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3.7 Logarithm and Anti-Logarithm Op Amp Circuits
Based upon nonlinear logarithmic voit-ampere relationship

that exists between the coflector current, Ic, and the
base-emitter voltage, Vbe, in a silicon planar transistor:

I (The log
<E..c.§._8fmv 10 gunctionis a
base-10 log)

lo = Reverse Saturation Cumrent = 103 A at 27 deg C

Equation (3.10) is approximately valid over the following range
of ic valuaes:

10" T<1c<102 Amperes
Which correponds fo the following range of Vbe values:
0.36<Vbe<0.66  Volts

A. OP AMP Logarithmic Amplifier Circuit (Fig. 3.8):

BIrT

cut off [ 2 L -
D oPAMP \-0.5V 1\

“ opEN LoOP” A

S Saturated AN ﬁ\%.o

OF AMP Log/Antilog Ckis Page 2

1. With the switch down (X1) position:

Due to the negative feedback loop, the voltage at the inverting
input of the op amp is virtually 0, thus the base and collector of the
transistor are at ground potential, hence

Vo=Veb=Vec=- Vbe=-0.060- _omélov

o

Because the (-) input is at virtual ground, _ou.”m
Therefore [ Vi Thus a logarithmic
Vo=-0.060 _omﬂ R _ov relationship exists

Recall -0.66<Vo<-036 v  DefweenVoand Vi

In other words, because of the negative feedback loop, the OP
AMP adjusts its output voitage source Vo to a value that equals the
-Vbe value that is established by the collector current ic according
to Eqn (3.10), which in turn, is set by the input voltage Vi. This is
because the negative feedback loop always attempts to drive the
(-) input of the OP AMP to virtually the same voltage as the (+)
input.

2. With the switch in the UP (X10) position

We shall choose Ri >> Rf, thus Ic is quite small compared to
the current flowing through the output resistors Rf and Rf/9.
But because the B of the transistor is assumed to be large (100
or more), lc is approximately the same as le, and therefore le
can be neglected compared to the current through Rf. Thus
the current through Rf and Rf/9 is approximately Vo/(Rf+Rf/9),
and the voltage across Rf/9, or -Vbe, is approximately
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-VbeaVo-

For Ri >> Rf

Solving for Vo yields
Vo=-10-Vbe

Or substituting in the result from the previous section,

Vi
Vo=-0.61
° omAw:ov

Thus, in the UP position, the circuit has a gain of 10, and thus
Vo can range between -6.6 and -3.6 Volts over the permissible
range the operation of the logarithmic amplifier. If Ri = 100

Kilohms, the permissible range of input voltages can be found:

Ic_low =107 A Ic high - 102 A Ri = 100-10> Ohms

Vi_low = Ic_low-Ri Vi_low =0.01 Volts
Vi_high = Ic_highRi Vi high=1-10> Volts

Therefore we note that this logarithmic amplifier can compress a
wide-ranging waveform (that varies from 0.01 volts to 1000 volts)
into 8 much smaller range (from -0.36 to -0.66 volts). For this
reason, the circuit is sometimes called a signal compression
circuit. In order to compress an AC waveform that goes both
positive and negative, a pnp transistor with a grounded base may
be placed with its emitter and collector connected in parailel with
the npn transistor. pPNP BIT

o.V»\L\I,I.
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This logarithmic amplifier contains a dc offset. We can see this
by using the fact that log(a/b) = log(a)-log(b)

<on-o.o8. _omﬁwuwov--o.oao._oﬁsv +o.8c._omAE.~ov
Thus we see that an additive constant offset (0.060%log(Ri*l0))
appears at the output of the logarithmic amplifier. If this constant
offset is a problem, it may be removed by using an OP AMP
summing amplifier at the output of the logarithmic amplifier.

B. OP AMP Antilogarithmic Amplifier

An anti-logarithmic amplifier (signal decompression circuit)
can be built by interchanging the position of the input resistor

and the nonlinear element (the transistor). ﬂ,m circuit becomes:
. F

~(nPN
_QU..AJ -

In order for Eqn (3.10) to remain valid, we still must require that
Vi be restricted to the range of -0.66 < Vi < -0.36 Volts. As long
as this restriction is obeyed, Eqn (3.10) is valid, and solving it

for ic, . Qrm\eeeﬁv
<V& = 0,96 \obu@w .“\.W U.)ﬂ HH;G lo

But Vi=-Vbe
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Vi
Therefore Ie=lo- 10 996

And therefore the ampiifier output voltage is

Vo=RfIc
v
Vos(RfIo)- 10 %%

Thus an exponential refationship exists between Vo and Vi. p

C. Analog Multiplier Design

Consider the following circuit that uses two logarithmic
amplifiers, a summing amplifier, and an anti-log amplifier to
perform analog multiplication “using logarithms":

R = oo KA

Ve ® VotV + <oﬂv.an..w !

