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Precision bandgap voltage reference.

@ A bandgap veltage reference circuit is described in
which two sets of bjpolar transistors (Q7-Q12, Q13-Q17) are
connected so as to accumulate their base-emitter voltages,
and currents are caused to flow through the collector-emitter
circuits of each transistor (Q7-Q17). The number of transis-
tors in each set, the geometry of each transistor and the
currents transmitted through their collector-emitter circuits
are selected so that the accumulated base-emitter voitages
of the two sets differ by an amount corresponding to a
predetermined bandgap voltage, preferably 1.23 volts. The
circuitry can be implemented using either CMOS or bipolar
fabrication processes, and has a lower error component than
prior bandgap references. In the preferred embodiment the
first set (Q7-Q12) includes one more transistor than the
second set (Q13-Q17), and supports a higher current density
than the second set. The bandgap voltage differential
between the two transistor sets (Q7-Q12, Q13-Q17) may be
reflected back across the inputs to the two sets by means of
an operational amplifier circuit {A3,A4) to obtain 8 ground
referenced output voltage which is proportional to the
accumulated base-emitter voltage differential between the
two transistor sets (Q7-Q12, Q13-Q17).
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 PRECISION BANDGAP VOLTAGE REFERENCE

This invention relates to integrated éircuitv bandgap
voltage references, and more particularly to bandgap voltage
references capable of being implemented with CMOS (complemen-
tary metal oxide semiconductor) processing techniques.

Voltage references are regquired to provide a substantial-
ly constant output voltage irrespective of changes in input
voltage, output current or temperature. Such references are
used in many design applications, such as digital-to-analog
converters, power supplies, cold Jjunction thgrmistdr compen-
sation circuits, analog-to-digital converters, panel meters,
calibration standards, precision current sources and control
set-point circuits. -

Modern voltage references are generally based on either
zener diodes or bandgap generated .voltages. Zener devices
characteristically exhibit high-power dissipation and poor
noise specifications. Bandgap voltage' references, on the
other hand, are designed to yield stable output voltages over
temperature by summing a pair of voltages with negative and
positive temperature coefficients. A voltage with a negative
temperature coefficient is obtained from the base-emitter
junction of a transistor, while a voltage with a positive
temperature coefficient is obtained from the difference
between the base-emitter voltages of two transistors.operating
with uneqgual current densities. When the differentigl voltage
is amplified and added to the base-emitter voltaée of the
first transistor, a voltage 1level with a low temperature
coefficient results if the sum is egual to 1.23 volts, which

is close to the bandgap voltage of silicon. The 1.23'volt'

level is then amplified to provide stable output voltages of
typically 5.0 and 10.0 volts. '
A typical bipolar transistor or diode has a base-emitter

voltage when the device is on of about 600mvV, and a negative-

temperature coefficient of about -2mV/°C. The positive tem-

perature coefficient voltage obtained from the difference
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between the base-emitter voltages of twovtransistors is typi~
cally about 60mv at 25°C if the current densities of the two
transistors are in a 10:1 ratio, and has to be amplified
before being added to the base-emitter of the first transistor
in order to achieve a 1.23 voltage level. The 60mV differen-
rial might be increased up to about 200 mV for larger but less
practical devices, but amplification would still be required.
An earlv bandgap voltage reference is described in an
article by R. Widlar in IEEE J. Solid State Qircuits, Vol.
sc-6, pages 2-7, February, 1971. Currently, a more common
circuit is one developed by Paul Brokaw and described in an
article entitled "2 Simple Three-Terminal IC Bandgap Refer-
ence", IEEE J. Solid State Circuits, Vol. SC-9, pages 383-93,
December, 1974. The basic approach taken in this circuit is
illustrated in FIG. 1, in whiqh 2 pair of bipolar transistors
Q1 and Q2 have their collectors connected through resistors Rl
and R2, respectively, to a positive voltage bus V+ and their
bases connected in common to provide a 1.23 volt reference.

The collectors of Q1 and Q2 are also connected to respective

‘inputs to an operational amplifier Al, the output of which is

connected to the voltage reference output. The emitters of Q1
and Q2 are connected to opposite sides of resistor R3, while
the emitter of Q2 is also connected through resistor R4 to
ground. Q1 and Q2 are forced to run at different current
densitiéstby scaling the geometry of Q1 larger than that of
02, by making Rl larger than R2, or both (a larger transistor
geometry or a smaller through-current will each lead to a
smaller turrent density). A voltage differential thus appears
across R3, producing a temperature proportional current which
also flows through R4. By a suitable choice of R3 and R4 an
arbitrary voltage can be created across R4 which is, tempera-
ture proportional. The R4 voltage is added to the base-

emitter voltage of Q2, producing a relatively stable reference

- output.

