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ABSTRACT

The input current of transistor operational amplifiers limits their
application for some uses. Several techniques are described which can be
employed to reduce this input current to as little as 1 % of the base current
of the input transistor. This reduction in input current is maintained over
a wide range of temperature. The percentage reduction and the operating
temperature span is related to the degree of complexity; and precision of the
compensating circuit used.

One type of compensation uses a thermistor-resistor circuit. This
technique is developed in detail — both analytically and experimentally, and
various examples are given. For the case of a transistor having an input
current of 50 nA, it is possible to design circuits to reduce this value to as

little as 0.5 nA over a 50°C temperature span.
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ABSTRACT

The input current of transistor operational amplifiers limits their
application for some uses. Several techniques are described which result
in a substantial reduction of this input current. The resulting input current
can range from 204 of the original current over a wide temperature span.
The percentage reduction depends on the degree of complexity and precision
of the compensating circuit used.

One type of compensation uses a thermistor-resistor circuit. This
technique is developed in detail — both analytically and experimentally, and
various examples are given. For the case of a transistor having an input
current of 50 nA, it is possible to design circuits to reduce this value to as

little as 0. 5 nA over a 50°C temperature span.
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CHAPTER 1
SOME CHARACTERISTICS OF TRANSISTOR
OPERATIONAL AMPLIFIERS

The availability of well matched transistor differential pairs mounted
so that they share a common thermal environment has made possible very
high performance transistor operational amplifiers. In addition, the intro-
duction of the passivation technique to transistors, guarantees extremely low
reverse currents and long-term stability of the transistor parameters.
Together, these two developments permit the design of transistor operational
amplifiers which rival and even surpass in some respects the performance
of the high quality chopper stabilized vacuum tube amplifier which was once
the standard for high performance analog circuits. 1.2

The effects of most amplifier parameters (such as gain, stability,
common mode rejection, etc.) are reasonably well understood. Contemporary
circuit design of commercial models clearly demonstrates the results of this
understanding. A parameter which is often neglected, despite the fact that
it causes a certain non-ideal amplifier behavior, is the dc input current.

Few amplifiers available today have input current specifications less than
L 10 nA, and frequently the value is as high as £ 100 nA over a reasonable
temperature range. Obviously this current may be completely canceled at
a fixed temperature by a simple constant current source. However, the
strong temperature dependence displayed by the input current,degrades the
effectiveness of this technique,when reasonable temperature excursions are
considered.

At least two techniques exist which minimize the input current
problem — usually at the expense of one or more of the other parameters.
Modulation schemes can reduce the input current. The Philbrick P2 ampli-
fier, . having less than 0. 1 nA input current, represents a good example of
this technique. However, in this case both bandwidth and noise considerations
are sacrificed. Field-effect transistors4' - (FET) could also be used, with

a reduction of input current by one or more orders of magnitude. The FET




probably offers the ultimate solution to this problem. At the present,
however, commercial FET models are not available. The difficulty of
matching the relevant FET parameters usually results in poorer dc voltage
stability than can be obtained with high quality conventional transistors.

This report contains the results of an investigation of the problem of
compensating the input current of standard transistorized operational
amplifiers over a moderate temperature range. Several practical circuits
are presented which compensate the input current so that the maximum
remaining error current is less than 104 of its original value. In addition,
one technique, which has been employed has consistently resulted in 1%

compensation.




CHAPTER II
EXAMPLES OF THE EFFECT OF INPUT CURRENT

In order to understand the importance of input current compensation,
three typical problems will be given. In each case it will be assumed that
the input current of the operational amplifier is 10 nA, a typical value for

good commercial models.

A, INVERTING AMPLIFIER

Figure 1 shows a common use for an operational amplifier, namely,
a fixed-gain, inverting amplifier. As shown in the figure, the input voltage,
El , and the currents I1 " I2 and Al give rise to a node voltage e - This
in turn is multiplied by the gain of the amplifier, —K , to give the output

voltage, EZ' The following equations must hold.

