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CURVATURE COMPENSATED BAND-GAP DESIGN TRIMMABLE AT A
SINGLE TEMPERATURE

FIELD OF THE INVENTION

[0001] This invention pertains generally to the field of band-gap voltage reference
circuit and, more particularly, to compensating for the temperature dependence band-

gap circuits.

BACKGROUND

[0002] There is often a need in integrated circuits to have a reliable source for a
reference voltage. One widely used voltage reference circuit is the band-gap voltage
reference. The band-gap voltage reference is generated by the combination of a
Proportional to Absolute Temperature (PTAT) clement and a Complementary to
Absolute Temperature (CTAT) element. The voltage difference between two diodes
is used to generate a PTAT current in a first resistor. The PTAT current typically is
used to generate a voltage in a second resistor, which is then added to the voltage of
one of the diodes. The voltage across a diode operated with the PTAT current is the
CTAT eclement that decreases with increasing temperature. If the ratio between the
first and second resistor is chosen properly, the first order effects of the temperature
can be largely cancelled out, providing a more or less constant voltage of about 1.2—

1.3 V, depending on the particular technology.

[0003] Since band-gap circuits are often used to provide an accurate, temperature
independent reference voltage, it is important to minimize the voltage and temperature
related variations over the likely temperature range over which the band-gap circuit
will be operated. One usage of band-gap circuits is as a peripheral element on non-
volatile memory circuits, such as flash memories, to provide the base value from
which the various operating voltages used on the circuit are derived. There are
various ways to make band-gap circuits less prone to temperature dependent
variations; however, this is typically made more process limited, and is difficult in
applications where the band-gap circuit is a peripheral element, since it will share the
same substrate and power supply with the rest of the circuit and will often be allowed

only a relatively small amount of the total device’s area.
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SUMMARY OF THE INVENTION

[0004] A circuit for providing a reference voltage is presented. The circuit
includes a first diode connected between a proportional to absolute temperature
current source and ground and a first resistance connected between the first diode and
the proportional to absolute temperature current source. A first op-amp has a first
input connected to a node between the first resistance and the first diode, an output
connected to the gate of a first transistor connected between a high voltage level and
ground. The first transistor is connected to ground through a second resistance and
the second input of the first op-amp is connected to a node between the first transistor
and the second resistance. A second diode is connected between ground and the high
voltage level, where the second diode is connected to the voltage level by a first and a
second leg. The first leg includes a second transistor whose gate is connected to
receive the output of the first op-amp. The second leg includes a third transistor
connected in series with a resistive voltage divider, where the resistive voltage divider
is connected between the second diode and the third transistor. A second op-amp has
an output connected to the gate of the third transistor, a first input connected to a node
between the proportional to absolute temperature current source and the first
resistance, and a second input connected to a node of the resistive voltage divider.
The reference voltage is provided from a node between the third transistor and the

resistive voltage divider.

[0005] Other aspects relate to a trimmable reference voltage circuit. The circuit
includes a first diode connected between a proportional to absolute temperature
current source and ground and a first resistance connected between the first diode and
the proportional to absolute temperature current source. The circuit also includes a
first op-amp having a first input connected to a node between the first resistance and
the first diode, an output connected to the gate of a first transistor connected between
a high voltage level and ground. The first transistor is connected to ground though a
second resistance and the second input of the first op-amp is connected to a node
between the first transistor and the second resistance. A second diode is connected
between ground and the high voltage level, wherein the second diode is connected to
the voltage level by a first and a second leg. The first leg includes a second transistor
whose gate is connected to receive the output of the first op-amp. The second leg

includes a third transistor connected in series with a resistive voltage divider, where
2.
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the resistive voltage divider is connected between the second diode and the third
transistor and includes a trimmable element. The trimmable element of the resistive
voltage divider is the only trimmable element of the reference voltage circuit. A
second op-amp has an output connected to the gate of the third transistor, a first input
connected to a node between the proportional to absolute temperature current source
and the first resistance, and a second input connected to a node of the resistive voltage
divider. The reference voltage is provided from a node between the third transistor

and the resistive voltage divider.

