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centroids of the first and second transistor are spaced from one another). Such spatial distribution helps mitigate voltage shift induced
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MITIGATION OF VOLTAGE SHIFT INDUCED BY MECHANICAL STRESS INBANDGAP
VOLTAGE REFERENCE CIRCUITS

[0001] This description relates to bandgap voltage reference circuits, and more particularly, to
mitigation of voltage shift induced by mechanical stress in bandgap voltage reference circuits.
BACKGROUND

[0002] A bandgap voltage reference is an electrical circuit that outputs a fixed voltage that is
stable over temperature. In general, a bandgap voltage reference circuit is configured to generate
first and second internal voltages that are summed together to provide the output voltage. The
reason the output voltage is temperature-insensitive is because the first internal voltage source has
a positive temperature coefficient, and the second internal voltage source has a negative
temperature coefficient. Thus, by summing the first and second internal voltages, the temperature-
dependence is canceled or otherwise mitigated. Although there are many instantiations, one such
example circuit is implemented in silicon using bipolar junction transistors, and has an output
voltage of about 1.25 V, which roughly corresponds to the theoretical band gap of silicon (~1.22
eV at 0 K).

[0003] Such bandgap voltage reference circuits have many applications. One such example
application is in the context of a digital-to-analog converter (DAC), which converts a digital input
word to an analog output voltage. The analog output voltage is based on the digital word and a
voltage reference generated internal to the DAC. A similar application is in the context of an
analog-to-digital converter (ADC), which converts an analog input signal to its digital equivalent.
The digital output word is based on the analog input and an internal voltage reference. In either
of these example applications, the internal voltage reference can be provided by a bandgap voltage
reference circuit, which helps keep the conversion process of the DAC or ADC accurate over a
relatively broad range of temperature.

[0004] Unfortunately, there remain unresolved issues with respect to bandgap voltage reference
circuits.

SUMMARY

[0005] Integrated circuits including a bandgap voltage reference circuit are described, as well as
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electronic systems that include the integrated circuits.

[0006] In one example, the integrated circuit includes a package, and a die fixed within the
package. The die includes a bandgap voltage reference circuit, the die having opposing edges that
partially define an outer perimeter of the die. The opposing edges are separated by a distance D1.
The bandgap voltage reference circuit includes a first transistor, a second transistor, and a resistor
or capacitor. The first transistor is at a first location of the die, and is to operate with a first base-
emitter voltage. The second transistor is at a second location of the die, and is to operate with a
second base-emitter voltage. The resistor or capacitor is operatively coupled to the first and second
transistors such that a voltage difference between the first and second base-emitter voltages drops
across the resistor or capacitor. The second location is separated from the first location by a
distance D2. The distance D2 is at least 1.5% of the distance D1.

[0007] In another example, the integrated circuit includes a package, and a die fixed within the
package. The die includes a bandgap voltage reference circuit. The bandgap voltage reference
circuit is configured to add a proportional to absolute temperature (PTAT) voltage to a
complementary to absolute temperature (CTAT) voltage, and includes an array, a resistor, and a
summing circuit. The array includes a first bipolar junction transistor (BJT) and a second BJT, the
first BJT to operate with a first base-emitter voltage, and the second BJT to operate with a second
base-emitter voltage. The centroid of the array, the centroid of the first BJT, and the centroid of
the second BJT are spaced from one another. The PTAT element is operatively coupled to the
first and second BJTs such that a voltage difference between the first and second base-emitter
voltages drops across the PTAT element. The summing circuit is configured to generate a voltage
reference output based on (1) the voltage difference between the first and second base-emitter
voltages and (2) the first base-emitter voltage or another base-emitter voltage.

[0008] In another example, the integrated circuit includes a package, and a die fixed within the
package. The die includes a bandgap voltage reference circuit. The die has a center point and a
stress profile, such that surface stress of the die decreases with increasing distance from the center
point. The bandgap voltage reference circuit is configured to add a proportional to absolute
temperature (PTAT) voltage to a complementary to absolute temperature (CTAT) voltage, and
includes a first bipolar junction transistor, second bipolar junction transistor, a resistance or
capacitance, and a summing circuit. The first bipolar junction transistor is at a first location of the

die and to operate with a first base-emitter voltage, and the first location is a first distance from
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the center point of the die and associated with a first stress value. The second bipolar junction
transistor is at a second location of the die and to operate with a second base-emitter voltage, and
the second location is a second distance from the center point of the die and associated with a
second stress value. The second distance is different from the first distance, and the second stress
value different from the first stress value. The resistance or capacitance is operatively coupled to
the first and second bipolar junction transistors such that a voltage difference between the first and
second base-emitter voltages drops across the resistance or capacitance. The summing circuit is
configured to generate a voltage reference output based on (1) the voltage difference between the
first and second base-emitter voltages and (2) the first base-emitter voltage or another base-emitter
voltage.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1a illustrates an example bandgap voltage reference circuit that is susceptible to
base-emitter voltage shift over temperature, because of mechanical stress induced by the solder-
down process.

[0010] FIG. 1b illustrates the base-emitter voltage shift that occurs over temperature in the
bandgap voltage reference circuit of FIG. 1a, as a result of the solder-down process.

[0011] FIG. 1cillustrates the non-distributed nature of the transistor array of the bandgap voltage
reference circuit of FIG. 1a.

[0012] FIG. 1d illustrates a top down view of a non-distributed transistor array of a bandgap
voltage reference circuit, such as the example of FIG. 1a, and shows the common centroid shared
by both active devices of that array.

[0013] FIG. 2a illustrates an example bandgap voltage reference circuit configured with a
spatially distributed transistor array, to mitigate base-emitter voltage shift over temperature due to
mechanical stress induced by the solder-down process, in accordance with an embodiment.
[0014] FIG. 2b illustrates a simulation or characterization plot which shows the dependency of
base-emitter voltage shift on transistor positions of the transistor array in the bandgap voltage
reference circuit of FIG. 2a, in accordance with an embodiment.

[0015] FIGS. 2¢c-g each illustrates an example of the distributed nature of the transistor array of
the bandgap voltage reference circuit of FIG. 2a, in accordance with an embodiment.

[0016] FIGS. 3a-c each illustrates further details of an example bandgap voltage reference circuit

configured with a spatially distributed transistor array, in accordance with an embodiment.
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[0017] FIGS. 4a-c each illustrates an example electronics system having an integrated circuit
that includes a bandgap voltage reference circuit configured with a spatially distributed transistor
array, in accordance with an embodiment.

[0018] FIG. 5 illustrates further details of the dependency of solder-down induced voltage shift
on transistor positions of a spatially distributed transistor array of various example bandgap voltage
reference circuits each configured in accordance with an embodiment, relative to bandgap voltage
reference circuits having non-distributed transistor arrays.

[0019] FIGS. 6a-c each illustrates another example bandgap voltage reference circuit configured
with a spatially distributed transistor array, to mitigate base-emitter voltage shift over temperature
due to mechanical stress induced by the solder-down process, in accordance with an embodiment.
[0020] FIG. 7 illustrates the dependency of solder-down induced voltage shift on thickness of a
printed circuit board of bandgap voltage reference circuits.

[0021] FIG. 8 illustrates that both NPN and PNP transistors are similarly susceptible to solder-
down induced voltage shift, when used in the transistor array of bandgap voltage reference circuits.
[0022] FIGS. 9a-c collectively illustrate mechanical stress on a die of an integrated circuit
package, induced by the solder-down process.

[0023] FIGS. 10a-b collectively illustrate how solder-down induced mechanical stress on a die
is position-dependent and thus varies within the area of that die.

[0024] FIGS. 1la-e each illustrates an example electronic system that employs a bandgap
voltage reference circuit configured with a spatially distributed transistor array, in accordance with
an embodiment.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0025] Techniques are provided herein to reduce stress-induced output voltage shift of bandgap
voltage reference circuits. Although the techniques can be useful in a number of circumstances
where mechanical stress induces voltage shift, they are particularly useful in addressing voltage
and temperature coefficient shift of an integrated bandgap voltage reference circuit that results
from mechanical stress caused by the solder-down process when attaching the integrated circuit
package and die assembly to a printed circuit board. According to an embodiment of this
description, a bandgap voltage reference circuit includes a spatially distributed transistor array. In
some such embodiments, the transistors of the array are bipolar junction transistors (BJTs),

although other active junction devices that exhibit a linear voltage shift with respect to temperature
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and mechanical stress can be used, as will be appreciated in light of this description. In any such
cases, rather than clustering all of the active junction devices of the array into a single die location
as 1s normally done, one or more of the active junction devices of the array is intentionally spaced
from the other active junction devices of the array. In this manner, the array is spatially distributed
to two different die locations, and the different locations experience different amounts of
mechanical stress induced by the solder-down process. For example, with some integrated circuits,
a solder-down induced mechanical stress is the highest at the middle of the die, and is lower
proximate to edges of the die. So, in such an example case, by placing one or more transistors of
the array proximate to the edge of the die, and placing the one or more remaining transistors of the
array in the middle of the die, the absolute temperature coefficient shift is cancelled, offset or
otherwise reduced by a relative temperature coefficient shift between those two differently-
stressed positions. Other such transistor array distribution schemes where first and second portions
of the array are spaced from one another in a manner that has a temperature coefficient shift
mitigation effect can be similarly used. Numerous variations will be appreciated in light of this
description.

