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Current Sinks

Two current sink circuits are illustrated in Figs. 6-5(a) and (b). These are similar to
the current sources in Figs. 6-3(h) and 6-4(b) except that an npn bipolar transistor
and an n-channel MOSFET are now used. The operation of the circuits and the de-
sign approach for each is the same as for the current source circuits,

D=

{a) Current sink using a {b) Current sink using a
bipolar transistor power MOSFET

Figure 6-5 A current sink circuit using a bipolar transistor has a constant sink
current because the emitter current is held at V,/R,. Use of a MOSFET (or a FET )
gives a sink current precisely equal to the current through R,.

6-3 PRECISION CURRENT SINK AND SOURCE
CIRCUITS

The precision current sink circuit in Fig. 6-6 is the same as the precision voltage
source in Fig. 6-2 except that an n-channe power MOSFET (Q,) has been added at
the op-amp output. A constant voltage is maintained at the output as explained in
Section 6-1. In the case of Fig. 6-6, the output voltage at the source terminal of the
FET is held constant. Thus, the current through Rs is held constant and the
MOSFET drain current is a constant quantity.

The current source circuit in Fig. 6-7 is a modified form of the circuit in Fig.
6-6. A p-channel MOSFET is used for 0, and components D, and R, have been in-
terchanged in order to maintain 2 constant voltage across Rs in its new position.
Thus, once again, the drain current of the MOSFET is held constant,
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o saﬁbzn oV
< +V
2002 e o
+ | R
741
R, _
20 kQ2
Dl
IN749 ﬁg Ve Ry
Rs EE
68 kQ2 =15V
- Figure 6-6 Precision current sink using
a precision voltage source and a power
MOSFET.
—0 *Vee
+
&
RB +V RS
D‘l 2k Vz &5
| R, A
i b Qy
{ F_l L .
R1 :: RZ - VEE RL ::
Figure 6-7 Precision current source us-
e ing a precision voltage source and a
power MOSFET.
. ° o L
Q (5]

To design a precision current source or sink circuit, the voltage drop across Rs
is first determined in the same way as Vz; is calculated in Example 6-3. Then the rest
of the circuit is designed as for the precision voltage source in Example 6-2.

" Example 6-4
Design a precision current sink, as in Fig. 6-6; to provide 75 mA through a load which
has a maximum resistance of 50 . The supply voltage is £15 V and a 741 op-amp is
i to be used.
i
Solution
For the MOSFET, Vostmay = Vec = 15V

and ID(max) = = 75 mA
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voltage drop —/ Ry, which is also the negative voltage at op-amp output. If the cur-
rent direction is reversed, the output voltage becomes positive,

Current Amplifier

In Fig. 6-9(a), resistor R, has been added to the circuit of Fig. 6-8. The current
through R, is

So, the output current is Ri/R; times the input current and the circuit is a current
amplifier if R, > R,. Where R, > R, the circuit is a current attenuator.

R, . R
T YV
Ve
]S
-
—~—
[S
(a) Current amplifier/attenuator (b) Current amplifier with gain

independent of load

Figure 6-9 Current amplifier/attenuator circuits with grounded and floating loads. For the
grounded load circuit, the current gain depends upon the resistance of load R,. For the floating
load circuit, the gain is independent of the load resistance.

One disadvantage of the circuit in Fig. 6-9(a) is that the current gain/attenua-
tion is dependent on the resistance of R,, which is the load resistance. If the load can
be floating (ungrounded), then the. circuit shown in Fig. 6-9(b) can be used. Here,
the load current is

IL:IS+]2

R
= 15 + ]_\-_
R,

or I, = 13<1 + &> (6-4)
R, |
Note that the resistance of the load is not involved in Eq. 6-4. So, the circuit
of Fig. 6-9(b) operates as a current amplifier with a gain which is independent of the
load resistance. Of course the voltage drop across the load must not be so large that
the op-amp output attempts to exceed its maximum output voltage range.
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The VN2222L n-channel power MOSFET has Vbsimay = 60 V, Ipmayy = 150 mA, and v
Roen = 7.5 (1. So, the VN2222L is a suitable device for Q. 1
Vimen = 11 X Riman = 75 mA X 50 O ] K
=375V Q
For satisfactory operation of {,, ] C
let Vosimm = (IoRpew) + 1V = (1SmA X 7.5 Q) + 1V
N P o ~ 1.6V
and Vet T BF e s ~ Vissimia)
=15V-375V~-16V
=06V
i W
I, 75mA
= 128 ()

