WO 2012/ 107749PCT/ GB2012/ 050261 1 Sem conductor tenperature sensors 5This
invention relates to apparatus and net hods for sensing tenperature,

parti cul awbyoinmotrtie context of sem conductor-based i nt egratearoriosesiits. |t
is known in the art to provide a sem conductor device which has the
facility to nmeasure tenperature in the vicinity of the device. For exanple,
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Kim" A 366kS/s 400 w 0.0013 m® frequency-to-digital converter based CMOS
tenperature sensor utilising multi-phase clock” customintegrated circuits
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tenperature-sensitive oscillator and a tenperature-insensitive oscillator
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However, the present Applicant has appreciated that improvements on this
approach are possible.

When viewed from a first aspect the invention provides a temperature sensing
20 device for an integrated circuit comprising an oscillator having a characteristic
frequency dependent on the temperature and a digital counter arranged to count a
number of pulses generated by the oscillator in a given time interval, or the time
taken for the oscillator to generate a given number of pulses to give, in either case,
a measured value, wherein said device is configured to use a difference between
25 the measured value and a stored reference value in a linearisation algorithm to

estimate a temperature.

Thus it will be seen by those skilled in the art that in accordance with the invention a
temperature sensitive oscillator is used to give an estimate of its ambient

30 temperature by comparing a count derived from its oscillations with a stored
reference value. The difference is then used in a linearisation algorithm to calculate
a temperature. This reflects the Applicant's appreciation that the dependence of
the oscillation frequency of the oscillator on temperature may not be linear over the
desired range of temperature measurement. The linearisation algorithm could be

35 theoretically or empirically predetermined (or a mixture of both) or could be at least



35t heoretically or enpirically predetermned (or a m xture of both) or
could be at least 2 to sone extent determ ned dynam cally based on other
fact ors swohomsiootdber neasured paraneters. It has been PoumGB20as0ion at

| east some enbodi ments in accordance with the invention, a tenperature
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too. fixed measurement time is advantageous in that the temperature measurements

20 can be delivered at precisely predictable times.

In a preferred set of embodiments, the time measurement is carried out by counting
the number of pulses generated by a second oscillator which has a low or negligible
dependence on temperature within the desired measurement range. In preferred
25 embodiments, the second oscillator comprises a crystal oscillator, conveniently the
crystal oscillator used to clock the rest of the integrated circuit, although this is not

essential.

The frequency dependent oscillator could be arranged to run continuously, although

30 preferably the device is configured to activate the frequency dependent oscillator
only when a temperature measurement is required. The requirement for a
temperature measurement may come from a process within the device, from an
external device, or may be determined according to a timing schedule. If the
second, timing oscillator is not activated when a request for temperature

35 measurement is received, this may be activated too.



WO 2012/ 107749PCT/ GB2012/ 050261 3 Preferably the integrated sem conductor
device conprises a radio transmtter. The stored reference val ue could be
obt ai ned wororegogper ati on of the device - e.g. 5using amoThaEs20meEMs10f
tenperature nmeasurenent to performa calibration, but conveniently the
reference value is stored when calibrati t akes pl ace during production.
Preferably the stored reference val ue cortesponds to a tenperature within
the range 15 to 35. The linearisation algorithmcould take any conveni ent
form but in a set of preferred enbodi nents conprises a plurality of
splines - e.g. 10linear or second order polynomal splines fitted to a
known t enper drafeatfly thguringiatacedemicenssibiop devitrecdmprises iagadio dranemilied be
applied at any convenient point in the calculation - e.g. to the raw count
fromthe counter before conversion to a tenperature value or after 15such a
conver si on. Liheciored sefemmcegalde notldibe obtamdoeduragropseatiohef thkslegiceerger at ur e
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of a variati Orgla%nsthlibe. enbodi ment shown in Fig. 1.

The linearisation could be applied at any convenient point in the calculation - e.g. to
the raw count from the counter before conversion to a temperature value or after

15 such a conversion. Linearisation need not be applied across the whole temperature
range - one or more parts of the temperature range may be determined to be
sufficiently linear that linearisation is not applied.

