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A LOGARITHMIC SWEEP FOR SAMPLING OSCILLOSCOPES

INTRODUCTION

The use of an oscilloscope with a logarithmic sweep permits

signals to be observed in a single display, over a wide time-range,

with a constant timing accuracy.

Many decades of information can easily be presented in a digital

display, but often information is easier to comprehend in an analog

display. In addition, an oscilloscope can provide information on

both amplitude and time in a unique graphic display.

By using a logarithmic display, it is possible to provide a

number of decades of analog amplitude or time information on a meter

face or, in this case, a cathode ray tube (CRT) face without a change

in accuracy or switch position.

In the past, the most notable use of logarithmic displays has

been in the presentation of amplitude information. The heart of most

of these instruments is a circuit using a device capable of a

logarithmic or exponential transfer characteristic. An amplifier

with a logarithmic or exponential transfer function can be used for

converting a conventional sampling oscilloscope to one with a

logarithmic display in the horizontal axis. For this project, a

Tektronix Type 1S2 Sampling (plug-in) Unit was modified to provide

not only its normal functions, but also a logarithmic sweep.
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Early Work on Logarithmic Converters

To build a background leading to the design of this logarithmic

sweep, it is useful to look at the history of logarithmic display

instruments. These instruments in general have a logarithmic ampli-

tude display, but the principle of the transfer characteristic is

the focus of this review. In addition, two approaches to logarith-

mic ramps will be discussed.

The use of logarithmic displays in test instruments dates from

at least 1929 (8), when Hardy used a triode with a photo-electric-

cell to give a logarithmic response to light amplitude.

Photoelectric CeU

IllikGuardMne

irneg

i meg

01011111

2 meg

'"Y o o" 221:

Diagram of a method of connecting the photoelectric cell to the first stage which allows
a dark sample to be measured with the same accuracy as a light one. This method incidentally
simplifies the design of the amplifier.

Figure 1 Hardy's use of a logarithmic converter in
1929.(8, p.105)

The grid current gave a logarithmic change in plate current.

Though no dynamic range or accuracy limitations were mentioned, it

was a first. A paper was published early in 1931 by Stuart

Ballantine (2) on the use of Variable-mu tetrodes in logarithmic

displays. The tetrodes, which were designed to reduce cross talk

in radio receivers, gave a "...transconductance (that) is closely
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an exponential function of grid bias over a range of three orders of

magnitude, from 1 to 1000 micromhos." (2, p.472)

The approaches of Hardy and of Ballantine: i (grid) v.s.

i (plate) in a triode, and v (grid) v.s. i (plate) in a tetrode;

dominated the reports of Hunt (10) in 1933; Taylor (17) in 1937;

Meagher and Bentley (13) in 1939; Howard, Savant and Neiswander (9)

in 1953; Mandel (11) in 1955; Mathams (12) in 1959; and East and

Parker (5) in 1960. The end result was a range approaching three

decades with an accuracy of a few percent.

It is also possible to build a logarithmic sweep without using

a converter. With this technique, a logarithmic ramp is generated

directly.

Curry and Sander (4) in 1960 disclosed a resistance coupled

boot-strap-generator where the value of the resistors in the feed-

back could be set to modulate the current to the charging capacitor.

This enables "...the circuit output to be logarithmic, exponential

or linear." (4, p.60) Later, in a report from Mullard Research Labs,

R. N. Alcock (1) in 1964 designed a passive network which consisted

of a number of integrators with differing time constants. With a

voltage step applied to this network, the output changed logarithmic-

ally through a range of three decades to an accuracy of two percent.

Returning to logarithmic converters, in 1954, Schaeffer and Wood

(15) examined assorted semiconductor devices but reached no signifi-

cant conclusions about what kind of device was best.
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The silicon diode junction became the device of choice in 1956

when T. P. Sylvan (16) with a short article in IRE Transactions -

Circuit Theory, pointed the way for future semiconductor logarithmic

converters. In this significant article, he gave the results of a

silicon diode bridge circuit that, within a few percent, had a log-

arithmic transfer characteristic of nearly six decades. His results

(see Figure 2) were tempered with caution, though.