R} =took
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Analysis of analog multiplier circuit:
A\ v
Rl:lo

Va=-0.06- _omA

§--°.8._omA V2 v

Rl'lo

<. \<~
<u-obm.— _ -c.om._mﬁ.—
¢ AomAw:ov ” om,w_._ovV og(R1lo)
Ve=-0.06-(log(V1) + log(V2) - 2-log(R1-Io)) - 0.06-log(R1-lo)
Ve=-0.06-(log(V1) + log(V2) - log(R1-lo))
Ve

Vo=(RfIo)- 10 o.omnmﬁ._o. _cﬁ_omﬁ<: - log(V2) - log(R1I0))
Vo=V1-V2

Note that the “dc offset" term generated by one of the log circuits,
tog(R1"lo), must be canceled out in the summing amplifier, since
the antiHog circuit will cancel only one such dc offset term.
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section are designed for more critical requirements, such as a constant gain
for all frequencies in the passband, a rapid falloff from the passband to the
stop band, a low gain for frequencies in the stop band, and the ability to
transmit a pulse with little change in shape.

The Butterworth filter has a flat frequency response below the
characteristic frequency fo. but responds poorly to transients because the
phase~frequency relationship is nonlinear. It is commonly used for
antialiasing in circuits that sample analog waveforms (described in Chapters
3 and 5) because it transmits signa! amplitudes faithfully. The Bessel filter
has a linear phase variation for frequencies below fo, and, hence, has a
constant delay in this range. Since each Fourier component is shifted by the
same time, the signal is transmitted without a change in shape but a constant
delay is introduced. The transitional, or Paynter filter (also calied the
“Besselworth™) has properties intermediate between those of either the
Butterworth or Bessel filter. The Chebyshev filter maximizes the sharpness
of the frequency roll-off, but introduces ripples in the passband. This filter is
actually a family of filters classified by the amplitude of the ripples (in dB).
Achieving the intended response requires accurate component values
(typically 1 to 5%) and low-leakage capacitors. Inductors are rarely used as
they are bulky and not very ideal.

The basic circuit realizations are the unity-gain Sallen-Key filter
(Figures 2.19 and 2.20, Table 2.3) and the equal-component-value (or VCVS,
voltage-controlled voltage source) Sallen-Key filter (Figures 2.21 and 2.22,
Table 2.4). Each of these circuits provides two poles of low-pass or two poles
of high-pass filtering. Higher-order filters use cascaded stages. The equal-
component design has the advantage of providing gain as the bandwidth is
reduced, which reduces the effect of amplifier noise.

Figure 2.19  Unity-gain Sallen-Key
low-pass two-pole filter. RCyuwg = ky
and RCywg = ky. Higher-order fil-
ters use cascaded stages. See Table
2.3 for values of kj and k3.

Ry

Vi C C

o— Vo
Figure 2.20 Unity-gain Salien-Key

Ry high-pass two-pole filter, R\ Caxy =
Vky and RyCwg = 1/ k. Higher-
order filters use cascaded stages. See
e Table 2.3 for values of ki and k3.
\W , n ,
Frowm wtev n
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Sec. 2.6 Analog Filtering
-PASS FILTERS.
W-PASS AND HIGH-PAS
. -GAIN SALLEN-KEY LO .
memm ww m_mﬂﬁwm 2.19 AND 2.20 FOR CIRCUIT DIAGRAMS —
Chebyshev
Butterworth Transitional Besse! el Mﬁs o
o M_ ka ky k2 ky ky 1
; 1949 0653
2 1414 0707 1287 0177 0907 0,680
| 298
0.924 109  0.960 0.735 m.ww Mw% M:mo
) W,mw 0.383 2206 0472 1012
1921
1035 0.966 1060 1001 w.www wmm w% L |
a o .Mwm_w ”ww 1073 0256 1340 0079 |
3863 0259
4665 2547
019 0981 1051 1017 0.567 wwm sais 150 m
o 832 1191 0876 009 045 S 05
e mwg 1613 0615 0.726 w_wwo g o
w% 0.195 331 0268 1116 0.

- perimeniation an esearch. permisss

L Y
Source: Brian K. Jones, Electronics for Experi 1afio d R B on of
Prentice-Hall International AC—AV. Lid., London.

