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ABSTRACT OF THE DISCLOSURE

A device for generating antilogarithmic functions of
an input voltage and having a pair of semiconductor de-
vices with matched thermal responses, each semicon-
ductor having a diode junction. A reference current source
is connected to a first of the junctions and the latter is
also connected so as to sum the input voltage with the
voltage drop across the first junction. The second junc-
tion is connected to the first junction only through an
isolating or buffering means so that the summed voltages
are applied to the second junction without perturbation
of the current from the reference source. An output sig-
nal is provided by conversion of the current through the
second junction to a corresponding voltage.

——————————

This invention relates to analog function generators,
and, more particularly to analog electrical devices for
deriving an output signal which is an antilogarithmic
function of an input signal.

In a number of semiconductor devices having diode
junctions, such as planar silicon transistors for example,
the forward current Ip through the junction (assuming
no reactive components) will exhibit generally the fol-
lowing well-known relationship:

‘” o=t 1)

where e is the natural logarithm base; Ig is the bulk satu-
ration current of the junction device and substantially a
constant; Vp is the voltage across the junction; and Kt/q
is a constant which is about .026 volt at 27° C.

Thus, Equation 1 can be simplified to read

(2) I
P 026 —1/=In"' Vp
Is

for Vp>.026 or
(3)

if Ip is appreciably larger than Ig; a being a compound
logarithmic coefficient.

A plot of typical diode junction characteristics is shown
in FIG. 1 indicating the exponential nature of the change
in forward current with voltage. The reverse current
(shown on the negative side of the origin) due to reverse
voltage below breakdown level is minute and substan-
tially constant at constant temperature, A number of
similar curves are given for different temperatures noted
and show the marked shift of the current-voltave func-
tion due to temperature change.

The relationship defined in Equation 3 of diode forward
current to the junction voltage, when corrected for tem-
perature can be expressed, at least over a limited tem-
perature range, as

(4)

Vp=~a logylp

I
Vo=Vota logw,—‘;+b<TA—To)

where Vo=Vp measured at a given reference current Io
and reference temperature Tq, b is a temperature coeffi-
cient, and T, is the actual junction temperature.
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In a typical silicon transistor, b~2 mv./° C, at about
27° C. The relationship set forth in Equation 4 is re-
stricted to values of Ip appreciably larger than the value
of Ig which is very nearly the same as Igpo (emitter-to-
base leakage current with collector open) for well-made
silicon transistors.

Based upon the foregoing relationships, a principal
object of the present invention is to provide a novel elec-
trical circuit which is adapted to provide an output which
is substantially a function of the antilogarithm of an in-
put.

Another important object of the present invention is to
provide such an electrical circuit which is temperature
insensitive over a range of temperatures of about
25° C.£50° C.

Other important objects of the present invention are to
provide such a circuit wherein the voltage output is a
function of the antilogarithm of a variable voltage input;
to provide an analog device for providing such a voltage
output and comprising a pair of semiconductor devices
each characterized in having a diode junction across
which a voltage is a substantially linear function of the
logarithm of the junction forward current; to provide
such an analog device including means providing a con-
stant voltage drop across one of the semiconductor de-
vices, means for summing the voltage drop with an input
voltage and for applying the summed voltages across
the other of the semiconductor devices, and means for
measuring the current through that other semiconductor
device due to the application of the summed voltages;
and to provide such an analog device including means
for providing buffering between the semiconductor de-
vices, and wherein the means for measuring current is a
current-to-voltage conversion device.

Other objects of the invention will in part be obvious
and will in part appear hereinafter. The invention accord-
ingly comprises the apparatus possessing the construction,
combination of elements, and arrangement of parts which
are exemplified in the following detailed disclosure, and
the scope of the application of which will be indicated
in the claims.

For a fuller understanding of the nature and objects of
the present invention, reference should be had to the fol-
lowing detailed description taken in connection with the
accompanying drawings wherein:

FIG. 1 is a plot of idealized current-voltage relation-
ships of an exemplary semiconductor diode junction for
several selected temperatures;

FIG. 2 is a schematic circuit diagram, illustrating one
embodiment of the present invention;

FIG. 3 is a schematic circuit diagram of yet another
embodiment of the present invention; and

FIG. 4 is an illustrative semi-logarithmic plot of the
telation of input signals to output signals in an operation
of the embodiment of FIG. 2.

Referring now to FIG. 2, there is shown a device for
generating an antilogarithmic function of an input signal
and comprising a first semiconductor device such as diode
20 having a diode junction of the type described by Equa-
tion 4. Means are provided for supplying a forward refer-
ence current Ip of substantially constant magnitude to
diode 20 and to this end one electrode, for example anode
22 of diode 20, is connected through high value resistor
23 to a large positive voltage available at a terminal of
battery 24. The other terminal of the battery is grounded.
Cathode 26 of diode 20 is connected to input terminal 28
which, by operation of a switch, is adapted to have either
an input signal voltage Vg applied thereto as from
grounded variable voltage source 30, or to be connected
directly to ground.

