
O 

United States Patent (19) 11) 3,886,435 
Steckler (45) May 27, 1975 

(54) V, VOLTAGE VOLTAGE SOURCE 3,825,778 7 11974 Ahmed ............................... 323/4 X 
TEMPERATURE COMPENSATION 3,831,040 8/1974 Nanba et al........................ 323f4 X 

NETWORK Pri E Gerald Goldb 
rimary Examiner-Uerald Uoldberg 75) Inventor: Steven Alan Steckler, Clark, N.J. Attorney, Agent, or Firm-Eugene M. Whitacre; Paul 

(73) Assignee: RCA Corporation, New York, N.Y. J. Rasmussen 
Filed: Aug. 

22 Filed ug. 3, 1973 (57) ABSTRACT 
(21) Appl. No.: 385,271 A semiconductor P-N junction voltage source temper 

ature compensating network comprises a resistor cou 
52 U.S. C. .................... 323/4; 3071297; 307/310; pled in parallel with a resistor and a semiconductor 

32319; 32.3/68 P-N junction device in series. The parallel combina 
(51 Int. Cl. .............................................. G05f 1158 tion is coupled across the terminals of a semiconduc 
58) Field of Search.............. 323/4, 9, 19, 22 T, 68, tor P-N junction voltage source. The source voltage 

323f69; 307/270, 297, 310 varies with temperature and current according to the 
diode equations. The voltage across the series coupled 

56) References Cited P-N junction device varies in the same manner, de 
UNITED STATES PATENTS creasing with increasing temperature over a substan 

tial range of operating temperature so that the effec 
3:38 3. Ed - - - - - - - - - - - - - - - - - - - - - - - - - - - *:::: : tive resistance of the series combination decreases in 

3588.62 667 Wii. 323 substantially direct proportion to the source voltage. 
367,855 1/i97 Dobkinet al. 323, Thus if the resistors in the parallel circuit are chosen 
3,619,659 1 1/1971 Meyer et al..................... 3071297 X according to a specific ratio a substantially constant 
3,648, 153 3/1972 Graf........... ... 323/19 X current relatively independent of temperature over a 
3,683,270 8/1972 Mattis..................................... 323f4 broad range of operating temperature can be made to 
3,7 53,079 8/1973 Trilling a is a woo - a x w 323/22 T X flow through the parallel combination. 
3,777,251 l2/1973 Cecil et al............................... 32.3/4 
3,794,86 2/1974 Bernacchi........................... 3071297 19 Claims, 3 Drawing Figures 

  



PATENTED: AY 27 1975 3,886,435 

  



3,886,435 
1 

V VOLTAGE VOLTAGE SOURCE 
TEMPERATURE COMPENSATION NETWORK 

BACKGROUND OF THE INVENTION 
This invention relates to constant current Sources 

and more specifically to temperature independent con 
Stant current SOCS. 

An aspect of some concern relating to the use of tran 
sistor integrated circuits in many applications is the 
temperature dependence of many of the operating pa 
rameters of the transistor device employed such as, for 
example, its collector current. The problem of temper 
ature variation of operating parameters becomes more 
acute when such integrated circuits are subjected to the 
relatively broad temperature variations encountered in 
hostile environments or in uses in which large numbers 
of integrated circuits operate in relatively close proxim 
ity to one another prohibiting effective cooling of some 
of the devices on the integrated circuits. Under such 
circumstances, integrated circuit arrangements which 
provided temperature compensation to insure rela 

tively temperature independent characteristics are of 
great aid to the designer. 

Whe 

SUMMARY OF THE INVENTION 

In accordance with the present invention a current 
regulator which supplies a substantially constant cur 
rent comprises a source of temperature dependent volt 
age, wherein the temperature dependent voltage is pro 
portional to the voltage established across a semicon 
ductor P-N junction structure in the conductive state, 
first resistance means coupled in parallel with the 
source of temperature dependent voltage for drawing 
current equal to the voltage applied thereacross di 
vided by the resistance of the first resistance means, 
and serially coupled P-N junction structure and second 
resistance means coupled in parallel with the source of 
temperature dependent voltage and the first resistance 
means such that the potential across the serially cou 
pled P-N junction structure and second resistance 
means cquals the potential across the source of temper 
ature dependent voltage, the current in the serially cou 
pled P-N junction structure and second resistance 
means thereby having a temperature coefficient which 
is proportional to the negative of the temperature coef 
ficient of current in the first resistance means for sub 
stantially compensating for the temperature coefficient 
of current in the first resistance means over a substan 
tial range of operating temperature. 
The invention may best be understood by reference 