General Overview

[0026] As previously described, a bandgap voltage reference is an electrical circuit that outputs
a fixed voltage that is stable over temperature. However, such circuits are also susceptible to a
stress-induced shift in temperature coefficient and output voltage, caused by mechanical stress in
the die which includes the circuit. One such stress is solder-down stress, which refers to the stress
imparted on the die when the integrated circuit package containing that die is soldered down onto
a printed circuit board (PCB). For instance, each of the die (e.g., silicon or other semiconductor
material(s)), package mold compound, and PCB can have different coefficients of thermal
expansion that create temperature dependent stress on the BJTs or other active junction devices
that are to generate a temperature-invariant voltage reference. Moreover, the rigid attachment of
the integrated circuit to copper PCB traces creates a boundary condition on that stress. Hence, a
solder-down shift can cause a degradation in performance relative to the pre-solder-down
performance. A dominant factor of this temperature coefficient shift is believed to be the base-
emitter voltage (Vee) shift of a BJT-based array. One technique to address this problem is to
integrate a stress gage or sensor on the die to measure a stress level of a critical cell and configure

a feedforward cancellation based on the stress sensor and temperature sensor outputs. This
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approach, however, necessitates extra circuits, such as X-Y-Z directional stress sensors,
temperature sensors, a digital signal processor (DSP), and memory. In addition, a characterization
effort to find out the best coefficients for each temperature and stress sensor output is not a trivial
task.

[0027] Thus, techniques are provided herein to mitigate or otherwise reduce solder-down
induced shift of the temperature coefficient of bandgap voltage reference circuits, without
requiring extra circuitry such as strain and temperature sensors. A circuit architecture employing
the techniques allows for cancellation or reduction of the absolute temperature coefficient shift by
a relative temperature coefficient shift, wherein the absolute and relative temperature coefficient
shifts are caused by mechanical stress on the die surface, induced by the solder-down process. No
extra circuits are needed because, according to some such embodiments, the bipolar junction
transistors (or other comparable devices) of the array itself are effectively used to sense and
mitigate the solder-down stress. In particular, and in accordance with an embodiment, by
selectively positioning bipolar junction transistors of the array at first and second die locations that
are spaced from one another and experience different amounts of mechanical stress, the absolute
VeE shift can be canceled or otherwise reduced by the relative Vg shift. In this manner, the array
is said to be distributed, which is in contrast to standard bandgap voltage reference circuits which
utilize an undistributed array that has a common centroid. As will be appreciated, the techniques
allow for smaller implementation and lower costs, and can be achieved by any number of standard
or proprietary process technologies and are insensitive to process variation, according to some
embodiments.

[0028] The distributed nature of the array can be characterized in a number of ways. In one
example characterization, the spacing between the two differently-stressed array portions can be
thought of in the absolute sense as the distance between the two locations, such as the example
case where each location has a discrete perimeter within which are located the individual
transistors of that location and the spacing is the distance from one perimeter edge to the other
perimeter edge (or from the geometric center of each perimeter, or some other consistent
measurement point associated with each perimeter). In another example characterization, the
spacing between the two differently-stressed array portions can be thought of in the relative sense
as the distance of each location from a common reference point of the die, such as the example

case where the common reference point is the center point of the die and one location is closer to
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the die center point than the other location. Note that both of these example characterizations are
agnostic as to which individual transistors of the array are in which location, and focus on the
absolute or relative spacing of the two locations. In another example characterization, the spacing
between the two differently-stressed array portions can be thought of in terms of the distance
between the centroids of the active devices formed by the overall array, such as the example case
where the array includes first and second transistor devices and the centroid of the first transistor
device is spaced from the centroid of the second transistor device. Note that in a standard bandgap
voltage reference circuit, these centroids are co-located, along with the centroid of the overall
array. In any of these example characterizations, further note that one or both of the active
transistor devices may include multiple individual transistors connected in parallel, and that some
individual transistors of a given parallel combination may be at the first location and other
individual transistors of that given parallel combination may be at the second location. Further
note that each of the two locations (and thus the two array portions) is subjected to a different
stress, given the post solder-down stress profile of the die.

[0029] Although the differently-stressed locations of the array transistors can vary depending on
the configuration of the integrated circuit package containing the bandgap voltage reference
circuit, in some examples a first portion of the array is located in a middle region of the die, and a
second portion of the array is located near an edge of the die. In such cases, the distance between
the spaced array portions is relatively large, particularly when compared to standard bandgap
voltage reference circuits in which all of the individual transistors of the array are clustered
together in the same location as close together as possible and have a common centroid, with
relatively little or no space therebetween and with no regard to the die stress profile. For example,
in some embodiments, the distance between the differently-stressed array portions is in the range
of about 1.5% to 65% of the total distance from one edge of the die to the other opposing edge of
the die. In still other embodiments, the distance between the differently-stressed array portions
can be relatively small but still much greater than the de minimis spacing of the array of standard
bandgap voltage reference circuits. For instance, in some such embodiments, the distance between
the respective array portions is equal to or greater than the lateral width of an individual cell of the
array, or even less than this width. Depending on the type of device (e.g., BJTs or diode-connected
BJTs) being used in the array and the process technology used to form that device, this lateral

width can vary greatly, but in some examples is in the range of 50 to 150 microns (um). In any
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such cases, such intentional spacing of the array portions to differently-stressed die locations,
whether a relatively large or relatively small spacing, would cause the centroids of the active
devices formed in that array to be spaced from one another. In contrast, an array of a standard
bandgap voltage reference circuit has a common centroid shared by the overall array itself as well
as the active devices formed in that array.

[0030] A band-gap reference in one of its simplest forms is two bipolar junction transistors
(BJTs) with different sized emitter areas. Each transistor has a different base-emitter voltage (VsE)
set by its current density. The relative difference between the Ve of the first transistor and the
VaEe of the second transistor (AVse) has a positive temperature coefficient, while the Vgt for each
of the first and second transistors has a negative temperature coefficient. Thus, as the relative
difference in Ve between the first and second transistors (AVag) shifts in a positive direction with
a given temperature change, and the Vge of the first (or second) transistor shifts in a negative
direction with that temperature change, thereby effectively cancelling or otherwise reducing
temperature-based shift in the output voltage. Said differently, a bandgap voltage reference is
created when a specific proportional to absolute temperature (PTAT) voltage (relative difference
in Vee) is added to the complementary to absolute temperature (CTAT) voltage, thereby yielding
a voltage at roughly the bandgap energy of silicon (~1.2V), assuming silicon-based process
technology. Note that devices made with other semiconductor materials will provide a different
bandgap energy, so the output voltage reference depends on the semiconductor materials used as
well as the circuit configuration, as will be appreciated.

[0031] To this end, while the techniques provided herein are particularly well-suited for silicon-
based BJT-based bandgap voltage reference circuits, they can be used with any voltage reference
circuits where the voltage difference between two p—n junction devices (e.g., 3-terminal BJTs,
diode-connected BJTs, or comparable devices), operated at different current densities, can be used
to generate a proportional to absolute temperature (PTAT) voltage across a PTAT element (e.g.,
resistor or capacitor), and that PTAT voltage can be added to the complementary to absolute
temperature (CTAT) voltage across one of the devices (or yet another device, as is the case in the
Widlar topology, as shown in the example of FIG. 6b), thereby yielding an output voltage at
roughly the bandgap energy of semiconductor material used to make the devices. Such a circuit
can be more simply expressed or otherwise represented with the equation: Vrer = Vie1 + M(VBE! -

VBE2), where A is the scale factor (set by biasing resistors of the bandgap voltage reference circuit),
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Vae2 s the base-emitter voltage of the larger of the two devices, Vsel is the base-emitter voltage
of the second device, and Vrer is the reference output voltage generated by the bandgap voltage
reference circuit. As will be described in turn, note that the larger transistor can be created by
connecting a number of individual transistors in parallel, or by making the emitter area of a single
individual transistor larger, relative to the other transistor. Further note that the PTAT element
across which the PTAT voltage can be measured or otherwise accessed can vary depending on
which bandgap voltage reference topology is used. For instance, the PTAT element can be
resistive (one or more resistors) in some cases (e.g., such as in the Brokaw and Widlar topologies),
or capacitive (one or more capacitors) in still other cases (e.g., such as in switched capacitor
topologies).

Circuit Architecture

[0032] Before describing example topology configured in accordance with an embodiment, it
may be helpful to first illustrate a problem that such topologies address. To this end, FIG. la
illustrates an example bandgap voltage reference circuit that is susceptible to base-emitter voltage
shift over temperature (Vse-snit(T)), because of mechanical stress induced by the solder-down
process. As can be seen in this example, the transistor array is non-distributed, in that all transistors
making up Qi and Q2 are densely positioned in one die location, as shown in FIG. 1c. In this
example case, Q1 is a single individual transistor of the array, and Q2 is eight individual transistors
of the array connected in parallel. Note that Qi1, Q2, and the overall array all have a common
centroid (generally designated with a bolded circle). FIG. 1d illustrates another example array
having a common centroid, where the array includes a single individual transistor for Qi1 and two
individual transistors connected in parallel for Q2 (the common centroid is shown at the
intersection of the dashed lines). As can be further seen in FIG. 1a, transistor Qi is an NPN BJT
that includes M individual transistors connected in parallel, while transistor Q2 is an NPN BJT that
includes N individual transistors connected in parallel, wherein each of M and N is an integer (1,
2,3, ...). The circuit further includes biasing resistors Ri, Ra, and Rptat, which effectively define
the scale factor of the voltage reference circuit. The circuit further includes an operational
amplifier operatively coupled with transistors Q1 and Q2 and the resistors Ri, Rz, and Rptat, to
achieve a temperature-insensitive output voltage Vrwr by cancellation between the positive
temperature coefficient brought by AVgg and the negative temperature coefficient brought by Vg,

as expressed in Equations 1-3 below. Note that k is the Boltzmann constant, T is the absolute
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temperature of the devices making up the non-distributed transistor array, and q is the magnitude
of charge of an electron (the elementary charge). Variations will be apparent, such as the case

where there

Vier = Vg + AVpp (Equation 1)
Rptat
_ kT Ry :
AV = 1n (N/M(RI ) (Equation 2)
Riot = Ry (Equation 3)

. . ) ) R
is a resistor Ry between ground and the emitters of Qi1 and Q2, wherein R, = R, + (1 + R—Z) Ry.
1

In any such cases, and as further illustrated in FIG. 1b, the base-emitter voltage of the transistor
array still shifts, as a result of the solder-down process. Thus, the post-solder-down performance
of the bandgap voltage reference circuit degrades from the pre-solder-down performance. One
example post-solder-down performance test demonstrated an 11-12ppm/C temperature coefficient
shift for such a bandgap voltage reference circuit. Note that the amount of shift can depend on
various factors, including, for example, the PCB thickness, encapsulation material, the process
technology used to form the die, as well as the solder-down process itself.