While the FIG. 1 circuit can be implemented with standard
bipolar processing, it unfortunately is not readily adaptable
to CMOS processing technigues which are presently becoming
very widespread. 1In CMOS processing the transistor collectors
are formed from the substrate, which is held at V+; Rl and R2

would thus be shorted out if FIG. 1 was implemented using CMOS

© e —————— e
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processing. Extra process steps could be added to get around
this problem, but this would be a costly alternative,

The standard P-well CMOS process has available parasitic
NPN bipolar transistors, but the collectors are not indi-
vidually accessible and are all connected to V4. Such a
transistor is illustrated in FIG. 2., 1It. is fabricated using
an N+ (heavily doped) sogrce/drain diffusion 2 as the_emitter,
the P well 4 accessed through a P+ diffusion 6 as the base,
and the N- (lightly doped) substrate B accessed through an N+
diffusion 10 as the collector. The polarities of the various
componentslwould be reversed for an N-well CMOS process.

Several alternative arrangement of the FIG. 1 circuit
have been proposed or used to form a CMOS voltage reference
using parasitic bipolar transistors such as that illustrated
in FIG. 2. One such arrangement is shown in FIG. 3. 1In this
circuit the collectors of transistors Q3 and Q4 are connected
directly to V+, and their bases are connected to the 1.23 volt
reference output. The emitter of 03 is connected to a resis-
tive voltage divider circuit consisting of series connected
resistors R5 and R6, while the emitter of Q4 is connectedwto a
resistor R7; the opposite sides of R6 and R7 are both ground-
ed. An operational amplifier A2 has its inputs connected
respectively to the emitter of Q04 and to the junction of R5
and R6, and 1its output connected to the voltage reference
output. ‘ Amplifier A2 directly amplifies the differential
base-emitter voltage term appearing across R5, and forcés the
output reference voltage in a manner similar to the FIG. 1
circuit. Different current densities are provided for Q3 and
Q4 by making Q3 larger than Q4, R6 larger than R7, or both.

One problem with the FIG. 3 circuit is in the required
precision for amplifier A2. Even if the current densities in
Q3 and Q4 differ by a factor of 100, which is probably about
the limit of practicality, only about 120mV appears across'RS.
Since A2 jis fabricated with MOS devices, it could have an
input offset as high as 20mV even with a ca;eful design. This
would produce about a 16% error in the base-emitter voltage
differential term (20mV/120mV) and about an 8% error in the
output reference voltage. Additionally, the temperature
coefficient of the offset voltage is not predictable and can
cause the output voltage to drift with temperature,
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One method of improving on the circuit of FIG. 3 involves
stacking NPN transistors to increase the base-emitter voltage
differential term. This approach is illustrated in FIG. 4, in
which the bases of transistors Q3 and Q4 are shown connected
to the emitters of transistors Q5 and Q6, respectively, and
the collectors of all four transistors are connected to V+,
Resistors R5, R6 and R7 together with operational amplifier A2
are connectec to the emitters of (3 and Q4 as in FIG. 3, but
the voltage reference output is connected to the bases of Q5
and 06, rather than to Q3 and Q4. The bases of the two latter
transistors are held above ground by resiétors R8 and R9,
respectively. Again, the geometric scaling of Q3 and Q4 and
the resistance ratio of R6 and R7 are selected to produce
different current densities in 03 and Q4. In addition, Q5, Q6
and RB, R9 are scaled in a similar manner to Q3, 04 and R6, R7
to produce different current densities in Q5 and Q6. The

result is a doubling of the differential base-emitter voltage

term across R5, which halves the overall error. Unfortunate-
ly, the voltage differential between the inputs to A2 now
involves the base-emitter voltages of four transistors rather
than two, causing the base-emitter voltage term to double
along with the doubling of the base-emitter differential
voltage term. This produces an output reference of 2.46
volts, which may be too high for many applications. Further-
more, thé halving of the error which this_circuit produces is

not a sufficient improvement for many purposes.

In view of the foregoing problems associated with the
prior art, is an object of this invention to provide a novel
and improved bandgap reference voltage circuit which has a
very low error term in its output reference voltage.

Another object is the provision of such a bandgap voltage
reference circuit which is compatible with both bipolar and
CMOS processing techniques.