[0006] In further aspects, a method is presented for providing a circuit having a
temperature compensated band-gap circuit to supply a reference voltage. The method
includes receiving a circuit including a temperature compensated band-gap circuit to
supply a reference voltage, wherein the circuit is manufactured so that the temperature
compensated band-gap circuit has only a single trimmable parameter for setting the
reference voltage value. The temperature compensated band-gap circuit is trimmed
by setting the trimmable parameter, wherein the trimming is performed at a single
temperature. The value of the trimmable parameter is fixed as determined by the

trimming process.

[0007] Various aspects, advantages, features and embodiments of the present
invention are included in the following description of exemplary examples thereof,
which description should be taken in conjunction with the accompanying drawings.
All patents, patent applications, articles, other publications, documents and things
referenced herein are hereby incorporated herein by this reference in their entirety for
all purposes. To the extent of any inconsistency or conflict in the definition or use of
terms between any of the incorporated publications, documents or things and the

present application, those of the present application shall prevail.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The various aspects and features of the present invention may be better
understood by examining the following figures, in which:
Figure 1 schematically illustrates taking the voltage difference between two

diodes.
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Figure 2 shows voltages for two different diodes with different curvatures in
temperature.

Figure 3 schematically illustrates taking the voltage difference between a
diode with a PTAT current and a diode with a constant current.

Figure 4 is a schematic of an exemplary embodiment of a band-gap reference
voltage circuit.

Figure 5 is a version of Figure 4 with more detail on a PTAT current source.

Figure 6 shows a comparison between the temperature variation of a
conventional band-gap reference circuit and of an implementation of output of the
exemplary embodiment.

Figure 7 illustrates an exemplary flow for trimming at a single temperature.

Figures 8A and 8B schematically illustrate the cancellation of amplifier
offsets.

Figures 9A-C are a schematic for an exemplary circuit corresponding to

Figure §B.

DETAILED DESCRIPTION

[0009] The techniques presented here can be employed to overcome some of the
limitations of the prior art and can effectively help with the cancelation of band-gap
curvature with relative process insensitivity. If a voltage across a diode with fixed
current is subtracted from a voltage across a diode with current proportional to
absolute temperature (PTAT), a nonlinear voltage in temperature is derived. This
voltage is then divided by a resistor to generate a nonlinear current which can be used
to cancel out curvature of band gap current. This current is then flown through a
resistor to generate a curvature corrected band-gap voltage. In the design presented
here, a voltage across a diode with fixed current is subtracted from a voltage across a
diode with current proportional to absolute temperature (PTAT). The resulting
voltage is then magnified and added to a PTAT voltage and a diode’s voltage which
has complementary-to-absolute-temperature (CTAT) characteristic which results in a

curvature corrected band-gap voltage.
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[0010] As addition of PTAT and CTAT voltage and curvature correction is done
all at once in this arrangement, the number of op-amps and current mirrors needed in
this design is considerably less than other comparable designs, which makes it simpler
and less susceptible to process variations. In addition, as the band-gap current is
passed through a diode, as opposed to a resistor, this design is far less susceptible to
absolute value and temperature coefficient of resistors. Moreover, with the addition
of an extra resistor in the PTAT chain, this design enjoys an added flexibility of
choosing amplification of PTAT and nonlinear voltage independently of one another.

This makes trimming the band-gap voltage at one temperature possible.

[0011] One use of a band-gap circuit is as a peripheral element on a circuit, such
as on a memory chip for providing a reference voltage from which various operating
voltages can be generated, such as the wordline bias voltage Vw, for reading a (in this
case) floating gate memory cell in a NAND type architecture. This application of a
band-gap circuit is described further in US patent number 7,889,575. More detail and
examples related to temperature related operation, mainly in the context of memory
devices, and uses where band-gap reference values can be used to generate operating
voltages can be found in the following US patents and publications: 6,735,546;
6954,394; 7,057,958; 7,236,023; 7,283,414, 7,277,343; 6,560,152; 6,839,281,
6,801,454; 7,269,092; 7,391,650; 7,342,831; 2008/0031066A1; 2008/0159000A1;
2008/0158947A1;, 2008/0158970A1;  2008/0158975A1; 2009/0003110A1;
2009/0003109A1; US 2008/0094908; 2008/0094930A1; 2008/0247254A1; and US
2008/0247253A1. Another example of temperature compensation for a band-gap
voltage generation circuit and its use in a non-volatile memory is found in
US2010/0074033A1. Along with these temperature related aspects, the generation of
various operating voltages from reference values is presented in 5,532,962. The
techniques presented here can be applied for the various base reference voltages
described in these references as well as other applications where band-gap circuits are
employed, but being particularly advantageous when used as a peripheral element on
a larger circuit where the design, process, technology, and/or product limitations of
the larger circuit can negatively affect the band-gap reference element. In addition to
the main example of a non-volatile memory, these techniques also have application
where high voltage biases are needed, such as when a band-gap voltage is used as the

reference voltage for charge pump regulation and the high voltage output from the

