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- TEMPERATURE COR.2ENSATED CURRENT SOURCE

BACKGROUND OF THE INVENTION
“I'his invention relates generally to current sources, and par-
ticuliarly to o current source which may be made either sub-

santially temperdure independent of hm.arly dependent
upen tempecature variations,

For many purpases current sources are needed where the -

output current substantially does not vary with temperature
over a wide temperature range. For example, in order to have’

_a precision analog circuit such cusrent sources may be needed

as the energy sources of the amplifiers. Also amplifier drift
may be gompensated by utilizing a current source having a
hnown hacar dependency on temperature.

It 1s accordingly an object of the present invention to pro-
vide “a current<sounree, the output current of which varies
lincarly with venations of teimperature.. R

Another object of the ifivention is to provide a cureent
somee of the character discussed which may be made substun-

tiaily independent of temperisture variations over a wide tem--

perature range by the simple addition of a resistor.
A turther abject of the preseat invention is to provide a tem-
perature stable current source consisting of cesistors and

T T T WeahKistons 50 °Giat it may’ rwdnly be manufactured in the form

-

e

ofa menohithic integrated circuit.

SUMMARY OF THE INVENTION

fn accordance with the present sfivention there s provided a
current source Tor providing an output current which is ap-
proximately indépendent of temperature variations. Thus the

“ -

* output current may be made cither independent of or linearly

dependent upaon temperature changes. Such a'current source
is idcally suited 10 compensate the inherent temperature drift
of adirectcoupled differential-input amplifier..

‘The current source comprises two transistors which are in-
terconnected in such a manner as to provide a feedback loop.

« To this end the base of the first transistor is connected directly
* 10 the collector.of the sccond transistor, while the emitter of

the finst transistor 8 connected directly to the base of the
second transistor. A first resistor is connected between one

“teeminal of a source of regutated voltage and the collector of

_ the second transistor as well as the base of the first transistor.
Finally, a secand resistor is provided hetween the junction
point of the emitter of the first transistor and the base of the

| B . 1573504
" | R | A
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FIG: 3
accondance with the puesent invention for delivering an output
cuttent which o sulntantially mdependent of lempeature

variations and which may also be used wnh the amphﬁcr of

FIG.1.. . .-

s 4

- DESCRIPTION OF THE IfﬁEFERRED EMBODIMENT

. Referring now th the dsawing. thére is illustrated in FIG. 1 a -
differential-input amplificr. This amplificr is claimed in the .

copending, application of the present inventor, entitled *'-
Direct-Coupled Differential-Input AmpliﬁLr

« rently herewith and ‘assigned to the assignee of the present in”

20

25

vention. The Current sources of FIGS. 2 and 3 which embody
the present invention.may be used with the smiplifier of FIG. 1,

is a circuit dx.sgmm of a modificd current source in

filed concur- .

although this amplificr may use other prc\um\ly Known car-

Tent souices.
The differential amphifier of FIG. § has & pair of input ter-

minals 10 and 11 from which the differential-mode input _ -

signal is available. As explained before, the differential-musde
signal is the desired signal between terminals 10 and 11 and

" preferably is an input voltage. The undesired common-mode

component is that component which is cotmon to the two
input ternunals 10.and 11, Typically the common-maode com-

ponent may be an the order-of velts; while -the-desired dif. - -

© ferential-mode signal pury be as low as microvolts,

30

35

The input.signal is impressed on a pair of input transistors
12 and 14 which, as shown may be of the NPN type. In. any
case they should both be of the sume conductivity type. The
input signals are impressed on the two bases of the input

transistors ‘12 and 14, and accordingly the input terminals 10

and 1} are respectively connecteo to the two bases. - -

“The output signal is obtained {rom the two collectors of the

two input-transistors 12 and 14 and is directly impressed on
the two input terminals of an amplifier 15 which may he called
the differential-mode amplhificr. The differential-mode ampli-
fier 15 has a single-ended output terminal 17 on which the am-

_ plified differential-mode signal is obtained.

