Ll o i
! o - PES G1W |
Long @ JGN T LES M LU
| SRS it LY Sy
=2 IV ELS
| B % S T -
i T VL I
{12! A 1
s e |
i 4 » tNEL, [. |
> 1 § INEENIE |
6. R, TOBE Exald |
i i IEIEI kA
| M | 1
3 0 &
Ans RETURN L
LB=1069

DESIEN CONSIDERATIONS

FOR DIRECT=COUPLEL

TRANSISTOR AMPLIFIERS

RADIO CORPORATION OF AMERICA

INDUSTRY SERVICE LABORATORY



LB-1069

I OF 14 PAGES

APRIL 18, 1957

RADIO CORPORATION OF AMERICA
RCA LABORATORIES

INDUSTRY SERVICE LABORATORY

LB-1069

DESIGN CONSIDERATIONS FOR

DIRECT—COUPLED TRANSISTOR AMPLIFIERS

This report is the property of the Radio Corporation of America
and is loaned for confidential use with the understanding that it will not
be published in any manner, in whole or in part. The statements and
data included herein are based upon information and measurements
which we believe accurate and reliable. No responsibility is assumed for
the application or interpretation of such statements or data or for any
infringement of patent or other rights of third parties which may result
from the use of circuits, systems and processes described or referred to
herein or in any previous reports or bulletins or in any written or oral

discussions supp]cmenta ry thereto.

Approved

27y







Design Considerations For Direct-Coupled Transistor Amplifiers

mance with respect to signal-to-drift ratio.

It is shown that:

the optimum source resistance.

the signal-to-drift ratio.

An outstanding source of difficulty in d-c amplifier design is drift. With drift as with noise
the use of degenerative feedback does not improve the ratio of the signal to the undesired disturb-
ance. By analogy to an approach used with the noise problem the procedure to be described is to
seek a relationship between the driving source and the amplifier which will yield optimum perfor-

1. The maximum obtainable signal-to-drift ratio of an amplifier is achieved by choosing
2. The signal-to-drift capability of a transistor and the optimum source resistance nearly

the same for the three configurations; common emitter, common collector and common base.
3. Negative feedback can change the optimum source resistance and generally degrades

4. Improved signal-to-drift ratio can be obtained at reduced emitter currents.

Introduction

Probably the outstanding source of difficulty in d-c
amplifier design is drift. With transistors the changes
caused by temperature variation are particularly trouble-
some in this respect!. On this account much effort has
been expended to realize transistor circuits which a-
chieve a stable operating point over a wide range of
temperature. In many cases the use of d-c feedback ac-
complishes this result very successfully and may appear
to offer a remedy for drift in the d-c amplifier. However,
while degenerative feedback does indeed reduce drift,
the result is deceptive. The desired signal is also re-
duced.

This aspect of the problem of drift is much like that
of noise in a-c amplifiers. In both cases the signal and
the undesired disturbance are inseparable and feedback
does not distinguish the two. By analogy to the approach
used with the noise problem?®* the procedure described
here is to seek a relationship between the driving source
and the amplifier which will lead to optimum performance
with respect to signal-to-drift ratio.

That such an approach might prove rewarding can be
inferred by considering the chief sources of drift in the
transistor. These are the changes in saturation current
and d-c input conductance due to temperature variation.
If the change of saturation current, Ico, were the only
source of drift it would be desirable to drive a d-c tran-
sistor amplifier from a constant-voltage source. Increas-
ing saturation current would then have no effect at the
input and drift would be minimized. If, on the other hand,
only changes in the input conductance were associated

with drift it would be desirable to drive the amplifier from
a constant-current source.

These ideas are now set forth in detail. Proceeding
from fundamental definitions the concepts of optimum
source resistance and obtainable signal-to-drift ratio for
a direct-coupled amplifier are developed. These princi-
ples are then applied to certain aspects of the problem
of drift of transistors operated over an extended tempera-
ture range.

