| nt egreaat ed Tenperature Sensor Field of the

| nventi on This inventiion relates to an integrated tenperature
sensor;y 5 - and particularly, though not exclusively, to such a
tenperature sensor whi ch can be manuf-adtured in CMOS technol ogy.
Background of the Invention Tenperature sensors are used in a
variety of applications, Yiﬁ@g?aﬂe’ii i’;‘eﬁﬁfdi-aﬁﬁrey Seadlsy to conpensate
for variations in 10 tenperature or to provide control when a particul ar
tenperature is reached. It is well known that the base-emtter voltage
Vbe of a transi stor varies |i Feeld wfwilieh Inweptioat ure, as does the

di fference - bet n. h s Jer.]l\ : _
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tenperature i r [ ) rs O@ Sensor with
Digital Qut putss'e%‘bg’éf WH%Arﬁagn_bgaﬂd(ﬁlﬁgﬁ@Q%hlgn ) %:@gpﬁ%ﬂ blished in the
| EEE Jour nal of Solid Stat Backgeopnd ofothe dpvepton7 ™ july 1996 at

pages 933-937. The Tempefatugdi serdddes Caled Yise@nin Sd Svatiety A applicRiibasar
transistors hav\éhgpe ti? s necessary either to compensate for variations in
10 temperature or to provide control when a particular temperature is
reached. It is well known that the base-emitter voltage Vpe of a
transistor varies linearly with temperature, as does the difference
between two such voltages AVpe. One known temperature sensor
utilizing the variation in AVype at different temperatures to provide
15 an output indicative of the current temperature is described in
"Micropower CMOS Temperature Sensor with Digital Output" by
Anton Bakker and Johan H. Huijsing published in the IEEE Journal of
Solid State Circuits, Vol. 31, No. 7, July 1996 at pages 933-937. The
circuit basically consists of a pair of bipolar transistors having their
20 bases in a fixed area ratio to each other. A known current is then
passed through the two transistors to measure AVp, between them
and thus get an indication of the temperature.
One problem with this type of circuit is that, although the
transistors have their base areas nominally fixed at a particular
25 ratio, manufacturing limitations mean that, in practice, the ratio is
not the nominal one. Thus, the sensor requires calibration
(trimmiflg) at at least two different temperatures in order to set the
gain and offset of the sensor correctly. This is time consuming and
inconvenient.
30 Brief Summary of the Invention
The present invention therefore seeks to provide an integrated
temperature sensor which overcomes, or at least reduces the above-
mentioned problems of the prior art.
Accordingly, in a first aspect, the invention provides an
35 integrated temperature sensor comprising: a first bipolar transistor
having a control electrode, a first current electrode coupled to the
control electrode and to a reference potential and a second current
electrode; a first current source providing a first current and being




20 bases in a fixed area ratio to each other. A known current is then
passed through the two transistors to neasure AVbe between them and
thus gét an' indication of the tenperature. One problemwith this
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current electrode of the first transistor during a first clock phase;
10 and a second clock input coupled to the second switch for receiving a
second clock signal for switching the second current source to the
second current electrode of the first transistor during a second clock
phase which is substantially opposite to the first clock phase;
wherein the amplifier circuit produces a signal at its output
15 dependent on the difference in voltage on the coupling capacitor
during the two clock phases and hence indicative of the
temperature. _
In a preferred embodiment, the amplifier circuit comprises an
operational ampifier having a second input coupled to a reference
20 potential and a second capacitor coupled between the input and the
output of the operational amplifier, wherein the signal at the output
of the operational amplifier is transferred to the input of the
operational amplifier during the first clock phase to discharge the
second capacitor and, during the second clock phase, the voltage on
25 the coupling capacitor causes a voltage to develop on the second
capacitor such that the output of the operational amplifier is
dependent on the temperature and on the ratio of the capacitances
of the coupling capacitor and the second capacitor.
According to one embodiment, the integrated temperature
30 sensor further comprises a: a second bipolar transistor having a
control electrode coupled to the coupling capacitor, a first current
electrode coupled to a reference potential and a second current
electrode; a third current source providing a third current and being
coupled via a third switch to the second current electrode of the
35 second bipolar transistor; a fourth current source providing a fourth
current and being coupled via a fourth switch to the second current
electrode of the second bipolar transistor; a fourth clock input




-2- < coupled via a first switch to the second current el ectrode of the

first - transistor; a second current source providing a second current
and * being coupled via a second switch to the second current el ectrode
of the first transistor; an anplifier- 8itcuit having an input and an