"The variation (of) Rs and Is between diodes
requires careful selection of the circuit components
if operation over the maximum current range is desired.

considerable variations in the diode character-
istics are found with temperature; and if operation
over a relatively large temperature range is required,
then compensation for these variations must be intro-
duced. However, it is found that the variations with
temperature are of such a nature as to make compensation
with temperature very difficult. An alternative solu-
tion would be to maintain the entire bridge circuit at
a constant temperature." (16, p.69-70)

Recent Work on Logarithmic Converters

The state of the art in logarithmic converters took a great leap

forward in 1963. With an almost uncanny simultaneity, Gibbons and

Horn (7) presented a paper on February 20, 1963, called "A Circuit

With Logarithmic Transfer Response Over Nine Decades" and on

February 21, 1963, a paper was received by The Review of Scientific

Instruments from William Paterson called "Multiplication and Log-

arithmic Conversion by Operational Amplifier-Transistor Circuits."(14)

Both of these papers presented a solution to the problem of having to

use selected diodes as logarithmic converter elements. With diodes the
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Voltage-current characteristics of a silicon diode bridge with
compensation for Is and Rs. (16, p.70)

Figure 2 Sylvan's illustration of the logarithmic
characteristics of silicon diodes.
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simple diffusion current behavior did not describe what was seen.

Quoting from Paterson:

"Theories were advanced describing mechanisms which
lead to current components of the form

I = I0 exp(qV/mkT)

where 1 >11 >2 due to diffusion current flow in extended
regions such as surface inversion layers or channels and
to generation-recombination mechanisms in space change
regions.

More recent work has indicated that the combination
of the two notions can yield values of the reciprocal
slope constant m between 1 and 4." (14, p.1312)

Since the slope of each diode was different, it was necessary to

match diodes to make a usable circuit.

The solution to these problems as pointed out by Gibbons and

Horn and by Paterson was the use of the emitter to collector trans-

fer properties of a grounded base silicon transistor. To create a

logarithmic converter, they utilized the transistor's exponential

transfer function (Ic vs VEB) as the feedback around an operational

amplifier.

IN

OUT

Figure 3 A Logarithmic Converter using the exponential
transfer characteristic of a transistor.
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They both analyzed the current flow in a transistor and found

that the reciprocal slope constant, m, in the equation

IC = I0 exp clVeb

mKT

is uniquely equal to ONE. Again in the words of Paterson:

"The effect of space-charge-generated currents,
surface currents, and combinations of these, can be
included rather simply if it is recognized that these
m>1 components behave largely as majority carriers in
the base. As such they are not collected and do not
appear as components of collector current. Rather,
it is as though the base region acted as a filter to
remove the m>1 currents from the emitter current,
leaving the 'ideal' or m=1 component to pass onto
the collector." (14, p.1314)

With m=1, we can write'

Ic = Io exp qVeKT b

From this we can calculate the slope of the transfer character-

istic as

ciVeb
Ln c

KT
Io

KT Ic
Veb = Ln

=
KT

AVeb Ln Ici

c2

AVeb = KT (Ln 10) with Io1 = 10 Ice

q

1.380 x 10-23 x 300
AVeb (2.303) at 27°C

1.602 x 10-19

AVeb = 59.5 mV/decade Ic at 27°C

'See the appendix pages 41 and 42.
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From the equation we can see that the transfer function is

temperature sensitive and varies approximately .34%/0C.

A transistor operated in this fashion is theoretically

capable of exhibiting a logarithmic transfer function with a

dynamic range of nine decades. The error with Veb = 0.1V calculates

to about 2.1%.
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THEORETICAL APPROACHES TO A

LOGARITHMIC SWEEP FOR SAMPLING OSCILLOSCOPES

The Sequential2 Sampling Oscilloscopes

Before presenting a design of a logarithmic sweep, an explan-

ation of the operation of a sampling oscilloscope may prove helpful.