A preferred embodiment of the invention will now be described, by way of example
20 only, with reference to the accompanying drawings in which:

Fig 1 is a schematic view of the respective analogue and digital parts of a

embodiment of the invention;

Fig 2 is a representative graph of the nonlinear dependence between temperature
25 and frequency for a typical ring oscillator;

Fig 3 is a modelled relationship between temperature and frequency derived from

the plots in Fig. 2; and

Fig. 4 is a schematic view of a variation of the embodiment shown in Fig. 1.

30 Turning to Fig 1, there may be seen schematically the main elements of a
temperature sensing device in accordance with an embodiment of the present
invention. The device is divided into two main parts: the analogue part 2 and the
digital part 4. The analogue part 2 comprises a ring oscillator of a general form
known in the art. Briefly, a voltage reference component 6 is connected as the

35 input to a voltage buffer 8. The reference voltage is generated by forcing a



30Turning to Fig 1, there may be seen schematically the main elenments of a
t enperature sensing device in accordance with an enbodi nent of the present
i nventi orwOThe/@empce is divided into two nain parts: tReTAORIDYIR6part 2
and the digital part 4. The anal ogue part 2 conprises a ring oscillator of
a general formknown in the art. Briefly, a voltage reference conponent 6

is connected as the 35input to a voltage buffer 8. The reference voltage is
generated by forcing a 4 reference current of 10uA into the supply voltage
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smal| part. The second counter 18 al so receives a control input 22 which
determ nes when it operates. One output 24 fromthe second counter 18 is
used to enablepuissunpuitripnoiheraiosaill20by4 tstied nte s first oouriter 161 6T Heottigital
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16 begins counting I's enabled 10 a ow T or st ar -up ofC the ana ogue section
and 25debounclihegecant caderpléelso ebisgs atoadl imysawhichgekeraynssageniiight be

i npl enent ed. oyé?atéé‘i rd output 28 gives a signal to indicate when the second
counter 18 has reached the designated count - i.e. when the neasurenent has
been taken.

One output 24 from the second counter 18 is used to enable a counting operation

20 by the first counter 16 for a pre-programmed time corresponding to a pre-
programmed number of pulses from the crystal clock input 20. This is initiated by
the control input 22. Another output 26 from the second counter provides a control
signal to the ring oscillator 2 to enable to power it up shortly before the first counter
16 begins counting is enabled to allow for start-up of the analogue section and

25 debouncing. For example a delay of 48 crystal clock cycles might be implemented.
The third output 28 gives a signal to indicate when the second counter 18 has
reached the designated count - i.e. when the measurement has been taken.

The first counter 16 gives an output 30 which is a binary number corresponding to

30 the number of pulses of the ring oscillator counted during the count duration. this
number is of course dependent on last in the characteristic oscillation frequency of
the ring oscillator 2 which is, in turn, dependent on ambient temperature.

Fig. 2 shows various plots of the relationship between characteristic oscillation
35 frequency and temperature for a number of different practical implementations of



The first counter 16 gives an output 30 which is a binary nunber
corresponding to 30 the nunber of pulses of the ring oscillator counted
during t Wwocowntw7™ar ati on. this nunber is of course depenti@R205DHIt i N
the characteristic oscillation frequency of the ring oscillator 2 which is,
in turn, dependent on anbi ent tenperatur%; Fig. 2 shows various
plots of the relationship between characteristic oscillation 35frequency
and tenperature for a nunmber of different practical inplenentations of 5
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The output pulses 14 from the ring oscillator are counted by the first counter 16. At
the same time the second counter 18 is counting pulses from its 16 MHz clock input
20. When the second counter reaches a predetermined count, say 512
corresponding to a time of 32 microseconds, the activate signal 24 to the first

30 counter 16 is taken low, causing the first counter 16 to stop counting. The value of

the 12-bit number counted by the first counter 16 and stored in a register within the
first counter is proportional to the frequency of the ring oscillator and thus
dependent on temperature. This raw, temperature-dependent number is provided
on the output 28 to the decoder 32 which converts it into a temperature using the
35 modelled relationship depicted in Fig. 3 and the calibrated offset value provided on



