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(57) ABSTRACT

A voltage reference circuit includes a bandgap circuit and a
temperature compensation circuit. The temperature compen-
sation circuit includes a first trim circuit, a second trim
circuit, and a resistive digital-to-analog converter. The resis-
tive digital-to-analog converter 1s coupled to the first trim
circuit, the second trim circuit, and the bandgap circuit. The
resistive digital-to-analog converter 1s configured to gener-
ate a temperature compensation voltage, and to provide the
temperature compensation voltage to the bandgap circuit.
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TEMPERATURE DRIFT COMPENSATION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This continuation application claims priority to
U.S. patent application Ser. No. 15/928,395, filed Mar. 22,
2018, which application claims priority to India Provisional
Application No. 201741012623, filed Apr. 7, 2017, both of

which are hereby incorporated by reference in their entirety.

BACKGROUND

[0002] Various analog circuits, voltage reference circuits
for example, suller from oflset error. Offset error results
from mismatch of circuit components. For example, 1n an
amplifier, mismatch of differential input transistors can
cause the amplifier to produce a non-zero output voltage
when the amplifier input voltage 1s zero. Oflset error can
detrimentally affect the operation of a circuit receiving a
signal that includes an oflset voltage.

[0003] Attempts are made to minimize offset error in a
variety of applications. However, even after compensating
for oflset error, the factors that produce the ofiset error can
vary with temperature, causing a variation in the oflset error
with temperature. Such vanation 1s referred to as “oflset

drift.”

SUMMARY

[0004] Temperature compensation circuits that correct for
oflset that changes with temperature are disclosed herein. In
one example, a voltage reference circuit includes a bandgap
circuit and a temperature compensation circuit. The tem-
perature compensation circuit includes a first trim circuit, a
second trim circuit, and a first resistive digital-to-analog
converter. The resistive digital-to-analog converter 1s
coupled to the first trim circuit, the second trim circuit, and
the bandgap circuit. The first resistive digital-to-analog
converter 1s configured to generate a temperature compen-
sation voltage, and to provide the temperature compensation
voltage to the bandgap circuat.

[0005] In another example, a method for trimming a
voltage reference circuit includes adjusting an output volt-
age ol a bandgap circuit to a reference voltage at a first
temperature. The method also includes generating a tem-
perature compensation voltage to adjust the output voltage
as a function of temperature. The generating includes setting
a first resistive digital-to-analog converter to produce a
weilghted sum of a voltage proportional to absolute tempera-
ture and a voltage complementary to absolute temperature.
The method further includes providing the temperature
compensation voltage to the bandgap circuit to adjust the
output voltage.

[0006] In a further example, a temperature compensation
circuit includes a bandgap circuit, a proportional to absolute
temperature voltage generation circuit, a complementary to
absolute temperature voltage generation circuit, a first resis-
tive digital-to-analog converter, a second resistive digital-
to-analog converter, and a third resistive digital-to-analog
converter. The first resistive digital-to-analog converter 1s
coupled to an output of the proportional to absolute tem-
perature voltage generation circuit. The second resistive
digital-to-analog converter 1s coupled to an output of the
complementary to absolute temperature voltage generation
circuit. The third resistive digital-to-analog converter
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coupled to an output of the first resistive digital-to-analog
converter, an output the second resistive digital-to-analog
converter, and an input of the bandgap circuit.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] For a detailed description of various examples,
reference will now be made to the accompanying drawings
in which:

[0008] FIG. 1 shows a block diagram for a voltage refer-
ence circuit that includes voltage output temperature coms-
pensation in accordance with the present disclosure;

[0009] FIG. 2 shows a schematic diagram of resistive
digital-to-analog converters arranged to provide voltage
output temperature compensation in accordance with the
present disclosure;

[0010] FIG. 3 shows a schematic diagram for a voltage
reference circuit that includes voltage output temperature
compensation implemented within a control loop of the
bandgap circuit 1n accordance with the present disclosure;

[0011] FIG. 4 shows a schematic diagram for a voltage
reference circuit that includes voltage output temperature
compensation implemented external to a control loop of the
bandgap circuit 1n accordance with the present disclosure;
and

[0012] FIG. § shows a flow diagram for a method for
trimming a voltage reference circuit that that includes volt-
age output temperature compensation in accordance with the
present disclosure.