5 out put; a coupling capacitor coupled between the second current
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In a second aspect, the invention provides a method of sensing
temperature comprising the steps of:

15 switching a first current to the emitter of a bipolar transistor
during a first clock phase;

switching a second current to the emitter of the bipolar
transistor during a second clock phase which is substantially
opposite to the first clock phase;

20 charging a coupling capacitor during each of the clock phases
according to the base-emitter voltage across the transistor caused by
the first and second currents; |

' transferring the charge from the coupling capacitor to an
amplifier circuit to produce a signal dependent on the difference in

25 base-emitter voltages on the coupling capacitor, and hence
dependent on the temperature.

Preferably, the amplifier circuit comprises an operational
amplifier having a second capacitor coupled between an input and
an output thereof, and the step of transferring the charge from the

30 coupling capacitor comprises the steps of:
shorting the second capacitor during the first clock phase; and
developing a voltage on the second capacitor during the second clock
phase,
such that the output of the operational amplifier during the second

35 clock phase is dependent on the temperature and the ratio of the
capacitances of the two capacitors.

Brief Description of the Drawings




second capacitor and, during the second cl ock phase, the voltage on 25

t he-coupl i ng .capacitor causes a voltage to devel op on the second

capaci tor*such that the output of the operational amplifier is
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FIG. 4 shows schematic block diagram of a second embodiment

10 of a temperature sensor according to the invention.

Detailed Description of the Drawings
Thus, there is shown in FIG.1 a switched capacitor temperature
sensor circuit 9 in accordance with an embodiment of the present
invention. In general, temperature sensor circuit 9 comprises a AVype

15 reference portion 10, a coupling portion 18, and an amplifier portion
16. The AVye reference portion 10 is formed by a single bipolar
transistor 11, switches 12 and 13, and current sources 14 and 15.
In the illustrated embodiment, all the switches are constructed to be
conductive when the clocks are in a logical high state.

20 In the AV reference portion 10, current sources 14 and 15
each have a first terminal coupled to a first terminal of the
respective switch 12 and 13 and a second terminal connected to a
first power supply line Vdd. The current sources 14 and 15 are
constructed to have different values of current sourcing capability, I

25 and ml, respectively, where m is any number. Switches 12 and 13
also have clock terminals, which are respectively controlled by clock
signals designated as "Clock 2" and "Clock 1". Second terminals of
the switches 12 and 13 are connected together and to an emitter of
the single bipolar transistor 11. The single bipolar transistor 11 has

30 a base and a collector connected together and to a second power
supply line Vss. In the illustrated embodiment, the first power
supply line Vdd is at a more positive voltage than the second power
supply line Vss.

In coupling portion 18 a capacitor 23 has a first electrode

35 connected to the emitter of bipolar transistor 11 and a second

electrode connected to the amplifier portion 16.



t he second bipolar transistor during the first clock phase; and a fifth

clock input coupled to the fourth switch for receiving the second 5

cl ock sighal for switching the fourth current source to the second

current electrode of the second bipolar tr-afs+stor during the second

cl ock phase, wherein a conpensation current is produced at the control
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on the tenperuipst voltage Vtemper efferswiteh 2hehasnpl fifrse teminali commeuted stes

‘an operationalthe negative input of differential amplifier 25 and a second terminal
connected to the output of differential amplifier 25. Switch 29 also

has a control terminal for receving a clock signal designated "Clock
15 3.

In operation, temperature sensor circuit 9 operates in two
repeating modes: a precharge mode 1, and a valid output mode 2.
Control signals illustrating the two modes are shown in FIG. 2.
During the precharge mode 1, clock 1 is high, as shown in waveform

20 3, so that switch 13 couples current source 15 to the emitter of the
bipolar transistor 11 establishing a voltage Vpe; at the emitter of
bipolar transistor 11 which is dependent on the current through the
collector of the bipolar transistor 11. At this time, clock 3, shown in
waveform 5, is also high, so that switch 29 is on, thereby connecting

25 the output of differential amplifier 25 to its negative input, as well
as connecting the electrodes of capacitor 27 together to discharge
capacitor 27. Therefore, during the precharge period the first
temperature dependent voltage Vpe; is sampled onto capacitor 23,
which is at Vipe; - Vag.