Available Signal Power®

The signal source of Fig. 1has an internal resistance,
Rs, and supplies an electromotive force of eg volts. It
delivers e2R,/(R, + Rg)* watts to a load resistance of Rg

SIGNAL LOAD
SOURGE RESISTANCE
R
s R,
€s

egRl
Output power = (R|+Rs)2
e2
s
Available power =
4R

Fig. 1 — Available signal power.
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ohms. This power is maximum and equal to e2/4Rg when
the load resistance is matched to the source resistance;
i.e., when R} = Rg. The quantity e}/4Rg is called the
available signal power of the source, since it represents
the maximum power the source is capable of delivering.

This available signal power is to be regarded as a
defined quantity which provides another useful means of
specifying the source. As such the available signal
power is characteristic of the source alone independent
of the external circuit. This is the case even though
available signal power is defined by reference to a

matched load.

Gain®®

The amplifier of Fig. 2 delivers output signal to a
load resistance, R]. A signal generator of source resis-
tance, Rg, drives the amplifier. The power gain of the
amplifier is the ratio of the signal power delivered to
the load to the signal power supplied to the input ter-
minals; e.g., Gp = Poy/Pin. As such, power gain is a
property of the amplifier and the load alone in that it
can be specified apart from the source. However, to deter-
mine either the power output of the amplifier or the power
input to the amplifier, it is necessary to specify in addi-
tion both the source parameters, eg and Rg, and the input
resistance of the amplifier, R;. The formula for the power
input to the amplifier is

es R;
Pin =
(Rg + Ri)2
iin
o———> o o—
R
§ T R,
e eln eo
DN o {
o o Fout | €2 /R
P Pin €in lin
G POU' _ eg /Rl
;= =
P 2

Fig. 2 — Amplifier gain.

The expression for the power output, then, is

es R;
Pout = GpPin = Gp

(Rs + Rz)

The gain of the circuit of Fig. 2 called transducer
gain is defined as the ratio of the power delivered to the
load, ej/Rj, to the power available from the signal
source, e3/4Rg; that is, GT = Pyyy/P gy It is significant
that this available power is not, generally, the power
being delivered to the input terminals of the amplifier.
Instead this definition of gain can be regarded as the
ratio of the power actually obtained using the amplifier
to the power which could be obtained from the source
alone. Such a ratio is meaningful to the designer as a
measure of what the use of the amplifier accomplishes.

Transducer gain, GT, is a property of the amplifier
and the source and as such must be specified for a given
source. The relationships involved are

Pout e; R;
Gp = Pin =
Pin (Rs + R})?
Pout esz
GT = Pgy =
Pay 4R
from which
Pin 4Rs R;
GT = Gp = Gp
Pgy (Rs + R})?

Thus, if transducer gain is specified, only the available
source power is needed to determine the power output.
This permits a comparison of amplifiers driven by the
same source.

The utility of the definition of transducer gain is
illustrated by the following example. In Fig. 3 amplifier
A has an input resistance of one megohm. The power
gain (not the transducer gain) of this amplifier is 10°
or 50 db. Amplifier A is driven by a source with internal
resistance of one kilohm. If the open-circuit source
voltage is one volt the power delivered to the input
terminals of the amplifier is calculated to be:

es i 1000 % 10°

Pin=| ——— | Rl =
Rp + Rs

=~ 10-° watt
(1001 x 10%)?



Design Considerations For Direct-Coupled Transistor Amplifiers

—o o
AMPLIFIER 3R,
A 3
ﬁ
P
Gp = out = 10%
Pin
P
out
Gr = Py 400
—o o
Rg = IK <
s Rp = IKQ AMPLB|F|ER E: R,
g = |V 3
P
Gp = out - '04
Pin
Pout 4
Gt = —— = |0
Pay

Fig. 3 — Comparison of amplifiers.

The power output is then 1/10 watt.