-5-
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charge pump is generated by multiplying of the band-gap voltage. Various process
and device limitations require an accurate voltage level be provided without too much
variation so as to prevent oxide/junction break downs or punch through effect on the
devices. In this application, any temperature variation of the band-gap voltage would
be multiplied in forming the high voltage biases. Consequently, the minimizing the
temperature variation of the band-gap voltage is important for this type of application

as well.

[0012] In a conventional band-gap reference generator, the circuit adds a
Proportional-to-Absolute-Temperature (PTAT) voltage, which is linear in the
temperature, to a voltage drop across a diode which has Complimentary-to-Absolute-
Temperature (CTAT) characteristics (and is consequently not linear in temperature) to
get a voltage with zero first-order Temperature Coefficient (TC). PTAT voltages can
be generated by subtracting voltage drop across two diodes with different current
densities. For example, referring to Figure 1, this shows a diode D, 103 with a
current density I, and a diode D; 101 with a current density ml,, so that the ratio of
these two currents is m. If the voltage drops across these two are subtracted, this
gives the relationship:
Vpr— Vo2 = VrIn(m),

providing the desired PTAT behavior. However, because of the nonlinearity of a
diode’s voltage with temperature, band-gap references always have some residual

finite curvature with respect to temperature.

[0013] The issue of curvature is relevant for several reasons. The temperature
dependent curvature of the band-gap can introduce an error in the reference voltage at
mid temperatures, even with zero first order temperature coefficient (TCO). For
example, in a data converter design or any other circuits requiring an accurate
reference voltage, this sets a limit on their accuracy which lowers Effective-number-
of-bits (ENOB), since if the variation is large enough it will be greater the change in
some number of least significant bits. In the case where the band-gap circuit is used
to generate control gate read voltages (Vegry), as the reference value is scaled up to
provide these voltages, the error voltage could be as high as 50mV, for example, at

room temperature even with perfect first order TCO.
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[0014] For example, in a fairly conventional band-gap reference circuit, the error
for the output of the circuit over a temperature range -40C to 100C is as much as
10mV. For use in reading a memory level with a threshold voltage of 6V, this is error
is scaled up by a factor of about 6V/1.2V=5, so that the error in the read voltage error
could be up to 50mV. In a multistate memory of, say, 3-bits, where 8§ state

distributions need to fit into a window of 6 volts, this can be non-negligible.

[0015] Another reason why curvature is important has to do with the fact that
variation in curvature also varies the first order TCO. As a result, a different positive
TCO is needed to compensate for diode’s negative TCO. Referring to Figure 2, this
shows the voltage versus temperature for two diodes with different curvatures in
temperature. In Figure 2, the broken line is a linearization of the variation over the
operating temperature range. This variation is a cause of variation in the band-gap
reference voltage, a consequence of which is that a manufacturer cannot trim all dies
at one voltage and get a zero TCO. In a fairly typical case, the variations between

different dies can be ~30mV.

[0016] A number of prior art schemes have been proposed to compensate for the
curvature of band-gap references, but they are either very complicated, and thus more
susceptible to process variations, or inherently incapable of removing all
nonlinearities. In addition, some of these schemes are dependent on the absolute
value of resistors, which makes them less useful when the absolute value of resistor is
not accurately known before fabrication or when resistors themselves have large
temperature coefficients. The arrangement described here is both relatively simple,
and if trimmed correctly, capable of removing all nonlinearities. Additionally, it is

relatively insensitive to temperature coefficient and absolute value of resistors.

[0017] By way of background, the voltage across diode is given by

V, =V, ln(II—D)

where Ip is the current through the diode, V7 is the thermal voltage, and [ is the

_E‘g

Vr

saturation current, where I, =bT*"e '" | m is a process parameter, and E, is the band

gap of silicon. Combining these gives:

V, =V, In(1,) =V, In(b)— (4 +m)V, In(T) + E, .

