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A LOW POWER REFERENCE CURRENT GENERATOR WITH TUNABLE
TEMPERATURE SENSITIVITY

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Utility Application No. 13/472,870
filed May 16, 2012 and also claims the benefit of U.S. Provisional Application No.
61/488,169 filed May 20, 2011 and U.S. Provisional Application No. 61/501,378
filed June 27, 2011. The entire disclosures of each of the above applications are

incorporated herein by reference.

FIELD

[0002] The present invention relates generally to current reference circuits used in
integrated circuits, and, in particular, integrated circuit topologies that support

power reduction.

BACKGROUND

[0003] In general, in the descriptions that follow, we will italicize the first
occurrence of each special term of art that should be familiar to those of ordinary
skill in the art of low power current reference design. In addition, when we first
introduce a term that we believe to be new or that we will use in a context that we
believe to be new, we will bold the term and provide the definition that we intend
to apply to that term. In addition, throughout this description, we will sometimes
use the terms assert and negate when referring to the rendering of a signal, signal
flag, status bit, or similar apparatus into its logically true or logically false state,
respectively, and the term toggle to indicate the logical inversion of a signal from
one logical state to the other. Alternatively, we may refer to the mutually exclusive
boolean states as logic_0 and logic_1. Of course, as is well known, consistent
system operation can be obtained by reversing the logic sense of all such signals,
such that signals described herein as logically true become logically false and vice
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versa. Furthermore, it is of no relevance in such systems which specific voltage

levels are selected to represent each of the logic states.

[0004] Power consumption has become a key problem for circuit designers with
the proliferation of battery-powered devices. Circuit topologies that support power
reduction are extremely valuable in extending battery life. Reference current
generators are present in virtually any integrated circuit since all analog
electronics require a bias current for proper operation. This reference current is
also generally temperature-compensated such that the current is substantially
insensitive to temperature or proportional to absolute temperature ("PTAT") or
complementary to absolute temperature ("CTAT"). Most reference current
generators draw significant power due to the heavy use of saturated transistors

and relatively small resistors.

[0005] Reference currents can be generated in a wide variety of ways. Two prior
art examples are shown in Fig. 1 and Fig. 2. In one such prior art example of a
reference current generator circuit 10, shown in Fig. 1, a voltage from a reference
voltage generator (e.g., a bandgap reference voltage generator) 12 can be
amplified using buffer 14 and applied across resistor 16. Bandgap reference 12
and resistor 16 are both reasonably temperature insensitive and can be tuned to
achieve a desired temperature sensitivity (e.g., zero temperature sensitivity,
PTAT, CTAT). However, reference current generator circuit 10 consumes
considerable power. Voltage generator 12 draws significant power; nominally on
the order of one microamp (1 yA). The combination of a large voltage combined
with a relatively small resistor results in excessive current draw. Assuming a
typical bandgap reference voltage of 1.25V and a typical on-chip resistor of 100
kQ, reference current generator circuit 10 consumes a reference current of
1.25/100e3=12.5 pA. This current is well in excess of limits imposed by many

modern battery-powered devices.

[0006] Similarly, the structure shown in Fig. 2 is also typical in that good
temperature sensitivity can be achieved. However, the active devices in reference
current generator circuit 18 are operated in the saturation region and will typically

draw much more than 1 pA of current.
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[0007] Given the wide use of current reference generators and the significant
power demands of these circuits, we submit that what is needed is an improved
method and apparatus for an ultra-low power temperature compensated reference
current generator. Such a method and apparatus is important for use in power

sensitive systems such as battery-powered electronics.

