WO 02/ 08708 PCT/ SGOO 00108 -1 A THERMAL SENSOR CIRCU T FIELD OF THE

| NVENTI ON 5 The present invention relates to thermal sensor circuits. In
particul Qashdies i NVeNtion relates to thermal sensor civcarsiGhsodioy sensing,
tenperature-related characteristics of a sem conductor device. BACKGROUND
OF THE R VENTION 10 Integrated circuits (1Cs) are generally manufactured-
on sem conduct or substrates (also called wafers) by a process involving
deposition. O her sem conductor najerials are thermally driven into the
substrate. Because of the-snmall size of die ICs, nunmerous ICs are
fabricated using a single dye on the sanme wafer. The ICs are then

separated by cutting. Dues THERMAICISENSORCIRCUIT ations in the
manuf acturi ng process fromdye to dye, as well as fromwafer to wafer, the
characteristics of the individual ICs are not identical. By neasuring the

char act gtrehion ToE hreENTRoNT actured | Cs, these variations can be found. In
order to sense the tenperature of the IC, a thermal sensor circuit is

formed on the chip 20 carrying the IC. If the variations in the

t enpeisairig Eﬁeﬁ' fivetion *}é}ﬁt@&bfiﬁérﬁiai Sehs@icidehiiy. ularCineGhventid R148Q%o W t hi n

an acceptabl e range, the |1C nust be discarded as bei ng defecti ve,

resul ti Fgmnpl sensopqiseuilsCopsSeRsmE ClempeTamIs Talated ChafaCF%ISEI%‘eP%# SPRICERATORDI e t 0
provi desgagpensation for the manufacturing process variations so-that the
| Cs nee not be discarded. 25 The circuit conmponents of the thermal sensor
circuit on each 1C chip wll generally be sufficiently proximte to each

ot her t gale4Ae) Wexlg&wﬁ%ﬂd by the process variations to a

simlar extent. of "a conventional tenperature sensor circuit is
showl@ n Figure 1. The 30 tenperature is sensed by comparing the linearly

For o Pl isgis W8 okl il b e (ot ShepAR @S BlRO°
SUBSTI TWaferS iy = prooats|igvobadng deposition. Other semlconductor materials are thermally driven
into the substrate. Because of the small size of the ICs, numerous ICs are fabricared using
a single dye on the same wafer. The ICs are then separated by cutting. Due to unpredictable _
15 variations in the manufacturing process from dye to dye, as well as from wafer to wafer, the
characteristics of the individual ICs are not identical. By measuring the characteristics of the
manufactuxed ICs, these variations can be found.

In order to sense the temperature of the IC, a thermal sensor circuit is formed on the chip

20 carrying the IC. If the variations in the temperature sensing characteristics of the sensor
circuit are not within an acceptable range, the IC must be discarded as being defective,
resulting in a lower IC mamfacturing yield. It is therefore éesirable 10 provide compensation
for the manufacturing process variations so that the ICs need not be discarded.

25 The circuit components of the thermal sensor 'circuit on each IC chip will generally be
sufficiently proximate to each other that they will all be affected by the process variations to
a similar extent. ' |

An example of a conventional temperature sensor circuit is shown in Figure 1. The

30 tem;ieratur’é is sensed by comparing the linearly varying voltage at V. with the (ideaily)

fixed reference voltage V... For example, if V,, . is O volts at 20 degrzes Celsius z2rd 1 volt
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WO 02/ 08708 PCT/ SG00/ 00108 at 120 degrees, for every 10 degrees V...

I ncreases by 0.1 volts. If it is desired to detect when the tenperature
reaches 1QQo@ssed- V.. f should be set to 0.8 volts. WeerH¥comsmies i s | ess
than 0.8 volts, the tenperature will be bel ow 100 degrees and the
conparator output will be low Wwen V. is greater than 0.8 volts,” the
tenperature will be greater 100 degrees and the 5 conparator output wll be
high. In order to accurately sense_wyhether the tenperature of the IC has
passed a particular threshold tenperature, VRf nmust not vary with
tenperature. Oherwise this wll give a spurious result as to the sensed
vol t age p tdae r V, d turing
process \% g } ?d;ﬁ ?&%ﬁ%,’ %,e?%ryv&%l :}egge gg&;wﬁ%g{eesaeg?%ﬁ {'?1“8{ gﬁ{)&?%e%%@mfge@f n order
for all twhensertebperstmeachchdSsi00 Q. nEe], shduld essquto Ockivedar Winen ¥i.s.is lebrethay ocess

vari ations eed to be taken.into unt duri.ng th ' f the
G, e G velE, P Gumrgyeed i e B A ot bR lrpale Db BV

m'Cni i ngﬂhéh ygl, Wighdaterlthadi(f.8 ngcme tempbhatureodll be greate 100 degr:as adrdali t from
ICto IC 15 Transistors a are used to nerate a voltag Cross
e 1 esT SOBPARIOr ARPEH VIS Bigh b @RIEE it S5t i o JRRet Y P S

vol t age 1€ Bis§ guadddve pyrtioul QR&REM t@ﬁ:gérb@re‘;?i Vi Gkt @bt vidyewdlt adispesdrares and i s
t herefore_accuratel y_reproduci ble. The voltage acrqss thgh resi st R1 S