Use Rs = 120 ). Then,
VR5 = 11_ X R5 =75mA X 120 Q
=9V

The circuit in Example 6-2 was designed for V, = 9 V. So, the remaining component
- calculations for the current sink are exactly as for Example 6-2.

b 6-4 CURRENT AMPLIFIERS
Current-to-Voltage Converter

The current-to-voltage converter circuit in Fig. 6-8 can be thought of as an inverting

amplifier without an input resistor. Because the op-amp noninverting input terminal

is grounded, the inverting input remains at ground level. So, the input current

source is effectively short-circuited to ground. With /, much larger than the input

bias current of the op-amp, virtually all of /, flows through resistor R; to produce a
R1

+ —
" A

+Vee ¥

IR Figure 6-8 Current-to-voltage con-

v , o .
° 1’ vérter circuit which behaves like an ¥
Ve 4 inverting amplifier without an input resis- &
—_l_:- 3 tor.
;o
£
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Potential Divider
I, & (Isman for Ar)
let ' I, =50 pA
Vi s k) = Vie + 10% = 10V + 10%

1
i

=11V

11V
R + Ry = ——— = 220 k()
‘ 50 A :

R, = 20% of (R, + Ry) = 44 k() (use 50 k() standard value potentiometer)
R1 L (Rx + Rz) - Rz = 220 kQ - 50 kQ
= 170 k{} (use 150 k{) standard value, and recalculate I,)

I =V(RI+R2}: llv
TR+ R (150kQ + 50 k@)
= 55 pA
R k., VCC T V(m + Ry — 18 V " ”. V
’ I 55 wA

= 127 kQ) (use 120 k() standard value)

r
i

6-8 INSTRUMENTATION AMPLIFIER

Differential Input/Output Amplifier

Figure 6-13 shows the circuit of an amplifier which accepts a differential input
voltage and produces a differential output. As will be explained, this circuit has cer-
tain advantages over the difference amplifier introduced in Section 3-6. To under-
stand the operation of the differential input/output amplifier, assume for the moment
that the junction of resistors R and R; in Fig. 6-13 is grounded. Op-amp A together
with resistors R, and R, would function as a noninverting amplifier. The input
voltage to A, would be developed across R, and the voltage gain would be
(R, + Ry)/R.. Similarly, if the junction of resistors R, and R, was grounded, op-
amp A, and resistors Ry and R, would behave as a noninverting amplifier with a
voltage gain of (R, + R3)/Ra. ‘

Now consider the operation of the complete circuit® Becausecof the«noninvert-
ing amplifier configuration of A, and A, and the resistors, the voltage at the junction
of R, and R, is equal to input voltage vi. Also, the voltage at the junction of R; and
R equals input voltage Va. Consequemly,'the voltage across resistor R is

Vi = vy — V2 = V; (the differential input)



(¥ 11

|

Operational Amplifiers and Linear 1Cs

o SRS l\:\]‘
4 4 A + \‘
| : EA Sy O
| | ! Ay A+
- e |
l f LY ! 1
! L Ve 3 5
} V‘ | O I ‘ 3 7 : |
| [ T Ver i , |
| - 4L
! | ‘v' E ] |
! ‘ | |
A Lo L 1
| i Vs S8, Vg
P © 3 z
| i j !
| | L |
i i i b+
; (/) i v e i i
| i) <
{ | t ] Var 3 A |
w ! { ! tEELRL NGRS
j i | 5\\ | { I
! o—
I " z A ’ 3 % - % - 2
-y i 4 | Ak S Figure
O ! i e
A
8
* \\/.“_L