It is an instrument which converts a recurrent high speed signal

into one much slower, one that can be amplified and displayed with

one MHz bandwidth electronic techniques.

"A sampling system looks at the instantaneous amplitude
of a signal during a specific small time period, remembers
the amplitude, and displays a single dot on the CRT corres-
ponding to the amplitude. After a dot is displayed for a
fixed amount of time, the system again looks at the instan-
taneous amplitude of a different cycle of the input signal.
Each successive look, or sample, is at a slightly later
time in relation to a fixed point of each signal cycle.
Each sample is displayed as a spot on the CRT. Generally,
the (horizontal) position of the dot represents the equiv-
alent time when the sample was taken. After many cycles
of the input signal, the sampling system has reconstructed
and displayed a single facsimile made up of many samples,
each sample taken from a different cycle of the input
signal." (18, p.3-1)

The timing of a sequential sampling oscilloscope is made by a

timing ramp generator (hereafter called sampler fast ramp). The

sampler fast ramp (see Figure 4) is repeating at a rate which is in

synchronism with or is triggered by the signal or event to be dis-

played. The amplitude of this fast ramp is compared with the

horizontal displacement of the display on the CRT. When amplitude

2As contrasted to a Random Sampling Oscilloscope, see (19).
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coincidence takes place, a sampling command is sent to the vertical

circuits. A sample is taken and a dot is displayed on the CRT. The

dot's vertical position is a measure of the signal input voltage at

that instant.

Gross changes of the timing are best made by changing the slope

of the sampler fast ramp. Changes in timing can also be made by

attenuating the comparison level which corresponds to the horizontal

display on the CRT; this smaller horizontal signal is compared

against a smaller portion of the sampler fast ramp. Since the time

range over which the fast ramp is comparing is thus shortened, there

is less equivalent time across the CRT display, hence a faster

equivalent sweep speed.

Current state of the art permits four decades of sweep "magni-

fication" to be obtained in this fashion. Timing jitter of about

one part in 104 is the limiting factor.

Three Approaches to a Logarithmic Sweep

With this brief explanation of the sampling oscilloscope's

operation in mind, three possible methods for making a logarithmic

sweep were examined.

The first approach considered was that of giving the fast ramp,

which does the timing, a logarithmic contour. This requires a non-

linear charging current to the timing capacitor. Even with the

suggestions of Curry and Sander (4), this approach is difficult

because it has to be fast.
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A second technique was that of inserting a logarithmic con-

verter between the sweep generator and the horizontal deflection

amplifier. This has the advantage that it works at the scanning

rate (slow). It allows the conventional sampling circuitry to

operate normally.

A convenience is that the logarithmic feature can be switched

in and out easily. However, not only does the horizontal display

have a logarithmic calibration with this approach, but also the

horizontal scan proceeds across the screen at a logarithmic rate.

This can cause some problems in photographing the oscilloscope

display in that the last part of the trace will be much brighter

than the first part.

A third method was that of placing an exponential amplifier

between the sweep generator and the inverting amplifier, just before

the magnifier attenuators. With this method, the first part of the

sweep generator output causes only a small change in the "inverter"

output voltage. The result is that with each succeeding sampler

fast ramp, only a small portion of the ramp is being compared

against, hence a fast equivalent sweep speed calibration. With the

last portion of the sweep generator output, there is a large change

in the inverter output voltage. This causes a greater time range

to be compared against on the fast ramp, giving a slower sweep speed.

This has the advantage, as does the second method, that it works at

the relatively slow sweep generator rate. Again, the logarithmic

featilre can easily be switched in and out and in contrast to the
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second method, the display proceeds across the screen at a constant

rate despite the logarithmic calibration. The dots per equivalent

nanosecond change across the screen, but this is acceptable. The

constant horizontal displacement rate does make photographic work

easier.
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DESIGN OF A LOGARITHMIC SWEEP

Using an Exponential Amplifier with the Type 1S2

Both the second and third methods could be employed to make a

satisfactory logarithmic display. The third method was chosen

because of its constant horizontal display displacement rate.

