is not saturated.

Uout = Ao(v2 - vl)

It is important to remember that v, and v, are the voltages at the op amp
ferminals, not the input voltages elsewhere in the circuit. The open-loop op
amp gain is typically 10° to 10°, and the maximum output voltage is the
supply voltage V.., typically 15 V. Most bipolar op amp outputs can swing
within 1-2V of £V, thus if V., =15V, the maximum output voltage
might be 13 V. For discussion purposes we will assume the swing is to & V.
Thus, if the differential input is greater than 15 V/10° = 15 wV, the op amp
output will be saturated at either+15V or—15V, depending on the polarity
of the input. In other words, as the differential input slowly increases from a
large negative value to a large positive value, the output suddenly changes
from = V.. to + V.. as the input changes from =15 uV to +15 uV [see Fig
10,22(a)]. An ideal comparator’s response is shown in Fig. 10.22(b).

The time for the op amp to change from -~ V., to + V., is usually very
short but is always limited by the slew rate of the op amp. Any op amp thus

1HY
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Yout ‘ Vout /'y

+VT Ve A
| . -
—-15 uV +15uV (v, — vy) (v, —v)
“V.T — Ve

(a) actual comparator V.. = 15V (b) ideal comparator

FIGURE 10.22 Comparator waveforms.

will essentially “compare” the two inputs at its two terminals and give either
a large positive or a large negative output, provided its differential input
exceeds approximately 15 uV. An op amp specially made to do this is
called a comparator; it may switch its output from low to high in a very
short time (as short as 50-100 ns) and may have a slew rate of up to 500 to
1000 V/us. (An ordinary general-purpose op amp slew rate is ap-
proximately 1-5 V/us.) This time to switch from — V. to + V. is called the
response time of the comparator. One should bear in mind, however, that
the faster the comparator, the more prone it is to unwanted oscillations, so
unless a very short response time is essential to the circuit application, it
may be better to use an ordinary op amp.

The comparator output can be restricted or clipped to values less than
t V. by connecting two zener diodes to the output as shown in Fig.
10.23(a). The maximum positive output voltage will be Vp + Vz, and the
maximum negative voltage will be —(Vp + Vz1), where Vjy is the drop
across the forward biased zener diode and V7 is the zener voltage. One of
the comparator inputs can be a fixed reference voltage, so the output will
indicate when the input is greater than or less than the reference voltage, as
shown in Fig. 10.23(b).

Some comparators have open collector outputs, which means one must
wire an external resistor from the output to a positive supply voltage, as
shown in Fig. 10.23(c). Then the output is either + V.. when Q is off or
approximately 0.2 V when Q is strongly on (saturated). This circuit is useful
in digital applications where the two logic levels are 3.5V and 0.2 V.

If the input changes slowly, the comparator output should flip suddenly
when the differential input voltage goes through zero. But if the input is
noisy, the differential input may change sign several times in a short time
interval as the overall dc input level changes sign; in other words, the
comparator output will flip back and forth several times from + V. to —V,
instead of making just one flip. The output will then contain a brief burst of
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FIGURE 10,23 Comparators
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large “noise” pulses, as shown in Fig. 10.23(d), that may wreak havoc with
the rest of the circuit. To avoid this, we need less noise on the input signal,
a slower comparator, or a circuit that flips its output up when the differen-
tial input goes 15 wV positive but flips back when the differential input goes
several tenths (or more) of a volt negative—a circuit that has a different
input voltage threshold for a positive output flip compared to a negative
output flip. This behavior is called hysteresis, and the Schmitt trigger circuit
of Section 10.19 solves the problem.

A simple comparator application is shown in Fig. 10.24; when the

+V,,
+ thc o LED
|
| R
| R’
I ‘/L(.
battery 1
voltage |
being [
monitored |
|
| - VLL'
|
1A

13-
1

FIGURE 10.24 Low-battery indicator.

battery voltage drops below a certain value determined by R; and R,, the
Oop amp comparator output goes low and turns on the LED. The com-
parator inputs are

R,

"R +R, Vi and vy = 6.2V (the zener voltage)

Uy

Under normal operation with a good battery v, > vy, the op amp output is
high (V,..), and the LED is out. When V,, decreases to the value where
v, < vy, then the op amp output goes low (— V..), which turns on the LED.
For example, if the battery voltage is V,, =13.2 V when fully charged (a
“12"-V auto battery) and if we desire the LED to go on when V,, falls to
12V, then we choose R, and R, so that v, =6.2 V when V., = 12 V. Thus
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() _62V_ Rl