to the following explanation and drawings of which: 
FIG. 1 illustrates a partly block and partly schematic 

circuit diagram of the first embodiment of a tempera 
ture compensated current regulator in accordance with 
the invention: 
FIG. 2 illustrates a schematic diagram of a second 

embodiment of a temperature compensated current 
regulator in accordance with the invention, and 
FIG. 3 illustrates a schematic diagram of a third em 

bodiment of a temperature compensated current regul 
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2 
lator in accordance with the invention. 

In a first embodiment of the invention illustrated in 
FIG. 1, a source of voltage equal to the forward biased 
base-emitter voltage V at of a semiconductor junction 
8 is connected with its positive terminal connected 
through a resistor 29 to point G. The negative terminal 
of War voltage source 8 is connected to point G. A 
diode 26 has its anode connected to the positive termi 
nal of VB Voltage supply 8 and its cathode connected 
to one terminal of a resistor 35. The other terminal of 
resistor 35 is connected to point G. A load circuit 60 
which requires a substantially temperature invariant 
current over a substantial range of operating tempera 
tures is connected serially between a source of supply 
voltage B+ and the junction of the anode of diode 26, . 
the positive terminal of V voltage supply 8 and a ter 
minal of resistor 29. 

In the embodiment of the invention illustrated in 
FIG. 1, Ve supply 8 is characterized by its forward bi 
ased base-emitter junction voltage which decreases 
with increasing temperature according to the relation, 

() -, (...) 
in which Ve is the base-emitter junction voltage drop, 
V is the junction drop at absolute Zero, Veto is the 
junction drop at the reference temperature To, n is a 
constant relating to the construction of the device (typ 
ically 1.5 for a double diffused silicon transistor), kfg 
is a physical constant with a value of approximately 
8.66 x 10 VIC, T is the temperature of the junction, 
I is the collector current at temperature T (in degrees 
Kelvin), I is the collector current at temperature To 
(in degrees Kelvin) and base-emitter voltage Vico and 
ln indicates the natural or Napierian logarithm of the 
succeeding parenthetic expression. The formula, its 
derivation and applications are explained in some de 
tail in, for example, R. J. Widlar," An Exact Expression 
for the Thermal Variation of the Emitter-Base Voltage 
of Bipolar Transistors, Proc. IEEE (Letters), Vol. 55, 
pp. 96-97, January, 1967, and J. S. Brugler, “Silicon 
Transistor Biasing for Linear Collector Current Tem 
perature Dependence," IEEE Journal of Solid State Cir 
cuits (correspondence), Vol. SC-2, No. 2, pp. 57-58, 
June, 1967, and references cited therein. 
As the voltage across VBE supply 8 varies, the current 

supplied to resistor 29 must vary so that the voltage 
across V supply 8 equals the resistance of resistor 29 
multiplied by the current flowing through resistor 29. 
Hence, it can be seen from an examination of the fore 
going expression that the current through resistor 29 
will vary directly with the voltage across Ve supply 8. 

It may also be seen from the foregoing relation that 
the voltage across VBE supply 8 varies inversely with 
the temperature of the base-emitter junction (the latter 
two terms of the equation are relatively small com 
pared to the Wo and Veo terms of the equation as 
shown in the first of the references hereinbefore cited). 
Since the voltage across the anode-cathode junction 

of diode 26 is governed by the same equation as the 
voltage across VBE supply 8, it may be seen that as tem 
perature increases, the anode-cathode junction voltage 
drop of diode 26 and hence the effective resistance of 
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the series combination of diode 26 and resistor 35 de 
creases with increasing temperature. 
For a reasonably broad range of operating tempera 

tures it is desired to make the current flowing through 
load impedance 60 substantially invariant with respect 
to temperature. Therefore, it is desired to make the 
change in the current drawn by the series combination 
of diode 26 and resistor 35 with respect to temperature 
equal the negative of the change in the current flowing 
through resistor 29 with respect to temperature. 
From a consideration of the derivative of the forego 