DETAILED DESCRIPTION

[0013] Certain terms have been used throughout this
description and claims to refer to particular system compo-
nents. As one skilled in the art will appreciate, different
parties may refer to a component by different names. This
document does not intend to distinguish between compo-
nents that differ in name but not function. In this disclosure
and claims, the terms “including” and “comprising” are used
in an open-ended fashion, and thus should be interpreted to
mean “including, but not limited to . . . .” Also, the term
“couple” or “couples” 1s intended to mean either an indirect
or direct wired or wireless connection. Thus, 1t a first device
couples to a second device, that connection may be through
a direct connection or through an indirect connection via
other devices and connections. The recitation “based on™ 1s
intended to mean “based at least 1n part on.” Therefore, 1f X
1s based on Y, X may be a function of Y and any number of
other factors.

[0014] To compensate for offset drift with changing tem-
perature, temperature compensation circuits generate a tem-
perature compensation signal that changes with temperature
and reduces the oflset present at the output of a target device,
such as voltage reference circuit. Some temperature drift
compensation circuits use current output digital-to-analog
converters to set the parameters of the temperature compen-
sation signal. The current output digital-to-analog converters
generate tlicker noise that contributes significantly to low
frequency noise at the output of the compensated device.
The low frequency noise 1s difficult to filter and can detri-
mentally affect the operation of a receiving circuit. The noise
can be reduced by increasing power 1n the current output
digital-to-analog converters, but increasing power 1s unde-
sirable 1n low power applications.
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[0015] The temperature compensation circuits disclosed
herein reduce low frequency noise while maintaining low
power consumption. The temperature compensation circuits
of the present disclosure reduce low frequency noise by
providing a temperature compensation voltage rather than a
temperature compensation current. In implementations of a
temperature compensation circuit, voltage output digital-to-
analog converters, rather than current output digital-to-
analog converters, are used to generate a temperature com-
pensation voltage. The voltage output digital-to-analog
converters are resistive devices that produce substantially

less low frequency noise than current output digital-to-
analog converters.

[0016] FIG. 1 shows a block diagram for a voltage refer-
ence circuit 100 that includes voltage output temperature
compensation in accordance with the present disclosure. The
voltage reference circuit 100 includes a bandgap circuit 102
and a temperature compensation circuit 134. The tempera-
ture compensation circuit 134 includes a trim circuit 136, a
trim circuit 138, and a resistive digital-to-analog converter
112. The trim circuit 136 includes a proportional-to-abso-
lute-temperature (PTAT) voltage generation circuit 104 and
a resistive digital-to-analog converter 110. The trim circuit
138 includes a complementary-to-absolute-temperature
(CTAT) voltage generation circuit 106 and a resistive digi-
tal-to-analog converter 108. The PTAT voltage generation
circuit 104 and the CTAT voltage generation circuit 106 are
coupled to an output of the bandgap circuit 102. The
resistive digital-to-analog converter 108 1s coupled to an
output of the CTAT voltage generation circuit 106. The
resistive digital-to-analog converter 110 1s coupled to an
output of the PTAT voltage generation circuit 104. The
resistive digital-to-analog converter 112 1s coupled to an
output of the resistive digital-to-analog converter 108 and to
an output of the resistive digital-to-analog converter 110. An
output of the resistive digital-to-analog converter 112 1s fed
back to the bandgap circuit 102 1n some implementations of
the voltage reference circuit 100 to adjust (e.g., temperature
compensate) the output of the bandgap circuit 102. In some
implementations of the voltage reference circuit 100 the
output of the resistive digital-to-analog converter 112 1s not
fed back to the bandgap circuit 102, and 1s representative of
the temperature compensated output of the voltage reference
circuit 100.

[0017] The bandgap circuit 102 generates an output volt-
age that approximately corresponds to the bandgap energy
of silicon (e.g., about 1.2 volts), and 1s relatively constant
over temperature. That 1s, the drift over temperature 1is
relatively small. Some applications require that the tempera-
ture drift be further reduced and the temperature compen-
sation circuit of the voltage reference circuit 100 operates to
reduce the drift of the output voltage 114 over temperature.
During manufacture of the voltage reference circuit 100, the
output voltage 114 1s adjusted to equal a given reference
voltage at a selected temperature.