— = = = 0.517
Vbb 12V R1 + R2
— R__1 _ R, _
Hence, 1+ R, 0517 1.934 or R, - 0.934

R is chosen so that the zener diode conducts approximately I, = 1-2 mA.
Thus

IzR = Vbb == VZ

Vbb - VZ _ 132V - 62V
IZ 2mA

or R =

=35kQ

R" is chosen so that the LED is brightly on when the Oop amp comparator
output is low (—V,.), which occurs for a current of 10 mA for most LEDs,
The voltage drop across a lighted LED is approximately 1.5V, so

1.5V + ILEDR' = Vcc - (_ Vcc)

g = V=15V
ILED
285V 285V
"= = =2.8kO
R ILED 10 mA

A capacitance C across the zener diode might be necessary to prevent
noise from flipping the comparator. Finally, we note that a slow comparator
(i.c., an ordinary op amp) would work fine in this application.

10.19 THE SCHMITT TRIGGER

If we tie the output of the comparator to the noninverting input, as shown
in Fig. 10.25(a), then the voltage at this input v, will depend on the output,
If the output is high, v, will be higher than it will be when the output is low;
this produces hysteresis. The voltage at which the comparator flips depends
on the “history” of the circuit—whether the circuit output was previously
high or low,

A quick numerical calculation should make the point clear. From Fig.
10.25(b), the KCL implies

l.') + i_-; - il

V:ar Uy | Dot 5] v
R} '{ ) ’{ 1

vrc!

Vin O~

#—«/vvv_—‘

R,

(a) basic circuit

V,

P-———-O Your

Yout

(b) voltage divider circuit

out l
+ Ve
-t
VL‘L‘—~
Yin
v, =825V
vy =675V
- |
(c) waveforms for R, = R = 1k,
Ry =10k, V. =15V
UomA
G Vin Vout
v, | v,
(d) input-output hysteresis curve (e) simple Schmitt trigger circuit symbol

FIGURE 10.26 The Schmitt trigger.
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Vrcf Uout 1 1 1 ()
or -———+——~=v(——+—-+—->= 2

R, R, \R, R, R; Ri3;
where Ryy; = RiR:Rs

R1R2 + R1R3 + R2R3

is the parallel combination of Ri, Ry, and R;. Thus,

_ R123 R123
Rz Vref o R3 Uout (1)

(%]

Remember, 02 is the threshold voltage; if vy, = v, is greater than v,, the
comparator flips low; if vy, is less than v,, the comparator flips high. We
immediately see from (1) that the threshold voltage depends on v, If the
output is high, ve, = V.., and

Rz Rz
=2V, + 22
U2 R2 Vr f R3 Vcc (2)
If the output is low, vg,, = -V, and
' R123 R123
Vy = —— =
2 Rz Vref R3 Vcc (3)

The difference in the threshold voltages is

. _ 2Ry
U2 Uy = _ﬁ?’_ Vcc (4)
If ,{1 = R2 = R, then
R; R V, R
v Viet + =2y =
2" R+2R, "™ T RT2R, Ve 2 ' 2R, Vee
, R R v, R
and V)= — Viet = ———— =t
" R+2R, ™ R+2R, Ve =7 2R, Ve

v;hcw we have assumed R < R;. The difference in the threshold voltage is
then

, R
vy — V) = R, Vee (10.29)
If Vig= V. =15V, Ry = Ry = R = 1k}, and R, 10 k€2, then

v; = 825V v = 6,75V vy = vi= 1.5V

e S
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Thus, if the output is already high, v, =8.25V, and the input voltage is low
and increasing, it must exceed 8.25 V to flip the comparator output to low.
If the output is already low, v;=6.75V, and the input voltage is high and
decreasing, it must fall below 6.75 V to flip the comparator output to high.
If the input goes up to 8.3 V (the output will flip low) and then a noise pulse
decreases the input below 8.25V, the comparator will not flip back high.
The net effect is to make the comparator insensitive to small amplitude
noise in the input, provided the peak-to-peak noise amplitude is less than
the difference in the triggering levels. Thus the noise pulses in the output
are eliminated as the input passes through the threshold voltage. The
waveforms are shown in Fig. 10.25(c) for a comparator with hysteresis.
Without hysteresis the waveform is that of Fig. 10.23(d). The input-output
voltage graph is shown in Fig. 10.25(d), and a simple Schmitt trigger circuit
symbol is shown in Fig. 10.25(e). The open circle at the output means the
output is inverted compared to the input. The use of a Schmitt trigger is
extremely common in “cleaning up” noisy signals.