I2 = (e -— EZ)/RZ
e = —EZ/K (2.1a, b, c, d)
Solving these equations for E, yields
—(E, — aAI_R))
E, = i = (2.2)
R, . R, 1
R, RK K

For the usual case of K >>1 we get




o]

2
E2 ~ — —1 (E1 — AIB Rl) (2.3)

The output error voltage due to AIB may be expressed as

AEZ = AIB RZ (2.4)

As a practical example assume,

K = 10

R1 = 1059

R, = 10°Q

B -8
AIB = 10 A
_ -8 -6

From Eq. (2.4), AEZ = 10 x 10 = 10 mV.
B. INTEGRATOR

Figure 2 shows the connection for an integrator. The output voltage
will be a function of both the signal current and the input current as indicated

below:

_ IJ‘
¢ - 7T (i, — aly)dt (2.5)

It is immediately apparent that any input current will result in an
error in the output voltage. Assuming a relatively constant signal current
and, that is > > AIB , the percent error will be directly related to the
ratio AIB/is. Thus if the signal current is 1 pA and the input current is
10 nA as before, an output voltage error of approximately 1% would be
expected.

The input current may represent a more serious error when the

integrator is used in a signal detection process. Under the ''no signal"'




condition, the input current alone will charge the capacitor. If the time
interval is long enough, the resulting current may drive the output voltage

to full value. An example will illustrate this fact.

Let
_ -8
AIB =10 A
At = 1 sec
C = .001 pf
then
1 -8
_ 1. _ 10 -
e = ¢ g AIB dt= —— = 10 volts. (2.6)
0 1077
(& SAMPLE AND HOLD CIRCUIT

Figure 3a shows a portion of a typical sample and hold circuit. Here
the amplifier is used in the voltage follower mode. The capacitor C has
been charged to a voltage V through the analog gate which is assumed to
have zero open-circuit leakage. When the gate is open circuited, it is
desired to hold the charge on the capacitor for an interval of time, At.

During this time,the voltage will decrease (or increase, depending on the
current direction) by an amount, A V,due to the finite input current, AIB, as
shown in Fig. 3b. If it is assumed that A V represents no more than 104
of V, a linear discharge (or charge) rate may be used as a good approxi-
mation to the actual exponential rate. Under these conditions the following

relation holds:
Al At

AW = 2 o (2. 7)
c

A practical example will now be given.




Let Al = 10784

At = 10'2’sec

C =0.01pf
-8 -2 -
then AV = &x_l()_ =10 & volts = 10 mV,
10-8

One way of decreasing this error voltage due to the input current is
to use a larger capacitor. Thus if C is increased to 0.1 pf, the error would
be decreased to 1 mV. This however requires that the charging current
through the analog gate be increased by ten times or that the charging time
be increased by a factor of ten. If neither of these parameters can be
altered, then the only recourse is to reduce the input current AIB. Thus in
order to reduce the offset voltage error to 1 mV it is necessary that the
input current not exceed 1 nA over the temperature range of interest. This
is a most stringent requirement since this may represent as little as 2% of

the original uncompensated base current.




CHAPTER III
DESCRIPTION OF TRANSISTOR BASE CURRENT

A, TRANSISTOR ACTION

The V-I characteristics of a transistor are governed by the
distribution of minority carriers in the three physically distinct regions.
Under ordinary low-injection conditions, the emitter-base and collector-
base junctions contain a narrow space-charge region across which the entire
VEB and VCB drops may be assumed to occur. The charge motion in the
remainder of the regions may thus be described by the field-free diffusion
equation, whose solutions depend only upon the minority carrier
concentrations at the edges of the space-charge regions. The voltages VEB
and VCB cause both the emitter and collector currents to behave as the sum
of two terms, the first of which is identical to the ideal diode equation with
saturation current IES (Ics) and the second of which represents a coupling
effect whereby the emitter (collector) current depends upon the diode action
of the collector (emitter) junction. This behavior is well described by the
Ebers-Moll large signal model6 (Fig. 4). The consequent equations,
specialized to the case of active operation (forward biased emitter and

reverse biased collector), are given below:

