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ANALOG PROCESSING CIRCUITS

Analog signal processing is still the primary mode of signal
processing in many applications, despite the tremendous de-
velopment in digital signal processing circuitry. For example,
at high frequencies signal processing is implemented with
very simple analog circuits. Very low-power applications are
also realized with analog circuitry. In addition, even in sys-
tems using digital signal processing, it is necessary to include
some form of analog signal processing and data conversion as
an interface for analog systems (1,2).
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Figure 1. General analog signal processing circuit.

In recent years, the trend to smaller and cheaper electronic
systems has resulted in mixed-mode integrated systems
where both digital and analog signal processing circuits are
manufactured in the same chip (3).

Analog signal processing circuits can be divided in two cat-
egories: linear and nonlinear circuits. Among linear circuits
for signal processing are filters (4) which use amplifiers,
adders, and integrators. High-frequency signal processing is
an area where analog circuits are the main signal processors.

For nonlinear analog signal processing, the most impor-
tant circuits are data converters, where comparators are
widely used, as well as adders and integrators. Instrumenta-
tion and control (5) are also areas that use analog signal pro-
cessing circuits intensively, for example, to measure ac sig-
nals or to control positioning motors.

This article is divided into two parts. The first part covers
linear circuits, such as adders and integrators, and circuits
that use them, such as filters. The second part covers nonlin-
ear circuits, such as comparators, limiters, log and antilog
amplifiers, and their applications. Because most analog signal
processing circuits use operational amplifiers, a brief section
on op-amps is included.

OPERATIONAL AMPLIFIERS

An operational amplifier (op-amp), shown in Fig. 1, is a three-
terminal device that has a high-input impedance Z;,, a low
output impedance Z,, and a very high gain A (6). For an ideal
op-amp, these quantities are

Z,, — o0
Z,=0 (D
A — o0
The op-amp input—output relationship is given by
Vot =AWV, —V_) (2)

The input terminal with a plus sign is called the noninverting
input, and the input terminal with a minus sign is called the
inverting input.

+9
+

Figure 2. Operational amplifier characteristics.
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Figure 3. Operational amplifier macromodel.

The op-amp variables are shown in Fig. 1. In addition to
Egs. (1) and (2), the very high input impedance forces

I,=1_=0 (3)

A macromodel for an ideal op-amp, where A — «, is given in
Fig. 2. Note that Z, = 0, and Z;, — . Furthermore, because
Vou 18 finite when A — o (V. — V_) must be very small. That
is,

V,=V_ (4)

Another type of op-amp that has the macromodel shown in
Fig. 3, also has a high input impedance, but it has as the
output variable an output current given by (6)

Loy =8m (Ve = V0) (5)

Note that now the output impedance is infinite because the
output element is a current source. The value of the transcon-
ductance g, is a function of the bias current I;,.. Thus,

8m = 8m (pae) (6)

Because the gain factor for this op-amp is the transconduc-
tance g, this op-amp is called an operational trasconductance
amplifier (OTA). The symbol for an OTA is shown in Fig. 4.
Usually, the OTA has a higher operating frequency than the
conventional voltage mode op-amp and thus, it is usually
found in high-frequency circuits.

LINEAR CIRCUITS FOR SIGNAL PROCESSING
The simplest circuit in linear signal processing is the in-

verting amplifier (2) shown in Fig. 5(a). Because no current
flows into the inverting input of the op-amp, by Kirchhoff’s

*Ibias

Figure 4. OTA macromodel.
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Figure 5. Inverting amplifier. (a) Circuit; (b) block, diagram.

current law

L+I;=0 (M

In addition, because V_ = 0 due to the infinite op-amp gain,

I = IZ?, ®
and
ip ‘;f’—: 9
Thus,
}Z—: + ‘;"—;t =0 (10)
which can be rewritten as
Vour = _% Vin (11

mn

Thus, the output voltage is given by the product of the input
voltage and the inverting amplifier gain —Ry/R;,. Figure 5(b)
shows a block diagram for the inverting amplifier. An in-
verting unity gain amplifier is obtained by making R;, =
Ry = R as shown in Fig. 6. Now let us consider the circuit