10.20 THE SQUARE-WAVE GENERATOR OR
ASTABLE MULTIVIBRATOR

If the output of a comparator is fed back to its two inputs, we can make a
square-wave oscillator or astable multivibrator, as shown in Fig. 10.26(a).
Because of the feedback from the output to the noninverting input through
R, and R,, the voltage at the noninverting input of the op amp is always
equal to

R,

Ry + R, Pow = Ao

Uy =

Thus, the circuit is like the Schmitt trigger circuit in that the “reference”
voltage v, at the noninverting input depends on the output. Thus, as the
capacitor C charges and discharges, the comparator action of the op amp
will flip the output at a voltage depending on the output voltage. Let us
assume that C is uncharged (v; = 0) and vou = + V... C will then charge
up from i flowing through R (“toward” V,.) with a time constant RC. The
output will flip from +V, to —V, when C charges to vy = v, = AV,,.
When the output flips to — V.., v, will immediately change to ~AV,, and C
will start discharging from i' flowing through R (“toward” —V,) with a
time constant RC. When v, reaches v, = —AV,, the output will flip from
Ve t0 +V,. The waveforms for v, (on C) and v, are shown in Fig.
10.26(b). The output is a square wave.
An analysis of the charging and discharging waveforms shows that the
period is given by
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FIGURE 10.26 Square-wave generator.
1+ R
T =2RC ln[ ] where A = ——1
1-A R, + R, (10.30)

Notice:

I The period is independent of the output amplitude; the period depends only on
R, ', R), and R,.

I'he bias current of the op amp should be less than the ¢
current of

'
y harging and discharging
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The output square wave can be made asymmetrical by having the
capacitor C charge and discharge with different time constants. The circuit
of Fig. 10.26(c) accomplishes this with the two diodes. When the output is
high, diode D, will be on and diode D, will be off. Thus, C will charge
through R” with a time constant R"C, and the output will be high for
approximately R"C seconds. When the output is low, diode D; will be on
and diode D, will be off. Then C will discharge through R’ with a time
constant R'C, and the output will be low for approximately R'C seconds.
The waveform output for R” > R’ is shown in Fig. 10.26(d).

For both the symmetrical and the asymmetrical circuits the output has
to change from a large positive voltage (V.. or near V,.) to a large negative
voltage (— V. or near —~V,.) in a time short compared to the period of the
square wave. Thus, the slew rate of the op amp must be large enough to
accomplish this. If the slew rate is not large enough, the output will not be
square—there will be appreciable rise and fall time, and at higher frequen-
cies the output will be rounded off into an approximately triangular shape.
For an inexpensive op amp with a slew rate of 1.0 V/us, the maximum
square-wave output frequency is approximately 10 kHz.

10.21 THE TRIANGLE-WAVE GENERATOR OR
RAMP GENERATOR

A linearly increasing voltage or ramp can be produced if a capacitance C is
charged with a constant current, as shown in Fig. 10.27(a). If i, is the
constant charging current, then the (output) voltage on the capacitance will
be Ve = Q/C = ipt/C, where t is the time. If we add a constant current
source to the square-wave generator circuit of Fig. 10.26 so that it supplies
the charging current to the capacitor, then the capacitor voltage will
increase linearly with time as it charges and will decrease linearly with time
as it discharges. The basic circuit is shown in Fig. 10.27(b) for C charging,
and the constant current sources are realized with n-channel JFETs as
shown in Fig. 10.27(c). Assume the op amp (comparator) output is high
(Vi) and there is zero charge on C. Then v, = AV, [A = Ry/(R; + R,)],
and v, = vc increases as C charges through the two FETs. With a high op
amp output, Q, conducts strongly because its gate is positive with respect
lo its source; that is, Q, acts like a low resistance of several hundred ohms.
But Qy acts like a constant current source because its gate is negative with
respect to its source (see Fig. 6.4 for typical FET curves). C continues to
charge linearly until vc = v, = AV, at which point the output flips to

Vee. Then C will discharge linearly through the two FETs with a constant
discharge current. As C discharges, Q, is strongly on and Q, acts like a
constant current source. When vc decreases to —A 'V, the output flips high
and € starts to charge linearly. Thus, the output on the capacitor will be a
ramp or a sawtooth waveform as shown in Fig. 10.27(d).
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FIGURE 10,27 Ramp generator.