30 Just before the end of the precharge period Clock 3 goes to a
logical low state so that capacitor 27 is no longer being discharged.
Then, at the end of the precharge period Clock 1 goes to a logical low
state, thereby disconnecting current source 15 from the transistor
11. A short time after clock 1 has gone to a logical low state, the

35 valid output mode begins. In this mode, clock 2, shown in waveform
4, transits to a logical high state so that current source 14 is coupled
through switch 12 to the emitter of bipolar transistor 11. Since



anplifier having a second capacitor coupled between an input and an
out put thereof, and the step of transferring the charge fromthe 30

coupl i ng capacitor conprises the steps of: shorting the second
capacitor during the first clock phase; ard - devel opi ng a vol tage on
t he second capacitor during the second cl ock phase, such that the
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between Vpe1 and Vpe is developed by the AV, reference portion
10 and coupling portion 18.
This developed AVyp voltage is coupled to capacitor 27 by
10 means of charge transfer from capacitor 23, since the positive and
negative inputs of amplifier 25 are at equal potential, both during
Clock 1 high and Clock 2 high. The output voltage Vtemp of the
differential amplifier 25, as shown by waveform 6 in FIG. 2, changes
in' accordance with the voltage division formed between the
15 capacitance of capacitor 27 and the capacitance of capacitor 23. As
will be clear to those skilled in the art, the AV, will exhibit a
voltage change that is proportional to absolute temperature (PTAT).
The output voltage Vtemp is therefore given by the equation:
Vtemp = [C/A*C]*
20 {AVpe+Rp*(ml/B2-1/81)+(K*T/q)*In[(1+1/81)/(1+1/82)1} (1)
where A is the capacitive ratio of capacitors 23 and 27;
C is the capacitance value of capacitor 23;
Ryp is the intrinsic base resistance of transistor 11; and
B1 and By are the current gains of transistor 11 at current levels I
25 and ml, respectively.
The expression for AVy, is:
AVpe = (K*T/q)*In(m) (2)
where K is the Boltzmann constant;
T is the absolute temperature; and
30 q is the electronic charge; and
m is the current ratio between current source 15 and current source
14.
By combining equations (1) and (2), the Vtemp dependancy on
absolute temperature, including offset error terms, is shown to be:
35 Vtemp = (1/A)* :
{T*[K/q]*In(m)+Rp*(mI/B2-1/81)+(K*T/qQ)*In[(1+1/81)/(1+1/82)]} (3)



of FIG 1; FIG 3 shows a nodification of the enbodi ment of FIG

1, and - ‘ FIG 4 shows schematic bl ock di agram of a second

enbodi rrent 10 of a tenperature sensor according to the invention.
Det ai | ed Description of the Draw ngs -7 - Thus, there is shown in
FIG1 a switched capaci tor terrperature sensor circuit 9 in accordance

ith an enbodl nt'.on In raI te ture
sensor o rou 1T oftp Hitle HiRiHbring. a piee bERleApARIT, in, IERiL Y o
coupl i ng port |gﬂneI&e and Vage efanSernsmg femperature, a sﬁgnffhmnA\Mncef ef ence
portion 10 is drpbfGdhBYerit %”Sﬂﬁrbtegi@b@fature setn%ﬁf’ss'\fﬁtlﬂg AV %%V@r%o%é

and 13, and current sources
all the swit ciievedeped ofrom ytwe ddifferant blpol@t) ntraasisterswieneliminatest ks ar e

in a logicgl high SI‘li’é Qfalféio output phaét’!1 ehﬂ@ Whth' bﬂ)@lﬁ rd gﬁﬁgaﬁﬁgﬁoﬁé 't?o a

10, current sourc an eac ave Irst, t | ed
first terni nalPWs ?F@P ontor @@Sﬁ%esmﬂgho?z‘)%u?@abrﬁinﬁ lifiez 0§ so as

term nal connaot ditcharge capacﬂ:dn{ 7. FOFlﬁtfs ﬁuﬁﬂﬂdvgb?][lﬂldl‘ﬂ b§h€é6é1% ][29 in %nt
ources 14 and_l5 ar onstructed, to have differe ues ;
:oﬂrm ng capaﬂPW 5 ?lilatzgurreglidsance iépésct 15ee3ne ﬁom %a%ﬁﬁtq{u ejust
Swi tches 12 arbefos Clocka[lsgoba\,lnghl te lkcammect rcairscntvxleouﬂ'cearlé t@suamslsml y
control | efgby ]]cll Q6K the pre%hgfgéwsq&ﬁ dgnat ed as "Clock 2" and "d ock 1"