6 the its calibration input 36. The resulting tenperature signal 34 is
given on the decoder's output is a 10 bit nunber which gives tenperature to
t he near e80 20124@780d nay be used to feed a display, a mpairtGE2mrgsowdul e,
for transm ssion over a radio link or indeed for any other purpose. 5 A
specific exanple of the enbodi nent descr ié{)ed above will now be given in
slightly greater detail. To obtain sufficlent accuracy a sufficient nunber
of pul ses nust be counted. 10Because the two oscillators (the crystal clock

20 and the r'tﬂg.tgé%ﬂb'ré@mﬁ u%zaaa&ﬁeP&éun@;srf%ngaaﬁgés.ghsﬁ%&ﬁs vEh of%héh
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output 30 of the first counter. Gven a tenperature coefficient of -3600
ppn PC a tenperature difference of +1 PCwill result in the counter val ue
changi ng by ahspeolficrexampleadt theembedmest destoe above 206n@v by gives.in slightly a
measur enent L@%ﬁ%ﬁé@%y of one cycle equates to a nmeasurenent inaccuracy of

1/6.9 = 0.15 is fully acceptable. In addition to the counting
interval of 512 pulses, sonme tine is needed for startup of the anal ogue
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the foll owi ng equa ives acce accuracy around room tenperature
(+10 to +50 RGynter.

Given a temperature coefficient of -3600 ppm/°C a temperature difference of +1 °C
will result in the counter value changing by an amount equal to 1*3600e-6"1920 = -

20 6.9 cycles. l.e. a measurement uncertainty of one cycle equates to a measurement
inaccuracy of 1/6.9 = 0.15 °C, which is fully acceptable.

In addition to the counting interval of 512 pulses, some time is needed for startup of
the analogue part as well as some cycles for debouncing of the ring oscillator 2. A
25 delay of 48 cycles of the 16 MHz crystal oscillator is therefore added before
counting of the ring oscillator pulses 14 starts. The total measurement time will
therefore be 512+32+16 = 560 cycles @ 16 MHz = 35 microseconds. This allows a
high sampling frequency to be supported - e.g. up to approximately 30 kilo-samples
per second if required.
30
As mentioned previously, the 12-bit raw data 30 from the first counter 16 must be
decoded to temperature in degrees before being output. This can be done fully
combinatorially if fixed multiplication constants are used. In this specific example, a
simple linearisation is applied. It has been found that the following equation gives
35 acceptable accuracy around room temperature (+10 to +50 °C):



7 T4 = k2 - kl*tenpSensRaw, (where T4 is tenperature in units of 1/4 2 Q)
Where the constants are: 5k1 = 1/2* (1 + 1/8 + 1/16) = 0.5938 k2 = 512 +

t enpSensGaDizb1¥wn@E®ensRaw i s the raw count provi ded by Phe/dB208t05emunt er 16
at its output 30; and tenpSensCalib is the stored reference val ue supplied
to the calibration input 36. 10A typi cal LFreadi ng of tenpSensRaw = 1920 at
roomtenperature, and tenpSensCalib defadlt value of 720 gives k2 = 512+720
= 1232. Inserting this into the equation (and dividing by 4 to get degrees
C) gives: T4 = 1232- 0.5938*1920 = 91.9 15 T =T4/4 =91.9 / 4 = 23.0 PC
As mentioned above, this sinple equation works well for the tenperature
range +10 to +50 0.=(k& skitfdernpSensBamngbyharéd . isdemperature pwmnitatofir'e° € t he
measurenent results in 20a negative offset, which increases towards each
end of the tenperature range. A sinple linearization nethod has been used
to i nprove thWerd the(cpastanid@ye:t hen 25T4 LIN = T4 + 1/4*(40 - T4) else if

(T4> 1603 T4 LIN 34144, 1(A7(/sTA14BP) 02038
k2 = 512 + tempSensCalib
tempSensRaw is the raw count provided by the first counter 16 at its output 30; and
tempSensCalib is the stored reference value supplied to the calibration input 36.

