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Integrated logarithmic amplifiers
for industrial applications

By Thomas Kugelstadt (Email: tk@ti.com)
Senior Systems Engineer, Industrial Systems

Many industrial applications measure physical quantities
over a wide dynamic range. These applications use loga-
rithmic amplifiers (log amps) to match a transmitter’s
dynamic output to the linear input range of a signal gauge.
Figure 1 shows a typical signal chain to measure photo
currents over a dynamic range of seven decades.

Log amps of the past were built with hybrid techniques.
Today’s CMOS technology enables the integration of the log-
ging circuit and additional support functions, such as voltage
references and uncommitted op amps, into a single chip.

This article describes the operation and architecture of
integrated log amps and provides two application examples
using the Texas Instruments (TI) LOG112 and LOG2112.

Figure 2. Diode characteristic in exponential
and logarithmic form

Figure 1. Matching a sensor’s dynamic output

to the linear input of a voltmeter For a forward-biased diode, the forward current is larger

by far than the reverse current (I, >> Iy). Thus, Equation 2

simplifies to
100 pA to 1 mA Oto5V I
(z?ades) il deii) Vip =mx Vi X mi. 3
3 * > I? > W A simple log amp whose transfer function satisfies
Equation 3 is shown in Figure 3. The op amp operates as
Photo Log Amp Voltmeter an inverting amplifier with a feedback diode. With the
Detector diode being virtually anode-grounded, the op amp needs
to generate a negative output voltage to forward bias the
diode. For a given input current, Iy, the corresponding
output voltage, Vi, 18
Operation :
A log amp makes use of the logarithmic relationship Vour =—mXx VX ]nII—N. 1)
between the voltage and current of a forward-biased S

diode. Figure 2 shows the characteristic of the forward

current, given by the exponential function Figure 3. Log amp with diode
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where Vi, and I, are the forward voltage and forward n = >|
current of the diode, respectively; Iq is the theoretical

reverse-saturation current; m is a correction factor; and Vi,
is the temperature-equivalent voltage. Exchanging the x Nn—> -
for the y axes and vice versa yields the forward voltage as ——o© _

a logarithmic function of the forward current. Mathemat- / Vout =-Ve

ically, this corresponds to solving Equation 1 for Vg: e _T_

I
VF=meT><ln(i—1]. (2
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The drawback of this circuit is that V;, depends not only
on I, but also on m, IS(T), and Vi, all of which are either
current- or temperature-dependent.

e The correction factor, m, takes into account the devia-
tion between the diode characteristic and Shockley’s
simplified theory of diodes. However, m strongly depends
on the forward current, thus varying its value between
1 and 2.

¢ The reverse-saturation current, I, is temperature-
dependent. For a constant forward current, I doubles
with every 10-K increase in temperature. Thus, for a
100-K rise in temperature, Ig increases by a factor of 1000.

* The temperature-equivalent voltage, V., = k x T/e,,
increases linearly with temperature. With Boltzman’s
constant k = 1.38 x 10-23 J/K, the electron charge
e,=1.6x 10-19 C, and an ambient temperature of
T =296 K (23°C), Vy yields

_ 1.38x10723 J/K x 296 K

~95.5 mV.
T 16x10-19C m

When the circuit operates at a constant temperature, the
impact of m still limits the measurable input range to 1 or 2
decades of acceptable accuracy. To eliminate m, the diode
is replaced by a transistor (Figure 4). Its exponential
transfer characteristic in Figure 5 is similar to that of a
diode. In contrast to a diode, however, the correction
factor equals 1 and simplifies Equation 4 to

I I
— C — C
Vour ==V ¥ g, or Vg =VipxIng®, (5)

ES ES

The input current, Iy, becomes the collector current, I;
and Ig becomes the emitter reverse-saturation current, Ipq.
The elimination of m increases the measurable input range
to several decades. V,;,, however, is still temperature-
dependent via Ij,¢ N and V. Therefore, it is impossible to
determine whether a change in V;;; is caused by the

input current or by a change in temperature.
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Figure 4. Log amp with transistor
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Figure 5. Transistor input characteristic

To avoid output changes due to temperature, the
temperature-compensated log amp in Figure 6 is required.
Here, generating the difference of two logarithms eliminates
Izg- From the previous example, we take the logarithmic
relationship between the basis-emitter voltage, Vyp, and
the collector current, I, for both transistors, @; and Q,:

I I
— C1 _ C2
Vi =V xInp o, and Vg, =V xIng -,
ES1 ES2

Figure 6. Temperature-compensated log amp
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The two logging transistors build a difference amplifier
whose output voltage, V|, yields the difference of both

base-emitter voltages:

I I
- - cl c2
V, = Vg = Vago = Vp xIn =V x ny= (6)
ES1 ES2

With matched and isothermal transistors, I,q; = Ingy = Ig,
and Equation 6 simplifies to

Voo =V xnact
(T = TX HI—. (7)
Cc2

A remaining temperature dependency exists via only Vi.
Via the voltage divider, R, and R,, V| represents only a
part of the entire circuit’s output voltage, Vi

R R I
VOUT(T)=(1+R—ij1=(I+R—j><VT><lnI—. (8
2 2 c2
To compensate for the effect of Vi, Ry is replaced by a
temperature-dependent resistor with a positive tempera-
ture coefficient. This keeps

1+ By \Y
X
Roey ) 7

constant over a certain temperature range. Practical values
for the temperature coefficient vary between 3500 and
3700 ppmV/K.