This gives the current through R; as

e

~
f
i
e

-~
[y

The differential output voliage is,
Vo = Vor + Vg + Vi
= L(Ry + Ry + R)

V[
= =Ry + R + Ry

The circuit differential voltage gain is,

Vo, Ri+ R+ R

Agn = o = —————

Normally
2R+ R,

S0, Aty =
R,

6-13  Differential input/output

amplifier which accepts a differential in-
put voitage and amplifies it to produce a
differential output. With R, = R, the
voitage gain is A, = (2R, + R,)}/R,.

o

(6-5)

(6-6)

Note that the voltage gain can be aitered by adjusting a single resistor; Rs.
Like all amplifiers with a differential input, the common mode gain of the dif-

ferential input/output amplifier is an important quantity. Suppose the two inputs are

connected together and a common mode noise voltage (V,) is applied to the two as
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shown in Fig. 6-14. The junction of R, and R, will be at the same voltage as the
noninverting input terminal of A;, and the junction of R, and R; will be at the same
voltage as the noninverting input of A,. That is, both resistor junctions will be at v,
volts with respect to ground. There will be no current flow through R\, R,, or R;,
and the output voltage of each amplifier will be v, volts. This means the common
mode gain is

A(;(cm) = l (6'7)

So, common mode signals will be passed through but not amplified by the differen-
tial input/output amplifier.

Ve
A, 1 I
A |
o |
4 <
~Vee
T_‘. §’ R,
| I v,
; +Vee | |
{ | i
% ‘ ? § R-? Vn
Vo ' : 1
| A >__‘ e Vi l
. - (g
1 | [ ’ ‘ Figure 6-14 A common mode voliage
% v, l E | applied to a differential input/output am-
: lifier i ced 2 hut.
1 -V __l_ _J!_ ¥ i plifier is reproduced at the output

Ac(cm,‘- = 1

The differential input/output amplifier is normally used in conjunction with the
difference amplifier discussed in Section 3-6. The two circuits are reproduced in
Fig. 6-15 for comparison. The resistance at each input terminal of the differential
input/output amplifier is extremely high because of the noninverting amplifier
configuration. The input resistance of the difference amplifier is R; = R; at input ter-
minal 1, and R; = (R: + Ry) at terminal 2. The voltage gain of the differential
input/output amplifier can be changed by adjusting only one resistor: R,. Changing
the gain of the difference amplifier requires that R, and R. be adjusted together to
maintain equal amplification of both inputs. The common mode gain of the differen-
tial input/output amplifier is 1, compared to a common mode gain of zero for the dif-
ference amplifier. As illustrated in Fig. 6-15, the differential input/output amplifier
operates with a floating load, while the difference amplifier uses a grounded load.
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<+ 1
Hee

A8
——._.—_._M-_J”'r_n_._—.___._——-.—_..

{b} A difference amplifier has reiativel
; é y
low input resistances, a high common
mode signal attenuation, and a grounded
ioad.

(a) A differential input/output amplifier has
very high input resistances, a common
mode gain of 1, and a floating foad.
Voitage gain is controlied by one resistor,

Figure 6-15 Comparison of a differential input/output amplifier and 2 difference amplifier.

Instrumentation Amplifier Circuit

The instrumentation amplifier circuit shown in Fig. 6-16 is a combination of the dif-
ferential input/output amplifier (stage 1) and the difference amplifier (stage 2). The
difference amplifier uses the differential output voltages from the differential input/
output amplifier to drive a grounded load, as illustrated. For instrumentation pur-
poses, most loads have one grounded terminal, otherwise ground loops and static
electricity could cause problems. So, the ability to drive a grounded load is neces-
sary. The differential input/output stage offers a very high input resistance at each
input terminal. The voltage gain of the complete circuit is,
Av = Avl X AUZ

where A, is the voltage gain of stage 1 and A,, is the stage 2 gain.