Amplifier B, on the other hand, has an input resistance
of one kilohm. The power gain, Gp, of this amplifier is
10* or 40 db. If amplifier B is driven by the same source
as amplifier A, the power delivered to the input terminals
is:

— es 2 1000

Pin =| —— | R
P, + Rs

= 2.5 % 10-* watt
(2000)?

I

The resulting power output is 2.5 watts. Thus, for the
specified source the signal power delivered by Amplifier
B exceeds that of A even though its power gain is lower.

Specifying available source power as input power
takes into account the relationship between the amplifier
and the driving source. Defined in this waythe transducer
gain of amplifier A driven by the given source is 400, or
26 db; the transducer gain of amplifier B driven by the
given source is 10% or 40 db. Thus the definition of
transducer gain provides a basis for comparison of ampli-
fiers driven by the same source.

The transducer gain of the amplifier of Fig. 2 depends
upon the load resistance and upon the source resistance.
If power gain is the sole consideration it is desirable to

match the source resistance to the input of the amplifier.
This is the condition required to utilize fully the availa-
ble power of which the source is capable. For this
matched condition the power input, defined as available
power from the source, is actually driving the amplifier
and power gain and transducer gain are the same.

Likewise for constant input the amplifier delivers
maximum power to a matched load resistance. The ratio
of this power available to the load to power available
from the generator is called available gain. If both the
source and the load are matched to the amplifier the
maximum available gain is obtained. Under these condi-
tions of matched input and matched output power gain,
transducer gain, available gain and maximum available
gain are identical.

A given signal source of eg volts with an internal
resistance, Rgcan be matched to the input of an amplifier
by means of an ideal transformer of turns ratio n. The
combination is equivalent to a signal source of neg volts
with an internal resistance, n’Rg, where n is the turns
ratio of the transformer. The available power of the
source is unchanged by the transformer, and is delivered
to the amplifier by setting the equivalent resistance
n’Rg, equal to the input resistance of the amplifier. This
is also the condition for obtaining at the input terminals
of the amplifier the maximum current and the maximum
voltage from the given source. Thus, whether drive for
the amplifier is considered to be current, voltage or
power the condition for optimum drive from the given
source is the same.

Drift

For a direct-coupled amplifier both gain and the pro-
blem of drift are important considerations. Drift appears
as an error which is not distinguishable from the desired
signal in the output of the direct-coupled amplifier. The
drift magnitude alone does not adequately specify the
significance of drift in an amplifier. A given drift magni-
tude in a high-gain amplifier may represent less relative
error than a much lower value where the gain is low. The
signal-to-drift ratio is used to express the-relative error
represented by drift.

In order to specify the significance of drift as a rela-
tive error it is convenient to refer the drift to the input
of the amplifier. For the amplifier and signal source of
Fig. 2 this is accomplished by determining that input
power (available power from the source) which is suffi-
cient to correct the drift. This gives the error due to
drift in terms of equivalent input power and independently
of the amplifier gain.

Now by definition § = G S, where § is the signal in
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the output, S, is input signal power from the source and
G is the gain of the amplifier.

Likewise, D =
drift in the output and Dg,, is the equivalent input power

sufficient to correct for drift. It is thus possible to ex-
press the ratio of signal to drift in terms of values at

G Dgy where D is the magnitude of

the input of the amplifier, independent of the gain since:

This value of the equivalent input power sufficient to
correct for drift is an important performance characteristic
of a direct-coupled amplifier with its driving source. This
value alone is a criterion of the performance obtained.
It can be used as a basis for comparison amongamplifiers.
It follows, therefore, that a prime objective of direct-
coupled amplifier design is to minimize the available
power from the source needed to correct for drift.

Optimum Source Resistance And Obtainable Signal-To-
Drift Ratio

The problem of drift in direct-coupled amplifiers has
been attacked in a number of ways. The methods range
from chopper techniques used with complex high gain
amplifiers” to carefully designed compensation schemes
for transistors operated over an extended temperature
range.®® In each case it may be possible to realize
improved performance up to a maximum obtainable signal-
to-drift ratio for a given amplifier. It is possible to de-
fine this capability in terms of measurable values and to
prescribe preciselythe conditions for achieving the limit.
The relationships involved are developed below.