SUMMARY

[0008] In accordance with a preferred embodiment of our disclosure, we provide a
circuit for generating a reference current, the circuit including a voltage difference
generator adapted to supply a first voltage and a second voltage. The voltage
difference generator includes a reference voltage generator adapted to supply a
first supply voltage. The voltage difference generator also includes a voltage
buffer amplifier electrically coupled to the first supply voltage, and is adapted to
provide a second supply voltage. The voltage difference generator also includes
a voltage ladder electrically coupled to the second supply voltage, and is adapted
to supply the first voltage and the second voltage. The circuit for generating a
reference current also includes a first buffer electrically coupled to the first voltage.
The first buffer is adapted to supply a third voltage. The first buffer includes a first
amplifier adapted to receive the first voltage and the third voltage, and to compare
the first voltage to the third voltage. In response to the comparison, the first
amplifier outputs a first control voltage. The first buffer also includes a first
transistor device adapted to receive the first control voltage, and, in response, to
supply the third voltage. The circuit for generating a reference current also
includes a second buffer electrically coupled to the second voltage. The second
buffer is adapted to supply a fourth voltage. The second buffer includes a second
amplifier. The second amplifier is adapted to receive the second voltage and the
fourth voltage, and to compare the second voltage to the fourth voltage. In
response to the comparison, the second amplifier outputs a second control
voltage. The second buffer also include a second transistor device adapted to
receive the second control voltage, and, in response, to supply the fourth voltage.

The circuit for generating a reference current also includes a resistive element
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electrically coupled between the third voltage and the fourth voltage. The resistive
element is adapted to generate a reference current that is a function of the third

voltage and the fourth voltage.

[0009] In one other embodiment, we provide a circuit for generating a reference
current that includes a voltage difference generator. The voltage difference
generator is adapted to supply a first voltage and a second voltage. The circuit for
generating a reference current also includes a first buffer electrically coupled to
the first voltage. The first buffer is adapted to supply a third voltage. The circuit
for generating a reference current also includes a second buffer electrically
coupled to the second voltage. The second buffer is adapted to supply a fourth
voltage. The circuit for generating a reference current also includes a resistive
element electrically coupled between the third voltage and the fourth voltage. The
resistive element is adapted to generate a reference current that is a function of
the third voltage and the fourth voltage.

[0010] We submit that each of these embodiments of our disclosure provide for
an ultra-low power temperature compensated reference current generator, the
performance being generally comparable to the best prior art techniques while
requiring less circuitry and consuming less power than known implementation of

such prior art techniques.

DRAWINGS

[0011] The drawings described herein are for illustrative purposes only of selected
embodiments and not all possible implementations, and are not intended to limit
the scope of the present disclosure.

[0012] Fig. 1 illustrates, in block diagram form, an embodiment of a prior art

reference current generator circuit;

[0013] Fig. 2 illustrates, in block diagram form, another embodiment of a prior art

reference current generator circuit;

[0014] Fig. 3 illustrates, in block diagram form, an embodiment of the reference

current generator circuit according to the disclosure;
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[0015] Fig. 4 illustrates, in block diagram form, another embodiment of the

reference current generator circuit according to the disclosure;

[0016] Fig. 5 illustrates, in block diagram form, a more detailed implementation of
the reference current generator circuit according to the disclosure illustrated in
Fig. 4;

[0017] Fig. 6 illustrates, in block diagram form, an exemplary transistor-based
resistive element used in the embodiments of the reference current generator

according to the disclosures illustrated in Fig. 3, Fig. 4, Fig. 5, and Fig. 7; and

[0018] Fig. 7 illustrates, in block diagram form, another more detailed
implementation of the reference current generator circuit according to the

disclosure shown in Fig. 4.

[0019] In the drawings, similar elements will be similarly numbered whenever
possible. However, this practice is simply for convenience of reference and to
avoid unnecessary proliferation of numbers, and is not intended to imply or
suggest that our disclosure requires identity in either function or structure in the

several embodiments.

DETAILED DESCRIPTION

[0020] A new reference current generator is described that draws significantly less
power (e.g., on the order of 10-1000 times less) than existing current reference
generators while still achieving outstanding temperature compensation. The prior
art approaches described earlier in this application are able to achieve excellent
temperature sensitivity. However this achievement comes at the expense of
dissipating power in excess of the low power needs of ultra-low power integrated
circuits with current budgets on the order of nanoamps. A new reference current
generator topology is disclosed that achieves minimum power while still
maintaining excellent temperature sensitivity. Like the architecture illustrated in
Fig. 1, our new reference current generator applies a voltage across a resistive
element to generate a reference current. However, instead of generating a

relatively large voltage to apply across a relatively small resistor (which results in
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high current draw), the new reference current generator supplies two voltages that
are relatively close in value and applies these voltages across a resistive element
with a relatively high impedance value (e.g., greater than 1MQ). The application
of a relatively small voltage difference across a resistive element of a relatively

large value provides much improved power efficiency.