The Type 1S2 is a plug-in unit which converts Tektronix 530

and 540 series oscilloscope mainframes into a combination Time-

Domain Reflectometer and Sampling Oscilloscope. This plug-in unit

contains both vertical and horizontal circuitry so that the oscill-

oscope mainframe is used only for its power supplies and CRT display

capabilities.

The output of the sweep generator circuit in the 1S2 is applied

to the comparator through the magnifier attenuator and inverter.

The output is also connected to the oscilloscope mainframe external

horizontal input (Figure 5). When an exponential amplifier is added

as shown in Figure 6, the oscilloscope is made to have a logarithmic

display.
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The Use of a Transistor as an Exponential Device

The work of Paterson (14), and Gibbons and Horn (7) indicated

that all transistors have an exponential transfer function when used

in the manner of Figure 7.

VM ouT=expVtri

Figure 7 Transistor connected for exponential transfer
characteristic.

In addition, their work indicated that this transfer function

would be AVeb = 59.5 mV/decade Ic (from page 7). Before designing

a circuit around a transistor used in this manner, the author

checked four transistors at room temperature with the circuit

shown in Figure 8.

SWITCHED
FLESISTOR

POWER.
SUPPLY

Figure 8 Basic test configuration for measuring a
transistor's exponential transfer characteristic.
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The collector current through the transistor was increased in

decade steps and the emitter-base voltage change per step was

measured. The average for the four transistors is shown in Table I.

TABLE I CHANGE IN EMITTER-BASE VOLTAGE AS A FUNCTION OF
COLLECTOR CURRENT

AIc AVeb

10 nA to 0.1 PA 59.8 mV

0.1 tiA to 1.0 pA 59.7 mV

1.0 at to 10 IA 59.9 mV

10 ak to 0.1 mA 60.0 mV

0.1 mA to 1.0 mA 60.8 mV

1.0 mA to 10 mA 70.3 mV

The most evident variations occurred at the higher currents.

Gibbons and Horn credit the variations to "...voltage drop in the

emitter and base bulk resistances, emission crowding at the emitter,

and density-dependent transport effects..." (7, p.380). Even more

important, no attempt was made to keep the transistor junction at a

constant temperature in this measurement. These first results

provided the stimulus to push on.

To use a transistor as an exponential transfer device, these

factors had to be considered.

1) The transistor should be driven from a voltage source

so that its emitter-base voltage is well defined.
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2) The collector current should be kept in a range where

the transistor has good exponential characteristics.

3) The voltage source should be temperature compensated

to match the temperature coefficient of the emitter-

base voltage.

4) The transistor chip should be held at a constant temper-

ature to overcome the sensitivity of the transfer

characteristic E -(Ln10) to temperature changes.

5) The collector of the transistor should be operated at

its base potential for best exponential operation (see

the appendix).

The next step was to apply this knowledge toward the design of

an exponential amplifier.

Design of an Exponential Amplifier

A decision was made to make a two decade logarithmic sweep.

The design procedure of the exponential amplifier can be shown as

follows:

1) First, an operational amplifier was used to provide

an emitter-base voltage source for the transistor.

P- in

ft F

Figure 9 Low impedance voltage drive to the transistor
emitter-base junction.
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2) To provide phase inversion, and to amplify the collector

current of the exponential transistor as needed, a second

operational amplifier was used.

F

Figure 10 Additional operational amplifier permits
the exponential transistor to operate with
zero collector volts, provides gain and
phase inversion.

This also permitted the collector of the exponential

transistor to be operated at ground.

3) The next problem considered was a way to compensate for

the -2mV/°C emitter-base shift with temperature. If

Uncompensated, this could produce a time shift error

of about 3% per decade per °C. Compensation was

accomplished by using two transistors in a common

thermal environment, one as the exponential transistor

and the other as a temperature sensing device.
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IN

+v

CONSTANT
CURRENT
LONG -
TAIL

Figure 11 Another transistor and an operational amplifier
is added to provide emitter-base junction
temperature compensation.