Second term nal's of es 12 and 13 are connected toget her and
to an emitter of The (1Rajogi seuIseHPHEIrEer inaeguation (3).isTfeund rigl thevitprmhar

transi stor 11 has :{Qb*(ml QQ/%p)i a col |l ector connected together and to a

rat ed, enb the first

i di pent
;g\(/:\g;] d pover This sonﬁ%e o% 'érfor’ ¢an Q Hi‘t?nrllislegsfvy mlnlmISIO ﬁe This can be

done by replacing transistor 11, as shown in FIG. 3, by a total

15 number n of bipolar transistors 17 coupled in parallel. This reduces
the current density of each transistor, and therefore reduces this
offset error term.

Illustrated in FIG. 4 is another embodiment of a temperature
sensor circuit 19, modified from the temperature sensor circuit 9 of

20 FIG. 1. In this embodiment, each of the elements that are the same
as in FIG. 1 are given the same reference numeral. Circuit 19 also
generates AVy. for sensing temperature, but utilizes an additional
portion 31 in order to eliminate the error term:

(K*T/q)*In[(1+1/81)/(1+1/82)]

25 in equation (3).

Iri operation, the additional portion 31 is used to generate a
base current to compensate the generated AVype.. This compensation
base current is necessary in processes that have a low current gain
(low B), which creates an offset voltage represented by the third

30 term in equation (3). The portion 31 utilizes additional time-
multiplexed current sources 35 and 38 coupled via additional
switches 36 and 40, respectively, to an additional bipolar transistor
33. Switches 36 and 40 are controlled by Clocks 1 and 2,
respectively, in the same way as switches 15 and 14. However,

35 instead of the emitter of tramsistor 33 being coupled to the capacitor
23, as is the emitter of transistor 11, it is the base of transistor 33



supply line Vdd is at a nore positive voltage than the second power

supply line Vss. In coupling portion 18 a capacitor 23 has a
first electrode 35 connected to the emtter of bipolar transistor 11 and
a second el ectrode connected to the ar®l-ifier portion 16.

- 5- The anplifier portion 16 of the terrperature sensor circuit
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If the transistors 11 and 33 are constructed with the same area and
10 layout technique, and current sources 35 and 38 are equal to
current sources 15 and 14, respectively, then the base current of
transistor 33 will be approximately equal to the base current of
transistor 11. Thus, equation (4) becomes:
Icni =1 (5)
15 With the base current terms removed from equation (4), the effect
of variations in B in transistor 11 is eliminated so as to eliminate the
second error source in equation (3). .
It will be appreciated that although onmly two particular
embodiments of the invention have been described in detail, various
20 modifications and improvements can be made by a person skilled in
the art without departing from the scope of the present invention.
For example, the bipolar transistor whose base is coupled to Vss
could be connected to other reference voltages. Additional current
sources and bipolar transistors can be added to achieve base current
25 compensation for the AVyp, voltage. Different base current
compensation may be utilised. Another bipolar transistor could be
used so as to increase the Vpe; voltage to reduce the capacitance of
capacitor 23. Specific NPN bipolar transistors may be used instead
of PNP bipolar transistors or combinations thereof. Also, amplifiers
30 other than differential amplifiers may be used. Furthermore, of
coupling the nodes other than using the illustrated switches may be
implemented. It should also be understood that the elements of the
present invention may be implemented using different types of
transistors and/or transistors of different conductivities from those
35 described above.




the negative input of differential anplifier 25 and a second term nal
connected to.the output of differential anplifier 25. Switch 29 al so
has a control ternmnal for receving a clock signal designated "C ock 15

3" I n operation, tenperature seflser circuit 9 operates in two
repeatlng nodes: a precharge node 1, and a valid output node 2.

Control signals illustrating the tmo node é are shown in FIG 2. Duri ng
the precharge node 1, clock 1 is high, yﬂ i n wavef orm 20 3, so that
switch 13 couples current source 15 to the emtter of the bi pol ar

Lransi stor 11 i orsns hiRed, el | o fo E’%ﬁéﬁ%éc’f col | bot or
of the bi poI ar t r anai frsdr bipolanttransistori haying accopfrod helestriode, a fizsvef orm