Ipg CquEB/kT - 1) + apl

Ig = r'cs
(3: 1 ayb)
-, (qVEB/kT = .
The resulting input base current is given by
. 3.2
Ig = I ¢ IS) ( )

A% kT
= —(1 = gp) (e EB[kT _ ) Ips +(1 — ag)lcg




The temperature dependence of IB at constant IC is obscured by
the fact that both the leakage currents (IES s ICS) and the alphas are
functions of temperature. The dependence of the leakage current is fairly
well understood, and although there are about six physical components of it
which exhibit temperature dependence, the principle contributor is the square
of the intrinsic carrier concentration, which can be shown to be proportional
to

kT

3 e-Eg

T
where E _is the hole-electron ionization energy.

Unfortunately, there is little theoretical understanding of the gain
versus temperature characteristic of transistors. Obviously the forward
alpha, ap affects IB(T) greatly, since its value is so close to unity in
high gain transistors. At high temperatures the (1 — ozR) ICS term may
also become significant. This leakage component is in the opposite sense to

the beta component of the base current as Eq. 3.2 indicates.

B. TYPICAL BASE CURRENT DATA

The data presented in Fig. 5 show the average base current versus
temperature curve at several collector current levels for the 2N2920. The
linearity of the curves suggest that the percentage temperature coefficient

1
TC = 1_1 % 1 (3.3)
B T =&

is very nearly constant with temperature, and decreases slightly with
increasing collector current. Data on the leakage current is also included
to show its effect at high temperature.

The uniformity of the base current curves over two orders of
magnitude change in collector current, indicates that the percentage
accuracy of input current compensation should be unaffected by factors such

as amplifier gain and frequency response, which tend to influence the




selection of collector current levels. Applications which require an upper
limit to the input current also place an upper bound on the collector current.
Figure 6 shows the same base current on a linear scale for
IC = 10pA. The temperature coefficient of IB is about —1 %/OC at this
level. Thus the temperature coefficient of beta,at constant IC' is about
+1%/°C. However, the coefficient for any one transistor may vary
appreciably from this value, a fact which demonstrates the difficulty of the
compensation problem and the need for fairly sohpisticated solution

techniques when the performance criteria are stringent.

C. COLLECTOR-BASE LEAKAGE CURRENT

Even though it is the total base current which is of concern in the

compensating problem, the results of using high leakage transistors are a
reduced uniformity of characteristics and poorer long-term stability. The
reason for this is that the leakage current is a poorly controlled parameter
and hence is more subject to short and long term fluctuations than is beta.

In general, the leakage current should be some fraction of the
specified final error current, at the highest temperature considered. A
rule of thumb for silicon devices is that the leakage current doubles for each
8°C rise in temperature. Thus from 25°C to 60°C the increase in leakage
will be about 20 times.

Many high quality, high beta transistor pairs will have a leakage of
0.1 nA or less at room temperature. This would result in a leakage of 2nA
or less at 60°C, It is thus apparent that for compensation circuits to be
most effective, only transistors with 0.1 nA leakage current at 25°C should
be used.

Traditionally, transistor manufacturers specify a maximum value of
2 to 10 nA at 25°C. However, with modern passivation techniques it would
now appear feasible for manufacturers to specify a maximum of 0.1 nA.
For precise applications, the user should reject those units which do not

meet these stringent specifications.







CHAPTER 1V
TECHNIQUES FOR TEMPERATURE COMPENSA TION
OF BASE CURRENT

A. INTRODUCTION

Figures 5 and 6 show the variation of input base current with
temperature. The temperature coefficient is approximately —14 per degree
centigrade. One can infer from this fact, that for any temperature com-
pensating circuit to be fully effective, the circuit should contain a temp-
erature sensing element having a temperature coefficient not less than 1%
per degree centigrade. In addition, since Fig. 6 indicates a non-linear
relationship, either the sensing element must have an essentially identical
non-linear characteristic, or it must be incorporated into a network such
that its natural characteristic can be modified to conform to the required
curve. It should be noted that incorporating a sensor in such network can
only serve to decrease its effective temperature coefficient. Thus, to be
used in this manner, the sensor should have temperature coefficient larger

than the nominal transistor, base current temperature coefficient of 1%/°C.

