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4.1 An amplifier has a gain of 15 and the input waveform

shown in Fig. P4.1. Draw the output waveform.
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4.3 An op-amp base amplifier has supply voltages of £3V
and a gain of 20.
(@) Sketch the input waveform from the output waveform
in Fig. P4.3,

(b) Double the amplitude of vour results in (a) and Arj V
sketch the new output waveform,
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Figure P4.3
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The op amp is an electronic unit that behaves like a voltage-controlled

voltage source.

An op amp is an active circuit element designed to perform mathemati-
cal operations of addition, subtraction, multiplication, division, differen-

tiation, and integration.
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Figure 5.2
A typical op amp: (a) pin configuration, (b) circuit symbol.



The differential input voltage v, is‘given by

Vg = V2 — V) (5'2:.

where v| 1s the voltage between the inverting terminal and ground and v,
is the voltage between the noninverting terminal and ground. The op amp
senses the difference between the two inputs, multiplies it by the gain A,
and causes the resulting voltage to appear at the output. Thus, the output
v, is given by

v, = Avy=A(v, — v)) (5.3)

Figure 5.4
The equivalent circuit of the nonideal op amp. A is called the open-loop voltage gain because it is the gain of the op amp

without any external feedback from output to input. Table 5.1 shows



vV A
Positive saturation
Ve
:
CI Vg
A Ve
Megative saturation

TABLE 5.1

Typical ranges for op amp parameters.

———— =T . I _— == e —_—

A practical limitation Dt the op amp is that the magmtud& of its
output voltage cannot exceed |Vl In other words, the output voltage
is dependent on and is limited by the power supply voltage. Figure 5.5
illustrates that the op amp can operate in three modes, depending on
the differential input voltage v,:

1. Positive saturation, v, = V.
2. Linear region, —Vee < v, = Avy; € Ve
3. Negative saturation, v, = — V.

If we attempt to increase v, beyond the linear range, the op amp becomes
saturated and yields v, = V¢ or v, = — V5. Throughout this book, we
will assume that our op amps operate in the linear mode. This means that
the output voltage is restricted by

—Vee < v, < Ver (5.4)

Parameter Typical range Ideal values
Open-loop gain, A 10° to 107

Input resistance. R; 10° to 103 Q "0
Output resistance, R, 10 to 100 0 00
Supply voltage, V¢ Sto 24V



53 Ideal Op Amp

To facilitate the understanding of op amp circuits, we will assume ideal
op amps. An op amp is ideal if it has the following characteristics:

1. Infinite open-loop gain, A =~ co.
2. Infinite input resistance, R; = oo.
3. Zero output resistance, R, = 0.

Anideal op amp is an amplifier with infinite open-loop gain, infinite input
resistance, and zero output resistance.



For circuit analysis, the ideal op amp is illustrated in Fig. 3.5,
which is derived from the nonideal model in Fig. 5.4. Two important
properties of the ideal op amp are:

1. The currents into both input terminals are zero:

=0 i=0 (5.5)
h= D_ This is due to infinite input resistance. An infinite resistance be-
f_ tween the input terminals implies that an open circuit exists there
i,=0 and current cannot enter the op amp. But the output current is not
o - necessarily zero according to Eq. (5.1).
¥y + - - -
vy = vy 2. The voltage across the input terminals is equal to zero; i.e.,
; 1 N vg=vy— v =0 (5.6)
Figure 5.8 or
Ideal op amp model.
V| = V2 [S.TJ

Thus, an ideal op amp has zero current into its two input terminals
and the voltage between the two input terminals is equal to zero.
Equations (3.5) and (3.7) are extremely important and should be
regarded as the key handles to analyzing op amp circuits.



Op-amp sorularinin ¢cozim basamaklari

+ Nodal analysis is simplified by making some +5V
assumptions. V+ Y

Note: The op-amp often need two power supply

connections. In our case, +5V and GND. V |

These are almost always omitted from the circuit MCPEO02

diagram. The currents only sum to zero (KCL) if all Ri = 1013

five connections are included. Ro=0

A>10° @ 1Hz

1. Check for negative feedback: to ensure that an increase in ¥ makes (V' —V_)
decrease, Y must be connected (usually via other components) to }'—.

2. Assume '+ = }V—:Since (V'+ — V=) = Y 4, this is the same as assuming that
A = =. Requires negative feedback.

3. Assume zero input current: in most circuits, the current at the op-amp input
terminals is much smaller than the other currents in the circuit, so we assume it
IS zero.

4. Apply KCL at each op-amp input node separately (input currents = 0).



5.4 Inverting Amplifier

In this and the following sections, we consider some useful op amp cir-
cuits that often serve as modules for designing more complex circuits.
The first of such op amp circuits is the inverting amplifier shown in
Fig. 5.10. In this circuit, the noninverting input is grounded, v; is con-
nected to the inverting input through R, and the feedback resistor Ryis
connected between the inverting input and output. Our goal is to obtain

Figure 5.10
The inverting amplifier.
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Figure 5.10
The inverting amplifier.