40

A feedback comnection 18 is provided hetween the catpun
terminal 17 of the differential-mode amiplificr 18 and ground
and includes a resistive feedback network 20 consisting of ro-

" sistors 21,.22, 23 and 24 connected in series with cach ather
" and between the amplificr output terminal 17 and ground. The

45

second transistor on the one hand, and the other terminal of -

the voltage source on the other hand. Further, the emitter of

the second transistor is also connceted to the other terminal of .

. the voltage source.
Accordingly an output current is avaxlablc from the collec-

" tor of the first transistor which'is substantially linearly depen-

‘dent .on’ temperature. This is true as Jong as the reciprocal
value of the beta of each transistor is substantially negligible
compared to 1.

In order to make the nu(put current subsummlly mdcpcn—
dent of temperature variations, all that is necessary is to con-
nect a third resistor between the emitter of the second
transistor und the other terminal of the voltage regulator.

The novel features that are considered characteristic of this
invention are set forth with panicularity in the appended
claims. The invention itsclf, however, both as to its organiza-
tion and method of operation, as well as additional objects and
advantages thereof, will best be understood from the following
description when read in connection with the accompanying
drawings, in which;

BRIEF DESCRIPTION OF THE DRAWING

50

.55
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FIG. 1 is a circuit diagram, partly in block form, of a dif- .

ferential-input amplifier whick may Ulllllc the current sources
of the present invention;

FIG. 215 a circuit diagram of a current source embodying
the present invention for delivering an output current which is
hnmrly dependent on temperature variations and which may.
be used with the amplitier of FIG. 1; and

70

75

feedback conmnection is completed to the emitters of the two
input transistors. 12 and 14. This emitter feedback connection
is important for the operation of the amplificr of the invention.
Accordingly, the junction point between resistors 21 and 22 is
connected to the emitter of transistor 12. Similarly, the junc-
tion point between resistors 23 and 24 is connected to the
emitter of transistor 14. . }

- Further in accordance with.the present invention, there is
provided a high:gain cammon-mode feedback loop including
a stahilizing amphifier 26. The amplifier 26 has onc input ter-
minal 27 connected to a point of reference potential shown as
Eg. This may be any suitable siable voltage including ground.
The other input terminal 28 of the stabilizing amplifier 26 is
connected to an output terminal 30 of the differential-mode am-
plifier 15. From this output terminal 30 there is available the
common-mode signal.. This may be considered proportional to
the average collector currents of the input transistors 12 and 14.
The stabilizing amplifier 26 accordingly develops an output cur-
rent at its output terminal 31 having a magnitude which de-
pends on the difference of the voltages at its input terminals 27
and 28. In other words, it develops an output current which va-
ries with variations of the common-mode signal.

In urder to complete the common-made fecdback loop, the
output terminal 31 of the stabilizing amplifier 26 is connected
to the junction between resistors 22 and 23. Thus the emitter
currents of the input transistors 12 and 14 are held constant
under conditions of changing currents in the resistive feed-
back network 20. A positive voltage source 33 may be con-
nected to the amplifier oulpu! terminal 31 by a resistor 34 as
shown,
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As stated above, it isthe function of the statubizmg unplitec
26 to develop an outpat cerent of a magnitide and ditection*
to compensate tog vintatieny of the conumm mode soltage”
conponent at the gt teomnads 10 and 1L Stated another

S K. 2 0.1 & H

47 Seendaddy e o€ the cuttend flowurg w dead 467 Faither-
more, v is the inpat voltage atinpot terminal 10, while «B is

the atler input voltage wt alie tesmaal 18 Fanlly, B, is the . -

combued resistinee of sesistors 22 and 28, and Ky s tie coin-

way, the common mode teedback foogs inclading the stabilize. 5 bined sesstance of tesistors 21 and 24 The iofhowang formula

ing amphlicr 26 controly the operating buw tevels for the ©

transistors 12 and 14 so thid the overall, gain of the &if-

ferentutd-mode amphificr remains constant in spite of vana-

tions of the common-made input voltage component.