5 is alsoshi g#h gﬁd té?@étré &ﬂllﬂgd fo We. Eaﬁfr%?yel%eﬁ%ﬁﬁt Hﬂﬁ o atxlé?el%‘ﬁtc@m

of dlfferentl | er {S negatlve In‘i)ﬁa
connecting t heP@Ee and 3 seeonsk jqusrent; elesdEades, to d| schar ge

capaci t?r 27OI Thered ?ﬁﬁstl tdufﬂeﬁg/ Wc@rﬁﬁfﬁﬂﬁl% B@rﬁn;%‘ﬂ &d@eht "diid bemg
tenperature endent vo err sanpled.onto cap

whi oh s ar vianied vigga St SwitcH t;eie’ SEpend "PirdeRhFicatode f dhon it
period C ock 3trgnesst‘m a | ogical |ow state so that capacitor 27 is no
| onger bejRg di sch n

Glook 1 gh08 to'a Ihoicrand sumeit safce. Bofiding  JEMCEIHAT B8R, BFine
source 15 frorﬁQllnsledr‘&Welaslswond switah ta mrsecpndecumeat elecirkde obghgone
to a | ogi cal 'ﬁi‘%tStt?iﬁ%lsf&e 35 vaI I d output node begins. In this node,

clock 2, shown I n wa {lansms tQ a | ogical high state so t-hat
current source 14 |%IICQ§‘[}B{U&§I CerUlt aVlng an lnput and an ou put

a coupling capacitor coupled between the second current
15 electrode of the first transistor and the input of the amplifier circuit;
a first clock input coupled to the first switch for receiving a
first clock signal for switching the first current source to the second
current electrode of the first transistor during a first clock phase;
~ and
20 a second clock input coupled to the second switch for receiving
a second clock signal for switching the second current source to the
second current electrode of the first transistor during a second clock
phase which is substantially opposite to the first clock phase;
wherein the amplifier circuit produces a signal at its output
25 dependent on the difference in voltage on the coupling capacitor
during the two clock phases and hence indicative of the
temperature.

2. An integrated temperature sensor according to claim 1, further
30 comprising one or more further bipolar transistors coupled in
parallel with the first bipolar transistor.

3. An integrated temperature sensor according to either claim 1
or claim 2, wherein the amplifier circuit comprises an operational
35 ampifier having a second input coupled to a reference potential.
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through switch 12 to the emtter of bipolar transistor 11. Since

-6-- - current source 14 is of different value than current source 15,
the - current through bipolar transistor 11 is different than in the
precharge node and will result in a differkdt- Vbe vol tage Vbe2 at the
emtter of bipolar transistor 11. Thus, mhen clock 2 is high, the
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bet ween t he 1&uringafies iseednd etodka@msé othe veltdge fon abpacoupliag ©ipacitor

capacitor 23. céb‘usses a voltage to develop on the second capacitor such that the
output of the operational amplifier is dependent on the temperature
10 and on the ratio of the capacitances of the coupling capacitor and the
second capacitor.

5. An integrated temperature semsor according to claim 4,
wherein the amplifier circuit further comprises a third clock input

15 coupled to a third switch coupled between the input and the output
of the operational amplifier for receiving a third clock signal,
wherein the third clock phase is substantially equal to the first clock
phase, but slightly ahead thereof, such that the signal at the output
of the operational amplifier is transferred to the input of the

20 operational amplifier during the third clock phase to discharge the
second capacitor and the voltage on the coupling capacitor during
the second clock phase causes a voltage to develop on the second
capacitor such that the output of the operational amplifier is
dependent on the temperature and on the ratio of the capacitances

25 of the coupling capacitor and the second capacitor.

6. An integrated temperature sensor according to any preceding
claim, further comprising a:
a second bipolar transistor having a control electrode coupled
30 to the coupling capacitor, a first current electrode coupled to a
reference potential and a second current electrode;

a third current source providing a third current and being
coupled via a third switch to the second current electrode of the
second bipolar transistor;

35 a fourth current source providing a fourth current and being
coupled via a fourth switch to the second current electrode of the
second bipolar transistor;
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will be clear to those skilled in the art, the AV be wll exhibit a

vol ttage change that is proportional to absolute tenperature (PTAT).