ing Vie relation with respect to temperature, the fact 
that the voltage across V8 supply 8 approximately 
equals the current through load impedance 60 less the 
current through diode 26, divided by the value of resis 
tor 29, the temperature about which compensation is 
desired, (for purposes of this discussion room tempera 
ture of 25°C or 298 K), the diode equation relating 
the junction voltage drop Vipe of a forward biased semi 
conductor P-N junction to the saturation current Is of 
that junction 

kT 

-in l, 

(wherein all other symbols are as defined in the forego 
ing Vn equation), and the fact that it is desired to 
make the derivative of the current flowing through load 
impedance 60 with respect to temperature equal to 
zero, a relation involving the ratio of resistors 29 and 
35 may be achieved. 
For example, at room temperature the first Vf rela 

tion can be approximated by 0.7 volt for silicon double 
diffused junction devices. The derivative with respect 
to temperature of the base-emitter junction voltage, 
V, is approximately -2 millivolts per Centigrade (or 
Kelvin) degree for silicon junction devices. 

It can be seen from the equation relating Saturation 
current to forward biased base-emitter junction voltage 
that the voltage across resistor 35 may be written as 
(assuming equal saturation currents for V be voltage 

Iss 

supply 8 and diode 26), 

(ii) 
where I is the effective diode current of VBE source 
8. 
The derivative of this expression with respect to tem 

perature is 

SVrs k ( ) 
T li 4. luzs 

Choosing a value for Issflo26 at room temperature of 4 
(the designer may, of course, choose some other value 
for this current ratio at room temperature according to 
particular circuit considerations) makes 8Vras?6T ap 
proximately 1.2 x 10 volts/C. Since the value of re 
sistor 35 divided into the voltage change with respect 
to temperature across resistor 35 must equal the nega 
tive of the value of resistor 29 divided into the voltage 
change across the Vee voltage supply 8, which was de 
termined above to be approximately 2 millivolts per 
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4. 
Centigrade degree, a ratio of the value of resistor 29 to 
the value of resistor 35 of approximately 16.6 results. 
Other circuit considerations, such as the voltage ap 
plied between terminals B+ and G and the desired cur 
rent in load impedance 60 set the maximum and mini 
mum values of the resistors themselves. From these 
considerations, values for the resistors can be chosen 
which yield good results over the selected range of tem 
peratures. 

In a second embodiment of the invention illustrated 
in FIG. 2, direct current operating voltage is supplied 
from a positive voltage source B+ through point C to 
the junction of one terminai of each of three resistors 
10, 11, and 12. 
The other terminal of resistor 10 is connected to the 

collector and base electrodes of a transistor 14. The 
other terminal of resistor 11 is connected to the collec 
tor and base electrodes of a transistor 15. The other 
terminal of resistor 12 is connected to the emitter of a 
transistor 23. The emitters of transistors 14 and 15 are 
both coupled to the base of transistor 23 and to the 
emitter of a transistor 21. It should be noted that the 
described connections of transistors 14 and 5 com 
prise one of many configurations representing a diode 
with its anode analogous to the collector-base connec 
tion of the transistor and its cathode represented by the 
emitter of the transistor. It may be noted that transis 
tors 14 and 15 may be of either conductivity type since 
they will function only as diodes. When they are of the 
other conductivity type, their emitters will be the an 
odes of the diodes and their collector-base terminals 
will be the cathodes. 
The base of transistor 2 is coupled to the collector 

of transistor 23 and this connection represents an input 
terminal, point D, of a current regulator. The collector 
of transistor 21, point A, is an output terminal of the 
current regulator. 

Point D is connected to the collector of a transistor 
24. Point A is connected through a terminal A' to the 
base of transistor 24 and to the collector of a transistor 
22. The emitter of transistor 24 is connected to the 
base of transistor 22 and to one terminal of a current 
monitoring resistor 29. The emitter of transistor 22 and 
the other terminal of resistor 29 are coupled to point 
G. Transistors 22 and 24 and resistor 29 comprise a 
V source which provides drive current to the current 
regulator and a path for its output current through 
point G. 
The collector of a transistor 25 is connected to the 

junction of the base of transistor 22, the emitter of tran 
sistor 24 and resistor 29. The base of transistor 25 is 
also connected to the junction of resistor 29, the emit 
ter of transistor 24 and the base of transistor 22. The 
emitter of transistor 25 is connected through a resistor 
35 to point G. It can be seen that transistor 25 as con 
nected in this configuration performs the same function 
as diode 26 in the embodiment illustrated in FiG. 1. 