The amplitics circoit as deseabed so far has o differentnl
input and a single-cnded output and aflfords a high rejection of
the common-nuxde compoenent, The common-made rejection
may be at deast s Bage as 100 db. (dectbels). On the other
hand, the amplificr circuit as deseribed so far does not com-
peasate for possible temperature diilt nen for inherent voltage
wtfset. Thus the amplifier is operative if itis mamtained at a
comtant tempetatuie and f the inhicient soltage offset can be

T amamnnzed for any, patteular apphication. Howevea o the ani-

bicat temperature varies over a wide range, say, from —40°C,
teentiptade s o 4100 C | some provision mast be made o
prevent natput signalvariations with temperatuse variations,
In accordance with the present invention, this is effected by
the provision of a drift control circuit 48 and an offset controf

is thus obtamedtor v, :

-

Au.::‘('A—?In)'l':+(élA'fl'l") Sﬁ';:,‘Lh‘) 4- (1)

) Formula (1) shows that v, naty be made temperature inde-
pendent by @ proper adjustment of the currents J, and Jg,
because both cunents contaan separately a temperatie inde-
peadent and. a lincarly temgerature dependent component,
Thus by adpastment of thereliative currents obtained fram the
diift contral cirenits 40 and 42 compared to the currentsob-
tamned Hon the offset contral ciresits 41 and $3,the outpant
valtage v, uny e acule teasperataie andependent. §he volts

3 ARe ¥, may also be niade 2eto for a zew input signal, that is,

when v e vl i s the Tunetion of the oftset contgal.

Refernng now to FIGL 2, there s Wustzated a fransistor or.

cuit which may be considered as a current source delivering
“an output current which is a lincar function of the tempera-

circuit 41 for supplying current to the emitter of transistor 14, 95 ture. Accordingly thé'circuit of FIG. 2 may be uscd to obtain

and a similar dnft conteol cireuit 42 and offset control circuit

43 for supplyving operating current to the input transistor 12,

The two drift control cireuits- 40 and 42 are designed to
develop an outpat cursent which varies lincarly with tempera-
ture, varitions. Hence they compensate for temperature
drifts. Or the other hand, the offset control circaits 41 and 43

. contsol carrent offset and deliver an output current which is
- substantially tndepeindent of tempeniture vanations.

Qs explain the functions of the il contsd circuits J0.32
and of the offset control circuits 41,43, vie may consider a plot
of the voltage as a function of temperature variations. It is the
function of the dnft control ciseuits 1o control the slope of the’

- voltage-versus-temperature curve. On the other hand, the off-

sct cantrel circuit controls the absolute value of the valtage. ln
other words, this makes'it possible to have a zero ontput volt-
age for a 7ero input voltage, provided the slope of the curve
has been made 0° by proper control of the drift contral cir-
cuits. ‘

The contro) circuits 40 through 43-may each have an input

“connccted fo a voltage regulator 45 for supplying thereto a

regulated input voltage. As shown, the other terminal of the

voltage regulator 45 -and-of the controf circuits 40 to-43 may

be grounded. The drift and offset control circuits 40 and 41
have an ovtput fead 46 connected to the emitter of transistor

- 14, Simifarly, the drift and offsct control circuits 42 and 43

have an output lcad 47 connccted to the: emitter of input
transistor 12 )
It has been found that by adjusting the relitive companents

the drift Controf shown at 40.and 42 in FIG. 1. The circuit of

FIG. 2 inchudes a pair of iransistors S0 and ST which may be of -

the NPN typi as shown. In any case they should both be of the
“same conductivity type. :

The two transistors 56 and §1 are connected directly to
cach other to form a feedback loop. Accordingly the collectar
of transistor $1is connected directly to the base of transistor
L4, Somilarly. the emitter of transistor $0 is direetly connccted

- lavthe hune of tiausintor 8§ -

As mentioned befure, the transistors are preferably supplicd
with a segulated voltage from the voltage regulator 35, Thus
the positive terminad of the voltage segulator may be cons
nected by a resistor S2 to the base of transistor 50 and the col-
tector of transistor 51. The negative terminal of the voltage