R, in
. NN— =
Vin Iin + ’_:
_ Vou

Figure 6. Inverting adder. (a) Circuit; (b) block diagram.
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K, B
R,
Ve—
K,=-—"
V, e—AAN—¢ 2R,
R, Re Vo o———
Vo —AVV NV Re
R Ky=-—"
3 R
Vs —AAA > Vs o— ) v,
1 —eo V, 1
I + I
| |
R, I I
V, —AANN\—¢ — v, ._I_R
Figure 7. Two input inverting adder. (a) K, =- 1{
Circuit; (b) block diagram. n  (b)

shown in Fig. 7 (8). The currents i, are

v
I ITll (12a)
V.
I,=-2 12b
2= R, (12b)
and
Vo
I,=-2 1
PR, (13)

Furthermore, because no current flows into the inverting in-
put, by Kirchhoff’s current law

Thus, we have obtained an inverting adder. Each input is am-
plified by the factor —R/R;. A block diagram for the inverting
adder is shown in Fig. 7(b).

EXAMPLE 1. Figure 8(a) shows a two-input inverting adder.
The output voltage is given by

10k 10k
Vo=~ Sk 1T 1ka 2 un
Thus,
Vo = =2V, — 10V, (18)

A block diagram is shown in Fig. 8(b).

A more general inverting adder (2) is shown in Fig. 9.
Thus Here each impedance Z; is given by the T-circuit in Fig.
’ 10. The input short circuit impedances at nodes 1 and 2
v, v, v, V, are given by
142, 42 = 1
BTR VR TR 0 (15)
Zo(s) = Vi(s) _ Vy(s)
Solving for V,, - L) lvys=0 1108 Iy, 5)=0
(19)
R R R Z1(8)Zy(8) + Zy(s)Z3(s) + Z1(5)Z5(s)
V,=_“Fy _ Py . _Fy (16) =172
R,’' R, ? R, Zy(s)
5 kQ 10 kQ 5
Vi AAAY AAAY Vi e———
1kQ
V2 AAAY = Y V%
—Vo -10
+ Voo—

Figure 8. General inverting adder.
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Figure 9. Tee network.

As with the inverting adder, Kirchhoff’s current law at node
V, gives

Vi)  Valse)  Vals) | Vol(s)

. =0 20
Z1(s) ' Zy(s) Zn(s)  Zo(s) 20
Solving for V,
_ Zo(9) Zo(s) Zo(s)
Vo(s) = —Zl(s)Vl(s) - mVZ(s) —ee = Zn(s)VN(s) (21)

EXAMPLE 2. We want the circuit shown in Fig. 11 to have
an inverting gain of 100. By solving Eq. (19) with R; = R3; =
10 kQ, R, = 102.04 Q.

A noninverting amplifier is shown in Fig. 12. Because the
op-amp forces the inverting input voltage to be equal to the
noninverting input voltage, the currents I, and I, are given
by

V
I ==L 22
1= R, (22)
I I,
- -
V,e—— 2z, Zs V,
Zy

l

Figure 10. Amplifier with a gain of 100.
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10 kQ 10 kQ
A4 NV
Ry="?
MV - V,=-100 V,
—=
+
Figure 11. Noninverting amplifier.
and
Vo -V,
I, = 23
2 R, (23)
Using Kirchhoff’s current law at the inverting input node,
I, =1 (24)
Thus,
Vo—-V, V;
= — 25
R, R, (25)
Solving for V,,
R, +R
V, =2 ; 2v,
n (26)
=(1+32 )V
( i R1> :

We readily see that the amplification factor for the nonin-
verting amplifier is always greater than unity.

EXAMPLE 3. If we desire to design a noninverting amplifier
with a gain of 3, we can choose R, = 2 k() and R, = 1 kQ.
Thus,

R 2kQ
1+ 2=14+-"-=3 217
+ R, + ) (27)
The final circuit is shown in Fig. 13.
R,
AAAY
<—
I,
R,
J_ 7, —e Vo(s)
— Vi(s) e——£

Figure 12. Noninverting amplifier with a gain of three.
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2kQ
A4
1kQ
A4 =

——o V(s)

|

Vi(s) e—

Figure 13. General noninverting amplifier.