[0033] In contrast, the bandgap voltage reference circuit techniques provided herein not only
mitigate temperature-dependent base-emitter voltage drift but further mitigate the base-emitter
voltage shift caused by mechanical stress on the die, induced by the solder-down process. In
addition, the techniques are insensitive to process variation, and so they can be implemented with
any number of semiconductor process technologies and materials. For instance, the circuitry can
be implemented in silicon, germanium, silicon germanium, and group III-V materials such as
gallium arsenide, to name a few examples. Further note that the techniques provided herein can
be used with any number of topologies including standard bandgap voltage reference circuitry
such as Brokaw, Widlar, and switched capacitor topologies, as well as proprietary topologies. In
a more general sense, the techniques can be used in any bandgap voltage reference circuits having

an array implemented with active junction devices, wherein the AVgg PTAT (proportional to
absolute temperature) term equals %T In (N / M(%)), where N is the number of individual devices
1

making up the larger device, and M is the number of individual devices making up the other device.
To ease description, assume the active junction devices are transistors (e.g., 3-terminal BJTs,

diode-connected BJTs, or other active junction devices that exhibit a linear voltage shift with

10
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respect to temperature and mechanical stress in a fashion comparable to a BJT). Note that the ratio
of N/M can also be expressed as an emitter area ratio of single individual transistors for Q2 and
Q1, where the Q2 emitter is larger than the Qi emitter (instead of Q2 including more parallel-
connected individual transistors than Q1). So, either multiple individual transistors connected in
parallel, or single transistors having suitably sized emitters, can be used for Q1 and Q2 of the
transistor array. Note, however, that using parallel-connected transistors works particularly well
with respect to location-dependent stress tuning as variously provided herein, given the relative
ease of adding/removing individual transistors to/from a parallel combination as compared to
changing emitter size.

[0034] In more detail, FIG. 2a illustrates an example bandgap voltage reference circuit similar
to that shown in FIG. 1a. However, this bandgap voltage reference circuit is configured with a
spatially distributed transistor array, to mitigate base-emitter voltage shift over temperature due to
mechanical stress induced by the solder-down process, in accordance with an embodiment. As
can be seen, the transistor array includes transistors Q1 and Qz, which may be NPN or PNP
transistors (both types respond similarly to mechanical stress induced by the solder-down process,
as shown in FIG. 8). As previously described, each of Q1 and Q2 may include a single individual
transistor, or multiple individual transistors connected in parallel, such as the example case of
Q1(M) and Q2(N), wherein M=2 and N=16; note, however, that if M or N equals 1, there is a single
individual transistor (no parallel-connected transistors). In this specific example case, Q1 and Q2
are implemented with diode-connected NPN BJT. As will be appreciated, a diode-connected BJT
is a BJT that has its collector connected to its base. A voltage source symbol is shown between
the collector and base, simply to represent Vsg, referenced to ground in this example.

[0035] In any such cases, the bandgap voltage reference circuit achieves a temperature-
insensitive output voltage Vrwr by cancellation between the positive temperature coefficient
brought by AVgg and the negative temperature coefficient brought by Vg, as previously described
with reference to Equations 1-3. Briefly, the transistor with the greater number of individual
transistors connected in parallel (or otherwise larger emitter area) generates a smaller base-emitter
voltage for the same or lower current, relative to the other transistor, and thus generates a difference
between the two base-emitter voltages. The difference between the two base-emitter voltages is
designated as AVgg and has a positive temperature coefficient (AVgg increases with temperature).

In contrast, the base-emitter voltage Vg for each transistor of Q1 and Q2 has a negative temperature

11
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coefficient (Vg decreases with temperature). The circuit output Vrer is equal to the sum of one of
the base-emitter voltages Vg with the multiple N/M of the base-emitter voltage difference AVgg.
With individual component choices suitable for a given application, the two opposing temperature
coefficients will cancel or otherwise offset each other and the circuit output Vi that is insensitive
to temperature.

[0036] Moreover, the circuit of FIG. 2a also achieves an output voltage Vi that is further
insensitive to temperature coefficient shift due to mechanical strain induced by the solder-down
process. This insensitivity is accomplished by intentionally positioning the transistors making up
the distributed array at two distinct die locations that are spaced from one another, at different
points in the overall die stress profile. Note this intentional spacing of the distributed array is
relatively larger than the negligible or otherwise relatively very small spacing between individual
transistors making up a non-distributed array. In particular, the transistors of a non-distributed
array are formed directly on and/or in the die and separated by a process-specific pitch or critical
dimension, and are thus spaced as closely together as possible. Moreover, standard practice is to
arrange a single array such that Qi1 and Q2 have a common centroid, as shown in FIGS. 1c-d. In
contrast, the spacing of a distributed array according to an embodiment is such that the distance
between two differently-stressed locations of the array is relatively large, such that the centroid of
Q1 is spaced from the centroid of Q2, as shown in each of the examples of FIGS. 2¢c-g.

[0037] FIG. 2b illustrates a simulation or characterization plot that shows the dependency of
base-emitter voltage shift on positions of the transistor array in the bandgap voltage reference
circuit of FIG. 2a, in accordance with an embodiment. As can be seen, the base-emitter voltage
shift with respect to transistor Q1 (Vsei-shi(T)) at a first die position is different than the base-
emitter voltage shift with respect to transistor Q2 (Vse2-shitt(T)) at a second die position. The plot
of FIG. 2b can be obtained, for example, from stress simulation (e.g., based on pre-fabrication
modeling) or characterization (e.g., based on post-fabrication testing) of a given integrated circuit
package and die assembly mounted on a given PCB, or a combination of such simulation and
characterization (e.g., where simulated data is refined by actual data). In any case, the plot shows
how the different distances of the two arrays from the centerline of the die causes a base-emitter
voltage shift.

[0038] This positional-dependence of base-emitter voltage shift can be used in a beneficial

manner. For instance, in some examples, by placing all of the M transistors of Qi, along with

12



WO 2022/197880 PCT/US2022/020679

some of the N transistors of Q, at a first location proximate to the edge of the die (e.g., within 50
um to 250 pm of the edge of the die), and placing the remainder of the N transistors of Q2 at a
second location in the middle region of the die (e.g., within 250 pm of the die center point), the
absolute base-emitter voltage shift can be cancelled or otherwise reduced by a relative base-emitter
voltage shift between the first and second locations, to keep the shift in the voltage reference
(AVrf) negligible or otherwise within a desired tolerance. This cancelling effect can be
represented as shown in Equations 4 and 5, wherein Vsei-shit(T) represents the absolute base-

emitter voltage shift, and Veei-shif(T)-VBe2-suifi(T) represents the relative base-emitter voltage shift.

Rio
AVt = Vg1 —shift(T) — (VBE1-snife(T) — Vegz—shire(T)) =

Rpt:t (Equation 4)

Riot = Ry (Equation 5)
[0039] Note that the first and second locations of the array can be selected based on the plot of
FIG. 2b and Equation 4, according to some embodiments. For instance, in one example case,
assume that AV,.¢1s O volts (+/- an acceptable tolerance) and the first location of the array is known.
The first location can be, for instance, the original location of the array prior to any distribution of
that array. Thus, the distance of that first location from the die centerline can be used to identify
the Vgg1—snife value that corresponds to that distance (as indicated by the FIG. 2b plot). With the
values of AV,.¢ and Vggq_shife 1n hand, Equation 4 can be solved for the Vgg,_ghire value. Then,
the second location can be determined by finding the centerline pointwise distance of the plot of
FIG. 2b that corresponds to the resulting Vgg,_sphife value. Such a process can be used to establish
the first and second locations of the array for the example configurations such as those shown in
FIGS. 2d-g. In some cases, such as for the example configuration of FIG. 2¢, tuning can be carried
out where the individual transistors making up Q1 or Q2 are split between the first and second
locations, to provide a greater degree of flexibility with respect to the first and second locations,

as will be described with reference to FIG. 3c.

[0040] Variations will be apparent, such as the previously mentioned example case where there

. . ) ) R

is a resistor Ry between ground and the emitters of Qi1 and Q2, wherein R, = R, + (1 + R—Z) Ry.
1

Also, note that the summing circuit that sums a scaled version of AVgg with Vsg to generate a

temperature-stable Vier can be implemented with any number of summing circuits configured to

establish the sum of Vrwr as Vee + AVse (R2 + R1) / R2), whether it be an operational amplifier

configured with negative feedback (such as the example of FIGS. 2a, 3a-c, 6a, and 6¢), or a
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transistor (such as shown with Qs in FIG. 6b), or any other circuit configured to sum the opposing
temperature coefficient values AVgg PTAT and Vee CTAT, as will be appreciated in light of this
description.

[0041] So, a base-emitter voltage shift depends on the amount of mechanical stress on the
individual transistors making up the array, and that mechanical stress has a position dependency
on a die surface. To this end, the base-emitter voltage shift can be predicted by a stress simulation
or characterization of the die as shown in FIG. 2b. In particular, an absolute shift of Q1 (first term
of Equation 4) can be cancelled or offset by a relative shift between Q1 and Q2 (second term of
Equation 4) by selectively positioning the individual transistors of the array to achieve the
cancellation effect. For instance, consider the example case where the stress profile of the die is
symmetric, such that stress is greatest at center of the die and decreases with radial distance from
center. In such cases, the different distance of each array from the centerline of die provides a
different stress. This arrangement is more generally referred to as the difference of centerline
pointwise distances of the two arrays, in FIGS. 2b and 10a. In any such cases, this selective
positioning entails providing a first array of one or more transistors at a first location and a second
array of one or more transistors at a second location, as will now be further described with
reference to FIGS. 2¢c-g.