40 reputator 45 is directly connected to the emitier of transistor

S1. The emitter of transistor 50 and the hase of transistor 53
are connected through 4 resistor 53 to the emitter of transistor

51 and to the negative terminad -of the voltage regulator,

Fimally, the autput current is obtainablc from the output ter
minal 4 connccted to the collector af teansistor 50.
© With the voltages of:-the voltage repulator and the conduc-

* tivity types of the two transistors as shown, current flows into -

the collcctor of transistor 50, as shown by the arrow 55, There
is further a closed current leop which may be traced from the

7 collector of transistar 5§ to the base of transistor 80, as shown

“hy arrow 56, and thea through the emitter of transistor 50 and
the base of transistor 51, as shown by the arrow 57.
1t will be realized that the alpha of a junction trunistor

of the cirrents delivered by the drift and offsct control circuits 55 generally varies nonlincarly with tempesature. The alpha of a

40 and 41, or 42 and 42, the amiplificr can be so adjusted that
the differential-mode signal obtained at output terminat 17 &
rendered substantially independent of temperature variations.
Also the differential-mode signal at output terminal 17 may be
made zero for a zero input signal. Actually it has been found

-that the temperature drift for a temperature range between

-40° C. and +100° C. may be maintained to be-less than 0.05
uv/° C. (uv indicating microvolts).

It will also be appreciated that current sources such as the
drift control circuits: 40 and 42 which dcliver an output cur-
rent lincarly dependent on temperature variations are well

“known. Similarly, offset control circuits such as 41 and 43

which deliver an output current substantially independent of
temperature variations are atso well kaown, However, it has
been found that the circuits Hhestrated in FIGS. 2 and 3 are
particutarly suitable for this purpose. )
The fallowing formula shows why the output voltage of the
aplificr of FIG. | ean be nunde independent of tempenture.
I the following formula v, is the output voltage obtained at
cutput ierminal $17. £, indicates the current flowing in the lead

transistor is defined as the variation of the collector current
with variations of the emitter current, the voltage betweea col-
lector and emitter being maintained constant, Similarly, the
beta of a transistor is defined as the variation of the emitter

60 current with variations of thc base current, the voltage

between collector and base being maintained constant.

For further discussion it will be assumed that the two
transistors $0 and 51 are closcly matched with respect to their
alphas and betas. In other words, we have to assume that the

6§ collcctor currents of the two transistors, as well as the betas of

the two transistors, are appsoximately cqual. In that case their

base currents will also be equal. Accordingly, if the collector

Current of transistor S1is approximately constant with tem-

perature, the change of the voltage drop between base and
70 cmitter of transistor ST will be extremely lincar with tempera-
Y p

ture. Accordingly, the current through resistor $3 cquals the
omput current which is shown by the arrow §8. The reason is

that cqual cnrrents flow as shown by the arrows 56 and §7.

Therefore the output current is also a very hocar function of

75 temperature.
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" Since equal curtents flow in the ditections shown by azrows
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56 and 87, 1t wall be apparent at the outpat cinrent also

fows through resistor §3. Therefore the magnitude of the out-
past curtent may be controlled by varying ihie resistanee of the

" resistor 53 as shown! This i the manner in which the drift con-

trol circuits 40 and 42 may be adjusted.

The ciremt of FIG. 2 may be mathematically analyzed and:

the following formula may be ohtained:

R ‘| :
La) ) ﬂ.k“‘____l
l+ +ﬂ1ﬂ:

In llu ahove formula, 1 is the output current, that is, the cur-
rent flowing through the vutput.terminal 54. R is the re-

2)

*input voltipe should ln l.lrgu than the voltage drops between N

15

© sistanee of resistor 83 g, is the beta oftransistor 8t s the |
betaof transistor 80, R, is the resistance of resistor 82, Eisthe |

output voltage developed by valtage regulator 48, 8, is the
baserenutter voltage of tanastor Sk, .md ¥, 18 the base-
emutier voltage of transitor §0.

