wo 2017/195025 A2 | 0000 0O RO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
16 November 2017 (16.11.2017)

(10) International Publication Number

WO 2017/195025 A2

WIPO I PCT

(51) International Patent Classification:
HO3M 1/06 (2006.01)

(21) International Application Number:
PCT/IB2017/000596

(22) International Filing Date:
09 May 2017 (09.05.2017)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
15/150,910 10 May 2016 (10.05.2016) Us
(63) Related by continuation (CON) or continuation-in-part
(CIP) to earlier application:
US 15/150,910 (CON)
Filed on 10 May 2016 (10.05.2016)
(71) Applicant: ANALOG DEVICES GLOBAL [IE/—]; 3rd
Floor, Par La Ville Place 14, Par La Ville Road, Hamilton
(BM).
(72) Inventors: DEMPSEY, Dennis A.; 46 Riverbank, Mul-

caire Manor, County Tipperary, Newport, V94 T6KN (IE).
COLN, Michael C.W.; 33 Dawes Road, Lexington, Mass-
achusetts 02421 (US).

(74) Agent: THOMPSON, Andrew; Withers & Rogers, LLP,
4 More London Riverside, London SE1 2AU (GB).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH,CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN, KP, KR,
KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM,KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

(54) Title: AN INTEGRATED CIRCUIT WITH ON CHIP VARIATION REDUCTION

(57) Abstract: Many electronic circuits rely on the ratio of one component to
other components being well defined. Current tlow in component can warm the
component causing its electrical properties to change, for example the resistance
of a resistor may increase due to self heating as a result of current flow. The
present disclosure provides a way to reduce temperature variation between com-
ponents so as to reduce electrical mismatch between them or the consequences of
such mismatch. This is important as even a change of resistance of, for example,
20 - 50 ppm in a resistor can result in non-linearity exceeding the least significant

280
L

THERMAL 1. -290

UNIT bit value of a 16 bit digital to analog converter.
i, \\
14 i)
I AY
7 AY
£ Y
7 Ay
S e o
- R .
. 4 outpuis to healers K S
K ) «_290
e
/ R I Y7 \
t THERMAL 4
' ot |59 ;
\ 310a f
Y |H|EU /
v 310b J/
FIG. 7

[Continued on next page]



WO 2017/195025 A2 || /0001 0 00 0 A

Published:
—  without international search report and to be republished
upon receipt of that report (Rule 48.2(g))



WO 2017/195025 PCT/IB2017/000596

10

15

AN INTEGRATED CIRCUIT WITH ON CHIP VARJIATION
REDUCTION

CLAIM OF PRIORITY

This patent application claims the benefit of priority to U.S. Patent Application
No. 15/150,910, filed on May 10, 2016, which 1s hereby incorporated by

reference in its entirety.
FELD

The present disclosure relates to an integrated circuit that includes means to
reduce inter-component variation, which may be intrinsic, due to matching error
or other varances such as lot-to-lot variation or result from layout dependent
effects or which result from variation in power dissipation {or heat leaking in
from other components) across an array of components or a group of
components formed on or within the integrated circuit, Additionally this
disclosure also discloses technigues for reducing power variation as a function of

output voltage.

BACKGROUND

Mauny modern circuits are provided in the form of 1ntegrated circuits. Integrated
circuit fabrication enables components to be formed at high density and with
degrees of component matching which is extremely difficult to achieve in
discrete components without resorting to frimming. As a consequence integrated
circuits can achieve high precision by exploiting the relative values of various
components, thereby overcoming the problem that absolute values within
integrated circuits may vary considerably (in the order of 10% or more) from one

wafer lot to another.
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The matching between components ts often exploited to produce high precision
or high resolution circuits. For example analog-to-digital converters (ADCs) and
digital-to-analog converters (DACs) having resolution of 12 to 16 bits are
available due to the ability to match components within an integrated circuit.
Circuit design techniques, such as segmentation, can be used to make circuits
less sensitive to inter-component variation and to allow circuits to achieve, for
exarple, 16 bit precision without needing compouents to be matched to 16 bit

accuracy.

However, in use, current flow in a component within an integrated circuit can
cause local heating of a component which can cause it to vary in value compared

to similar components.

To put this into perspective consider a 16 bit DAC. Suppose that a resistor
representing the most significant bit has a value X and a first order temperature
coefficient dX/dT of 50 x 10° (S0ppm). This first order temperature coefficient is
realistic as it is known to a person skilled in the art that thin film resistors

typically exhibit temperature coefficients of less than 100 parts per million.

If heating of the resistor due to current flow through the resistor caused its
temperature to change by 2°C then the value of the resistor changes by a factor
of 100 x 10 Although this change sounds relatively small, it should be

compared to the least significant bit size within, for example, a 16 bit DAC.

The LSB of a 16 bit DAC corresponds to a value of (2% - 1) = 1.526 x 10” of
the DAC output range. Therefore the self-heating of a resistor which constitutes
the most significant bit resistor could, in this example, give rise to an error of
100 x 10 + 1.526 x 107 = 6.5 L8B. Thus a relatively modest temperature of
only 2°C could give rise to an error in the range of 6 to 7 least significant bits

(LSBs).
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The self-heating also affects transistors. For example in a bipolar junction

transistor the emitter current Iz can be approximated by the Ebers-Moll model:

Ie = Igs exp ({(Vse/V1) -1)

Where V1 = kT/q, Igs is the reverse saturation current of the emitter-base

junction, Vee is the base-emitter voltage, k 1s Boltzmann's constant, T 1s the

temperature in Kelvin and q is the charge of an electron.

The temperature dependent factor within the exponential term gives rise to a real
threat of current change through the transistor as a result of self-heating which
might be important in differential amplifiers, comparators and current mirrors

having high current multiplication ratios.

SUMMARY

The present disclosure discloses techniques to reduce the effects of local heating
within circuits relying upon the matching between components.  Such
components may be formed within an array of components. Similarly FET

transistors and other circuit elements also exhibit temperature dependent effects.

In accordance with an aspect of the present disclosure there 13 provided an
integrated circuit having controllable heat dissipating components placed
adjacent selected circuit components. The heat dissipating components are
controliable so as to reduce parameter variation between selected circuit

components.

A parameter may, for example, be resistance, conductance, transconductance,
threshold voltage, junction voltage, where the parameter varies with temperature

of a component. The disclosure herein seeks to reduce mismatch or the effects
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of mismatch between a pair or group of components by adjusting the relative
ternperature between components in the pair or group of components. The
teachings herein are distinguished from devices such as temperature stabilized
voltage references where a device i1s warmed to and maintained at a
predetermined absolute temperature. The present disclosure does not relate to
heating a component to a predetermined absolute temperature and holding the
component steady at that temperature, which is often known as temperature

stabilization or temperature regulation.

By the provision of heating components the temperature variation occurring at a
part of a die adjacent a circuit component can be reduced and/or the temperature
variation between a plurality of parts of a die (the parts being adjacent to or
carrying respective circuit components exhibiting a temperature dependent

response) can be reduced.

The heat dissipating components may be provided in the form of resistors.
However the heat dissipating components may also be provided in the form of
active components such as transistors or PN junctions. The heat dissipating
components may be in conjunction with cooling componeuts, for example Peltier

effect devices.

The heat dissipating componenis may be conirolled tn a closed loop fashion

and/or in an open loop fashion.

The control loop may be implemented in any suitable technology, such as analog
electronics, digital electronics or mixed signal electronics.  The control loop
transfer function may be fixed or modifiable depending on the designer’s choice

of control strategy and implementing technology.

Closed loop control can make the temperature control system agnostic to the

nature of the circuit that 1t 1s helping to stabilize against thermally induced
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inter-component temperature mismatch.  Feedback can be achieved by
fabricating temperature sensors within the semiconductor substrate of the chip,
and such temperature sensors may be of any suitable technology. For example,
the voltage drop across a forward biased PN junction may be used as an
indication of temperature, or at least of change in temperature as the voltage
drop is inversely proportional to absolute temperature, as known to the person
skilled in the art. Other temperature sensing techniques, such as the provision of
resistors, for example thin film resistors and poly-silicon resistors, in divider or
bridge configurations may also be used to monittor for changes in the values of
components. Such resistor bridge based measuring techniques may also detect
changes in resistance resulting from mechanical stress (or other factors) that has
been induced in an integrated circuit during its packaging process. Such stress
may change the resistance of component, but the results of that stress may be
mitigated by selectively heating parts of the integrated circuit to change the

value or behavior of the component or other components.

Additionally or alternatively open loop control can also be implemented in
response to an estimate of the temperature change or the change in an electrical
parameter of the circuit component. For example the estimate of change in
temperature may be made in response to an estimate of current flowing through
the component together with assumptions about the thermal environment around
the component, such as the response time of the component to heat up, and the
heat loss between the component and the substrate that supports it. Furthermore
heat transfer between adjacent components may also be modeled and estimated
it such information is available.  Alternatively the heat transfer between
components may be measured during experiments or prototyping or may be

estimnated from tests performed on an operational circuit.