Matching, which has been discussed in connection
with available power and maximum available gain, is the
design procedure for achieving maximum power transfer.
The idea of matching for best noise figure is also a well
established concept.® It turns out that the same sort of
approach yields a useful result for the signal-to-drift
ratio of a direct-coupled amplifier. For a given amplifier
there is an optimum source resistance for which the
equivalent input power sufficient to correct for drift is a
minimum. With this optimum source resistance the ob-
tainable signal-to-drift ratio for the amplifier is achieved.

An expression for the optimum source resistance can
be developed from Fig. 4. Fig. 4a represents a driftless
condition of the amplifier and source. Fig. 4b represents
a condition of the amplifier wherein the source contri-
butes input drive to correct the drift.

O-

R T DIRECT- T

s e, COUPLED €6 R,
AMPLIFIER |

es l |

DRIFTLESS AMPLIFIER AND SOURCE

|2——>- SSE— .
O
Rs T DIRECT- T
eq  © | COUPLED & R,
AMPLIFIER
es

AMPLIFIER WITH THE SOURCE
PROVIDING DRIFT GCORRECTION

Fig. 4 — Drift referred to the input of an amplifier.

From Fig. 4:
es = i, Rg + e, and ej + es = i, Rs + e,
where:
Rs = source resistance
es = source signal voltage
eq = drift correction voltage
i, e, = input current and voltage for the driftless

condition of the amplifier

i,, e, = input current and voltage with drift in the
output corrected.
then:
ed = (i, = i) Rs + (e, = e,)

Now it is desired to select a value of source resistance,
Rso» which yields a minimum for the available power,
Dgy = (ed)*/4Rs, sufficient to correct for drift. It follows
that:

(i, = i)' Rs* + 2(i, =i,) Rs(e, = ¢,) + (e, = e,)}

Dgy
4R

and that the minimum is obtained for
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dD gy (i, = i,)?

(e, —e)?

ORs 4 4R¢?

This gives for the optimum source resistance, Rgo, simply

where (e, - e,) and (i,

change of voltage and current at the input terminals of

- 1,), respectively, represent that

the amplifier which corrects for drift. The corresponding
value of the equivalent input power to correct for drift is:

Dgy = (ez - e) (iz - 4)

These simple relations specify both the obtainable signal-
to-drift ratio of a given amplifier and the condition for
achieving the result.

Considerations In The Design Of Direct-Coupled
Transistor Amplifiers

General Design Considerations

These considerations have been applied to the pro-
blem of the drift of transistor direct-coupled amplifiers
due to temperature change. The measurements are de-
scribed in the next section of this bulletin. The results
are summarized below and then treated in detail indivi-
dually. These are:

1. The optimum source resistance and the obtain-
able signal-to-drift ratio as measured by the power
needed to correct for drift are closely the same for
the three configurations; common emitter, common
base and common collector.

2. Feedback does not improve the signal-to-drift
ratio but generally increases somewhat the available
power sufficient to correct the drift. Feedback may
increase or decrease the optimum source resistance.

3. Silicon transistors of otherwise comparable per-
formance capabilities, as contrasted to germanium,
can be expected to provide 10 db or more improve-
ment of obtainable signal-to-drift ratio for the same
temperature range at elevated temperatures. The
optimum source resistance for silicon transistors is
an order of magnitude greater than for germanium
transistors operated comparably.

4. The obtainable signal-to-drift ratio can be im-
proved by operating at lower emitter currents. The
results realized atl, = 0.1 ma as contrasted to those

at Jo = 1.0 ma represent 3 to 5 db improvement.

5. Compensation is useful in improving the signal-
to-drift ratio. If applied at the output the optimum
source resistance is unchanged. By using compensa-
tion at the input it is possible to alter the optimum
source so as to improve the match for obtainable
signal-to-drift ratio.