C

3]
17

Vi g R

re .21  Equal-component-
ﬂﬂn Sallen-Key _ot.us.mm two-pole
filter. RCawg=k3and Ry is Q_QM:
for convenience. See Table 2.4 for
values of gain G and k3.

Vi C C

o—

Vo

It
Figure 2.22 mps.:.ooavo:n:
, <umco Sallen-Key high-pass two-

K R pole filter. RCug =1/k3and Ry _mc_
chosen for convenience. See Table
2.4 for values of gain G and k3.

70 Analog Tools Chap. :

TABLE 2.4 mOC)r.ﬂOZvOZmZﬂ.S»rCm SALLEN-KEY LOW-PASS AND HIGH.
PASS FILTERS, REFER TO FIGURES 2.21 AND 2.22 FOR CiRCcuIT DIAGRAMS,

————
Poles Butterworth Transitional Bessel Chebyshey (0.5 dB)
——cTorth - BRtonal —— — LU B,
kG kG kG ks G
2 1000  1.586 LO00  1.446 0785 1268 1129 1842
4 1000 1152 ) 1023 L1233 0.704 1,084 1831 1582
1000 2235 - 0977 2035 0628 1359 1060 2,660
6 1000 1,068 1030 1056 0622 1040 1332 2627
1000 1586 1009 1,497 0591 1364 1355 2448
1.000 2483 0962 2203 0524 2023 1029 2846
8 1000 1038 LO34 1037 0561 1024 X Kr)
1000 1337 1021 1284 0544 1213 1708 2379
1000  1.889 0.9% 1.765 0510 1.593 1188 2711
1.000 2610 0.951 2435 0455 2184 1017 2913

Source: Brian K. Jones, Elecironics for Experimeniation and Research, By permission of
Prentice-Halt International (UK). Lud., London. :

For a given order, the various filter
corner ?B:o:nw ®o, but in the stop

response for all filters drops 6N dB per o
N is the order of the filter.

As an example, consider 5 Butterworth low-pass four.
=10 kHz (g = 62.83 krad/s). From Table 2.3, the f;

and k7 = (.924. Thus, RC) = kilwg = 1,722 x 10-5 and RC
10-5, Choosing R = 10 kQ. we have C,

= 1722 pF and Cr=147 pF. Similarly,
the second stage has k) = 2.613 and k2 = 0.383, Choosing R =10 xb.im:mﬁ
C1 = 4159 pF and C2 =610 pF,

s differ in the rate of rolloff near the

band far from ©g, the amplitude
clave, or 20N dB per decade, where

EXAMPLE

Derive the voltage-response function for the low-pass filter in Figure 2.23.

Cy

Figure 2.23
pass Filter,

Diagram for analysis of unity-gain Sallen-Key,

iwo-pole low-
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tapter 12—Noise Origins of Noise 4

ORIGINS OF NOISE

For reasons of clarity, the word inferference is preferred to en-
vironmental noise. Interference properly denotes that something is
hindering a measurement, Furthermore, the source of interference can
often be identified and eliminated. This is not true of fundamental
noise, which is stochastic in nature,

There are two factors of nature which force a lower limit on us
regarding noise. Often we disregard them until they are forced on us
in a dramatic manner. All matter that is not at absolute zero tempera-
ture has thermal fluctuations associated with it. Secondly, a number of
phenomena with which we work are quantized. That is, such phenom-
ena as charge, energy and light do not change smoothly but change in
steps. The net result is that there is always (unless at absolute zero
temperature) agitation associated with these processes which cannot be
eliminated. This agitation is the fundamental source of noise.

There are three types of noisc generally associated with transistors,
other solid state devices, and the components involved in circuitry.
These are thermal noise, shot noise, and flicker noise.

Thermal noise arises from the random movement of electrons and
other free carriers. Other names have been given to this source of
noise: Johnson noise, after the discoverer of the phenomenon, and
Nyquist noise, after the man who showed that this noise was a conse-
quence of the Second Law of Thermodynamics, If the measurement of
thermal noise is made over a sufficiently long time to virtually eliminate
random fluctuations, the noise will, of course, be zero. At any instant
of time, however, there is a net movement in a given direction. This net
current produces a voltage which is observed and designated thermal
noise, vy. The thermal noise voltage (rms) is related to the resistance of
the material, the temperature, and the bandwidth:

v} = 4kTRB (12-1)

where k is Boltzmann’s constant (1.38 x 1072 joule/°K). The tem-
perature, T, is in °K, and R is in ohms. The bandwidth, B (in Hertz),
is the frequency band of the measuring instrument (fnax — Jmin). The
meaning of the above equation is clear. Thermal noise increases with
the temperature, the bandwidth and the resistance. Since there is no
frequency term in the expression, thermal noise is frequency independ-
ent; e.g., it appears at all frequencies. Asaresult, itis often referred to
as white noise. The magnitude of thermal noise is not insignificant.
For example, a 100 KQ resistor at room temperature has an rms noise
value of 4 uV when measured by an instrument with a 10 KHz band-
width. This magnitude in itself is hardly large. However, when that
«esistor forms the input to an amplifier whose gain is 10°, the noise at
he output of the amplifier is nearly half a volt!