An operational amplifier wired to have unity-gain and

high input impedance was connected in the feedback path.

This prevented the feedback current from flowing in the

compensating transistor. Since the current through the

device was held constant by a "longtail," the compensating

transistor's voltage drop was solely a function of temper-

ature. Further, the gain of the input operational ampli-

fier was still determined by RF.

4) Finally, a way was needed to keep the transistor junction

temperature relatively constant in order to overcome the

-.34%/0C sensitivity of the transfer function (59 mV/decade

Ic at room ambient). The solution was found in a monolithic

dual transistor with an integral temperature stabilizer

(like an oven).
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This device, (Fairchild 4A726) provides approximately a 50-1

reduction in ambient temperature changes. The temperature of the

substrate was not mentioned in the device's specifications, data or

application notes. Therefore, the feedback resistor Rf had to be

variable and calibrated later.

With the basic design of the exponential amplifier circuit

established, it remained necessary to determine the passive compo-

nent values.

The output from the sweep circuit scanned from -1 volt to +9

volts, a 10 volt sawtooth. R1 was selected to be 10 Kc in order to

give a 1 mA sawtooth to the input operational amplifier. The temper-

ature of the exponential transistor was estimated at 90°C. This

would give it a conversion factor of about 70 mV/decade Ic. For a

two decade log sweep from a 1 mA sawtooth, Rf should be about 1400.

A range of adjustment had to be provided.

The application notes published on the 0726 revealed that the

collector bulk resistance was approximately 1 Ko. Since the device

was to be operated at zero collector volts, it was necessary to

limit the peak current through the transistor to about .1 mA to keep

it from saturating. The temperature compensating half of the 0726

was then biased to .1 mA. This way, the Veb of both transistors

would match when the exponential transistor was swept to .1 mA.

This match should occur when the signal to the input operational

amplifier has zero drive current, due to the Veb offset of the

temperature compensating transistor in the feedback loop. A 0.9 mA
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offset was added to input of the first inverting amplifier to give a

zero offset at the end of the sweep. In addition, a fine adjustment

was needed to accurately set the range of the exponential transfer.

The schematic in Figure 12 shows these considerations.

+19V

+19V

0.1 L_ 10 lc

INPUT to.
0.9 vnA (MAX)

-19V

Figure 12 Input Circuit Biasing

The current through the exponential transistor is swept through

two decades from 1 pA to 100 pA. To get the necessary -10 volt out-

put range, the gain of the output amplifier was set with a feedback

resistor of 100K.

With 1pA in, the output amplifier's output level should be

-0.9 volts. This requires an offset current at its input. The

calculations follow:

-0.9V
urn(c2 x (-1) = + 9 pA

9 pA + 1 pA (from exponential transistor) = 10 pA
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+ 19
V=

1.9 mego
10 pA

for a resistor from the +19 V supply.

Figure 13 shows the complete schematic. The 10 K "pots" between

pins three and five of the amplifiers provide an input offset

nulling. The resistors, from pins five and eight of the pA726 to

the supplies, limit the operating voltage and current to a safer

range. A capacitor, Cl, was found necessary to prevent oscillations

around U-1. The capacitor C2 reduced a transient at the input of

the operational amplifier U-3.



Figure 13 Logarithmic sweep circuit (exponential amplifier) for the Type 1S2

Sampling (plug-in) Unit.
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EXPERIMENTAL RESULTS

Data on the Exponential Amplifier

The amplifier was connected to the 1S2 and operated from the

1S2 power supplies. The first calibration step was to set the Exp

Cal (100 c) control. The output of the exponential amplifier is set

for 0 volts with a 4 volt level to the 10 Ks/ input resistor. Next,

the Exp Range (10 K) was set for a 9 volt output with a 9 volt

input. Because of interaction, it was necessary to repeat the two

steps.