In some embodiments of systems and integrated circuits in accordance with the

teachings of this disclosure, estimates of current flow may be performed because
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the system is responsive to a digital input word or because an analog value is
sampled and digitized. Hence the connections at one or more circuit nodes may
be defined based on knowledge of a control word applied to the system or on
knowledge of the prevailing operating conditions of the system or circuit. For
example, in the case of a resistor based digital-to-analog converter, the digital
word to be converted sets the switch status of various switches within a resistor
array. Based on knowledge of the nominal resistances, the circuit topology and
potentially component layout on the die estimates of resistive heating of
components can be made. The eftect of the resistor self-heating can be modeled
to a desired degree of accuracy and the results of that model stored in memory or
encoded into a control circuit. The control circuit can then act to operate the

heating elements in response to the inpuf word.

In some instances analysis of input words to a circuit or device constituting an
embodiment of this disclosure may reveal patterns that repeat with sufficient
fevels of certainty to make it worthwhile energizing the heating elements in
advance of an arrival of an expected word (or of a change in a word) to
compensate for thermal lag in transporting heat between the heating element and
the component that experiences self-heating. For example the circuit may be
used in an application where it responds to a signal whose time varying function
is sufficiently deterministic for it to be worthwhile adding a processor {o
estimate the value of the signal at a given time in advance of the arnival of that
signal 50 as o prepare the circuit by energizing at least some of the heating

elements in synchronization, for example in advance, of the arrival of the signal.

In some implementing technologies the value of components may vary as a
function of one or more of a differential voltage, a common mode voltage (for
example in diffused resistors), ambient temperature, self-heating, heat received
from neighboring components, stress (external, packaging and thermal

expanston) and also as a result of electrical overstress events, or from exposure
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to motsture.  Some of these changes may be mitigated by selective heating of a
component whose performance or value has been adversely affected by one of
the above causes of change, or the difference between groups of components can
be reduced by selectively changing the temperature of a component within a pair
of components or changing the temperatures of several components within a

group of components.

In a calibration phase, a circuit may be tested to determine the ratio between
several components to obtain a map of stress induced changes or mismatches.
Such changes or mismatches may evolve over time as the circuit ages or as a
result of its operating conditions resulting in phenomena such as charge trapping
or other memory effects giving tise to component drift which may or may not be
reversible. The map can then be used together with knowledge of component
layout on the substrate to indicate which regions should be heated to mitigate
those stress induced changes. This heating can be summed with any heating
based corrections that ate needed to compensate for component varation

resulting from thermal effects such as self-heating.

The disclosures and techniques disclosed herein can be used with components
such as resistors and/or transistors within analog circuits, such as high precision
amplifiers, comparators or other analog signal processing circuits.  Time
dependent variation in a component value due to heating may introduce changes
in the value of that component which may manifest themselves as amplitude
dependent changes in gain and/or frequency response of the circuit and hence
acts as a source of distortion. Applying temperature stabilization as discussed
herein can reduce the severity of such error or distortion. The temperature
stabilization may be applied in a time varying manner. This can reduce the
severity of the parameter change and may take account of thermal time
constants. For example when a component, such as a resistor, transitions from

one current flow level (which may include no current) to another current level,
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the temperature of the component will evolve over time in a generally
asymptotic manner that can be described with a time constant. Knowing this the
heaters associated with that component may be energized more strongly at
switch on and then backed off so as to provide a more rapid change to the final

temperature.

According to a second aspect of this disclosure there is provided a method of
making the temperature within a region of an integrated circuit more
homogenous by selectively applying heating to one or more portions of the
region. The heating may be varied in response to direct or indirect
measurements of or/and estimates of temperature across the region of the
semiconductor. The heat supplied by one or more elements may be modulated

in response to a control signal.

It is thus possible to reduce temperature fluctuation, or variation, between parts
of an integrated circuit even though the actual change in temperature
experienced by the integrated circuit may not be diminished as a whole and may
even span a greater range. The relative temperature difference between
components 153 modified to reduce mismatch or at least to reduce the impact of
such mismatch or variance. The absolute temperature of a component is not a

target parameter in this context.

In a further aspect, heating means may be used to reduce the change in current
drawn by a combination of a circuit and the heating means in response {o

changes in operation of the circuit.

For example, if the circuit 15 a digital to analog converter, the current drawn by
the digital to analog converter yay vary as a function of an input word to the
digital to analog converter. This change of current drawn from a supply of from
a voltage reference may present a source of interference to other components and

circutts operating in association with or near to the digital to analog converter.
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Switching current into the heating elements as the input word changes can be

used to reduce the interference or electrical noise.

The interference can be reduced by two approaches.

In a first approach, the heaters are energized based on the input word to reduce
the current change. Thus one or more resistors of the array of a resistor based
DAC may be associated with heaters, where the heaters are operated in
complement to current flow in the associated resistor or resistors such the current
flow through the resistor(s) and the associated heater(s) sum to a value which
varies by less than the current flow change in the resistors, and in the limit is
substantially constant. The instantaneous amount of heat provided by the heaters
may be modulated to take account of the time it takes for a component to

transition to and settle at a new temperature,

In a second approach the timing of energization and de-energization of the
heaters may be offset from that of the switch operation inside the DAC. If the
offset is randomized or dithered or dynamically adjusted such that the impact of
the offset can be noise shaped then the switching noise from the DAC can be
spread in the frequency domain. Thus the impact of the interference or noise or

other components can be reduced.

The provision of heaters within the resistor array of the DAC and around the
edges of the array may cause the total current draw to be increased above the
maximum current draw that would have occurred for an uncompensated array.
However, by deliberately setting the resistor array within its own heat island the
effects of thermal variation across the array can be reduced, both from self-
heating of the array and from heat leaking in from adjacent circuits.
Furthermore, since physical stress can create changes in component values
which mimic those resulting from thermal effects heating may be selectively

applied to or removed from parts of the array to compensate for mechanical
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effects as well as thermal ones. The heat island may be a portion of the substrate
which is bounded by the heaters. The heat island may be delimited by one of
more trenches that serve to reduce thermal conduction between the components
on the heat island (e.g. the resistor array and the heaters) and other parts of the
integrated circuit.  The effect of heat leakage from other components can be
mitigated by including a guard area around a component. The guard area may be
several microns and advantageously is at least 10um around the component of at

least one current path

The heating means may be wholly or partially in the form of deliberately
fabricated heating elements formed within, adjacent or around a component, or a
group or array of components.  Such heating elements may be in the form of

resistive elements or active devices {diodes and transistors).

Other circuit components that are provided to perform other tasks may be re-
purposed, or additionally purposed, to provide heat to the components that are to
be compensated by heating if the circuit designer choses to allow such other

circuit components to be used in this manner.

The present disclosure also relates to an amplifier with components or other
suitable sub-systems to reduce the vanation in power drawn from a power

supply as a function of input signal and/or cutput load.

In one aspect of this disclosure, the amplifier s associated with a further circuit
arranged to dissipate power where the amount of power dissipated by the further
circutt is relatively low when the power dissipated by the amplifier is relatively
high, and the power dissipated by the further circuit 1s relatively high when the

amount of power dissipated by the amplifier is relatively fow.

"High" and "low" in this context are specific to the amplifier's operating range.

Thus it the power dissipated in an aroplifier varied between a few milliwatts and
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tens of milliwatts, then a few milliwatts would be relatively low and tens of

milliwatts would be relatively high.

The various aspects of this disclosure can be used alone or in combination.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of integrated circuits in accordance with the teachings of this
disclosure will now be described, by way of non-limiting example, with

reference 1o the accompanying figures, in which:

Figure la is a circuit diagram of a first embodiment of a resistor DAC, Figure
1k shows a variation using segmentation, and Figure tc¢ shows a further variation

of a segmented converter,

Figure 2 is a circuit diagram of a resistor DAC employing an R-2R ladder in a

voltage mode;

Figure 3 shows, for completeness, an alternative variation of an R-2R based

DAC using current steering techniques,

Figure 4 schematically illustrates temperature variation modeled around a

resistor on a semiconductor substrate;

Figure 5 is a graph showing plot of temperature versus distance from the center

of a resistor as the type shown in Figure 4;

Figure 6 ts a plan view of a resistor array with temperature variation

superimposed over the array;

Figure 7 is a block diagram of a digital-to-analog converter including a thermal

control section in accordance with the teachings of the present disclosure;
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Figure 8 shows an example arrangement of heating elements within and adjacent
a region to which thermal compensation in accordance with this disclosure is

applied,

Figures 9a and 9b schematically show variations in dissipated power for a
conventional R-2R converter and one implemented in accordance with the

present disclosure;

Figure 10 iHlustrates a differential circuit as typically found in a comparator or in
an amplifier where local heating is used to trim offsets within the differential

circuit;

Figure 11 is a circuit diagram of a prior art buffer amplifier configuration in
order to discuss the problems of variable power dissipation and self-heating of

the buffer;

Figure 12 is a schematic diagram of a typical amplifier output stage and level

shift circuit;

Figure 13 1s a circuit diagram of a non-inverting amplifier in accordance with an

embodiment of this disclosure;

Figure 14 1s a circuit diagram of a further embodiment of this disclosure;

Figure 15a 15 a circuit diagram of a non-inverting amplifier in conjunction with a
dissipation compensation circuit and constituting a further embodiment of this
disclosure, and Figure 15b is a circuit diagram of an inverting amplifier in
conjunction with a dissipation compensation circuit and constituting a further

embodiment of this disclosure; and
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Figure 16 is a schematic diagram of a digially controlled compensation circuit

in accordance with this disclosure.