4 o RAR R (6-8)
: R, R,

The overall voltage gain can be controlled by adjustment of R,. The common mode
°signa? attenuation for the instrumentation amplifier is that provided by the difference
. ) . ' . . : o . .
amplifier. As discussed in Section 3-6, this can be maximized by making resistor R,
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which gives, R, = -’%lmw,.‘, -1} = LLLLIEEY
= 3.9 k) (standard value)
R. =R, =39k
Stage 2 Vo= AV = 900 <15 mV
= 135V
s 2 Laimax)
let I = 100guma0 = 30 A
b V. 1SV
Is SO @A
= 270 k&) (standard value)
Ry 270 kQ
- 3(5(
= 9 k) (use 8.2 k{} + 820 Qor9.1 kQ = 5%
Ra= Re = 9k
R, = Rs £ 20% 7270 k(Y = 20%

(use a 220 k() fixed resisey”

~ 216 k) to 324 k)
and a 100 kQ variable)

Integrated Ci uit Instrumentation Amplifier

ers are available in a single integrated circuit package. ]
circuit of the LHOO36 1C instrumentation amplifier.

circuit, difference amplif\r resistors Ry, Ri. Rs, and R are all equal value c¢
nents: so thag the voltage & in of that stage is 1. The overall voltage gain for ti
cuit is set byXhe externally Nonnected resistor Rg. The equation for voltage ¢

similtar 0 Eq.

[nstruXentation ampli
6-17 shdws the simphific
&

2

in is 1. white Rg = 50 2 give a voltage ¢
unmed by the xmanufacturer to yield a co
R, is also terminated at pin 9, which |
9. it can be connected to @ bias v
The LHO036 has an nput impedai

[f Re, is left as infinity, the voltage
approximately 1000 Resistor R ist

mode rejection ratio greater than ¥0 d
ally grounded. Instead of grounding pit
tevel control.

cource for de output voltage fevel
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Ch. 7 — Signal Processing Circuits

INTRODUCTION

The use of operational amplifiers can improve the performance of a wide variety of
signal processing circuits. In rectifier circuits, the voltage drop that occurs with an
ordinary semiconductor rectifier can be eliminated to give precision rectification.
Waveforms can be limited and clamped at precise levels when op-amps are employed
in clipping and clamping circuits. The errors that occur with peak detectors and
sample-and-hold circuits can also be minimized by the use of op-amps.

h

7-1 PRECISION HALF-WAVE RECTIFIERS

’ 3

T w2t A e i o
i - / Saturating Precision Rectifier T
P oL 5 TS | e ¢ & valone
a fR R | £ ol g . o pd X {
=T The circuit of an op-amp prebzszbh"h&ffWave rectifier, illustrated in Fig. 7-1(a), 1s

simply a voltage follower with a diode inserted between the op-amp output terminal
and the circuit output point. When the input signal is positive, the diode is forward

Y T‘ i ok
- —]—L | Ve l_l’"

{a) Saturating precision half-wave rectifier circuit

+Ver

N\,

R, 7
%

|
V,,_J‘_

Ry

(b) Saturating precision half-wave rectifier with voltage gain

Figure 7-1 Including a diode at the output of a voltage follower or a noninverting
amplifier converts the circuit into a precision half-wave rectifier. Because the op-
amp output saturates when the diode is reversed, there is a relatively long recovery

time.
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o g ; -
'w-aﬁlpmuiput fogward biases [3,. This tends to pull the np amp inverting input ter-

brased and the output voltage follows the input. Recall that negative feedback causes
im" voltage at the in vextmy iput terminal to follow that at the noninverti ing termi-
nal. Since the output of the circuit and the inverting terminal are commen, the out-
Ji tollows the input within microvolts. The diode forward voltage drop is not in-
veived,

While the input voltage is in its negative half- cycle the op-amp output is nega-
tive and the diode is reverse biased. Consequently, the feedback path 1s interrupted,
the .&nwr{img input terminal remains at ground Jevel (because K, is grounded), and
the Gp-amp output is saturated in a negative direction. The negative half- -cycle of the

it iu@u not pass to the output; it is clipped off. If the diode polarity is reversed in
5‘}_’,& -1(a), the negative half- «,.)L!{‘ of the input waveform will be passed to the out-
the positive half-cycle will be clipped off.