The Three Configurations

The optimum source resistance and the obtainable
signal-to-drift ratio are closely the same for the three
configurations; common emitter, common base and com-
mon collector. Experimental results obtained for an RCA
2N79 transistor and for an RCA 2N139 transistor are
shown in Fig. 5. In each case values for the available
power sufficient to correct for drift are plotted against
values of the source resistance used. In each case opti-
mum values for the three configurations are nearly the

same.
10 A
80—
~ 7
[ - NC —
/]
4. — b
Z
£ S 47Roa 2N79 v
s 2 N N %/ 1
\

Y \ | 44—
= N @ i Roa 2ni139
® 10 BN 7
é 0.8 S z
o 0.6 - ‘{
4 e zCommon Emiffer
3 04 1
3 L = Average Of 7 ==Y =Common Base |||
° Calculated Optimums 4= Common Collector
g 0.2
.E . I
2 oy

0/ 02 0406 810 2 4 6810 20 40 60 100 200 400 1000

Source Resistance in Kilohms

Fig. 5 — Available power to correct for drift due to temperature change
plotted as a function of source resistance for the three configurations;
common emitter, common base, common collector. The temperature range

is 30°C to 50° C.
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That this result is the valid one is demonstrated by
Fig. 6. Comparison of the common base and common
emitter configurations shows that the same output ter-
minal is involved and that the input terminals are simply
reversed. If the output currents are held constant and
identical for the two cases and if the device remains
unchanged for measurements at a given temperature then
the changes at the input terminals must be the same.

Af io= CONSTANT
—_— e Ry o
o o- —o0
=4
Ae
IPN]
O -0

COMMON EMITTER CONNEGTION

Ai' io= CONSTANT
O <O -0
1 2
Ae'
—
(o, l -0

COMMON COLLECTOR CONNECTION

Ai io= CONSTANT
— O P —

1 ai

COMMON BASE CONNECGCTION

A€} - INPUT CHANGES TO CORRECT
FOR DRIFT

Ae

Rso = A
Doy = Ae- Al

Fig. 6 — The optimum source resistance
and obtainable signal-to-drift ratio are
closely the same for the three connections.

Slightly less current and voltage changes are required
to hold emitter current constant, so the obtainable signal-
to-drift ratio is slightly greater for the common collector
connection.

Feedback

Negative feedback does not improve the signal-to-
drift ratio for uncompensated transistors but rather in-
creases somewhat the available power sufficient to
correct for drift. Results obtained using emitter feedback
are shown with those for the common emitter connection
in Fig. 7 for an RCA 2N79 transistor. Both the optimum
source resistance and the power to correct for drift have

increased.

Results obtained using collector feedback are shown
with those for the common emitter connection in Fig. 8
for an RCA 2N139 transistor. In this case the power to
correct for drift has increased but the optimum source
resistance has decreased.

That these are results to be expected can be seen
from Fig.9.In the case of emitter feedback the correction
current flowing in the feedback resistor results in a volt-
age drop which appears in the input loop. This increases
the input power required and the optimum source re-
sistance. In a like manner for collector feedback the in-
put correction voltage results in a current flow in the
feedback resistor which drains additional current and
power from the source. In this case the optimum source
resistance decreases.

This increase of power to correct for drift is a gen-
eral result of feedback. Fig. 10 is a basic circuit of
four fundamental methods of feedback applied simul-
taneously. In Fig. 10 the resistor R, provides current
feedback proportional to the output voltage; R, provides
current feedback proportional to the output current; R,
provides voltage feedback proportional to the output
current; and R, provides voltage feedback proportional
to the output voltage. In each case the added elements

100 A T T—T—T T m
S Al _— A
60 N o %
N\ Rg
§ 40 < ) E ER,=5K 4
3 2 s N * 7
B N N //1/
£ h 2%
o N N\ %
S 10 Ai /M|
.. —~ o
g 7 Rs ]
5 ~ Ae -
o /
» — Eg ‘ L
L K~ o by
3 e 5
= e _4¢. 44
g
.04 .06.08 .1 .2 4 6 810 2 4 6 810 20 40 60 100 200 400 1000