Transistor 25 and resistor 35 in this configuration are 
the elements which supply the positive temperature co 
efficient drive current for the current regulator which, 
when added to the negative temperature coefficient 
drive current supplied by the Ve source by virtue of 
the decreasing V of transistor 22 with increasing ten 
perature, yields a substantially temperature indepen 
dent input current to the current regulator. 
A starting transistor 50 is connected with its collector 

at the direct current supply voltage and its emitter at 
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point A'. It is not required to connect the base of tran 
sistor 50 in the circuit since its only function is to pro 
vide collector to emitter leakage current to start the 
circuit. 
After transistor 24 has initially been placed in con 

duction by appropriate current supplied by the collec 
tor to emitter leakage current of starting transistor 50 
(or by leakage currents in the circuit which may be suf 
ficient to induce starting depending upon the transis 
tors used, in which case transistor 50 may be omitted), 
collector current in transistor 24 will vary approxi 
mately as the value of Vice of transistor 22 divided by 
the value of resistor 29. 

In the circuit illustrated in FIG. 2 the elements num 
bered 10, 11, 12, 14, 15, 21, and 23 comprise a varia 
tion of a type of current regulator known as a current 
repeater. A current repeater is a device in which the 
ratio of the input current supplied to an input terminal 
(point D) to the resulting output current supplied to an 
output terminal (point A) is substantially constant, cre 
ating at the output terminal current equal to a constant 
ratio times the current supplied at the input terminal. 
It should be noted that the ratio may be altered simply 
by adding to or subtracting from the number of parallel 
connected diode and resistor series combinations cou 
pled between the direct current operating voltage and 
the base of transistor 23. The ratio may also be changed 
by changing the ratio of the base-emitter areas of the 
one or more transistors which are being used as diodes 
(elements 14 and 15 in this circuit) in relation to the 
base-emitter area of the transistor 23 with whose base 
emitter circuit they are coupled in parallel. 

In the current repeater illustrated, the ratio of cur 
rent flowing from the emitter of transistor 23, the input 
current, to that flowing from the collector of transistor 
21, the output terminal of the current repeater, from 
the direct current voltage supply B-- through resistors 
10 and 11 and diode connected transistors 14 and 15 
is one to two assuming equal base-emitter areas and dif 
fusion profiles of transistors 14, 15, and 23. This results 
from the fact that in the steady state the forward biased 
emitter-base junction of transistor 23 and the forward 
biased diode connected transistors 14 and 15, which 
are virtually identical to transistor 23, and resistors 10, 
l 1, and 12, which are all of equal value, represent sub 
stantially equal impedance paths for the direct current 
voltage supply B+. Resistors 10, 11, and 12 are added 
to decrease the effect of any differences which might 
occur in the fabrication of the devices 14, 15, and 23 
and may be used or eliminated in this embodiment of 
the invention. Substantially equal currents flow in these 
three parallel paths from the supply, the currents flow 
ing in diodes 14 and 15 flowing through the collector 
of transistor 21 and the emitter of transistor 23 supply 
ing substantially all of a current equal in magnitude to 
the contribution of either diode 14 or 15 to the collec 
tor of transistor 23. For purposes of this discussion base 
currents have been ignored since the base currents are 
orders of magnitude smaller than the collector currents 
under discussion. 
Transistors 22 and 24 and resistor 29 in FIG. 2 com 

prise a familiar Vrt voltage source. The operation of 
this circuit is in accordance with well-known principles 
but it is discussed here to aid in understanding the in 
vention. 
Transistor 22 is arranged in a common emitter con 

figuration. When energizing potential B+ is supplied at 
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6 
point C, an equilibrium point is established at which an 
average one War voltage drop is developed across its 
base-emitter junction in the forward diode direction. 
The collector current conducted by transistor 22 by 
virtue of this average drop (which is approximately 0.7 
volt for a silicon device at room temperature of 25° C) 
sets the conductivity of transistor 24 which is supplying 
current to resistor 29 to sustain this Vre drop. 
As voltage across resistor 29 tends to decrease below 