A general inverting amplifier is shown in Fig. 14. Simi-
larly to the noninverting amplifier, the output voltage is given
by

Zz(s)
ZI(S)

Vi(s) = [1 + ]V1 () (28)

As before, the gain is noninverting and greater than unity. If
Zy(s) = 0 (short circuit), the circuit equation is

Vo(s) =Vi(s) (29)
that is, we have a unity gain amplifier. Note that Z,(s) has no
effect and can be deleted (an open circuit.) The resulting cir-
cuit, shown in Fig. 15 is also called a voltage follower be-
cause the output voltage follows the input voltage. Now let

us consider the circuit (9) in Fig. 16. Voltage V. is given
by

R
V, = 3V, 30
" T R,+R,? (30)
Using superposition, voltage V_ is given by
R, R,
= 1
V_ R0+R1V1+R0+R1V2 (31)

Because the op-amp forces both voltages V_ and V. to be
equal,

R, R, R,
= 2
Ry 4R, * Ro+R, TR 4R, (82)

Solving for V,
BBt Ry Ry -

° " R,(Ry+R;) > R,

r Zy(s)

Vi(s) e— ¢

Figure 14. Voltage follower.

—e Vy(s)

Vi(s) e——+

Figure 15. Differential amplifier.

Thus, we see that the circuit takes the difference of the input
voltages. Therefore, this circuit is called a differential ampli-
fier. By choosing R, = R; and R, = R,, we can write Eq. (33)
as

R,

7 V2=V (34)

which gives the input voltage difference amplified by the fac-
tor R/R;.

EXAMPLE 4. It is desired to find an amplifier whose output
voltage is given by

V, =10(V, - V;)

R, v R,
Vi e—AAMV NN
—o V,
+
R, R,
Vo —AAMV NN
v,
(a)
R, v R,
Vi —AANV NN
—o V,
+
R, R,
Vo —AANN s NN
+

(b)
Figure 16. Differential amplifier with a gain of 10.
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Figure 17. General inverting and noninverting amplifier.

By choosing R, = R; = 10 kQ) and R, = R, = 1 kQ in Fig. 16,
we obtain the desired output voltage. The final circuit realiza-
tion is shown in Fig. 17.

A differential amplifier (2) can be extended to the general
combined inverting and noninverting amplifier shown in Fig.
18. Kirchhoff’s current law at nodes A and B gives

V[—l +—1 +---+—1 +—1]
A Zigs) T Zyy(s) Zin(5) " Zo(s)

:28+§2§ (35)
and
Vy [@ + m +-~-+ZN1(S)] =k: ‘ZIEZEZ; (36)
_F_OM Zim(s) | Z\s(s) j
= Velo) ZIZ:(S) : =
oy Zi(5) Zols)
= . _
e V,(s)
Ve X
_C+VN1(S) e
:L—(‘ e e
Oy Zn) | Znste) =

Figure 18. Inverting and noninverting adder.
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Defining impedances Z,(s) and Zg(s) by
1 1 4 1 1
——=|5—+ — + 5 37)
Z(s) |:le(3) ;Zh«(s) Zo(s):|
and
1 1 " 1
= + (38)
ZB(S) |:ZNs(S) o1 ZNk(S):|
and because for an ideal op-amp,
V,=V3 (39)
from Egs. (35)—(39) we can write
Vy Vo (s) o Vi (s)
= L (40)
ZA(S) Zy(s) =1 ZIi(s)
and
Vi Vi) (41)

Zg(s) = Zyy(s)

Finally, from Egs. (40) and (41) together with Eq. (39), we can
write

(42)

Solving for V,

Vo(s) = Zo(s) |:ZB(S) Ve () VNi(S):| (43)

Z\(s) 1 Zn1(8) i—1 Zy;(s)

This equation allows us to design combined inverting and
noninverting adders. Each inverting input has a gain

Zy(s)

Gp(s) = — (44)
1 (8) Z:(5)
and each noninverting input has a gain given by
Z Z,
Gy (s) = B() Zo(s) (45)

ZA(S) ZNk(S)

The values of Zig(s) and Zyg(s) can be picked such that
Z(s) = Zy(s), so that the noninverting gains are given by