[0021] In accordance with an embodiment of our disclosure, Fig. 3 presents a
block diagram illustrating a reference current generator 20. Reference current
generator 20 includes voltage difference generator 22 that generates two closely
separated voltages labeled in Fig. 3 as Vip 24 and Vet 26. These two voltages,
Viep 24 and Vot 26, are applied across resistive element 28 producing the desired
reference current, labeled . in Fig. 3. As an example, assume that the voltages
generated by voltage difference generator 22 are at two different potentials
separated by 10mV. Assume further that resistive element 28 has an impedance
value of 50MQ. Under these circumstances, reference current generator 20
produces a relatively small reference current, le, of 200 picoamps (200 pA),
calculated as 0.01V/50e6Q.

[0022] Similarly, in accordance with another embodiment of our disclosure, Fig. 4
presents a block diagram illustrating a reference current generator 30. Reference
current generator 30 includes voltage difference generator 22. As in the
embodiment in Fig. 3, voltage difference generator 22 generates two closely
separated voltages labeled in Fig. 4 as Vi, 24 and Vo 26. These two closely
separated voltages, Viop 24 and Vit 26, are buffered by top buffer 32 and bottom
buffer 34. The resulting output voltages from top buffer 32 and bottom buffer 34
are applied across resistive element 28 producing the desired reference current,
labeled Iy in Fig. 4. Design techniques for the voltage buffer amplifier, buffer top
32 and buffer bottom 34, are well known to one of ordinary skill in this art.
Exemplary alternatives may include a circuit such as a common drain amplifier,
also known as a source follower, or a more complex circuit such as a differential
amplifier connected in a unity gain configuration. However, in order to minimize
power, it is typically desirable to use circuit topologies with sub-threshold-biased
transistors. Likewise, for isolation and performance reasons, it is typically
desirable to use circuits with high impedance inputs and low impedance outputs

6
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typically associated with these types of buffer amplifiers. A more detailed
discussion regarding the design of voltage difference generator 22 and resistive

element 28 can be found in the subsequent sections.

[0023] Fig. 5 illustrates an exemplary implementation of the embodiment of our
reference current generator found in Fig. 4 in more detail. Reference current
generator 36 includes voltage difference generator 22. Voltage difference
generator 22 generates two closely separated voltages, Vio, 24 and Vot 26, and
does so with minimal power dissipation. Depending upon the application and the
context, closely separated voltages may be characterized as voltage potentials
differing within a range of between about 1 millivolt and 1 volt, and preferably
between about 5 millivolts and 500 millivolts. By way of example, a first-
generation prototype of an oscillator includes a voltage difference generator 22
with closely separated voltages in the range of 20 millivolts to 50 millivolts. The
two closely separated voltages, Vip 24 and Ve 26, are generated from two
selected nodes of a plurality of series-connected resistive elements. This voltage
ladder, constructed as a stack of series-connected resistive circuit elements such
as resistors, can generate a plurality of voltages that are at potentials that differ by
mere millivolts. However, the required resistors for achieving the desired voltage
difference would be prohibitively large and impractical using modern
semiconductor technology and techniques. Consider, for example, a supply
voltage of 1.8V and a target current budget of 100pA for the voltage ladder. In
this exemplary case, the total resistance for a stack of series connected resistors
must be 18GQ. In a current 0.18um manufacturing process, such a resistor would

require greater than 100mm? of chip area.