this Vae value as, for example, when the collector volt 
age of transistor 24 decreases, transistor 22 tends to be 
come less conductive, raising the voltage applied to the 
base, point A", of transistor 24, and hence increases the 
conductivity of transistor 24 so that more voltage is 
supplied at the base of transistor 22 to sustain the V 
drop. Should the voltage on the base of transistor 22 
tend to rise substantially above the equilibrium value, 
transistor 22 becomes more conductive, lowering the 
base voltage of transistor 24 and hence its conductivity 
which in turn tends to bring the base voltage of transis 
tor 22 back toward its equilibrium value. 
This action tends to maintain a substantially constant 

current flow through resistor 29 and thus through the 
collector-emitter circuits of both transistors 22 and 24 
even with substantial changes in the supply voltage B+, 
provided temperature remains substantially constant. 
However, variations in temperature have adverse ef 
fects on the performance of the circuit unless compen 
sation is provided. 
As the temperature of transistor 22 varies from some 

arbitrary reference temperature To, its base-emitter 
forward voltage drop changes according to the relation 
for Vee stated previously. 
As the base-emitter voltage of transistor 22 varies, 

the current supplied to resistor 29 must also vary. Since 
all of this current flows in the collector of transistor 24, 
transistor 22 has the effect of varying the collector cur 
rent of transistor 24 inversely with temperature. 

In order to compensate for this effect and to insure 
that constant current is drawn toward ground through 
point D, the input terminal of the current repeater, and 
thus through point A, the output terminal of the cur 
rent repeater, transistor 25 is connected with its base 
to the sensing resistor 29 of the V voltage source. Its 
collector is connected to its base forming a diode con 
figuration as previously explained. The positive and 
negative temperature coefficient currents are summed 
at the emitter of transistor 24. Its emitter current is ap 
proximately equal to its collector current (again the 
base currents of these devices have been assumed 
throughout the analysis to be much smaller than their 
respective collector currents). 

In a similar manner to that outlined in the discussion 
directed toward FIG. 1 then, the change in the collec 
tor current drawn by transistor 25 with respect to tem 
perature can be made to compensate for the change in 
the current flowing through resistor 29 with respect to 
temperature. 
From considerations of the aforestated Vee equa 

tions, the fact that VBE of transistor 22 approximately 
equals the collector current of transistor 24 divided by 
the value of resistor 29, the temperature about which 
compensation is required and the fact that it is desired 
to make the derivative of the current flowing from 
point D or point D' with respect to temperature equal 
to Zero, relations involving the ratio of resistors 29 and 
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35 may again be achieved which determine the ratio as 
previously explained. 
Other circuit considerations again determine the val 

ues for the resistors themselves. From these consider 
ations, values for the resistors can be chosen which 
yield good results over the selected range of tempera 
tures. A system constructed with silicon resistors 29 
and 35, a value of resistor 29 of 4300 ohms and a value 
of resistor 35 of 250 ohms (for a ratio of 17.2) exhib 
ited approximately a 1 percent current variation be 
tween 25 and 110C with a current repeater output 
current of approximately 1.02 milliamperes at 25 C. 
Over a chosen temperature range then, the current 

through points A, D, C, and G is held substantially con 
stant with changing temperature by virtue of the com 
pensation circuit in accordance with the invention. The 
input current to the current repeater flows through 
point D (note that in the illustrated circuit the “input' 
current actually flows out of the current repeater to 
ward reference potential since the transistors of the re 
peater are P-N-P types), the "image' current of the re 
peater flows through point A, and the sum of the two, 
which is therefore also substantially temperature inde 
pendent over a range of operating temperatures, flows 
from the direct current voltage supply B+ through 
point C and out of the circuit through point G. There 
fore, load circuits which require constant currents can 
be connected between points A and A', C and C, D 
and D', and G and reference potential. 

In another embodiment of the invention illustrated in 
FIG. 3 transistor 25 has an internal impedance that 
being the output impedance of transistor 25, in parallel 
with its collector to emitter connection. 