.
gi ven by Qe fiy ML EVErR IHEORREEUEAF 12 &i° FRINYQIEeS % et?“é?’r’_éiogt%"rs Q
and 2, ZQmyaratdr=Howdter{ Me € nRintifabBrifO brlodd¥B Ditiatios W3] Willl sométithés vaBp Ol Ut e
tenperature and Mis the ratio (M1, for M> 1) of the emtter areas of @
to QL. THe&th EmEpEI2aTer e sense vol tage Vsense is neasured over the
tenpergpure sensing resistor R3 and is given by, 25 V=Tis (M It is clear

fromthe equation above that the Vsense is not affected by variations in
t he proc gagrder for all the manufactured ICs to meet the required parameters, the process variations

need to be taken into dccoumt during the design stage of the ICs. The circuits sensitivity to
these pracess parameters must be minimized to get minimal difference in the performance of
the circuit from IC to IC.

15
Trapsistors Q1 and Q2 are used to gemerate a voltage across the resistor R1 which is
independent of any process variation. This voltage is effectively a property of the Silicon of
the transistors and is therefore accurately reproducible. The voltage across the resistor R1
is given by the difference of the base-emitter potentials of transistors Q1 and Q2,

20

Y, -V, =kT-h(M)

where k is Boltzmann's constant, T is absolute temperature and M is the ratio (M:1, for
* M>1) of the emitter areas of Q2 to Q1. The temperature sense voltage V.., is measured
over the temperature sensing resistor R3 and is given by,
25

reroe.

% =%-k-T-h (M)

It is clear from the equation above that the V.. is not affected by variations in the process,
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SUBSTI TUTE SHEET (RULE 26) WO 02/ 08708 PCT/ SGOO' 00108 -3 since the process
dependent conponents in the equation, resistors R3 and R, gppear as a .
rati o and wdhydeigeral ly be affected by the process varipéi/gamobst he same,
extent. The "current mrror 1" circuit shown in Figure 1 is nodelled as an
i deal p-n-p current mrror for sinplicity of explanation. 5 A reference
"bandgap" voltage is obtained at the base of QL and @, such that the val ue
is alnost constant over tenperature3and is given by, vd =VW + kT-1n{1ll ~ As
the tenperature varying termof the above equation is small relative to the
base-emtter 10 voltage of transistor Q, V changes as V,iel changes due
to process, | at | ' ' : | QSR and V.,
over var yisﬁl\gég\glﬂoelaérg(gégé gerﬁé h@#ﬁeﬁoem:@fl %Jrlrée&%ég&‘g%ﬁﬁg%s létgiesﬁé% rom %@Pgﬂ;g%/ i

Fi gur e 3a,ratidwndrwill gederdliptel affoétedVbyahe protdss bariationssto ¢l same eirent. Then'sarrent

varyi ng Vsense, measyrenent at the desir.e emerature |ev TGO, n the
rovess 13900 F Leraehanati Et | atpalc s ah SR SRR Plrfens RS ol Splcig:

sensi ng Cidf@xplinatibli S Wi || have the effect of changing the level of Vref
so that, _for characteristics corresponding to the 'process mninmm, Vref
will be Hi gher and will be crossed by Vsense at a higher tenperature, T2,

and for chekeedeside '%hﬁd—‘g&pc%lfagéﬁ%ﬂin@@aiﬁeibbﬁ of [P 1041SF2, '¥aeH b the valtieds Wi | |
be lower and will be crossed by Vsepnse at a | ower tenperature, Ti.

Tenper at urdBOSFLORSRET VLT JGTRPeTARHP RIS 86U PEsul ts, which, if the tenperature

differential between these two values is |large, can cause an unacceptably
hi gh nunber of occurrences of spurious high tenperature alert signals for

the 1C Figure 3b shows the ou ué, ofmg .C arator corresponding to the
spurious tenperature 25 detectien: wa’f'ﬁt‘ %% ures T1 and T2 as shown in

Figure 3a. It is therefore desirable to reduce the tenperature difference

(ie. T2 - Ti) over which spurious detections occur for thermal sensing

circuits ifs @k dpesRuieOdiisy ©hf of e BEdve uRfon s SRACRRIVE to the base-emitter
10 voltage of transistor Q1, V. changes as V,,, changés due to process variations.