DESCRIPTION OF SOME EMBODIMENTS

For the purposes of the description presented herein, terms such as left, right, to
the left of, above, below and so on refer to components as shown in the
appropriate figure and are not construed as referring to the positions of actual
components within a device embodying this disclosure as the orientation of such

a component cannot be guaranteed in use.

In order to fully explain the teachings of the present disclosure, it 1s useful to set
out a background relating to integrated circuits having high precision resistor
arrays thereon, for example as may be found in digital-to-analog converters.
Such digital-to-analog converters have a multiplicity of uses and, of course, can
be provided as part of analog-to-digital converters, and may be included in more
complex systems such as application specific circuits, system-on-chip solutions

and s0 on.

As shown in Figure 1a, a simple form of digital-to-analog converter can be
formed by connecting a plurality of resistors in series between a first voltage
node 10 which may be held at a first reference voltage Vi, and a second
reference voltage node 12 which can be held at a second reference voltage V2,
which conveniently is often zero volts (ground). A plurality of resistors, such as
resistors 22, 24, 26 and 28 can be connected in series between the nodes 10 and
12. Circuit nodes can be regarded as being formed each side of the resistors, and
in this example the circuit nodes are designated 30, 32, 34, 36 and 33
Electrically controlled swiiches are provided between the circuit nodes 30 to 38
and an output node 40. In the example shown here a first switch 42 is connected
between the first node 30 and the output node 40. A second switch 44 is

connected between the node 32 and the output node 40, a third switch 46 is
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connected between node 34 and node 40, and finally switch 48 is connected
between node 36 and node 40. I only a single string of resistors are used then
switches would be provided for each node, including a connection to the node
38. It can be seen that the array of resistors 22 to 28 form a potential divider and
by selectively closing one of the switches 42 to 48 the voltage at an appropnate
position within the potential divider can be tapped off and provided to the output
node 40 Such an array of resistors i1s suitable for providing low resolution
digital-to-analog converters, but if the number of bits were to be increased to,
say, 16 bit resolution then the array would need to comprise 65536 identical
resistors arranged in series. This could consume a lot space on the die. However
it is also known that such a DAC can be segmented such that the output at node
40 13 provided as an input voltage 1o a second or indeed further arrays of resistor
strings. A first array of 256 resistors could provide an 8 hit resolution at node 40
and a further array of 256 resistors could then provide a further 8 bit resolution if
the second array can be connected in paraliel with a single one of the resistors 22

1o 28,

A simplified version of such a circuit is schematically iHustrated in Figure 1b.
Here a bank of switches, generally labeled A can be operated such that one of
the switches connects to one of the nodes 30, 32, 34 or 36. A bank of switches
in group B is selected to be closed for the next node in the sequence. Thus if
switch 44 in bank A was closed so as to connect to node 32 then switch 46b in
bank of B would be closed so as to connect to node 34, Thus the voltage
developed across one resistor would then be provided to a second string DAC,
generally designated 60.  The second string DAC 60 would provide the
additional resolution if required. The second DAC 60 replicates the structure of
the DAC shown in Figure la with similar compouvents being given simular
designation numbers followed by apostrophe. Thus resistor 22 in the main DAC
array in Figure 1b is replicated as 22 in the second DAC which can be regarded

as being a sub-DAC. Figure 1c shows a further variation, disclosed in US
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5,959,657 where the number of switches is reduced and the sub-DAC electrically

"flips over" at each transition down the string of the main DAC array.

At first sight, circuits like these would appear to be just about ideal because the
current flowing from node 10 to node 12 in Fig la is substantially independent
of the output voltage provided that node 40 does not draw significant current.
Similarly in the arrangement shown o Figure 1b or Figure 1c¢ the current through
the furst string DAC and the current through the second string BAC 60 remain
substantially constant. This form of circuit has some very appealing features.
However, it has also got some problems. Returning to Figure 1a for example, if
one could look into the string DAC from node 40, then it would be apparent that
the 1mpedance from node 40 to node 10 and node 12, which may be counsidered
as being connected together in a AC terms if the power supply is properly
decoupled, varies as a function of the digital word being converted. This 13
undesirable if the next stage draws {or leaks) a non-negligible current at node 40
as this extra current has to be passed through the resistors of the array and hence
can give rise to non-linearity, and more particularly an integral non-linearity
problem within the DAC's output response. Furthermore, from a noise point of
view the resistance seen by node 40 also causes the thermal noise power at that
node to vary as a function of the input code. Broadly speaking it can be seen
that the notse power is least when switch 42 or 48 is closed and increases when
switch 44 or 46 1s closed. For a much longer and bigger array, the noise power
would be least when the switches at the end of the array are operated and most

when the switches towards the center of the array are operated.

The same is true for the segmented arrangement shown in Figure 1b and lc,
except now the noise power and non-linearity has a repeating pattern as the

swiiches run from top o bottom (or vice versa) of each array.
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Taking the importance, at least in some applications, of predictable noise power
into consideration, one may choose to implement a resistor DAC using the
voltage mode R-2R ladder configuration. Such an arrangement is shown in

Figure 2.

As shown in Figure 2 the R-2R resistor array 90 can be considered as a string of
resistors which, for simplicity, have the same value R and designated 100, 102,
104, 106 and 120, where a gap between resistors 106 and 120 is intended to
represent any other number of resistors interposed there between. Each resistor
100, 102, 104, 106 and 120 has a circuit node at its right-hand side to which a
resistor having a value 2R is attached. These resistors are designated 130, 132,
134, 136 and 140. Each of the 2R resistors is connected to a respective two
position switch ST to SN which 1s responsive to a digital control word D1 to DN,
Each switch selectively counnects its respective ZR resistor to either a first
reference voltage VR or a second reference voltage VRZ. Conveniently VRZ is

ground although this 15 not necessarily the case.

The R-2R array forms a potential divider. Intuitively it can be seen that if all of
the switches S1 to SN are connected to ground, then the voltage at node 150 1s
the ground voltage. Similarly, if all of the switches 81 to SN connect their
resistors to VR then the voltage at node 150 is very close to VRI, only being
reduced from VR because resistor 100 has its end tied to ground. In fact, this
arrangement makes a good binary weighted DAC since the switch SN acts as the
most significant bit, the next resistor down connected to switch SN-1 makes the
next most significant bit and so on all the way down to ST which acts at the least
significant bit. A further feature of this circuit configuration is that fooking into
the circuit from node 150 the impedance presented by the R-2R ladder is always
the same. Hence the noise power of a DAC formed using a resistor R-2R ladder

is invariant of the code being converted. However against that the current
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flowing tn the resistor array is a function of the word being converted. Moreover

the function is quite complex, but tractable.

Consider, for example, the situation where resistors 130, 132 and 134 are all
connected to VR1. Although we don't know the actual volitages at the nodes
between the resistors 100 and 102, 102 and 104, 104 and 106 (because we don't
know the states of the other bits in the input word), we can see that the current
flowing through resistor 130 splits into two directions and none of that current
flows back through resistor 132 since the bottom ends of both resistors were at
the same potential. However, if now resistor 132 is switched to ground then the
current flow changes as the voltage across each of the resistors change This
change in current flow can cause self-heating of the various resistors in the array
and hence their values may change. The extent to which this self-heating is
important depends on where the resistor is in the array and intuitively it can be
seen that self-heating in resistor 140 which is in contact with node 150 is much
more significant than the effect of selt-heating within the resistor 130 because
any change in the value of resistor 130 would have been attenuated by the
resistive divider between it and node 150. Thus, to a first order, we have traded

linearity for consistency in noise power.

As an aside, the R-ZR configuration can be used in a current steering
configuration as shown in Figure 3 where the current in each resistor can be held
constant because the voltage across each resistor can be held constant by virtue
of the operational amplifier 180 of Figure 3 holding the voltages at its inverting
and non-inverting inputs substantially identical to each other. However this
configuration also suffers from a code dependent noise power being introduced
into the output signal. Tt is for this reason that the circuit contfiguration shown in
Figure 2 can be preferred as a way of implementing a resistive digital-to-analog

converter.
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The resistance of a resistor, which may for example may be a thin film resistor
or a doped resistor (i.e. doped semiconductor) can vary as a function of

temperature, and ts typically represented as a polynomial expression, e.g,.

R=R0 + TCR1 (T-T0} + TCR2.(T-TO) + ...

Where RO 1s the value of the resistor at a given reference temperature TO usually
twenty five or twenty seven degrees Celsius; TCR1 is a first order temperature
coefficient of resistance, TCR2Z is a second order temperature coefficient of

resistance.