Assunung that Hg, may be neglectedwaith eéspect to I. and,

that 1/, may be neglected with respect to l formula (2) may_

be snmphﬁcd as follows:

3)

‘This condition may be cxprcsscd: another way, namely, if 8,

and B, is cach larger than 100, the reciprocal of beta certainly
can be neglected withrespectto 1. -
Formula (3) shows that /, the output c.urunt is a lincar
function of temperature because Vyisa lincar fi uncnon of tem-
perature, as are the hetas of the transistors,
Accordingly the circuit of FIG. 2 will deliver anoutpit cur-

- rent which is a lincar function of temperature under the condi-
-tions referred to-above. The circuit may be used for the drift

control circuits 40 and 42. Also the magnitude of the output

- current-may be adjusted by adjusting the resistanoe of resistor

By a simple madification the circuit of FIG. 2 nay he made
to deliver an output current which is substantially independent

-of temperature. This is illustrated m ¥IG. 3. The circuit of

FIG. 3 is idcntical to that of FIG. 2 except that a resistor 60 is
comnected between the emitter of transistor 54 and the ncga-
tive terminal of the voltage regulator 45.

In the circuit of FIG. 3 thercisa 100 pcn:enl fcedback loop

- between the two transistors 50 and 51. Accordingly the volt-

age across resistor 3 is stabilized with temperature if the ratio

" of the resistance of resistor 60 te that of resistor 52 is equal to
* the alpha of transistor. 51 which is in the ncighborhood of one.
« It should also be assumed that the voltage gain of the network
- consisting of transistor 81, resistor 82 and resistor 60 is unity.

it has already been explained that the output currens flow

sistor 53. Thercfore it will be apparent that the output current
is constant with temperature and is inversely proportional to
the resistance of resistor 83, In other words, the magnitude of
the output current may again be adjusted by an adustment of

- the resistance of resistor 830 As pointed out before, this af-
" fords a simple manner in which the output current of the offset

control circuits 41 and 43 may be adjusted.
* The temiperature independence of the output current of the
voltage source of FIG. 3 may also be shown mathematically as

25

30

3

40

45

50

55
through output terminal 54 is equal to the current through re-

.60

65

fullows. Assuming that the resistances of resistors 52 and 60

are equal, the output current 1 is determined by the fullowmg :

70

formula:

[l+ (l+ )]l‘+(l+ )(‘l—Va) _
I=='!~X [35(1+11c)(V\+V2)]
-k

()0 )
(4)

15

6

This fosmula (4) may agaiit he simplified provided the
prevamsssumplion s Gue that the seciprocals of the hetas of -
the two transistors may be neglected compared to 1 or, put in
other words, that the betas of the two transistars should be no
feas thin HK). l'unhcrmun. w«. wsume that the inpu( voltage
E is greater than 2V, or 2¥,. The reason for that is that the

the base and emitiers of the two traisistors connected in
cascade  Practically,

be simiplificd as follows: -

’—iﬁ

{5)
Formuta (51 shows that the output current is indeed inde-
pendent of temperature because both £, the input voltage, and
R, the resistanee of resistor 83, are assumed (o be tempersture
independent
Tt will be understoond that the crant specifications of the
voltige souree of FIG. 2 may vary acconding to the design for
any particular appheation, -However, the followmp cucmt
specifications have been found to be suitable for use with a

dircct- cnuplcd dlffcrcnllal mpul .xmpllﬁcr of the lypc shown in . ’

FIG.1:- -~ B
Resistor 52 130.000 ohms -
Resistor 53 - 12,000 ohms
Transistor 50 Type 2N91I8
and - C
Transistor 51 “Type 2N9 18

" With the circuit specifications given above, the current

“source of FIG. 2 develops an-output current which is a lincar -~

function of teraperature and which, when plotted, deviates
less than 0.1 percent from a sitaight line over a temperature
range between—40° C. and+100°C.