Figure 3a iliustrates the relationships of V. and V., over varying voltage and temperature.
As can be seen from the plot of Figure 3a, the normal level of Vref will be crossed by the
linearly varying Vsense measurement at the desired temperature level, TO. When the process

15 variations have resulted in changed characteristics of the sensing circuit, this will have the
effect of changing the level of Vref so that, for characteristics corresponding to the ‘process
minimum', Vref will be higher and will be crossed by Vsense at a higher temperature, T2,
and for characteristics corresponding to the 'process maximum', Vref will be lower and will
be crossed by Vsense at a lower temperature, T1. Temperatures T1 and T2 are spurious

20 results, which, if the temperature differential between these two values is large, can canse an
unacceptably high number of occurrences of spurious high temperature alert signals for the
IC.

Figure 3b shows the output of the comparator corresponding to the spurious temperature

25 detections at temperatures T1 and T2 as shown in Figure 3a.

1t is therefore desirable to reduce the temperature difference (ie. T2 - T1) over which spurious

detections occur for thermal sensing circuits in order to reduce the number of occurrences of
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SUBSTI TUTE SHEET (RULE 26) ~~I: | WD 02/08708 PCT/ SGOQ 00108 -4 spurious
hi gh tenperature alert signals for the IC. SUMVARY OF THE | NVENTION 5 The

pr esent i@%ﬁ&%ﬁgﬁ provi des a thermal sensor circuit for pgesedi@idshe
tenperature of an integrated circuit chip, the thermal sensor circuit
including: an output.conparator for conparing a reference voltage, Vnt'
with a sensed voltage, V., the sensed voltage being neasured from a
sensing device; a first circuit to phich a reference voltage line is
connected to neasure Vf; 10 a first current mrror providing a first
current input to the first circuit and to a conpensation circuit; a second
current m | di t input to the conpensation circuit
and to tﬁ%ﬁgg%gﬁﬁg&ggégggﬁkhngﬁﬁﬁéggéﬁ? he conpensation circuit provides a
current gain, defined as the ratio of the second 15 current input to the

first cur i ting for variations in VIE due to

vari ati owﬁ%ﬁm@bﬁs of the thermal sensing circuit arising
from manufacture by adjusting the second current input in dependence on
the varjations of the. characteristics to.thereby var V. with Vim 20
Pr of or dbie BFFERCIMTERE ZRVERS & Charirh SSRan GRTBL B FRte e SERPTag ot ng

fourth bimpedrated citosit 3P thd il Sdodrcidctit Tjudedper ei n: the first BJIT has a
coll ector term nal connected to the first current jnpuf. of the first

current mrroRR OHIPELCOMDARIOR QT SPMPHHIAFEEICHCE valtags, Wih asensgd Keltageon  and

an em ttayf__ t8ESEnked v SkabiRed o WsensdiBs Bdgesecond BI T has a col | ector
term nal connected to the second current input of the second current

mrror, a basé frEyGHcREfP MRhvEfEEnceyoltrge lingiseannerseddo BRIBEE Von and an
em ttefgt er m Rafrst eRRGH tnfittof BroHdMb 4 first current input to the first circuit and to a

compensation circuit;

a second current mirror providing a second current input to the compensation circuit
and to the sensing device; and wherein
the compensation circuit provides a current gain, defined as the ratio of the second
15 current input to the first current input, for compensating for variations in V., due to variations
of the characteristics of the thermal sensing circuit arising from manufacture by adjusting the
second current input in dependence on the variations of the characteristics to thereby vary
Ve With Vi, ' B

20 Preferably, the compensation circuit includes first, second, third and fourth bipolar junction

transistors (BITs) wherein:

the first BJT has a collector terminal connected to the first current input of the first
current mirror, a base terminal connected to a common base connection and an emitter
terminal connected to ground; -

25 the second BJT has a collector terminal connected to the second current input of the
second current mirror, a base terminal connected to the common base connection and an
emitter terminal connected to ground;

the third BJT has a collector terminal connected to the second current input, a base
terminal connected the first current input and an emitter connected to the common base

30 connection;. '

the fourth BJT has a collector terminal connected to a voltage supply of the thermal
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the third BJT has a collector term nal connected to the second current