[0042] As can be seen in the example case of FIG. 2c, a rectangular die includes a distributed
array. The array is distributed, in that it includes two distinct and spaced portions, designated as
array 1 and array 2. As can further be seen, arrays 1 and 2 are used to form transistors Q1 and Q.
In particular, transistor Q1 is formed with a single individual transistor of array 2, and transistor
Q2 is formed with a parallel connection of two individual transistors of array 1 and six individual
transistors of array 2. Arrays 1 and 2 may be, for example, two distinct and separately formed
arrays, or sub-arrays of one single large array. Alternatively, these array portions can simply be
individual transistors formed in the respective locations shown. For purposes of this description,
assume they are two distinct and separately formed arrays. For instance, array 1 may be a 3-by-1
array with a middle dummy cell, and array 2 may be a 3-by-3 array with two dummy cells in the
middle row to either side of the single Qi transistor. As will be appreciated, a dummy cell (or
dummy device) is an individual transistor of the array that is not connected into or otherwise part
of the active circuit. In any case, note that the respective centroids of Q1, Qz, and the overall array

are spaced from one another, wherein the centroid for Qi is shown with a bolded square, the
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centroid for Q2 is shown with a bolded circle, and the centroid for the overall array is shown with
a bolded triangle. As can be seen, the centroid of Qi is spaced from the centroid of Q2 by about
16.5% of the die length (as measured from the center of the bolded circle to the center of the bolded
square), and the centroid of the overall array is between those two centroids. In some such
embodiments, each of the centroids lies along an imaginary horizontal line that passes through the
die center point, and wherein surface stress of the die along the imaginary line near the center point
is greater than surface stress of the die along the imaginary line near the edge. Thus, the surface
stress imparted on the individual transistors of array 1 is greater than the surface stress imparted
on the individual transistors of array 2. Other embodiments may have different stress profiles.
[0043] The example case of FIG. 2d is similar to that of the example case shown in FIG. 2c,
except that array 1 is closer to array 2, and array 2 includes a single individual transistor for Q.
The previous relevant description with respect to FIG. 2¢ equally applies here. As can be seen,
the centroid of Q1 is spaced from the centroid of Q2 by about 13% of the die length (as measured
from the center of the bolded circle to the center of the bolded square), and the centroid of the
overall array is between those two centroids, but favoring the centroid of Q2. In some such
embodiments, each of the centroids lies along an imaginary horizontal line that passes through the
die center point, and wherein surface stress of the die along the imaginary line near the center point
is greater than surface stress of the die along the imaginary line near the edge. Thus, the surface
stress imparted on the individual transistors of array 1 is greater than the surface stress imparted
on the individual transistor of array 2.

[0044] FIGS. 2e-f each illustrates an example case where the distributed array includes two sub-
arrays that are part of an overall larger array.

[0045] In the distributed transistor array of FIG. 2e, the two sub-arrays are distributed in that
they are spaced from one another by an array of dummy cells. In more detail, transistor Qi is
formed with a single individual transistor of sub-array 2 which can be a single individual transistor
or a 3-by-1 array (including two dummy cells) or a 5-by-1 array (including four dummy cells), and
transistor Q2 is formed with a parallel connection of eight individual transistors of sub-array 1
which can be a 3-by-3 array (generally designated with a dashed border and including one dummy
cell) or 5-by-3 array (including seven dummy cells). As can be further scene, sub-array 1 is spaced
from sub-array 2 by an intervening column of dummy cells, which can be thought of, for instance,

as a 5-by-1 array of dummy cells. Thus, the distance between the facing edges of sub-array 1 and
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sub-array 2 is about the lateral width of a dummy cell device (e.g., 50 pm to 100 um, in some
embodiments). Further note that, like the examples shown in FIGS. 2¢-d, the respective centroids
of Q1, Q2, and the overall array are spaced from one another, and that description is equally
applicable here. In any case, the locations of the two sub-arrays can be selected based on the
stress-delta between those two locations. In some such embodiments, the selection process can be
guided using the corresponding plot of FIG. 2b and Equation 4, as previously described. As can
be seen, the centroid of Q1 is spaced from the centroid of Q2 by about 15% of the die length (as
measured from the center of the bolded circle to the center of the bolded square), and the centroid
of the overall array is between those two centroids. In some such examples, each of the centroids
lies along an imaginary horizontal line that passes through the die center point, and wherein surface
stress of the die along the imaginary line near the center point is greater than surface stress of the
die along the imaginary line near the edge. Thus, the surface stress imparted on the individual
transistors of sub-array 1 is greater than the surface stress imparted on the individual transistor(s)
of sub-array 2.

[0046] In the distributed transistor array of the die of FIG. 2f, the two sub-arrays abut each other,
such that there is no dummy cell between them. However, note that the overall array is distributed
in that their respective centroids of the sub-arrays are spaced from one another, according to an
embodiment of this description. In more detail, transistor Q1 is formed with a single individual
transistor of sub-array 2, and transistor Q2 is formed with a parallel connection of eight individual
transistors of sub-array 1. As can be seen, the centroid of Q1 is spaced from the centroid of Q2 by
about 5.1% of the die length (as measured from the center of the bolded circle to the center of the
bolded square), and the centroid of the overall array is between those two centroids.

[0047] FIG. 2g illustrates an example case where the distributed array includes two distinct and
spaced portions, designated as array 1 and array 2, with each array including a single individual
transistor. In such a case, where M and N both equal 1, the current density can be set by the ratio
of R2/ Ry, as will be appreciated. As can be seen, the centroid of Q1 is spaced from the centroid of
Q2 by about 20% of the die length (as measured from the center of the bolded circle to the center
of the bolded square), and the centroid of the overall array is between those two centroids. As with
the other examples, the locations of the two arrays can be selected based on the stress-delta
between those two locations, given the overall stress profile of the die, whether that stress profile

is symmetric (e.g., stress is greatest at center of the die and decreases with radial distance from
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center) or asymmetric (e.g., stress is greatest at a location offset from the center of the die and does
not necessarily decrease with radial distance from that location). In some such embodiments, each
of the centroids lies along an imaginary horizontal line that passes through the die center point,
and surface stress of the die along the imaginary line near the center point is greater than surface
stress of the die along the imaginary line near the edge. Thus, the surface stress imparted on the
individual transistor of array 1 is greater than the surface stress imparted on the individual
transistor of array 2.

[0048] Further note that in any such embodiments, the spacing between centroids can vary, such
as some cases where the centroid of Q1 is spaced from the centroid of Q2 by about 1.5% of the die
length, or 2% of the die length, or 3% of the die length, or 4% of the die length, and so on, up to
about 50% of the die length, assuming a relatively symmetric stress profile such as the case where
stress 1s greatest at center region of die and decreases as the radial distance from the center
increases. In some example cases, the distance between the centroids of Q1 and Q2 is in the range
of 5 um to 500 um (or more, such as the example cases where one centroid is proximate the center
point of a relatively large die and the other centroid is proximate to the edge of that die, to provide
distances between the centroids of Q1 and Q2 in excess of 1000 um, or about up to about one-half
the lateral width of the die). The centroid of the overall array will generally be between those two
centroids, and favor the centroid associated with the greater mass (e.g., the device with the most
individual transistors connected in parallel, or the largest emitter).

[0049] As will be appreciated, the term centroid as used herein is with respect to electrical
characteristics and is analogous to centroid of mass and is a common terminology in analog layout
practice. With a common centroid layout such as shown in FIGS. 1c-d, the general idea is to
average linear processing gradients that impact the transistors’ electrical properties. In practice,
common centroid layouts have the centroid (center of mass) of each transistor positioned at the
same location. In contrast, a distributed array as provided herein has non-common centroids which
are spaced apart from one another. As noted above, the spacing between centroids can vary from
one embodiment to the next, but in some embodiments is relatively small, such as in the range of
50 um to 100 pm. Note that the spacing between centroids can be about the same as the lateral
width of a single array cell (FIG. 2e), or even less than that width (FIG. 2f), in some embodiments.
[0050] As will be further appreciated, the reason that a standard bandgap voltage reference

circuit utilizes a common centroid array is because there is a longstanding belief that arrays with
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a common centroid are necessary for initial matching and production variability. To this end,
using a bandgap voltage reference circuit configured with a non-common centroid array as
variously provided herein yields surprising results. An embodiment of this description is less
sensitive to initial matching and production variability, since the spacing and configuration of the
array can be tuned, as described herein. Further note that, only when the absolute stress shift of
the Ve is considered with the package variable (solder-down stress impact on Vgg), can the offset
in centroids (of the array) and consistent gradient stress profile (of the die) be taken advantage of,
as described herein.

[0051] Note that an array where the centroid of Q1 is spaced from the centroid of Q2 as variously
described herein is detectable by inspection. For instance, according to some embodiments, Q1
and Q2 could be traced to their separate base and emitter connections to differentiate them within
an array. The spacing between the centroids would be relative to the stress gradient effect.
Knowing the connections, the non-common centroid layout would be apparent. The effect is
greater with greater space.

[0052] FIGS. 3a-c each illustrates further details of an example bandgap voltage reference circuit
configured with a spatially distributed transistor array, in accordance with an embodiment. As can
be seen in each example configuration, the transistors making up the array are distributed such that
some of the transistors are at location A of the die and the rest of the transistors are at location B
of the die. In the example embodiment of FIG. 3a, the M transistors of Q1 are all located at location
A, and the N transistors of Q2 are split between locations A and B. In this example case, note that:
M, N, and X are integers; M is 1 or higher; N is 2 or higher; and X is N-1 or lower. Some example
configurations have any of the following integer values: M =1 to 8; N =8 to 24; and X =1 to 23.
Note these example ranges do not limit this description; rather, the values of M, N, and X can vary
from one embodiment to the next as will be appreciated, including embodiments where M and/or
N are higher, or where M and N are both 1 and X is O (such as shown in FIG. 2g). Further
examples are described with reference to FIG. 5.

