;e3eplm,-.L.|060T1IV@5 January 2005 A THERVAL SENSOR CIRCU T FIELD OF
THE I NVENTION 5 The present invention relates to thermal sensor circuits.
In particular, the invention relates to thermal sensor circuits for sensing
tenperature-rel ated characteristics of a sem conductor devi ce. BACKGROUND
OF THE | NVENTION 10 Integrated circuits (I1Cs} are general |y pROsfamiogred on
sem conduct or substrates (also called wafers) by a process involVving
deposition. Qther sem conductor materials are thermally driven into the
substrate. Because of the snall size qfi the ICs, nunmerous ICs are
fabricated using a single dye-on the sane wafer. The 1 Cs are Then separated
by cutting. Due to unpredictable 15 variations in the manufacturing process
fromdye to dye, as well as f4 o, haracteristics of the
i ndi vidual 1Cs are not, ident i%al . Byﬁin]égg%%qrﬁgﬁgﬁgr acteristics of the
manuf actured |1 Cs, these variations can be found. In order to sense the

t enper at ur At sensor circuit is formed on the chip 20
carrying t?gg]“g@ﬁf@mmns in the tenperature sensing
characteristics of the sensor circuit. are not within an acceptabl e range, .
the 1 C myst., be di scarded as bei ng defective, _resulti_g&ri nalowr IC

manuf act dr i AGPYF 8t R VePHon Eiae5dp Aicgal e cHpHE- HopastieNard dedp risar sdatsrio f or

t he manuf atdetbi NG npirOGREEs Y deadih® a1k be. di scar ded.
25 The circuit conponents _o‘ff(ir E!tﬁglem? E%?ﬁﬁﬁ?&%g}r?ls%%aﬁ%}%a%ﬁ??g%ngggéﬁgicg&%ﬁﬁoﬁ
will gener®ViSf-be sufficiently proxi mate to each other that they will all
be affected by the process variations to a simlar extent. An exanple of a
conventional tenperature sensor circuit is shown in Figure 1. The 30

t enper at ur BACK GRIEND IGF TEIHENVEY RN | i nearly varying vol tage at Vx-,r
vetch thg (ideally) fixed reference voltage V-e~. For example, if V~ ~r is
O volts at 20 degrees Celsius and 1 volt SUBSTI TUTE SHEET ( RULE 26) 25

January 20QEgratd diid@gseas gefaiileranifaded 08 LE8S oMITrr KHEAS Sty 1
voLCS. If |t desired.to detect when the tenperature reaches 100 d~s~,

i
V~e~ shoul ‘ﬁafﬁ‘éf R¥¢ Prasey iyolang depogijien Qungy semicpadurios saterials a0s Bewally driverhe
t enper at urigtonhk sutseatee| BeoadRQrdRISEAS i Gr HPSCS HINAT AL Gt Licihd L€
| ow. When V,r,~r a greater than 0.8 vf)ll ts, tﬁcejézt-enpéﬁfgﬁg?g%waﬁ{m\#e& ud‘ﬂ%’ater
100 degr ecs*BHE dYhen BicseRp Hinfer o heolfispage than s¢patrtedriygiurtinign Dudlerunpeedicrable
accur at gf WasiesR bRt AskrdAisk f the |C fias passed a particul ar
t hreshol d temger_a'g ure, & egﬂlrlrlﬁ?{w%é%&g%?dyg\}ﬁ {hﬁ&%ﬁﬁﬁg&ﬁa&e\ya Re¥4iFs &t hi s
will gi ve Chuspigrisiss of figdudividad ICe atehe: kensadl Boki-ageinathd diQrRukBids odfnet he
conpar at ory,, Hawe . C manuf acturing process variations, V;er wll
soneti nes vary w\étgiigsglrégeéég?rﬂar gus FB?#OHP‘"&H for all the manufactured ICs
to neet the required paraneters, the process variations need to be taken
into accoynt cgeurti ng?st kr}rg desi %gsta e of the I1Cs. The circuits sensitivity
to these process paranet EFPHIEE obéieitidnbometl sensgretirawiis fedmed; dof e elipe | n
the perXorcamning wé IChes Gk ablods M GdRrdiGe skRsidd Eﬁﬁ : n are
used to generate a voltage across1 t he re@irstor Rsllﬂ- |c'lf11&%rgsrul%sn ept)%n%%% of
any proceSE¥PhAFG B O IDiRHnsacsentabiy aangs, afef KS miuskeby dacardabes byingfdefdagve,
Silicon ofeduliistih aNSh S8 SaRRd S oL E Qr curately reprqducible. The
vol t age acr 0ss the resistor m:rglc’ |e\§tﬁe‘ﬁﬁﬁy&f%‘éw&{eﬁf%ﬁ%‘ﬁ’@§8 © f¢rgpensauon
base- em t ter hpgreanfacariog pfocessanrsiagtinr e Rk et s@Red 26: B discyded=k~T~In (_LP
where k is Bottzmann's constant, T is absolute tenperature and Ivl is the
ratio (M1) for NI> 1) of the emtter areas of QZ to Q. The tenperature