[0024] Instead, we prefer to implement the voltage ladder as a series-connected
stack of diode-connected transistors, illustrated in Fig. 5 as NMOS devices 38, 40,
42, and 44. As indicated by the ellipsis between NMOS device 42 and NMOS
device 44, additional diode-connected transistors may be placed in the series
connected stack in order to adjust the selected voltages to the desired potential.
In the illustrated embodiment, voltage Viop 24 is the voltage potential developed on
the node between NMOS transistor 38 and NMOS transistor 40. Similarly, voltage
Vot 26 is the voltage potential developed on the node between NMOS transistor

7
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40 and NMOS transistor 42. The use of the series-connected stack of diode-
connected transistors to generate Vi, 24 and Ve 26 is important since it ensures
that the voltage difference between Vigp 24 and Ve 26 is relatively small. It also
ensures that the voltage value for Viop 24 is greater than the voltage value for Vot
26. Other fap points may be used, depending on the requirements and
specification of a particular implementation in a particular context. In order to
minimize power, it is typically desirable to use circuit topologies with sub-
threshold-biased transistors. One of ordinary skill in the art will recognize,
however, that similar circuit topologies may be implemented without sub-
threshold-biased transistors, albeit without the implicit minimization of power. As
is known, the internal node voltages of a stack of sub-threshold-biased, diode-
connected transistors are temperature insensitive if all devices are substantially
identical. Further, the internal node voltages can be made PTAT or CTAT by
resizing the devices in the series-connected stack, thus simplifying the
temperature compensation process. Additionally, it is desirable to generate Vi
24 and Vyet 26 using similar circuit structures rather than separate structures, thus
ensuring they directly track one another across process variations, temperature
variations, and voltage variations found in the manufacturing process. The use of

PMOS devices is a viable alternative implementation for the diode stack.

[0025] In accordance with our disclosure, the closely separated voltages, Viop 24
and Vpot 26, each drive a buffer amplifier, illustrated in Fig. 4, Fig. 5 and Fig. 7 as
top buffer 32 and bottom buffer 34, respectively. It is therefore desirable to select
Viep 24 and Vet 26 having values substantially greater than the ground potential
and substantially less than the supply voltage. This has the desired effect of
biasing each buffer amplifier in a high gain region.

[0026] Top buffer 32 comprises two stages with a first stage comprising amplifier
circuit 46 and a second stage comprising NMOS device 48. Amplifier circuit 46
may be implemented using techniques well known to one of ordinary skill in this
art such as those mentioned previously that may include exemplary circuits such
as a common drain amplifier, also known as a source follower, or a more complex
circuit such as a differential amplifier connected in a unity gain configuration.

Amplifier circuit 46 is configured to use negative feedback to force the source of

8
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NMOS device 48 to be the same voltage as Vi, 24 at the positive input of
amplifier circuit 46. Amplifier circuit 46 regulates the voltage at the gate of NMOS
device 48 so as to maintain a substantially constant voltage at the source of
NMOS device 48 that is substantially equivalent to Viop 24.

[0027] Bottom buffer 34, similar to top buffer 32, comprises two stages with a first
stage comprising amplifier circuit 50 and a second stage comprising PMOS device
52. Again, amplifier circuit 50 is configured to use negative feedback. Bottom
buffer 34 is distinguishable from top buffer 32 by the use a PMOS device and
using the negative feedback to force the source of PMOS device 52 to be the
same voltage as Vpot 26 at the positive input of amplifier circuit 50. Amplifier
circuit 50 regulates the voltage at the gate of PMOS device 52 so as to maintain a
substantially constant voltage at the source of PMOS device 52 that is
substantially equivalent to Vet 26. Thus buffered versions of Vio, 24 and Vg 26
are applied across resistive element 28.

[0028] Resistive element 28 must provide a very large impedance (typically
>1MQ) to ensure minimum power, and should have a relatively small and largely
linear temperature sensitivity to permit temperature compensation. A transistor
can be used as a resistive element and can achieve very high impedance if
biased in the sub-threshold region. However, transistors tend to have large non-
linear sensitivity to temperature. Polysilicon resistors are more attractive since
they can be made with reasonably high impedance and with small and relatively
linear temperature sensitivity. For example, a 10MQ P-type polysilicon resistor
can be manufactured in a 0.18um process with a chip area much less than

0.5mm?>.