B. RESISTIVE (CONSTANT-CURRENT) COMPENSA TION

The simplest technique for compensation is to employ a constant
current source to supply the input current; adjusting it so that the resulting
""error'' current is zero at a single fixed temperature. As an example of
this technique, consider an input transistor having a beta of 200 and operating
at a collector current of 10 pA. Figure 7 shows the compensation arrange-
ment. R is very large so as not to shunt the input impedance of the amplifier.
For any fixed temperature, exact compensation can be made. At temperatures
other than the reference temperature, the uncompensated current will change
at a rate of approximately 3/4 to 14 of the original base current per °C. Let
us assume a 120°C temperature variation, which would not be unreasonable
for a laboratory condition or a controlled field environment. If exact

compensation is made at, let us say, 30°C by appropriately adjusting the

11




compensating current, then at 50°C and at 10°C the uncompensated input
current, AIB, would assume values of approximately -10 nA and +10 nA,
respectively. The 10 nA value agrees reasonably well with many high
quality amplifiers now available. Obviously, by decreasing or increasing
the collector current, the net input current will also be decreased or
increased with corresponding changes in the other characteristics such as
gain, frequency response and input impedance. The 10 nA value represents
20% of the original input current and for many applications may be acceptable.
A lower input current over a larger temperature range would, however,
greatly increase the utility of the amplifier. This goal can be accomplished
by any one of the following techniques, some of which are only slightly more

complex than the simple one given above.

C. CONSTANT TEMPERATURE OVEN

Perhaps the most obvious approach to a wide range compensating
circuit is to simply avoid the problem by enclosing the input transistor in
an oven whose temperature is controlled at a temperature higher than the
maximum expected environmental temperature. Unfortunately, for today's
miniature circuits and low power requirements, this approach is usually
impracticable — at least for most component ovens available today. The size
of these ovens and their power requirements are outrageously incompatible
with the size of an input stage.

For a constant-temperature oven to be practical in this application,
the volume probably should be no larger than 0.0]1 cu. in. and the heater
requirements a fraction of a watt., This amounts to be an order of magnitude
improvement over most small enclosures available today. It would appear
that a completely different approach is required to reach a solution to this
problem.

One such approach is to use the heat dissipated in a reverse biased

collector junction as a heater for the oven.®* The collector current thus

*This idea was suggested by P.R. Drouilhet, Jr., of Lincoln Laboratory.
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determines the total heat dissipated. The temperature sensor may be
either a forward biased diode which has ~2 mv/°C temperature sensitivity
or a silicon resistor which has a temperature coefficient of +0. 7%/0(3. The
dc control amplifier can easily be an integrated circuit occupying a single
""chip''. The heater and temperature sensor described above may be
mounted on a TO-5 header in close proximity to the differential input pair.
Thus, the entire arrangement may be contained in a TO-5 enclosure
(3/8'" dia., 1/4'' high). The dc control amplifier may be contained in a
similar enclosure. It is even possible that the single chip containing the dc
control amplifier could also be included in the ''oven'' enclosure. In either
case, the reduction in size and power requirement has been achieved — the
latter because of the close proximity of the heater to the input stage, and
because of the low thermal mass of the assembly.

Although the exact set-up as described above has not been attempted,
a reasonable approximation to it has been tried and the performance deter-
mined., The approach was to use a dual transistor pair in a TO-5 enclosure.
One transistor of the pair was used for the heater described above; the base-
emitter diode of the other transistor was used as the temperature sensor.
The dc control amplifier was built externally using standard components.
(See Fig. 8.)

Initially, the forward voltage of the base-emitter diode was measured
over a wide temperature range. Using this data, the reference voltage of
the dc control amplifier was set to give the desired temperature. Con-
versely, the temperature of the diode (and the oven assembly) may be
determined by measuring the diode voltage during operation.