Furthermore, to a lesser extent the resistance of thin film resistors, polysilicon
resistors and doped resistors may also vary as a function of stress within the
substrate and the potential that the resistor is operating at which varies as a
function of the potential difference across a resistor and the common mode
voltage of the resistor, especially in the case of doped resistors where the carriers
can be urged to one side of the resistor by an electric field. The changes in
resistance as a function of voltage or stress can, to some extent, be compensated
for as if they were also resulting from a change in temperature.  Resistance
changes resulting from stress may need to be measured, whereas resistance
changes as a function of voltage across the resistor or average voltage seen by
the resistor can in principle be inferred or calculated a prion from knowledge of
the circuit topology in much the same way that current flow through the resistor
string of the R-2R ladder shown in Figure 2 can also be calculated from

knowledge of the circuit topology.

Figure 4 schematically illustrates a thermal heat map around a single thin film
resistor of notional value 100k deposited on a silicon subsirate with 5V
developed across the resistor. The resistor was fabricated sufficiently far from
the edges of the substrate for the finite size of the substrate to be ignorable. The

resistor in this example dissipates 250uW. In simulation the substrate 200 is
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assumed to be at 22°C. Isotherms 202 and 204 surround the heat island 210
created by the resistor. In simulation the resistor reached a temperature of
approximately 22.37°C in zone 210, thereby exhibiting unearly 0.4°C of
temperature rise induced by current flow resulting from a SV potential difference

across the resistor.

Figure S schematically shows the thermal profile as a function of distance from
the center line of reststor of Figure 4. Thus, if this resistor has a temperature
coefficient of 50 parts per million, its resistance has changed by 20 which, while
not much, 1o a ratio of 1 in 50,000 which is still clearly bigger than 1LSB ina 16

bit DAC.

A circuit designer can limit the temperature rise by making the resistor longer
whilst maintaining its resistance unchanged. This allows the dissipated heat to be
spread out over a larger area. Put simply, if the power dissipated by the resistor
is invariant, but the resistor was made twice as long and it can dissipate that
power into the substrate, then the temperature rise resulting from self-heating
would be reduced by a factor of 2. The self-heating can be traded off against
greater chip area and hence increased cost. However this trade also increases the
risk of stress within the die having a greater effect on the array of resistors
because they are now more spatially extensive. Thus although layout techniques
are useful in terms of reducing the effect of self-heating they may not be
sufficient to achieve the higher levels of accuracy which are now being
demanded without incurring prohibitive costs.  Furthermore increasing the size
of a component can incur other undesirable consequences. For example a longer
resistor can exhibit more parasitic inductance. It can also exhibit increased
parasitic capacitance as a result of increased area and/or edge effects having an

increased periphery of the resistor to act on.
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BEven assuming that the resistors are formed as a relatively elongate elements,

self-heating of the resistor, and that of its neighbors can also become significant.

Figure ¢ shows a simulation for an array of 64 elongate resistors formed in a
square pattern over a semiconductor substrate. Each resistor in the simulation
has 5V developed across it simultanecusly and each resistor has the same
resistance as that discussed with respect to Figures 4 and 5. The simulation of
Figure 6 shows the temperature profile across the array after a mere 2Zms of
being powered up. The coldest parts of the array in this example are designated
by region 250 around the each of the array which had a simulated temperature of
23.022°C. The hottest region designated 260 reached a temperature of 24.85°C
after ondy 2ms. Thus it can now be seen that a teruperature increase of
substantially 1.8°C could occur rapidly if multiple elements are simultaneously

energized within a relatively small area.

Heat dissipation within the array and the temperature coefficient of the materials
are substantially intrinstc to the operation of the device and whilst improved
material processing or choice of materials may provide some improvements {o
the properties of the resistor array, this may be at the cost of making it difficult
to process or may introduce some other undesirable characteristic. The inventors
realized that self-heating and intra-array thermal inter-action within resistor
string based DACs was more significant than the literature previously indicated,
is a source of systematic error and 1s difficult differentiate from other code-
dependent DAC linearity error sources. However, the inventors also appreciated
that providing additional localized heating within the array or around the array of
the resistors could be used to compensate for the effects of self-heating, for
example by providing additional heat to resistors which were not undergoing
much self-heating such that they would remain more matched in value to
resistors that were undergoing more self-heating. Thus the temperature variation

between resistive components, or indeed other components, could be reduced.
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This would manifest iself as reduced non-linearity in digital-to-analog
converters or indeed analog circuits where gain or other circuit parameters was
set by resistors and where those resistors passed a current sufficient to cause

significant self-heating.

Figure 7 schematically illustrates a resistor string DAC 280 including a thermal
compensation unit 290 in accordance with the teachings of the present
disclosure. The thermal compensation unit comprises a controller 302 which has
a first input 304 for receiving the digital word to be converted, or at least a
redacted version of it, for example only several of the most significant bits. The
controlier 302 may additionally or alternatively have a plurality of inputs 310a to
310n responsive to temperature sensors, such as forward biased diodes, formed
at various places within the die adjacent various ones and parts of ones of
resistors in the array of the DAC. Thus the temperature sensors can act to
provide a heat map to the controller 302. Based on this information the
controller 302 can control the current passed by or voltage applied to a plurality
of resistive heaters or other heaters positioned within the array. The controller
290 may then seek to energize one or more of a plurality of heaters as and when

required, or to modulate the energy dissipated from them.

Figure 8 is a plan view of a region of a die where an array of matched
components are deposited within the area designated 320. The matched
components may be resistors {and possibility the switches) forming the R-2R
array 90 of Figure 2. The area 320 may be surrounded by one or more heating
elements 330, 332, 334 and 336 which serve to provide heat to the edge of the
array 90 in order that the temperature at the edge of the area 320 can be
maintained to be more similar to that to the temperature of the middle of the
array 90. Additionally or alternatively one or more heating elements 340, 342,
346 and 348 may be provided within the area 320 to provide heating as and

when required in order to smooth out the temperature variation across the region
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320 caused by self~heating of elements such as the resistors (not shown} within
that region. The elements 340 to 348 may be provided as resistors associated
with one or more of the resistors within the array 320. In the limit each
functional resistor of the array 90 may be associated with its own respective
heating element and they could be energized in antiphase in order to keep the
heat dissipation within the region 320 substantially constant as a function of time
and position such that the components tracked each other in temperature with
minimal difference. The heating elements do not need to be uniformly spaced,
nor do they need to be umform themselves. Thus, if a heating elernent was
formed as an elongate resistor lying parallel to a resistor in the array shown in
Figure 0, the heating element can be profiled to deliver more heat at its ends and
jess heat at its middle, so as to counteract the natural thermal profile of the array

when energized.

Furthermore, a "heating element" could comprise two heating means, such as
resistors of active components (such as transistors), disposed either side of a
component {or around a component) to control the temperature of that

component.

As noted before, dissipating extra power within the array in this way has
additional benefits besides improving lineanty of the array by reducing iuter-
component variation driven by thermal differences. This approach also has the
etfect of reducing the changes or vanance in current drawn by the array and its
heating circuit which in turn reduces cross talk introduced to other components
by virtue of changes in load presented to the power supply by the array, or a
component including the array such as a DAC, during its operation. The heating
elements need not be driven in a binary "on-off" manner, although this approach
is easiest to implement. The current through the elements may be modulated to
an appropriate level by a drive transistor. Furthermore, the slew rate at which

current is turned on, turned off, or varied may be limited to reduce the noise
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introduced by switching the heaters on and off. Additionally changes in the
current tflowing in the heaters may be made in response to changes in the current
drawn by other components of sub-systems in an integrated circuit to reduce

electrical interference.

The effect of a resistance change depends to a large extent on the DAC
architecture and which resistor in the BAC, such as a ladder DAC or an R-2R
DAC, 1s varying as a result of self~heating or other effects. A small change in
the resistor at or near the least significant bit will only result in a sub-LSB
change in the DAC output value, whereas a similar change in the resistor
forming the most significant bit can result in several LSB's worth of output

voltage charge from the DAC.

From this observation and suitable analysis of a given DAC implementation,
which may include analysis of the circuit design and/or analysts of the circuit
layout on the chip, it becomes apparent that most of the benefit of applying
thermal compensation can be achieved by compensating the resistors associated
with the most significant bits of the DAC. As a result the complexity of the
compensation circuit can be much reduced as, for example, only the first 4 to 7

bits of a 16 or more bit converter need be compensated.

Figure 9a represents the power consumption of a 6 bit segment of a digital to
analog converter formed in an R-2R manner. It can be seen that there 1s a
generally parabolic relationship between the power consumed by the ¢ bit
segment and the input code that it is converting. This parabolic power
consumption curve is likely to be the source of the parabolic integral non-
linearity error that is often cbserved with such DACs. Figure 9b shows an
equivalent power consumption curve for the combination of the R-2R DAC
shown in Figure 9a and an embodiment of the present invention where

equivalently sized resistors form heating elements and are associated with each
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one of the resistors in the R-ZR segment. {Une way of achieving this may be {0
take the input word for the DAC of 9a, add a binary value corresponding to
approximately half of the bit range of the DAC, which in this example represents
a binary value of 31, and then using the resulting output word (and ignoring any
addition overflow when performing the calculation, which can be regarded as
applving modulo arithmetic to the calculation of a heater control word) to drive
the heaters. The heaters may be arranged as individual elements or they may be
connected to mirror the R-ZR configuration of the DAC. The resulting power
consumption is shown in Figure 9b which has been represented on a much larger
scale, where it can be seen that the power consumption ranges between
approximately 3 87 arbitrary units and 4.06 arbitrary units compared to a range
of 0 to 4 arbitrary units in Figure 9a. Thus the code dependent power fluctuation

is much reduced, at the expense of slightly more power being consumed.