[0018] The PTAT voltage generation circuit 104 generates
an output voltage 116 that 1s proportional to absolute tem-
perature. The output voltage 116 increases with temperature.
The output voltage 116 1s provided to the resistive digital-
to-analog converter 110 as imnput. During manufacture of the
voltage reference circuit 100, the resistive digital-to-analog
converter 110 1s set to scale the output voltage 116 such that
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the output voltage 120 of the resistive digital-to-analog
converter 110 equals the given reference voltage at the
selected temperature.

[0019] The CTAT voltage generation circuit 106 generates
an output voltage 118 that 1s complementary to absolute
temperature. The output voltage 118 decreases with tem-
perature. The output voltage 118 1s provided to the resistive
digital-to-analog converter 108 as input. During manufac-
ture of the voltage reference circuit 100, the resistive digital-
to-analog converter 108 1s set to scale the output voltage 118
such that the output voltage 122 of the resistive digital-to-
analog converter 108 equals the given reference voltage at
the selected temperature.

[0020] The output voltage 120 and the output voltage 122
are provided to the resistive digital-to-analog converter 112
as inputs. For example, an output terminal 126 of the
resistive digital-to-analog converter 110 1s coupled to an
input terminal 128 of the resistive digital-to-analog con-
verter 112, and an output terminal 130 of the resistive
digital-to-analog converter 108 1s coupled to an input ter-
minal 132 of the resistive digital-to-analog converter 112.
The resistive digital-to-analog converter 112 provides a
weighted sum of the output voltage 120 and the output
voltage 122 to form an output voltage 124 (a temperature
compensation voltage). The output voltage 124 varies with
temperature at a rate that compensates for the variance with
temperature of the bandgap voltage generated by the band-
gap circuit 102. Accordingly, the bandgap circuit 102 sums
the output voltage 124 with the bandgap voltage generated
by the bandgap circuit 102 to produce the output voltage
114. Because the resistive digital-to-analog converter 108,
the resistive digital-to-analog converter 110, and the resis-
tive digital-to-analog converter 112 are passive, rather than
active, the low frequency noise produced to scale the output
voltage 116 and output voltage 118 1s reduced relative to
current output digital-to-analog converters. In some 1mple-
mentations of the voltage reference circuit 100, the circuit
area ol the resistive digital-to-analog converter 108, the
resistive digital-to-analog converter 110, and the resistive
digital-to-analog converter 112 1s less than the circuit area
occupied by current output digital-to-analog converters.

[0021] FIG. 2 shows a schematic diagram of the resistive
digital-to-analog converter 108, the resistive digital-to-ana-
log converter 110, and the resistive digital-to-analog con-
verter 112 arranged to provide voltage output temperature
compensation in accordance with the present disclosure. The
resistive digital-to-analog converter 108 includes a plurality
of resistors 206 connected 1n series. A tap 1s provided at a
connection of each pair of resistors 206. Each of the taps
provides a different scaling of the output voltage 118
received from the CTAT voltage generation circuit 106.
While four of the resistors 206 are 1llustrated 1n FIG. 2, some
implementations of the resistive digital-to-analog converter
108 may i1nclude more than four resistors 206.

[0022] The resistive digital-to-analog converter 110
includes a plurality of resistors 202 connected 1n series. A
tap 1s provided at a connection of each pair of resistors 202.
Each of the taps provides a different scaling of the output
voltage 116 received from the PTAT voltage generation
circuit 104. While four of the resistors 202 are 1llustrated 1n
FIG. 2, some implementations of the resistive digital-to-
analog converter 110 may include more than four resistors

202.
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[0023] The resistive digital-to-analog converter 112
includes a plurality of resistors 204 connected 1n series. A
tap 1s provided at a connection of each pair of resistors 204.
Each of the taps provides a diflerent weighting of the output
voltage 120 and output voltage 122 received from the
resistive digital-to-analog converter 110 and the resistive
digital-to-analog converter 108 respectively. Thus, selection
of the different taps of the resistive digital-to-analog con-
verter 112 provides a different sum of the output voltage 120
and output voltage 122, where each different sum corre-
sponds to a different slope of the output voltage 124. While
four of the resistors 204 are illustrated in FIG. 2, some
implementations of the resistive digital-to-analog converter
112 may include more than four resistors 204.