The data was taken with a digital voltmeter at the test points

(TP1 to TP7 in Figure 13) in the circuit as the input level was

changed in 1 volt steps.

The input-output data is shown graphically in Figure 14 and

the full data is shown in tabular form on Table 2 in the appendix.

Comparison of the Data with Theory

The basic mathematical input-output relationship desired of an

exponential amplifier for a two decade sweep is:

y(output) = 100.2x-1

This can be written

Log y = 0.2 x -1

In that the sweep generator in the Type 1S2 has a -1 volt offset (it

sweeps from -1 to +9 volts), the basic relationship is modified to

Log (y + 1) = 0.2(X+1) -1
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The experimental data is compared graphically with this ideal rela-

tionship in Figure 15. A more detailed comparison is shown in Table

3 in the appendix.

Junction Temperature of the Exponential Transistor

The data also permits calculation of the transistor junction

temperature. Since the' temperature can be expressed in terms of

transfer slope in mV/decade 1c, we can write

T3 K 1
x (mV/decade 1c)

The transistor's transfer slope can be determined from the data by

using the relationship

AmV
mV/decade Ic --T

Log C1

c2

Using these relationships, the temperature of the junction was

calculated and found to be approximately 112°C over the two decade

current range. An attempt to make this calculation in ten steps

over the two decade range gave an erratic 12°C variation in temper-

ature. This was due to the sensitivity of the mathematical relation-

ship to small errors in the measurements. Table 4 in the appendix

shows the numerical detail of these calculations.
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Displayed Results

The effect on the display can be shown by comparing a time-

mark generator displayed both linearly and logarithmically. In

Figures 16a and 16b, the short time-marks are 0.1 us apart and the

tall time-marks are 1 us apart. The same time, 1 us, is displayed

across the screen in both instances.
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Figure 16a A time-mark generator with 0.1 and 1.0 us
time-marks displayed with a linear sweep rate.

Figure 16b Same as Figure 16a, but displayed with a
logarithmic sweep rate.
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LOGARITHMIC SWEEP APPLICATIONS

Cable Transient Response

The first application of a logarithmic sweep to be investigated

was suggested by a customer of Tektronix. It was this suggestion

that originally encouraged this project. The letter from the

Tektronix Field Engineer read:

"Thane Hendricks, E.G. & G. cable engineer, has
proposed the horizontal sweep in the 1S1 or 1S2 be
logarithmic so as to present the step response on a
time base that displays both the high speed and long
term characteristics of coaxial cables.

This would allow them to use one photograph and
computerize the point by point characteristics. Pres-
ently, many photos or XY recordings must pe pieced
together to present the line response. Where one
photo or XY plot ends and another begins is presently
a chore because of lack of base line confidence on all
but the first photo.

...Can it be done?" (3)

Figure 17a shows a multiple exposure of the step response of a

cable taken at equivalent sweep rates of 0.1 ns/div., 1 ns/div., and

10 ns/div. Figure 17b shows a similar result with 10 ns spread

through two decades across the CRT. A three-decade logarithmic

sweep would be even more effective in displaying the wide time

ranges that can be considered when studying cable step response.

Time Domain Reflectometry (TDR) Measurements

Another possible application of the logarithmic sweep is in

TDR measurements. Consider the situation where a coaxial line is
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Figure 17a A multiple exposure of the step response
of a cable taken at sweep speeds of 0.1 ns/div.,
1 ns/div., and 10 ns/div.

Figure 17b An exposure of the step response of a cable
using a logarithmic sweep circuit. The 10 ns
across the screen is shown in two decades.
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being checked (Figure 18a). When a discontinuity is found in the

line, it is normally necessary to change the sweep speed and shift

its position in time to see the discontinuity in detail (Figure 18b).