I nput, a base termnal connected the first current input and an emtter
connect ed @ hAR7ggOMMON base 30 connection;. the fourt hpEddcdiasios
collector termnal connected to a voltage supply of the thermal SUBSTI TUTE
SHEET (RULE 26) WO 02/08708 PCT/ S&0/ 00108 -5 sensor circuit, a base
term nal connected to the commbn base connection and an emtter termnal
connected to ground; and the ratio _qf emtter area of the fourth-BJT to the
emitter areas of the first, second and third BJTs is N: 1, where N> 0. 5
Preferably, the first circuit includes fifth and sixth BJTs, wherein: the
LI B Tocios Areift & BadcOktifl Toliite &%w&&q?s@bas@%oaﬂe&%nsws@&hx&epput a
base termnal connecte he re erence voltage line and an emtter

term nal cunmebaoademtargrmdmﬂ point of the first circuit via a first
resistor; 10 LHE HoXe bufhbl 2032 3¢ de AR T b Siled Hen HMEBRE Lol ddaship 117 ST
current |nput Hyase {6 final - connected to Lhe. rererence Vo tage Tine and
an errittethmchifI'edﬁNd 1t esbededN M. put point of the first circuit; the output
point of, the first circuit is connected to ground via a second resistor. 15
Preferal§|y, the ratio of emtter area of the fifth BJT to the emtter area
of the si Ridferkbly, thsﬁrdVbitcumhﬂﬁdkaﬁfthhndElkmfmﬂ'abWhEremach of the first to

sixth BJTs is an ansi st or, ferabl curren a S given
by: 12 W 3+_3“IA pliiif E“s E‘i‘ﬁ}e‘% @Eﬁ/ﬁhﬁe?‘ f&’% %d‘r{?"éﬁt
i nput ;  12tenBinhl@nbeedislhe vifértute volbgeline alﬂdn emitter terminal connected to an output
point of the first circuit via a first resistor;
10 the sixth BJT has a collector terminal connected to the first current input, a base

-

terminal connected to the reference voltage line and an emitter connected to the output point
of the first circuit; '
the output point of the first circuit is connécted to ground via a second resistor.

15 Preferably, the ratio of emitter area of the fifth BIT to the emitter area of the sixth BIT is
M:1, where M > 1. Preferably, each of the first to sixth BJTs is an n-p-n transistor.

Preferably, the current gain is given by: .

2 _ g +3+N)B !
I1 B +B+(2+N)

where:
20 11 is the first current input;
I2 is the second current input; and
B is the common-emitter current gain of each of the first to sixth BITs.

Preferably, the first and second current mirrors are connected to the voltage supply of the
25 thermal sensor circuit and use p-n-p BITs to supply the first and second current inputs,
" respectively.

Advantageously, the thermal sensor circuit provides a compensation function which reduces
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Pis the coomon-emtter current gain of each of the first to sixth BJTs.
Preferably, the first and second current mrrors are connected to the

vol tage s hyos?ds the 25 thermal sensor circuit and usecstomoolTs to
supply the first and second current inputs, respectively. Advantageously,
the thermal sensor circuit provides a conpensation function which reduces
SUBSTI TUTE SHEET (RULE 26) WO 02/ 08708 PCT/ SG00100108 -6 the tenperature
range over which spurious tenperatyé_e detection signals are sent-by the
conparator by providing a conpensatfon circuit which provides current gain
to adjust V,,,u, according to the degree of process variations effected by

R £ eSO RO B R s (adepinle Bl B0, B Sk UM, )

t enper at womparatos by groviding i compedsdtiéa givoui whiclspravides auient ghimty WOV ..3. known

current mrrar circyit; Eigqure 3a is h .of I ASE S rature,
showi ng @ﬁ%or&gggqﬁﬁgﬁ%?e flggo[cmé/ﬁn'ﬂ?gs g@%@g"é{ ‘@%‘P@S”é ang\f’?‘ﬁle roggeretnce
vol t age G thdtheimpdipenshgeirenisensi ng circuit of Figure 1, 15 Figure 3b is a
pl ot of the output of the conparator of the tenperature sensing circuit of

Fi gure corresponding to the graph of Figure 3a; Figure 4 is a circuit
di agram of a nodified current mrror circuit enployed in an embodi ment 20

of the invention. Figure 5 s a cir iG{ﬁi agram of a tenperature sensing
circuit oRBY pﬁécwbé@om@w e invention; 25 Figure 6a is a
graph of voltage versus tenperature, showing the relationship between the

sensed voltage and, the reference voltage of the tenperature sensing circuit
of Fi gur éfigure 1 is a circuit diagram of 2 known temperature sensing circuit;

10

Figure 2 is a circuit diagram of a known current mirror circuit;

Figure 3a is a graph of voltage versus temperamré, showing the relationship between the
sensed voltage and the reference voltage of the temperature sensing circuit of Figure 1;

15 .
Figure 3b is a plot of the output of the comparator of the temperature sensing circuit of
Figure 1 corresponding to the graph of Figure 3a;

Figure 4 is a circuit diagram of a modified current mirror circuit employed in an embodiment
20 of the invention;

Figure 5 is a circuit diagram of a temperature sensing circuit according to an embodiment of
the invention;

25 Figure 6a is a graph of voltage versus temperature, showing the relationship between the

sensed voltage and the reference voltage of the temperature sensing circuit of Figure 5;