[0053] Inthe example embodiment of FIG. 3b, the M transistors of Q1 are split between locations
A and B, and the N transistors of Q: are all located at location B. In this example case, note that:
M, N, and X are integers; M is 2 or higher; N is 1 or higher; and X is M-1 or lower. Some example
configurations have any of the following integer values: M =8 to 24; N=1t0 8; and X =1 to 23.

Again, note these example ranges do not limit this description. Further note that, as previously
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described, the two differently-stressed locations in the configurations of FIGS. 3a-c may be along
an imaginary straight line that passes through the center point of the die, but they need not
necessarily be so arranged, as will be further described in turn with reference to FIGS. 4c and 10b.
[0054] As previously described with reference to FIGS. 2¢-g, the first and second locations of
the array can be selected based on the corresponding plot of FIG. 2b and Equation 4, according to
some embodiments. In some cases, such as for the example configuration of FIG. 2c, tuning can
be carried out where the individual transistors making up Q1 or Q2 are split between the first and
second locations. Such a configuration might be helpful, for instance, where one or both of the
locations determined from the plot of FIG. 2b and Equation 4 are rough estimates or unavailable
(e.g., because other circuits occupy those locations). To this end, FIG. 3¢ shows a specific
implementation of the embodiment shown in FIG. 3a, which allows for selectively adding
individual transistors at location B to tune based on characterization (actual performance data of
fabricated circuit).

[0055] In more detail, and according to an embodiment, the corresponding plot of FIG. 2b is
obtained, either from stress simulation and/or past characterization of the device. As will be
appreciated, stress simulation is performed on a simulation tool to determine the estimated FIG.
2b plot, by modeling actual behavior for a given assembly. Such simulations can be performed
before manufacturing a device to establish a baseline of the expected values in the actual device.
Characterization, on the other hand, is based on a measurement of the actual device and thus is
performed after the given device is manufactured device. In this latter case of characterization,
tuning elements can be provided at least in the initial die design to allow for post-manufacturing
tuning of the die performance. Example tuning elements include, for instance: switches (e.g., to
electronically switch one or more individual transistors into or out of the array circuit); wire bonds
(e.g., where a plurality of individual transistors are all initially connected into the circuit via wire
bonds, and wire bonds for those transistors not needed are broken to remove those transistors from
the functional array circuit); and breakable links (e.g., where the plurality of individual transistors
are all initially connected into the circuit via links, and links for those transistors not needed are
ablated, blown or otherwise broken to remove those transistors from the functional array circuit),
to name a few examples.

[0056] In any case, with the FIG. 2b plot in hand and Equation 4 in hand, the two array locations

A and B are identified to cancel the stress delta. Assume location A is the current location of the
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array to be distributed. By splitting the number of Q2 transistors between location A and B as
shown in FIGS. 3a and 3c, the Vee2snit can be adjusted or fine-tuned by the interpolation. For
purposes of a simulation, the value of X (the number of Q: transistors to be moved from location
A to B can be determined, for example, by representing each individual transistor at both locations
A and B by a voltage source. Then, one or more of the voltage sources of one location can be
moved to the other location, and the simulation can be rerun until the desired level of stress delta
cancellation is achieved.

[0057] For purposes of characterization, the value of X can be determined using tuning elements,
as shown in the example of FIG. 3¢. As can be seen, the example bandgap voltage reference circuit
of FIG. 3¢ is similar to the circuit of FIG. 3a, except that it includes tuning elements (switches in
this case) that can switch in different portions of the Q: transistor at location B, to arrive at the
desired value of X, in in accordance with an embodiment. In more detail: switch S1 is used to
switch in (or out) a parallel combination of four individual transistors for the location B portion of
the Q: transistor; switch Sz is used to switch in (or out) a parallel combination of two individual
transistors for the location B portion of the Qa2 transistor; and switch S3 is used to switch in (or out)
a single individual transistor for the location B portion of the Q2 transistor. Each of switches Si,
S2, and Sz can be controlled to connect the base of its respective transistor(s) to either (1) ground
to effectively remove the transistor(s) from the functional circuit, or (2) the collector of that
transistor(s) to place the transistor(s) in the functional circuit. In the current configuration, switch
S1 connects the parallel combination of four individual transistors for the location B portion of the
Q2, and both switches Sz and S3 switches are switched to ground to remove their respective
transistors from the functional circuit. The circuit can then be tested to see if the desired level of
stress delta cancellation is achieved. If not, switches Si, Sz, and S3 can be controlled to the next
permutation and the circuit can again be tested to see if the desired level of stress delta cancellation
is achieved, and so on, until the desired level of stress delta cancellation is achieved or all switch
combinations are exhausted (in which case a different set of switchable transistor portions can be
implemented into the design, so the process can be repeated). Note that once the configuration
that provides the desired level of stress delta cancellation is found, that configuration can be
implemented without the switches if so desired. Other embodiments may use wire bonds or
ablatable links to add in or remove the various location B portions of the Q: transistor, thereby

allowing for some post-fabrication tuning. Numerous tunable embodiments will be appreciated.
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[0058] In operation, with respect to the example topologies of FIGS. 3a-c, transistors Q1 and Q2
can be operated at different current densities to generate a current that is proportional to absolute
temperature (PTAT) in resistor Rptat (or some other PTAT element, such as capacitor Ci in FIG.
6¢), and the resulting PTAT voltage across the PTAT element can be added to the complementary
to absolute temperature (CTAT) voltage Vit of Qi, thereby yielding a temperature-insensitive
output voltage Vrer at roughly the bandgap energy of the semiconductor material used to make the
transistors. Note that the summing circuit adds the scaled PTAT voltage and the CTAT voltage in
this example case is an op-amp configured with negative feedback. Resistors R1 and Rz can be
selected to set the desired current through Q1 and Q.

[0059] FIGS. 4a-c each illustrates an example electronics system having an integrated circuit
that includes a bandgap voltage reference circuit configured with a spatially distributed transistor
array, in accordance with an embodiment. As can be seen, each of the example systems comprises
an integrated circuit having a semiconductor die contained within a package that is soldered to a
printed circuit board (PCB). The die thus has a stress profile which can be determined using
standard die stress modeling techniques, and array locations are selected to exploit that profile, as
variously described herein. The system may be any electronics system suitable for a given
application, and the specific details of the PCB and integrated circuit will largely be defined by
that application. Some example such applications are shown in FIGS. 11a-e. In any such cases,
assume the application calls for a bandgap voltage reference. As will be appreciated, this
description is not limited to any such particular example applications.

[0060] The PCB can be any standard or proprietary printed circuit board, such as one that
includes copper pads and lines that form part of a circuit on a dielectric core. Integrated circuits
and other discrete components (e.g., capacitors, inductors, resistors, displays, RF componentry,
processors, controllers, digital logic devices) can be populated on the PCB to complete the circuit.
In some example cases, the PCB may include multiple conductive patterned layers within a
laminate structure, with metallized vias to connect features of one layer to the features of another
layer. In a more general sense, the PCB can be any board suitable for coupling with the integrated
circuit package via a solder-down process. The size and particular configuration of the PCB will
vary from one embodiment to the next, depending on the application, as will be appreciated.
[0061] The integrated circuit package can be any standard or proprietary package. In some

cases, the package is a QFN (Quad Flat No-lead) package that includes pads on its bottom surface
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that can be bonded with corresponding pads on the PCB, during a solder-down process. In other
cases, the package is a dual inline or small outline package or pin grid array type package that
includes leads that can be bonded to corresponding pads or holes on the PCB, during a solder-
down process. In any such cases, the die is bonded or otherwise fixed within the package and
electrically connected to input/output pads or leads within the package, which are in turn connected
to the outer pads or leads of the package that couple to the PCB. The extra space within the
package can be filled with molding compound to, for example, improve structural robustness of
the integrated circuit.

[0062] As previously noted, the die can be implemented with any number of standard or
proprietary semiconductor materials and process technologies, and with any number of circuits
thereon, but generally includes a bandgap voltage reference circuit configured with a spatially
distributed transistor array, as variously described herein. In some embodiments, the die is a
system-on-chip configured to perform a set of specific functions (e.g., signal processing), but in
other embodiments can be dedicated to one particular function (such as digital-to-analog
conversion, power-on-reset, low-dropout linear regulator, or power conversion). In any such
cases, the function(s) provided by the die utilize an internal temperature-stable voltage reference,
which is provided by the bandgap voltage reference circuit configured with the distributed array.
The die may further include other components that facilitate the functions of the chip, as will be
appreciated.

[0063] As previously described, each of the die (e.g., silicon, germanium, gallium arsenide, or
other semiconductor material(s)), package mold compound, and PCB can have different
coefficients of thermal expansion that create temperature dependent stress on the active p—n
junction components (e.g., silicon BJTs) that are to generate a temperature-invariant voltage
reference. Therigid attachment of the integrated circuit to PCB traces creates a boundary condition
on that stress. Hence, a solder-down induced shift in output voltage of the reference circuit results,
because of the mechanical stress imparted to the die, which is fixed within the package, which is
fixed to the PCB.

[0064] As can be further seen in FIGS. 4a-c, the spatially distributed array in these example
cases is positioned at two locations of the die, A and B. So, for instance, recall the distributed
array of the example embodiment shown in FIG. 3a, where the M individual transistors of Qi are

all at location A, and the N individual transistors of Q2 are split between locations A and B;
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likewise, recall the distributed array of the example embodiment shown in FIG. 3b, where the M
individual transistors of Qi are split between locations A and B, the N individual transistors of Q2
are all at location B. Assume these particular examples of FIGS. 4a-c are using two distinct and
separately formed arrays, with each separate array having a perimeter or edge. The absolute
spacing between the two arrays at locations A and B, respectively, is designated as Da-s, and is
from edge-to-edge in these example cases. As previously noted, this distance Da-s is more than
the de minimis or otherwise relatively small spacing between individual transistors making up a
non-distributed array.

