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VOLTAGE REFERENCE WITH TESTING 
AND SELF-CALIBRATION 

FIELD OF THE INVENTION 

The present invention relates to a Voltage reference of the 
type called a band gap. 

BACKGROUND INFORMATION 

Voltage references are commercially available in a wide 
range as integrated circuits. Their temperature gradients are 
calibrated during manufacture to specific tolerance param 
eters to compensate for a physically dictated temperature 
coefficient. Aging, however, can eliminate the calibration to 
the extent that the reference will, in certain circumstances, 
yield a voltage not allowed for by the downstream circuitry. 
The result can be an increased functional risk to the down 
Stream circuitry. 

SUMMARY OF THE INVENTION 

The Voltage reference in accordance with the present 
invention features the advantage that it can be repeatedly 
tested at any time throughout its life. Another advantage is 
that the repeated testing can be accompanied by repeated 
self-calibration. The voltage leaving the reference will 
accordingly be very reliable, and defects and aging phenom 
ena can be detected and eliminated. 

The Self-testing and/or Self-calibration can be carried out 
with simple switches, preferably MOS switches, which is a 
particular advantage. These Switches are inactive and will 
not affect the Voltage reference during normal operation. At 
prescribed times, when the operating Voltage is applied or 
during demands advanced by the controls for example, the 
Switches are activated by a prescribed control program that 
initiates the Self-testing and/or Self-calibration. 
When an operations amplifier is employed, the tempera 

ture coefficient can be simply adjusted by means of a Voltage 
divider. To compensate the temperature coefficient, at least 
one resistor is variable. This can be accomplished by, for 
instance, varying the feedback resistance with additional 
parallel resistors. The parallel circuit can be represented by 
programmable resistance networks or current networkS. 
Since the MOS switches employed during calibration are not 
ideal, however, but have a finite ON resistance, it is simple 
to detect the situation with two MOS switches in parallel. 
The effect of the Switches can then be determined to advan 
tage by calculation. 

Especially appropriate for this compensation is an 
embodiment of the present invention using operations 
amplifiers to Switch a band-gap reference Source. The same 
circuitry is appropriate for use with low battery Voltage. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a band-gap Voltage reference. 
FIG. 2 illustrates an operations amplifier with negative 

feedback. 

FIG.3 illustrates another circuit diagram of the operations 
amplifier. 

FIG. 4 illustrates a third circuit diagram of the operations 
amplifier. 

FIG. 5 illustrates the total circuitry involved in an embodi 
ment of the present invention. 

FIG. 6 is a flowchart. 
FIG. 7 is another flowchart. 

FIG. 8 is yet another flowchart. 
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DETAILED DESCRIPTION 

FIG. 1 illustrates a voltage reference in the form of a band 
gap reference. Band-gap Voltage-reference Sources are in 
themselves known. They basically employ the forward volt 
age in a diode or the base-emitter Voltage of a bipolar 
transistor as the Voltage reference. The drawback of this 
reference Voltage, however, when working with Silicon 
bipolar transistors, is that it can have a temperature coeffi 
cient of approximately -2 mV/K. The circuits are accord 
ingly designed to compensate the negative temperature 
coefficient with a positive coefficient of the same size. The 
operations amplifier 1 illustrated FIG. 1 is supplied from a 
current-level circuit in the form of two bipolar transistors T1 
and T2, of the npn conductivity type for example. There is 
a voltage divider with resistors R1 and R2 in the emitter 
current path of transistor T2. The middle tap of the voltage 
divider extends to the node 2 at the non-inverting input 
terminal (+) of operations amplifier 1. There is a resistor R3 
in the emitter-current path of transistor T1. Resistor R3 
extends to the node 3 at the inverting input terminal (-) of 
operations amplifier 1. The circuit is provided with Supply 
Voltage Vod and Vss. A reference Voltage V, can be 
obtained between terminals VDD and the output terminal 
V of operations amplifier 1. If pnp transistors were 
employed, the band-gap output would be stable in relation to 
Vss. Output terminal V is connected to the Second 
connections of resistors R3 and R2. This circuit is preferably 
an integrated circuit, transistorST1 and T2 being bipolar, and 
the other components being integrated in CMOS technology, 
for example. Additionally, the operations amplifier may also 
be integrated using MOS technology. 
The transistors T1 and T2 illustrated in FIG. 1 are driven 