10 A typical reading of tempSensRaw = 1920 at room temperature, and
tempSensCalib default value of 720 gives k2 = 512+720 = 1232. Inserting this into

the equation (and dividing by 4 to get degrees C) gives:

T,=1232-0.5938*1920 = 91.9

15
T=T44=91.9/4=23.0°C
As mentioned above, this simple equation works well for the temperature range +10
to +50 °C. Qutside this range, the nonlinear curvature of the measurement results in
20 a negative offset, which increases towards each end of the temperature range.

A simple linearization method has been used to improve this:

if (T4 < 40) then
25 Taun = Ta+ Va"(40-T,)
else if (T4> 160)
Tsun = Tar Va*(T4-160)
else
T4

T47LIN
30
where T, and T, |\ are the respective measured and linearised temperature values
in units of 0.25 °C.

In other words, below a measured temperature of +10 °C, one quarter of the
35 measured difference from +10°C is added to the measured value before readout.



T4 LIN = T4 30 where T4 and T4 UN are the respective neasured and
linearised tenperature values in units of 0.25 C. In other words, below a
nmeasur ed woenpeymaruype of +10 PC, one quarter of the 35neasuGarotidstmnence
from +102C i s added to the neasured val ue before readout. WO

2012/ 107749PCT/ GB2012/ 050261 8 Li kew se asbove +402C, one quarter of the
measured difference from +402C i s added t0 the neasured val ue before
readout. Initial zero-point calibration is carried out at the factory after

manuf act ur e. : i tRe [ j ' 0 erature
(e.g. 25 QO al:r[%%\fl%t%g% JIA'tB fﬁﬁg&%g{lfﬁﬁ Sr?cgﬁrﬁ’né)i{ﬁgél?rfaﬁg ngg%r}c%f%bﬁrﬂ)l gq%qs)ed as an
i nput to an adgled ita tmmeasceddovdiue lkefarerrefdaubnce val ue which is stored on the
chip. The decoder effectively uses the difference between the neasured
count value 30 and the reference value 36 to calculate the tenperature
di fference (pogakzevepant sadigeatipw is)caiadwdat thedactotyailer m@neiapwret Uhee and t he
calibration t (8. i B l L ed Qﬁp&r re
dependen%e ofﬁﬁ@rﬁtrdgéﬁ@ﬁgfga\é%?é@eayiéh |%E]%§|[5@g§é%{8b2nét e Pgh%i rically
verified) asgeasgiigeounhtermgiheriey oscillakirds gsadvas arsinpetrty agiatgorithm tover t he
usual range Laki - VAR f i ; ted by
such vari ati g%gﬁfaﬁggﬁffeﬁegéé g%allég bcﬁﬂgsgonp@.té?(rg@re icrqgeph'?l-sh%tci?gg 3%ye§feeﬁlfb\{e§§i ng
devi ces enbodisenthe diterenseeiprtiveen the meagseecitaunt valae G0 aod thef refetenasavaluse
achi eved whi W YRi 5-10%
found on knovxo‘liné tg%g@g%ﬁth%ﬁ?fﬁﬂérg%%gﬁf%ﬁg&@%ﬁ&%?gf%%@@%&%ﬁl?ﬂﬂhe%k%éhi eved
with vel§ |itteinperatide andthe calibiagion Grapgsatueente. & @arfeC) vsing theyoodelladea. A
further enbod] ' i ' ki LSS 1dentical
to the e%odﬁ%ﬁ?&gﬂ%ﬁkﬁ%#eﬁf\%m[Eg?rghge@&%‘ga%%n .'gﬁgfﬁgitﬂn‘%mr als are
used) except (ematricglynerifiediassompaliorcihapshapatos tddcurae is eaesimiadasgr the hel p
ensure that usual range of process variations and that only the offset is affected by such
variations.
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It has been found in experiments that by employing devices embodying the
invention, a temperature accuracy of <1% can be achieved which compares
favourably with the typical accuracy of only 5-10% found on known on-board chip
temperature sensors. Moreover this is achieved with very little addition to the

20 component count our layout area.