[0024] FIG. 3 shows a schematic diagram for a voltage
reference circuit 300 that includes voltage output tempera-
ture compensation implemented within a control loop of the
bandgap circuit 1n accordance with the present disclosure.
The voltage reference circuit 300 1s an implementation of
the voltage reference circuit 100. The voltage reference
circuit 300 includes bandgap circuit 302, a PTAT voltage
generation circuit 304, a CTAT voltage generation circuit
306, a resistive digital-to-analog converter 308, a resistive
digital-to-analog converter 310, and a resistive digital-to-
analog converter 312. The bandgap circuit 302, the PTAT
voltage generation circuit 304, the CTAT voltage generation
circuit 306, the resistive digital-to-analog converter 308, the
resistive digital-to-analog converter 310, and the resistive
digital-to-analog converter 312 are implementations of the
bandgap circuit 102, the PTAT voltage generation circuit
104, the CTAT voltage generation circuit 106, the resistive
digital-to-analog converter 108, the resistive digital-to-ana-
log converter 110, and the resistive digital-to-analog con-
verter 112 respectively.

[0025] The bandgap circuit 302 includes a bandgap refer-
ence circuit 320, a bufler amplifier 322, and a resistive
digital-to-analog converter 326. The bandgap reference cir-
cuit 320 generates the bandgap voltage and the bufler
amplifier 322 1solates the bandgap reference circuit 320
from the loading eflects of circuits external to the bandgap
circuit 302. The resistive digital-to-analog converter 326
provides for adjustment of the output voltage generated by
the bandgap reference circuit 320 at a selected temperature.
For example, the bandgap reference circuit 320 may include
a plurality of resistors connected 1n series and tap points
between each pair of resistors. A tap point at which the
bandgap current 336 1s provided to the resistive digital-to-
analog converter 326 1s selected to produce an output
voltage 114 that equals a reference voltage.

[0026] The PTAT voltage generation circuit 304 includes
one or more transistors 328. In the illustrated implementa-
tion of the PTAT voltage generation circuit 304, three
transistors 328 are connected as diodes and connected in
series, so that the voltage of the output voltage 116 1s about
three diode drop voltages lower than the voltage of the
output voltage 114. Other implementations of the PTAT
voltage generation circuit 304 may include a different num-
ber of transistors 328. The output voltage 114 1s received as
input to the transistors 328. A current source 330 couples the
transistors 328 to ground. The output voltage 116 1s provided
at an output terminal of the transistors 328 coupled to the
current source 330.

[0027] The output voltage 116 generated by the PTAT
voltage generation circuit 304 1s provided to the resistive
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digital-to-analog converter 310. The resistive digital-to-
analog converter 310 operates as a programmable voltage
divider to generate a scaled version of the output voltage
116. The output voltage 120 generated by the resistive
digital-to-analog converter 310 1s provided to the resistive
digital-to-analog converter 312.

[0028] The voltage reference circuit 300 1includes a switch
314, a switch 316, and a switch 318 to allow selectable
1solation of the resistive digital-to-analog converter 308, the
resistive digital-to-analog converter 310, and the resistive
digital-to-analog converter 312 during adjustment of the
resistive digital-to-analog converter 308, the resistive digi-
tal-to-analog converter 310, and resistive digital-to-analog
converter 312 at manufacture. The switch 316 switchably
couples the output voltage 120 to the resistive digital-to-
analog converter 312.

[0029] The CTAT voltage generation circuit 306 includes
one or more transistors 332. In the illustrated implementa-
tion of the CTAT voltage generation circuit 306, two tran-
sistors 332 are connected as diodes and connected 1n series.
Other implementations of the CTAT voltage generation
circuit 306 may include a different number of transistors
332. The output voltage 114 1s received as input to the
transistors 332 via the circuit 334, so that the voltage of the
output voltage 118 1s about two diode drop voltages above
ground. The output voltage 118 1s provided at an nput
terminal of the transistors 332 coupled to the circuit 334.

[0030] The output voltage 118 generated by the CTAT
voltage generation circuit 306 1s provided to the resistive
digital-to-analog converter 308. The resistive digital-to-
analog converter 308 operates as a programmable voltage
divider to generate a scaled version of the output voltage
118. The output voltage 122 generated by the resistive
digital-to-analog converter 308 1s provided to the resistive
digital-to-analog converter 312. The switch 318 switchably
couples the output voltage 122 to the resistive digital-to-
analog converter 312.