One-half the period of the sawtooth will be the time it takes C to

charge from <AV, 1o +A V. If we let iy be the charging current, then

: dQ d dVe 2AV,

i W, v « v f = o

0=t =g (CVe) = ar ¢ T
9

VSR STSONG.

A
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Solving for T gives

4ACV,, 1 :
» —C— and f 2

T : ST arcv.

(10.31)

Notice:

1. The period depends not only on the capacitance C, the resistances R, and R,,
and the charging current (determined by the FETs), but also on the magnitude of
the supply voltage V.

2. For equal positive and negative slopes on the sawtooth output waveform, the two
FETs should be matched.

3. The i,R drop must be large enough to pinch off the FET—that is, large enough
to ensure that the FET is operating on the constant current portion of its
Ip-versus- V¢ curve.

4. The bias current of the op amp should be less than i,.

10.22 THE MONOSTABLE MULTIVIBRATOR OR
ONE SHOT

A monostable multivibrator has only one stable state and one unstable or
transient state. The circuit normally sits in the stable state until a trigger
pulse comes along and flips it into its unstable state. It remains in the
unstable state for a fixed time, depending on the circuit time constant, and
then it automatically flips back into its stable state. The output voltages for
the stable and unstable states are different, so the output voltage changes
for a time interval depending on the circuit time constant. Thus, in a
monostable multivibrator one input trigger pulse (usually short) produces
one output pulse whose width depends on the circuit time constant RC.

If we add a diode in parallel with the capacitance of the square-wave
generator of Fig. 10.26, we have the monostable multivibrator circuit in
Fig. 10.28. The voltage v, at the inverting input of the op amp can never be
more positive than the diode turn-on voltage, about 0.6 V. If we choose R;
and R; so that v, = AV, =(R{/(R;+ R,)) V.. > 0.6V, then the noninvert-
ing input will be more positive than the inverting input and the op amp
output will be + V.. This is the stable state: v, =vc=0.6 V, and voy =
F V.

If we feed in a negative trigger pulse through a capacitor to the noninvert-
ing input, then, if v, is driven below v,, the op amp will flip the output to
the low state: vy = — Ve.. For the op amp to do this, the trigger pulse must
be larger in amplitude than AV, — 0.6 V. When the op amp flips its output
low, v, is changed from +AV,, to —A V.. The capacitor, which was initially
at 0.6V, will now discharge through R towards the —V,. voltage at the
output, and v, will become more negative, thus reverse biasing the diode. C
will discharge until v, reaches v, = —AV,., at which point the output will
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456 CHAP. 10  Operational Amplifier Circuits A monostable multivibrator with a positive output gulse and no 'dead
time is shown in Fig. 10.29(a). In the stable state the FET is gormally biased
Vout A} off by —V,, and the voltage at the noninverting input s v =
‘v (Ri/(R; + Ry)) V. = AV,.. The output is normally low because the invert-
— | .}
:
. Vool
| !
vi g | l
b—0 Yout | |
D d I ' ’
+0.6V [*= -
p— R, o) e -
B R
=AV, |=—=— _V = 1
—L,'> O_‘| : 4 R, +R,
I
trigger input R, 1} I
E
-2 |
trigger ; < f
(a) circuit input “
- ~Le  ToRCIN@A+RYRy)
(a) circui Y PO S
(b) waveforms; T'= dead time gl
FIGURE 10.28 Negative output monostable multivibrator. -V,
|
flip back to the stable state of Uout = + V.. The time it takes C to discharge vij i
depends on the time constant RC. As soon as the output flips up to +V,,, ! i R
the capacitor starts charging until v; = 0.6 V. During this charging time 7" Ve | R, +R,
(0r recovery time or dead time), the circuit is generally unable to respond to AVer™ ™77
A trigger pulse unless the trigger pulse is much larger than AV, — 0.6 V. -
It can be shown that the time the output remains low is given by , -
|
|
|
L \‘:D Ve + V, b
|
T = RC In ——<= = RC ln[——“————B—] (10.32) i !
- - geer
1= Vee(1 = A) g !
and the recovery time is
L V(1 + A -1
T = RC In ﬂ(_,,__m)
Vee = Vb (b) waveforms
Where Vi, is the diode forward voltage. If we make A <« | (Ry < R;), then FIGURE 10.29 Positive output monostable muitivibrator.