With a logarithmic sweep, it is only necessary to position the

discontinuity to the left edge of the screen to achieve similar

results (Figures 19a and 19b). Thus the procedure is simpler when

using a logarithmic sweep.
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Figure 18a An exposure of a TDR measurement of a coaxial
cable. Vertical calibration is a rho of .05/div.,
the horizontal calibration is 20 ns/div.

Figure 18b Same as figure 18a, except horizontal calibra-
tion is 1 ns/div. and display has been shifted
in time.
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Figure 19a An exposure of a TDR measurement as in
Figure 18a, butwith a Type 1S2 utilizing
a logarithmic horizontal sweep circuit.

Figure 19b Same sweep rate setting as figure 19a, except the
display has been shifted in time.
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Display of Other Functions

A third group of applications of an oscilloscope with a

logarithmic sweep consists of displaying certain mathematical

functions that vary with time.

As the sweep proceeds across the screen, it has a continually

decreasing rate. This represents an exponentially increasing time.

With this two decade logarithmic sweep, the relationship can be

written as,

t = 0.1 K 100.2x

where t = time at graticule line X

X = graticule line number (0-10)

K = sweep rate knob setting (like K = 10 ns/div.)

Figure 20 illustrates how the horizontal scale on a CRT graticule

may be considered to be calibrated.

lns lOns 100ns

1 1 2 3 L 5 6 , 8 9 1C

Figure 20 Example of the time relationship across a
graticule with a logarithmic sweep.
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Simple logarithmic functions can be linearized by displaying

them on an oscilloscope with a logarithmic time-base.

With

t = 0.1 K 100.2x

we can write

t = 0.1 K exp 0.2 x (Ln10)

Then with a function like

V = Ln (t)

substituting for t

and solving

V = Ln 0.1 K exp 0.2 x (Ln10)

V = 0.2 x (Ln10) + Ln 0.1 K

This is shown graphically in Figure 21.
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SUMMARY AND CONCLUSIONS

The use of an exponential amplifier to provide a. sampling

oscilloscope with a logarithmic sweep is both straight-forward and

successful. In addition, the emitter-collector transfer character-

istic of a transistor forms an excellent starting point for the

design.

The large time range that can be displayed with a constant

timing accuracy offers an aid to some interesting measurement

problems. One of the most useful applications is that of display-

ing both the short and long-term time constants of the step

response of a coaxial cable.

The use of the slope of the transistor's exponential transfer

function to determine the temperature of the junction proves to be

a help when other methods are not feasible.

The techniques developed in this paper for compensating the

transistor junction thermally should be useful in logarithmic as

well as exponential amplifiers.

The application of these principles to analog multipliers and

other log-antilog circuits should increase the accuracy and overall

temperature stability of analog computers.
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Derivation Of the Transistor Transfer Function

A most concise discussion of the transistor transfer function

appeared in print recently. This discussion merits repeating.

"As a first approximation, the logarithmic rela-
tionship between current and voltage in a diode or
transistor is given by Shockley's first-order theory
of a p-n junction

=
ioqV/kT..]

(A)

where I() is the reverse saturation leakage current, q
is the electronic charge, k is the Boltzman constant,
and T is the absolute temperature. This is a conven-
ient simple starting point for calculating the transfer
conductance of a transistor or diode, but it considers
only diffusion current in a single junction.

The emitter current (IE) of an npn silicon tran-
sistor (Fig. 2) is given more accurately by

qVE/kT4

where

qVc/kT_d (B)

IEs = emitter reverse saturation current

ICS = collector reverse saturation current

ai = inverted common base current gain

The collector current (IC) is given by

IC = ICS
q1/c/kT_

-anIES VIVE/
kT_1

(C)

where an = normal common base current gain.

For still greater accuracy, Eqs. (B) and (C) must
be modified to include the current components caused by
surface-leakage and space-charge-generated currents.
Since these currents generally behave as majority
carriers in the transistor base region, they are not
collected and do not appear at the collector junction.
Including them in Eqs. (B) and (C)
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IE = I ES PVE/k -Ll

T_ ,1

c4

qVc/kT ;1
U ICS

p.