Anode 22 is also connected to a buffer or isolating
means such as non-inverting umnity gain voltage follower
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32. The latter is shown as an operational amplifier hav-
ing a simple feedback loop to provide substantially 100%
feedback for unity gain. Because the input-impedance of
the follower is, of course, extremely high there is sub-
stantially no appreciable input current, and, therefore,
there is no material change in Ir. The output impedance
of follower 32 is typically very low; thus the output volt-
age is relatively independent of the nature of the output
load. The output terminal of follower 32 is connected
to anode 34 of second diode 36.

Diodes 20 and 36 are preferably matched for electrical
characteristics and are, as indicated by the broken line 38
embracing both diodes, disposed within the same thermal
environment as by being mounted closely adjacent one
another and in contact with a common heat sink.

Cathode 40 of diode 36 is connected to input terminal
42 of operational amplifier 44. The latter typically is an
inverting amplifier having a high (e.g., 1,000 or more)
open loop gain and also a negative feedback loop through
feedback resistor 46 from the output of amplifier 44 to the
summing point or input terminal 42, The output of am-
plifier 44 is connected to an indicating device or meter 48
intended to measure the output voltage. Operational am-
plifier 44 serves a number of purposes, particularly acting
as a substantially zero-input impedance means for trans-
lating current through diode 36 to a voltage. Amplifier
44 functions to provide such voltage while operating as an
isolating or buffering means such that current drive re-
quirements of meter 48 cause substantially no perturbation
in the current flowing through diode 36.

The operation of the foregoing embodiment can be de-
scribed as follows: upon application of voltage Vg at ter-
minal 28 as by such closure of the switch as connects
source 30 to terminal 28, a voltage V; is applied by fol-
lower 32 across diode 36. The voltage V; is the sum of
the input voltage Vg at terminal 28 and a voltage V; which
is the voltage drop across diode 20 due to the constant
current Ir supplied by battery 24 and resistor 23.

(5) Thus,

Vo=V1+Vs
or
Vs=V,—V;

Using Equation 4 to describe V; and V,,

(6) Vi=Vota; (log Ii—log Iy) +b1(Tay—Toy)
and

(7) Va=Voataz (log Iy—log Iyg) +by(Tag—Tys)

where I, and I, are respectively the total currents flowing
through diodes 20 and 36.

Because the diodes are matched and are in the same
thermal environment, by definition a;=ay=aq, by=by=b,
Tp1=Ta2, Tor=Tsa, Vor=Vog, and Iyy=Ip.

Thus in accordance with Equation 5

(8)
(9)

Vsa‘a (log Iz—log 11)
A
5 o(3)
I

Characteristically, terminal 42 is maintained at a
virtual ground by negative feedback. Hence current I,
flowing through diode 36 and injected into terminal 42,
will be matched by a current flowing through feedback
resistor 46. If R; is the value of resistor 46 then voltage
—V, at output terminal 50 of operational amplifier 44 is
Ith. Thus,

(10) —Vo=LR; 10(V,/a)
or, because both I; and R, are constant,
(11) —Vy=K antilog (V/a)

Amplifier 44 will act to keep —V, at a value unaffected
by loading imposed by indicating device 48 and so acts
as a curtent-to-voltage buffer.
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Referring now to FIG. 3 there is shown another em-
bodiment of the present invention comprising transistors
Q; and Q. as semiconductor devices having emitter to
base junctions with voltage-current characteristics similar
to diode junctions generally of the type described by
Equation 4. A source of substantially constant emitter
current is provided in the form of battery 54, one terminal
of which is grounded, the other terminal being connected
through resistor 56 to emitter 58 of transistor Q,. Base
60 of transistor Q, is connected to input terminal 62
which in turn is connectable through a switch either to
ground or to source 64 of variable signals V. Supply
voltage V. for transistor Q, is provided, for example
from battery 66 connected to collector 68.

Emitter 58 is connected to the input of voltage follower
70, the latter being characterized as hereinbefore described
in connection with follower 32. The output of the voltage
follower is connected to emitter 72 of transistor Q,. The
latter is, as indicated by the broken line box 74, disposed
to be subject to the same thermal environment as transis-
tor Q;. Base 76 of transistor Q, is shown as grounded, the
collector 78 of transistor Q, being connected to the
appropriate terminal of a power source such as battery
80. The other terminal of battery 80 is connected to a load
such as indicating device or ammeter 82. Transistors Q,
and Q. are preferably matched to show, with respect to
their base-emitter junctions, substantially similar electrical
characteristics over the temperature range expected in the
thermal environment.

Transistors have certain advantages over diodes for the
purposes of the present invention. For example, the use
of a transistor Q; as the diode junction device to which
the input signal V; is applied provides a higher input
impedance than is available with the diode circuit of FIG.
2. In the event of an error-producing resistance present
in the lead from source 64, the higher input impedance
reduces the input current and therefore the magnitude of
error. The base and collector of transistor Qg can be
connected directly to one another so that the transistor
effectively is only a diode, but the grounded base con-
figuration shown in FIG. 3 is preferred because it provides
a higher output impedance than a comparable diode.
This allows the transistor to drive a high impedance load
without the need of an isolating amplifier. It is preferred
that traosistors Q; and Q, be high gain (e.g. 100 or
greater) transistors in order to achieve 1% or better
accuracy.