I'" T, and the recovery time is short compared to the length of the output
pulse
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ing input voltage v, equals V,. because C has charged up to V,. through
R. When a positive trigger pulse comes in, the FET is turned on briefly,
which quickly discharges C through the FET to ground, thus lowering the
voltage v, at the inverting input from V,. to near ground. Thus, the trigger
pulse makes v, less than v,, which causes the comparator to flip the output
to high (+ V). At the end of the trigger pulse, the FET is turned off again,
which allows C to charge again through R with a time constant RC. When
C charges to AV, the comparator flips the output back to its normal low
state. The waveforms are shown in Fig. 10.29(b). It can be shown that the
width of the output pulse is

T = RC In(1+ %) (10.33)

2

The FET must be turned on strongly enough so that rC is less than the
width of the trigger pulse, where r is the “on” resistance of the FET. This is
to ensure that C discharges to below AV, while the trigger pulse is on.
There is no dead time in this circuit; a new trigger pulse will cause a new
output pulse at any time after the fall of the first output pulse.

10.23 THE VOLTAGE-CONTROLLED OSCILLATOR

A voltage-controlled oscillator (VCO) is a device that converts an input
analog voltage into a series of pulses or waveforms whose frequency is
linearly proportional to the magnitude of the input voltage. Another name
is & voltage-to-frequency converter (V/F). The output waveform is typically a
series of narrow pulses; the pulse repetition rate or pulse frequency is
linearly proportional to the input voltage. VCOs are presently available on
i chip for several dollars. The basic circuit, shown in Fig. 10.30(a), consists
of an integrator followed by a comparator.

The circuit operation is as follows: Assume that the capacitor is
uncharged and that a positive input voltage is applied. The input is
integrated, and the output v, of the integrator goes negative according to
VA (1/RC) [ v;, dt, as shown in Fig. 10.30(b). The noninverting input of
the comparator is held constant at a negative reference voltage, so the
comparator output is initially low. When the integrator output v, drops
below this negative reference voltage, the comparator output will flip high.
But this high comparator output lasts only a very short time, because it
closes the switch (a transistor) across C, which immediately discharges '
and causes v, to drop to zero, thus flipping the comparator output back to
its initial low state. The resulting comparator output is a narrow positive
pulse. The switch opens as soon as the comparator output goes low, the
Integrator starts integrating the input once more, and the proces; repeats
itsell. The larger the input voltage, the less time is taken for the integrator
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FIGURE 10.30 Voltage-controlled oscillator.

output to fall from zero to the negative reference voltage, and the shorter
the time between the output pulses—in other words, the output pulse
frequency is higher.

If we let T be the time for the integrator output to go from 0 to — Vi,
then, since the integrator output is the voltage on C, we have

1 (T -
= Vier = J;) Uin dt = (—E—) Uin T

RC
RCVref
and T = T
Thus the output frequency is
1 ;
=== (10.39)
f T RCViy

which is linearly proportional to the input voltage. This assumes that the
integrator is a true integrator. Notice:

1. The integrator output must go below the negative reference voltage to flip the

comparator, . .
2. The time to discharge the capacitor through the transistor switch should be

negligible compared to the pulse period T.
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. The narrow output pulses can be shaped by a monostable multivibrator as
described in Section 10.22.

4. 1 the input voltage changes during the time T, the output frequency will be

proportional to the average input voltage during the time 7.
5. If the dc input voltage is derived from the same reference voltage, then the ratio
Ui/ Vier Will be independent of drifts in the reference voltage.

This circuit is useful for converting an analog signal into digital form,
as we will see in Chapter 15.

