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(57)  Aspectsofthe presentdisclosure include a scal-
able proportional to absolute temperature (PTAT) hybrid
circuit, comprising a bias mirror circuit configured to
provide a zero temperature coefficient (ZTC) current, a
PTAT control circuit configured to generate, based on the
ZTC current, a PTAT current with a slope having a non-
zero value, alter the PTAT current by at least scaling the
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generate an altered PTAT current, and provide the altered
PTAT current, a hybrid circuit configured to receive the
ZTC current and the altered PTAT current, and output a
larger current of the ZTC current and the altered PTAT
current as a hybrid current.
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Description
BACKGROUND

[0001] Integrated circuits (ICs) are commonly de-
signed with a zero temperature coefficient (ZTC) bias
scheme or a positive temperature coefficient (PTC) bias
scheme (also known as proportional to absolute tem-
perature (PTAT) bias). A ZTC bias circuit is a circuit that
provides a bias current that is substantially invariant to
temperature changes. A PTC bias circuit is a circuit that
provides a bias current that changes proportionally with
temperature. However, a ZTC bias circuit may be unable
to provide sufficient current and/or gain above a certain
temperature. Similarly, a PTC bias circuit, while able to
provide sufficient current and/or gain above a certain
temperature, may be unable to provide sufficient current
and/or gain below a certain temperature.

[0002] Thus, improvements in such bias circuits are
desired.

SUMMARY

[0003] The following presents a simplified summary of
one or more aspects in order to provide a basic under-
standing of such aspects. This summary is not an ex-
tensive overview of all contemplated aspects, and is
intended to neither identify key or critical elements of
all aspects nor delineate the scope of any or all aspects.
Its sole purpose is to present some concepts of one or
more aspects in a simplified form as a prelude to the more
detailed description that is presented later.

[0004] Aspects of the present disclosure include a
scalable proportional to absolute temperature (PTAT)
hybrid circuit, comprising a bias mirror circuit configured
to provide a zero temperature coefficient (ZTC) current, a
PTAT control circuit configured to generate, based on the
ZTC current, a PTAT current with a slope having a non-
zero value, alter the PTAT current by at least scaling the
PTAT current or changing the slope of the PTAT current to
generate an altered PTAT current, and provide the altered
PTAT current, a hybrid circuit configured to receive the
ZTC current and the altered PTAT current, and output a
larger current of the ZTC current and the altered PTAT
current as a hybrid current.

[0005] Aspects of the present disclosure include a
scalable proportional to absolute temperature (PTAT)
hybrid circuit, comprising a bias mirror circuit having a
zero temperature coefficient (ZTC) current source con-
figured to induce a ZTC current, a PTAT control circuit
having two or more first source transistors, a first BJT
connected to one of the two or more first source transis-
tors, a first variable resistor connected to the first BJT, a
first transistor connected to the first variable resistor,
wherein the first BJT, the first variable resistor, and the
first transistor are connected in series, a second transis-
tor, a second variable resistor connected to a drain term-
inal of the second transistor and a first base of the first
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BJT, a third variable resistor connected to the second
variable resistor, wherein the second transistor, the sec-
ond variable resistor, and the third variable resistor are
connected in series, a bandgap circuit having a second
BJTand a third BJT, wherein a second base of the second
BJTand a third base of the third BJT are connected to the
second variable resistor and the third variable resistor, a
fourth variable resistor connected to the second BJT of
the bandgap circuit, and a third transistor connected to
the fourth variable resistor, and a hybrid circuit.

[0006] Aspects of the present disclosure include a
method of providing a hybrid current by a scalable pro-
portional to absolute temperature (PTAT) hybrid circuit,
comprising: providing a zero temperature coefficient
(ZTC) current, generating, based on the ZTC current, a
PTAT current having a slope having a non-zero value,
altering the PTAT current by at least scaling the PTAT
current or changing the slope of the PTAT current to
generate an altered PTAT current, and outputting a larger
currentofthe ZTC currentand the altered PTAT currentas
a hybrid current.

[0007] To the accomplishment of the foregoing and
related ends, the one or more aspects comprise the
features hereinafter fully described and particularly
pointed out in the claims. The following description and
the annexed drawings set forth in detail certain illustrative
features of the one or more aspects. These features are
indicative, however, of but a few of the various ways in
which the principles of various aspects may be em-
ployed, and this description is intended to include all such
aspects and their equivalents.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The disclosed aspects will hereinafter be de-
scribed in conjunction with the appended drawings, pro-
vided to illustrate and not to limit the disclosed aspects,
wherein like designations denote like elements, and in
which:

FIG. 1 is a circuit diagram of an example of a hybrid
circuit, including an inset graph of current versus
temperature performance of the hybrid circuit, ac-
cording to aspects of the present disclosure.

FIG. 2 is a circuit diagram of another example of the
hybrid circuit of Fig. 1 according to aspects of the
present disclosure.

FIG. 3is a circuit diagram of a further example of the
hybrid circuit of Fig. 1 according to aspects of the
present disclosure.

FIG. 4 includes example graphs of example char-
acteristics of the hybrid circuit, including current
versus temperature performance, and correspond-
ing temperature coefficient versus temperature per-
formance, according to aspects of the present dis-
closure.

FIG. 5 is a circuit diagram of an example of another
hybrid circuit, including an inset graph of current
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versus temperature performance of the hybrid cir-
cuit, according to aspects of the present disclosure.
FIG. 6 includes graphs of examples of current versus
temperature profiles of a scalable PTAT hybrid circuit
according to aspects of the present disclosure.
FIG. 7 is acircuitdiagram of an example of a scalable
PTAT hybrid circuit according to aspects of the pre-
sent disclosure.

FIG. 8 is a flowchart of an example of a method for
providing a hybrid current via a scalable PTAT hybrid
circuit according to aspects of the present disclo-
sure.

FIG. 9 illustrates examples of current supplies ac-
cording to aspects of the present disclosure.

FIG. 10 is an example of a circuit configured as a
variable resistor according to aspects of the present
disclosure.

FIG. 11 illustrates additional examples of variable
resistors according to aspects of the present disclo-
sure.

FIG. 12is an example of a PTAT generator according
to aspects of the present disclosure.

FIG. 13 is an example of a PTAT generator with one
ormore variable resistors according to aspects of the
present disclosure.

DETAILED DESCRIPTION

[0009] The detailed description set forth below in con-
nection with the appended drawings is intended as a
description of various configurations and is not intended
torepresent the only configurations in which the concepts
described herein may be practiced. The detailed descrip-
tion includes specific details for the purpose of providing a
thorough understanding of various concepts. However, it
will be apparent to those skilled in the art that these
concepts may be practiced without these specific details.
In some instances, well known structures and compo-
nents are shown in block diagram form in order to avoid
obscuring such concepts.

[0010] According to one aspect of the present disclo-
sure, an integrated circuit (IC) bias scheme may operate
with a positive temperature coefficient (PTC) at tempera-
tures above a threshold temperature, and with zero tem-
perature coefficient (ZTC) at temperatures below the
threshold temperature. This hybrid approach may com-
pensate for gain loss at higher temperatures without
sacrificing signal levels at lower temperatures.

[0011] In one aspect of the present disclosure, a scal-
able proportional to absolute temperature (PTAT) hybrid
circuit may output a hybrid current having a ZTC current
at temperatures below a threshold temperature and a
PTC current at temperature above the threshold tem-
perature. The PTAT hybrid circuit may be configured to
control the current magnitude of the hybrid current, an-
d/or the slope of the PTC current.

[0012] Referring to FIG. 1, a hybrid circuit 100 config-
ured to provide a PTC current at temperatures above a
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threshold temperature, and a ZTC current at tempera-
tures below the threshold temperature. The hybrid circuit
100 may include a ZTC current source 102 configured to
provide a ZTC current |1 into the hybrid circuit 100. The
hybrid circuit 100 may include a PTC current source 104
configured to provide a PTC current ¢ into the hybrid
circuit 100. The hybrid circuit 100 may include a first
current sink 110 configured to sink the ZTC current |c.
The hybrid circuit 100 may include a second current sink
112 configured to sink the PTC current Ipc. The first
current sink 110 may be disposed in series, parallel, or
other configurations with respect to the ZTC current
source 102. The second current sink 112 may be dis-
posed in series, parallel, or other configurations with
respect to the PTC current source 104.