In recognition of this fact, a third embodiment of the 
invention illustrated in FIG. 3 disconnects the collector 
of transistor 25 from its base and connects the collector 
of a transistor 30 to point D. The base of transistor 30 
is connected to the base of transistor 25. The emitter 
of transistor 30 is coupled to the collector of transistor 
25. All other points, elements, and connections remain 
as described in the discussion of FIG. 2 and the func 
tions there described are unchanged for purposes of the 
discussion of FIG. 3. 
To decrease the effect of collector to emitter output 

resistance of transistor 25 on the temperature compen 
sation component of current under discussion, the col 
lector voltage of transistor 25 may be controlled at 
some low direct current voltage. This is done by con 
necting transistor 30 in a cascode configuration with 
transistor 24 as shown in FIG. 3. In this manner the col 
lector voltage of transistor 25 is thereby controlled at 
one base-emitter voltage drop. In FIG. 3 the voltage 
drop will be the sum of the base-emitter voltage drops 
across either transistor 22 or 25 and transistor 24 minus 
the base-emitter voltage drop of transistor 30. Since the 
collector voltage of transistor 25 is not allowed to 
"float' at some higher direct current voltage level but 
is constrained to be one base-emitter voltage drop, the 
effect of its output resistance is minimized. 
The difference between the circuit of FIG. 3 and that 

shown in FIG. 2 is that in FIG. 3 the positive and nega 
tive temperature coefficient currents are summed at 
point D' rather than at the emitter of transistor 24. In 
all other respects, the operation of th two circuits is 
substantially the same. 

It should also be noted that this positive temperature 
coefficient compensating arrangement may be used to 
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8 
control constant currents drawn by a number of transis 
tors connected in cascode configurations with transis 
tors 21, 22, 23, or 24 of FIGS. 2 and 3 since the collec 
tor currents of all of these transistors will be tempera 
ture compensated. This effectively divides the output 
current of the current repeater through the collector of 
each cascoded device by the number of cascoded de 
vices. The cascoded transistors could also have differ 
ent base-emitter junction areas providing non-integral 
current division. 
What is claimed is: 
1. A current regulator which supplies a substantially 

constant current over a substantial range of operating 
temperatures, comprising: 
a source of temperature dependent voltage, said tem 

perature dependent voltage being proportional to 
the voltage established across a semiconductor P-N 
junction structure in the conductive state; 

first resistance means coupled in parallel with said 
source of temperature dependent voltage for draw 
ing current equal to the voltage applied thereacross 
divided by the resistance of said first resistance 
means; and 

serially coupled P-N junction structure and second 
resistance means coupled in parallel with said 
source of temperature dependent voltage and said 
first resistance means such that the potential across 
said serially coupled P-N junction structure and 
second resistance means equals the potential 
across said source of temperature dependent volt 
age, the current in said serially coupled P-N junc 
tion structure and second resistance means thereby 
having a temperature coefficient which is propor 
tional to the negative of the temperature coeffi 
cient of current in said first resistance means for 
substantially compensating for said temperature 
coefficient of current in said first resistance means 
over a substantial range of operating temperature. 

2. A current regulator according to claim 1 wherein: 
a load impedance requiring a substantially constant 

current over a substantial range of operating tem 
perature is serially coupled between a source of op 
erating potential and a junction of said source of 
temperature dependent voltage, said first resis 
tance means, and said serially coupled P-N junc 
tion structure and second resistance means. 

3. A current regulator according to claim 1 wherein: 
a load impedance requiring a substantially constant 
current over a substantial range of operating tem 
perature is serially coupled between a junction of 
said source of temperature dependent voltage, said 
first resistance means, and said serially coupled 
second P-N junction structure and second resis 
tance means and a point of reference potential. 

4. A current regulator according to claim 1 wherein: 
said source of temperature dependent voltage is a 
second P-N junction structure biased so as to be in 
a state of conduction. 

5. A current regulator which supplies a substantially 
constant current over a substantial range of operating 
temperature comprising: 
a first transistor, the emitter of which is coupled to a 

point of reference potential and the collector of 
which is coupled to a source of direct current volt 
age; 

a second transistor, the emitter of which is coupled 
to the base of said first transistor, the base of which 
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is coupled to the collector of said first transistor, 
and the collector of which is coupled to said source 
of direct current voltage; 

first resistance means serially coupled between the 
junction of the base of said first transistor and emit 
ter of said second transistor and a point of refer 
ence potential for allowing operating current to 
flow between the main current conducting path of 
said second transistor and said point of reference 
potential in response to the base to emitter poten 
tial drop across said first transistor; and 

serially coupled P-N junction structure and second 
resistance means coupled in parallel with said first 
resistance means, the ratio of the resistance of said 
first resistance means to the resistance of said sec 
ond resistance means being selected for allowing 
current flow through said serially coupled P-N 
junction structure and second resistance means to 
increase with increasing temperature in such a 
manner as to substantially compensate for decreas 
ing current through said first resistance means in 
response to the decreasing base to emitter voltage 
across said first transistor with increasing tempera 
ture and thereby allow substantially constant cur 
rent to flow in the main current conducting path of 
said second transistor over a substantial range of 
temperature. 