Zy(8)
Zyi(9)

G (5) = (46)

EXAMPLE 5. Consider the circuit in Fig. 19(a). Suppose we
want

Vy = 2V + Vg — 4V}, — 2V,
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Ris
= R, R, 50 kQ 100 kQ
Vii —AANN NN Vis — ANV NN N
Rpp 50 kQ | N1 ]
Viz = Viz = Ve o3
—o V, —o V, 5 Z —e V,
+ + Viy e—
Ry Rye 50 kQ 20 kQ Vi o2
Vi =—AAAN AVAAY, 1 Vi ="\ \N—¢ AVAAY, 1
Ryo = 33.3kQ | =
4 Ve

(a)

(b) (c)

Figure 19. Inverting and noninverting amplifier. (a) Schematic circuit; (b) block diagram.

We start by picking R, = 100 k(). We set R, = R; by a proper
choice of Rjs and Ryg (usually this can be done by making any
one infinite.) From our desired output

Gy, =2
Gyy =3
Gy, = -2
Gy = —2

From Eq. (46) for the noninverting gains

R, 100k
Ry, = — = =50kQ
N1 GNl 2
and
R, 100k
Ry, = == = =33.3kQ
N2 GN2 3
and for the inverting gains
Ry = R, _ 100kS2 — 50KO
Gn
and
R, 100kQ
R.,=—-2 = =50k
12 GIZ 2
C
1]
1
R
Vin AAAY =
—e Vout

Figure 20. Miller inverting integrator.

From Eqgs. (37) and (38)

R, = Rg|Ry; [R5 |IRy = RigllI20kQ2
Ry = RNS”RNI [Ryo = RNS”25 kQ

By setting Rig = oo,
R, =20kQ
Then, the value that makes R, = Ry is
Ryg = 100k

The final circuit is shown in Fig. 19(b), and a block diagram
is shown in Fig. 19(c).

INTEGRATORS

Integrators are basic building blocks in analog signal pro-
cessing (10). For example, state variable filters such as the
KHN (11) and Tow—Thomas (12) filters are based on inte-
grators within a loop. The most popular integrator circuit is
the inverting Miller integrator depicted in Fig. 20. For an
ideal op-amp, its transfer function is given by

Vout _ 1
V sRC

1

(47)

As can be seen, this integrator has its pole at the origin.
Another widely used integrator circuit is the inverting
lossy integrator shown in Fig. 21. Its transfer function is

R,
A4
o

¢ VOUt

Figure 21. Lossy inverting integrator.



Figure 22. OTA based integrator.

given by
1
Vout _ m
S+ —
R,C

From this transfer function we see that a pole is located on
the negative real axis at

(49)

Now if we take into account the finite op-amp gain A, routine
circuit analysis gives the inverting Miller integrator transfer
function as

<

_ Ao
T 1+ (1+A4A,)sRC

out

V.

mn

(50)

Note that the pole shifts from the origin to a location on the
negative real axis given by

1

= A +A RC (61
Because A, is very large, this pole is very close to the origin
but on the negative real axis. Thus, the Miller integrator for
very high frequencies behaves like a lossy integrator.

Other sources of error in the inverting Miller integrator
are the op-amp dc offset voltage and bias current (8). Because

V
$ Vout

: T

(a)

V.
S Vout

: T

(b)

Figure 23. (a) Non-inverting integrator. (b) Inverting integrator.
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Vio e——13

. 1" 3.

Figure 24. OTA-based lossy integrator with external resistor.

of these dc errors, the integrator output consists of two com-
ponents, namely, the integrator signal term and an error
term. Thus, now V, is given by

1 1
%Nb——/%mw+—/%mm
ke RC (52)

1
+6/5mw+%s

An option for high-frequency applications is using an opera-
tional transconductance amplifier (OTA). Because I,
gn(V. — V_)in an OTA, by loading the OTA with a capacitor,
as shown in Fig. 22, we obtain (13)

\% _ Iout _ gm(V+ —V,)
out ™ g0 T sC

(53)