The output voltage Vtenp is therefore given by the equation:

Vtenp = [C/A*C]* 20 - 11+~

{[err]V[err]+R[err]*(n1/B[err]-I/B[err])+(K*T/q)*In[(1+1/B[err])/_(1+1/B[§rr
1 et L o )

Wi 27 s hdoubeRba bt RRpiR ) thy ANEAL Shifth RpSaceiing”

i ntrinsic basdheelirsl gleek dignglafer swytching they third cprient|sourgeptethg are
the current gajeBen@f chifRg! leRtrolt JFf e 'RebnlevPpslal Gansisterd rin% \}[hgrr]

respectively. .. The expression for AVbe is: err
- (E*T/ q) *| n( fjrst clock phase; anl (2) where Kis the

éol tzmann $onstant;a fifth dlock tiputabsaplede té ellme_f@in;hESWﬁBH 5%y re«%‘bik/ﬁlg he
el ectronic ch e, . current rafio. be,ween cyrrent source
15 and curr en'fH1 ofﬁ‘gogl% CIOCIiZa.lgﬁalt 16 S%ltgg\?gcgﬁ%i’%uﬁ é’d’ﬁﬁ?q%o.ﬁgulicf) ?%nﬁ‘e
(2), the Vtenmpsedepdndurtent celectrodeaiofothe esecondebipoliae, transisteli rdpridg sete
error terms, | D Vtenp = (1/A)*

{T*[ K/ q] *I n( mgﬁﬁﬁﬂ?}&é’%e?ﬁa??’/ Blerr])+(K<T/ q) *Ln[ (

1+1/ B[ err] )/(Mlyc@[l@ra] ¢ompengation current is produced at the control electrode

10 of the second bipolar transistor.

7. An integrated temperature sensor according to claim 6,
wherein the second bipolar transistor is substantially matched to the
first transistor and the third and fourth current sources are

15 substantially identical to the first and second current sources,
respectively.

8. A method of sensing temperature comprising the steps of:
switching a first current to the emitter of a bipolar transistor
20 during a first clock phase;
switching a second current to the emitter of the bipolar
transistor during a second clock phase which is substantially
opposite to the first clock phase;
charging a coupling capacitor during each of the clock phases
25 according to the base-emitter voltage across the transistor caused by
the first and second currents;
transferring the charge from the coupling capacitor to an
amplifier circuit to produce a signal dependent on the difference in
base-emitter voltages on the coupling capacitor, and hence
30 dependent on the temperature.

9. A method of sensing temperature according to claim 7,

wherein the amplifier circuit comprises an operational amplifier

having a second capacitor coupled between an input and an output
35 thereof, and the step of transferring the charge from the coupling

capacitor comprises the steps of:

shorting the second capacitor during the first clock phase; and
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-7- Thus, by tinme multiplexing a single bipolar transistor in

circuit 9 to . generate a [err]Vbe for sensing tenperature, a
significant source of error inherent in other tenperature sensors
using [err]V[err] voltage devel oped 12om two di fferent bipolar
transistors is elimnated. 5 The valid output phase ends with

Cl ock 3 goi ng4hi as t Vt e nto the negative input of
operational a %‘Bpﬁg 74 \g(ﬂt%gse onolﬁl?os r@éﬁ&?&@c?ﬁ%éﬁ'&f% tg‘? sg?ﬁ’%‘?i%lo"k
fol |l owed shorphaséy C ock 2. going | ow so that current source 14 is

di t ed j ' 1 igh_t
Connect curr R el Sies oot dfcHhe opergtSh] b fer dBERE. the socing
The maj or soueloskophase ois idgpendent em (thy tempenaterei andhéhe eratio of the
Rerr]* (sl/ @riditédcegegg]ﬂle twgo'r?gbgcﬁgfg ce of error can be mnimsed by

m ni m sing Rb. is can y replacing transistor 11, as shown
in FIG 3, by a total 15 nunber n of bipolar transistors 17 coupled in
parallel. This reduces the current density of each transistor, and
t herefore reduces this of fset error term [Ilustrated in
FIG 4 is another enbodi nent of a tenperature sensor circuit 19,

nodi fied fromthe tenperature sensor circuit 9 of 20 FIG 1. Inthis
enbodi ment, each of the elenents that are the sane

AN



as in FIG 1 are given the sane reference nuneral. Crcuit 19 also
generates AVbe for sensing tenperature, but utilizes an additional

portioh 3L°in order to elimnate the error term
(K*T/g)*In[(1+1/B[err])/(1+1/B[err])] 25 - lilh-equation (3). I n
operation, the additional portion 31 is used to generate a base
current to conpensate the generated [ertégg%rr Thi s conpensation

base current is necessary in processes t e a low current gain

(low B), which creates an offset voltage represented by the third 30 term

in equation (3). The portion z ﬁﬂﬁ! al mul ti pl exed
current sources 35 and 38 coupﬁilt %/ﬁwghagge ralﬁ% Sélgévg%tches 36 and 40,
respectively, to an additional bipolar transistor 33. Switches 36 and