In the accomplishment of these and other objects of the
invention, a bandgap voltage reference circuit is provided
which includes first and second sets of bipolar transistors
connected to accumulate the base-emitter voltages of each set,

and means for transmitting respective current flows through
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the collector-emitter circuits of each of the transistors.
The number of transistors in each set, the geometry of each
transistor and the currents transmitted through the various
transistors are selected such that the accumulated base~
emitter voltages of the £irst and second sets differ by an
amount corresponding to a predetermined bandgap voltage.
Output means are connected to present the accumulated base-
emitter voltage differential between the two transistor sets
as a high precision reference voltage.

In & preferred embodiment the £first +transistor set
includes one more transistor than the second set. 1Individual
current sources are provided for each transistor in each set,
with the currents through the transistors of the first set
being larger than the currents for the second set. The second
set transistors are scaled larger than the first set transis-

tors. Therefore, the current densities through the

transistors of the first set exceed the current densities of
the second set. The result is a greater base-emitter voltage
for each transistor in the first set, and an accumulated
base-emitter voltage differential between the two sets of 1.23
volts. If the circuit elements used are formed from a typical
CMOS process, a difference in current densities of about 100:1
will normally be required. This is readily achieved by making
the currents in the first set of transistors ten times larger
than those in the second set, and making the emitters of the
second set ten times larger in area than those in the first
set. If the circuit elements are formed from a typical
bipolar process the imbalance in current densities is 1likely
to be closer to 50:1. This is because the Vbe of_a bipolar

process transistor is some 90mV greater than a CMOS parasitic

- bipolar transistor, due to a higher general level of doping.

The 50:1 ratio can be achieved in a similar fashion, with a
7:1 scaling in currents and a 7:1 scaling in emitter areas.

With the bases of the first transistor in each set

grounded, the bandgap reference may be taken directly from the

voltage differential between the emitters of the last transis-
tors in each set. Alternately, if a ground reference is

desired, the emitters of the last transistors in each set may

be connected to respective inputs of an operational amplifier.

This forces the accumulated base-emitter voltage differentials
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between the two sets to appear across the bases of the first
transistors in each set. The bases of those transistors are
then connected in circuit with another operational amplifier
and a ground referenced voltage divider circuit to produce a
ground referenced bandgap output.

Another alternate embodiment when the circuit is produced
by a bipolar process involves connecting the transistors of
both sets as diodes and providing single current sources for

each set, thus eliminating all but two of the current sources.

These and other features and advantages of the invention.

will be apparent to those skilled in the art from the follow-
ing detailed description of preferred embodiments, taken

together with the accompanying drawings, in which:

FIG. 1 1is a schematic diagram of a prior art bandgap

reference circuit;

FIG. 2 is an enlarged cross-section diagram showing the-

presence of a parasitic bipolar transistor in a CMOS fabricat-
ed device; -

FIGs. 3 and 4 are schematic diagrams of prior art bandgap
voltage reference circuits that are compatible with CMOS
processing techniques;

FIG. 5 is a schematic diagram of one embodiment of the
present invention; and

FIGs. 6 and 7 are schematic diagrams of alternate embodi-

ments of the invention.

A schematic diagram of a bandgap voltage reference
circuit which has a considerably lower offset voltage error
than in the prior art and is compatible with both bipolar and
CMOS processing techniques is shown in FIG. 5. Six transis-
tors, 07, 08, 09, 0Q10, 011 and Q12, are connected in
succession with the emitter of each transistor except for the
last transistor Q12 connected to the base of the'next transis-
tor. The collectors of each of the transistors are connected
to a positive voltage bus V+, while their emitters are
connected to respective current sources I7, I8, I9, I10, I1l1l
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and I12. The base of the first transistor Q7 is grounded, and

the emitter of Q12 is connected to an output terminal 12.

A second set of transistors consisting of Q13, Ql4, 015,
Q16 and Q17 is connected in succession on the left hand side

of the circuit, with the emitter of each transistor in the
second set except for the last transistor Q17 connected to the
base of the next transistor. The collectors of each of the
transistors are connected to positive voltage bus V+, and
their emitters are connected to respective current sources
113, 114, 115, I16 and I17. The base of the first transistor
Q13 in the second set is grounded, while the emitter of the
last transistor Q17 is connected to an output terminal 14.