Source Resistance in Kilohms

Fig. 7 — Available power to correct for drift due to temperature change plotted as
a function of source resistance for the common emitter connection with and with-
out emitter feedback. The temperature range is 30° C to 50° C. The transistor is an

RCA 2N79.
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Fig. 8 — Available power to correct for drift due to temperature change
plotted as a function of source resistance for the common emitter con-
nection with and without collector feedback. The temperature range is

30°C to 50° C.
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b SHae
¥ | ai P 7
S | ' i
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| 1
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NWWY (e, MWWV MWW\ —0
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—_— ——
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FIER WITH FEEDBACK
Fig. 10 - Basic circuit of four fundamental methods of
Rs feedback applied simultaneously.
Ae
ferent temperature ranges are plotted in Figs. 11 and 12,
€s respectively. The power to correct for drift increases
rapidly as the temperature range is extended. The opti-
—0 mum source resistance decreases slightly. The results
COLLECTOR FEEDBACK for the silicon transistor represent considerable im-
. ) provement over that obtainable with germanium.
Fig. 9 — Feedback increases the power to correct for drift

reducing the signal-to-drift ratio.

between the input terminals have the effect of increasing
the input power required to correct for drift.

Silicon and Germanium with Extended Temperature Ranges

Results obtained with a germanium transistor (RCA
2N109) and with a silicon transistor (TI 904-A) for dif-

In Fig. 13, also, the uncorrected collector current is
plotted against the source resistance used. The magni-
tude of drift current decreases with increasing source
resistance as previously reported'. The drift current
magnitude is not a minimum for the optimum source re-
sistance in this case. It is the available power needed
to correct for drift that reaches a minimum for the opti-
mum source resistance and this achieves the maximum
obtainable signal-to-drift ratio. This is not a contradic-
tion. Even though the drift magnitude is minimized by
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Fig. 11 — Available power to correct for drift due to temperature change plotted
as a function of source resistance for a germanium transistor (RCA 2N109). The
temperature ranges are 30° C to 50°C, 30° C to 60°C, 30°C to 70°C.
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260—39%¢
240F 360
lo—ee
\ 220f .3 _
ot o 1L
Y g 200[ 300 —

8 &0 S 180f £ .27 B L
@ o %_5 | COLLECTOR CURRENT § g /—/
2 7t 570 T c 180F 3 .2 —
g = ~d. - = [l
RS o 8 140} 210 -
S6fc SRN H H X AT 4 = MINIMUM AVAILABLE SOURCE POWER
= | = N | £ 120} 3 .180f9
25t 3 - g 0ol S \_| &
08 NL I & 100} g 150 AV

N
$4ro iy T S 80 3 .120 ]
5 2 ~| 3 @ v, Y
O 3l 3 0 60f ¢ .090G7 ..
-1 ®=

5 (: AVAILABLE SOURGE POWER I3 w0 —g - P~ OPTIMUM SOURCE RESISTANCE
Seols I = — —
82rs E g —
= |2 \ | £ 20} Z .030) =
3 S A L 5 <

12 \‘ 5

I~~~ | o 02 04 06 08 1.0 1.2 1.4 1.6 1.8
o " T
10 20 40 60 100 200 400 1000 2000 10,000 100,000 Emitter Gurrent in Milliamperes

Source Resistance in Ohms Fig. 14 — The optimum source resistance and the minimum

Fig. 13 — Available power to correct for drift due to tempera-
ture change and collector current plotted as a function of
source resistance. The transistor is an RCA 2N109. The
temperature range is 300 C to 50° C.

available power to correct drift plotted as a function of
emitter current for a silicon transistor (T| 904-A). Collector-
emitter voltage is 6 volts. The temperature range is 30°C to

700 C.
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using a very large source resistance, at the same time
the mismatch between the source and the amplifier be-
comes so great that the available power sufficient to
correct for drift is greatly increased. The drift repre-
sents the least error in terms of available power from
the source when the optimum source resistance is used.