40 are congrol | ed by nolﬂfeg?at gg'lém%erature Eéﬁﬁﬁ'%‘u‘(ﬂlb’ (9N cohifprisd®® thRy 2

switches 15 and 14. ter.of .transi,stor 33

I'nst ead o
bei ng coupl ed differgat cazent sources (14 and ]ssSt I‘i‘é“e]é‘rﬂtl?’f"é# wying, swdfchesr 11,
it is the basq19f ahdans) sdontrelfed by Clocks 1 and 2 having opposite phases into

-8 a bipolar transistor 11. V. is developed on capacitor (23) during
the first clock phase and AVype is developed on capacitor (23) during
10 the second clock phase. A second capacitor (27) is coupled between
the input and output of an operational amplifier (25). The second
capacitor (27) is discharged during the first clock phase and is
charged during the second clock phase. Since AVype is dependent on
- temperature, the voltage at the output of the operational amplifier
15 (25) is dependent on the temperature and the ratio of the two
capacitors.

FIG. 1
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that is coupled to the capacitor 23, instead of to the collector of

transi stor 33. Thus, the collector current of transistor 11 is

t he sum of "t he currents fromtine-multiplexed current sources 14 and
15, as well 5 as the base current.of transistor 33. Assum ng O ock 2
enabl es both switches 12 and 40 at the sanme tinme, the equation for the
col | ector current of transistor 11 |s therefore: lcll =1 +
b33 - Ibil / (4) If the
transistors 11 and 33 are constructed w/th the same area and 10 | ayout
techni que, and current sources 35 and 38 are equal to current sources
15 and 14, respectively, then the base current of transistor 33 wll
be approxi mately equal to the base current of transi stor 11. Thus,
equation (4) becones: Ic[err] =

(5) 15 Wth the base current terns renoved fr@gm equation (4), the effect
of variations in Bin transistor 11 is elimnatg®d so as to elimnate the

second error source in equation (3). _ &t will be appreciated that
al t hough only two particul ar enbodi nment s the invention have been
described in detail, various 20 nodi fications and inprovenents can be
made by a person skilled in the art withoulj departing fromthe scope
of the preseniai nventi on. For exanpl e, the]bipolar transistor whose
base is coupl to Vss ot her reference voltages.

- Addi tional current gources and] bi pol ar trangsis{Qrs can be added to
achi eve base qurrent 25 | conpensatjon for the err?@

[err] vol t @Pe.

Di fferent base currﬁ s
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conpensation may be utilised. Another bipolar transistor could be "~ used
so as to increase the V[err] voltage to reduce the capacitance of
capaci tar 23. Specific NPN bi polar transistors nay be used instead of
PNP bi pol ar transistors or conbinations thereof. Al so, anplifiers 30

other than differential anplifiers may be used. Furthernore, of

coupling the nodes other than using the illustrated switches nay be

i npl enented. It should al so be understood that the el enents of the

present invention-nmay be inplenented usiqa.p ferent types of

transi stors and/or transistors of different® conductivities fromthose 35
descri bed above. ) -9-

Cl ai s 1. An integrated tenperature sensor conprising: a
first bipolar transistor having a control electrode, a first 5 current

el ectrode coupled to the control electrode and to a reference )

potential and a second current el ectrode;
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a first current source providing a first current and being coupl ed vi a
a first switch to the second current electrode of the first

transi Stor; 10 a second current source providing a second current
and bei ng coupled via a second switch to the second current el ectrode
of the first transistor; an anplifier circuit having an

i nput and an out put; Zlﬂﬁxnuﬂing capaci tor coupl ed between the
second current 15 el ectrode of the first transistor and the input of the
anplifier circuit; a first clock in coupled to the first
switch for receiving a first clock signal gor switching the first
current source to the second current el eci®ode of the first transistor
during a first clock phase; and 20 p»a second clock input

coupled to the second switch for receiving
swi tching the second current source to the
the first trapgistor during a second cl ock

a second cl ock signal for
second current el ectrode of
phase which is

substantial | y Xpposite tqg wherein the
anplifier circuit produces a signallat its outp{t 2E3 dependent on the
difference in olta n {t he coupliphg capacitor durrng the two cl ock
phases and henke |n atlve of the t enper . An
integrated tenp at nsor ggcordi to cl 4 further 30
conprising one o herﬁni r jtransi coupled in parall e
with the first brpolar sisgr.
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3. An integrated tenperature sensor according to either claim 1 -  or
claim 2, wheregin the anplifier circuit conprises an operational 35

anpi fier having a second input coupled to a reference potential.