Figure 6b is a plot of the output of the comparator of the temperature sensing circuit of
Figure 5 corresponding to the graph of Figure 6a;
30

Figure 7 is a comparative plot of current gain versus process variaton.
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Figure 6b is a plot of the output of the conparator of the tenperature
sensing circuit of Figure 5 corresponding to the graph of Figure 6a; 30
Figure 7 i sydofigrgarative plot of current gain versus preggscod@os ation.
SUBSTI TUTE SHEET (RULE 26) WO 02/ 08708 PCT/ SO00/ 00108 -7-' DETAI LED

DESCRI PTI ON OF THE PREFERRED EMBODI MENT A typical n-p-n current mrror
circuit is shown in Figure 2, the current gain (12/11) of which 5 is given
by, 12 13" +l where O is the common-gnitter current gain of a BJT.
General ly, a process mninum corresponds to a snmaller (i, and is called a.
process m ni mum because the circuits tend to operate nore slowy. '
Simlarly, a process maxi num corresponds to a |arger p, where the 10
circuits tend to operate faster. For snaller values of (i, the current gain

i s | ess t RETAILERDESCRIPEIN OFTHENBREEERREIHEVIBOREVIENTA conpensati on
circuit 10 is shown in Figure 4, simlar to that shown in Figure 2 except
for a fewinportant differences. Conpensation circuit 10 includes an

addi t i onalA typiealsish ourrépt mitrdrecirct isshewen naffigine ), thsfcumimtcgain E2/Ho ahwhickd t o

t he congm hase connection of current mrror transistors Qa and Q and the
col l ectot R&'MWal of which is connected to the supply voltage, Vdd, of
the thermal sensor circuit. The emtter termnal of Qd is connected to
ground 14, in common with the emtter termnals of Qa and Qb. The emtter
area of Qd is larger than the emttepr apegp of Qa, Qb and Q¢ by a ratio of
N: 1, where NzO. Nwll usually b qvﬁ'm 20 larger than 1 but may
effectively be zero by providing an ope c?rcuit in place of Q. Also in
contrast to Figure 2, instead of the collector of transistor Q¢ being

connect ed vird Beis b Bdrimorr-Sihiref) euvéld gainl of & BITNGeatrally,i 0 ppaes| hinimwnt h t he
g;l ector cgirespohds-rtg% s%?alllgr Bf axE(P ig cgl?ergpaegr%gésls Omm::mrl it E;:Lclzlavgseotﬁe Efrcqu%rs %enﬁ th> 9lVven
operate more slowly. - Similarly, a process maximum corresponds to a larger B, where the
10 circuits tend to operate faster. For smaller values of B, the current gain is less than 1. As

increases, the gain approaches 1.

A compensation circuit 10 is shown in Figure 4, similar to that shown in Figure 2 except for
a few important differences. Compensation circuit 10 includes an additional transistor Qd, the
15 base terminal of which is connected to the common base connection of current mirror
transistors Qa and Qb and the collector terminal of which is connected to the supply voltage,
Vdd, of the thermal sensor circuit. The emitter terminal of Qd is connected to ground 14, in
common with the emitter terminals of Qa and Qb. The emitter area of Qd is larger than the
emitter areas of Qa, Qb and Qc by a ratio of N:1, where N20. N will usually be equal to or
20 larger than 1 but may effectively be zero by providing an open circuit in place of Qd. Also
iﬁ contrast to Figure 2, instead of the collector of transistor Q¢ being connected to the supply
voltage Vdd, it is connected in parallel with the collector of Qb. The gain of the compensation

. circuit of Figure 4 is given by:

B +(3+N)B

-1—2—=
IL @ +B+2+N)

25 Figure 5 shows the compensation circuit 10 of Figure 4 in use in a thermal sensing circuit 2.
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12 R=+(3+N)R 11 - R, +(i+(2+1V 25 Figure 5 shows the conpensation circuit
10 of Figure 4.inuse in a thermal sensing circuit 2. SUBSTI TUTE SHEET

( RULE 26) Wﬂg&@@ﬁ?% PCT/ SGOO' 00108 -8 The conpensati gerRich@etds 10 is

pl aced in conbination with first and second current mrrors 6, 7, a
bandgap reference circuit 8 and a conparator 4. The bandgap reference
circuit 8 and the conparator 4 operate in a simlar manner to that of the
thermal sensor circuit of Figure 18Tran5|stors Q, @ of the reference
circuit and Qa, @, @ and d of the conpensation 5 circuit are all n-p-n
transi stors having sim I ar characteristics (apart fromthe Iarger emtter

areas of @(;bgq i L #@l mgﬁ, erve to
define the T eég%l nI gk%gdgrfgﬁﬁmg{lqiﬁgﬁiﬁag%%?nl ng to s