Operating Point

The obtainable signal-to-drift ratio can be improved
by operating at lower emitter currents. Fig. 14 is a plot
of optimum source resistance and drift correction power
at different emitter currents for a silicon transistor
(TI-904-A). The drift correction power decreases with
lowered emitter currents while the optimum source resis-
tance increases. Here the limit of usefulness is set by
the decrease of transistor gain at low emitter currents

Compensation

Compensation is useful for improving the signal-to-
drift ratio of transistor direct-coupled amplifiers. Com-
pensation can be used at the input of an amplifier so as
to improve the signal-to-drift ratio and also to alter the
optimum source resistance. This is important because it
admits the possibility of designing the amplifier to
match a fixed source. A simple scheme is to supply
compensation current at the input of the amplifier by
means of a reversed biased diode which is chosen to
follow the temperature-produced changes of the tran-
sistor as closely as possible. Results obtained for an
RCA 2N109 with and without such diode compensation
are plotted in Fig. 15. The optimum source resistance
has been increased and the obtainable signal-to-drift
ratio improved.

It is possible, by supplying an excess of reverse
current at the base of the transistor, to overcompensate
so that the direction of drift due to temperature change
becomes reversed. This yields the interesting result
that drifc in the output is eliminated if the optimum
source resistance is used with the amplifier. In Fig. 16
collector current is plotted against source resistance
for such a case. The drift component of the collector
current passes through zero and reverses at the optimum
value of the source resistance.

o

/

o

7

ECTOR CURRENT

Collector Current in Milliamperes

[ OPTIMUM
— SOURCE
RESISTANCE

_o
o

20 4060 100 200 400 1000

Source Resistance in Ohms

10,000 100,000

Fig. 16 — Collector current at 50°C plotted as a function of
source resistance for a germanium transistor with excess
reverse current compensation at the input. The drift com-
ponent of collector current is eliminated at the optimum
source resistance.

The means by which this eliminates drift is illus-
trated by Fig. 17. The reverse saturation current from the
diode flows to the device and to the source. If the source
resistance is so chosen that the resulting voltage drop
is that required for compensation, drift is eliminated.
Sucharesultis péssible if the voltage and current change
needed for compensation are opposite in sign.

Certain practical limits exist for this case. The
optimum source resistance for an amplifier will be sub-
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Fig. 15 — Available power to correct for drift due to temperature change

plotted as a function source resistance for a germanium transistor (RCA
2N 109) with and without compensation at the input.
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ject to some spread of tolerance limits; a like situation
exists for the source resistance so that an exact match
is improbable. Also the optimum source resistance
changes somewhat with the temperature increment in-
volved. Such factors combine to insure that drift will

not be completely eliminated.

oi# iog = CONSTANT
Ai Ai o
o- )
RSO
Ae — Ae
€4=0 I
4 o
Fig. 17 - Compensation reverses drift correction current.
Application

The correct application of these principles to the
design of a direct-coupled amplifier requires careful
appraisal of design objectives. For example, the dis-
tinction between drift magnitude and signal-to-drift ratio
is an important one. Minimum drift does not necessarily
imply best signal-to-drift ratio. Negative feedback re-
duces drift but also decreases the signal-to-drift ratio.
A common collector stage drifts much less than common
emitter but the signal-to-drift capabilities are nearly
equal. Performance requirements with respect to drift,
gain, and signal to drift are therefore separate factors
to take into account.

The signal-to-drift ratio of an amplifier is improved
by reducing available source power which will correct
drift. With a particular amplifier this value is a minimum
for the optimum source resistance. However, in many
cases the source resistance is fixed and not equal to the
optimum source resistance of the amplifier. This means
only that if the source resistance could be altered with-
out losing available power, then the obtainable signal-
to-drift ratio for that amplifier could be achieved.