[0065] Note that the differently-stressed array portions may be, according to some embodiments,
along a horizontal line that passes through the center point of the die (FIG. 4a), or a vertical line
that passes through the center point of the die (FIG. 4b), wherein location B is generally in the
center point of the die and location A is proximate to an edge of the die. This is because, in some
such embodiments, the mechanical stress imparted to the die by the solder-down process is greatest
at the center point of the die and decreases with radial distance from the center point and thus
lowest near the edge of the die, to provide a relatively symmetrical stress profile. In such cases,
the distance of each array from the die center point is different, thereby imparting different stress
on the arrays. However, the stress imparted to a given die can vary as will be appreciated and may
not be the greatest at the center point of the die and lowest near the edge of the die in all cases.
For example, in one such embodiment, the array portions may be, for instance, along a diagonal
line that passes through two non-central regions of the die (FIG. 4c), wherein location B is laterally
offset from the center point to favor the left side of the die and location A is proximate to the upper
right corner of the die. To this end, the arrays need not necessarily be located along an imaginary
horizontal or vertical line that passes through the center point of the die; rather, they could be
located along an imaginary diagonal line that passes through an upper portion of the die, or a lower
portion of the die, or a left portion of the die, or a right portion of the die, or so on, depending on
the stress model of the given die.

[0066] The distance Da-s is a non-trivial distance, relative to the de minimis distance between
individual transistors of a non-distributed array. For instance, distance Da-s is in the range of 1.5%
to 65% of the major dimension of the die that runs in the same direction as the spacing, according
to some embodiments. In more detail, and as can be further seen in FIGS. 4a-c, the die has a major

dimension D1 along the x-axis, and another major dimension D2 along the y-axis. So, for example,
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in FIGS. 4a and 4c, the example spacing runs generally in the x-axis direction, and distance Da.s
is 1.5% to 65% of Di1. In a similar fashion, in FIG. 4b, the example spacing runs in the y-axis
direction, and distance Da-s is 1.5% to 65% of D2. In some such embodiments, distance Da-B is
in the range of 3% to 50% of the relevant major dimension (D1 or Dz), or 5% to 45%, or 10% to
50%, or 20% to 40%. Note these example distances are not merely a matter of design choice.
Rather, these example distances assume that stress is greatest in the middle region of the die. In
such cases, note that locations A and B which are equidistant from the center of the die will likely
not yield a cancelling benefit (because the stress will be substantially the same at both locations),
as will be appreciated; rather, in such situations, a difference in distance of each array from the die
center will yield differently-stressed locations and a cancelling benefit. That said, and as will be
further appreciated, the techniques provided herein can also be used in cases where the stress is
greatest in a non-middle region of the die, by forming some transistors of the array at the high
stress region of the die and forming other transistors of the array at a relatively lower stress region
of the die.

[0067] So, for instance, consider a square die where the major dimensions D1 and Dz are both
5000 um. In some such embodiments, distance Da.s is in the range of 75 um to 2500 um, such as
around 100 pm to 2250 um (e.g., 200 um, or 500 pm, 750 um, 1000 pm, 1600 pm or 2000 um
from central location to edge location). As will be readily appreciated, the shape and major
dimensions of a given die can vary greatly, and this example embodiment does not limit this
description to specific shapes or geometry. As will be further appreciated, proximate to an edge
as used herein can vary depending on the major dimensions of the die. For instance, for a die that
has a major dimension of 5000 pm, being proximate to the edge of that die means, for example, a
location that is within 500 pm of the edge, or 10% or less of that major dimension from the edge,
such as a location that is 50 um to 250 um from the edge of the die. Further note that process
limitations may limit the proximity to the edge, as will be appreciated. Likewise, terms such as
center region or central location as used herein can vary depending on the major dimensions of the
die. For instance, for a die that has a major dimension of 5000 pm, being in the center region of
that die means, for example, a location that is 10% or less of that major dimension within the center
point of that die, such as location that is within 250 um from the center point of the die. As will
be further appreciated, the center point of the die is the geometric center of that die (e.g., geometric

center of a rectangle-shaped die).
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[0068] Further recall that the spacing between the two differently-stressed array portions can be
thought of in a number of ways. For instance, the spacing between the two array portions can be
thought of in the absolute sense as the edge-to-edge distance Da-s as depicted in FIG. 4a-c. In
cases where mechanical stress imparted to the die by the solder-down process is greatest at the
center region of the die and decreases with radial distance from the center region, the spacing
between the array portions can be thought of in the relative sense as the distance of each array
portion from the die center region, such as with the example of FIG. 10b. Similarly, in cases where
mechanical stress imparted to the die by the solder-down process is greatest at some off-center
region of the die and decreases with radial distance from the off-center region, the spacing between
the array portions can be thought of in the relative sense as the distance of each array portion from
that off-center region. And as described with reference to FIGS. 2¢-g, the spacing between the
array portions can be thought of in terms of the distance between the centroid of the active devices
(Q1 and Q2) formed in the array. In any such cases, each of the two array portions is subjected to
a different stress.

[0069] FIG. 5 illustrates further details of the dependency of solder-down induced voltage shift
on positions of a spatially distributed transistor array of various example bandgap voltage reference
circuits each configured in accordance with an embodiment, relative to bandgap voltage reference
circuits having non-distributed transistor arrays. The transistors used for the five examples
depicted are n-type BJTs, but other comparable p—n junction devices similarly positioned that
would behave similarly can also be used, as will be appreciated. Further note that locations A and
B can be, for instance, those depicted in FIGS. 2c-g or 4a-c or 10b, where location B experiences
a higher degree of stress than location A. Further assume the bandgap voltage reference circuit
configuration of FIG. 3a is being used for the simulations depicted in FIG. 5, and that M=2 and
N=16, although such a specific configuration is simply one example.

[0070] As can be seen from the two lowest plots of FIG. 5, the example array configurations 1
and 2 (Ex 1 and Ex 2) are non-distributed, wherein all of the transistors of example array
configuration 1 are at location B in the middle region of the die, and all of the transistors of example
array configuration 2 are at location A proximate the edge of the die. Following these two
respective plots from left to right, it can be seen that these non-distributed array configurations
both exhibit an upward solder-down shift of about 1 millivolt over the temperature range of -40°C

to 140°C. Such a shift may be unacceptable for some applications, and thus mitigation of same
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can be beneficial.

[0071] As can be seen with respect to example array configuration 3 (Ex 3) of FIG. 5, all the M
transistors of Q1 along with one of the N transistors of Q2 are at location A proximate the edge of
the die, and the remaining balance of the N transistors of Q2 are at location B in the middle region
of the die. As can be seen by the corresponding plot, such a distributed array configuration exhibits
about 25% to 30% improvement (mitigation) relative to the solder-down shift attributable to the
non-distributed configurations, over the same temperature range. Thus, at least some degree of
voltage output mitigation is provided by distributing transistors of the array, which is
advantageous.

[0072] As can be seen with respect to example array configuration 4 (Ex 4) of FIG. 5, all the M
transistors of Q1 along with four of the N transistors of Q2 are at location A proximate the edge of
the die, and the remaining balance of the N transistors of Q2 are at location B in the middle region
of the die. As can be seen by the corresponding plot, such a distributed array configuration
effectively cancels, neutralizes or substantially reduces the solder-down shift attributable to the
non-distributed configurations, over the same temperature range. So, relative to the example array
configuration 2 (Ex 2), and according to one specific embodiment of FIG. 3a where M=2 and
N=16, by moving 12 of the 16 transistors of Q2 into the middle position of the die, absolute shift
is canceled out or otherwise reduced. Note in other embodiments, the mitigation effect may be
achieved by moving a different number of the 16 transistors of Q2 into the middle position, such
as by moving 4. Further note that, in some such embodiments, as the distance between the two
locations A and B increase, the fewer the number of the N transistors need to be moved to achieve
the same cancellation effect. To this end, there is a continuum of discrete possibilities with the
choice of X (number of transistors to move) and distance between locations, and the mitigation
effect caused from moving transistors of the array from one location to another can be tuned
accordingly for a given application.

[0073] As can be seen with respect to example array configuration 5 (Ex 5) of FIG. 5, all the M
transistors of Q1 are at location A proximate the edge of the die, and all N transistors of Q: are at
location B in the middle region of the die. As can be seen by the corresponding plot, such a
distributed array configuration exhibits a downward solder-down shift of about 3 millivolts, over
the same temperature range. This example configuration shows that a wide range of compensation

can be provided by fine tuning the number of transistors at each location of the distributed array.
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[0074] FIGS. 6a-c each illustrates another example bandgap voltage reference circuit configured
with a spatially distributed transistor array, to mitigate base-emitter voltage shift over temperature
due to mechanical stress induced by the solder-down process, in accordance with an embodiment.
As can be seen, a Brokaw topology is provided in FIG. 6a, a Widlar topology is provided in FIG.
6b, and a switched capacitor topology is provided in FIG. 6¢. In any such cases, note that the
distributed array techniques provided herein can be readily applied to the transistors Q1 and Q2, as
will be appreciated. For instance, in the Brokaw topology of FIG. 6a, transistors Q1 and Q2 can
be operated at different current densities (Q2 has lower VBg) to generate a voltage that is
proportional to absolute temperature (PTAT) across resistor Ra, which can be added to the
complementary to absolute temperature (CTAT) voltage Vee of Qi, thereby yielding a
temperature-insensitive output voltage Vit at roughly the bandgap energy of the semiconductor
material used to make the transistors. Similarly, inthe Widlar topology of FIG. 6b, transistors Q1
and Q2 can be operated at different current densities (Q2 has lower VBg) to generate a voltage that
is proportional to absolute temperature (PTAT) across resistor R3. The amplified version of this
PTAT voltage drops across R1, and is added to the complementary to absolute temperature (CTAT)
voltage Vae of Qs, thereby yielding a temperature-insensitive output voltage Vrer at roughly the
bandgap energy of the semiconductor material used to make the transistors. The switched
capacitor topology of FIG. 6¢ shows an example case where the PTAT AVse element is
capacitively coupled (via capacitors C1 and Cz) with gain to the summing op-amp, rather than
resistive like the example Brokaw and Widlar topologies. In any case, transistors Q1 and Q2 can
be similarly operated at different current in conjunction with switching action to generate the
PTAT and CTAT voltages, thereby yielding a temperature-insensitive output voltage Vrer at
roughly the bandgap energy of the semiconductor material used to make the transistors. Note that
in any such cases, additional components may be used, such as buffering circuitry (e.g., unity gain
buffer) to, for example, drive the PTAT element, or to drive the output of the bandgap voltage
reference circuit. Numerous such variations will be apparent.