10.24 SINE-WAVE OSCILLATORS

A number of different sine-wave oscillators can be made with op amps. The
basic idea behind any oscillator is to provide positive feedback and to have
the open-loop gain times the feedback fraction greater than or equal to
unity: A,B = 1. If the feedback is positive for many frequencies, a non-
sinusoidal output will be produced, such as in a square-wave oscillator
(astable multivibrator). But if positive feedback occurs only at one fre-
quency (or over a narrow band of frequencies), then a sinusoidal output will
result at that one frequency if A,B = 1.

10.24.1 Phase-Shift Oscillator

To produce positive feedback, we must make the phase of the feedback
signal equal to the phase of the input signal. If the input signal is at the
inverting input of an op amp, the output will be 180° out of phase with
respect to the input. Thus, for positive feedback we must produce another
I80” of phase shift of the op amp output before feeding it back to the
inverting input. One way to do this is to feed the op amp output into three
simple RC filters, each of which produces an average phase shift of 60°; this
produces a total 180° phase shift in the RC network and a total phase shift
of 360°, which means positive feedback. The circuit is shown in Fig. 10.31.
R,

180° phase shift

R, r T l
| C C C |

FIGURE 1031 Phase-shift oscillator
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It can be shown that the RC network produces a total 180° phase shift
at only one frequency: f=1/2m/6 RC. At this frequency the feedback
fraction B =1/29. Thus, the gain of the circuit must be at least 29 for
oscillation. The gain is determined by R, and R;, so these resistances
usually are chosen to produce oscillation, and the three capacitors are tuned
to vary the frequency of osciilation. These phase-shift oscillators generally
are useful for frequencies under 100 kHz.

A similar oscillator is the dual-integration oscillator, which uses two
integrators in series to produce the required 360° of phase shift—each
integrator producing 180°.

10.24.2 Wien Bridge Oscillator

One of the most commonly used oscillator circuits is the Wien bridge
oscillator. It is much more easily tunable over a wide range of frequencies
than is the phase-shift oscillator of the preceding section, and it produces a
low-distortion sinusoidal output. One way of drawing the circuit is shown in
Fig. 10.32(a); we have a simple inverting amplifier circuit with feedback
taken from the output back to the noninverting input of the op amp. At
very high frequencies there is zero positive feedback because the lower
capacitance acts as a short circuit, whereas at very low frequencies there is
also essentially zero positive feedback because the upper capacitor acts like
an infinite impedance. Thus, we immediately expect positive feedback at
some finite nonzero frequency that depends on the values of R and C.

Redrawing the circuits as in Fig. 10.32(b) shows us that we have a
bridge (the Wien bridge) with the two inputs ic the op amp connected
where the meter of the analogous Wheatstone bridge [Fig. 10.32(c)] would
be. The output of the op amp drives the bridge. If the op amp is not
saturated, we can apply the OAVR and conclude that the bridge is
balanced—the voltage at points A and B must be the same. Thus, we can
immediately write the balance condition

R, _Z

R, Z,
where Z, is the impedance of the series RC arm, 7, = R + 1/jwC, and Z; is
the impedance of the parallel RC arm, Z; = 1/(1/ 2 + joC). Substituting in
for Z; and Z; in the balance equation yields

R, 1

st +' s e i
R, 2 ]<wRC wRC)

Fiquating the real and the imaginary parts implies

R, 1 1 0
—— « a'R ‘ -_ (() —— 1 .35
R, % B oRC o RC ( )
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(b) same circuit drawn as bridge

(a) circuit

(¢) dc Wheatstone bridge
for comparison

FIGURE 10,32 The Wien bridge oscillator.

Fhus we see that the bridge is balanced only at the frequency wy = 1/RC
and that the gain of the op amp inverting amplifier must be 2.

‘Il there is too little gain (R,/R, is too small), the circuit will not
nru-dllulc. If there is tbo much gain, the output will be a distorted sine wave
Fhus, the resistance ratio R./R, is usually made adjustable, The ;lmplitud;
of the output can be regulated by changing the R,/R, ratio with some long,
fime-constant feedback. If the output amplitude increases, we should make
the ratio smaller; if the output decreases, we should make the ratio larger
I'he |lrllm'l|m| mechanism that changes the output amplitude is a l’l('l’lilul'l
one-il any factor increases the output amplitude, both R, and Ry heat up
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due to the larger current flowing through them, whereas if the output
amplitude decreases, both R, and R; cool down. Thus, to stabilize the
output amplitude, we want R,/R; to decrease with increasing temperature
and to increase with decreasing temperature. This can easily be accom-
plished by having a negative temperature coefficient for R, and/or a
positive temperature coefficient for R;. A thermistor can be used for R,
because it has a negative temperature coefficient; an incandescent lamp is
often used for R; because it has a positive temperature coefficient.