The noise power, Py, can be obtained from the above equation by
lividing both sides by R:

Py = 4kTB (12-2)

The noise power depends only upon the temperature and the band-
width of the measuring instrument. This quantity is useful in defining

a commonly used figure of merit for electronic devices, the noise figure,
NF; the definition is

Ammm:u_ _aoioqv
Noise Power /0t

Ammmsw_ 19<2v
zomwo Power ontput

This expression can be rewritten, making use of the definition of power
gain, as

(12-3)

NF =

NF = ~u>4 outpat | l~| A_NIAv

~u7< input \“ﬁ

It is clear that N/ = 1 for an ideal noise-free amplifier, whereas NF > 1
for a real amplifier,
The total noise power of an amplifier, regardiess of the sources of

noise, can be expressed in terms of the contributions from each of the
n stages of the amplifier,

{totat)

Py = Py (Ap,~ " szv

+ PydAp,Ap )+ Py Ap, (12-5)

This expression can be simplified by using the definition of NF. This
yields

NF, NF,

Zﬁpca:_ﬂhzwn)—l Tt —
\uﬁ._ hﬁ;lwn

4o (12-6)

This result has immediate significance for any designer or user of
o_om:.oz_o equipment. Recall that the power gain is usually quite large.
This means that equation 12-6 may be approximated as

NFqpar = NFy (12-7)

Thus, in most practical circuits, the major contribution to the system
noise figure comes from that of the first stage. This result has a clear
warning for the user when considering a signal pickup and subsequent
amplification. Since the total noise figure is essentially that of the
first stage, the first stage of amplification (often the pre-amplifier) should
be as free from noise as possible. Since connections from the signal
source to the amplifier assembly often introduce a significant amount of
noise, the pre-amplifier should be placed as close to the signal source as
possible. The output of the pre-amplifier then can be carried to the
main amplifier,

Thermal noise, in transistors, comes from the resistance of the
device, principally from the base area as the charge carrier is depleted.

Shot noise is the result of the statistical fluctuations of charge
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carriers across ajunction. The expression, derived by Schottky for the
vacuum diode, is applicable to all junctions or interfaces:

i% = 2qIB (12-8)

where iy is the rms noise current in amperes, g is the charge of an
electron (1.59 x 1071 coulombs), 7 is the d.c. current in amperes, and
B has its earlier definition. Since shot noise is associated with random
movement of charge carriers, this means that vacuum tubes (including
phototubes and photomultipliers), diodes, transistors and the like alf
cvidence the effect. In transistors, the currents through the emitter-
base and collector-base diodes are the sources of shot noise. If neces-
sary, the noise power for shot noise can be expressed in terms of the
square of the shot current times the resistance:

Py = i%R = 2qIRB (12-9)

where R is the equivalent resistance of the junction.

As with thermal noisc, shot noise is independent of frequency.
This means that it appears at all frequencies. The difference between
thermal noise and shot noise is that the latter is related to the d.c.
current through the junction. Immediately, this suggests that reduction
in shot noise is accomplished by limiting the current through the device.

The third source of fundamental noise, flicker noise, increases with
decreasing frequency. Because of this, it is often called I[f noise.
The phenomenon giving rise to flicker noise is not well understood.
Partly because of this, the third name euphemisticalily given this noisc
is excess noise. Several observations characterize the noise, including
the fact that 1/f noise is significantly greater in solid state devices than in
vacuum devices, and its effect is seldom important above 1 KHz. One
important conclusion may be drawn from 1jf noise behavior: when
sensitive measurements are to be made, avoid d.c. / —
Thesé three fundamental sources of noise are seen to be operative
in a graph of NF versus frequency for a transistor, as in Figure 12.1.
The frequency region below | KHz is due, almost completely, to flicker
noise. The magnitude of NF in the intermediate region is clearly
affected by thermal noise, while the steep increase in NF at high fre-
quencies is a combination of both shot and thermal noise effects.