Figure 9 shows the actual temperature variation of this '‘oven'' as the
ambient temperature is varied over a range of 0 - 70°C. As can be seen,
the variation is I 2°C over a 55°C range. The virtue of this solution is
quite apparent. In addition, we have the elegance of proportional control
which gives rapid and smooth control of the temperature with no switching

transients to upset sensitive circuitry.
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The power required to operate this oven varied from nearly 1 watt at
0°C ambient to zero power at an ambient temperature of 75°C, which was

the maximum heater operating temperature. (See Fig. 10.) In the usual
transistor assembly, the object is to remove heat from the inside to the
outside. In this application, however, the object is to reduce the heat loss
by an appropriate design. A small insulating cover over the transistor
would reduce the heat loss considerably. With these techniques, it should
be possible to reduce the power requirements to a fraction of that indicated
on the graph.

It is conceivable that all of the circuitry could be realized as a hybrid
multi-chip assembly or a single-chip integrated structure. The isolated
differential pair would be located so as to share the relatively stable tem-
perature environment created by the heater and control circuitry.

The above solution permits the simple resistive compensation circuit
of Fig. 15 to be used. Since the oven temperature is controlled to * 2°¢c
over a 55°C range in ambient temperature, the input current could be com-
pensated and maintained to within approximately ks 2% of the nominal base
current at the controlled temperature. This would result in an input current
of about & 1 na, assuming a controlled temperature of 75°C and a base
current of 50 na at 25°C. Even if other factors increased this input current
by several times it still would be less than that usually specified for standard
operational amplifiers. The improvement for integrated operational ampli-
fiers is potentially greater since compensation usually is not employed.

Because of the high operating temperature, the beta of the transistor
will increase approximately 50% above the room temperature value. The
corresponding decrease in base current relaxes the compensation problem.
This advantage may be partially offset by the increase in leakage current

which contributes to current instability. (See III C.)

D. COMPLEMENTARY COMPENSA TION
A common technique for any temperature compensation is to use an
identical component which has a temperature coefficient of the opposite

sense. The base current of all transistors decreases with temperature.
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For a complementary transistor, the base current decreases in the opposite
sense. This leads to an arrangement which may be used as a compensating
circuit. Figure 11 shows a circuit incorporating this approach. Both
transistors should have similar temperature coefficients of beta in order to
achieve close compensation.

By adjusting R in Fig. 11, the base current of the PNP transistor
may be varied so as to match the base current of the NPN transistor (the
input stage) at one temperature — usually room temperature. The match
between their respective temperature coefficients of beta will then determine
the degree of ''tracking'' which may be attained over a given temperature
range.

To illustrate this technique, an input stage consisting of an NPN
SA 2320, operated at a collector current of 10 pA, was compensated by a
PNP 2N3251, transistor. A number of different SA2320 transistors were
tried. The total range of beta for these units was about 2:1. A representative
family of error currents for five of these transistors is shown in Fig. 12.
The shapes of the curves and the resultant error currents are apparently
related to the variations of the temperature coefficients with temperature.
The data does not seem to be correlated with beta — at least with this
small sample.

This technique illustrates a very simple and economical method for
achieving compensation. The ''error'' current is less than 5 nA or 104 of
the original base current over a temperature range of at least 60°C. Because
of its simplicity, this method would lend itself admirably to integrated
operational amplifiers where an order of magnitude reduction in input

current might be achieved.

E. DIODE COMPENSATION

The forward voltage of a diode decreases as the forward current
decreases and as the temperature increases. These relationships are
shown in Figs. 13 and 14 for an SG22 diode. The voltage temperature
coefficient, de/dT, may range from 1.8 to 3.0 mV/OC depending on the
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bias current, temperature and the particular diode design. At room
temperature, the voltage temperature coefficient for an SG22 diode is a
decreasing function of the forward bias current as shown in Fig. 15.

At room temperature and with If = 1 ma, the percentage temperature
coefficient, (l/Vf) (de/dT), is about 1/35%/°C. As If decreases, both
(1/Vf) and (dV£/dT) become larger as indicated in Figs. 13 and 15. For
If= 1A, the percentage temperature coefficient can become as high as
3/44, Pa, depending on the particular diode. This is large enough to match
dIB /dT of many transistors. The magnitude of the diode current exercises
a control over the temperature coefficient. This fact can prove most useful
in compensation circuits, as will be seen below.