-7 -
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The (4+m)Vrterm is non-linear in temperature. Similarly to Figure 1, Figure 3 shows
a pair of diodes Dy 201 with a PTAT current and Dy 203 with a current with no

temperature coefficient. For the first of these, the current and voltage are:

I,=1,,=0l=V, =V,In@/b)-3+mV,In()+E,

— * ptat

For the second the relations are:
I,=1.=V,=V,In(I_/b)-(4+m)V, In(T)+ E,
If the voltage drop across the diode Dy 203 with constant current is subtracted from

that of Dy 201 with a PTAT current, the nonlinear term V7 In(7) can be achieved:
V, —VDM =V, In(ee/1))+V, In(T) .

ptat
The last term with the non-linearity in temperature can be cancelled by choice of the

correct coefficient. This can then be used to produce a band-gap reference level of:

BGR=V +p(, Vo )=E,

2

where £ is the ratio of voltage divider where the output is taken. (For example, in the

arrangement of Figures 4 and 5, this is Rz/Rp1.)

[0018] Figures 6 and 7 show exemplary embodiments for a band-gap circuit that
can be used to achieve this sort of curvature compensation. One of the practical
problems in implementing this arrangement is that, in practice, the difference in diode
sizes cannot not be made too great within a given circuit. Consequently, by just

relying upon the relative sizing on of the two diodes restricts the value of

7y

» —VDM) to be a small value as a practical matter. This can make it more
susceptible to noise and amplifier’s offset and generally harder to adjust the relative
values. In an aspect of the band-gap reference circuits presented here, a resistance
(such as Ry, of Figure 4) is added to achieve a larger value for this difference. This
serves to make the effective relative area of the diode more, while keeping the actual
relative area small and thus overcoming the problem of having diodes of quite
different sizes. The arrangement presented here also makes the output of the circuit
dependent on the ratio of resistances in the circuit, rather than the absolute value of a

resistance, making the circuit less sensitive to process variations and temperature

dependencies in the resistances.
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[0019] Figure 4 is an exemplary embodiment of a schematic for a band-gap
reference circuit. The output of the circuit is at VBGRI1 and the elements are
connected by the high (Vdd) and low (ground) voltage levels of the chip. Starting on
the left is a portion to generate a complimentary to absolute temperature (CTAT)
current Ic. This has a first leg of the circuit including a transistor T1 301 connected
between the high voltage level and ground through the resistor Rc 303, where the
current flowing through is Ic. The gate of T1 301 is controlled by the output CREG
of op-amp C1 305, whose first input is from a node between T1 301 and Rc 303. A
second leg includes a PTAT current source, providing a current Ip, connected in series
with the resistance Rp2 313 and the diode D1 315. The second input of the op-amp
C1 305 is taken from a node between Rp2 313 and D1 315.

[0020] A second diode D2 337 is fed by the combination of two legs. The first
provides has a transistor T2 321 connected between the high voltage level and D2 337,
where the gate of T2 321 is controlled by the output CREG of C1 305, so that it will
provide a current Ic into D2 337. A current of (Iptle), where Ie represents the portion
for the error (the non-linear term) current, is also supplied to D2 337 by the series
combination of T3 331, Rz 333, and Rp1 335. The combined current through D2 337
is then Iz. The gate of T3 331 is controlled by the output PREG of op-amp C2 339,
which has a first input connect to a node between the Iptat current source 311 and Rp2
313 and has a second input connected to a node between Rz 333 and Rp1 335. The
output of the circuit VBGR1 is then taken from between Rz 333 and T3 331.

[0021] In Figure 4, the numbers 1 and 10 that are respectively next to D1 315 and

D2 337 indicate the relative sizes of these diodes. As discussed above, it is desirable

to have a larger value for the difference (Vme =V, )=(Vp1=Vp2), which can be

achieved by increasing the size differential between the diodes; however, to go much
beyond this factor of 10 is generally not practically achievable. The inclusion of the
resistance Rp2 313 above the diode D1 313 functionally acts as if the diode D1 where

smaller, helping to increase the difference.