- 10 - 4. An integrated tenperature sensor according to claim 3,
wherein the anplifier circuit further conprises a second capacitor

coupl ed between the input and the poutput of the opgerational anplifier,
wherein the signal at the outputL,tc}’0 t he operation 5 anplifier is
transferred to the input of the operational anmplhsi during the first
cl ock phase to discharge the second capacitor ang, during the second
cl ock phase, the voltage on the coupling capacit causes a voltage to
devel op on the@econd capacitor suchgthat the out put of the

oper at i onal an#éifier S dEﬁEﬁHEnt the tenperqture 10 and on the ratio
of the capacitances of the| coupling ¢apacitor an thg3 second

capaci tor. ~
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5. An integfatéd tenperature sensor according to claimé4, wherein
the anplifier circuit further conprises a third clock input 15 coupled to

a third switch coupl ed between the i nput and the out put t
operational anplifier far receiving a third clock signal, ﬁéﬁ&égaﬁﬁwﬁ;ﬁﬁsgf
third clock phase is substantially equal to the first clock] hase, but
slightly ahead thereof, such that the signal at the output b Ubd 1997
operational anplifier is transferred to ih@ i nput of the 20 oper.ational
anplifier during the third cl ock phase te—di scharge the second
capacitor and the voltage on the coupling capacitor during the second
cl ock phase causes a voltage to devel op on the second capaci tor such
that the output of the operational anmplifier is dependent on the
tenperature and on the ratio of the capacitances 25 of the coupling
capacitor and the second capacitor. 6. integrated tenperature
sensor according to any preceding claim fu¥y her conprising a:

a second bipolar transistor having a control el rode coupled 30 to the
coupling capacitor, a first current electrode c#lpled to a reference

potential and a second current el ectrode;
providing a third current and being coupl ed
second current \@l ectrode qf _the second bi poldar transistor; 35
a fourth currefdt source pfoviding afourth curre and bei ng coupl ed

via a fourth sitch to thg second cufrent el ectrdde ga t he éﬁfond
bi pol ar transisyor; s; -

L

a third current source
iaathird switch to the

/1

18
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a fourth clock i nput coupled to the third switch for receiving t he
first clock signal for switching.the third current source to the
second:current el ectrode of the second bipolar transistor during the

first clock phase; and 5 a fifth clock input coupt i Ng -f
switch for receiving the second clock signal for sw éﬁﬁﬂﬁﬁﬁ ‘§¥0€$E
current source to the second current electrode of th¢ decond bipol ar
transi stor during the second cl ock pQ e, mhermlweizénﬁﬁﬁsﬁﬁ?or
current is produced at the control electr 10 of the gedond bipol ar
transi stor. 7. An integrated tenperature sensor adcording to claim
6, wherein the second bipolar transistor is substantijally matched-to
t he first transistor and the third and fourth current sources are 15

substantially identical to the first and second current sources, -
respectively.
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8. A method of sensing tenperature conprising the steps of:
swtching a first current, to the emtter of a bipolar transistor 20 -

during a first clock phase; switching a second current to the
emtter of the bipolar transi stor during a second ¢rocKk PITaSE Wl CH, 11S
substantial |y opposite to the firs,glock phase; REPLA&EN%%HQ@EFQE a

coupling capacitor during each of the ¢ k phases 25
base-em tter voltage across the transistor caus by

aqeorarng T to Tt hd

t e 4 iJsk 19870

second currents; transferring the chegfge frorptihe coupling
capacitor to an anplifier circuit to produ a sigrjal —dependent on the
difference in base-em tter voltages on thﬁa’oupling capaci tor, and
hence 30 dependent on the tenperature. A method of sensi ng
tenperature according to claim 7, wherein ghe anplifier circuit
conprises an operational anplifier havi ng second capacitor coupl ed
between an in and an out put 35 her eof . ancdat he step of transferring
the charge froe the coupfing pacitor comprises the steps of:

shorting the second capaciftor durind the first c
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S 12 -
cl ock phase,
during the second

ratio of the 5 capacitances of the two capacitors.
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devel oping a voltage on the second capacitor during the second
such that the output of the operational
cl ock phase is dependent on the tenper

anmplifier
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