"i’.w advantages of the op-amp precision rectifier circuit over a simple diode
rectifier are (1) no diode voltage drop between input and output, (2) the ability to
rectify very small voltages (less than the typical 0.7 V diode forward voltage drop),
(3) amplification, if required, nd (4) low output impedance. Items (1) and (2) indi-
cate t 'S:';nf the precision rectifier is a close approximation to an ideal diode.

While the input waveform is in its nug ative half-cycle, the autput of the op-
amp m Fig. 7-1(a) 15 saturated in & negative direction. Some time is required to get
the op-amp out of saturation and this will limit the frequency response of the circuit.
For high frequency performance, a nonsaturating precision rectifier circuit must be
used.

Figure 7-1(b) shows the circuit of a precision rectifier with voltage gain. This
is a noninverting amplifier with the diode included. The circuit is designed ex actly as
a rmnmvmiw amplifier, except that the current through R, and R; should be a mini-
mun of about 100 pA to ensure that the diode is operating correctly in the absence
of 4 load current. A minimum diode current of 500 wA is a good design objective.

Nonsatugating Precision Rectifier -

ok ut]

The precision red{ifier circuit in Fig. 7-2 uses an inverting amplifier configuration.
Diode Dy is reversé\biased and Dy is forward bia el when the op-amp output termi-
nal is positive. This b\\u"& when the input signal is negative. While D, is forward
biased, the circuit outpit, is ’

N\

P4

\ AI;“)"
N v, = V=
\ K,
£ Ry equals R, V, cquals -V, i\{m the nepative half-cycle of the input. If R, is

greater than Ry, m«, output is an am *}ixﬁvd (inverted and half-wave rectified) version
of the input.

Juring the positive half-cycie of Iu, input, the op-amp output terminal goes
negative, causing D to be reverse biased. Without Dy in the circuit, the op-amp out-
put wouid be saturated in a negative darectmn However, the negative voltage at the
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Figure 7-3  Two-output precision half-wave rectifier. Dy is forward biased during
the positive half-cycle, D, during the negative half-cycle. In each case, the circuit
behaves as an inverting amplifier.

with the op-amp to perform as an\inverting amplifier. The output at terminal A is

R
Vi\= —(=Vi5
s R
n . . . . .
e With D; reversed, no current flows in resistor Rs; and with Ky connected to the vir-
5 tual ground at the op-amp inverting input, the output at terminal B is zero.
The circuit in Fig. 7-3 is seen to be a precision rectifier with positive half-
S i cycles of output at terminal A, and negative half-cycles at terminal B.
) 1

7-2 PRECISION FULL-WAVE RECTIFIERS
' ‘Half-Wave Rectifier and Summing Circuit

The left side of the circuit in Fig. 7-4 is a precision half wave rectifier as in Fig. 7-2
but with the diodes reversed. The right side is an inverting summing amplifier cir-
cuit, (explained in Section 3-5). The input voltage is applied to terminal A of the
summing amplifier and to the input of the precision rectifier. Note that resistor K, in
the precision half-wave rectifier circuit has twice the resistance of R,, so the rectified
voltage applied to terminal B of the summing amplifier is —2 V;, as illustrated.
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iy

S

e TPis seen that the output is a full-wave rectified version of the input voltage. If
resistor Rs equals R4 and Rs, the circuit has an overall voltage gain of 1. When Ry is

r

|

~Precision rectifier fa— il — Sumrming circuit —— a_.__,;
=k !
LA |
O~ AMA~—,
| R4

R, =28, : 1 k2
AN (
2 k82 ; e
T | 3.9kQ
y ’ A v
Voo | VWA
D, | Ve
|
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8 1k§2
,'leL* 1 g Ar l\_\
oLy D

!,
|

Figure 7-4  Full-wave precision rectifier consisting of a summing circuit and a precision half-
wave rectifier which has a voltage gain of 2. During the input positive half-cycie, =2V, is
summed with V; and the result is inverted. During the negative half-cycle, V; and zero are

summed and inverted.
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During the positive half-cycle of the input, the veltage at terminal A s +V;, : 4
while that at terminal B is -2 V;. The output from the summing circuit with Rs = R, &
is 4