[0022] Figure 5 adds some detail for a specific embodiment of the PTAT current
source 311 Iprar311 of Figure 4. In addition to the elements shown in Figure 4, a

transistor T4 341 is connected between Vdd and Rp2 313 to supply the PTAT current

-9.-
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Ip into D1 315. The gate of T4 341 is controlled by the output of op-amp C3 345. A
first input of the op-amp is taken from the same node (here marked VDI) between
Rp2 313 and D1 315 as used as an input for C1 305. The output of C3 345 is also
connected to control a transistor TS 343 that is connected between Vdd and ground
through first a resistance Rp3 347 and a diode D3 349 that is sized the same as D2
337, through which again flows Ip. The second input of C3 345 is taken from a node
between TS 343 and Rp3 347.

[0023] The output of the circuit, VBGR1, can be found by looking at the currents
through D1 315 and D2 337:
Iy =1, =V, =V, In(l,/b)—(4+m)V In(T)+ E,
Iy, =1,=0T =V, =V, In(a/b)-B+mV, In(T)+ E,
Taking the difference gives:
Vo =V, =V, In(@/1)+V, In(T) .

From this follows the current through Ry:

V,,+I R, -V R
[ 4] =—2— 2 Do 0@y Ly s Bt g, =14
and Ry Ry 1. Ry, R,
R i aR, R R
Veor = Vo | == ln(an)+ 2 (ZZ 4D +In(a/b) |[+| == —(3+m) V; In(T)+E,
pl [ztc K/q Rpl Rp1

to give the value of VBGR1, where £ is the Boltzmann constant, ¢ is the charge unit,

and # is the ratio of diode areas (n = arca(D2)/area(D1), which is 10 in the example).

[0024] Figure 6 shows the temperature variation of an implementation of the
output of the exemplary embodiment over the same range of -40C to 120C. This is
shown at 401, where the output typical of a conventional BGR circuit is shown at 403.
As shown, the variation 401 of the exemplary embodiment over this range of -40C to
120C is noticeably flatter, having a variation of ~15uV, as compared to ~2mV at 403
for the conventional design. Consequently, the band-gap reference generator
described above can provide curvature compensation in a relatively simple scheme
that makes it less susceptible to process variations. As the curvature of a band-gap

reference circuit is process dependent, the value of the circuit’s voltage varies with
-10 -
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process as well. Thus, when the curvature is perfectly compensated for, the value of
BGR voltage will be independent of process and only a function of physical
properties of silicon. This makes trimming the band-gap reference at one temperature

possible.

Trimmability at a Single Temperature

[0025] This section considers this ability to trim the band-gap circuit at a single
temperature. As band-gap reference (BGR) circuits of the prior art display some
degree of temperature variation, the usual approach to trimming a band-gap reference
circuit at multiple temperatures, where the circuit will have a corresponding set of
trimmable parameters. After the device with the BGR is manufacturer, but before
shipping out to customers, in order to operate accurately it would need to undergo the
trimming process, but trimming at multiple temperatures is a relatively costly process.
This section is based on the exemplary embodiment for a curvature compensated
band-gap circuit described above with respect to Figures 4 and 5. The circuit enables
trimming curvature of band-gap voltage for each die and thus ecliminates the
curvature. With curvature eliminated, the band-gap voltage depends only on physical
properties of silicon crystal and becomes process independent. This can also be
combined with an offset cancelation scheme to help make the BGR independent of
the amplifiers’ offsets. This makes trimming the band-gap circuit at one temperature
practical as BGR voltage will be independent of temperature and process. Because of
this relative simplicity and insensitivity to process variations, the BGR voltage has the
ability to be trimmed at only one temperature, so that the circuit needs to have only a
single trimmable parameter. In the exemplary embodiment of Figures 4 and 5, the
trimmable element will be taken as part of the resistive voltage divider connected
between the output node and the diode D2 337. Specifically, the value of R, 333 will

be set in the trimming process.

[0026] Going back to the equation for Vp, as discussed above,
Vo=V, In(I,) =V, In(b)—(4+m)V, In(T)+ £, ,
variations in the process parameter b affect the just the first order TCO and can be
removed by trimming the band gap reference (BGR) circuit to the appropriate voltage,
which can be done at a single temperature. Variations in m, however, affect both the
first order TCO and the curvature of the BGR, so that it will affect the band-gap

-11 -
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reference even if it has zero first order TCO characteristics. This makes trimming a
temperature compensated BGR at one temperature impossible in conventional BGR
circuits. Due to the logarithmic function, variations in b are relatively negligible
compared to variations in m. Therefore, trimming m enables trimming the BGR at
only one temperature to a voltage with zero (or minimized) first order TCO, reducing

the problem of trimming BGR to being able to trim the curvature of BGR.