The heating elements, if provided by additional resistors, do not need to be
particularly well roatched to one another or to the resistors of the array. This
may be exploited in order to slightly vary the length of the heating elements in

order to facilitate layout on the integrated circuit die.

As noted before components can also be affected by stress and sometimes by the
potential difference that they see. Although these changes in value do not result
from thermal changes resulting from self-heating, they can still to some extent be
corrected for by selectively applying heat to the component or to a cooperating
component in order to reduce the relative parameter change (such as resistance}
between them substantially matched components.  An additional switching
network may be provided to various nodes within the R-2R array such that the
resistors therefrom can be removed from the array and set into Wheatstone
bridge configurations such that during a set up phase the relative resistance of
nominally identical resistors passing the same current can be determined to

measure stress induced variations in component values. This information can
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then be passed to the controller to instruct it to form regions having excess
ternperature in order to compensate for stress induced variation. Similarly,
regions of excess temperature can also be formed to compensate for voltage

induced varation.

in use, some DACs may be set to output a given voltage and then changed
relatively infrequently. They can be regarded as acting as voltage references.
Thus self-heating will become established and reach a relative steady state. The
control circuit can then compensate for variations resulting from the self-heating
and indeed from voltages within the circuit where those voltages effect the
resistance of, for example, diffused resistors. However it can be seen, for
example from Figure 6 that significant amounts of self-heating can be
established within millisecond timeframes and hence the effects of self-heating

is relevant to DACs operating within the Kilohertz and tens of Kilohertz ranges.

In fact, work within Analog Devices suggests that heating effects may manifest
themselves in the 100s of KHz and the MHz frequency range. As technologies
move to smaller and smaller geometries the thermal time constants are
decreasing and hence the settling speeds are increasing. Consequently this
technique is applicable for use with a wide range of digital to analog converters

operating over wide range of frequencies.

The amount of heat provided by the heaters may be varied over time following
the establishment of a new current flow in, for example, the resistor array. This
may be used to further lincarize the response of the array or to reduce power
consumption from the heaters. The amount of heat can be controlled in a time
varying manner in an analog/continucus or stepped/digital manner by a suitable

controller,

Using low power digital design, synthesis and implementation techniques,

digital electronics may consume relatively little power even when performing
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complex calculations. This means that the power of quite complex digital
circuitry can be harnessed to estimate the effects of self-heating of components
within the array and to avoid excessive energy use by the heaters. Power
consumption of the digital circuitry may alse be considered in the power

analysis.

Resistor self-heating can also be relevant to resistors arranged in the feedback
paths of high precision amplifiers. Thus, for example, the amount of heating
experienced by a resistor when responding to the peak of a substantially
sinusoidal tnput signal may be greater than that when responding to a midpoint
or trough of a signal, depending on how the amplifier circuit is biased. These
variations in resistance, although small, could again introduce amounts of
distortion corresponding to several LSB if the amplifier is driven by a DAC.
Thus simular thermal compensation approaches may also be worthwhile in the

resistor networks of amplifiers dealing with high precision signals.

The technique described here can also be used with other components. Thus, for
example, there are situations where scaled or matched current sources may be
switched on and off in order to provide a digitally controlled current. The
current sources that are on will exhibit some degree of self-heating, whilst the
current sources which are off do not. The self-heating within the current source
may change the base-emitter voltage within a bipolar transistor or the
gate~-source voltage within a field effect transistor, where each of their transistors
is used in a current mirror style configuration to set a known output current
based on a known voltage supplied to their base or gate, respectively.
Corresponding heating elements for each current source, which may be in the
form of an equivalent current source switched in anti-phase, may be provided to
reduce thermal variation between the current sources and also to smooth out the

load presented to the power supply.
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The teachings of the present disclosure may alsc be used to improve the noise
performance of a DAC. As noted earlier, one way that is adopted to reduce the
temperature based variation of a resistor due to self-heating is to make the
resistor longer. The techniques disclosed here allow the length of the resistors to
be reduced. This in turm means that the resistance of the resistors can be lower
with a consequence which is well known that lower value resistors generate less

thermal (Johnson) noise.

The use of controlled heating may also be used to tnim input voltage offset
performance in differential amplifiers or comparators. The input stage of a
differential amplifier or a comparator generally involves a pair of matched
transistors 1n a "long tail pair" or equivalent configuration. Such a circutt 1s
shown in Figure 10, where transistors 400 and 402, shown here as MOSFETs
but the same configuration works equally well with JFETs and Bipolar junction
transistors, have their sources connected together and to a current sink 404, A
gate of the first transistor 400 1s connected to a first input node 410 of the
differential amplifier and the gate of the second transistor 402 is connected to the
second input node 412 of the amplifier. The drains of the transistors 400 and
402 are connected to the positive supply rail Vdd by way of active loads formed
by transistors 420 and 422 in a well-known configuration. If the transistors 400
and 402 are perfectly matched, then when the nodes 410 and 412 are at the same
voltage (for example by closing an internal auto-zero switch 425, then the

voltages at nodes A and B should be identical.

However mismatch between the transistors 400 and 402 results in a voltage
difference between the voltages at nodes A and B which then gets amplified by
subsequent amplification stages.

The current through a FET operating in strong inversion can be approximated as

Id= A (Vgs - Vih)’
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Where: Id ts the drain current, A is a constant for a given device, Vgs is the gate

to source voltage and Vth is the threshold voltage.

in the Shichman-Hodges model

— T

Ven =Vio +7r(WVsp + 265 = /2¢r )

Where VTN is the threshold voltage when a substrate Bias Vsg is present. Vo
is the threshold voltage for zero substrate bias, v 15 a variable related to oade

thickness, oxide permittivity and doping concentration and
¢F = (kT/@)lﬁ(ij /‘ZVZ)

Where k is Boltzmann's constant, T is temperature in Kelvin, N4 is the doping

concentration and Ni s an intrinsic doping parameter for the substrate.

From this is can be seen that threshold voltage varies with lots of parameters,
one of which is temperature. In the arrangement shown in Figure 10 heaters 440
and 442 are fabricated adjacent respective ones of the transistors 400 and 402
and can be energized by a controller 450 which is responsive to the voltage
difference at nodes A and B when the gates of the input transistors are connected

together,

From this is can be seen that heat leaking from other parts of the circuit to one of
the transistors may affect the matching between the transistors. Similarly
mismatch between the transistors can be trimmed by varying the relative

threshold voltages of the transistors by preferentially warming one of them.

The compensation may also be applied to other parts of an amplifier circuit

which make a significant contribution to the offset such as the input referred
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offset of an amplifier. Thus although the input transistors may be a significant
source of offset, other circuits such as active loads associated with an amplitier
stage or folded cascode circuits assoctated with an amplifier stage may

contribute signiticantly (or be the dominant source} of offset.

In another aspect of this disclosure, again stemming from the realization that
self-heating of resistors in a resistive analog to digital converter is a source of
error in the output voltage, a model of the resistor array may be formed and
made available to a processor, whether that be by way of software, or firmware,
acting on a programmable data processor, or by way of hardware. The model
can receive an input word and estimate an error resulting from self-heating of the
resistor array. Having estimated the error, the model may apply a correction to
the word presented to the DAC to reduce the error, i.¢. the difference between
the ideal output voltage and the actual output voltage. This approach can be
used as a standalone approach to correcting for errors resuiting from self-

heating,

or it may be used in combination with the approach described herein
before of selectively heating parts of the array to mitigate the effects of self-

heating,

Where heating elements are provided as resistors, such heating elements may be
provided in the same layer of the integrated circuit as the resistors of, for
example, the digital to analog converter. However this is not a strict requirement
and as multilayer processing is available. The heating elements may be formed
in different layer such that they are vertically disposed with respect to, but
adjacent, the DAC resistors which they are thermally compensating. The heating
elements may also be formed 0 an active semtconductor layer provided within
the substrate.  Transistors and/or diodes may be formed such that the
combination of the current flowing through them and the voltage drop across
them provides heating to compensate for self-heating of a current carrying

component.
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In some instances, it may be difficult to thermally adjust component values to
reduce mismatch between components. However in some circuits (depending on
topology} heating may be applied to increase the amount of mismatch between
selected components, but the changes may still reduce the effect of the mismatch

at the output of the circuit,

A DAC 15 often connected to a buffer such that a load can be driven to a desired
DAC output voltage without compromising the operation of the DAL, The
buffer is often integrated within the DAC. The operation of such a bufter will

now be considered in greater detail.