In operation, when voltage V is applied to terminal 62,
the emitter voltage of transistor Q, is at a level with
respect to ground which is the sum of the input voltage Vg
and the base-emitter voltage Vgg; due to the constant
emitter current Ip provided by battery by battery 54
and resistor 56. In a sense then, transistor Q; operates as
an emitter-follower with a reference voltage added to the
normal emitter voltage.

Thus, the voltage Vggy across the diode junction of
transistor Q, is as follows:

(12) Vepe=Vs+Ves

Defining Vgpy and Vgg; by appropriate forms of
Equations 6 and 7, it can be shown that an equation
similar to Equation 11 (in which — V) is replaced by Igp)
holds for the operation of the embodiment of FIG. 3.
If the gain of transistors Q is high (e.g. above 100) then
the collector current Ig, of that tramsistor approaches
the same value as Iy, and I¢, can drive the load imposed
by meter 82 without perturbing I,.

Alternatively, if it is desired to provide an output
voltage rather than an output current to drive a load such
as meter 82, an operational amplifier such as amplifier 44
can be provided in the circuit of FIG. 3 with its summing
junction connected to battery 80 and its output con-
nected to meter 82. The latter in this instance would be
a voltmeter.
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As will be seen in FIG. 4, for a range of input voltages
Vg, the output signal measured is an antilogarithmic
function of Vg for both embodiments shown. Obviously,
the principle of duality permits the use of npn tfansistors
in the embodiment of FIG. 3 as well as the pnp transistors
shown.

Since certain changes may be made in the above appa-
ratus without departing from the scope of the invention
herein involved it is intended that all matter contained
in the above description or shown in the accompanying
drawing shall be interpreted in an illustrative and not in
a limiting sense.

What is claimed is:

1. An analog device for generating an antilogarithmic
function of an input voltage, said device comprising in
combination;

first and second diode junctions;

means connected for supplying a constant forward ref-

erence current through said first junction;

means connected for summing said input voltage with

the voltage drop across said first junction due to said
reference current;

means connected for applying the summed voltages to

said second junction so as to provide a forward cur-
rent through the latter without substantially perturb-
ing said reference current; and

means connected for measuring the forward current

through said second junction.

2. An analog device for genperating an antilogarithmic
function of an input voltage, said device comprising in
combination;

first and second diode junctions;

means connected for supplying a constant forward ref-

erence current through said first junction;

means connected for summing said input voltage with

the voltage drop across said first junction due to said
reference current;

means connected for applying the summed voltages to

said second junction so as to provide a forward cur-
rent through the latter without substantially perturb-
ing said reference current; and

means connected for providing an output signal linearly

related to the forward current through said second
junction.

3. An analog device for generating an antilogarithmic
function of an input voltage, said device comprising in
combination;

first and second semiconductor elements each having a

diode junction with operating characteristics such
that during forward conduction through said junction
the current passed is substantially an exponential
function of the voltage across said junction;

means connected for supplying a forward reference

current of substantially constant magnitude through
said first element;

means connected for summing said input voltage with

the voltage drop across said first element due to said
reference current;

means connected for applying the summed voltages

to said second element so as to provide a forward
current through the latter without substantially per-
turbing said reference current; and

means providing a voltage output linearly related to the

forward current through the second element.

4. An analog device as defined in claim 3 wherein both
of said elements are matched to exhibit electrically sub-
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stantially the same thermal response and including means
for subjecting said elements to substantially the same
thermal environment simultaneously.

5. An analog device as defined in claim 3 wherein said
elements are diodes.

6. An analog device as defined in claim 3 wherein said
elements are transistors.

7. An analog device for generating an antilogarithmic
function of an input voltage, said device comprising in
combination;

first and second semiconductor diodes matched to have
substantially the same thermal response and being
mounted on a common heat sink;

a substantially constant forward current source con-
nected to said first diode;

means for applying said input voltage to said first diode
so as to sum said input voltage with the voltage drop
across said first diode due to forward current from
said source;

buffer means connected between said diodes so that
the sum of the voltages can be applied to said second
diode to create a forward current therethrough with-
out substantially perturbing the current from said
source; and

an operaional amplifier having its input summing junc-
tion connected to said second diode for providing a
voltage output linearly related to the forward cur-
rent through said second diode.

8. An analog device for generating an antilogarithmic
function of an input voltage, said device comprising in
combination;

first and second transistors matched to have substan-
tially the same thermal response and being mounted
on a common heat sink;

said first transistor being in substantially emitter-fol-
lower configuration wherein the base thereof is
adapted to have said input voltage applied thereto;

a source of substantially constant forward current con-
nected in the emitter-collector circuit of said first
transistor so that said input voltage and the voltage
drop through said first transistor due to said forward
current are summed at a point in said emitter-col-
lector circuit;

a buffering voltage follower providing the sole connec-
tion between said point and the emitter of said second
transistor;

means providing forward collector-emitter bias across
said second transistor; and

means for measuring a signal proportional to the for-
ward current through said second transistor due to
the summed voltages and means providing said bias.
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