[0027] Returning now to the expression for the output level VBGR1 in Figure 5
discussed above, setting the second term in square brackets (multiplying Vr In(T)) to

zero gives: R, =(3+m).R,.

sothat AR, =Am.R, Considering the first term of the expression for VBGRI1, this
also includes Rz, so that varying Rz in the second term also varies the first term. To
cancel out this variation of the first term, R, is also varied. Taking the derivative of
the first term of the VBGR1 equation with respect to Rz and R,, and equating this to

ves: AR In(an/1 . .
Zero&x@p.z —_ z ‘(VT n(en/l,) +R,)=> AR, = AR, ‘(VT In(Z, /a.n) “R,,)
R,+R, I, R,+R, I,

Considering the first of these equations relating AR, and 4R, the coefficient of ARz1
is not a well defines integer or even a fraction, which can make designing the circuit
difficult if all these conditions are to be met. Instead, the approach used here is to set

AR,> 10 zero so that R, is fixed for whatever adjustment is made in Rz.

[0028] Considering the second expression for 4R, = 0, this can be achieved if

the term in the parentheses is zero:
Ve In(Z,/an)
/

P

_VyIn(I,/an) k/qIn(I,/a.n)
I, o

R,=0=>R,

As before, k is the Boltzmann constant, ¢ is the charge unit, and # is the ratio of diode
arecas. In the band-gap reference circuit, a, 7, and Iz are all design parameters, so that
the circuit can be designed to set R,, to meet this condition. As the circuit is then
temperature compensated, only a single parameter needs to be left trimmable to set
the circuit’s reference value. In the exemplary embodiment, the trimming is done in

the resistive divider between Tz 331 and D», specifically by having the value of Rz

-12-
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being settable. R,,, along with all the other parameter value (R,;, Rp3, ...) except Ry,

can be fixed when manufactured.

[0029] Figure 7 schematically illustrates the trimming process. At 501, the circuit
having the temperature compensated band-gap is received, where the circuit is
manufactured so that the temperature compensated band-gap circuit has only a single
trimmable parameter for setting the reference voltage value. For example, this band-
gap circuit could be that of the exemplary embodiments of Figures 4 or 5, where Rz
value is trimmable. Next, at 503, the band-gap circuit is trimmed. This could be done
by the manufacturer as part of the test process before the device is sent out or could be
done elsewhere, such as by a supplying who receives the circuits from the initial
manufacturer and packages it as part of a system, for example. In any case, the
compensated band-gap circuit is then trimmed by setting the trimmable parameter,
where this process can be done at a single temperature. This can be done at a
convenient temperature by just adjusting the output reference voltage to the desired
value. In the exemplary flow, the fixing of the trimmable parameter is listing
separately at 505, although this would be typically be done as part of the larger

trimming process.

Offset Cancelation for Amplifiers

[0030] Going back to the exemplary embodiments of Figures 4 and 5, so far the
discussion has not considered the characteristics of the amplifiers. As is also the case
for other band-gap reference circuit designs, the amplifiers of Figures 4 and 5 (such as
C; 305, C; 339, and Cs 345) will have offsets and temperature dependent behavior of

their own.

[0031]  For example, considering the offset voltages (Vo) for the output voltage of
the BGR circuit of Figure 5 due to the op-amps, these are amplified according to the
following equations: R ,.R R
Vos-sor1 = ——z Vos-cs +—5Vos_c»
R,.R,

pl

2

where the offsets are that of the output (VBGR1), op-amp C; 345, and op-amp C;
339. The amplifiers’ offsets have their own TCO and thus in addition to adding a
large offset to the nominal BGR voltage, they will add their TCOs to the nominal
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value. To improve accuracy, the BGR trimming should take the effects of amplifiers’

offsets into account and be able to successfully reduce or cancel them.

[0032] For a properly designed amplifier, the offset is normally dominated by the
input pair transistors’ threshold voltage (Vt) mismatch. In this case, the offset of the
amplifier can be cancelled by continuously switching the input pair and current mirror
transistors back and forth with a clock signal. The clock frequency should be set to be
higher than amplifier’s bandwidth, so that the switching noise is attenuated by the
amplifier. This condition can typically be met by an available clock signal on the

device. This can be illustrated with respect to Figures 8A and 8B.