Figure 16 shows a practical circuit using a diode for compensation.
The 15 megohm resistor sets the forward bias of the SG22 diode to approxi-
mately 1 pA. The 1 megohm potentiometer permits adjustment of the com-

pensating current to exactly match I, at one temperature. At other tem-

peratures, there will be approximat:e3 tracking. Figure 17 shows the resulting
error current for five different SA 2320 transistors. From these curves it can
be seen that very good compensation can be achieved with this simple circuit.
It is apparent that this technique becomes less effective if IB is so

great that it becomes an appreciable percentage of the diode current. This

is the principal restriction upon this method. It might also be noted that by
careful adjustment of the diode current, its temperature coefficient could be
made to match that of a particular transistor quite well over a limited tem-

perature range. This could permit an even better compenstion than that

shown above.

. TEMPERATURE SENSITIVE RESISTORS

Temperature sensitive resistors may be employed in temperature
compensating networks. They are available with both negative and positive
temperature coefficients. Figure 18 indicates the generalized circuits which
are used in each case. There are a number of components of each type

available today, a partial list is given below.
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1)

2)

3)

4)

Resistance alloy wire may have a temperature coefficient

ranging from practically zero to about 1/2%/°C. The range of
values is from a few ohms to perhaps a megohm. The principle
disadvantage is the relatively large size, the low temperature
coefficient, and the large thermal time constant. The advantage
is predictability and long term stability.

Silicon resistors’ have a resistance temperature coefficient of

about +0. 7%/°C. The temperature coefficient and resistance
are quite stable. Resistance values range from about 102 to
10 K.

Silicon Carbide, in the single crystal form (carborundum), has

a temperature coefficient of about -2. 4%/°C at 25°C. The
nominal resistance value available at present is 2600 ohms.
Silicon carbide has the advantage of good electrical stability
and inertness to most environmental conditions.

8,9,10,11

Thermistors are usually made from the oxides of

manganese, nickel and cobalt, mixed with a binder which is

then molded into an appropriate form. The most common
thermistors have a negative temperature coefficient which
normally ranges from 3-6%/0C although they can be made as

low as 0.3%/°C. The resistance range is from 100 Q to 10 M Q.
Thermistors with a positive temperature coefficient of about
8%/°C are also available with a resistance range of approximately
10 Q to 100 KQ2. The principle advantages of thermistors are

the wide range of values, large temperature coefficient and the
great variety of physical shapes which are available (e.g.,

beads, rods, discs, probes, etc.).

Giis THERMISTOR COMPENSA TION

The resistor-thermistor circuit shown in Fig. 19 has a voltage transfer

function which can have a temperature coefficient ranging from nearly zero

up to the temperature coefficient for the thermistor, depending upon the
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1)

2)

3)

relative values of the resistors. Due to the great flexibility of this circuit
and because its temperature dependent transfer functions can be readily
controlled by the use of precision resistors, it was decided to investigate
this circuit in detail and to determine the limit of effective compensation
possible with it. The remaining chapters of this report will deal with the

analysis and application of this circuit to various compensation requirements.

H. ADDITIONAL CONSIDERA TIONS

Self Heating of Sensor. In all of the temperature sensitive

elements described above, self-heating is a factor which must
be taken into account. In general, the current which operates
the TC device should not raise its temperature by more than
1°C above the ambient temperature and preferably much less
for accurate compensation. Manufacturers normally list the
power ratings of these devices so that the temperature rise
may be calculated quite accurately. Self-heating may also
become more important at the extremes of the temperature
range where the sensing element has extreme values. Such
conditions should be investigated for critical circuits. Thermal
contact with other circuit elements will alter the self -heating
effects. This subject is discussed further in VII-A-2.