by various collector currents I and I. The result, depend 
ing on the temperature from the two base-emitter Voltages of 
transistors T1 and T2, is a temperature coefficient that 
opposes temperature Voltage U=87 uV/K. A specific ampli 
fication factor can be employed to amplify temperature 
voltage U. Such that the circuit will assume a defined 
temperature coefficient. This coefficient can be negative, 
positive or even Zero. When it is Zero, the band-gap condi 
tion will be fulfilled, meaning that the reference Source is 
temperature-independent. 
The following equations describe the condition for the 

two diodes. The base-emitter Voltage V and V for 
each transistor T1 and T2, respectively, is, due to the 
physical parameters, 

IC1 (1) 
VBE1 : UF x In 

ATX 

and 

C2 (2) 
VBE2 : UF x In 

ATX 

wherein A is the emitter area and X the temperature coef 
ficient of the two transistors T1 and T2. 

The Voltage drop acroSS resistor R1 is, in terms of circuit 
technology, 

IC1 R2 (3) 
VR1 = AVBE = VBE2 - UBE1 = UT In = UF * In 

From this equation is derived that for the band-gap 
condition: 
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R2 (4) 
R1 x In va-vas Ur(1. f ) 

The term at U represents the aforementioned amplifica 
tion factor. Analysis of this equation will reveal that the 
factor term comprises only resistance relationships and, 
furthermore, that resistance R2 is in each numerator inside 
the parentheses. If this situation is exploited, by using a 
CMOS technology for instance, Switches can be inserted 
into the non-conducting paths of the operations amplifier 1 
employed within this assembly so as to act either with the 
ratio R2/R1 as a non-inverting amplifier, or with R2 and R3 
in parallel as, again in terms of R1, a non-inverting opera 
tions amplifier. It will be evident from FIG. 2 that the 
amplification depends on the ratio R2/R1 in operations 
amplifier 1. The resistor R2 in the feedback branch illus 
trated in FIG. 3 is in parallel with another resistor R3x. The 
amplification factor for temperature Voltage U is accord 
ingly constructed from the ratio of parallel circuit R2 and 
R3x to resistor R1, meaning that the output voltage from 
operations amplifier 1 can be represented by the equations 

(5) von-vis (1 
and 

vouri-Vis (1 ). (6) 
Resistor R3x includes a resistor R3 along with the two 

parallel resistances afforded by Switches S5a and S5b, which 
are in Series with resistor R3 as illustrated in FIG. 4. Since 
Switches S5a and S5b are transistors, CMOS transistors for 
example, their resistance cannot be neglected. The two 
Switches S5a and S5b are the equivalent of two equal 
transistors. They are closed in Sequence. The output voltage 
from operations amplifier 1 is measured for each operating 
position of Switches S5a and S5b. The magnitude of the 
resistance is measured not as an absolute value but as a 
relationship between both results. The equations 

R2" (R3 + SSa) 

and 

(8) 

represent the resistances of the Switches S5a and S5b. 
The resistance afforded by Switch S5a can be calculated 

from these equations because factorS F1 and F2 can be 
measured employing Equation (5). F1 and F2 are simplified 
representations of Equation (6), where 

Vor=Viv(1+F1) 

and 

Vor=Viv(1+F2). 

The value of resistor R3 can accordingly also be calcu 
lated by insertion into Equation (6) because the Voltages 
V, and V illustrated in FIGS. 2 and 3 can be 
detected with an analog-to-digital converter for example. 