t hr eshol dﬁthrqdanégagrrefemq:m 8iagd o cernpasator 4 Thetbendgap mefergagesiinagit 8fand 10
Typical Y RcBndRd BEGeOh sl Hap! ' Bhe SOk Suchal Sndof LBl i

smal | er. curren rst current mrror S given
a current Ig’ﬁransmyrstQﬂe QZ:«sﬁtpemfa'enoermmmrmdiQa,Izb Qe addd af thooqmpesstionl out put

current 2 fromc rrent_ m.rror Th urrent dr through t he
conpensat gﬁﬁp- apsistyrs hf“ﬂﬁg ﬂﬁ‘ﬁﬁ?@%tegﬁu‘fséé%na %DWFQ%@‘%?WT@F or, be
reflect edatehsoﬂJQDah&Qd@t her current supply line of the current mrror 7

whi ch runs through thermal sensing resistor R3 to give a potenti al

di fference over R3 corresponding to Vim Thus, the conpensation circuit 10

provi gez ahe wﬁtﬁa _kiz@adfﬁeﬁt%ri my\iﬁn land RS E&leé tdt (Ibﬁilé thellbls oTOV,J, & V@Qiabd

provi de is pore t the typica v ent rocess i s, mnimum
and | ess(“fjﬂligﬁse%ﬁ‘?é’°d§nﬂ‘;t8z¥i‘e '8%?‘??1%@5& E'Fﬁ‘?&rﬂ’ e PSP sanpl e
gain vaimaspiaﬂnj,@alammta@@lobﬁnnwmuemﬁwm &Bﬂalafwrymu&nraéuhueiB i ncreased V

,,,f. Process nean typical (3; normal Vfef. 25 Process maxi num - |arger

f3; decreased V,,f.
The reference current 11 from the first current mirror 6 is given a current gain by the

compensation circuit 10 to draw a compensated output current 12 from current mirror 7. The
current I2 drawn through the compensation circuit must, by the nature of an ideal current

15 mirror, be reflected through the other current supply line of the current mirror 7 which runs
through thermal sensing resistor R3 to give a potential difference over R3 corresponding to
Vense- Thus, the compensation circuit 10 provides a current gain of I2 with respect to I1. The
current gain provided (I2/11) is more than the typical value when the process is minimum and
less than the typical gain when the process is maximum.

20

Some sample gain values are calculated below:

Process minimum = small §; increased V..
Process mean = typical B; normal V...
25 Process maximum = larger B; decreased V.

For the typical current mirror:

Small B = 5; I2/I1 = 0.938< 1;

Typical B = 20; 12/11 = 0.995.
30 Larger p = 50; 12/11 = 0.999 = 1.
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For the typical current mrror: Small (3 =5; 127111 = 0.938 G 1; Typical
13 = 20; 12/1l = 0.995. 30 Larger 13 = 50;12/11 = 0.999 = 1. SUBSTI TUTE
SHEET ( RULEy8@)n0dfed 02/ 08705 PCT/ SG00/ 00108 -9 For the cogpgasidmn
circuit, with N=1: Small (3 =5; 12/11 = 1.364> 1; Typical (3 = 20; 12/11
= 1.135. Larger p = 50;12/11 = 1.058 - 1. 5 The thermal sensor circuit 2
havi ng the conpensation circuit 10 therefore provides conpéensation for the
process variations by providing a cyrent gain to adjust the sensed

vol tage, Vim over thermal sensing resistor R3. The conpensated V. is given,
by W+(3 + P .13 kT 1 n(M ... ~,~.~R +(3+2+N) ' In an alternative

enbodi nent of %%%Wa%nci} @%NE__LJ%. mrrors 6 and 7 may be 10

i mpl ement ed wi ansistofs and tthe reference and conpensati-on
circuits may b%mall fF 6nEitled W6 I1-n-p transistors. This woul d necessitate

a reversal of l. ar Lty -f0 he rmnals of the conparator 4 and woul d
require changiﬁ%’lﬁg 'r'ezi)ame—,l}‘blﬁg‘s of the voltage supply and ground

i nes. 15 Fi guLsrgéro shs0yd2/81 pd hosgshich is not to scale) of V and V..
versus tenperature for the conpensated thermal sensor circuit 2. It can be
seen tha V. is increased for process mninmum scenarios and is decreased
for proceThe Ml FemoL i hdlings de0 bRapmsitionncitduit 10 therefoeee privitizs
tenperature range over, whi ch spurious tenperature neasurenents are

recor ded, SPHEREFHID IO HeLrpeess PSCRY BOVIARS ¥ AETRE S22 usrc?“?csﬁ‘?sﬁl f ewer

| Cs bei ngvlitaze AVde dove? treaaleminfredisitcRIE eTRYotiphistee V5, Vi giveh bens and a
correspondi ngly higher I C manufacturing

Vv
e Gompronnd ’ B,+B+(2+M R

In an alternative embodiment of the invention, the current mirrors 6 and 7 may be

10 implemented with n-p-n transistors and the reference and compensation circuits may be
implemented with p-n-p transistors. This would necessitate a reversal of polarity for the
terminals of the comparator 4 and would require changing the relative roles of the voltage
supply and ground lines.