Increasing the Effective Temperature Coefficient. The

effective temperature coefficient of resistance of the above
devices may be increased by means of a ladder-cascade as
shown in Fig. 20. A three stage ladder is shown. By properly
choosing the values of Rl’ RZ' and R3 the temperature co-
efficient may be tailored to the value necessary to match that

of IB of the transistor under consideration. The more ''stages''
which are used, the higher will be the effective temperature
coefficient. .

Thermal Contact. It is apparent that good thermal contact

between the sensing element and the transistor is desirable.
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4)

Ideally the sensing element should be included within the tran-
sistor can, but fairly good contact can be made by using epoxy
cement to attach the sensing element to the outside of the can
or to the bottom side of the header. For less critical circuits
it can be mounted in the near vicinity of the transistor. For
completely integrated circuits the thermal contact problem can
probably be neglected.

Voltage Follower Problem. When the amplifier is used in the

voltage follower (unity gain) configuration (see Fig. 21), the
input terminal is no longer a voltage node but will vary directly
with the input signal. This use imposes particular constraints
on the compensating circuits. It is apparent that first of all the
input stage should have an active current source (common-base
configuration) in the emitter circuit. This is so that the input
current will not vary appreciably with the signal voltage. In
addition, the compensating circuit itself must be referenced

to the signal voltage. Since the output voltage is a replica of
the input, the compensating circuit may be connected to it for
reference, thus making the input current correction nearly
independent of the signal level. A later section (XII-D) will

treat the practical aspects of the voltage follower problem.

SUMMARY OF TECHNIQUES

Four distinct methods for temperature compensation of transistor

base current have been given, 1) the TO-5 oven with resistive (constant-
current) compensation, 2) complementary compensation, 3) diode compen-

sation and 4) resistor-thermistor compensation.

The first three techniques are distinguished by having only one degree

of freedom and hence the base current may be cancelled at only one temper-

Above and below this temperature, the error current is very much a

function of the characteristics of the particular transistor and compensating

element used.
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The TO-5 oven technique,which maintains a more or less constant,
elevated temperature avoids the problem and very good results can be gotten .
with it. However the more complex circuitry required can probably only be

justified if additional benefits are gained, such as stability of the V match .

of a differential pair. For this case, an improvement of ten times ]?rf:voltage
stability over a wide temperature range could be obtained. This technique
could alsoc be used for TC zener diodes, matched diodes, etc., to obtain
unusually good voltage stability.

The complementary and diode compensation techniques are particu-
larly valuable because of the simplicity and economy in components and size,
thus making them useful for integrated circuits.

The resistor-thermistor compensation has three degrees of freedom,
realized by adjustment of Rl’ R2 and R3 {or RF). Figure 16. The base
current may thus be cancelled at three different temperatures. If a circuit
is matched to the exact measured values of a particular transistor (individual-
compensation), precise compensation may be obtained at these three tem-
peratures. If the base current is a smooth, monotonic function of tempera-
ture, as is normally the case, good compensation may be expected for in-
between temperatures,

If a single circuit is designed for the average transistor characteristics
(average-compensation), the compensation will obviously be poorer because of
the variability of transistor characteristics. However, because of the three
separate design temperatures, a reasonably flat compensation can be expected
over this range of temperatures. As a result, the performance is more pre-
dictable than that for the single-temperature compensation techniques. These
results are equivalent to those obtained in any approximation problem, where =
the goodness-of-fit improves with the degrees of freedom available,

Because of the flexibility of the three-temperature compensation cir- g
cuit, this problem is treated in detail in the remainder of the report.
Chapter V provides the analytical basis for the design, while Chapter VII
gives the results of a number of practical designs,which gives convincing

proof of the validity of this design technique.
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CHAPTER V
ANALYSIS OF RESISTOR-THERMISTOR COMPENSATION

A, TEMPERATURE TRACKING

The particular configuration of the circuit in Fig. 19 has been chosen
because its temperature tracking characteristic may be directly determined.
It is apparent that for all ''reasonable' component values, the potentiometer,
R3 , may be set so that the base current is exactly matched at one temperature,
To' If, in addition, the resistors R1 and R2 are appropriately chosen, the
compensating current can be made to match the input current at two
additional temperatures. The diode in Fig. 19 approximates an ideal voltage
source which drives the compensating circuit. As the temperature increases,
the net effect of the thermistor is to decrease the voltage across R3 and
hence the compensating current through Rf. This temperature behavior
approximates that of the transistor base current over a temperature range
which may be specified in the design.