[0029] Resistive element 28 can also be implemented in a smaller area using
various transistor-based topologies that have current-voltage characteristics
similar to that of a resistor. Such a transistor-based topology 54 is illustrated in
Fig. 6 in accordance with an embodiment of our disclosure. Transistor-based
topology 54 is capable of generating a very high impedance device that behaves
like a resistor between terminals "pos" 56 and "neg" 58. Resistive element 28

may be implemented in a small area and with minimum power if NMOS device 60
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and NMOS device 62 are biased in the sub-threshold region. However, it should
be noted that linearity would generally not match the linearity typically achieved by

a traditional resistor, such as the polysilicon resistor discussed previously.

[0030] Fig. 7 illustrates another detailed embodiment of our reference current
generator 64. Reference current generator 64 contains voltage difference
generator 66 which, as previously disclosed, generates two closely separated
voltages, Vip 24 and Vee 26. As previously disclosed, the closely separated
voltages, Viop 24 and Vot 26, each drive a buffer amplifier, specifically top buffer
32 and bottom buffer 34, respectively. Top buffer 32 and bottom buffer 34
likewise operate as previously disclosed. In addition to the previously discussed
series-connected diode-connected transistor stack, voltage difference generator
66 includes a two-transistor reference voltage generator, represented by NMOS
transistors 68 and 70, and a voltage buffer 72. The two-transistor reference
voltage generator supplies a substantially stable supply voltage for the series-
connected diode-connected transistor stack. NMOS device 70 and NMOS device
68 operate in weak inversion mode or the sub-threshold region, thus dramatically
reducing power consumption as compared to existing designs. A stable supply
voltage may be generated using techniques well known to one of ordinary skill in
this art, including circuits containing variants of the two-transistor reference
voltage generator described in US Patent Application 12/823,160, herein
incorporated by reference in its entirety. Voltage buffer amplifier 72 receives the
substantially stable supply voltage generated by the aforementioned two-transistor
reference voltage generator, and drives the supply voltage input of the voltage
ladder, thus isolating the load of the voltage ladder from the reference voltage
generator. Voltage buffer amplifier 72 may be designed using any of the well-
known techniques, including the techniques disclosed herein. However, in order
to minimize power, it is typically desirable to use circuit topologies with sub-
threshold-biased transistors. Likewise, for isolation and performance reasons, it is
typically desirable to use circuits with high impedance inputs and low impedance
output typically associated with these types of buffer amplifiers. Fig. 7 also
illustrates current mirror 74. Resistive element 28 is placed in series with diode-
connected PMOS device 76 that in turn, mirrors the reference current |, to PMOS

10
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device 78. One of ordinary skill in this art will appreciate that current mirror 74
may be one of many different variants; though sub-threshold-biased transistors

will typically be used to minimize associated power.

[0031] When designing a reference current generator, it is often desirable to tune
the temperature sensitivity of the reference current to a target value. |t is typically
desirable to minimize temperature sensitivity though it can also be useful to have
current follow a proportional-to-absolute temperature (PTAT) characteristic or a
complementary-to-absolute temperature (CTAT) characteristic. The chip designer
may change the temperature sensitivity of several design variables to achieve
desired temperature sensitivity. For example, resistive element 28 illustrated in
Fig. 6 may be selected based on its temperature sensitivity. As is known, the
impedance of some resistors increases with temperatures while others have
impedance that decreases with temperature. Alternatively, the temperature
sensitivity of Vigp 24 - Vot 26 illustrated in Fig. 3, Fig. 4, Fig. 5 and Fig. 7 is highly
linear and may be changed from CTAT to PTAT simply by resizing the diode-
connected transistors in the stack. A similar change in temperature sensitivity can
be achieved by resizing NMOS transistors 68 and 70 of the two-transistor
reference voltage generator illustrated Fig. 7. One of ordinary skill in this area of
art will appreciate that the aforementioned PTAT and CTAT adaptations are
exemplary of the continuum of methods by which circuits such as those described
herein may be adjusted to have current follow a PTAT or CTAT characteristic.
The temperature sensitivity of the buffers and current mirror structure may also be
changed to achieve target temperature sensitivity. One of ordinary skill in this art
may use a combination of the aforementioned design techniques along with other
known techniques to achieve desired temperature sensitivity.