[0033] Figure 8A is a high level representation of the situation. An op-amp 601
has the + and — inputs, where the offset Vos is shown. The inputs are then switched,
as represented by the arrow, with the clock signal. Figure 8B gives some more detail,
showing an implementation of the op-amp in terms of transistors. The current mirror
pair 621, 623 respectively feed the transistor pair 611, 613 of the —, + inputs. Using
the clock signal, the two pairs are switched back and forth, cancelling off the off-set.
Taken together, a BGR circuit based on the exemplary embodiments can reduce op-

amp’s offset by several factors of ten.

[0034] Figures 9A-C Are a schematic for an exemplary circuit corresponding to
Figure 8B in order to illustrate the how both the inputs and polarity of the op-amp can
be switched according to the clock signal. As shown in Figures 9A and 9B, the + and
— inputs (here as VP and VN) are switched by the clock signal CLK and its inverse
CLKn to alternately provide these as VB and VA as the clock signal alternates. The
VA and VB levels are then used as inputs into the op-amp respectively at transistors

M13 and M12, as shown in Figure 9C.

[0035] The op-amp of Figure 9C is connected between the supply level VSUP and
ground, where VA and VB are input respectively at the PFET transistors M13 and
M12 and the output OUT is taken at right between M9 and M2. The input at the gate
of M4 is a biasing voltage to set the current for the circuit and the transistors M9-M11
across the top form a current mirror. The clock signals CLK and CLKn are used with

the central transistors M17-M20 to change the polarity of the current mirror,
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switching it back and forth. The switching of both the inputs and the internal

switching using the clock CLK as shown can then greatly reduce the op-amp’s offset.
Conclusion

[0036] The foregoing has presented a systematic way of trimming a band-gap
reference circuit at one temperature. By including a trimmable element, such as Rz,
into the exemplary embodiments of a curvature-compensated BGR circuit, the circuit
can be trimmed for curvature. Being able to trim the curvature of the BGR circuit
allows for its curvature to be set to a known value from simulation. Having a fixed
curvature, the circuit can be trimmed at one temperature as the voltage that has the
zero first order characteristic as already known from simulation. Together, these can

significantly reduce the TCO variation compared to the conventional BGR circuit.

[0037] Although the invention has been described with reference to particular
embodiments, the description is only an example of the invention’s application and
should not be taken as a limitation. Consequently, various adaptations and
combinations of features of the embodiments disclosed are within the scope of the

invention as encompassed by the following claims.
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IT IS CLAIMED:

1. A circuit for proving a reference voltage, comprising:

a first diode connected between a proportional to absolute temperature current
source and ground;

a first resistance connected between the first diode and the proportional to
absolute temperature current source;

a first op-amp having a first input connected to a node between the first
resistance and the first diode, an output connected to the gate of a first transistor
connected between a high voltage level and ground, wherein the first transistor is
connected to ground though a second resistance and the second input of the first op-
amp is connected to a node between the first transistor and the second resistance;

a second diode connected between ground and the high voltage level, wherein
the second diode is connected to the voltage level by a first and a second leg, wherein:

the first leg includes a second transistor whose gate is connected to
receive the output of the first op-amp; and

the second leg includes a third transistor connected in series with a
resistive voltage divider, where the resistive voltage divider is connected
between the second diode and the third transistor; and

a second op-amp having an output connected to the gate of the third transistor,
a first input connected to a node between the proportional to absolute temperature
current source and the first resistance, and a second input connected to a node of the
resistive voltage divider,

wherein the reference voltage is provided from a node between the third

transistor and the resistive voltage divider.
2. The circuit of claim 1, wherein the resistive voltage divider includes a
trimmable element, the trimmable element of the resistive voltage divider being the

only trimmable element of the reference voltage circuit

3. The circuit of claim 2, wherein the value of the first resistance is set to

minimize the first order temperature coefficient of the reference voltage.

- 16 -



WO 2013/142076 PCT/US2013/029545

4. The circuit of claim 3, wherein the value of the first resistance depends on

the ratio of the area of the first diode to the area of the second diode.