Note there are two types of gains: The
one here is the closed-loop voltage
gain A,, while the op amp itself has an
open-loop voltage gain A.
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+ | o +

Vi -::: Ry <|_> ﬁ: Vi Yo

o o
Figure 5.1

An equivalent circuit for the inverter in

Fig. 5.10.

the relationship between the input voltage v; and the output voltage v,.
Applying KCL at node 1,

) i Vi— ¥ Vip— WV,
I =1z = = — [5.3_]
R, Ry
But v; = v; = 0 for an ideal op amp, since the noninverting terminal is
grounded. Hence,

Vi_ Y
R, Ry
or
Ry
Vg = =3 Vi
R (5.9)

The voltage gainis A, = v,/v; = —R/R,. The designation of the circuit in
Fig. 5.10 as an inverter arises from the negative sign. Thus,

An inverting amplifier reverses the polarity of the input signal while am-

plifying it.



Example 53 Refer to the op amp in Fig. 5.1 culate: (a) the output

(=05 03
voltage v,, and (b) the current in The8-4QTesistor.

Figure 5.12
For Example 5.3.
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4.10 For the amplifier in Fig. P4.10, find the gain and [,?

v Ry = 20 kO \/o — 0 ’Q_\/S,

Rl = 3.3 kQ

%, Vg=2V Kz_ Kl

Ve
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. Figure P4.10 —
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Example 5.4 Determine v, in the op amp circuit shown in Fig. 5.14.

40 k2

Solution:

Applying KCL at node a,

v, — v, ©b6—v,

6V 40kQ 20 k0
- v,—v,=12-2v, =2 v,=3v,—12
@ But v, = v, = 2 V for an ideal op amp, because of the zero voltage drop
Figure 5.14

For Example 5.4. across the input terminals of the op amp. Hence,

v,=6—-12=-6V

6 . 7/ Z / \/{) Notice that if v, =0 =v,, thenv, = —12, as expected from Eq. (5.9).

v
29%& 7 3= _V y
Vo>




5 Noninverting Amplifier

Another immportant application of the op amp i1s the noninverting
amplifier shown in Fig. 5.16. In this case, the input voltage v; is applied
directly at the noninverting input terminal, and resistor R, is connected

(
Figure 5.16 \/0 — ) ’—K/ K’)
\

The noninverting amplifier.



EI-’.—'II"I"’IFJ'E 5.9 For the op amp circuit in Fig. 5.19, calculate the output voltage v,.

Solution:

*\ We may solve this in two ways: using superposition and using nodal

analysis.

-; BMETHOD 1 Using superposition, we let
+
+

Ve = Vol + Va2

where v, is due to the 6-V voltage source, and v, is due to the 4-V input.
To get v,,, we set the 4-V source equal to zero. Under this condition, the
- circuit becomes an inverter. Hence Eq. (5.9) gives

O

Figure 5.19

For Example 5.5. v l:—m{ﬁ}:—lﬁ'ﬂf
“ 4

\J O
6 (\“ L\ — To get v,;. we set the 6-V source equal to zero. The circuit becomes a

noninverting amplifier so that Eq. (5.11) applies.

10

7\{V va= 1+ )a=14vV

Vo= v+ v =—15+14=—-1V



cOzUM 2. METOT

10 kL2
AMA—— B METHOD 2 Applying KCL at node a,
4k 4
—AAMA = 6—v, v,—,
b —+: + 4 10
E\.I"C_j- Ry -5 Ve But v,= v, =4, and so
- - 6 —4 _4_Fa .
T 0 1 =10 d=4—-v,
Figure 5.19 or v,=—1 V, as before.

For Example 3.5.



4.9 Determine the gain of the amplifier in Fig. P4.9. What is

the value of 1,?
\/

\V,- O
- f/_§ —
Figure P4.9 @- J» O — \
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4.11 Using the ideal op-amp assumptions, determine the —A
values of V, and [, in Fig. P4.11.

FigureP-#.H— \/0 = ,\/M \(

121V besleme gerilimi olan 24 V’den biyuk oldugu icin cihaz doyum moduna gecer.
Cevap: Vo=24YV



4.12 Using the ideal op-amp assumptions, determine [, I,
and 5 in Fig. P4.12. PSV

GVU
1 mA

Figure P4.12

(L= B (Tan o] Lideal o
£ 1 klL
.4]-'_-!. - II -1




4.18 Find V, in the circuit in Fig. P4.18 assuming the op-amp
is ideal.




4.271 Determine the relationship between v, and i, in the

circuit shown in Fig. P4.21.

AT

_

Figure P4.21
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4.22 Find V, in the network in Fig. P4.22 and explain what
effect R, has on the output.