[0032] A first-generation prototype of an oscillator is described in the unpublished
manuscript titled "A 0.9%/V, 82 ppm/°C, 25.5 nW CMOS Oscillator for Ultra-Low
Power Sensing Systems," the subject matter of which, in its entirety, is expressly
incorporated herein by reference. The oscillator consumes only 25nW and has
temperature sensitivity of only 82ppm/°C over the temperature range T=0°C to

T=40°C, making it an ultra-low power alternative to today's generation of on-chip

11



WO 2012/162081 PCT/US2012/038295

oscillators. Our second-generation prototype oscillator operates with current draw
of approximately 1nA.

[0033] Thus it is apparent that we have provided an improved method and
apparatus for an ultra-low power temperature compensated reference current
generator. In particular, we submit that our method and apparatus provides
performance generally comparable to the best prior art techniques while requiring
less circuitry and consuming less power that known implementations of such prior
art techniques. Therefore, we intend that our disclosure encompass all such

variations and modifications as fall within the scope of the appended claims.

12
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CLAIMS
What we claim is:
1. A circuit for generating a reference current, said circuit comprising:

a voltage difference generator adapted to supply a first voltage and a second
voltage, said voltage difference generator comprising:

a reference voltage generator adapted to supply a first supply voltage;

5 a voltage buffer amplifier electrically coupled to said first supply voltage
and adapted to provide a second supply voltage; and

a voltage ladder electrically coupled to said second supply voltage and
adapted to supply said first voltage and said second voltage;

a first buffer electrically coupled to said first voltage, said first buffer being
10 adapted to supply a third voltage, said first buffer comprising:

a first amplifier adapted to:
receive said first voltage;
receive said third voltage; and

compare said first voltage to said third voltage, and, in response, to
15 output a first control voltage; and

a first transistor device adapted to receive said first control voltage, and,

in response, to supply said third voltage;

a second buffer electrically coupled to said second voltage, said second buffer
being adapted to supply a fourth voltage, said second buffer comprising:

20 a second amplifier adapted to:
receive said second voltage;
receive said fourth voltage; and

compare said second voltage to said fourth voltage, and, in response,
to output a second control voltage; and

13
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a second transistor device adapted to receive said second control voltage,
and, in response, to supply said fourth voltage; and

a resistive element electrically coupled between said third voltage and said
fourth voltage, said resistive element being adapted to generate a
reference current that is a function of said third voltage and said fourth

voltage.

2. The circuit of claim 1 wherein said first voltage and said second voltage are
further characterized as being closely separated.

3. The circuit of claim 1 wherein said reference voltage generator is further
characterized as comprising a plurality of transistor devices operating in a sub-

threshold region.

4. The circuit of claim 3 wherein said plurality of transistor devices is further
characterized as a plurality of a selected one of NMOS transistor devices or
PMOS transistor devices.

5. The circuit of claim 1 wherein said voltage buffer amplifier is further
characterized as comprising a plurality of transistor devices operating in a sub-
threshold region.

6. The circuit of claim 1 wherein said voltage ladder is further characterized as
comprising a plurality of series connected resistive circuit elements operating in a

sub-threshold region.

7. The circuit of claim 6 wherein said plurality of series-connected resistive circuit
elements is further characterized as a selected one of diode-connected NMOS

devices or diode-connected PMOS devices.

8. The circuit of claim 1 wherein said first amplifier is further characterized as
comprising a plurality of transistor devices operating in a sub-threshold region.

9. The circuit of claim 1 wherein said first transistor device is further characterized

as operating in a sub-threshold region.

10. The circuit of claim 1 wherein said second amplifier is further characterized as
comprising a plurality of transistor devices operating in a sub-threshold region.