[0075] FIG. 7 illustrates the dependency of solder-down induced voltage shift on thickness of a
printed circuit board of bandgap voltage reference circuits. As can be seen, two plots are shown,
the upper one showing the solder-down induced shift in output voltage for a bandgap voltage
reference circuit soldered to a first PCB having a first thickness (62 mils), and the lower one

showing the solder-down induced shift in output voltage for a bandgap voltage reference circuit
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soldered to a second PCB having a second thickness (90 mils). All other things equal, note that
the thicker the PCB, the greater the amount solder-down induced shift in output voltage for a
bandgap voltage reference circuit. Thus, such a detail can be considered when designing and
modeling a specific system.

[0076] FIG. 8 illustrates that both NPN and PNP transistors are similarly susceptible to solder-
down induced voltage shift, when used in the transistor array of bandgap voltage reference circuits.
Thus, while various example circuits provided herein are implemented with NPN transistors, it is
apparent that such examples can also readily be implemented with PNP transistors and a similar
benefit can still be achieved. To this end, this description equally applies to both NPN and PNP
transistors.

[0077] FIGS. 9a-c illustrates mechanical stress on a die of an integrated circuit package, induced
by the solder-down process. As can be seen in FIG. 9a, an integrated circuit is provided that
includes a package containing a die. Note that FIG. 9a depicts one-quarter of the given die’s full
size (the upper right quadrant, with respect to top down view). FIGS. 9b-c are simulations showing
mechanical stress in the die, both before the solder-down process and after the solder-down
process, respectively. While the absolute values of stress (mega-Pascals, MPa) will vary from one
embodiment to the next, note a substantial increase in die stress post solder-down can manifest,
particularly in the middle region of the die which in some simulations experiences a stress increase
in the range of 50 to 100 MPa. For instance, in the example simulation shown, post solder-down
stress at the middle of the die is about 60 MPa higher than before the solder-down process.

[0078] FIGS. 10a-b collectively illustrate how solder-down induced mechanical stress on a die
is position-dependent and thus varies within the area of that die. As can be seen in FIG. 10a,
package stress has a temperature dependency as well as position dependency. In particular, the
stress tends to decrease as the distance from the center of the die increases, according to this
example embodiment. Note the stress is measured as von Mises stress, in mega-Pascals, MPa,
which is a theoretical measure of stress (same for the simulation shown in FIGS. 9a-c). Further
note that the distance is in terms of absolute mm distance from the center of the die. Thus,
symmetrical plots would result for distance from the die center in the opposite direction (to the
other opposing edge of the die). By utilizing position dependency of package stress, this
description provides a technique for reducing temperature coefficient shift of Vee. So, it can be

seen that the amount of Vet temperature coefficient shift after solder-down by Ve shift depends
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on the distance of each array portion making up the overall array from the die center point. In
particular, by putting transistors of the array at differently-stressed die locations relative to the die
center point, the absolute shift can be offset by the relative shift.

[0079] To this end, and with reference to the top down view of FIG. 10b, further note that the
use of the techniques provided herein can be detected, for instance, by a top down view of the die
that shows two distinct transistor arrays (or sub-arrays) spaced from one another, wherein a
distance D is between the two sub-arrays making up the overall array, and the distance D is greater
than the spacing between two adjacent individual transistors of any one array. In this particular
example case, array A is distance D1 from the die center point, and array B is distance D2 from the
die center point. Note the distances are with respect to the geometric center of the respective array
portions, in some examples, but can be with respect to other points according to other embodiments
(such as distance to the edge of an array portion). In any case, given a stress profile that is radially
symmetric about the die center point, array A will experience less stress than array B. This stress
delta between locations A and B is shown in FIG. 10a, and is about 17 Mpa, with location A being
about 0.78 mm from the die center, and location B being about 0.22 mm from the die center.
[0080] FIGS. 1la-e each illustrates an example electronic system that employs a bandgap
voltage reference circuit configured with a spatially distributed transistor array, in accordance with
an embodiment. Note that the specific implementation details of the example circuits are not
particularly relevant, other than the fact that they use a bandgap voltage reference circuit. FIG.
11a shows an example DC-DC converter circuit that uses bandgap voltage reference circuit 1100
to provide a Vrer. FIG. 11b shows an example low-dropout linear regulator (LDO) circuit that uses
bandgap voltage reference circuit 1100 to provide a Vier. FIG. 11c shows an example power-on-
reset (POR) circuit that uses bandgap voltage reference circuit 1100 to provide a Vrwr. FIG. 11d
shows an example digital-to-analog converter (DAC) circuit that uses bandgap voltage reference
circuit 1100 to provide a Vrtr. FIG. 11e shows an example analog-to-digital converter (ADC)
circuit that uses bandgap voltage reference circuit 1100 to provide a Vrr. In any of these example
electronic systems, the bandgap voltage reference circuit 1100 can be, for example, any one of the
examples variously provided herein, as will be appreciated.

Further Example Embodiments

[0081] Example 1 is an integrated circuit, comprising: a package; and a die fixed within the

package and including a bandgap voltage reference circuit, the die having opposing edges that
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partially define an outer perimeter of the die, the opposing edges separated by a distance D1. The
bandgap voltage reference circuit includes: a first transistor at a first location of the die and to
operate with a first base-emitter voltage; a second transistor at a second location of the die and to
operate with a second base-emitter voltage, the second location being separated from the first
location by a distance D2; and a resistance or capacitance operatively coupled to the first and
second transistors such that a voltage difference between the first and second base-emitter voltages
drops across the resistance or capacitance. The distance D2 is at least 1.5% of the distance D1.
[0082] Example 2 includes the integrated circuit of Example 1, wherein the distance D2 is in the
range of 3% to 55% of the distance D1.

[0083] Example 3 includes the integrated circuit of Example 1 or 2, wherein the distance D2 is
in the range of 5% to 45% of the distance D1.

[0084] Example 4 includes the integrated circuit of any of Examples 1 through 3, wherein the
die is rectangular in shape and has a center point, and wherein the first location is within 10% of
the distance D1 to the center point of the die, and the second location is within 10% of the distance
D1 to one of the opposing edges of the die.

[0085] Example 5 includes the integrated circuit of any of Examples 1 through 4, wherein the
die is rectangular in shape and has a center point, and wherein surface stress of the die near the
center point is greater than surface stress of the die near each of the opposing edges. The first
transistor is included in a first transistor array at the first location, and the second transistor is
included in a second transistor array at the second location. The first location is associated with a
first surface stress, and the second location is associated with a second surface stress, and wherein
the first location is closer to the center point than the second location, such that the first surface
stress is greater than the second surface stress.

[0086] Example 6 includes the integrated circuit of any of Examples 1 through 5, wherein the
second transistor is a plurality of individual transistors connected in parallel and that operate with
the second base-emitter voltage, and at least one of the individual transistors is included in an array
at the first location, the array further including the first transistor.

[0087] Example 7 includes the integrated circuit of any of Examples 1 through 6, and further
includes a summing circuit configured to generate a voltage reference output based on (1) the
voltage difference between the first and second base-emitter voltages and (2) the first base-emitter

voltage or another base-emitter voltage.
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[0088] Example 8 is an electronics system comprising: a printed circuit board; and the integrated
circuit of any of Examples 1 through 7, soldered to the printed circuit board.

[0089] Example 9 is a digital-to-analog converter comprising the integrated circuit of any of
Examples 1 through 7, or the electronics system of Example 8.

[0090] Example 10 is an integrated circuit, comprising: a package; and a die fixed within the
package and including a bandgap voltage reference circuit, the bandgap voltage reference circuit
configured to add a proportional to absolute temperature (PTAT) voltage to a complementary to
absolute temperature (CTAT) voltage. The bandgap voltage reference circuit includes: an array
including a first bipolar junction transistor (BJT) and a second BJT, the first BJT to operate with
a first base-emitter voltage, and the second BJT to operate with a second base-emitter voltage,
wherein the centroid of the array, the centroid of the first BJT, and the centroid of the second BJT
are spaced from one another; a PTAT element operatively coupled to the first and second BJTs
such that a voltage difference between the first and second base-emitter voltages drops across the
PTAT element; and a summing circuit configured to generate a voltage reference output based on
(1) the voltage difference between the first and second base-emitter voltages and (2) the first base-
emitter voltage or another base-emitter voltage.

[0091] Example 11 includes the integrated circuit of Example 10, wherein the array includes:
one or more individual BJTs that operate with the first base-emitter voltage to provide the first
BJT; one or more individual BJTs that operate with the second base-emitter voltage to provide the
second BJT; and one or more individual BJTs that are not connected so as to provide one or more
dummy devices; wherein the one or more individual BJTs of the first BJT are spaced from the one
or more individual BJTs of the second BJT by the one or more dummy devices.

[0092] Example 12 includes the integrated circuit of Example 10 or 11, wherein: the array
includes first and second arrays spaced from one another by a distance, and wherein the first BJT
includes one or more individual BJTs from the first array and/or the second array, and the second
BJT includes one or more individual BJTs from the first array and/or the second array, the distance
between the first and second arrays being greater than or equal to the lateral width of one individual
BJT of the array; or the array includes first and second sub-arrays spaced from one another by a
distance, and wherein the first BJT includes one or more individual BJTs from the first sub-array
and/or the second sub-array, and the second BJT includes one or more individual BJTs from the

first sub-array and/or the second sub-array, the distance between the first and second sub-arrays
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being greater than or equal to the lateral width of one individual BJT of the array.