Figure 11 shows a noun-inverting amplifier 510 connected between first and
second power rails 512 and 514 providing supply voltages Vdd and Vss. Vss
may be at zero volts but this 15 not a requirernent. The amplifier 510 has, in this
example, a high impedance non inverting input 516 arranged to receive an input
voltage Vin, for example from a DAC. The output voltage Vout tracks Vin as
the amplifier 510 1s configured as a unity gain buffer by virtue of having the
output voltage directly fed back, or coupled, to the inverting input 518  An
output terrainal 520 of the araplifier provides current to a load 522 having a load
impedance Z1 coupled to Vss and which for convenience will be considered to
be a mainly resistive load such that any reactive impedance 15 negligible such
that the load can be represented as R, In any event, reactive components are

not dissipative.

The power dissipated by the amplifier circuit 510 can be written as

P = Pamp + Pload.

Where Pamp represents the power dissipated tn the amplifier and Pload

represents the power dissipated in the load
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Pload = (Vout-Vss) /Rr.

The power dissipated in the amplifier can be broken into a constant part
Pamp(internal) and a load dependent part Pamp(load) Pamp(internal) is
normally a function of the bias currents within the amplifier and may have
relatively modest temperature dependence, although designers may choose to
implement other temperature dependencies such as proportional to absolute
temperature dependencies if they so wish. However it is worthwhile considering

how the dissipation within the amplifier might also vary with the load.

Figure 12 is a schematic diagram of a reasonably common form of operational
amplifier output stage. The output stage comprises stacked transistors S32 and
534 in a totem-pole configuration 536. The transistor 532 is an N type FET
having its drain connected to Vdd and its source connected to the output node
520 of the amplifier. Transistor 532 acts as a voltage follower and is able to
source current to pull the output voltage up towards Vdd. Transistor 534 15 a P
type FET having its drain connected to Vss and its source connected to the
output node 520. Transistor 534 is also in a voltage follower configuration and
acts to sink current 50 as to pull the voltage at the output node 520 down towards
Vss. Fach transistor has a gate to source voltage Vgs when conducting, and for
the output stage to work properly an input voltage wust be translated to a
suitable gate voltage for the N type transistor 532 and a suitable gate voltage for
the P type transistor 534, This is performed by a voltage translation circuit 540
which takes an input voltage, Vdrive, from a preceding stage {not shown) of the
amplifier and supplies the voltage to two voltage followers whose gate-source
voltages nominally match in magnitude but are opposite tn sign to those of the
transistors 532 and 534, In this example the drive signal for the N type transistor
is provided by a P type transistor 542 acting as a voltage follower, where the
gate of the P type transistor 542 receives the drive voltage Vdrive, a source of

the transistor 542 is connected to the gate of the transistor 532 and alsc to a
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current source 544, A drain of the transistor 542 is connected to Vss. Additional
devices may be added in series with the transistors 532 and 534 to limit the
current through the transistors or the voltage across the transistors so as provide

protection against short circuit events.

it can be seen that the voltage of the source of the P type transistor 542 is at
Vdrive + V(542) where V(542) is the gate to source voltage of the P type
transistor 542 when passing the current {1 provided by the current source. It can
also be seen that the voltage at the source of the N type output stage transistor
532 is lower than the voltage at its gate by a voltage V(532) which is the voltage

dropped by the transistor 532 when acting as a voltage follower. Consequently

Vout = Vdrive + V{542) - V(532)

If V(542) and V(532) are matched then Vout = Vdrnive

A corresponding voltage shifting circuit comprising an N-type transistor 546
having its drain connected to Vdd, its gate connected to receive Vdrive and its
source connected to the gate of the P type output stage FET 534 and to a current

sink 548 s provided to drive the transistor 534,

If we assume that the transistors 532 and 534 are propesly arranged such that a
small current flows along a quiescent path from Vdd to Vss via both of
transistors 532 and 534, then the majority of the current flow is though

whichever of the transistors is conducting the load current.

Suppose that, as shown in Figure 11, the amplifier 1s supplying a load current Ip,
and has an output voltage Vout, then if follows that the voltage dropped across
the transistor 532 is Vdd-Vout and consequently the load dependent evergy
dissipated within the transistor 532 is fout*(Vdd-Vout). lout is equal to Iy for

the non-inverting amplifier of Figure 11.
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We may quite reasonably assume that the current drawn in the stages that
precede the totem-pole output stage is desirably substantially constant and that

for the current drawn by the amplifier in an unloaded state is {a.

Consequently the internal power dissipation of the amplifier is

Pint = (Vdd- Vss)la +(Vdd-Vout)lout

P int (Vdd-Vss)la +(Vdd - Vout)Vout/Ry

A consequence of this is that the variable amount of heating within the amplifier
output stage may cause the gate-to-source voltages of the output transistors 10
vary depending on the load current they are passing. This may be undesirable as
it may affect the quiescent current drawn by an output stage due to interactions
between the output stage transistors. Furthermore where the amplifiers are used
to buffer components such as voltage references including high accuracy digital
to analog converters, the drift resulting from warming of the transistors may
introduce a significant voltage error e.g. corresponding to several least
significant bits of the DAC output value. This may become more apparent
where several buffers are provided as matched components in a package but

where they may be driving individual loads.

Additionally the value of the load resistor Ry may vary as a function of the
amount of power being dissipated by the load resistor Ry, The load may be non-

linear and in some circuits may be an active load sourcing or sinking a current.

Figure 13 1s a circunt diagram of an amplifier of the type shown in Figure 11
further comprising a power compensation circuit 500 that acts to reduce, and in
the liroit substantially eliminate, the change in power dissipation resulting from
the changing internal dissipation within the amplifier and/or the changing

dissipation within the load impedance Rr. The further circuit comprises at least
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one heat dissipating component, and optionally a driver circuit 506 for the heat
dissipating component(s). The heat dissipating component may, as shown in
Figure 13, be a resistor 565, which may be a variable resistor. However diodes
or transistors are other suitable examples of heat dissipating components. The
heat dissipating component may be driven by a driver circuit 366, The driver
circuit 566 may, for example, be an amplifier having a gain G. Thus the circuit
shown in Figure 13 is an analog circuit for reducing the varation in power
dissipation. However, if for example the amplifier 510 is an output buffer of a
DAC, then the DAC input word may also be supplied wholly or in part to a
digitally implemented compensation circuit where the compensation circuit takes
the input word and uses a further DAC to control the amount of heat dissipated

by the heat dissipating component 565.

In the example shown in Figure 13 the resistor 565 has a first end connected to
/dd and a second end connected to an amplifier 566 which may have a gain G
However for simplicity in this example the amplifier has a gain of unity. In
which case it can be seen that the second end of the resistor 565 is held at

voltage Vout.

The heat dissipated by the resistor 565 is

Pcomp = (‘Vdd~\/ QUQZ / Rcomp.

The heat dissipated by the load resistor Ry 1s

P}Qad = (VOU'&VSS)Z /RL

From this it can be seen that since the voltages across the resistors Reomp and Ro
sum 1o a constant. If Reomp = Ro the power dissipated as a whole becomes more
uniform but does not become constant. This is because of the squared term in the

equation for power dissipation, which can be illustrated with an numerical
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example. Suppose that Vdd=10Vand that for the purpose of examining the
power dissipation we consider the power dissipation when Vout takes the values

0,2,5,7 and 10V with Ry = Reomp = 10000hms. The results are tabulated below:

Vout, load dissipation, compensation dissipation,  Total (Watts)
0 0%/1000 =0, (10-0Y/1000 = 0.100, 0.1

2 2%/1000 =0.004 (10-2Y/1000 = 0.064 0.068

3 54/1000 =0.025 (10-5Y2/1000 = 0.025 0.050

7 72/1000 =0.049 (10-7)%/1000 = 0.009 0.058

10 10%1000=0.100  (10-10)4/1000 =0 0.1

it can be seen that the total power dissipated by the combination of the load
resistor and the compensation resistor 18 not linear and has a generally parabolic
form centred on the middle of the voltage range of the supply. The designer
could choose to live with this, or could take steps to mitigate it. One approach to
mitigating it 1s to provide a variable compensation resistor. The resistance of the
resistor could be wvaried as a function of Vout with the value of the
compensation resistor being increased by a factor of 3 at Vout =5V compared to
its value at Vout =0 or 10 in the above example. The compensation resistor may
be formed from a digitally controliable resistor, or by a bank of resistors driven
by respective comparators that selectively enable or disable current tlow to
respective resistors. Another approach is make the amplifier 566 non-linear and
to have if form a difference between Vout and, for example, the midpoint
voltage, the difference voltage could then be squared. Furthermore the end of
the compensation resistor could be connected between the difference amplifier

{or the squarer) and a further node which could be at a further node voltage
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which could be defined by the output stages of a further amplifier holding the
further node at a voltage such as the mid-point voltage or a further voltage
derived from a further DAC which can provide a variable voltage to control the

power being dissipated in the compensation resistor.