If any one of the input voltages is zero, we obtain either an
inverting or a noninverting integrator, as shown in Fig. 23 for
an inverting integrator. Note that OTA-based integrators are
open loop integrators. We can realize a lossy integrator with
the circuit in Fig. 24. In this case the transfer function is
given by

v &m
Vout — C]_ (54)
‘T re

We can also realize a lossy integrator by producing a resistor
with the OTA, as shown in Fig. 25. In this case the transfer
function achieved is given by

v &m

out __ C

‘/m B S + gﬂ (55)
C

If we require realizing Eq. 55 with different numerator and
denominator coefficients, then we can use an additional OTA
to produce the resistor, as shown in Fig. 26. The resulting

+. Vout

Vi e——2
: T

Figure 25. OTA-based lossy integrator without external resistor.
The OTA feedback realizes the resistor.
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Vi e——T>
8m1 +

Figure 26. OTA-based lossy integrator with different coefficients.

transfer function is given by

- Em1

out __ C

_Vin = o S (56)
C

There are some advantages when using OTAs in integrators:

1. The operating frequency range is greatly increased.

2. The dynamic range is also increased because now we
have a current as the output variable for the opera-
tional amplifier.

3. Modern OTAs require lower supply voltages.

EXAMPLE 6. As an application of integrators, let us consider
the circuit shown in Fig. 27. This circuit is known as a state
variable filter, or KHN filter (11), after its inventors. As can
be seen, this circuit is formed by two Miller inverting inte-
grators and an inverting and noninverting adder. The trans-
fer function is given by

1+Rs/R5; s
B [1 +R4/R, RICJ

Vis) 2 s 1+Rg/Ry Rg/Ry
R\,C, 1+R,/R;  R,R,C,C,

Vip(s) .

The first op-amp realizes the adder and the last two op-amps
realize the integrators.

EXAMPLE 7. Another very popular filter realization is the
Tow-Thomas filter (12). This filter is shown in Fig. 28(a). It
consists of a lossy integrator followed by a noninverting inte-
grator. The noninverting integrator is formed by a Miller in-
verting integrator cascaded with a unity inverting amplifier.

NONLINEAR ANALOG SIGNAL PROCESSING CIRCUITS

The general form of a nonlinear analog signal processing cir-
cuit (2) is shown in Fig. 29, where f is a nonlinear function of
the current Iy. In Fig. 29, the output voltage is given by

Vout = f(IN) (57)

Because no current flows into the inverting input of the op-
amp

Iy=-1, -1, (58)
and, because the inverting input voltage is zero due to the
infinite gain

V.

I, = é—nll (59a)

and

(59Db)

Thus,

_ ‘/inl ‘/inz
Vout - f ( Rl R2 > (60)

COMPARATORS

A comparator is a circuit that has the transfer characteristic
shown in Fig. 30. Here we have a comparison level E;. The
function of this circuit is to compare the input voltage V;, with
the reference voltage Ei and decide which one is larger. The
ideal comparator is described by

L+ ‘/in > ER
Vout =40 ‘/in = ER (61)
L_ ‘/in < ER

This function is plotted in Fig. 31.

Now let us consider the circuit shown in Fig. 32. The func-
tion f(’) is realized by a zener diode [see Fig. 33(a)] for which
an ideal description is given by

: R . . . . . E, IN <0
An alternative realization of this filter using OTAs is shown fy) = (62)
R 0 Iy>0
in Fig. 28(b).
E;
NV
+—NVN—/ C,
R It C
: R, v II2
Ry —A\V\— R, v
CaniA'A2n ——VV\—
Vi Vap
-i— NV i— —
= B, = =

Figure 27. KHN biquad filter.
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== Q

‘f Vep
X L
(a)
n
Em1 : 4 —
_ Vap QI
+
v, y _
i 1 1
(b)
R, L Iy
Ving AN FoFe
Vin2 -
—e Vo= f(1,)
+

Figure 29. General nonlinear signal processing circuit. F'is a nonlin-

ear function.

—0
Vout

Figure 30. Block diagram for a comparator circuit.

Figure 28. Tow-Thomas biquad filter.
(a) With voltage mode op-amps; (b) with
OTAs.

Vout 4

Figure 31. Transfer characteristic for a comparator.