Figure P4.22 ;
q Slh{f_ i =0 7£W ”:L!.ﬁi "_F hf]; 1"&!113"'_,5- e rpes F;I =T S

Ty input s ak OV as loell. Lot 12 s hasye Iwhmﬁ
. . — ﬂ..
Vo= -2 [ Bsf LU" ) ﬂ

E‘ J’Ud,mfhpﬁf.if i ..,{ib ﬂu‘u:‘ﬂ[i at gLl ‘I'




4.23 Determine the expression for v, in the network in

Fig. P4.23.
R
R
)
A O i~ e ov,
VB O g
Figure P4.23




5.8 Summing Amplifier

[ = I.| T Ilg T i] (5.13:]
But

(5.14)

_ Va— ¥V,

R, = 'T R

We note that v, = 0 and substitute Eq. (5.14) into Eq. (5.13). We get

Ry Ry Ry
vll'.l‘_ _(RI 1":'] + RI F'E + Rj 113) {5-15}

Iz /
EE - = .
Vo o—AAAN, -
—i}
3 —- —
-] -]
¥ 3 |::|_'IIII'II.I'|.|I'||_ ¥ E
i )

Figure 5.21
The summing amplifier.



Example 5.6

Solution:
This 15 a summer with two mputs. Using Eq. (3.13) gives

0 10T
v,,_—[?(ZHﬁ(l}]_—(4+4)——8V

The current 1, 1s the sum of the currents through the 10- and 2-k€Q resis-
tors. Both of these resistors have voltage v, = -8 V across them, since

v, =v,= 0. Hence,
Cov,=0 v,-0

==+ == mh=-08-4=—43mA

Calculate v, and 1, in the op amp circuit in Fig. 5.22.

5 kil

10 k2

a

2.5 ki)
2v (3)
I: :I 1V
Figure 5.22
For Example 3.6.

ANAN——
::_ ip
+

b -

2 kL) 5 v,

=



5.7 Difference Amplifier

R3
R | 9
AAA : -
R v, _9, °
| WY -+
Y Ii:) P < 1
hi-,a" Lge % Ry =
- Derste tahtada cikarimini yaptik.
Figure 5.24
Difference amplifier. RE“ +R fRE) RE

]  — 1
Vi

R, +R3/R4) R,




SORU

4.29 In the network in Fig. P4.29 derive the expression for v,
in terms of the inputs v, and 2,. @

Rq
V10 WA
o VA

Ry

Figure P4.29
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SORU

4.30 Find V, in the circuit in Fig. P4.30.

40 k()
Y —
Cz

kQ |V

5V<_+__)
| 4V Cs =20 kO

O |

Figure P4.30
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SORU

4.31 Find V, in the circuit in Fig. P4.31.

Figure P4.31

Besleme gerilimi =24 V



COZUM

IC.CLM’UFEW: a-b , vo-b, 2L b 6 - Vo

= 2 4 b

v =3 K Ry s
5 ¥ ..i’t_ﬁq - 18 - Hﬁé_n—ﬂ b Eﬁ.
TRSE-T P, Sxtol o oS Io s

= 3 | V Buldugumuz c¢ikis gerilimi, besleme geriliminden yuksek oldugu icin
Cihaz doyuma gider. Cikis gerilimi = 24 V.




SORU

4.32 Determine the expression for the output voltage, v,, of
the inverting summer circuit shown in Fig. P4.32.

R4 Rp
V] OV — /W
e ||
20 AAN & f\; N
s O
R3
V30 VAR

Figure P4.32
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4.35 Find V, in the circuit in Fig. P4.35. PSV

80 k2

&
L
O



COZUM

CeL kv o lg*aﬁm»@- S Ve, Vx

U ux - EE s E.
3 = ) X —_— S 3
E--I e, £ ( .) 2 Yo

53 E"I k2

wd,
Kev ok '13_,‘_;)()& Uﬁ’-'“"f: Vo 4y Vo lx .5 5 “x*mﬂ(’*f-ﬁs/‘\
R ty)
’PL,-E— b humLN’*S}
f\ij:* #4{:}#2\({, j fU}(':: E-S’I{G

€ lhminake Vx| B
P{} = - 143V '




SORU

4.36 Find v, in the circuit in Fig. P4.36.

Figure P4.36



COZUM
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SORU

4.38 Find v, in the circuit in Fig. P4.38.

PSV

O v



COZUM

KCL at V- {uﬁiq}{".

KL ak Vy nede:

gr :'Ul[l’f Bz,
[ Pz

F



SORU

4.44 Design an op-amp circuit that has the following

input/output relationship: .
A gl 0P AP bl o if wet unt bedht ot - ke,
VO — "'"'5 1/1 + 0.5 Vz

\JD:C%-&B(—L——R V—gf_'\h
12 ?-k't‘.?"ﬁ) & D.(

>, .‘l"’/i"-l"—“‘-') Chovac =1kt = Ry= sl

Now, L - 1 Chesre Bg= Ll = 2a=n\L
Latp 2




SORU

4FE-2 Determine the output voltage V, of the summing
op-amp circuit shown in Fig. 4PFE-2,

18 k(2
AAA 36 k()
6 k2 -
SAA ' 6 k()
PN ——tgp
Wy ' Vi
2v(? 12 kO ~AV-
- 12 kQ
| L)1V
® N
4 L

Figure 4PFE-2



COzUM

v, :*ﬁ(ij‘ﬂo%)_l_i ( v ) . 45V
[Lx\0° 12 % \n>
. .
\fuz*V1( Sbxio \'—?(Eﬁﬁiﬁ’f\] => ) Vo = P‘XV\
( o’ [2x107 /