15 Figure 6a shows a plot (which is not to scale) of V, and V.., versus temperature for the
compensated thermal sensor circuit 2. It can be seen that V.. is increased for process
minimum sceparios and is decreased for process maximum scenarios. This compensation of
Vgense. F€duces the temperature range over which spurious temperature measurements are
recorded, leading to greater accuracy of the thermal sensor circuit, fewer ICs being discarded

20 because of irredeemable process variations and a correspondingly higher IC manufacturing
yield. Figure 6b shows the output of the comparator 4 corresponding to reduced band of
spurious temperature detections at temperatures T1 and T2 as shown in Figure 6a.

Advantaggously, by appropriately choosing the area of Qd, the current gain of the
25 compensation circuit can be modified to effectively provide a 'DC shift’ to the measured V.
in order to track the variations in Vref due t0 process variations, thereby enabling an accurate
sensing of the temperature independent of the process variations. The amount of variation in

the current gain, and hence compensation of Vsense, can be adjusted by changing the emirer
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yield. Figure 6b shows the output of the conparator 4 corresponding to
reduced band of spurious tenperature detections at tenperatures Tl and T2
as shown iwoh@etie 6a. Advantageously, by appropri atel yor/seomengs t he area
of Qd, the current gain of the 25 conpensation circuit can be nodified to
-effectively provide a 'DC shift' to the neasured V, in order to track the
variations in Vref due to process variations, thereby enabling an accurate
sensing of the tenperature independgnt of the process variations'. The
amount of variation in the current gain, and hence conpensation of Vsense,
can be adjusted by changing the emtter SUBSTI TUTE SHEET (RULE 26) WD

02/ 08708 RGTH SERRhARKAS 1o bl a3aftubl BiicH sARSigor Qd to suit a particul ar
batch of 1C chips. Figure 7 shows the relationship between the current gain
and the process variations for both the proposed conpensation circuit (for
N=O, | a . ' Yol ' iofs in

pl ace of rﬁﬁ‘égg?ngg%{sﬁg?%ion Cl i&t}ﬂ{féﬁﬁ%@@ﬁﬁeﬁ éé@hdrﬁg pﬁdscé{éo‘b' tﬂ%ogpk(%}ﬁﬁ:al
mrror" ithe ptoposedofomphmsatamgizenit {for N=@, T end 2) ind 48| exemplafy [I'typicadtmilwet'l eved to

corma 8.5 By e de B i ISl o S R et
~' ~| | ~I |thixtdsl' in-place of-thé compensatidn SirGtiv'ih Wigurd 5 ifndétibelienet ts formcparoofrteii t f or
sensing the t kat u 0 integrated ci.rcuit chip, the thermal sensor
circuit i%qrﬁ%gp%%ﬁaS&%mﬁ%%ﬁ%}pWW'corrpari ng a reference
voltage, VIf, wth a sensed voltage, Vim the sensed voltage being
nmeasured froma sensing device; a first circuit to which a reference

voltage line is connected to nmeasure V f, a first current mrror providing
a first current input to the first circuit and to a conpensation circuit;
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10 a second current mrror providing a second current input to the
conpensation circuit and to the sensing device; and wherein, the conpensati
on circuit woeyb#ee a current gain, defined as the rati opeisthfoescond
current input to the first current input, for conpensating for variations
inV, .f due to variations of the characteristics of the thermal sensing
circuit arising frommanufacture by adjusting the 15 second current i nput
i n dependence on the variations of_{he characteri-sties--to-thereby vary V,
Wth Vf. 2. The thernmal sensor circlit of clai LD RE Cconpensati on.
circuit includes first, second, third and fo&"]’il!umm IRt on
transistgﬁﬁ Is) and wherein: 20 the first B3T hastg «Dlsl @@tar term nal
0

connecte e first current input of the first curient W¥ror, a.base
term nal connected to a common base connection and an enmtter tern nal

connected, to gfqund. the second BJT : | ecs.or. ] .connected to
t he seconh curé&ﬁ?ﬁﬁﬁ?r%ﬁﬁ%s%&%ﬁ%ﬁeﬁgﬁéﬁ?&1 r"rlog‘{;‘{glfal %é’slg&{}%r nal
connect edthemn4l Bensopciranit ilvhmlingconnecti on and an 25 emtter term nal
connect gd to ground; the thifrd BJT .has % col | eﬁsté%r term, nal cqnnected to
the second curfPePHPut AYERArator fprcompating 3 reterFnce YRHASE: Yo PHE 450P8H VEIHSF Nt