[0013] In some aspects of the present disclosure, the
hybrid circuit 100 may include a first transistor 114 con-
figured to provide a second current |,, which may be the
maximum of zero current and the difference between the
PTC current Io1 and the ZTC current |,1¢. The hybrid
circuit 100 may include a second transistor 116 config-
uredto sink afirstcurrent |, which may be the minimum of
the ZTC current |, and the PTC current Ippc. The
hybrid circuit 100 may include a third transistor 118 con-
figured to sink a third current |5, which may be the ZTC
current | c.

[0014] In certain aspects of the present disclosure, the
hybrid circuit 100 may include a first current source 120
configured to accept a fourth current 1, which may be a
summation current of the second current |, and the third
current l3. The hybrid circuit 100 may include a current
mirror 122 configured to mirror the fourth current 1, and
provide a hybrid current I, .. The first current source 120
and the current mirror 122 may be connected to a voltage
supply Vpp.

[0015] During normal operation, in certain aspects of
the present disclosure, the ZTC current source 102 may
provide the ZTC current |1 toward the first current sink
110. The ZTC current |, may cause a first gate voltage
on afirstgate terminal 140. The first gate voltage may turn
the first current sink 110, the second transistor 116,
and/or the third transistor 118 from an off state to an on
state. The first gate voltage may cause the third transistor
118 to mirror the same amount of current (i.e., the third
current I3) as ly1¢. Specifically, the first gate voltage may
turn on the third transistor 118, which may provide the
third current I5. Since the source terminal of the third
transistor 118 is connected to the ground terminal, a third
gate voltage may be developed on the drain terminal of
the third transistor, which is shorted to a third gate term-
inal 144. Since the first current source 120 is consistently
biased in the saturation regime (i.e., gate and drain
terminals connected), the third gate voltage may cause
the first current source 120 to provide the fourth current.
[0016] In some aspects, the PTC current source 104
may provide the PTC current |py¢ toward the second
current sink 112. The PTC current It may cause a
second gate voltage on a second gate terminal 142.
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The second gate voltage may be insufficient to turn on the
second current sink 112 or the first transistor 114, or be
sufficient to turn the second current sink 112 and the first
transistor 114 from an off state to an on state, depending
on the ZTC current |1 as explained below.

[0017] In some aspects of the present disclosure, as
shown in graph 146, for temperatures below a threshold
temperature Ty, the ZTC currentl,+c may be larger than
the PTC current Iprc. As explained above, the ZTC
current |+ may induce the first gate voltage at the first
gate terminal 140. Since the ZTC current |1 is larger
than the PTC current Ip1¢, the first gate voltage may turn
on the second transistor 116. Consequently, the PTC
current Ipy¢ provided by the PTC current source 104
may not turn on the first transistor 114 because an entire
amount of the PTC current Ipy¢ is sunk through the
second transistor 116. As such, the second current I,
is zero because the first transistor 114 is off. Therefore,
the third current I3 and the fourth current 1, may both
equal to the ZTC current |1, and the current mirror 122
will provide the hybrid current I, having the same
current level as the ZTC current |1¢. In other words,
for temperatures below the threshold temperature Ty,
the hybrid current Iy, is equal to the ZTC current I 7.
[0018] In other aspects of the present disclosure, for
temperature above the threshold temperature Ty, the
PTC current lptc may be larger than the ZTC current
I1c. As explained above, the ZTC current |,+o may
induce the first gate voltage at the first gate terminal
140. Since the PTC current Ip1¢ is larger than the ZTC
current l1¢, the first gate voltage may turn on the second
transistor 116. However, the second transistor 116 is able
to sink only the ZTC current | ¢ (which is smaller than
the PTC current Ip1¢). Consequently, a differential cur-
rent (i.e., lptc - Iz1¢) may be sunk through the second
current sink 112. The differential current may cause the
second gate voltage to be developed on the second gate
terminal 142. The second gate voltage may turn on the
first transistor 114 such that the second current |, mirrors
the differential current (i.e., lptc - Iz1¢). Since the third
currently may be equaltothe ZTC current |y, the fourth
currentl, may become a sum ofthe second current |, and
the third current I, which is the PTC current I (i.e., I, +
I3 = (Iptc - Iz1¢) + lIz1¢ = lpTc)- As a result, the current
mirror 122 will provide the hybrid current I, having the
same current level as the PTC current Ipyc. In other
words, for temperatures above the threshold tempera-
ture Ty, the hybrid current Iy, is equal to the PTC
current lprc.

[0019] In some aspects, the hybrid current IHyb pro-
vided by the hybrid circuit 100 may exhibit characteristics
shown in the graph 146. Specifically, at temperatures
below the threshold temperature T+, the hybrid current
IHyb may be constant with temperature. And, at tempera-
tures above the threshold temperature Ty, the hybrid
current IHyb may increase with temperature. The hybrid
current Iy, may be the maximum current of the PTC
current Iptc and the ZTC current | 1¢.

10

15

20

25

30

35

40

45

50

55

[0020] In some aspects of the present disclosure, one
or more of the first current sink 110, the second current
sink 112, the first transistor 114, the second transistor
116, and/or the third transistor 118 may be nMOS (e.g., n-
type metal oxide semiconductor field effect transistor
(MOSFET)) or other n-type transistors. One or more of
the first current source 120 and/or the current mirror 122
may be pMOS or other p-type transistors. The one or
more of the first current sink 110, the second current sink
112, the first transistor 114, the second transistor 116,
and/or the third transistor 118 may be the same or differ-
ent (e.g., same or different widths, lengths, dopings,
geometries, etc.). The one or more of the first current
source 120 and/or the current mirror 122 may be p-type
transistors may be the same or different (e.g., same or
different widths, lengths, dopings, geometries, etc.).
[0021] In certain aspects, the slopes, curvatures, an-
d/or shapes of the current vs. temperature behavior of the
hybrid current IHyb may vary according to some aspects
of the present disclosure.

[0022] Referring to FIG. 2, an example of the hybrid
circuit 100, including one implementation of input current
circuitry, is configured to provide a PTC current at tem-
peratures above a threshold temperature and a ZTC
current at temperature below the threshold temperature.
The hybrid circuit 100 may include a ZTC current source
202, which is an example of the ZTC current source 102
that provides constant current as temperatures change.
The hybrid circuit 100 may include a PTC current source
204, which is an example of the PTC current source 104
that provides current that increases with temperature.
[0023] In an aspect, it may be desirable to manage
signal levels in On Off Keying (OOK) transmission across
an isolation barrier. For example, it may be desirable to
compensate for transmission transformer loss at tem-
peratures above the threshold temperature T, and/or
reduce reception signal loss at temperature below the
threshold temperature T. Specifically, a ZTC current
source operating alone may provide a constant current
below and above the threshold temperature T,. How-
ever, as temperatures rise, the transformer loss may
increase with the operating temperature. Since the cur-
rent provided by the ZTC current source remains con-
stant with temperature, the ZTC current source may be
unable to compensate for the transmission transformer
loss at temperatures above the threshold temperature
T1y- Similarly,a PTC current source operating alone may
provide a current that changes with temperature. As
temperatures drop, the current provided by the PTC
current source may decrease accordingly. This may
cause reception signal loss at temperature below the
threshold temperature T. Aspects of the present dis-
closure include the hybrid circuit 100 configured to pro-
vide a constant current at temperatures below the thresh-
old temperature Tty and a variable temperature at tem-
peratures above the threshold temperature Tyy.

[0024] Referring to FIG. 3, an example of the hybrid
circuit 300 configured to provide a source current with



7 EP 4 513 292 A2 8

variable slopes at temperatures below and above the
threshold temperature T1. The hybrid circuit 300 may be
configured to provide variable bias currents, such as but
not limited to bias currents with different temperature
coefficients (TCs) (i.e., rate of current change as a func-
tion of temperature change). For example, the hybrid
circuit 300 may include a first TC current source 304-1
configured to provide afirst TC current l+¢-4, asecond TC
current source 304-2 configured to provide a second TC
current 4 _... and an nth TC current source 304-n con-
figured to provide an nth TC current |1_,. Here, n may be
a positive integer greater than 1. In some aspects, the
hybrid circuit 300 may have two or more TC current
sources with different TCs.