[0031] The resistive digital-to-analog converter 312 oper-
ates as a programmable voltage divider to produce a
weighted sum of the output voltage 120 and the output
voltage 122. The switch 314 switchably couples the output
voltage 124 produced by the resistive digital-to-analog con-
verter 312 to the bandgap circuit 302. The output voltage
124 1s summed with the adjusted bandgap voltage produced
by the bandgap circuit 302 to provide temperature compen-
sation.

[0032] FIG. 4 shows a schematic diagram for a voltage
reference circuit 400 that includes voltage output tempera-
ture compensation implemented external to a control loop of
the bandgap circuit 1n accordance with the present disclo-
sure. The voltage reference circuit 400 1s an implementation
of the voltage reference circuit 100. The voltage reference
circuit 400 includes bandgap circuit 402, a PTAT voltage
generation circuit 404, a CTAT voltage generation circuit
406, a resistive digital-to-analog converter 408, resistive
digital-to-analog converter resistive digital-to-analog con-
verter 410, and a resistive digital-to-analog converter resis-
tive digital-to-analog converter 412. The bandgap circuit
402, the PTAT voltage generation circuit 404, the CTAT
voltage generation circuit 406, the resistive digital-to-analog
converter 408, the resistive digital-to-analog converter 410,
and the resistive digital-to-analog converter 412 are imple-
mentations of the bandgap circuit 102, the PTAT voltage
generation circuit 104, the CTAT voltage generation circuit
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106, the resistive digital-to-analog converter 108, the resis-
tive digital-to-analog converter 110, and the resistive digital-
to-analog converter 112 respectively.

[0033] The bandgap circuit 402 generates the bandgap
voltage, and some implementations include circuitry similar
to the bandgap reference circuit 320, the buller amplifier
322, and/or the resistive digital-to-analog converter 326. In
the voltage reference circuit 400, the temperature compen-
sation circuit does not provide feedback to the bandgap
circuit 402, so the output voltage 414 generated by the
bandgap circuit 402 1s not temperature compensated within
the bandgap circuit 402. The output voltage 414 1s adjusted
to equal a reference voltage at a selected temperature.
[0034] The PTAT voltage generation circuit 404 includes
one or more transistors 428. In the illustrated 1implementa-
tion of the PTAT voltage generation circuit 404, a single
transistor 428 1s provided, so that the voltage of the output
voltage 116 1s about one diode drop voltage lower than the
voltage of the output voltage 414. Other implementations of
the PTAT voltage generation circuit 404 may include a
different number of transistors 428. The output voltage 414
1s received as mput to the transistor 428. The output voltage
116 1s provided at an output terminal of the transistor 428.

[0035] The output voltage 116 generated by the PTAT
voltage generation circuit 404 1s provided to the resistive
digital-to-analog converter 410. The resistive digital-to-
analog converter 410 operates as a programmable voltage
divider to generate a scaled version of the output voltage
116. The output voltage 120 generated by the resistive
digital-to-analog converter 410 1s provided to the resistive
digital-to-analog converter 412.

[0036] The CTAT voltage generation circuit 406 includes
one or more transistors 432. In the illustrated 1implementa-
tion of the CTAT voltage generation circuit 406, two tran-
sistors 432 are connected as diodes and connected in series.
Other implementations of the CTAT voltage generation

circuit 406 may include a different number of transistors
432.

[0037] In the voltage reference circuit 400, the output
voltage 414 1s received by the resistive digital-to-analog
converter 408, and provided to the CTAT voltage generation
circuit 406 via the resistive digital-to-analog converter 408.
The output voltage 118 1s about two diode voltage drops
above ground, so the voltage across the resistive digital-to-
analog converter 408 1s approximately the voltage of the
output voltage 414 less two diode voltage drops.

[0038] The resistive digital-to-analog converter 308 oper-
ates as a programmable voltage divider to generate an output
voltage 422 between the output voltage 118 and the output
voltage 414. The output voltage 422 generated by the
resistive digital-to-analog converter 408 1s provided to the
resistive digital-to-analog converter 412.

[0039] The resistive digital-to-analog converter 412 oper-
ates as a programmable voltage divider to produce a
weighted sum of the output voltage 120 and the output
voltage 422. The output voltage 424 produced by the resis-
tive digital-to-analog converter 412 1s provided to the bufler
amplifier 440. The builer amplifier 440 applies a selected
gain to the output voltage 424 to produce the output refer-
ence voltage 442.