As often as not, fundamental noise sources are not at the root of
measurement problems. Rather, they are of environmental origin. The
most common source of interference in the United States is 60 Hz
power distribution. Most people are cognizant of this, but ignore the
higher harmonics at 120 Hz, 180 Hz, and even 240 Hz. Another
troublesome source of interference is the AM radio frequency band.
Because a conductor acts as an antenna for this band, this is often a
problem. Also, noise from the brushes in nearby efectric motors will
invariably be noticed on sensitive equipment. Even X-ray equipment
can contribute greatly to environmental noise. Figure 12.2 summarizes
these various sources of noise and, more importantly, shows the fre-
quency regions that are relatively free of noise.
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Figure 12.1 The noise figure (NF) of a transistor versus
frequency.
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Figure 12.2 The noise spectrum, showing regions of quiet and interference.
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Figure 3.16 shows how variations in bias current contribute to
overall noise. The noise currents flow through the external equiva-
lent resistances so that the total rms noise voltage is

S ——

v, = {{v + (iR)? + (iaR9)? + 4«TR, + 4kTR,JBW}'2

i
‘ (3.22) I
here
{* w

. . R
R, and R, = equivalent source resistances RE 81 ,*

ew

\

Figure 3.’#Noise sources in an op amp. The noise-voltage source v, is in
series with the input and cannot be reduced. The noise added by the
noise-current sources i, can be minimized by using small external resis-
tances. ’ -

vp, = mean value of the rms noise voltage, in
V - Hz™'# across the frequency range of inter-
est
i, = mean value of the rms noise current, in
A - Hz™2 across the frequency range of inter-
est
x = Boltzmann’s constant (Appendix)
T = temperature, K
W = noise bandwidth, in Hz
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v, =

=

mean value of the rms noise voltage, in V-Hz" 2

the frequency range of interest

fn = mean value of the rms noise cutrent, in A-Hz V2
the frequency range of interest

Boltzmann’s constant (Appendix)

temperature, K

noise vw...n_iaz.. Hz )

. 77
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Figure 3.16 shows how variations in bias current contribute to overall noise. \ :
ugh the external equivalent resistances so that -
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The noise currents flow thro
the total rms noise voltage is

o=V + @R + R + 4kTR, + 4kTR,JBWI™ (3.22)

M » r -
= equivalent rurermetl, ..

EXAMPLE33  Because the electromagnetic flowm

a signal in the microvolt range, it requires a low-noise amplifier. Typical
source resistance is 300 ) and bandwidth is 100
in Figure E3.3, calculate the

voltage without and with the transformer.

o

{ Ry =500 0245k
R,,R2 < 1ok 3 Si0e

FIgure £33  The OP-27 s al

cmm:mw&_‘oﬂ mavc;mirn:om up) can be reduced by usi
(switches down).

Ow-noise op amp. For ac inputs, the noise obtained
ng an input transformer

o)

ANSWER  For 400 Hz, a typical electromagnetic noi_‘uann_. w%_n\_u_._n:w.‘ zu.n
.w«ﬁnommnmzo: sheet for the OP-27 5VES Vy = 3 x .5 <..IN and i,
0.4 x 107'2 A-Hz'2, The characteristic noise resistance is .\..N

»
4.
Ro =22 = (3 x 1079)/(0.4 x 10°2) zﬂWU» v,

|t N

il

7.5 k)

-
-

The transformer turns ratio is
N A?vs Aﬁ xbv " I, L
“\rR) T \Gwa) ~ -
e 21, N

seen through

Dopn
(4]

the transformer, (3.22) reduces to

2 onug s .u, -
300A L), _ (12 4 ko + axTRgBWI ™

il

R

.

{9 x 1078) + (0.16 x 102)(9 x 10* 2 v a
+ 4(1.38 x 10723)(300)(300)]100}!2 ..lu..o. /1,
{(900 + 1.4 + 497)107}100}'* = 37 gy N.

1l

Note that v, dominates the other noise sources. When the szmmoq_in_.m m.M
added, v; is multiplied by 5 prior to mixing with v,, and the total no

referred to the input becomes Refevry d Neise
Njwﬂa o in 154-
&

v + GREY + TRy | BW| ¢ petu. of R,

- ﬁo X 107% , (0.16 x 10729 x 10(25)

it

e’

25

12
+ 4(1.38 x 5-30858; 5&

{[(36 + 36 + 497)10"2°]100}*2 = 24 nV

Note that proper transformer matching of .:.u source to the amplifier has
made v, negligible and reduced the total noise voltage by 35%. The proper
turns ratio can be incorporated into an ‘existing transformer, as shown in
Figure 8.6, thus eliminating the need for a separate transformer.