At temperature extremes (relative to To), the thermistor approaches
either zero or infinite resistance, causing the voltage applied to R3 to
become essentially constant. This results in over compensation at high
temperatures, and under compensation at low temperatures. The slope of
the compensation at these extremes approaches that of the resistive
compensation (see IV-B), but in the vicinity of To , the curve closely tracks
that of the base current. This effect is shown in Fig. 22. The remainder
of this chapter treats the problem of choosing component values to achieve

this type of compensation for a given temperature range.

B. CIRCUIT COMPONENTS
In the previous chapter several possible choices for a temperature
.sensor have been suggested. The thermistar is selected because of its

large temperature coefficient and the degree of manufacturing quality control.

24




The thermistor resistance vs. absolute temperature behavior is

given by

2
1 1 2 -BAT/T

B — - = -B(T - To)/T" = R, e
RTzRTeBTo T)ERToeB( /T, T, E

o
(5. 1)

The temperature coefficient of resistance is

d
Yy = L "t 8 -,
-Rp 3T g2 ° G
o

A typical va.lue9 of B , expressed in °K, is about 4000. For operation near
room temperature (To o~ 3000K), a value of .045 (4. S%/OC) is typical

for a. Figure 23 shows a typical resistance vs. temperature curve for a
10K thermistor. References 8, 9, 10, 11 discuss some of the electrical
properties of thermistors.

In the circuit of Fig. 19, the silicon diode is included not out of
necessity but because it provides a convenient voltage source to drive the
network. The temperature coefficient of the diode voltage is easily derived
from the ideal diode equation.

qu/kT B

I =1 1) (5. 3)

sl
and is

- e = o — el B, (5. 4)

The second term usually predominates, giving a temperature coefficient of
about —.3 to —.4%/°C for a silicon planar diode. At a current of 1 mA, ’
the diode voltage decreases about 2.0 mV/OC. This temperature dependence
can be absorbed into the model and need not significantly affect the

performance,
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The dynamic impedance of the diode is given by

z,1) = 1:1,11’1 - 215(;’&")') ohms at T = 300°K (5. 5)
The diode current and the impedance level of the compensating circuit

should be chosen so that the circuit represents a sufficiently small load on
the diode. If this is not possible, the dynamic impedance of the diode,

which acts as the series impedance of the voltage generator, must be taken
into account by a second-order correction. Since this impedance is in series
with Rl , it is necessary to correct for this fact by subtracting Z ., from

d

1"
the calculated value of Rl giving R1 = Rl - Zd as the actual resistance used.

C. CIRCUIT ANALYSIS

A detailed study of the analytical model in Fig. 24 is given below,
By neglecting both source and load impedances, we effectively assume a
cascade of stages isolated by a proper selection of impedance levels in the
analysis. Justification for this is provided in Chapter VII.

Consider the voltage transfer function of the network, which is

- - V(T) - 1
(T) = = (5. 6)
V4(T) R, R,

1+——<1+—
Rj R, + R

In order to force the input and compensating currents to be equal at
the three temperatures T, T0 and Tu , the following equations must
hold:

Vf(Tﬂ) ) Vd(TZ) H(Tz)

TRy R¢
o VAT, V(T ) H(T)
V(T ) V (T ) H(T )
i = AR . £ u u 8 T b, i
o R¢ R¢
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The subscripts {,

o and u indicate lower, middle and upper temperatures,
respectively in the above equations.

Equations (5. 7a, b, c) may be written in the simplified form

H(TE) = lH(TO)

H(Tu) = uH(TO) (5. 8a, b)
by defining
I, V.(T)
_ __2 d' o
L = I V_(TY > 1 (5.9a,b)
o} d‘ ¢
I VA(T)
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