[0040] FIG. S shows a flow diagram for a method 500 for

trimming a voltage reference circuit that includes voltage
output temperature compensation in accordance with the
present disclosure. Though depicted sequentially as a matter
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of convenience, at least some of the actions shown can be
performed 1n a different order and/or performed 1n parallel.
Additionally, some implementations may perform only
some of the actions shown. In some implementations, at
least some of the operations of the method 500 can be
implemented by the voltage reference circuit voltage refer-
ence circuit 300.

[0041] In block 502, the voltage reference circuit 300 is
being trimmed for temperature compensation. For example,
the process of manufacturing the voltage reference circuit
300 includes the method 500 to trim the voltage reference
circuit 300 for temperature compensation. To adjust the
temperature compensation, the voltage reference circuit 300
1s set to a first trim temperature. For example, the tempera-
ture of the voltage reference circuit 300 may be raised to 90
degrees Celsius. The temperature of the voltage reference
circuit 300 may be set to a different value in some 1mple-
mentations.

[0042] In block 504, the switch 314, the switch 316, and
the switch 318 are set to perform a bandgap accuracy trim.
For example, the switch 314 1s opened to 1solate the bandgap

circuit 302 from the resistive digital-to-analog converter
312.

[0043] In block 506, the output voltage 114 generated by
the bandgap circuit 302 1s compared to a reference voltage,
and 1s adjusted to make the output voltage 114 equal to the
reference voltage. The output voltage 114 1s adjusted by
selecting a tap point of the resistive digital-to-analog con-
verter 326 at which the bandgap current 336 provided to the
resistive digital-to-analog converter 326 produces an output
voltage 114 equaling the reference voltage. For example, a
binary search of the taps of the resistive digital-to-analog
converter 326 1s performed to 1dentify the tap that produces
a value of the output voltage 114 that best corresponds to the
reference voltage.

[0044] In block 508, the switch 314, the switch 316, and
the switch 318 are set to trim the output voltage 120 (the
PTAT voltage) 1n the resistive digital-to-analog converter
310. For example, the switch 314 i1s closed, the switch 316
1s closed, and the switch 318 1s opened to connect the output
of the resistive digital-to-analog converter 310 to the band-
gap circuit 302, and disconnect the output of the resistive
digital-to-analog converter 308 from the bandgap circuit

302.

[0045] In block 510, feedback signal generated by the
PTAT voltage generation circuit 304 and scaled by the
resistive digital-to-analog converter 310 1s provided to the
bandgap circuit 302. The output voltage 114 generated by
the bandgap circuit 302 1s compared to the reference voltage,
and the output voltage 120 produced by the resistive digital-
to-analog converter 310 1s adjusted to make the output
voltage 114 equal to the reference voltage. The resistive
digital-to-analog converter 310 1s adjusted by selecting a tap
poimnt of the resistive digital-to-analog converter 310 at
which the output voltage 120 provided to the resistive
digital-to-analog converter 312 results 1n the output voltage
114 equaling the reference voltage. For example, a binary
search of the taps of the resistive digital-to-analog converter
310 1s performed to 1dentity the tap that produces a value of
the output voltage 114 that best corresponds to the reference
voltage.

[0046] In block 512, the switch 314, the switch 316, and

the switch 318 are set to trim the output voltage 122 (the
CTAT voltage). For example, the switch 314 1s closed, the
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switch 316 1s opened, and the switch 318 1s closed to connect
the output of the resistive digital-to-analog converter 308 to
the bandgap circuit 302, and disconnect the output of the
resistive digital-to-analog converter 310 from the bandgap
circuit 302.

[0047] In block 514, feedback signal generated by the
CTAT voltage generation circuit 306 and scaled by the
resistive digital-to-analog converter 308 1s provided to the
bandgap circuit 302. The output voltage 114 generated by
the bandgap circuit 302 1s compared to the reference voltage,
and the output voltage 122 produced by the resistive digital-
to-analog converter 308 1s adjusted to make the output
voltage 114 equal to the reference voltage. The resistive
digital-to-analog converter 308 1s adjusted by selecting a tap
point of the resistive digital-to-analog converter 308 at
which the output voltage 122 provided to the resistive
digital-to-analog converter 312 results 1n the output voltage
114 equaling the reference voltage. For example, a binary
search of the taps of the resistive digital-to-analog converter
308 1s performed to 1dentily the tap that produces a value of
the output voltage 114 that best corresponds to the reference
voltage.