i nput andyan, eidsknised velRge béiealedstrell BT FaIBAg Gades; connection; the fourth
BJT has a collector. term nal connected to.a voltage sgﬁ%ﬁr% the thermal
30 sensor ci r ca/fifst ciEculda which areference ypltage yine s £ t© epae connecti on

and an emnittera firfldueal mﬁ%W&ﬂg aOf@ Ouhght inbatito BlJBTE il SidHeTa ( RULE
26) WO 02/08708 PCT/ SA00/00108 -12 the ratio of emitter area of the fourth
BJT to the®RAFIUSR CHFEYS of the fi rst, second and third BJTs is N: 1,
where No> 0. 3 sebbl dubehdBikrof SRSRIngG debdiidicutbntGhpk B Be cyhifdmBitidnichenit i r st

circuit includes fifth and sjxth
and to the sensing dev?ce; and wherein

the compensation circuit provides a current gain, defined as the ratio of the second

current input to the first current input, for compensating for variations in V., due to variations

of the characteristics of the thermal sensing circuit arising from manufacture by adjusting the

15 second current input in dependence on the variations of the characteristics to thereby vary
Vo, With Ve, -

2. The thermal sensor circuit of claim 1, wherein the compensation circuit includes first,
second, third and fourth bipolar junction transistors (BJTs) and wherein:

20 the first BIT has a collector texminal connected to the first current input of the first
current mirror, a base terminal connected to a common base connection and an emitter
terminal connected to ground;

the second BIT has a collector terminal connected to the second current input of the
second current mirror, a base terminal connected to the common base connection and an

25 emitter terminal connected to ground;

the third BJT has a collector terminal connected to the second current input, a base

terminal connected the first current input and an emitter connected to the common base
connection;

the fourth BJT has a collector terminal connected to a voltage supply of the thermal

.30 sensor circuit, a base terminal connected to the common base connection and an emitter

terminal connected to ground; and
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5 BJTs, and wherein: the fifth BJT has a collector term nal connected to
the first current input, a base termnal connected to the reference

vol t age | 196 odie2n emitter term nal connected to an outhidiscommiid of the
first circuit via a first resistor; the sixth BJT has a collector termnal
connected to the first current |nput, a base 10 terminal connected to the
reference voltage |line and an emtter connected to the output point of the
first circuit; and the output point IQf the first circuit is connected to
ground via a second resistor. 4. , Thé"t hermal sensor circuit of claim 3,
wherein the ratlo of emitter area of the fifth BIT 15 to the enitter area

of the sixth . R,q"ﬂ] ' Ft of
claim3 or claim ﬁowﬂert%f%rggggﬁeo ??rs'?’ﬁ]flo sé?hf s slegdng%xﬁérl] p-n

t ransi st othird BJZ8 isoN : Thwherad¥ ). sensor circuit of claim3 or claim4,
wherein the current gain is given by: 12 01 +(3 TJy) 13 11 +0+(2+N)
where: |l is the first current input; 12 is the second current input; and
i s the cofmon i theremal seusor eintuigeficiim R, whekinahe fildecifduititclades fftk aind @kts. 25
7. The tsngﬁfaragg Ssor circuit of claim?2, wherein the first and second
current FPEC: onnected to the vol tage supply of the thermal sensor

circuit and usmemﬁ;lrmBﬂéESa tclletaP Birphiral Bonnktted to m&dﬁﬁee@m&t@pﬁf &bast Nput s,

respectivel UBSTI TUTE SHEET ULE 26) 111J] 211211 J1 1111~ * CL
P connecteg Ee reference (J%tace line zndanemuter terminal copnected to an output

point of the first circuit via a first resistor;
the sixth BJT has a collector terminal connected to the first current input, a base
10 terminal connected to the reference voltage line and an emitter connected to the output point
of the first circuit; and ‘

the output poirit of the first circuit is connected to ground via a second resistor.

4. . The thermal sensor circuit of claim 3, wherein the ratio of emitter area of the fifth BJT
15 to the emitter area of the sixth BITis M : 1, where M >1.

5. The thermal sensor circuit of claim 3 or claim 4, wherein each of the first to sixth
BJTSs is an n-p-n transistor. '

20 6. The thermal sensor circuit of claim 3 or claim 4, wherein the current gain is given by:

L_ g +(3+N)Pp
11 B +B+(2+N)

where:
I1 is the first current input;
I2 is the second current input; and
B is the common-emitter current gain of each of the first to sixth BITs.
25
7. The thermal sensor circuit of claim 2, wherein the first and second current mirrors are
connected to the voltage supply of the thermal sensor circuit and use p-n-p BITs to supply the

first and second current inputs, respectively.
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