B,
Vin ,\/\/\/ Clamp
AAAY =
J_ R, —o Vout
Veer = +
l A
Rg

Ra

Figure 32. Comparator circuit.
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Iy :
1
+ I  Forward
N ;| biased
+ I}
Up EZ l'
- 'l 0 UD
Reversed
biased

(a) (b)

Figure 33. Zener diode. (a) Symbol and variables; (b) I-V character-
istic.

as shown in Fig. 33(a). For our circuit,

s ;—1 (63)
and
I,= V;:F (64)
The current Iy is given by
V. \%
I = — in _ "REF 65
N R, —Rz (65)
Thus,
_ Vin ~ Vrer
Vout - f < R]_ RZ (66)
Using Eq. (62) in Eq. (66),
R
E, Vin < _VREFI?l
Vout = R2 (67)
0 Vin > _VREFR_;
Vout A
- — EZ
Vrer Ry Vin
R,

Figure 34. Transfer characteristic for the comparator from Fig. 32.

Vout A

_ Vaer Ry

,,,,_EZ

Figure 35. Transfer characteristic for the comparator from Fig. 32
with the zener diode reversed.

that is, the circuit compares the input voltage V,, with the
reference voltage —VigpRi/R,. If V,, is either smaller or
greater than —VygeR1/R,, then V, is chosen according to Eq.
(62). Thus the circuit is a comparator. Its transfer character-
istic is shown in Fig. 34. This is equal to the comparator char-
acteristic from Fig. 31 with a sign reversal. By reversing the
diode, we get the characteristic shown in Fig. 35. Figure 36
shows a bipolar comparator using a double-anode zener diode.
Using two zener diodes with different zener voltages we ob-
tain different output voltages.

A related circuit is the limiter whose function is shown in
Fig. 37. A limiter is realized by adding resistive feedback to a
comparator, as shown in Fig. 38(a). The circuit acts as a volt-
age amplifier with gain Ry/R;, as long as the output voltage
is between —E,, and E,;. When this condition does not hold,
then the output is clamped either to E, for positive output
voltage or to —E,, when the output voltage is negative. Thus,
the two zener diodes act as a level clamp or feedback limiter

Pt

R ——o Vot

)

Vout 4

(b)

Figure 36. Comparator using double-anode zener diodes. (a) Circuit;
(b) transfer characteristic.
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—/

Figure 37. Block diagram for a limiter circuit.

O VOUI

whose purpose is to limit output level excursions but other-
wise do not affect the inverting amplifier behavior. This char-
acteristic is shown in Fig. 38(b).

Let us consider the circuit in Fig. 39(a). There are two com-
binations of possible diode states.

1. D; ON, D, OFF. If V,, is sufficiently positive, V, will be
sufficiently negative and eventually e; reaches 0 V, and
D, turns on. Node e; acts as a virtual ground, and the
output voltage is given by [see Fig. 39(c)]

E.R
Vot = ———2 (68)
t RA

2. D; OFF, D, ON. This state is reached when Vj, is nega-
tive. Then V., becomes positive, e, is eventually 0 V,
and D, turns ON. Similar to state 1, the equivalent cir-
cuit is shown in Fig. 39(d), and V, is given by

EyRy
R

Vout =+ (69)

3. The transfer characteristic is shown in Fig. 39(b). The
slopes in the limiting region are given as follows:

For state 1,
dVout _ RB
and for state 2,
dV,u R,
ZVout _ _7'D 71
d‘/in RC ( )

As can be seen the slopes are nonzero. In addition there
is rounding in the corners because of the nonideal diode
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characteristics. This comparator is called a soft comparator
because there is rounding in the corners and nonzero
slopes.

A hard comparator, where the clamp levels are well con-
trolled, is shown in Fig. 40. The input-output transfer charac-
teristic for the comparator is shown in Fig. 41. Here the di-
odes are substituted by transistors. The operation is similar
to the comparator from Fig. 39, but the slopes are reduced by
the transistors B’s (2).