No increase of signal-to-drift ratio is realized by
attempting to improve the match with added resistance
between the signal source and the input of an amplifier.
If such added resistance is regarded as part of the
signal source the resulting available signal power is
lower. If the added resistance is regarded as part of the
amplifier it absorbs power from the source, reducing the
power delivered as effective drive to the amplifier. In
any case, that amplifier which provides the best signal-
to-drift ratio requires the least available power from the
given source to correct drift.

There are widespread applications of direct-coupled
amplifiers for which the source resistance can be altered

without loss of available source power. An example is
the use of a direct-coupled amplifier in the AFC loop of
a controlled oscillator as shown in Fig. 18. In this appli-
cation the direct-coupled amplifier is used to drive a
frequency control element which varies the frequency of
the Variable Frequency Oscillator. The d-c source for
this amplifier is a phase discriminator which provides
an output if there is a frequency shift of the VFO. The
output of the phase discriminator represents a compar-
ison between the VFO and the crystal-controlled os-
cillator, which provides a signal for automatic frequency
control.

In this application, drift of the d-c amplifier results
in an associated drift of the VFO. Consequently, the
frequency stability of the VFO depends upon the signal-
to-drift ratio of the amplifier. In such a case the obtain-
able signal-to-drift ratio of the amplifier can be achieved
if the source resistance represented by the phase dis-
criminator is set equal to the optimum source resistance
of the amplifiers.

VARIABLE r—— GRYSTAL
FREQUENGY BISCRINNATOR CONTROLLED
OSCILLATOR OSCILLATOR

\ Y
REACTANCE | | DIRECT
ELEMENT AMPLIFIER
Fig. 18 — Direct-coupled amplifier for automatic frequency
control.

Measurement Of Available Power To Correct For Drift

The circuit of Fig. 19 was used to determine the
available source power to correct for drift due to temper-
ature change. In this circuit Eg; is a standard voltage
source; E, is a variable voltage source. The important
metered quantities are E, the voltage difference between
the sources, Ip, the base current and I, the collector
current. The procedure is to set the variable voltage
equal to the standard at the initial temperature and then
to adjust R, and R, for the desired source resistance and
operating point. Then the variable voltage source, E,,
is used to correct for drift due to the temperature change
of interest; i.e., the collector current is maintained con-
stant. The available source power required to do this
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Fig. 19 — Measurement of available source power to correct
for drift.

Values of this available power obtained over a range of
source resistance show a minimum for the optimum source
resistance.

It is possible to determine the optimum source resis-
tance directly from one such measurement since Rgy =

Ae/Ai.

The current change at the input, Ai, is the difference
between base currents at the initial and final tempera-
tures for constant collector current. The corresponding
voltage change at the input, Ae, can be determined since
the equivalent source voltage and resistance are known.
The relationship in terms of measured quantities is:

(Inf = Tbi)
R, + R,

where I; and Ipf are the initial and final base current
readings respectively. This permits a check of each
determination and fixes the optimum value more precisely
than would be possible with plotted curve alone.

. & Lo,
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Fig. 20 — Measurement of small currents to correct for drift.

If the input current changes are very small some
difficulty is encountered with this procedure of direct
measurement. Very small currents can be introduced
readily by the method shown in Fig. 20. The operating
point and source resistance are established as before
by manipulating R, and R,. Small input current changes
are introduced by means of the large resistor R, and
voltage source Ej4. For example, if Ry is 10 megohms
and Ej is one volt an input current of 1/10 pa is ob-
tained. Two measurements are required to fix the values
of current and voltage change at the input of the trans-
istor. Thus:

Ae

(i1 - AI) R31

Ae = (lz - Al) RSZ

where 7, and 7, are the small current increments introduced
and Rg, and Rg, are the different equivalent source resis-
tances chosen for the determination. Then:

Rsy i, = Rs, 1,
Ai =
Rsy — RS:
Rs, Rs, (il )
Ae =

RSz - RS1
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