The oscillator frequency can be adjusted by varying R or C. C is
usually varied by using air capacitors ‘“‘ganged” together, which means the
same shaft changes both capacitances; R can be changed by a ganged
selector switch.

10.24.3 LC Oscillators

At frequencies above several hundred kHz, most sine-wave oscillators are
made with LC resonant circuits. At lower frequencies the inductance would
be too large physically to use an LC circuit. Two of the most popular are
the Colpitts and the Hartley shown in Fig. 10.33. These circuits can operate

+ V.

RFC

(n) Colpius oscillator (b) Hartley oscillator -

(c) transistor Colpitts oscillator

FIGURE 10.33 LC oscillator circuits.

ut frequencies up to many MHz, and with proper component choice they
can have a frequency stability of £0.01% or better. Both the Colpitts and
the Hartley circuits feed back a fraction of the op amp output to the
fnverting input; the 180° phase shift across the LC network plus the 180°
phase shift at the output of the op amp produces the positive feedback
necessary for oscillation,
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'l'hg- two series capacitors in the Colpitts oscillator have a total capaci-
tance of €' = C,C/(Cy + Cy), so the resonant frequency is

1
LG, G,
Ci+ G

Wg =

(10.36)

T.he gscillation frequency may be considerably less in the op amp oscillator
circuit than in the bare LC, C, circuit: the smaller C, is, the larger the
amplitude of oscillation is and the more distortion produced. A similar
argument for the Hartley circuit shows that its oscillation frequency is

1
Grijc 10.37)

' Very few Op amps can operate at frequencies much over 10 MHz, so at
plgpejr freqqenmes the Colpitts and Hartley circuits are usually used with
individual high-frequency transistors that can operate up to 100 MHz or

higher. A Colpitts oscillator with a discrete transistor is shown in Fig
10.33(c). '

10.24.4 Crystal Oscillators

Better frequency stability is obtained when the LC resonant circuit is
rep_laced by a quartz piezoelectric crystal. A piezoelectric crystal is one in
which a mechanical strain produces a voltage difference, and vice versa.
Thq crystal basically acts as a very high-Q LC resonant circuit: its
equivalent circuit is shown in Fig. 10.34(a). The capacitance C, is betv:'een
the metal plating applied to the opposite faces of the crystal; the capaci-

—0

:EE

S

(8] (]

() crvseal equivalent cirenir (b) crvseal cireuir (€) crystal impedance vy frequency
symbol

FIGURE 10,34 Plezosleotric crystal
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tance C; is inherent in the crystal. C, is invariably much larger than C;.
There are two resonant frequencies: the series resonant frequency of L and
C1, and the resonant frequency of L in parallel with the series combination
of C; and C,:

1
Wger = —— (series) (10.38)
vLC
and Wpay = ————— (parallel) (10.39)

1
GG
Vi)
Because C, > C,, the series and parallel resonant frequencies are very
nearly equal, typically within 1%. The reactance of the crystal versus
frequency is shown in Fig. 10.34(c). The crystal is inductive for frequencies
between the two resonant frequencies (for we, < w < ®Wpar), and it is
capacitive for frequencies below e, and above w,.,. The crystal frequency
can be tuned by adding a variable capacitor in parallel with the crystal,
which effectively changes C;,. Only a slight change in the crystal resonance
can be produced by this technique because C;, not C,, is the primary
determinant of the frequency. The crystal oscillator in a quartz clock or
watch oscillates at precisely 32.768 kHz and is divided by 2'° to yield a
I-Hz frequency. A piezoelectric crystal can be used in any oscillator circuit,

in a Colpitts or a Hartley, for example, to replace the LC tank.
A crystal Colpitts oscillator circuit is shown in Fig. 10.35(a) with an

+Vee
c 3.3kQ
itz
) C
= p———O Vout
T c e 2N3823 ‘
2N5485 D

C=0.02 uF

(a) Colpitts (b) op amp

FIGURE 10.36 Crystal oscillators.
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FET instead of an op amp,
Fig. 10.35(b).