FIG. 5 is a current-flow chart of an embodiment in 
accordance with the present invention wherein the reference 
Source illustrated in FIG. 1 has been provided with Switches 
S1-S7n. A first Switch S1 diverts current obtained from a 
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4 
connection constituted by the node 5 between the bases of 
transistors T1 and T2 alternatively to connections V, and 
Vss. Switch S2 connects the emitter of transistor T2 at node 
4 to connection Vs. A third Switch S3 connects the non 
inverting connection (+) of the operations amplifier 1 alter 
natively to node 2 or to connection V. Node 2 is the 
midpoint between resistors R1 and R2. Switch S4 alterna 
tively connects the inverting connection (-) of the opera 
tions amplifier 1 to node 2 or node 3. Node 3 is between the 
emitter of transistor T1 and resistor R3. Positioned in 
parallel between nodes 2 and 3 are two switches S5a and 
S5b. In parallel with resistors R2 and R3 respectively, pairs 
of resistorS R2n and R3n can be engaged in parallel in the 
form of a cascade by way of Switches S6n and S7n. These 
parallel resistors can be engaged in the form of calibrating 
resistors during compensation. Switches S1-S7n are 
transistors, preferably MOS or CMOS transistors. These 
Switches can, as illustrated in FIG. 6, be controlled by way 
of their base input terminals by a matrix 62 with matching 
output terminals. The matrix is controlled by a micropro 
ceSSor 61. The processor program is Stored in a memory 63. 
How the procedure works in normal operation and during 
calibration will now be specified with reference to FIGS. 7 
and 8. 
When the Voltage reference is operating normally as 

illustrated in FIG. 5, Switch S1 is in communication with 
terminal V, Switch S2 is open, and the third Switch S3 is 
Switched to node 2. The fourth Switch S4 similarly connects 
node 3 to the inverting input terminal (-) of operations 
amplifier 1. Switches S6n and S7n are, depending on the 
calibration, partly open or closed. Switches S5a and S5b are 
Open. 
The Voltage reference can be replaced by a Source of 

reference current in another version of the present invention, 
in which case the testing and calibration procedures will be 
analogous. How the System operates during calibration and 
Subsequent to introduction of the operating Voltage will now 
be specified with reference to FIG. 7. 

Operating voltage is introduced at position 70 (Power on), 
with calibration commencing at position 72. A calibration 
request can, however, also be received during normal opera 
tion from position 71 as will be specified hereinafter with 
reference to FIG. 8. Measurement of output voltage V 
commences once calibration has started, and the result is 
tested for plausibility in accordance with Equation (5) at 
position 73. If it passes this test, the result is tested at 
position 74 in relation to Equation (6) or to Equations (7) 
and (8). If the results are satisfactory, Switches S1, S2, S3, 
S4, S5a, S5b, S6n, and S7n are Switched to normal operation 
at position 75. At position 76 a report is issued to the controls 
that normal operation is under way and Satisfactory. Any 
error flag that might have been Set is then canceled. 
When one of the tests conducted at positions 73 and 74 is 

unsatisfactory, recalibration is conducted at position 77, with 
one or both of the pairs of Switches S6n and S7n closed to 
engage resistorS R3n or R2n or both in parallel. At position 
78 a test is conducted to determine whether a prescribed 
number of calibration cycles has been carried out in 
Sequence. If So, a message is issued at position 78 that the 
Voltage reference is defective. The program terminates at 
position 80. If only one test is conducted at position 78 for 
instance, the cycle will be repeated with the inquiry at 
position 73, testing the error once again. 

FIG. 8 illustrates the testing Sequence that occurs during 
normal operation, Starting at position 81. If calibration is 
determined to be necessary at position 82, the program will 
skip at position 71 to the calibration cycle specified with 
reference to FIG. 7. If no calibration is necessary, a control 
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test will be initiated at position 83. If a test conducted at 
position 84 indicates that the result is in accordance with 
Equation (5), a test for compliance with either Equation (6) 
or Equations (7) and (8) is conducted at position 85. If these 
tests are Satisfactory, the Switches will be returned to normal 
operation at position 86, and a message to that effect will be 
issued at position 87. 

If the results of the tests conducted at positions 84 and 85 
are unsatisfactory, meaning that there is a defect, an error 
flag will be raised at position 89. A query as to whether 
calibration is necessary will be conducted at position 90. If 
calibration is necessary, the program will Skip back to the 
calibration cycle at position 71. Otherwise, a query as to 
whether the error has been in existence for a long time will 
be conducted at position 91. If this is the case, a reliability 
alarm will be emitted at position 92, allowing the operator 
of the circuitry to decide how to interpret it. The Switching 
process might be discontinued at position 95 for example. 