Suppression of Leakage Currents and Stray Capacitances

If the design calls for a precision comparator where the clamp
levels are to be as accurate as possible, then we have to sup-
press leakage currents from the diodes D; and D, in the clamp
circuit which tend to create an offset error similar to an op-
amp offset current. In addition, the use of low resistance val-
ues helps to improve circuit speed and reduces the effects of
offset currents and parasitic capacitances. The comparator of
Fig. 39 is improved in Fig. 42 with extra diodes D; and D,
and resistor R; to suppress leakage currents and establish
precision comparator levels (2).

HYSTERESIS

A comparator is improved by adding positive feedback to cre-
ate a hysteresis loop. Hysteresis is usually added to a compa-
rator to give some noise immunity. Figure 43 shows an
example (2) where hysteresis adds noise immunity to a
comparator. Let us consider the circuit shown in Fig. 44
which is a comparator with positive feedback added. With-
out the positive feedback, a fast amplifier presents a posi-
tive oscillation at the output [see Fig. 43(a).] If the amount
of positive feedback is small, the amount of hysteresis in
Fig. 45 is given by

_ _B\Ey

= 72
iR, By (72)

And, usually, Ey is small, on the order of 10 mV to 20 mV.
Figure 43(b) shows how noise immunity has been added to
the comparator.

D D, Vout A
- — 4 EZ1
NV

RF >

0 RF Vin

ViAWY > g
in —eo Vit EZZ B
v

Figure 38. Limiter circuit. (a) Schematic
(b) circuit; (b) transfer characteristic.
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+E,>0
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i €1
Rin §RB
vin —NVN =
—o Vout
rv
= §RC
¢
D,
%RD
-E,<0
(a)
Ry
AYAYAY
Ry
€4 Vv X
® ou
v

(c)

Vout &
—_— - ER¢
Ep
Vin
_E1Rg |
Ry —
(b)
+E,>0
<
Rln §RB
Vin /\/\/\/ -
—e Vout

Rp

-E,<0
(d)

Figure 39. Improved comparator. (a) Schematic circuit; (b) transfer characteristic; (c) equivalent
circuit for state 1; (d) equivalent circuit for state 2.

A more accurate circuit is shown in Fig. 46. The dimen-
sions of the hysteresis loop are given by

R.E
L, =—%7 (73a)
+ Rl
R.E
L =-—3%XN (73b)
R4
R.E
S, — —867P (73¢)
" R,R,

and

_ RyRgEy

5- R1R7

(73d)

The hysteresis loop is shown in Fig. 47.

LOGARITHMIC AMPLIFIERS

Logarithmic amplifiers, simply called log amplifiers (8), are
extensively used to produce multipliers and signal compres-



+E1

Rp

VOUt

Rp

-E, <0

Figure 40. Transistor-based improved comparator.

sors. Figure 48 shows a basic log amplifier circuit. Note that
the transistor collector is connected to the virtual ground
node. Because the base is also grounded, the transistor volt-
age—current relationship is

Iy = alg(e™?Vo/*T 1) (74)

Where kT/q = 25 mV at 25°C. Equation 74 can be rewritten

as
kT I
Vy=——In <—°+1> (75)
q alg
Also, because a = 1
I
2 »1 (76)
alg
Vout A
RC out
- Sl
BoR+ Opi E,R¢
Ep
Vin
E¢ N Ry
Slope _W

Figure 41. Transfer characteristic for the comparator from Fig. 40.

ANALOG PROCESSING CIRCUITS 507
and
Vi
I.=1I,= R_: )
then
kT . V.
Vy=——"In-2 78
0 7 nRIs (78)

Thus, we obtain an output voltage proportional to the loga-
rithm of the input voltage. The only constraint is that V;, > 0.

External compensation is usually needed (2) for frequency
stability. This compensation can be achieved with a capacitor
C¢ in parallel with the feedback element which in our case is
the transistor. Unfortunately, this solution lowers the gain as
the operating frequency increases. To compensate for this, we
add a series resistor r¢ in series with the emitter, placing a
limit on the negative feedback resistance through the transis-
tor. This scheme is shown in Fig. 49. Values for C¢ and r¢ are
best determined empirically because parasitic effects play a
large role but they are usually in the range of 100 pF for C,
and 1 kQ for r¢. Note that Eq. 78 for the log amplifier is tem-
perature-sensitive. Furthermore, I5 is also temperature-de-
pendent. A solution for this problem is provided by the circuit
shown in Fig. 50. Resistor Ry has a positive temperature co-
efficient. It can be shown that

R, \ kKT V.