[0025] In some aspects of the present disclosure, the
hybrid circuit 300 may include a multiplexer/combining
circuit 350 configured to select one or more of the cur-
rents provided by the first TC current source 304-1, the
second TC current source 304-2... and/or the nth TC
current source 304-n. The currents that are selected
may be determined by indications provided to the multi-
plexer/combining circuit 350. For instance, the selected
input currents may have different slopes above and/or
below the threshold temperature Ty,. The hybrid circuit
300 may include a output 360 configured to output a
hybrid current Iy, including a selected PTC current Ig_
p1c and aselected ZTC currentlg 1. The selected PTC
current Ig_ptc may include one or some combination of
the first TC current |1¢_4, the second TC current I1q_,...
the nth TC current I¢_,. The selected ZTC current Ig_y1¢
may include one or some combination of the first TC
current ly¢_q, the second TC current It _,... the nth TC
current ltc,. In some optional implementations, the
multiplexer/combining circuit 350 may be configured to
apply one or more gain factors to the one or more of the
first TC current lt¢_4, the second TC current l4c_... the
nth TC current Ic_, prior to outputting the Iy, via the
output 360. For example, the multiplexer/combining cir-
cuit 350 may amplify the magnitude of the currents prior
to outputting the I, via the output 360.

[0026] In an aspect, the hybrid circuit 300 may addi-
tionally include a decision circuit 352 configured to pro-
vide one or more indication signals to the multiplexer/-
combining circuit 350 for indicating the selection of the
one or some combination of the currents provided by the
first TC current source 304-1, the second TC current
source 304-2... and/or the nth TC current source 304-
n. The decision circuit 352 may optionally include one or
more analog-to-digital converter (ADC). Forexample, the
decision circuit 352 may receive analog input and output
digital control signals. The decision circuit 352 may in-
clude logic, functions, or algorithms used to control how
the multiplexer/combining circuit 350 generates the Iy,
from one or some combination of the first TC current
source 304-1, the second TC current source 304-2...
and/or the nth TC current source 304-n. For example,
the decision circuit 352 may utilize an input 355 from a
temperature sensor 354, e.g., for temperature-depen-
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dent generation of the output 360 and/or one or more
optional inputs 353, to generate the indication signals.
The one or more optional inputs 353 may include, but are
not limited to, desired slopes of the current above and/or
below the threshold temperature Tyy. Based on the
desired slopes, the decision circuit 352 may control the
multiplexer/combining circuit 350 to select one or more of
the currents provided by the first TC current source
304-1, the second TC current source 304-2... and/or
the nth TC current source 304-n.

[0027] ReferringtoFIG. 4, example graphs400include
example characteristics of the hybrid circuit 100 shown in
Figs. 1and 2, the hybrid circuit 300 shown in Fig. 3, and/or
a p-type hybrid circuit 500 shown in Fig. 5 (below),
including current versus temperature characteristic
graphs 402 and corresponding temperature coefficient
versus temperature characteristic graphs 404, which
may be utilized in any of the aspects of the hybrid circuits
described herein. In some instances, the temperature
coefficients versus temperature characteristics may be
derived based on the slope values of the current versus
temperature characteristics (i.e., indicating the instanta-
neous change in the current versus temperature char-
acteristics).

[0028] Insome cases, a first current graph 410, which
may be the same as or similar to graph 146, may illustrate
a hybrid circuit output current based on a ZTC current
having a zero slope over a first temperature range, and a
PTC current having a positive slope over a second tem-
perature range. A second current graph 412 may illus-
trate a hybrid circuit output current based on a ZTC
current having a zero slope over some temperatures,
and two PTC currents having different slopes over other
temperatures. A third current graph 414 may illustrate a
hybrid circuit output current based on a ZTC current
having a first positive slope over some temperatures,
and a PTC current having a second positive slope larger
than the first positive slope over other temperatures. A
fourth current graph 416 may illustrate a hybrid circuit
output current based on a ZTC current having a first
variably positive slope over some temperatures, and a
PTC current having a second variably positive slope over
other temperatures. The fourth current graph 416 may
illustrate an example of a hybrid circuit having gradual
(non-abrupt) transition between a ZTC current having a
first zero or positive slope and a PTC current having a
second positive slope larger than the slope of the ZTC
current.

[0029] Insome aspects ofthe presentdisclosure, afirst
TC graph 420 may illustrate the TC curve corresponding
to the hybrid circuit output currentin the first current graph
410. The first TC graph 420 shows that the slope of the
ZTC current is zero and the slope of the PTC currentis a
positive number. A second TC graph 422 may illustrate
the TC curve corresponding to the hybrid circuit output
current in the second current graph 412. The second TC
graph 422 shows that the slope of the ZTC currentis zero
and the slope of the PTC currentincreases with tempera-
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tures in a first temperature range and remains a positive
number in a second temperature range. A third TC graph
424 illustrates the TC curve corresponding to the hybrid
circuit output current in the third current graph 414. The
third TC graph 424 shows that the slope of the ZTC
current is a first positive number and the slope of the
PTC current is a second positive number larger than the
first positive number. A fourth TC graph 426 illustrates the
TC curve corresponding to the hybrid circuit output cur-
rent in the fourth current graph 416. The fourth TC graph
426 shows that the slope of the ZTC current increases
with temperature, and the slope of the PTC current
increases with temperatures in a first temperature range
and remains a positive number in a second temperature
range.

[0030] Other current and/or TC profiles may also be
implemented according to aspects of the present disclo-
sure.

[0031] Referring to FIG. 5, an example of a p-type
hybrid circuit 500 is configured to provide a PTC current
at temperatures above a threshold temperature and a
ZTC current attemperature below the threshold tempera-
ture. The p-type hybrid circuit 500 may include a PTC
current source 502 configured to sink the PTC current
Ip1c from the p-type hybrid circuit 500. The p-type hybrid
circuit 500 may include a ZTC current source 504 con-
figured to sink the ZTC current |1 from the p-type hybrid
circuit 500. The p-type hybrid circuit 500 may include a
first P current source 550 configured to source the ZTC
current |, toward the ZTC current source 504. The p-
type hybrid circuit 500 may include a first P transistor 552
configured to provide a first P current I5_;, which may be
the minimum of the PTC current o1 and the ZTC current
I71c. The p-type hybrid circuit 500 may include a first P
current mirror 554 configured to provide a third P current
Ip_3 that mirrors the ZTC current |, sourced by the first P
current source 550. The third P current I,_y may have the
same magnitude as the ZTC current |,¢. The first p
current source 550 may be disposed in series, parallel,
or other configurations with respect to the ZTC current
source 504.

[0032] In certain aspects of the present disclosure, the
p-type hybrid circuit 500 may include a second P tran-
sistor 556 configured to provide a variable current ran-
ging from zero to a differential current between the PTC
current ot and the ZTC current |1 as described in
further details below. The p-type hybrid circuit 500 may
include a second P current mirror 558 configured to
provide a second P current Ip_, that mirrors the variable
current provided by the second P transistor 556.

[0033] During normal operation, in certain aspects, the
first P current source 550 may provide the ZTC current
Irc inresponse to the ZTC current source 504. Because
the drain terminal and the gate terminal of the first P
current source 550 are connected, the first P current
source 550 may operate in the saturation regime and a
fourth gate voltage at a fourth gate terminal 560 may be
developed on the drain terminal and the gate terminal of
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the first P current source 550. Consequently, the fourth
gate voltage may be applied to the fourth gate terminal
560, including the gate terminals of the first P transistor
552 and/or the first P current mirror 554. As a result, the
first P current mirror 554 may source the third P current
Ip_3-

[0034] In some aspects of the present disclosure, as
shown ina graph 590, for temperatures above a P thresh-
old temperature Tp_ 1y, the PTC current Iprc may be
larger than the ZTC current |1¢. The PTC current Ipr¢
may induce a fifth gate voltage at the fifth gate terminal
562. Since the PTC current I is larger than the ZTC
current I, the fifth gate voltage may turn on the second
P transistor 556 because the first P current Ip_4 (having a
current magnitude equaling to the ZTC current ly1¢) is
insufficient to supply the PTC current Ip1 alone. The fifth
gate voltage may turn on the second P transistor 556
such that the second P transistor 556 supplies the differ-
ential current between the PTC current Io1¢ and the ZTC
current I1. Consequently, the second P current mirror
558 may mirror the second P transistor 556 and supply
the second P current Ip_, (having the same magnitude as
the differential current Ip1¢ - I,1¢). Therefore, the second
P current|_, may equal to the differential current of Ip1 -
I>1c and the third P current Ip_; may equal to the ZTC
currentl . As aresult, the hybrid current I, ,, may equal
to the sum of the second P current Ip_, and the third P
currentlp_3, whichis the PTC current lp¢. In other words,
for temperatures above the P threshold temperature Tp_
TH- the hybrid current I, is equal to the PTC current
lprc-

[0035] In other aspects of the present disclosure, for
temperature below the P threshold temperature Tp 1y,
the ZTC current |+ may be larger than the PTC current
Iptc- As such, the first P transistor 552 may supply the
ZTC current |1 as the first P current I5_;. Consequently,
the fifth gate voltage may remain "high" to keep the
second P transistor 556 off. The second P current mirror
558 may similarly remain in the off state and supply no
current as the second P current Ip,. As a result, the
hybrid current Iy, may equal to the sum of the second
P currentlp_, and the third P current|p_3, whichisthe ZTC
current |1 In other words, for temperatures below the P
threshold temperature Tp_1yy, the hybrid current Iy, is
equal to the ZTC current | 1.