When implementing these additional steps to mitigate the quadratic response of
the power dissipation characteristic, the designer could choose to implement an
open loop control strategy if the value of the load resistor is known. The
controlier may then set the value of the compensation resistor based on the
digital word being converted by the DAC and an assumed output impedance of
the load. Additionally or alternatively, circuitry may be included to measure the
current through the load and the voltage across the load such that the amount of
power dissipated by the compensation resistor (or equivalent dissipative
component) can be controlled to reduce the overall power variation as a function

of code supplied to the DAC.

Additionally if the output trassistors of the buffer 566 in a totem-pole
configuration like that shown in figure 12 and are placed on the die such that the
high side transistor of the buffer 566 is close to the high side transistor 532 then
the amount of power dissipated by that pair of transistors is substantially
constant. Sumilarly if the low side transistors are placed near each other, then

that pair also exhibits substantially uniform power dissipation.

As noted earlier, it is advantageous (but not necessary} for the compensation
resistor to be adjustable. To achieve this digitally adjustable resistors may be
used, examples of which are available from Analog Devices under the trade
mark "DIGIPOT". Alternatively the designer may choose to keep the impedance
ratio between the load resistor and the compensation resistor matched to within
design limits set by the designer based on knowledge of the circuit's use. Some

circuits act to force a voltage and measure a current, or force a current and
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measure a voltage {for example test equipment), and consequently the load
power 18 known to the circuit. In these situations that knowledge can be passed

to heating devices, as discussed later.

As mentioned earlier, the heat dissipating component component{(s) need not be
purely resistive. Figure 14 shows an approach to compensating for the internal
dissipation within the amplifier based on inferring the current drawn by the load.
As was the case in Figure 12, the output stage of the buffer comprises transistors
532 and 536 in a stacked or totem pole arrangement. A current mirror formed
by a first current mirror transistor, here shown as a P type FET 580 (but equally
a bipolar transistor could have been used) is inserted into the current flow path in
a diode convnected configuration and the gate of the transistor 580 is connected to
the gate of a second current mirror transistor 582 which is also P type such that
the transistors 580 and 5382 form a current muror where the current passed by the
transistor 582 is proportional to the current flowing though the transistor 580 as
set by a current mirror scaling tactor. The scaling factor is set by the circuit
designer and need not be unity. However, in this example we shall for simplicity
assume that the scaling factor is unity such that the same current flows in each
transistor 580 and 582, Other current mirror configurations are possible which
can exhibit lower voltage drops or higher output impedance, and may be used in

accordance with the teachings of this disclosure.

A drain of the second current mirror transistor 582 is connected to a source of P
type transistor 590 which takes the role of the heat dissipating device and which
can be formed close to transistor 532 such that they thermally couple with each
other so form a self-defined heat island where the temperature is not set to a
predetermined value but nevertheless is, in use, roughly stable or slowly
changing compared to circuits not including a temperature stabilization teachings
of this disclosure. The drain of the transistor 590 is connected to Vss and the

gate of the transistor 590 is connected to the cutput node 520, It can be seen that
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the voltage dropped across the transistor 590 is relatively large when Vout s
high. This contrasts with the voltage across the output stage transistor 532
which is relatively low when Vout is relatively high. The converse also applies.
Since both transistors 532 and 590 pass the same current, or at least the currents
are related, the change in dissipation within the amplifier as a function of input
voltage is decreased.

A further current mirror transistor 592, shown in phantom, may be provided to
replicate the dissipation across Ro if its drain is held at Vout, for example by
being connected to a buffer amplifier 594 or a suitably configured voltage
follower. Similar components may be provided in association with the pull
down transistor 536. The transistor 592 takes the place of the compensation

resistor.

It may be desirable to selectively enable or disable the current mirror and this
can be achieved by configuring a switch 596, for example in the form of a P-
type FET which can pull the gate of the transistor 580 to Vss thereby turning the
current mirror off and simultaneously passing the output stage current to the
transistor S80. Transistor 590 may also be associated with a switch or switches

to make it non-conducting if the load compensation circuit is to be disabled.

The circuits presented herein have been based around non-inverting unity gain
buffer amplifiers and hence no current was required by the feedback path. This
is not the case with non-inverting amplifiers having their gain set by a potential
divider, as shown in Figure 15a. Similarly this is not the case with inverting
amplifiers where the amplifier behaves as if the 1oput resistor R1 1s connected
between the input node at a voltage Vin and a node held at V'. The current flow
Inv through the input resistor R1 15 (Vin-V'Y/R1 and since the non-inverting input

of the amplifier does not source or sink current, a corresponding current is
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caused to flow though R2 and then through the amplifier output stage the

amplifier. Such an arrangement 1s shown in Figure 15b.

The techniques described hereinbefore can still be used. The feedback current
and the load current can be compensated for individually. However in a common
use case the voltage that the non-inverting input is connected to is the same
voltage that one end of the load resistor is held at, namely a local reference
voltage or a local ground voliage, and in this arrangement the load impedance
and the resistor R2 appears in parallel at the output of the amplifier with the
same voltage drop across them. In which case a compensation resistor 600 can
be set to a value Reonp equal to the equivalent value of R2 and Ry in parallel, or
in the more advantageous case where the value of the compensation resistor is
effectively variable, the value of the compensation resistor is variable over a

range related to the value of R2 in parallel with R,

The techniques disclosed herein can be implemented in various ways in analog
or digital ways. For example where the amplifier is responsive to a DAC, the
heat dissipation elements may be formed as an array of current sources 610.1 to
610. N passing currents 11 to IN as shown in Figure 16. The current flow 1n each
current source may be disabled by switches 620.1 to 620.N. which may be
implemented as transistors. The switches are responsive to a controller 630 that
provides switch control signals S1 to SN.  The switch controller may be
responsive to an input word supplied on a data bus 640 The wnput word may be
representative of measured voltage at the output node and hence can be used to
switch selected ones of the current sources on such that they dissipate a required
amount of heat 10 a temperature compensate the load resistor and/or the cutput
stage transistors. Where the amplifier is an output stage of an associated DAC,

the input work may be the BAC input word.
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The teachings of this disclosure help mitigate the effects of self~heating but
should be used in conjunction with good layout techniques such as keeping
devices whose temperature sensitivity is more significant to the performance of

the circuit away from potential disturbances.

it is thus possible to provide an improved integrated circuit where error or
distortion due to self-heating is reduced. Noise variation due to current variation
can also be reduced. Such integrated circuits can be used in domestic devices,
such as Audio wvisual systems, in automotive devices and in industrial
controllers, actuator controllers and healthcare systems. The teachings of the
present disclosure can be used in any application where improved linearity in
generating or amplifying a signal are desired or where reduced offsets are

desired in comparators or amplifiers.

Note that particular embodiments of the present disclosure may be readily
included in a system on chip (SOC) package, either in part, or in whole. An
SOC represents an IC that integrates components of a computer or other
electronic system into a single chip. It may contain digital, analog, mixed-
signal, and converter functions (or some other desired functions) all of which
may be provided on a single chip substrate. Other embodiments may include a
multi-chip-module (MCM), with a plurality of separate ICs located within a
single electronic package and configured to interact closely with each other

through the electronic package.

In certain contexts, the features discussed herein can be applicable to converters
being used in many different applications. The features herein are also
applicable to other signal processing systems that can be assisted by specialized
digital circuitry and/or an on-chip uP. Various exemplary applications include
medical systems, scientific instrumentation, transportation systems, agrospace

systemis, wireless and wired communications, radar, industrial process control,
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audio and video equipment, consumer devices, and other converter-based

systems.

Parts of various apparatuses for providing digitally assisted function can include
electronic circuitry to perform the functions described herein. In some cases,
one or more parts of the apparatus can be provided by an on-chip uP specially
configured for carrying out the functions described herein. For instance, the on-
chip uP may include one or more application specific components, or may
include programmable logic gates which are configured to carry out the
functions describe herein. The circuitry can operate in analog domain, digital
domain, or in a mixed signal domain (but preferably in the digital domain). In
some instances, the processor may be configured to carrying out the functions
described herein by executing one or more instructions stored on a non-transitory

computer medium accessible by the on-chip uP.