For the crrent source of FIG. 3, the sume transistor Types
may be used and the following resistance values been lound to

be suitable for application as a drift contral circoit of the type -

shownin FIG. 1:
Resistor 2 47,000 ohms
Resistor 60 47,000 ohms
Resistor 53 38,000 ohms

With the ahove circnit specifications, the cunent source of
FIG. 3 is substuntially independent of temperature within a

range of —40° C. to +100° C. and is stable \mhm 10t 100

partsper millionf° C.
As pointed out before, the circuits of FIGS. 2 and 3 are par-

“ticularly suitable for use in the form of a monolithic integrated'

circuil. In that casce the characteristics of transistors 50 and 51
will be very closely matched. It is also feasible to obtain at

least a small adustment of the resistor §3. Thus assuming that

the resistonsare cermet resistors which sy consist, for exam-
ple, of chromium with silicon monoexide having a thickness on

" the order of 300 A. (Angstrom units), the resistance may be

adjusted after the circuit has been made, for example, by hext-
ing the cermet material of a particular resistor such as §3.
. There has thus been disclosed a current source which con-

“sists only of transistors of one conductivity type and resistors.

Accordingly the current source is idcally suited for manufac-
ture in the form of a monolithic integrated circuit. The current
source may be made to deliver an output current which is very

lincar with varations of temperature over a wide temperature |

range. By the mere addition of a resistor, the current source
may be made to be substantially independent of temperature
within 10 to 100 parts per million/* C. Furthermore, the mag-
nitude of the autput current may be controlled by adjustment
of one of the resistors of the circuit.

Iclim:

1. A current source for providing an output current which is
lineurly dependent upon temperaturc variations, said source
compnsmg:

a st s g second trmsistor, said transistors being of the
same conductivity type and having substantially cqual
alphas and betas;

the input voltage F should e preater -
than 1O of 101y With these .mumphmls tormula (-&) thay -

e me - emen
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h mu' fivst trnnsistor having its base connected ducclly to
the collector of sand second transistor; -

& said first transistor having its emitter conncctod dn’eclly
to the base of said second transistor;

d. a source of regulated voltage; 5

c. a first resistor connected between one of the terminals of
said voltage soufce and the collector of s;ud second
transistor;

f. a second resistor connected hetween the junction point of
the emitter of said first transistor and the base of said 10
sceond transistor, and the other terminal of said voltage
source, the emitter of said second transistor being cou-
_pled to said other terminal of said voltage source; and

g means isolated from said source and connected to the col-’

. lector of<said first transistor for deriving an output cur- 15

rent, siid output current being substantially a linear func-

" tion of temperature provided the reciprocal value of the,
beta of each of said transistors is sutmanh.ﬂly neghgtbl:
compared toone.

2. A current source as defined in claim 1 wherein the mag- 20
nitude of said oufput current is controllable by controlling the:
_resstance of siid sedond resistor. . en s
- 3. A-current source for providing an output, current whichi is
substantially independent of temperature  vanations. said 25
SOUICE COMPHSING: e
a2 firstand a second transistor, said transistors being of the

. 48
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same conductivity type nnd havmg suhs(anlmlly cqual
alphus and betas;

b. said first transistor having its base connected dmect!y to
the collector of sid second transistor;

c. said first transistor having its cmitter connected d:rcclly N
to the basc of said sccond transistor; _

d. a source of regulated voltage,

€. a first resistor connected between onc of the terminals of
said voltage source and the collector of said second
transistor; - -

f. a sccond resistor connected between thc Juncuon pom( of
the emitter of said first transistor and the base of said
second transistor, and the ‘other terminal of said voltage
source, the emitter of said second transistor being cou-

- pled 1o said other terminal of said voltage source; .

g- 4 third resistor connected between the emitier of said -
second transistor and the other terminal of said voltage
source;and

h. means isolated from snd source and cunmucd to the
collector of said first transistor {or dersiv m;. an output cur-
rent, said output current being substantially independent
of temperature provided.that the reciprocal value of the
" beta 'of ‘eiach of sdid (ramisisiors i substdatialiy negligible < 7-
compared to one, and that the resistance of said firstand  ~
third resistors are substantially zeso.
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