[0036] In some aspects, the hybrid current IHyb pro-
vided by the hybrid circuit 100 may exhibit characteristics
shown in the graph 590. At temperatures below the P
threshold temperature Tp_ty, the hybrid current I, may
be constant with temperature. At P threshold tempera-
ture Tp_ry, the hybrid current I, may increase with
temperature. The hybrid current IHyb may be the max-
imum current ofthe PTC current ot and the ZTC current
IZz1c:

[0037] FIG. 6 includes example graphs 601 and 605 of
current versus temperature behaviors of a scalable PTAT
hybrid circuit according to aspects of the present disclo-
sure. Referring to graph 601, in certain aspects, a scal-
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able PTAT hybrid circuit (described below in FIG. 7) may
output a hybrid current exhibiting a first current versus
temperature behavior 600 without PTAT scaling. In some
aspects, the scalable PTAT hybrid circuit may perform a
negative PTAT scaling such that the hybrid current is
shifted to exhibit a second current versus temperature
behavior 602. The second current versus temperature
behavior 602 may be the first current versus temperature
behavior 600 being shifted negatively by Al,. In other
words, at a temperature t4, the current level of the first
current versus temperature behavior 600 (without PTAT
scaling) is Al higher than the current level of the second
current versus temperature behavior 602 (due to the
negative PTAT scaling).

[0038] Still referring to graph 601, in certain aspects,
the scalable PTAT hybrid circuit may perform a positive
PTAT scaling such that the hybrid current is shifted to
exhibit a third current versus temperature behavior 604.
The third current versus temperature behavior 604 may
be the first current versus temperature behavior 600
being shifted positively by Al,. In other words, at a tem-
perature t,, the current level of the first current versus
temperature behavior 600 (without PTAT scaling) is Al,
lower than the current level of the third current versus
temperature behavior 604 (due to the positive PTAT
scaling).

[0039] Referring to graph 605, in some aspects of the
present disclosure, the first current versus temperature
behavior 600 of the PTAT hybrid circuit may have a slope
of m, in the positive temperature coefficient regime (with-
out slope control). In an aspect of the present disclosure,
the PTAT hybrid circuit may increase the slope of the
output hybrid circuit to exhibit a fourth current verses
temperature behavior 606 having a slope of m, in the
positive temperature coefficient regime. In another as-
pect, the PTAT hybrid circuit may decrease the slope of
the output hybrid circuit to exhibit a fifth current verses
temperature behavior 608 having a slope of mg in the
positive temperature coefficient regime.

[0040] In some aspects of the present disclosure, the
PTAT hybrid circuit may perform both the PTAT scaling
and the slope control.

[0041] FIG. 7 shows an example of a scalable PTAT
hybrid circuit 700 configured to scale the current magni-
tude of a hybrid current, and/or adjust the slope of the
hybrid current in the temperature dependent regime. In
certain implementations, a scalable PTAT hybrid circuit
700 may include a bias mirror circuit 702 configured to
provide currents to the remaining portions of the scalable
PTAT hybrid circuit 700. The bias mirror circuit 702 may
include a ZTC current source 704 configured to provide a
ZTC current (I;1¢). The scalable PTAT hybrid circuit 700
may include a PTAT control circuit 720 configured to scale
a magnitude of a hybrid current (l,;yg) and/or a slope of
the PTAT current (Iptat)- In some implementations, the
PTAT control circuit 720 may be configured to provide the
Ip1aT- The scalable PTAT hybrid circuit 700 may include a
hybrid circuit 770 configured to combine the |1 and the
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Ip1aT to provide the Iypg.

[0042] In some aspects, the PTAT control circuit 720
may include a first resistor R;. The PTAT control circuit
720 may include a first transistor T,. The PTAT control
circuit 720 may include a second transistor T,. The PTAT
control circuit 720 may include a second transistor R,.
The R4, T4, T,, and R, may be configured to determine
the magnitude and/or slope of the Ipa1. The PTAT control
circuit 720 may include a slope control circuit 730 con-
figured to control the slope of the current versus tem-
perature behaviors of the hybrid current as described in
FIG. 6 and below.

[0043] In some aspects, the PTAT control circuit 720
may include a bandgap circuit 740 including a second
bipolar junction transistor (BJT) Q2, and a third BJT Q3.
The bandgap circuit 740 may optionally include a base
current cancellation circuit BCC configured to prevent the
base currents of the Q2 and/or Q3 from interfering with
the slope of the Ipta. The bandgap circuit 740 may be
configured to generate at least a portion of the Iprat.
[0044] The slope control circuit 730 may include a third
resistor R; and afourth resistor R 4. The resistances of the
Rj; and R, may determine the voltages at V5 and/or V,,
which controls the amount of current flow through Q1
and/or Q2. The R; and R, may be variable resistors.
[0045] In optional aspects, the scalable PTAT hybrid
circuit 700 may include an optional bias-gain circuit 750
configured to keep collector voltages V4, V., of the Q2
and Q3 constant.

[0046] In some aspects, the PTAT control circuit 720
may include first source transistors 722 configured to
provide firstsource current (Igorcg-1)- The PTAT control
circuit 720 may include second source transistors 732
configured to provide a second source current (Igq.
URCE-2)- The PTAT control circuit 720 may include third
source transistors 734 configured to provide a third
source current (Isoyrce-3)-

[0047] Duringoperation, the bias mirror circuit 702 may
be configured to induce the Iggyrce.q into the PTAT
control circuit 720 via first source transistors 722 of the
PTAT control circuit 720. A first voltage V, may appear
across the first resistor R,. The first resistor Ry may be a
variable resistor ranging from 0 S2 to 10 kiloohms (kQ),
for example 1.8 kS2, 2 kS2, 2.2 kS2.

[0048] In one example, the first source current lgq.
URCE-1 May be approximately 50 microamps (nA), the
first voltage drop Vg4 may be 100 millivolts (mV), and the
first resistor Ry may be 1.8 kS2.

[0049] In some aspects, the first source current Igq.
URCE-1 May flow through the first transistor T,. A second
voltage V, induced by the first source current Igqrce-1
may be applied to the gate of the first transistor T,. As a
result, the first transistor T, may be a triode device ex-
hibiting linear current behavior. The second voltage V,
may be applied to the gate of the second transistor T,. As
aresult, the second transistor T, may be a triode device
exhibitlinear current behavior. Other devices may also be
used to apply the second voltage V,. The first transistor
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T, and the second transistor T, may be matched (e.g.,
same size). The ratio of the sizes of the T, and the T, may
determine the slope and/or scaling of the Iyg.

[0050] In some aspects, the bandgap circuit 740 may
operate as described below. The IgorcE.1, @and there-
fore, the second voltage V,, may induce the I rcEg.2
through second source transistors 732, the second BJT
Q2, and the second transistor T,. Similarly, the IsoyrcE-4
and the second voltage V, may induce the lgqyrcEe-3
flowing through third source transistors 734 and the third
BJT Q3. A second base-emitter voltage Vgg_, may be
developed across the second BJT Q2 due to the Igq.
URrcE-2- A third base-emitter voltage Vgg_3 may be devel-
oped across the third BJT Q3 due to the Iggyrce.3- A
difference in voltage AV between the Vgg_, and the Vgg 3
may be generated due to one or more of a difference in
the dimensions (e.g., emitter area) of the second BJT Q2
and the third BJT Q3, and/or a difference between the
Isource-2 and the Iggyrce-3- Individually, the Ve , and
the Vge_3 are inversely proportional to temperature (i.e.,
as temperature increases, the corresponding voltage
decreases) due to the P-N junction diode formed be-
tween the base and the emitter. Specifically, as tempera-
ture increases, the number of carriers injected increases,
requiring less voltage to drive the same current. The
difference in the base-emitter voltages (|Vgg.o - Vge.al,
aka AV) is proportional to temperature (i.e., as tempera-
ture increases, the difference in voltage increases).
Therefore, as temperature increases, the AV increases.
[0051] Insome aspects, the third voltage V; may be an
improper fraction multiple (e.g., ~(R3 + R4)/R,) of AV. As
the AV increases (e.g., due to temperature), the third
voltage V; decreases.