I one example embodiment, the chip providing the converter and the on-chip uP
may be provided on a board of an associated electronic device. The board can
be a general circuit board that can hold various components of the internal
electronic system of the electronic device and, further, provide connectors for
other peripherals. For instance, the chip having the converter and the on-chip uP
can communicate with the components of the associated electronic device {e.g,,
signal generators, processors, memory, transmitters, receivers, etc.} More
specifically, the board can provide the electrical connections by which the other
components of the system can communicate electrically.  Any suitable
processors (inclusive of digital signal processors, ruicroprocessors, supporting
chipsets, etc.), computer-readable non-transitory memory elements, etc. can be
suttably coupled to the board based on particular configuration needs, processing
demands, computer designs, eic. Other components such as external storage,

additional sensors, controllers for audio/video display, and peripheral devices
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may be attached to the board as plug-in cards, via cables, or integrated into the

board itself

Note that with the numerous examples provided herein, interaction may be
described in terms of two, three, four, or more electrical components. However,
this has been done for purposes of clarity and example only. It should be
appreciated that the system can be consolidated in any suitable manner. Along
similar design alternatives, any of the illustrated components, modules, and
elements of the FIGURES may be combined in various possible configurations,
all of which are clearly within the broad scope of this Specification. In certain
cases, it may be easier to describe one or more of the functionalities of a given
set of flows by only referencing a limited sumber of electrical elements. It
should be appreciated that the electrical circuits of the FIGURES and its
teachings are readily scalable and can accommodate a large number of
components, as well as more complicated/sophisticated arrangements and
configurations. Accordingly, the examples provided should not limit the scope
or inhibit the broad teachings of the electrical circuits as potentially applied to a
ryriad of other architectures. Note that in this Specification, references to
various features {e.g, elements, structures, modules, components, steps,
operations, characteristics, etc.) included in “one embodiment”, “example
embodiment”, “an embodiment”, “another embodiment”, “some embodiments”,
“various embodiments”, “other embodiments”, “alternative embodiment”, and
the like are 1ntended to mean that any such features are included in one or more
embodiments of the present disclosure, but may or may not necessarily be

combined in the same embodiments.

The claims presented herein are in single dependency format suitable for filing
with the United States Patent & Trademark Oftice, taking account of their fee

structure for presenting multiply dependent claims.  However, it 13 to be
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undersitood that each claim should be regarded as being dependent on any

preceding claim of the same type unless that is clearly technically infeasible.
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CLAIMS
What is claimed is:
1. An tntegrated circutt, comprising:

a plurality of current flow paths, each current tlow path
comprising a component where current flow through the component of a
current flow path causes heating of that component, and where the
component has an electrical property that changes as a function of
temperature,

wherein the integrated circuit further comprises heating elements
associated with a current flow path or a respective group of current flow
paths and a controller for selectively energizing one or more of the
elements to reduce variations between components or the impact of such

variations.

2. An integrated circuit as claimed in claim 1, in which the current flow
paths are associated with respective current flow control transistors such
that a current in the current flow path or the voltage applied at a node of

the component in the current flow path can be controlled.

3. An integrated circuit as claimed in any one of claims 1-2, in which the
components in the current flow paths comprise resistors, and the resistors
have a temperature coefficient of resistance {(dR/dT) and where the
controller 1s responsive to current flow through owne or more of the
resistors to control the heating provided by one or more of the heating

elements.

4. An integrated circuit as claimed in claim 3, in which the resistor in at

least one of the plurality of current flow paths is associated with
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respective switches such that a first node of the reststor can be selectively
connected to a first circuit node or to a second circuit node, and where a

second node of the resistor is connected to other components.

An integrated circuit as claimed in any one of claims 1-2, in which the
plurality of current flow paths are provided as part of a digital-to-analog
converter {DAC), and the switch or switches associated each of the
current paths are controlled in response to a digital word, and where the
controller is responsive to the digital word to control the heat provided

the heating elements.

An integrated circuit as claimed in any one of claims 1-5, in which the
plurality of current flow paths are arranged in a first area of
semiconductor and the heating elements are provided adjacent the first

area of semiconductor.

An integrated circuit as claimed in in any one of claims 1-5, in which the
plurality of current flow paths are arranged in a first area of
semiconductor, and the heating elements are provided in the first area of

semiconductor.

An integrated circuit as claimed in in any one of claims 1-7, further

including a guard area around the component of at least one current path.

An integrated circuit as claimed in in any one of claims 1-8, in which the

heating elements comprise resistors.

An integrated circuit as claimed in in any one of claims 1-9, in which at
least one of the heating elements has a heat dissipation which varies as a

function of position within the heating element.
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An integrated circuit as claimed in any one of claims 3-4, in which the

resistors are components within an analog signal processing circuit.

An integrated circuit as claimed in in any one of claims 1-11, in which
the current flow paths comprise active devices and the controller acts to
suppress temperature variation at an active device or acts to suppress the

relative temperature variation between a plurality of components.

An integrated circuit as claimed in any one of claims 1-12, in which the
controller estimates or measures temperature varnation between
componenis and energizes the heaters in order to reduce the temperature

variation or the impact of variations between components.

An integrated circuit as claimed in in any one of claims 1-13, in which
the controller estimates or measures parameter varation between
components and energizes the heaters in order to reduce the parameter

variation.

An integrated circuit including an array of resistors, and a controller for
conirolling heaters positioned adjacent one or more of the resistors to

reduce temperature variations between resistors of the array.

A method of improving precision of an integrated circuit comprising a
plurality of components having an electrical characteristic responsive to
temperature, the method comprising selectively dissipating energy within
the integrated circuit so as to reduce temperature variations or the impact

of the vartations between the plurality of components.

A method as claimed in claim 16, wherein a controller is adapted to

estimate the amount of heat required to be supplied to a specific heating
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element within the integrated circuit based on knowledge of the task the

integrated circuit 18 performing,

A method as claimed in any one of claims 16-17, in which the plurality
of components comprise resistors in a resistive digital to analog converter
where the current in a resistor varies as a function of a digital input word,
and a controller is also responsive to the input word and is arranged to
control heaters associated with the resistors to reduce temperature or

resistance differences between selected ones of the resistors.

A method as claimed in claim 18, where the energy dissipation is
controlled so as to modity the variation in current drawn by the digital to
analog converter in response to code changes so as to reduce electrical

interference created by operation of the digital to analog converter.

A method of improving matching between components of an integrated
circuit comprising a plurality of components having an electrical
characteristic responsive to temperature, the method comprising
selectively dissipating energy within the integrated circuit so as to reduce
performance variations between the plurality of components or the

impact of such varnations.

A method of compensating for stress induced variation between
components, comprising selectively heating one or more of the
components so as to reduce mismatch between the components of the

impact of such mismatch.

An integrated circuit comprising a plurality of components where a
> &

property of a first component is to be matched to a property of a second

component in a predetermined way, and wherein the integrated circuit

further comprises at least one temperature control component adjacent at
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least one of the first and second components so as to modity a
temperature of at least one of the first and second components so as to

reduce mismatch between the first and second components.

hest &
[€7]

An integrated circuit as claimed in claim 22, wherein the property

resistance or conductance of the first and second components.

st o
o

An integrated circuit as claimed in claim 22, wherein the property

current flow through the first and second components.

An integrated circuit as claimed in any one of claims 22-24, wherein the
first and second components are transistors and the current flow is
controlled in response to a given voltage difference between the gate and
drain or base and collector, as appropriate, of the first and second

transistors.

An 1integrated circuit as claimed in any one of claims 22-25, further
including a countroller arranged to control the temperature control
components in response to measuring or inferring a mismatch in the

property of the first and second components.

An integrated circuit as claimed in any one of claims 22-26, wherein the

first and second components are transistors arranged in a differential pair.

An integrated circuit where component parameters within a functional
part of the circuit vary as a result of temperature of the components, and
where the integrated circuit includes at least one temperature sensor to
measure the temperature at a specific point within the integrated circuit
and a control circuit responsive to the or each temperature measurement
to modify an input signal to the functional part of the circuit so as to

compensate for self-heating within the functional circuit.
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A digital to analog converter comprising an array of resistors and
switches controlling connections to resistors in the array in response to a
control word, and wherein in response to the control word a processor
estimates an error resulting from self-heating of resistors in the array of
resistors and modifies the control word presented to the switches so as to

reduce an error in an output value of the digital to analog converter.

A digital to analog converter as claimed in claim 29, further including
heaters adjacent or within the array of resistors and where the processor
can selectively energize the heaters to reduce the effect of component
mismatch resulting from self-heating so as to reduce the error in an

output value of the digital to analog converter.

An amplifier in association with a power compensator arranged to reduce
the variation on power drawn from a supply, wherein the power
compensator draws power from the power supply or from a further power
supply, and where the power dissipated by the power compensator is
relatively high when the power dissipated by at least one of an amplifier
and a load 1s relatively low, and where the power dissipated by the power
compensator is relatively low when the power dissipated by at least one

of the amplifier and the load is relatively high.

An amplifier as claimed in claim 31, in which the power compensator
compensates for at least one of power dissipated in a load, power
dissipated in a feedback network and power dissipated in an output stage

of the amplifier.

An amplifier as clairoed 1o any one of claims 31-32, in which the power

compensator has a variable power dissipation characteristic.
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An amplifier as claimed tn any one of claims 31-33, in which the power
compensator dissipates heat in a resistor or other dissipation component

and a value of the resistor or of the dissipation element is variable.

The integrated circuit as claimed in any one of claims 1-14 jncluding an
amplifier in association with a power compensator arranged to reduce the
variation on power drawn froro a supply, wherein the power compensator
draws power from the power supply or from a further power supply, and
where the power dissipated by the power compensator is relatively high
when the power dissipated by at least one of an amplifier and a load is
relatively low, and where the power dissipated by the power compensator
is relatively low when the power dissipated by at least one of the

amplifier and the load is relatively high.

Use of an integrated circuit as claimed in any one of claims 1-14 within
an industrial, healthcare, automotive, aerospace or entertainment

apparatus.
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