If, on the other hand, the error is determined at position 91 
to be recent, its existence will be announced at position 93. 
In this event, normal operation will be restored at position 
94. 
What is claimed is: 
1. A voltage reference circuit providing a voltage and 

having a temperature coefficient comprising: 
at least one input resistor; 
at least one feedback resistor; 
at least one operations amplifier having an inverting input 

terminal and a non-inverting input terminal, the at least 
one operations amplifier being Switched to function as 
a non-inverting amplifier using the at least one input 
resistor and the at least one feedback resistor; and 

a plurality of Switches performing at least one of a 
Self-test and a Self-calibration of the Voltage reference 
circuit to compensate for the temperature coefficient of 
the Voltage reference circuit during a Service life of the 
Voltage reference circuit, the plurality of Switches 
including: 

a first Switch having a first end connected to the non 
inverting input terminal, 

a Second Switch having a first end connected to the 
inverting input terminal, and 

a third switch connected in parallel with a fourth Switch, 
the third and fourth Switches Switching at least one 
calibration resistor in parallel to the at least one feed 
back resistor, wherein one of the third and fourth 
Switches is activated before the other one of the third 
and fourth Switches. 

2. The Voltage reference circuit according to claim 1, 
wherein the at least one operations amplifier is constructed 
using at least one of a MOS technology and a CMOS 
technology. 

3. The Voltage reference circuit according to claim 1, 
wherein the plurality of Switches are transistor Switches. 

4. The Voltage reference circuit according to claim 1, 
wherein the plurality of Switches are at least one of MOS 
semiconductor transistor Switches and CMOS semiconduc 
tor transistor Switches. 
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5. The Voltage reference circuit according to claim 1, 

wherein a first measurement of the Voltage is determined 
when only the one of the third and fourth Switches is 
activated, wherein a Second measurement of the Voltage is 
determined when the other one of the third and fourth 
Switches is activated, and wherein a resistance of the third 
and fourth Switches is determined as a function of a differ 
ence between the first measurement and the Second mea 
Surement. 

6. The Voltage reference circuit according to claim 1, 
further comprising a microprocessor controlling the plural 
ity of Switches. 

7. The Voltage reference circuit according to claim 1, 
further comprising a circuit arrangement, wherein the circuit 
arrangement, the at least one input resistor, the at least one 
feedback resistor and the at least one operations amplifier 
are connected to form a band gap reference circuit. 

8. A method for at least one of self-testing and self 
calibrating a Voltage reference circuit, the Voltage reference 
circuit providing a Voltage and having a temperature 
coefficient, the method comprising the Steps of: 

Switchably connecting a first base connection of a first 
transistor to a ground using a first Switch; 

Switchably connecting a Second base connection of a 
Second transistor to the ground using the first Switch; 

Switchably connecting a first emitter of the first transistor 
to the ground using a Second Switch; 

Switchably connecting a Second emitter of the Second 
transistor to the ground using the Second Switch; 

Switchably connecting a non-inverting input terminal of 
an operations amplifier to a first input Voltage using a 
third Switch; 

Switchably connecting an inverting input terminal of the 
operations amplifier to a first node connected to an 
input resistor and a feedback resistor; 

Switchably connecting a first calibration resistor in par 
allel with the feedback resistor by closing one of a 
fourth Switch and a fifth Switch; 

measuring a first voltage reference after closing the one of 
the fourth Switch and the fifth Switch; 

Switchably connecting the first calibration resistor in 
parallel with the feedback resistor by closing the other 
one of the fourth Switch and the fifth Switch; 

measuring a Second Voltage reference after closing the 
other one of the fourth Switch and the fifth Switch; and 

Switchably connecting at least one of a Second calibrating 
resistor and a third calibrating resistor in parallel with 
at least one of the feedback resistor and the first 
calibration resistor to compensate for the temperature 
coefficient. 

9. The method according to claim 8, further comprising 
the Step of providing a Supply Voltage prior to the first 
connecting Step, and wherein the Voltage reference circuit is 
used with another Subassembly in an integrated circuit. 

10. The method according to claim 8, wherein the voltage 
reference circuit includes a Voltage Source. 

k k k k k 