R
Vo= =22(Vs + V)
4
R()
S A G
R(; )
= Ry,
R4 &
During the negative half-cycle of the input, ¥, = —V,, and V; = 0. Consequently,

the output is

[s) o

V, = -%(*Vi + 0)

4

Rs

R
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greater than Ry and Rs, amplification and rectification both occur. A precision full-
wave rectifier circuit is also known as an absolute value circuit. This means the cir-
cuit output is the absolute value of the input peak voltage regardless of the input po-
larity. '

™ Example 7-2

Design a precision full-wave rectifier circuit as in Fig. 7-4, to produce a 2 V peak out-
put from a sine wave input with a peak value of 0.5V and a frequency of 1 MHz. Use
bipolar op-amps with a supply voltage of £15 V.

Solution
| 1'% Do
let I = 500 pA (for adequate diode current)
= 1k} (standard value)

R, =2R, =2k (use two 1 k() resistors in series)
Rs=R R =1kQ[2k
= 670 ) (use 680 {1 standard value)
Ri=Rs =R, =1k} (standard value)
For the output to be 2 V when the input is 0.5 V,

V. 2V
Rg = — X Rs = ——— X 1 k{
TR 05V isi

= 4 k) (use 3.9 k) standard value)
Ry =Rl Bs || Re = 1KQ | 1 kQ || 3.9 kO
= 443 Q) (use 470 {} standard value)
For diodes D, and D», Vi > 30V, and Lo = 0.1 us as in Example 7-1.
Compensate A; as a voltage follower, and A: for a gain of
Rt bk

. {

| . ; ’
sy g et Aoy f ]
f‘*f“.ﬁr»*‘(i.‘ o i v S e

5 P
- » e =

i

e - e I : —
High)hp\m lmpe&!ance Full-Wave Precision ktow o
Rectifier ‘

A precision rectifier that uses a noninverting amplifier configuration to present a
high input impedance to the-signal is shown in Fig. 7-5. Op-amp A, together with
resistors Rs and R, constitutes a noninverting amplifier, as does A, Rs and Re. How-
ever, diodes D, and D, also affect the operation of the circuit.

Consider what occurs during the positive half-cyele of the input waveform. The
output terminal of A, is positive, D is forward-biased,~and D, is reversed. The
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/

Solution

From the 741 data sheet/ in Appendix 1-1 (enlarged frequency response in Fig.
5-13(a)), the op-amp unity gain cutoff frequency is f, =~ 800 kHz. From Eq. 5-6, the
high cutoff frequency of each op-amp is

Ju

A,
~ 800 kHz
From Eq. 11-12, the circuit upper cutoff frequency is approximately,
fe=0.65f = 0.65 x 800 kHz
- = 520 kHZ

f

11-8 BANDPASS FILTERS
Multi-stage Bandpass Filter

A bandpass filter can be constructed simply by connecting low-pass and high-pass
filters in cascade (see Fig. 11-14). For example, suppose a low-pass circuit with
fe = 100 kHz is cascaded with a high-pass circuit which has £, = 10 kHz. The low-

Low-pass .| High-pass o
filter T filter

f,=100kHz=f, f,=10kHz=?,

||}<——\_<—>
||l—<——~.°<.—>

{a) Cascaded !ow-pass and high-pass filters

Low-pass High-pass
response response
1 h————— T T P g e e 2 e
| / \\ ;
-3dB F-——-=-~- ,1 ——————————— -
/i g
/! o\
/o .
| PN
V,/V, /| A
i |
| i
! !
1 Il
f, fy
——
f

(b) Bandpass frequency response

Figure 11-14 Bandpass filter circuit consisting of low-pass and high-pass stages
connected in cascade. The low-pass stage sets the high cutoff frequency f; and the
high pass stage determines the low cutoff frequency f,.




Ch. 11 — Active Filters 277

pass circuit will pass all frequencies up to 100 kHz, while the high-pass circuit will
block all frequencies below 10 kHz. So, the combination gives a filter with a pass
band from 10 kHz to 100 kHz.