+ 2
ESi

PVE/kTM
i

_]
(D)

I
C

= I
CS

-,qVc/kT_,1_
an ES e

EqVE/kTA
=i

4. EiCSj PlIc/kTmi...d (E)

If we now set VC = 0 in equation (E) we find

=IC
qVE/kTanIES .]

(F)

For VE >100 mV, equation (F) reduces to

IC = -anIES OVE/

(6, p.63)

kT.
(G)"

From the assumption of VE >100mV, we can compare silicon and

germanium transistors as exponential devices. With

germanium a VE .1 gives Ic = 0.01 mA

while with

silicon a V
E

= .1 gives Ic = 0.01 nA

Since both types have a maximum current of about 10 mA, this gives

germanium a dynamic range of about 3 decades and silicon a dynamic

range of about 9 decades. This gives the silicon transistor a

dramatic advantage as an exponential converter.



TABLE 2 EXPONENTIAL AMPLIFIER DATA

Data taken October 15, 1968, by C. Edgar. Fairchild DVM Model 200 No. 003-169, DVM Accuracy =.01% 1
digit. Type 1S2 Power Supply Voltage tolerances are ±3%. Actual voltages were +18.73 and -18.68.
Ambient temperature 24%.

TP1 (Input) TP2 TP3 TP4 TP5 TP6 TP7 (Output)

-1.0001 .0000 -.3130 +.1490 +.1489 .0000 -0.9108

0.0001 .0000 -.3284 +.1338 +.1337 .0000 -0.8519

+1.000 .0000 -.3435 +.1186 +.1185 .0000 -0.7587

+2.000 .0000 -.3588 +.1034 +.1033 .0000 -0.6104

+3.000 .0000 -.3741 +.0882 +.0881 .0000 -0.3755

+4.000 .0000 -.3891 +.0730 +.0729 .0000 -0.0027

+5.000 .0000 -.4045 +.0578 +.0577 .0000 +0.5869

+6.000 .0000 -.4197 +.0426 +.0425 .0000 +1.522

+7.000 .0000 -.4350 +.0274 +.0273 .0000 +3.000

+8.000 .0000 -.4503 +.0122 +.0121 .0000 +5.330

+9.000 .0000 -.4655 -.0030 -.0031 .0000 +8.997



TABLE 3 COMPARISON OF EXPERIMENTAL
RESULTS WITH THEORY

X y = Theoretical Experimental Error
Input Output

-1 -0.90000 -0.9108 volts -.0108

0 -0.84151 -0.8519 -.0104

1 -0.74881 -0.7587 -.0099

2 -0.60189 -0.6104 -.0085

3 -0.36904 -0.3755 -.0055

4 0.0000 -0.0027 -.0027

5 +0.5849 +0.5869 +.0020

6 +1.5119 +1.522 +.010

7 +2.9811 +3.000 +.019

8 +5.3096 +5.330 +.020

9 +9.0000 +8.997 -.003

Log(y + 1) = .2(x + 1)-1

-1.27%
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TABLE 4 CALCULATION

IC =

1.012-V(TP6)

OF THE JUNCTION TEMPERATURE

IC ,T Log m Veb/Decade Ic
1"

c2 Ici/Ic
2

Tj(oK) Tj(oc)

100

-1. 1.012

O. .0154 1.601 1.582 .19921 77.3 390 117

1. .0151 2.533 1.582 .19921 75.8 382 109

2. .0153 4.016 1.585 .20003 76.5 386 113

3. .0153 6.365 1.585 .20003 76.5 386 113

4. .0150 10.093 1.586 .20030 74.9 378 105

5. .0154 15.989 1.584 .19976 77.1 389 114

6. .0152 25.34 1.585 .20003 76.0 383 110

7. .0153 40.12 1.583 .19948 76.7 387 114

8. .0153 63.42 1.581 .19893 76.9 388 115

9. .0152 99.99 1.577 .19783 76.8 387 114

Averages 76.45 385.4 112.4°C
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