[0052] In certain aspects, the IgoyrcE.3 May be mir-
rored by the hybrid circuit 770 to generate the Ipyar as
described above. The ratio of the Igoyrce.o and the
Isource-3 May be determined by one or more of the
sizes of the Q2 and Q3, and/or the sizes of the second
source transistors 732 and the third source transistors
734.

[0053] Incertain aspects, the bias-gain circuit 750 may
lock the collector voltages (Vci and V,) to match for the
operation of the bandgap circuit 740. Alternatively or
additionally, the bias-gain circuit 750 may provide the
base currents to one or more of the Q2 and/or Q3. In
some aspects, the bias-gain circuit 750 may prevent the
introduction of undesirable temperature coefficients dur-
ing the biasing of the bandgap circuit 740.

[0054] According to an aspect of the present disclo-
sure, as the |t changes in current magnitude, the lprat
will change accordingly. Referring to FIGs. 6 and 7, the
I71c in the hybrid circuit 700 for the first current versus
temperature behavior 600 may change in current mag-
nitude (i.e., shift up or increase in current magnitude, or
shift down or decreases in current magnitude). During a
change in | 1 inthe bias mirror circuit 702, the IggrcE-4
may change accordingly (i.e., a decrease in |1 leads to
a decrease in Igoyrce-1, and vice versa). As the Igq.
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URCE-1 changes, the R, and/or R, may change corre-
spondingly. As aresult, the Igorcg-2 May change, which
leads to a change in the Ip7at

[0055] For example, if the |1 decreases in the bias
mirror circuit 702, the Igorce.1 May decrease accord-
ingly. The decrease in the Igoyrce.1 May lead to an
increase in the R, / T, pair resistance because voltage
drop across the R4 may remain approximately constant
due to a first BJT Q1 (i.e., V, remains unchanged). As a
result, the R, may increase correspondingly, causing an
decrease to the lgoyrcep- Consequently, lppar may
decrease.

[0056] Inanother aspect of the present disclosure, the
slope of the hybrid current in the positive temperature
coefficient regime may be controlled by selecting the
temperature coefficient of the first voltage V,, which
causes the resistance of the R to scale with temperature.
The first voltage V, may be determined by the values of
the third resistor R3 and/or the fourth resistor R, of the
slope control circuit 730.

[0057] In some implementations, the Ry, Ry, R3, and
R, may be polysilicon variable resistors.

[0058] In an aspect of the present disclosure, V, may
provide a reference voltage. In the current example, V, is
generated on-chip via Q1. However, in some implemen-
tations, V{ may be provided off-chip. V, may be a digital
input. Other schemes to generate reference voltage an-
d/or reference current may also be used according to
aspects of the present disclosure. Iggrcg.1 @and/or V,
may include a temperature coefficient. The triode FETs
(i.e., the first transistor T1 and the second transistor T2)
may be the tuning elements that change the pair resis-
tance of R1/T1 and/or the pair resistance of R2/T2. The
temperature dependency of Iggrcg.1 @and/or V4 may be
transferred to Iggyrce.2 and/or Igoyrce-3 Via Vo.
[0059] In optional aspects of the present disclosure,
the temperature dependency of |pra1 may originate from
the temperature dependencies of R, and/or R,. In one
aspect, the size difference between Q2 and Q3 may
cause a difference in Vg, and Vge_3. The difference
in the voltages may appear across R2, which generates
the temperature dependency of lpat-

[0060] In some aspects of the present disclosure, the
slope control circuit 730 may control V4. The ratios of Ry
and R, may determine the voltage value of V4, which may
change the voltage value of V,,. V3 may track Vg_, and/or
VBE3:

[0061] An example of analysis of the first voltage V,
may be as follow:

Vr2=AV=VrxIn(nxm)

[0062] Here, Vg, isthe voltage drop acrosstheR,, V=
kT/q, Tis the temperature, q is the electronic charge, nis
the ratio of the sizes of the Q2 to the Q3, and mis the ratio
of the sizes of the two or more second source transistors
to the two or more third source transistors. Further,
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Vee-1 = Ver2 = Vi — Va2
Ver1=V3-Vi
V4= Vr2+ V12 + Ve, wherein V4 = Vgg3

Vi =V, (2R

Ry

Vi1 =V3-Vgg1 = Vga.

[0063] Here, V, may be the voltage between the R,
and Ry, and Vge_4 may be the emitter-base voltage for
Q1. Vge_4 is substantially constant except as adjusted by
Rj3 to trim the slope of the hybrid current IHyb (example
shown in the graph 605 of FIG. 6). By simplifying the
equation above:

R3
Vl = R_ X VBG,

4

where Vg is the bandgap voltage of Q2.

[0064] Turning to FIG. 8, a method 800 of providing a
hybrid current may be performed by the scalable PTAT
hybrid circuit 700.

[0065] At block 805, the method 800 may provide a
zero temperature coefficient (ZTC) current. For example,
the bias mirror circuit 702 may provide a zero tempera-
ture coefficient (ZTC) current.

[0066] At block 810, the method 800 may generate,
based on the ZTC current, a PTAT current with a slope
having a non-zero value. For example, the PTAT control
circuit 720 and/or the bandgap circuit 740 may generate,
based on the ZTC current, a PTAT current with a slope
having a non-zero value.

[0067] At block 815, the method 800 may provide a
reference voltage to alter the PTAT current by at least
scaling the PTAT current or changing the slope of the
PTAT current to generate an altered PTAT current. For
example, the PTAT control circuit 720, the Q1, the R1, T1,
and/or the slope control circuit 730 may provide V, (gen-
erated from dividing Isoyrce.1 by Rq to control the re-
sistance(s) of R, and/or T2 to alter the PTAT current by at
leastscaling the PTAT currentor changing the slope of the
PTAT current to generate an altered PTAT current.
[0068] At block 820, the method 800 may output a
larger current of the ZTC current and the altered PTAT
currentas a hybrid current. For example, the hybrid circuit
770 may output a larger current of the ZTC current and
the altered PTAT current as a hybrid current.

[0069] FIG. 9 illustrates examples of current supplies
according with aspects of the present disclosure. The
current supply 900 includes a resistor with a resistance of
R, and a transistor have a dimension of W/L. When the
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gate voltage is applied, a current that is proportional to
[1/R x WIL] flows through the transistor. The current
supply 910 includes a variable resistor with a resistance
of R/N, and a transistor have a dimension of W/L. When
the gate voltage is applied, a currentthatis proportional to
[N/R x WI/L] flows through the transistor. Here N may be
changed during the operation of the bias circuits de-
scribed above to change the current supplied.

[0070] FIG. 10 illustrates another example of a circuit
1000 configured as a variable resistor according to as-
pects of the present disclosure. Here, an input voltage of
Vrek is applied to an op-amp, which supplies the gate
voltage of the transistor. A drain current of Igge flows
through the transistor, where the drain current Igeg is a
function of the input voltage Vgge. In a first regime of
operation, Iggg may be linearly proportional to Ve (i.e,
linear regime). In a second regime of operation, Vgeg
may exceed the saturation voltage of the transistor, and
Irer May be constant as Vger increases. As such, the
circuit 1000 has an output behavior that emulates a
variable resistor, where the effective variable resistance

. Here, the effective variable resistance
varies with Vg While Izge remains substantially con-
stant.

[0071] FIG. 11 illustrates additional examples of vari-
able resistors according to aspects of the present dis-
closure. A variable resistor circuit 1100 may operate in
the triode operation. Here, the field effect transistor may
operate under the condition where |Vgg - V1 |[» Vpg.

During the triode operation, or, equiva-
lently, Vg = IpRps. As shown in the graph 1102, Rpg
operates as a variable resistor in the resistive range.
Here, the resistance of the transistor between the drain
and the source is a variable resistor that is a function of
the applied gate to source voltage.

[0072] Similarly, in some aspects of the present dis-
closure, a variable resistor circuit 1110 may include a
built-in fixed resistor in series with the transistor. In some
instances, having a built-in fixed resistor may extend the
resistive range of the variable resistor circuit 1110 as
shown in the graph 1112. In certain aspects, by adding
the fixed resistor in series, the linearity may be improved
over temperature and/or process. Either type of variable
resistor circuits shown in FIG. 11 may be implemented in
the bias temperature circuit according to aspects of the
present disclosure.