Single-Stage First-Order Bandpass Filter

A single-stage bandpass filter is shown in Fig. 11-15. If the capacitors were not
present, the circuit would look like an inverting amplifier. The capacitors are se-
lected to have Xc; large enough to be neglected at low frequencies and Xc; small
enough to be neglected at high frequencies.

Cy
4'}1

»ll»*—“- £5

Figure 11-15 Single-stage bandpass tilter circuit. For a wide pass band, the cutoff
frequencies are set by making Xci = Ry atf) and at Xz = Ry atfo.

At low frequencies, Xc is so large that it can be eliminated from the low fre-
quency equivalent circuit. As shown in Fig. 11-16(a), the circuit is an inverting am-
plifier with a voltage gain of

R, R,

Z, \ (sz + Xorb)

At signal frequencies in the pass band of the circuit, Xc1 becomes much smaller than
R,, So, the circuit gain becomes

The above equations show that for voltage gain to be down by 3 dB (from the mid-
frequency gain), '

X = Riatf (11-16)

where £, is the low cutoff frequency.

W
14
|
!
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~Vee

(a) Low frequency equivalent circuit

Figure 11-16 Low frequency and high frequency equivalent circuits for the
single-stage bandpass filter. Capacitor C; can be neglected at low frequency and C,
can be disregarded at high frequency.

At high frequencies, X1 becomes so small compared to R, that it can be elimi-
nated from the high-frequency equivalent circuit. But, X is no longer large enough
to be ignored. So, the high frequency equivalent circuit is as shown in Fig.
11-16(b). Once again, the circuit is an inverting amplifier and its voltage gain is
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_Xo|R _

1

Ao =

R RVII/RY + (1/Xe)]

At frequencies in the pass-band, Xc2 is much larger than Ri. So, the circuit voltage

gain is once again

R

Au &/
R,

From the above equations, the voliage gain is down by 3 dB from its mid-frequency

value when,

X(;z = Rz atfz (11-17)

“where f is the high cutoff frequency.

It is seen that the circuit behaves as an inverting amplifier when the signal fre-
quency is in the pass band, as a high-pass filter for low frequencies, and as a low-
pass filter for high frequencies. The low cutoff frequency is determined by Eq. 11-15
and the high cutoff frequency is calculated from Eq. 11-17.

The normal design approach of selecting the resistors first is likely to give un-

~ acceptably small capacitance values whether bipolar or BIFET op-amps are used.

So, it is usually best to commence by selecting the value of the smallest capacitor

(C»). Then R can be determined from Eq. 11-1
to R, for the desired voltage gain. The value of
to calculate C,. Since direct current through

7 and R, can be calculated in relation
R, can be substituted into Eq. 11-15
R, is interrupted by Ci, resistor R;

should be made equal to Rz for resistance equality at the op-amp input terminals.

™ Example 11-9

Design a single-stage bandpass filter, as in Fi
a pass band from 300 Hz to 30 kHz.

Solution
Select C, = 1000 pF

From Eq. 11-17, Xa = R,atf
1

g. 11-15, to have a yoltage gain of 1 and

1

or, R,

= 5.3 k{} (use
Ry = R, = 5.36 k{
For A, = 1 R, = R, = 536 k{}

|

2= 3ahCs 2w % 30 kHz X 1000 pF

5.36 k) £1% standard value)

(use 5.6 k€1 standard value)

1

From Eq. 11-16

= 0.1 uF

C = = :
' T 2nfiRe 2m x 300Hz X 5.36 kQ

(standard value)
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i

[e) o
. 0 o CQ
1000 pF
\ Y-
A
RZ
5.36 kQ2
MW
/?1
536 k2
i — 5
|
v ;‘
I v,
= 1

Figure 11-17  Bandpass filter designed
in Example 11-9; f, = 300 Hz and
f» = 30 kHz.

Wide-Band and Narrow-Band Bandpass Filters

The bandpass filter discussed above is essentially a wide-band circuit, and its typical
frequency response is illustrated in Fig. 11-13(a). Narrow-band bandpass filters have
the kind of frequency response shown in Fig. 11-18(b).