The first set of transistors Q7-Q12 includes one more
transistor than the second set Q013-Q14, and thus the.VCItage
at output terminal 12 will reflect one more base-emitter
voltage drop than will the voltage at output terminal 14. 1In

‘'addition, the geometries of transistors Q7-Q12 are scaled

smaller than the corresponding geometries of transistors
Q13-Q17, and 17-I12 draw greater currents through the
collector-emitter circuits of their respective tranéistors
than do I13-I17. The result of both the. size and current
scalings is to produce'current densities through Q7-Q12 which
are larger than the current densities through Q13-Q17. This
in turn makes the base-emitter voltage drop for each of Q7-0Q12
greater than for Q13-017, which further increases the voltage
differential between output terminals 12 and 14. The sizes of
the current sources and the geometric transistor scalings are
selected such that, taken together with the additional base-
emitter voltage drop at output terminal 12, the voltage
differential between output terminals 12 and 14 is the desired
bandgap reference 1level of 1.23 volts. In this mannef a
bandgap reference voltage is achieved directly as a differen-
tial between two sets of transistors. The prior art require-
ment of amplifying a differential voltage, which also resulted
in amplifying the error component associated with that volt-
age, is avoided.

The number of transistors employed in each set is some--

what arbitrary. The use of a larger number of transistors
will reduce the geometric scaling ratio required, but will

take up more area. Fewer transistors would reduce the

i
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reguired area, but would increase the geometric scaling ratio.
Regardless of the absolute number of transistors in each set,
however, it is preferable that the first set have one more

transistor than the second set. A base-emitter voltage term

is then added to a differential base-emitter voltage term to
produce the desired temperature stable bandgap reference.

With bipolar fabrication techniques, in which base-
emitter voltage drops are typically in the range of 0.65-0.75
volts, scaling transistors Q13-Ql17 larger than transistors
Q7-Q12 by =a factor of approximately 7 and making current
sources 17-112 larger than current sources I13-I17 by a simi-

lar factor of approximately 7 will result in the desired 1.23

volt bandgap reference across output terminals 12, 14. In
this case 1I7-112 would each be about 14.3uA, and I13-1I17 would
each be about 100uA. For CMOS processing techniqgues, in which
the base-emitter voltages are typically in the range of
0.55-0.65 volts, a somewhat more extreme area and current
scaling is necessary to achieve a 1.23 volt differential
output. For the circuit of FIG. 5, a scaling of approximately
10:1 for both transistor area and current will achieve the
desired output for CMOS devices.

While the FIG. 5 circuit has a lower error component than
prior art CMOS circuits, one disadvantage is that the refer-
ence voltage across output terminals 12, 14 is floating and
not referenced to ground. A variation of the circuit which
provides an adjustable ground referenced output voltage is
shown in FIG. 6. 1In this circuit Q7-Q17 and I7-1I17 are imple-
mented essentially as in the circuit of FIG. 5. However,
instead of being taken directly as an output, the emitters of
Q12 and Q17 are connected to the inputs of an operational
amplifier A3. Since operational amplifiers act to equalize
the voltages applied to their inputs, the effect of this
connection is to substantially equalize the emitter voltages
of Q12 and Q17, and force the former output of 1.23 volts to
be reflected back through the two transistor sets as a voltage
differential between the bases of the first transistors Q7 and
Q13 of each set. 1Instead of being grounded as in the FIG. 5
circuit, the bases of Q7 and Q13 are connected respectively to
an output terminal 16, and to the inverting input of another

operational amplifier A4, with the output of A3 connected in
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common with the base of Q13 to the inverting input of a4. 1In

addition to its connection to output terminal 16, the base of

Q7 is connected to the output of A4 and to one end of a volt-
age divider circuit consisting of series connected resistors
R10 and 11. The non-inverting input to A4 is taken from an
intermediate point 18 in the voltage divider circuit at the
junction of R10 and R1l.

The actior of A4 is to raise the voltage at output termi-
nal 16 untal the base voltage of Q13 is equal to the voltage
at junction 18, thus causing the two inputs to A4 to egqualize
in voltage. Accordingly, the 1.23 volts established between
the bases o0f Q7 and Q13 also appears across R10. Under these
conditions the output voltage at terminal 16 1is groﬁnd
referenced and egual to 1.23V times (R10+R11)/R11. This

circuit has the added advantage that a more precise output

voltage can be obtained than in the prior art even if ampli-

.fiers A3 and A4 are not as accurate as the amplifiers employed

in prior circuits, since A3 and A4 amplify 1.23 volts rather
than a much smaller voltage as in the prior art.

' Another embodiment of the invention which is particularly
adapted for a bipolar fabrication process is shown in FIG. 7.
In this embodiment two sets of transistors are provided in a
manner similar to the FIG. 5 circuit. The first set consists
of nominally six transistors Q18, Q19, 020, 021, Q22 and Q23,
while the second set consists of nominally five transistors
024, 025, Q26, Q27 and Q28. The emitter of each transistor
except for the last one in each set is connected to the base
of the following transistor, as in FIG. 5, However, each of
the transistors in FIG. 7 functions as a diode by having its
collector shorted to its base. The bases of the first trans-
istor in each set Q18 and Q024 are no longer grounded, but
rather are connected along with their collectors to V+. The
transistors of each set are connected in series, with only the
first transistor of each set connected to V+.