14
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11. The circuit of claim 1 wherein said second transistor device is further

characterized as operating in a sub-threshold region.

12. The circuit of claim 1 wherein said resistive element is further characterized as

a plurality of transistors operating in a sub-threshold region.

13. The circuit of claim 12 wherein said plurality of transistors is further

characterized as comprising a selected one of NMOS or PMOS devices.

14. The circuit of claim 1 wherein at least a selected one of said voltage difference
generator, said first buffer, said second buffer, and said resistive element are
tuned to achieve at least a selected one of minimum temperature sensitivity,
proportional-to-absolute temperature characteristic, and complementary-to-

absolute temperature characteristic.
15. A circuit for generating a reference current, said circuit comprising:

a voltage difference generator adapted to supply a first voltage and a second

voltage;

a first buffer electrically coupled to said first voltage, said first buffer being

adapted to supply a third voltage;

a second buffer electrically coupled to said second voltage, said second buffer
being adapted to supply a fourth voltage; and

a resistive element electrically coupled between said third voltage and said
fourth voltage, said resistive element being adapted to generate a
reference current that is a function of said third voltage and said fourth

voltage.

16. The circuit of claim 15 wherein said voltage difference generator is further

characterized as comprising:
a reference voltage generator adapted to supply a first supply voltage;

a voltage buffer amplifier electrically coupled to said first supply voltage and

adapted to provide a second supply voltage; and

a voltage ladder electrically coupled to said second supply voltage and
adapted to supply said first voltage and said second voltage;

15
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17. The circuit of claim 16 wherein said first buffer is further characterized as

comprising:
a first amplifier adapted to:
receive said first voltage;
receive said third voltage; and

compare said first voltage to said third voltage, and, in response, to output

a first control voltage; and

an NMOS device adapted to receive said first control voltage, and, in

response, to supply said third voltage.

18. The circuit of claim 17 wherein said second buffer is further characterized as

comprising:
a second amplifier adapted to:
receive said second voltage;
receive said fourth voltage; and

compare said second voltage to said fourth voltage, and, in response, to

output a second control voltage; and

a PMOS device adapted to receive said second control voltage, and, in

response, to supply said fourth voltage.

19. The circuit of claim 15 wherein said first voltage and said second voltage are

further characterized as being closely separated.

20. The circuit of claim 16 wherein said reference voltage generator is further
characterized as comprising a plurality of transistor devices operating in a sub-

threshold region.

21. The circuit of claim 20 wherein said plurality of transistor devices is further
characterized as a plurality of a selected one of NMOS transistor devices or

PMOS transistor devices.
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22. The circuit of claim 16 wherein said voltage buffer amplifier is further
characterized as comprising a plurality of transistor devices operating in a sub-

threshold region.

23. The circuit of claim 16 wherein said voltage ladder is further characterized as
comprising a plurality of series-connected resistive circuit elements operating in a

sub-threshold region.

24. The circuit of claim 23 wherein said plurality of series-connected resistive
circuit elements is further characterized as a selected one of diode-connected
NMOS devices or diode connected PMOS devices.

25. The circuit of claim 17 wherein said first amplifier is further characterized as

comprising a plurality of transistor devices operating in a sub-threshold region.

26. The circuit of claim 17 wherein said first transistor device is further
characterized as operating in a sub-threshold region.

27. The circuit of claim 18 wherein said second amplifier is further characterized

as comprising a plurality of transistor devices operating in a sub-threshold region.

28. The circuit of claim 18 wherein said second transistor device is further
characterized as operating in a sub-threshold region.

29. The circuit of claim 15 wherein said resistive element is further characterized

as a plurality of transistors operating in a sub-threshold region.

30. The circuit of claim 29 wherein said plurality of transistors is further
characterized as comprising a selected one of NMOS or PMOS devices.

31. The circuit of claim 15 wherein at least a selected one of said voltage
difference generator, said first buffer, said second buffer, and said resistive
element are tuned to achieve at least a selected one of minimum temperature
sensitivity, proportional-to-absolute temperature characteristic, and
complementary-to-absolute temperature characteristic.
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