The bandwidth of the filter circuit is,

B=fi- f (11-18)

The circuit Q factor is the relationship of the center frequency £, to the band-
width.

Q=% (11-19)

The Q factor is a figure of merit for a filter circuit. It defines the selectivity of the
hlter in passing the center frequency and rejecting other frequencies. Figure
11-18(b) shows that a filter with a Q of 10 has a much narrower bandwidth than a
filter with Q equal to 1. The filter with the higher Q is the most selective of the two.
Narrow-band filters are usually classified as those with a Q factor greater than 5,
while wide-band circuits have a Q less than 5.

The center frequency of the filter can be determined from,

fo=V(Af) (11-20)

For the wideband filter designed in Example 11-9,
fo= V(fif2) = V(300 Hz x 30 kHz)
= 3 kHz
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Solution
Select Cy = C; = 1000 pF
From Eq. 11-20, fo=VI{ff) = V(10.3 kHz x 10.9 kHz)
= 10.6 kHz
1 l
From Eq 11*24, Rj = Rg

" 2mCif, 27 X 1000 pF X 10.6 iz
15.01 k0 (use 15 k{) standard value)
Ri=Rs=Ri=R, =R ~Rs =15k
fo _ 10.6 kHz
fi=fi 109 kHz - 10.3 kHz
= 17.7
Eq. 11-26, R: = Ri(20 - 1) = 15 kQ[(2 X 1.7y = 1]

i

From Egs. 11-18 and 11-19, @ =

- = 515 k() (use 511 kO +1%)

11-10 BANDSTOP FILTER

The function of a bandstop filter, also known as a band-reject filter, is to block a
band of signal frequencics. This is the inverse of the bandpass filter function. A
bandstop filter with a Very narrow stop band is sometimes known as a norch filter.

Low-Pass and High-Pass Filters
as Bandstop Filter

Figure 11-21(a) shows how a bandstop filter can be constructed by parallel-connect-
ing a low-pass filter and a high-pass filter. The circuit nputs can be connected in

Low-pass High-pass
response response

f, =100 kHz = f,

High-pass

filter

—1 Summing
circuit

Low-pass

{a)

filter

f, =10kHz = £,

High-pass and iow-pass filters combined
to produce a bandstop response (b) Bandstop frequency respBnse

Figure 11-21 Bandstop filter consisting of parallel-connected low-pass and high-pass circuits
with a summing circuit to combine their outputs. The high-pass stage determines S, and the
low-pass stage sets f;.
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e pp——

parallel without any problem, but the outputs must be applied to 2 summing circuit,
as illustrated, to avoid one output overloading the other. Suppose that the low-pass
circuit has a cutoff frequency of 10 kHz and that the cutoff frequency of the high-
pass circuit is 100 kHz. The low-pass circuit will block signal frequencies above
10 kHz, while the high-pass circuit will block frequencies below 100 kHz. The re-
sult is a stop band of 10 kHz to 100 kHz, as illustrated in Fig. 11-21(b).

Note that the frequency limits of the stop band are those frequencies at which
the signal is —3 dB from its normal output level. The low-pass and high-pass filters

can be first-order, second-order, Or higher, for any desired fall-off rate of the band-
stop frequency response.

Bandpass and Summing Circuit as Bandstop

Another method of creating a bandstop filter is to sum the output of a bandpass filter
with its own input signal, as illustrated in Fig. 11-22(a). In this case, the bandpass
filter must have a voltage gain of —1, that is, its output must be the inverse of the
input signal. Alternatively, the signal might be amplified to the same level as the

bandpass outpuf and inverted if necesary.

Bandpass filter
{inverting)

Summing
circuit

(a) Bandpass filter and summing circuit as bandstop filter

For bandpass stage

(b) Frequency response

Figure 11-22 Bandstop filter made up of a bandpass stage and a summing circuit.
The output is 3 dB above the attenuated level at the cutoff frequencies of the band-

pass circuit.
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