[0073] FIG. 12 illustrates an example of a PTAT gen-
erator 1200 according to aspects of the present disclo-
sure. Referencing FIGs. 7 and 12, the PTAT generator
1200 may be an implementation of the slope control
circuit 730 and the bandgap circuit 740. Here, V, may
equal to the base-emitter voltage (Vgg) of the third BJT
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Ry
Vos ()
BE \ R, +R,

Q3. V5 may equal to .

[0074] FIG. 13 illustrates an example of a PTAT gen-
erator 1300 with one or more variable resistors according
to aspects of the present disclosure. Referencing FIGs. 7
and 13, the PTAT generator 1300 may be an implemen-
tation of the slope control circuit 730 and the bandgap
circuit 740. Here, the reference voltage may be derived
as follows. V3 may be calculated as 1 + KVge3. The
voltage V5 may be calculated as (1 + K)(Vge_3 - Vgeoo),
which may be simplified to (1 + K)AVge. The expression
may be further simplified to V; = KVgg + AVgg, Which is
the bandgap type reference voltage according to aspects
of the present disclosure.

[0075] Aspects of the present disclosure include a
scalable proportional-to-absolute-temperature (PTAT)
hybrid circuit, including a bias mirror circuit configured
to provide a zero temperature coefficient (ZTC) current, a
PTAT control circuit configured to generate, based on the
ZTC current, a PTAT current with a slope having a non-
zerovalue, to alter the PTAT current by atleast scaling the
PTAT current or changing the slope of the PTAT current to
generate an altered PTAT current, and to output a larger
currentofthe ZTC currentand the altered PTAT currentas
a hybrid current.

[0076] Aspects of the present disclosure include the
PTAT hybrid circuit above, wherein the bias mirror circuit
comprises a ZTC current source.

[0077] Aspects of the presentdisclosure include any of
the PTAT hybrid circuits above, wherein the PTAT control
circuit comprises two or more first source transistors
configured to provide a first source current through a first
bipolar junction transistor (BJT), a first variable resistor,
and a first transistor.

[0078] Aspects of the presentdisclosure include any of
the PTAT hybrid circuits above, wherein the PTAT control
circuit further comprises the first BJT, the first variable
resistor, and the first transistor, wherein the first BJT, the
first variable resistor, and the first transistor are con-
nected in series.

[0079] Aspects of the presentdisclosure include any of
the PTAT hybrid circuits above, wherein the PTAT control
circuitfurther comprises a slope control circuit configured
to change the slope of the PTAT current.

[0080] Aspects of the presentdisclosure include any of
the PTAT hybrid circuits above, wherein the slope control
circuit comprises a second transistor, a second variable
resistor, and a third variable resistor, wherein the second
transistor, the second variable resistor, and the third
variable resistor are connected in series.

[0081] Aspects of the presentdisclosure include any of
the PTAT hybrid circuits above, wherein a drain of the
second transistor is connected to a base of the first BJT.
[0082] Aspects of the present disclosure include any of
the PTAT hybrid circuits above, wherein the PTAT control
circuit comprises a bandgap circuit configured to gener-
ate the PTAT current.
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[0083] Aspects of the presentdisclosure include any of
the PTAT hybrid circuits above, wherein the bandgap
circuit comprises a first bipolar junction transistor (BJT)
and a second BJT, wherein a first gate of the first BJT is
connected to a second gate of the second BJT.

[0084] Aspects of the presentdisclosure include any of
the PTAT hybrid circuits above, wherein the bandgap
circuit comprises a base current cancellation circuit.
[0085] Aspects of the presentdisclosure include any of
the PTAT hybrid circuits above, wherein the PTAT control
circuit further comprises a bias gain circuit.

[0086] Aspects of the present disclosure include a
scalable proportional-to-absolute-temperature (PTAT)
hybrid circuit, comprising a bias mirror circuit having a
zero temperature coefficient (ZTC) current source con-
figured to induce a ZTC current, a PTAT control circuit
having two or more first source transistors, a first BJT
connected to one of the two or more first source transis-
tors, a first variable resistor connected to the first BJT, a
first transistor connected to the first variable resistor,
wherein the first BJT, the first variable resistor, and the
first transistor are connected in series, a second transis-
tor, a second variable resistor connected to a drain term-
inal of the second transistor and a first base of the first
BJT, a third variable resistor connected to the second
variable resistor, wherein the second transistor, the sec-
ond variable resistor, and the third variable resistor are
connected in series, a bandgap circuit having a second
BJTand a third BJT, wherein a second base of the second
BJTand a third base of the third BJT are connected to the
second variable resistor and the third variable resistor, a
fourth variable resistor connected to the second BJT of
the bandgap circuit, and a third transistor connected to
the fourth variable resistor, and a hybrid circuit.

[0087] Aspects of the present disclosure include the
PTAT hybrid circuit above, further including two or more
second source transistors, wherein a drain of one of the
two or more source transistors is connected to a second
collector of the second BJT.

[0088] Aspects of the presentdisclosure include any of
the PTAT hybrid circuits above, further including two or
more third source transistors, wherein a drain of one of
the two or more source transistors is connected to a third
collector of the third BJT.

[0089] Aspects of the presentdisclosure include any of
the PTAT hybrid circuits above, further comprising a base
current cancellation circuit connected to the second base
of the second BJT and the third base of the third BJT.
[0090] Aspects of the presentdisclosure include any of
the PTAT hybrid circuits above, wherein the first transistor
and the third transistor are matched in size.

[0091] Aspects of the presentdisclosure include any of
the PTAT hybrid circuits above, wherein a first width of the
second BJT is twice a second width of the third BJT.
[0092] Aspects of the presentdisclosure include any of
the PTAT hybrid circuits above, further comprising a bias
gain circuit.

[0093] Aspects of the present disclosure include any of
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the PTAT hybrid circuits above, wherein the first variable
resistor, the second variable resistor, the third variable
resistor, and the fourth variable resistor are polysilicon
variable resistors.

[0094] Aspects of the present disclosure include a
method of providing a hybrid current by a scalable pro-
portional to absolute temperature (PTAT) hybrid circuit,
comprising: providing a zero temperature coefficient
(ZTC) current, generating, based on the ZTC current, a
PTAT current with a slope having a non-zero value,
altering the PTAT current by at least scaling the PTAT
current or changing the slope of the PTAT current to
generate an altered PTAT current, and outputting a larger
currentofthe ZTC currentand the altered PTAT currentas
a hybrid current.

[0095] Aspects of the present disclosure include a
hybrid circuit, including a first current sink configured to
sink a zero temperature coefficient (ZTC) current pro-
vided by a ZTC current source, a second current sink
configured to sink a positive temperature coefficient
(PTC) current provided by a PTC current source, a first
transistor configured to provide a first current having a
first current magnitude of zero in response to the ZTC
current being larger than the PTC current or a second
current magnitude of a difference between the PTC
current and the ZTC current in response to the PTC
current being larger than the ZTC current, a second
transistor configured to provide a second current having
a third current magnitude of the ZTC current in response
tothe PTC current being larger than the PTC current or a
fourth current magnitude of the PTC current in response
to the ZTC current being larger than the ZTC current, a
third transistor configured to provide a third current mir-
roring the ZTC current, a fourth transistor configured to
provide a sum current of the first current and the third
current, and a current mirror configured provide a hybrid
current mirroring the sum current.

[0096] Aspects of the present disclosure include the
aspect above, further including the ZTC current source
and the PTC current source.

[0097] Aspects of the present disclosure include any of
the aspects above, wherein the ZTC current source
comprises a plurality of current sources configured to
each provide a corresponding source current having a
different temperature coefficient of a plurality of tempera-
ture coefficients.

[0098] Aspects of the presentdisclosure include any of
the aspects above, wherein the PTC current source
comprises a plurality of current sources configured to
each provide a corresponding source current having a
different temperature coefficient of a plurality of tempera-
ture coefficients.

[0099] Aspects of the presentdisclosure include any of
the aspects above, further including a plurality of current
sources configured to each provide a corresponding
source current having a different temperature coefficient
of a plurality of temperature coefficients.