A further embodiment of the invention is shown in Fig. 4. This is identical to the
embodiment shown in Fig. 1 (and thus common reference numerals are used)
except that some additional components 40 have been added to help ensure that

25 the oscillator starts in a controlled (stable) state. This helps to eliminate a potential
problem with multiple “waves” circulating the loop simultaneously. With the added
circuitry 40 a strong pull to “high” is achieved on the first inverter input while the
supply voltage VDDogc is rising. When the supply voltage VDDosc has risen
sufficiently, the PMOS transistor is shut off and the oscillation starts.

30
Many variations and modifications to the described embodiment may be made
within the scope of the invention. For example it is not essential to count pulses
from the temperature-dependent oscillator for a fixed time; instead the time taken to
reach a given count could be measured. Moreover a ring oscillator is not essential;

35 other types with appropriate temperature dependence could be used.
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l'i neari sat i orfo abgardiffeiencedoetwedmine eneastedpeiugtande sto@d referencdealueen as
clainmed in cl I rises a ring oscillator,

153. A devi ce I@g%#ageﬁ‘ﬁé@%hﬁn? e%t'ﬁ%%\/\% i rr]atg%lrrp oscillator conprises a
pluralii1§ of inverters connected together inaring so that the output of
one inverter is the input to the next in the ring. 4. A device as clained
in any preceding claimarranged to neasure the 20nunber of pul ses generated
in a given tidre. Adevicalas/tlaimedgn claim rredhergin saig gscilatedcongpriseaiantingr r anged t o
carry out the ”€$ nmeasur enment by counting the nunber of pul ses generated
by a second OSCI dtor which has a |l ow or negligible dependence on
tenperature within the desired 25nmeasurenent range.

15 3. A device as claimed in claim 1 wherein said oscillator comprises a plurality
of inverters connected together in a ring so that the output of one inverter is the
input to the next in the ring.

4, A device as claimed in any preceding claim arranged to measure the
20 number of pulses generated in a given time.
5. A device as claimed in any preceding claim arranged to carry out the time

measurement by counting the number of pulses generated by a second oscillator
which has a low or negligible dependence on temperature within the desired

25 measurement range.

6. A device as claimed in claim 5 wherein the second oscillator comprises a
crystal oscillator.

30 7. A device as claimed in claim 5 or 6 wherein the second oscillator is used to
clock the rest of the integrated circuit.

8. A device as claimed in any preceding claim configured to activate the
frequency dependent oscillator only when a temperature measurement is required.
35



6. A device as clainmed in claim5 wherein the second oscillator conprises a
crystal oscillator. 307.A device as clained in claim5 or 6 wherein the
second oswDl2betwr74vs used to clock the rest of the integcatGaoryesasiit. 8. A
device as clained in any preceding claimconfigured to activate the
frequency dependent oscillator only when ,a tenperature neasurenment is

requi red. WD 2012/ 107749PCT/ GB2012/ 050284°-10- 9. A device as claimed in
any precedi ng cI ai mwherein the integrated circuit conprises a radio

transmtter. gﬁd%ﬁ é&?cléu?ne%'uﬁgﬂ?ﬁréc@du @Xlaﬂﬁ %%F&r‘i‘ﬂle%@hﬁ‘[té@ﬁ&(cﬁft” the

stored refer ence e cofrespon erature wthi range 152
to 352. 11. canywigegs e ragio tramnm'ﬁer in any precedl ng clai mwherein the

| i neari sation algorithmconprises a plurality of splines - e.g. linear or
second order polynom al splines fitted to a known tenperature-frequency
rel ationship.10.  Adevicel2s claimedrin agy ateeddiog claimn whewipthesitorgd seferenper at ur e

sensing gevi [Valueor e@b&fog t Q@ﬂ%er&fu‘?&%ﬂhuﬂ%& a%gg‘w t3350AN | ntegrated

circuit as clalrre onprising a o transmtter.

11. A device as claimed in any preceding claim wherein the linearisation
algorithm comprises a plurality of splines - e.g. linear or second order polynomial
splines fitted to a known temperature-frequency relationship.

10
12. An integrated circuit comprising a temperature sensing device as claimed in
any preceding claim.

13. An integrated circuit as claimed in claim 12 comprising a radio transmitter.
15