[0093] Example 13 includes the integrated circuit of any of Examples 10 through 12, wherein
the first BJT is at a first location of the die, and the second BJT is at a second location of the die,
the second location being separated from the first location by a distance, and wherein the second
BJT is a plurality of individual BJTs connected in parallel and that operate with the second base-
emitter voltage, and at least one of the individual BJTs is at the first location.

[0094] Example 14 includes the integrated circuit of any of Examples 10 through 13, wherein
the first and second BJTs each comprise one or more diode-connected BJTs, and the PTAT element
comprises one or more resistors or one or more capacitors.

[0095] Example 15 is an electronics system comprising: a printed circuit board; and the
integrated circuit of any of Examples 10 through 14, soldered to the printed circuit board, wherein
the integrated circuit comprises an analog-to-digital converter and/or a digital-to-analog converter.
[0096] Example 16 is an integrated circuit, comprising: a package; and a die fixed within the
package and including a bandgap voltage reference circuit, the die having a center point and a
stress profile such that surface stress of the die decreases with increasing distance from the center
point, the bandgap voltage reference circuit configured to add a proportional to absolute
temperature (PTAT) voltage to a complementary to absolute temperature (CTAT) voltage. The
bandgap voltage reference circuit includes: a first bipolar junction transistor at a first location of
the die and to operate with a first base-emitter voltage, the first location being a first distance from
the center point of the die and associated with a first stress value; a second bipolar junction
transistor at a second location of the die and to operate with a second base-emitter voltage, the
second location being a second distance from the center point of the die and associated with a
second stress value, the second distance different from the first distance, and the second stress
value different from the first stress value; a resistance or capacitance operatively coupled to the
first and second bipolar junction transistors such that a voltage difference between the first and
second base-emitter voltages drops across the resistance or capacitance;, and a summing circuit
configured to generate a voltage reference output based on (1) the voltage difference between the
first and second base-emitter voltages and (2) the first base-emitter voltage or another base-emitter
voltage.

[0097] Example 17 includes the integrated circuit of Example 16, wherein the resistance or

capacitance is a resistor.
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[0098] Example 18 includes the integrated circuit of Example 16 or 17, wherein the second
bipolar junction transistor is a plurality of individual bipolar junction transistors connected in
parallel and that operate with the second base-emitter voltage, and at least one of the individual
bipolar junction transistors is included in an array at the first location, the array further including
the first bipolar junction transistor.

[0099] Example 19 includes the integrated circuit of any of Examples 16 through 18, wherein
the first bipolar junction transistor is M individual bipolar junction transistors connected in parallel
and that operate with the first base-emitter voltage, and the second bipolar junction transistor is N
individual bipolar junction transistors connected in parallel and that operate with the second base-
emitter voltage, and at least one of the N individual bipolar junction transistors is at the first
location.

[00100] Example 20 includes the integrated circuit of Example 19, wherein: M equals 2 and N
equals 16; the second location includes a center point of the die; and the second stress value is
greater than the first stress value.

[00101] The foregoing description of examples of the description has been presented for the
purposes of illustration and description. It is exhaustive and does not limit the description to the
precise forms described. Many modifications and variations are possible in light of this
description. The scope of the description is not limited by this detailed description, but rather by

the claims appended hereto.
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CLAIMS
What is claimed 1s:
1. An integrated circuit, comprising:

a package; and

a die fixed within the package and including a bandgap voltage reference circuit, the die

having opposing edges that partially define an outer perimeter of the die, the
opposing edges separated by a distance D1, the bandgap voltage reference circuit
including

a first transistor at a first location of the die and to operate with a first base-
emitter voltage,

a second transistor at a second location of the die and to operate with a
second base-emitter voltage, the second location being separated
from the first location by a distance D2, and

a resistance or capacitance operatively coupled to the first and second
transistors such that a voltage difference between the first and
second base-emitter voltages drops across the resistance or
capacitance;

wherein the distance Dz is at least 1.5% of the distance Di.

2. The integrated circuit of claim 1, wherein the distance Dz is in the range of 3% to
55% of the distance D1.

3. The integrated circuit of claim 1, wherein the distance Dz is in the range of 5% to
45% of the distance D1.

4. The integrated circuit of claim 1, wherein the die is rectangular in shape and has a
center point, and wherein the first location is within 10% of the distance D1 to the center point of
the die, and the second location is within 10% of the distance D1 to one of the opposing edges of
the die.

5. The integrated circuit of claim 1, wherein the die is rectangular in shape and has a
center point, and wherein surface stress of the die near the center point is greater than surface stress
of the die near each of the opposing edges, and wherein the first transistor is included in a first
transistor array at the first location, and the second transistor is included in a second transistor

array at the second location, and wherein the first location is associated with a first surface stress,
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and the second location is associated with a second surface stress, and wherein the first location is
closer to the center point than the second location, such that the first surface stress is greater than
the second surface stress.

6. The integrated circuit of claim 1, wherein the second transistor is a plurality of
individual transistors connected in parallel and that operate with the second base-emitter voltage,
and at least one of the individual transistors is included in an array at the first location, the array
further including the first transistor.

7. The integrated circuit of claim 1, further comprising a summing circuit configured
to generate a voltage reference output based on (1) the voltage difference between the first and
second base-emitter voltages and (2) the first base-emitter voltage or another base-emitter voltage.

8. An electronics system comprising:

a printed circuit board; and

the integrated circuit of claim 1 soldered to the printed circuit board.

9. A digital-to-analog converter comprising the integrated circuit of claim 1.

10. An integrated circuit, comprising:

a package; and

a die fixed within the package and including a bandgap voltage reference circuit, the

bandgap voltage reference circuit configured to add a proportional to absolute
temperature (PTAT) voltage to a complementary to absolute temperature (CTAT)
voltage, the bandgap voltage reference circuit including
an array including a first bipolar junction transistor (BJT) and a second BJT,
the first BJT to operate with a first base-emitter voltage, and the
second BJT to operate with a second base-emitter voltage, wherein
the centroid of the array, the centroid of the first BJT, and the
centroid of the second BJT are spaced from one another,
a PTAT element operatively coupled to the first and second BJTs such that
a voltage difference between the first and second base-emitter
voltages drops across the PTAT element, and
a summing circuit configured to generate a voltage reference output based
on (1) the voltage difference between the first and second base-

emitter voltages and (2) the first base-emitter voltage or another
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base-emitter voltage.

11.  The integrated circuit of claim 10, wherein the array includes: one or more
individual BJTs that operate with the first base-emitter voltage to provide the first BJT; one or
more individual BJTs that operate with the second base-emitter voltage to provide the second BJT;
and one or more individual BJTs that are not connected so as to provide one or more dummy
devices; wherein the one or more individual BJTs of the first BJT are spaced from the one or more
individual BJTs of the second BJT by the one or more dummy devices.

12. The integrated circuit of claim 10, wherein:

the array includes first and second arrays spaced from one another by a distance, and

wherein the first BJT includes one or more individual BJTs from the first array
and/or the second array, and the second BJT includes one or more individual BJTs
from the first array and/or the second array, the distance between the first and
second arrays being greater than or equal to the lateral width of one individual BJT
of the array; or

the array includes first and second sub-arrays spaced from one another by a distance, and

wherein the first BJT includes one or more individual BJTs from the first sub-array
and/or the second sub-array, and the second BJT includes one or more individual
BJTs from the first sub-array and/or the second sub-array, the distance between the
first and second sub-arrays being greater than or equal to the lateral width of one
individual BJT of the array.

13.  The integrated circuit of claim 10, wherein the first BJT is at a first location of the
die, and the second BJT is at a second location of the die, the second location being separated from
the first location by a distance, and wherein the second BJT is a plurality of individual BJTs
connected in parallel and that operate with the second base-emitter voltage, and at least one of the
individual BJTs is at the first location.

14.  Theintegrated circuit of claim 10, wherein the first and second BJTs each comprise
one or more diode-connected BJTs, and the PTAT element comprises one or more resistors or one
Or more capacitors.

15. An electronics system comprising:

a printed circuit board; and

the integrated circuit of claim 10 soldered to the printed circuit board, wherein the
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integrated circuit comprises an analog-to-digital converter and/or a digital-to-
analog converter.

16. An integrated circuit, comprising:

a package; and

a die fixed within the package and including a bandgap voltage reference circuit, the die
having a center point and a stress profile such that surface stress of the die decreases
with increasing distance from the center point, the bandgap voltage reference circuit
configured to add a proportional to absolute temperature (PTAT) voltage to a
complementary to absolute temperature (CTAT) voltage, the bandgap voltage
reference circuit including

a first bipolar junction transistor at a first location of the die and to operate
with a first base-emitter voltage, the first location being a first
distance from the center point of the die and associated with a first
stress value,

a second bipolar junction transistor at a second location of the die and to
operate with a second base-emitter voltage, the second location
being a second distance from the center point of the die and
associated with a second stress value, the second distance different
from the first distance, and the second stress value different from the
first stress value,

a resistance or capacitance operatively coupled to the first and second
bipolar junction transistors such that a voltage difference between
the first and second base-emitter voltages drops across the resistance
or capacitance, and

a summing circuit configured to generate a voltage reference output based
on (1) the voltage difference between the first and second base-
emitter voltages and (2) the first base-emitter voltage or another
base-emitter voltage.

17.  The integrated circuit of claim 16, wherein the resistance or capacitance is a

resistor.
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18. The integrated circuit of claim 16, wherein the second bipolar junction transistor is
a plurality of individual bipolar junction transistors connected in parallel and that operate with the
second base-emitter voltage, and at least one of the individual bipolar junction transistors is
included in an array at the first location, the array further including the first bipolar junction
transistor.

19. The integrated circuit of claim 16, wherein the first bipolar junction transistor is M
individual bipolar junction transistors connected in parallel and that operate with the first base-
emitter voltage, and the second bipolar junction transistor is N individual bipolar junction
transistors connected in parallel and that operate with the second base-emitter voltage, and at least
one of the N individual bipolar junction transistors is at the first location.

20. The integrated circuit of claim 19, wherein: M equals 2 and N equals 16; the second
location includes a center point of the die; and the second stress value is greater than the first stress

value.
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