[0100] Aspects of the presentdisclosure include any of

10

15

20

25

30

35

40

45

50

55

11

the aspects above, further including a multiplexer con-
figured to receive one or more source currents of the
plurality of current sources, combine the one or more
source currents as a combined current, and output the
combined current as the PTC current or the ZTC current.
[0101] Aspects of the present disclosure include any of
the aspects above, further including a temperature sen-
sor configured to measure a temperature associated with
the hybrid circuit, and output an indication indicating the
temperature measured by the temperature sensor.
[0102] Aspects of the presentdisclosure include any of
the aspects above, further including a decision circuit
configured to select the one or more source currents
based at least partially on the indication.

[0103] Aspects of the present disclosure include a
hybrid circuit including a first current sink connected to
a zero temperature coefficient (ZTC) current source,
corresponding gate terminals of a second transistor
and a third transistor, and a ground terminal, a second
current sink connected to a positive temperature coeffi-
cient (PTC) current source, a corresponding gate term-
inal of a first transistor, and the ground terminal, the first
transistor connected to a corresponding drain terminal of
the second transistor, a corresponding drain terminal of
the third transistor, a corresponding drain terminal of a
fourth transistor, and the ground terminal, the second
transistor connected to the ZTC current source, the PTC
current source, a corresponding gate terminal of the first
current sink, a corresponding gate terminal of the second
current sink, the corresponding gate terminal of the first
transistor, the corresponding gate terminal of the third
transistor, and the ground terminal, the third transistor
connected to the ZTC current source, the corresponding
gate terminal of the first current sink, the corresponding
gate terminal of the second transistor, a corresponding
drain terminal of the first transistor the corresponding
drain terminal of the fourth transistor, and the ground
terminal, the fourth transistor connected to a voltage
supply, a corresponding gate terminal of a current mirror,
the corresponding drain terminal of the first transistor,
and the corresponding drain terminal of the third transis-
tor, the current mirror connected to the voltage supply.
[0104] Aspects of the present disclosure include the
aspect above, wherein the first transistor is configured to
provide a first current having a first current magnitude of
zero in response to the ZTC current being larger than the
PTC current, or a second current magnitude of a differ-
ence between the PTC current and the ZTC current in
response to the PTC current being larger than the ZTC
current.

[0105] Aspects of the present disclosure include any of
the aspects above, wherein the second transistor is
configured to provide a second current having a third
current magnitude of the ZTC current in response to the
PTC current being larger than the PTC current, or afourth
current magnitude of the PTC current in response to the
ZTC current being larger than the ZTC current.

[0106] Aspects of the presentdisclosure include any of
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the aspects above, wherein the fourth transistor is con-
figured to provide a sum current of the first currentand the
third current.

[0107] Aspects of the present disclosure include any of
the aspects above, wherein the current mirror is config-
ured provide a hybrid current mirroring the sum current.
[0108] Aspects of the presentdisclosure include any of
the aspects above, wherein the third transistor mirror is
configured to provide a current mirroring the ZTC current.
[0109] Aspects of the presentdisclosure include any of
the aspects above, further including a plurality of current
sources connected to a multiplexer, the multiplexer con-
nected one or more of a decision circuit or a temperature
sensor, the decision circuit, and the temperature sensor.
[0110] Aspects of the present disclosure include any of
the aspects above, wherein the plurality of current
sources are configured to each provide a corresponding
source current having a different temperature coefficient
of a plurality of temperature coefficients.

[0111] Aspects of the present disclosure include any of
the aspects above, wherein the multiplexer is configured
to receive one or more source currents of the plurality of
current sources, combine the one or more source cur-
rents as a combined current, and output the combined
current as the PTC current or the ZTC current.

[0112] Aspects ofthe presentdisclosure include any of
the aspects above, wherein the temperature sensor is
configured to measure a temperature associated with the
hybrid circuit, and output an indication indicating the
temperature measured by the temperature sensor.
[0113] Aspects of the present disclosure include any of
the aspects above, wherein the decision circuit is con-
figured to select the one or more source currents based at
least partially on the indication.

[0114] Aspects of the present disclosure include a
method of providing a hybrid current including sinking,
by a first current sink, a zero temperature coefficient
(ZTC) current provided by a ZTC current source, sinking,
by a second current sink, a positive temperature coeffi-
cient (PTC) current provided by a PTC current source,
providing, by a first transistor, a first current having a first
current magnitude of zero in response to the ZTC current
being larger than the PTC current or a second current
magnitude of a difference between the PTC current and
the ZTC current in response to the PTC current being
larger than the ZTC current, providing, by a second
transistor, a second current having a third current mag-
nitude of the ZTC current in response to the PTC current
being larger than the PTC current or a fourth current
magnitude of the PTC current in response to the ZTC
current being larger than the ZTC current, providing, by a
third transistor, a third current mirroring the ZTC current,
providing, by a fourth transistor, a sum current of the first
current and the third current, and providing, by a current
mirror, a hybrid current mirroring the sum current.
[0115] The above detailed description set forth above
in connection with the appended drawings describes
examples and does not represent the only examples that
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may be implemented or that are within the scope of the
claims. The term "example," when used in this descrip-
tion, means "serving as an example, instance, or illustra-
tion," and not "preferred" or "advantageous over other
examples." The detailed description includes specific
details for the purpose of providing an understanding
of the described techniques. These techniques, how-
ever, may be practiced without these specific details.
For example, changes may be made in the function
and arrangement of elements discussed without depart-
ing from the scope of the disclosure. Also, various ex-
amples may omit, substitute, or add various procedures
or components as appropriate. For instance, the meth-
ods described may be performed in an order different
from that described, and various steps may be added,
omitted, or combined. Also, features described with re-
spect to some examples may be combined in other
examples. In some instances, well-known structures
and apparatuses are shown in block diagram form in
order to avoid obscuring the concepts of the described
examples.

[0116] Information and signals may be represented
using any of a variety of different technologies and tech-
niques. For example, data, instructions, commands, in-
formation, signals, bits, symbols, and chips that may be
referenced throughout the above description may be
represented by voltages, currents, electromagnetic
waves, magnetic fields or particles, optical fields or par-
ticles, computer-executable code or instructions stored
on a computer-readable medium, or any combination
thereof.

[0117] Several aspects of telecommunication systems
will now be presented with reference to various appara-
tus and methods. These apparatus and methods will be
described in the following detailed description and illu-
strated in the accompanying drawings by various blocks,
components, circuits, processes, algorithms, etc. (col-
lectively referred to as "elements"). These elements may
be implemented using electronic hardware, computer
software, or any combination thereof. Whether such
elements are implemented as hardware or software de-
pends upon the particular application and design con-
straints imposed on the overall system.

[0118] Bywayofexample, anelement, orany portion of
an element, or any combination of elements may be
implemented as a "processing system" that includes
one or more processors. Examples of processors include
microprocessors, microcontrollers, graphics processing
units (GPUs), central processing units (CPUs), applica-
tion processors, digital signal processors (DSPs), re-
duced instruction set computing (RISC) processors, sys-
tems on a chip (SoC), baseband processors, field pro-
grammable gate arrays (FPGAs), programmable logic
devices (PLDs), state machines, gated logic, discrete
hardware circuits, and other suitable hardware config-
ured to perform the various functionality described
throughout this disclosure. One or more processors in
the processing system may execute software. Software
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shall be construed broadly to mean instructions, instruc-
tion sets, code, code segments, program code, pro-
grams, subprograms, software components, applica-
tions, software applications, software packages, rou-
tines, subroutines, objects, executables, threads of ex-
ecution, procedures, functions, etc., whether referred to
as software, firmware, middleware, microcode, hardware
description language, or otherwise.

[0119] Accordingly, in one or more example embodi-
ments, the functions described may be implemented in
hardware, software, or any combination thereof. If im-
plemented in software, the functions may be stored on or
encoded as one or more instructions or code on a com-
puter-readable medium. Computer-readable media in-
cludes computer storage media. Storage media may be
any available media that may be accessed by a compu-
ter. By way of example, and notlimitation, such computer-
readable media may comprise arandom-access memory
(RAM), a read-only memory (ROM), an electrically era-
sable programmable ROM (EEPROM), optical disk sto-
rage, magnetic disk storage, other magnetic storage
devices, combinations of the aforementioned types of
computer-readable media, or any other medium that may
be used to store computer executable code in the form of
instructions or data structures that may be accessed by a
computer.