[0048] The adjustments of the blocks 506, 510, and 514
are performed with the voltage reference circuit 300 at the
first trim temperature. In block 516, the voltage reference
circuit 300 1s set to a second trim temperature. For example,
the temperature of the voltage reference circuit 300 may be
lowered to 25 degrees Celsius. The temperature of the
voltage reference circuit 300 may be set to a different value
in some 1mplementations.

[0049] In block 518, the switch 314, the switch 316, and
the switch 318 are set to trim the slope of the output voltage
124 (e.g., to set the rate of change of the output voltage 124
with temperature). For example, the switch 314 1s closed, the
switch 316 1s closed, and the switch 318 1s closed to connect
the output of the resistive digital-to-analog converter 308
and the output of the resistive digital-to-analog converter
310 to the bandgap circuit 302.

[0050] In block 520, feedback signal generated by the
CTAT voltage generation circuit 306 (as scaled by the
resistive digital-to-analog converter 308) and feedback sig-
nal generated by the PTAT voltage generation circuit 304 (as
scaled by the resistive digital-to-analog converter 310) 1s
summed by the resistive digital-to-analog converter 312 and
provided to the bandgap circuit 302. The weighting of the
output voltage 120 and the output voltage 122 1s set by
selecting a tap of the resistive digital-to-analog converter
312 that causes the output voltage 114 to equal the reference
voltage. The output voltage 114 generated by the bandgap
circuit 302 1s compared to the reference voltage, and the
output voltage 124 produced by the resistive digital-to-
analog converter 312 1s adjusted to make the output voltage
114 equal to the reference voltage. The resistive digital-to-
analog converter 312 1s adjusted by selecting a tap point of
the resistive digital-to-analog converter 312 at which the
output voltage 124 provided to the resistive digital-to-analog
converter 312 results 1n the output voltage 114 equaling the
reference voltage. For example, a binary search of the taps
of the resistive digital-to-analog converter 312 1s performed
to 1dentify the tap that produces a value of the output voltage
114 that best corresponds to the reference voltage.
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[0051] While the temperature compensation circuitry dis-
closed herein has been generally described 1n the context of
a voltage reference circuit, the temperature compensation
circuitry 1s applicable to a wide variety of circuits that
experience drift with temperature. For example, an imple-
mentation of the temperature compensation circuitry dis-
closed herein may be included 1n an operational amplifier to
correct for offset drift, or included 1n any circuit that includes
a bandgap reference to compensate for drift in the bandgap
reference.

[0052] The above discussion 1s meant to be 1llustrative of
the principles and various embodiments of the present
invention. Numerous variations and modifications will
become apparent to those skilled in the art once the above
disclosure 1s fully appreciated. It 1s intended that the fol-
lowing claims be interpreted to embrace all such variations
and modifications.

What 1s claimed 1s:

1. A method for trimming a voltage reference circuit,
comprising;
adjusting an output voltage of a bandgap circuit to a
reference voltage at a first temperature;

generating a temperature compensation voltage to adjust
the output voltage as a function of temperature, the
generating comprising setting a first resistive digital-
to-analog converter to produce a weighted sum of a
voltage proportional to absolute temperature and a
voltage complementary to absolute temperature; and

providing the temperature compensation voltage to the
bandgap circuit to adjust the output voltage.

2. The method of claim 1, further comprising generating
the voltage proportional to absolute temperature as the
output voltage less three diode drop voltages.

3. The method of claim 1, further comprising generating
the voltage complementary to absolute temperature as two
diode drop voltages.

4. The method of claim 1, further comprising setting a
second resistive digital-to-analog converter to scale the
voltage proportional to absolute temperature to the reference
voltage at the first temperature.

5. The method of claim 4, further comprising opening a
switch disposed between the first resistive digital-to-analog
converter and a third resistive digital-to-analog converter
while setting the second resistive digital-to-analog con-
verter.

6. The method of claim 4, further comprising setting a
third resistive digital-to-analog converter to scale the voltage
complementary to absolute temperature to the reference
voltage at the first temperature.

7. The method of claim 6, further comprising opening a
switch disposed between the first resistive digital-to-analog
converter and the second resistive digital-to-analog con-
verter while setting the third resistive digital-to-analog con-
verter.

8. The method of claim 1, further comprising opening a
switch to disconnect the first resistive digital-to-analog
converter from the bandgap circuit while adjusting the
output voltage of the bandgap circuit.
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