6. A current regulator which supplies a substantially 
constant current over a substantial range of operating 
temperatures according to claim 5 wherein: 

said P-N junction structure is of the same material as 
said first and second transistors and is poled for 
conduction between the base of said first transistor 
and a point of reference potential in the same man 
ner as the base-emitter junction of said first 
transistor. 

7. A current regulator which supplies a substantially 
constant current over a substantial range of operating 
temperatures according to claim 6 wherein: 
a load impedance requiring a substantially constant 
current over a substantial range of operating tem 
peratures is serially coupled in the main current 
conducting path of said second transistor. 

8. A circuit for temperature compensation of a sub 
stantially constant current amplifier over a substantial 
range of operating temperatures comprising: 
a source of direct current voltage; 
a constant current ratio amplifier for supplying an 
output current in a substantially constant ratio to 
a given input current coupled to said source of di 
rect current voltage; 

a first transistor, the main current conducting path of 
which is serially coupled between the output termi 
nal of said constant current ratio amplifier and a 
point of reference potential; 

a second transistor, the main current conducting path 
of which is serially coupled between the input ter 
minal of said constant current ratio amplifier and 
a point of reference potential and the control elec 
trode of said second transistor being coupled to the 
main current conducting path of said first transis 
tor, 

sensing means serially coupled between the main cur 
rent conducting path of said second transistor and 
said point of reference potential, the control elec 
trode of said first transistor being coupled to the 
junction of a terminal of the main current conduct 
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O 
ing path of said second transistor and said sensing 
means for controlling the conduction of said first 
transistor; and 

resistance means serially coupled to a P-N junction 
structure of the same material as said first and sec 
ond transistors, said serially coupled resistance 
means and P-N junction structure being serially 
coupled between a point of reference potential and 
the control electrode of said first transistor for con 
ducting a current with a temperature coefficient 
which is inversely proportional to the temperature 
coefficient of current produced in said sensing 
means by voltage variations across the base-emitter 
junction of said first transistor, and thereby com 
pensating for that temperature coefficient of cur 
rent so that the sum of the two inversely propor 
tional currents is substantially independent of tem 
perature over a substantial range of operating tem 
peratures. 

9. A circuit for temperature compensation of a sub 
stantially constant current amplifier over a substantial 
range of operating temperatures according to claim 8 
wherein: 

said first and second transistors are of the same con 
ductivity type. 

10. A circuit for temperature compensation of a sub 
stantially constant current amplifier over a substantial 
range of operating temperatures according to claim 9 
wherein: 
a load circuit requiring a substantially constant cur 

rent over a substantial range of operating tempera 
tures is serially coupled between the main current 
conducting path of said second transistor and said 
input terminal of said constant current ratio ampli 
fier. 

11. A circuit for temperature compensation of a sub 
stantially constant current amplifier over a substantial 
range of operating temperatures according to claim 9 
wherein: 
a load circuit requiring a substantially constant cur 
rent over a substantial range of operating tempera 
tures is serially coupled between the main current 
conducting path of said first transistor and said out 
put terminal of said constant current ratio ampli 
fier. 

12. A circuit for temperature compensation of a sub 
stantially constant current amplifier over a substantial 
range of operating temperatures according to claim 9 
wherein: 
a load circuit requiring a substantially constant cur 

rent over a substantial range of operating tempera 
tures is serially coupled between said source of di 
rect current voltage and said constant current ratio 
amplifier. 