Vot = — (1 + —2> —In 0 (79)

Riyc/ g Vggr

+E,>0
D

P Rx

D,

o

R
¢
D, Rg
Vin Rin =
VVV - Vout
——o
v

Rin§ = §RC

¢

D,
VRer _:i %RD

= -E,<0

Figure 42. Scheme to reduce leakage currents and stray capaci-
tance.
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Er

Figure 43. Noise immunity in comparator cir-
cuits. (a) Comparator without positive feedback;
(b) comparator with positive feedback. The noise
immunity is evident.

Note that as T increases, the factor £7/q also increases, but
because Ryc has a positive temperature coefficient, the first
factor in Eq. 79 decreases. By properly matching temperature
coefficients and resistor values, negligible variation of V,,
with temperature is achieved.

R,
Clamp

A4
AR =
R,

o Vout

VREF

i
:

Ry

Figure 44. Comparator with added positive feedback to provide hys-
teresis and noise immunity.
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Antilog Amplifiers
A basic antilog amplifier (8) is shown in Fig. 51. Because
R kT V.
Vout = — <1 + —2> —In 0 (80)
Ryc/) g Vggr
Vout 4
|
l
-1 | [ Eu
l
Ey : Vin
l A 1Y
|
,,,,,,,, | - _ _ :
|
Vrer R4
R

Figure 45. Hysteresis loop for the comparator in Fig. 43.



Dy
¢
D,
—Pp—o
Vin Be
T AAA Rq
- AAA
R7
AAN-

Figure 46. Improved circuit with hysteresis loop.

Vout 4

Figure 47. Hysteresis loop for the circuit in Fig. 46.
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Figure 48. Logarithmic amplifier.
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Figure 49. Logarithmic amplifier with compensation.
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Figure 50. Improved temperature-insensitive logarithmic amplifier.
Includes compensation circuit.
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Figure 51. Antilog amplifier.
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Figure 52. Improved antilog amplifier.
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kiInV,
Lo 1 ing
Ving —> am% *
. ks(In Vip, +1In Vi) [ Antilog kg Vin, x Vi,
| amp
. c . L . V. Log 1
Figure 53. Multiplier circuit realized in, = amp . v
with log and antilog amplifiers. 2N Vin,
For V,,, assuming a = 1 and I./als > 1, we obtain 3. F. Dielacher, Design aspects for mixed analog-digital circuits, in

V.

out = —RIge™Vin/kT (81)
This is equivalent of saying that V, is the antilog of V,. This
circuit has the same drawbacks as the log amplifier for stabil-
ity and temperature dependence. A better circuit is shown in
Fig. 52 which includes the compensation circuit (2).

It can be shown that

R

Vout = Vrer €Xp [_Vm kiT RQ+IC%TC] (82)
EXAMPLE 8. The most popular application of log and antilog
amplifiers is in the realization of multipliers. Figure 53 shows
a block diagram of such a multiplier. Each input is fed into a
log amp. Then, the logs of the inputs are summed. Recall that
the sum of the logarithms is the logarithm of the product.
Finally, the antilog amp outputs this product. Then the out-
put has the form

Vout =K- ‘/inl " Vin2 (83)
where K is a constant that depends upon the circuit parame-
ters. The only limitation in the circuit is that the input signal
and reference voltage must have the same polarity for each
log amplifier. Thus, our multiplier is a one-quadrant multi-

plier.

Other useful applications of multipliers are frequency dou-
blers, amplitude modulation, phase detection, oscillators, and
automatic gain control (9).

CONCLUDING REMARKS

We have presented circuits for analog signal processing. The
circuits are all based on operational amplifiers. Although the
most commonly used op-amp is the conventional voltage mode
op-amp, simply called op-amp, we have also included the op-
erational transconductance amplifier (OTA) usually found in
high-frequency integrated circuits. The circuits presented are
those currently used in analog signal processing, and in many
cases they are off-the-shelf parts.
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