5. The circuit of claim 2, wherein the resistive voltage divider includes:

a third resistance connected between the second diode and said node of the
resistive voltage divider; and

a fourth resistance connected between the third transistor and said node of the

resistive voltage divider, wherein the fourth resistance is the trimmable element.

6. The circuit of claim 1, wherein the second diode is sized larger than the

first diode.

7. The circuit of claim 6, wherein the ratio of sizes of the second diode to the

first diode is approximately ten.

8. The circuit of claim 1, wherein the proportional to absolute temperature
current source includes:

a fourth transistor connected between the first resistance and the high
voltage level,

a fifth transistor connected between the high voltage level and a third
resistor, and a third diode connected between the third resistor and ground;
and

a third op-amp having a first input connected to a node between the
fifth transistor and the third resistor, and second input connected to the node
between the first diode and the first resistance, and having an output connected

to the gates of the fourth and fifth transistors.

9. The circuit of claim 8, wherein the third diode is sized the same as the

second diode.

10. The circuit of claim 8, further comprising:
offset cancellation circuitry connected to the second and third op-amps and

connected to receive a clock signal, wherein the offset cancelation circuitry alternates
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the connection of the first and second inputs for the second op-amp and the first and

second inputs of the third op-amp based upon the clock signal.

11. The circuit of claim 10 wherein the offset cancelation circuitry further
alternates the connection of internal elements for the second and third op-amps based

upon the clock signal.

12. A method of providing a circuit having a temperature compensated band-
gap circuit to supply a reference voltage, comprising:

receiving a circuit including a temperature compensated band-gap circuit to
supply a reference voltage, wherein the circuit is manufactured so that the temperature
compensated band-gap circuit has only a single trimmable parameter for setting the
reference voltage value;

trimming the temperature compensated band-gap circuit by setting the
trimmable parameter, wherein the trimming is performed at a single temperature; and

fixing the value of the trimmable parameter as determined by the trimming

Proccess.

13. The method of claim 12, wherein receiving the circuit comprises
manufacturing the circuit having a temperature compensated band-gap circuit to

supply a reference voltage.

14. The method of claim 13, wherein manufacturing the circuit includes
manufacturing a plurality of integrated circuits to the same design, wherein the circuit
having a temperature compensated band-gap circuit to supply a reference voltage is

one of the plurality of integrated circuits manufactured to the same design.

15. The method of claim 13, wherein said trimming and fixing are performed

as part of a post-manufacturing test process.

16. The method of claim 12, wherein the trimmable parameter is a resistance

value.
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17. The method of claim 16, wherein the circuit includes a first resistance
having a value set to minimize the first order temperature coefficient of the reference

voltage.

18. The method of claim 17, wherein the value of the first resistance depends

on a ratio of diode areas.

19. The method of claim 17, wherein the circuit includes

a first diode connected between a proportional to absolute temperature current
source and ground;

a first resistance connected between the first diode and the proportional to
absolute temperature current source;

a first op-amp having a first input connected to a node between the first
resistance and the first diode, an output connected to the gate of a first transistor
connected between a high voltage level and ground, wherein the first transistor is
connected to ground though a second resistance and the second input of the first op-
amp is connect to a node between the first transistor and the second resistance;

a second diode connected between ground and the high voltage level, wherein
the second diode is connected to the voltage level by a first and a second leg, wherein:

the first leg includes a second transistor whose gate is connected to
receive the output of the first op-amp; and

the second leg includes a third transistor connected in series with a
resistive voltage divider, where the resistive voltage divider is connected
between the second diode and the third transistor and a resistance whose value
is the trimmable parameter; and

a second op-amp having an output connected to the gate of the third transistor,
a first input connected to a node between the proportional to absolute temperature
current source and the first resistance, and a second input connected to a node of the
resistive voltage divider,

wherein the reference voltage is provided from a node between the third

transistor and the resistive voltage divider.

20. The method of claim 19, wherein the resistive voltage divider of the

circuit includes:
-19 -
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a third resistance connected between the second diode and said node of the
resistive voltage divider; and

a fourth resistance connected between the third transistor and said node of the
resistive voltage divider, wherein the fourth resistance is the resistance whose value is

the trimmable parameter.

21. The method of claim 20, further comprising;:
receiving a clock signal; and
alternating the connection of the first and second inputs for the second op-amp

based upon the clock signal.
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