[0120] The various illustrative blocks and components
described in connection with the disclosure herein may
be implemented or performed with a specially-pro-
grammed device, such as but not limited to a processor,
a digital signal processor (DSP), an ASIC, a FPGA or
other programmable logic device, a discrete gate or
transistor logic, a discrete hardware component, or any
combination thereof designed to perform the functions
described herein. A specially-programmed processor
may be a microprocessor, but in the alternative, the
processor may be any conventional processor, control-
ler, microcontroller, or state machine. A specially-pro-
grammed processor may also be implemented as a
combination of computing devices, e.g., a combination
of a DSP and a microprocessor, multiple microproces-
sOors, one or more microprocessors in conjunction with a
DSP core, or any other such configuration.

[0121] The functions described herein may be imple-
mented in hardware, software executed by a processor,
firmware, or any combination thereof. If implemented in
software executed by a processor, the functions may be
stored on or transmitted over as one or more instructions
or code on a non-transitory computer-readable medium.
Other examples and implementations are within the
scope and spirit of the disclosure and appended claims.
For example, due to the nature of software, functions
described above may be implemented using software
executed by a specially programmed processor, hard-
ware, firmware, hardwiring, or combinations of any of
these. Features implementing functions may also be
physically located at various positions, including being
distributed such that portions of functions are implemen-
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ted at different physical locations. Also, as used herein,
including in the claims, "or" as used in a list of items
prefaced by "at least one of" indicates a disjunctive list
such that, for example, alist of "at least one of A, B, or C"
means AorBorCorABorACorBCorABC (i.e.,AandB
and C).

[0122] Computer-readable media includes both com-
puter storage media and communication mediaincluding
any medium that facilitates transfer of a computer pro-
gram from one place to another. A storage medium may
be any available medium that may be accessed by a
general purpose or special purpose computer. By way of
example, and not limitation, computer-readable media
may comprise RAM, ROM, EEPROM, CD-ROM or other
optical disk storage, magnetic disk storage or other mag-
netic storage devices, or any other medium that may be
used to carry or store desired program code means in the
form of instructions or data structures and that may be
accessed by a general-purpose or special-purpose com-
puter, or a general-purpose or special-purpose proces-
sor. Also, any connection is properly termed a computer-
readable medium. For example, if the software is trans-
mitted from a website, server, or other remote source
using a coaxial cable, fiber optic cable, twisted pair, digital
subscriber line (DSL), or wireless technologies such as
infrared, radio, and microwave, then the coaxial cable,
fiber optic cable, twisted pair, DSL, or wireless technol-
ogies such as infrared, radio, and microwave are in-
cluded in the definition of medium. Disk and disc, as used
herein, include compact disc (CD), laser disc, optical
disc, digital versatile disc (DVD), floppy disk and Blu-
ray disc where disks usually reproduce data magneti-
cally, while discs reproduce data optically with lasers.
Combinations of the above are also included within the
scope of computer-readable media.

[0123] The previous description of the disclosure is
provided to enable a person skilled in the art to make
or use the disclosure. Various modifications to the dis-
closure will be readily apparent to those skilled in the art,
and the common principles defined herein may be ap-
plied to other variations without departing from the spirit
or scope of the disclosure. Furthermore, although ele-
ments of the described aspects may be described or
claimed in the singular, the plural is contemplated unless
limitation to the singular is explicitly stated. Additionally,
all or a portion of any aspect may be utilized with all or a
portion of any other aspect, unless stated otherwise.
Thus, the disclosure is not to be limited to the examples
and designs described herein but is to be accorded the
widest scope consistent with the principles and novel
features disclosed herein.

Claims

1. A scalable proportional to absolute temperature
(PTAT) hybrid circuit, comprising:
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a bias circuit configured to provide an input
current;
a PTAT control circuit configured to:

generate, based on the input current, a
PTAT current with a slope having a non-zero
value,

provide a reference voltage to alter the
PTAT current by at least scaling the PTAT
current or changing the slope of the PTAT
currentto generate an altered PTAT current,
and

provide the altered PTAT current;

a hybrid circuit configured to:

receive a zero temperature coefficient
(ZTC) current and the altered PTAT current;
and

output a larger current of the ZTC current
and the altered PTAT current as a hybrid
current.

The scalable PTAT hybrid circuit of claim 1, wherein
the PTAT control circuit is further configured to pro-
vide the reference voltage by controlling a resistance
of one or more variable resistors.

The scalable PTAT hybrid circuit of claim 2, wherein
the PTAT control circuit comprises two or more first
source transistors configured to provide a first
source current through a first bipolar junction tran-
sistor (BJT), a first variable resistor, and a first tran-
sistor.

The scalable PTAT hybrid circuit of claim 3, wherein
the PTAT control circuit is further configured to con-
trol the resistance by:

controlling an amount of the first source current;
and

mirroring a second source current through the
one or more variable resistors.

The scalable PTAT hybrid circuit of claim 4, wherein
the one or more variable resistors include a second
variable resistor and a second transistor.

The scalable PTAT hybrid circuit of claim 5, wherein
the first variable resistor and the second variable
resistor maintain a substantially fixed ratio.

The scalable PTAT hybrid circuit of any of claims 3 to
6, wherein:

the PTAT control circuit further comprises a
slope control circuit configured to change the
slope of the PTAT current; and
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the slope control circuit comprises:

a second transistor;

a second variable resistor; and

a third variable resistor, wherein the second
transistor, the second variable resistor, and
the third variable resistor are connected in
series.

The scalable PTAT hybrid circuit of any preceding
claim, wherein the PTAT control circuit is further
configured to provide the reference voltage by sup-
plying an external reference voltage.

The scalable PTAT hybrid circuit of any preceding
claim, wherein the bias circuit comprises a ZTC
current source configured to provide the ZTC cur-
rent.

The scalable PTAT hybrid circuit of any preceding
claim, wherein:

the PTAT control circuit comprises a bandgap
circuit configured to generate the PTAT current;
the bandgap circuit comprises a first bipolar
junction transistor (BJT) and a second BJT; and
a first gate of the first BJT is connected to a
second gate of the second BJT.

The scalable PTAT hybrid circuit of claim 10, wherein
the bandgap circuit comprises a base current can-
cellation circuit.

A scalable proportional to absolute temperature
(PTAT) hybrid circuit, comprising:

a bias mirror circuit having a zero temperature
coefficient (ZTC) current source configured to
induce a ZTC current;

a PTAT control circuit having:

two or more first source transistors;

a first BJT connected to one of the two or
more first source transistors;

afirst variable resistor connected to the first
BJT;

a first transistor connected to the first vari-
able resistor, wherein the first BJT, the first
variable resistor, and the first transistor are
connected in series;

a second transistor;

a second variable resistor connected to a
drain terminal of the second transistorand a
first base of the first BJT;

a third variable resistor connected to the
second variable resistor, wherein the sec-
ond transistor, the second variable resistor,
and the third variable resistor are connected
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in series;

a bandgap circuit having a second BJT and

a third BJT, wherein a second base of the
second BJTand a third base of the third BJT

are connected to the second variable resis- 5
tor and the third variable resistor;

a fourth variable resistor connected to the
second BJT of the bandgap circuit; and

a third transistor connected to the fourth
variable resistor; and 10

a hybrid circuit.

13. The PTAT hybrid circuit of claim 12, further compris-
ing: 15

two or more second source transistors, wherein
a drain of one of the two or more source tran-
sistors is connected to a second collector of the
second BJT, 20
and optionally further comprising two or more
third source transistors, wherein a drain of one of
the two or more source transistors is connected
to a third collector of the third BJT.
25
14. The PTAT hybrid circuit of claim 12 or claim 13,
wherein at least one of the following applies:

(a) the PTAT hybrid circuit further comprises a
base current cancellation circuit connected to 30
the second base of the second BJT and the third
base of the third BJT;

(b) the first transistor and the third transistor are
matched in size;

(c) a first width of the second BJT is twice a 35
second width of the third BJT;

(d) the PTAT hybrid circuit further comprises a
bias gain circuit;

(e) the first variable resistor, the second variable
resistor, the third variable resistor, and the fourth 40
variable resistor are polysilicon variable resis-
tors.

15. A method of providing a hybrid current by a scalable
proportional to absolute temperature (PTAT) hybrid 45
circuit, comprising:

providing a zero temperature coefficient (ZTC)
current;

generating, based on the ZTC current, a PTAT 50
current with a slope having a non-zero value;
providing a reference voltage to alter the PTAT
current by at least scaling the PTAT current or
changing the slope of the PTAT current to gen-
erate an altered PTAT current; and 55
outputting a larger current of the ZTC current
and the altered PTAT current as a hybrid current.

15
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