13. A circuit for temperature compensation of a sub 
stantially constant current amplifier over a substantial 
range of operating temperatures according to claim 9 
wherein said constant current ratio amplifier com 
prises: 
fourth and fifth transistors, the emitter of said fourth 

transistor being coupled to the base of said fifth 
transistor, the collector of said fifth transistor being 
coupled to the base of said fourth transistor and the 
emitter of said fifth transistor being coupled to said 
source of direct current voltage through first resis 
tance means, the collector of said fourth transistor 
supplying said output current and the junction of 
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the collector of said fifth transistor and the base of 
said fourth transistor being the point at which said 
input current is applied; and 

at least first serially coupled diode and resistance 
means having a value equal to that of said first first 
resistance means coupled between the base of said 
fifth transistor and said source of direct current 
voltage, said diode being poled for conduction in 
the same manner as the base-emitter junction of 
said fifth transistor. 

14. A circuit for temperature compensation of a sub 
stantially constant current amplifier over a substantial 
range of operating temperatures comprising: 
a source of direct current voltage; 
a constant current ratio amplifier for supplying an 
output current in a substantially constant ratio to 
a given input current coupled to said source of di 
rect current voltage; 

a first transistor, the main current conducting path of 
which is serially coupled between the output termi 
nal of said constant current ratio amplifier and a 
point of reference potential; 

a second transistor, the main current conducting path 
of which is serially coupled between the input ter 
minal of said constant current ratio amplifier and 
a point of reference potential and the control elec 
trode of said second transistor being coupled to the 
main current conducting path of said first transis 
tor; 

sensing means serially coupled between the main cur 
rent conducting path of said second transistor and 
said source of reference potential, the control elec 
trode of said first transistor being coupled to the 
junction of a terminal of the main current conduct 
ing path of said second transistor and said sensing 
means for controlling the conduction of said first 
transistor, and 

a third transistor, the control electrode of which is 
coupled to the junction of the control electrode of 
said first transistor and the main current conduct 
ing path of said second transistor and the main cur 
rent conducting path of said third transistor being. 
coupled at its collector electrode to the collector 
electrode of said second transistor and the emitter 
of said third transistor being coupled through resis 
tive means to a point of reference potential for 
compensating for the effects of the temperature co 
efficient of voltage between the control electrode 
and emitter of said first transistor on the collector 
current of said second transistor. 

15. A circuit for temperature compensation of a sub 
stantially constant current amplifier over a substantial 
range of operating temperatures according to claim 14 
wherein said constant current ratio amplifier con 
prises: 
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12 
fourth and fifth transistors, the emitter of said fourth 

transistor being coupled to the base of said fifth 
transistor, the collector of said fifth transistor being 
coupled to the base of said fourth transistor and the 
emitter of said fifth transistor being coupled to said 
source of direct current voltage through first resis 
tance means, the collector of said fourth transistor 
supplying said output current and the junction of 
the collector of said fifth transistor and the base of 
said fourth transistor being the point at which said 
input current is applied; and 

at least first serially coupled diode and resistance 
means having a value equal to that of said first re 
sistance means coupled between the base of said 
fifth transistor and said source of direct current 
voltage, said diode being poled for conduction in 
the same manner as the base-emitter junction of 
said fifth transistor. 

16. A circuit for temperature compensation of a sub 
stantially constant current amplifier over a substantial 
range of operating temperatures according to claim 15 
wherein: 

said first, second and third transistors are of the same 
polarity type and said fourth and fifth transistors 
are of a polarity type opposite said first, second and 
third transistors. 

17. A circuit for temperature compensation of a sub 
stantially constant current amplifier over a substantial 
range of operating temperatures according to claim 16 
wherein: 

a load circuit requiring a substantially constant cur 
rent over a substantial range of operating tempera 
tures is serially coupled between the main current 
conducting paths of said second and fifth transis 
tors. 

18. A circuit for temperature compensation of a sub 
stantially constant current amplifier over a substantial 
range of operating temperatures according to claim 16 
wherein: 
a load circuit requiring a substantially constant cur 

rent over a substantial range of operating tempera 
tures is serially coupled between the main current 
conducting paths of said first and fourth transistors. 

19. A circuit for temperature compensation of a sub 
stantially constant current amplifier over a substantial 
range of operating temperatures according to claim 16 
wherein: 

a load circuit requiring a substantially constant cur 
rent over a substantial range of operating tempera 
tures is serially coupled between said source of di 
rect current voltage and a junction of said first re 
sistance means and said serially coupled diode and 
resistance means. 
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