During the manufacturing process of log amps, the
internal components and the temperature coefficient are
trimmed to a fixed value. In addition, the natural loga-
rithm is converted to log, , by applying a correction factor,

Texas Instruments Incorporated

Log-amp structure

Figure 7 shows a block diagram of the integrated log amp,
LOG112. The actual logging circuit consists of the ampli-
fiers, A| and A,, and the transistors, @, and Q,. The
designation of the collector currents, I,; and I, changes
to I, and L,. In most cases, I, represents the input current
to be measured, while I, is the reference current for the
logarithmic computation.

The device minimizes external component count by
providing a voltage reference and an uncommitted op
amp, A,, on-chip. The reference allows I, to be generated
via an external resistor, Rppp. Via A,, the logarithmic out-
put signal, V; oopr, can be filtered or further amplified. A4
also can be configured as a comparator to provide a loss-
of-signal indication.

The LOG112 is trimmed to provide an output voltage of
0.5 V per decade of input current. The device uses patented
temperature compensation in which R, is laid out as an alu-
minum frame with a temperature coefficient of 3700 ppm/K,
resulting in extremely temperature-stable operation. For
an input current of 10 pA, for example, the output voltage
changes by only 50 pV/K.

The output voltage of the log amp is made available at
the V} oqopr Pin:

I
— 1
VLOGOUT =0.5% logg,

with input currents ranging from 100 pA to 3.5 mA. The
voltage at the V4 pin is defined via the external gain,
G =1 + Rp/R, and yields

n = 2.3, according to In x = 2.3 X log x. The expression L
(1 + Ry/Ry 1)) X Vip X 2.3 becomes a constant, g, with the Vours = GXV ogour = Gx 0.5 1081—«
unit V/decade, simplifying the computation of Vi;p. to 2
I
Vour =axlog (@)
c2
Figure 7. Internal block diagram of LOG112
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Application examples

The circuit in Figure 8 controls the opti-
cal output power of a laser diode (LD,).
With the output power decreasing over
the lifetime of the diode, a control loop
that keeps the output power constant is
required. In the feedback path, a fraction
of the output signal is fed back via a
photodiode (PD,) and converted into
electrical current.

The laser is calibrated by making the
reference current, Ippp, equal to the PD,
current, [,. Deviations between I and
I, are converted into an error signal and
applied to the bias input of the laser-
diode driver. The driver then changes
the bias current of LD, until the error
signal diminishes to zero.

Another application example is the
constant-gain control and gain adjust-
ment of an op amp shown in Figure 9.

Two log amps measure the optical input and output power
of the amplifier. A difference amplifier subtracts the output
signals of both log amps and applies an error voltage to
the proportional-integral-derivative (PID) controller. The

Tap

Figure 8. Controlling the optical output power of a laser diode
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Figure 9. Constant-gain control and gain adjustment of an op amp

Q

controller output adjusts a voltage-controlled current
source (Vpg), which then drives the actual pump laser.
The amplifier operates at the desired optical gain when
the error voltage at the PID output is zero.
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The log amp at the amplifier input builds the reference
source. Its output voltage is

_ 1
Vourt = logI ,
REF1
where [, is the input photo current and Iypp, is an adjust-
able reference current. The log amp at the amplifier output
provides an output voltage of

1P
VOUTZ = logI—,
REF2
where [, is the output photo current and Ipq is a fixed
reference current.
It is important to observe that I, = I; X Gpy, where
Gopr s the optical gain factor. In steady state, the output
voltages of both log amps are equal (V, = V,), and

I, I :leG

log =log OPT " or —1 OPT.
Trpr Trprs Trpr Irprs
Solving for G pp yields
I
_ _REF2
GrOPT 1
REF1
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The preceding equation shows that the optical gain of the
amplifier is adjusted simply by reducing Iy, by a factor
of Gypp smaller than Ipo.. In addition to the constant-gain
control, this circuit also allows the electronic gain setting
of Gpp In the range of 0 to 30 dB.

LOG2112 is well suited for this application. The device
contains two log amps to measure the input and output
power; an on-chip voltage reference to generate Ipppo; and
two uncommitted op amps configurable as difference
amplifier and PID controller.

Conclusion

TT offers a series of integrated, high-precision log amps
with varying input-current ranges and output-scale factors.

Related Web sites

‘analog.ti.com!

www. ti.com/sc/device/LOG112;
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improvements, and other changes to its products and services at
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Safe Harbor Statement: This publication may contain forward-
looking statements that involve a number of risks and
uncertainties. These “forward-looking statements” are intended
to qualify for the safe harbor from liability established by the
Private Securities Litigation Reform Act of 1995. These forward-
looking statements generally can be identified by phrases such
as Tl or its management “believes,” "“expects,” “anticipates,”
“foresees,” “forecasts,” “estimates” or other words or phrases
of similar import. Similarly, such statements herein that describe
the company's products, business strategy, outlook, objectives,
plans, intentions or goals also are forward-looking statements.
All such forward-looking statements are subject to certain risks
and uncertainties that could cause actual results to differ
materially from those in forward-looking statements. Please
refer to Tl's most recent Form 10-K for more information on the
risks and uncertainties that could materially affect future results
of operations. We disclaim any intention or obligation to update
any forward-looking statements as a result of developments
occurring after the date of this publication.
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