The frequency stability of a typical inexpensive crystal depends on
the temperature changes and the power supply voltage changes. It is easy to
obtain an overall stability of 0.1 ppm (one part in 107) or better with no
special precautions. If the temperature is regulated (in a constant-tem-
perature oven) and the power supply voltage is regulated, stabilities better
by factors of 10 or 100 are obtainable. Commercial temperature-compen-
sated crystal oscillators (TCXO) are available with a frequency stability of 1
to 0.1ppm over a 50°C range. Over a relatively short time (hours) a
frequency drift of only a few parts in 10! is obtainable from a commercial

crystal oscillator. For a frequency stability of one part in 102, we must use
an atomic beam apparatus.

and an op amp oscillator circuit is shown in

PROBLEMS

1. Derive the voltage gain expression (10.14) for a differential amplifier.
2. Derive the voltage gain expression (10.15) for the instrumentation amplifier.
3. Design a one-transistor emitter follower power-booster circuit to amplify the

output from an op amp. The output should be able to swing both positive and
negative with respect to ground.

4. For the amplifier of Fig. 10.6(c), prove that the voltage gain

R,
. M.
(1+ )R,

when w = w, = 1/R,C,.
5. For the amplifier of Fig. 10.6(b) prove that the voltage gain

i (R,
A=1+-(2)
1+j\R,

when w = w, = 1/R, C,.

6. Design an op amp amplifier (noninverting) that will amplify signals from
approximately 50 Hz to 10 kHz with a gain of 20. Frequencies below 50 Hz and
above 10 kHz should be attenuated.
« Design a summing amplifier circuit to sum from inputs v,, vy,
produce an output of Vout = Up + 204 + 4o + 8up,.

B, Design a current-to-voltage converter to convert a 1-uA input to a 2-V output,

The 1-pA current input has (signal) Fourier components up to 100 Hz, and
higher frequency noise is present.

7 Ve, Up and to

9, Design a voltage-to-current converter to convert a 1-mV input voltage 10 a
[“mA current through a 1-k€ load resistor.
10, Design a current-to-current converter (or current multiplier) to produce

10-mA output for a 100 MA input,
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CHAP. 10  Problems

11. For the logarithmic amplifier show that if an input v, produces an output V, and
v, produces V,,
- (7))
V- Vi = ( e v,

i i i i = 10mV for an output V; =-0.04V,
i logarithmic amplifier, the input v, ' o
12 I(fallzlxtll;iecg if I, = 10~'° A. Calculate the output for an input v, = 100 m\i.
13. Design an ideal diode op amp circuit to produce a negative half-waveform from
a sinusoidal input.

i p p i i p p t l g
i i € (O ) l 1 1’
14. DleSlgn an ldeal .dlodt i( p at]>ll C .a"l tC lCtu tit() t]()duce ta]lt()u[ ut vo taf (4
C aIHPEd to 5 ) tha S, Uout = 5 v Ske Ch he npu and ou pu ﬂavefo!ﬂls or

an arbitrary input.
15. Design an ideal (op amp) half-wave rectifier to produc‘e a half-wave othttv't::et
. is tvfice the amplitude of the input. Repeat for an ideal (op amp) fu

rectifier. - ,
16. Design a (op amp) peak detector circuit. Is a bipolar or an _FET _(_)% e(l)r(r;f b;t';e;d
' Calculate the approximate droop rate in volts per second if C = 0. u
i i is 10'° Q.
the op amp input impedance is . )
17. Design a sample-and-hold circuit. Calculate the dFoop rate if Iy - Ilng p.?s at;llg
. C = 0.01 uF. What are the two conflicting requuen?ents for C? T
time between successive samples, explain why we desire

RyoseerC < AT

18. Design an op amp differentiator whose output is
dvin
= (10-6) = Yin

Uout = (10 ) d ¢

i i t1V
If an input step function rises from 0 to 1V in 2 us and then is constant a 5
sketch the output. .
19. Design an op amp integrator whose output is

Vout = —104 J‘ Vin dt

i form if V,, =+5V.
The ¢ tor is bipolar. (a) Sketch the output wave! i
- (Il:;bkzgzlzﬁafrgr Vip = ES V. (c) How would you change the circuit to produce
output voltages of +5V and—0.6V?

"|||
$ +15V
15

Vout