With this embodiment all but two of the current sources
can be eliminated, thus considerably simplifying the circuit-
ry. One current source 118 is connected to the emitter of Q23
and draws current through each of the transistors Q18-Q23,
while another current source I19 is connected to the emitter

of Q28 and draws current through each of the transistors

L st st
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024-028B., The geometric scalings of the transistors and the
two current sources are selected as in the circuit of FIG. 5
to establish a bandgap reference voltage of 1.23 volts across
output terminals 20 and 22 at the emitters of Q23 and Q28,
respectively.

Various embodiments of a novel and  improved bandgap
voltage reference circuit which is highly accurate and can be
implemented with both bipolar and CMOS processes have thus
been shown and described. Numerous modifications anéd alter-
nate embodiments will occur to those skilled in the art. For
example, the circuitry can be fabricated with an N-well CMOS
process merely -by reversing the polarities of the various
circuit elements, and such an implementation should be con-
sidered as being equivalent to the specific circuits shown.
Accordingly,rit is intended that the invention be limited only

in terms of the appended claims.
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1, A bandgap voltage reference, comprisiné:

a first set of bipolar transistors (Q7-Q12) mutually
connected to accumulate their base—emitter voltages,

a second set of bipolar transistors (Q13-Q17) mutually
connected to accumulate their base-emitter voltages,

means (I7-I17) for +transmitting respective current
flows through the collector-emitter circuits of each of the
transistors (Q7-Q17),

- the number of transistors in each set, the geometry of
each transistor and the currents transmitted through the
collector-emitter «circuits of the various transistors being
selected so that the accumulated base-emitter voltages of the
first (Q7-012) and second (Q13-Q17) sets differ by an amount
corresponding to a predetermined bandgap voltage, and

output means (12,14) connected to present the accumu-
lated base-emitter voltage differential between the first (Q7-

Ql12) and second (Q13-Q17) transistor sets as a reference voltage.

2. The bandgap voltage reference of claim 1, wherein the
first set of transistors (Q7-012) includes one more transistor
than the second set of transistors (Q13-Ql7), and the transistor

geometries and current transmitting means (I7-I17) are selected

to produce higher current densities and correspondingly higher-

base-emitter voltages for the transistors in the first set (Q7-
Q12) than for the second set (Q13-Q17).

3. The bandgap voltage reference of claim i, wherein the

accumulated base-emitter voltage differential between the first.

(Q7-012) and second (Q13-Q17) transistor sets is substantially
equal to 1.23 volts.

4. The bandgap voltage reference of claim 1, wherein the
various circuit elements are bipolar process fabricated, the
transistors (Q7-017) of both sets are diode connedted, and the
current transmitting means comprises first and second current
sources (I18,I19) connected to transmit respective currents
through the first (Q7-Q12) and second (Ql3—Ql7) transistor sets,

respectively.
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5. The bandgap voltage reference of claim 1, wherein the
transistors of each set are connected with their base-emitter
circuits in series from first (Q7,Q013) to last (Ql12,Q017) transis-
tors within each set, the bases of the first transistors (Q7,Q13)
in each set are grounded, and the output means (12,14) is con-
nected to the emitters of the last transistors (Q12,017) in each
set to present the voltage differential therebetween as a refer-

ence voltage.

6. The bandgap voltage reference of claim 1, wherein the
transistors of each set {0Q7-012, Q13-Ql17) are connected with
their base-emitter circuits in series from first (07,0Q13) to last
(012,017) transistors within each set, further comprising:

aj) a first operational amplifier (A3) having its
inputs connected to the emitters of the last transistors (al12,
017) in each set, thereby forcing the emitter voltages of those
transistors (Q12,017) to substantially egualize and reflect the
accumulated base-emitter voltage differential between the +two
sets (Q7-012, Q13-017) as a voltage differential between the
bases of the first transistors (Q7,Q13) in each set,

b) a ground referenced voltage divider circuit (R10,
R11l) connected to the base of the first transistor (Q7) in the
first set, and

c) a second operational amplifier (A4) having one
input connected to the base of the first transistor (Q13) in the
second set, its other input connected to the voltage divider
circuit (R10,R11}, and its output connected to the base of the
first transistor (Q7) in the first set and to an output terminal
(16) , whereby a ground referenced voltage is established at the
cutput terminal (16) which is proportional to the accumulated
base—-emitter voltage differential between the two transistor sets
(Q7-Q12, Q13-Q17).
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