segs_e 25l ﬂ&ge:éx‘duit;eanipﬁnmsﬂﬂ&dm@iot@il ehfor L @RPRLAlMES 18RS RN FeefrakPhe R
and is give 2~ _
9 sui%meXﬂy proximate 10 each other that they will all be affected by the process variations to

a similar extent,

An example of a conventional temperature sensor circujt is shown in Figure 1. The
30 temperature is sensed by comparing the linearly varying voltage at V,,, with the (ideally)

fixed reference voltage V.. For example, if V. is 0 volts ar 20 degrees Celsius and 1 valt
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=R .k.T.~ (d~ It is clear fromthe equation above that the V,~e is not
affected by variations in the process. SUBSTI TUTE SHEET ( RULE 26) 25
January 2005 -; since the process dependent conponents in the equation,
resistors R3 and R') appear as a.ratio and will generally be affected by
the process variations to the same extent. The "current mqggrr Lo fHsecuit
shown in Fiore 1 is nodelled as an ideal p-n-p cturent mnor Foﬁy _
sinplicity of explanation. 5 .S reference "bandgap" voltage is obtained at
the base of QL and @2, such that the value is al nbst constant over
tenperature and is given by, Y =V +~ =2-T~)n(~LI|l ~s the tenperature
varying termof the above equation is small relative to the base-emtter 10
vol tage of transistor Q, V ~~ changes as V~, changes due to process

vari at i onsat Blgdege3afdrl dvast Hatesedshé . ehatisen $hilps volks. I+ ianidsivédad dedded

varying vol ta nd tenperatur As n_be seen from.the_pl ot of Figure 3a,
t he” nor mal bﬁ%@@%ﬁpeﬁ@ TRFs ﬁ]@ desmgayeﬁlow &t [Piortgé‘?l[syv&fpy‘{m‘ e
measur enend.salold e dasierRetetvalmRmatow €00 fedes 259 _the\%ﬁiti‘:aﬁa'?& RIRE BB bd Bow.
vari ations_have resulted in changed characteristi.cs of the sensing circuit;
this will RAEE Yehe ‘Bereaer tn &R xi9gs e tameparetued wak ba/gesntes d ODriegrees apd the
char act egi §fh5S2:506 ' ' L L Iy ef. W i.gher
and will be cﬁr:%%sed ﬁ%@?ﬁ?ﬁgﬁéﬁnyﬁréﬁé@%ﬁ%%ﬁgk%&_re, ell"%[e %ﬁngle%hlrrggfgle
char act er i K hes passed espumidilagtreshoketeperaes s Vigpxiuwsumbr, vafyefviti tkhpdremrawer
and will b [ by..Vsense at. a |lower tenperature, Tl. Tenperatur T
and T2 ar e&sh%m%l%%‘g%s %Hrégfjlat?}mﬁﬁ Eff'f\},\’ﬁials "PHEE SEMSE r2EE e 2hi ef%‘_f‘%‘ﬁt‘i’fgﬁm .
bet ween t hemgatay0 Nakéies, diR b 8C dtnuBofrie 2 PERedNaHRRGREPL APTNsohiegRe WD er
of occurrences of spurious high tenperature alert signals for the Figure .
b shows t NE'RBHRBATFEYYE- t he conparator corresponding to the spurious
tenperatpre ZS defections-at tenperatures Tl and T2 as shown in Figure 3a. .
It is therefore desirable to reduce the tenperature difference (ie. T2 -
T1) over wRiI%HrdpU] basnagefaswradolfs toatear the orquiteé parametsen Shegrocess CERIAtHE N
order to redycepihg - ur SUBSTIJUTE SHEET (RULE. 26
25 January 2005 _q_e‘2gﬁ??@&gﬂﬁfﬁgﬁ‘ctﬁéﬁg%r@%%% Og:%gér {C-';Si ca?lgcuf%geris B &
SUMVARY ORISEBrodessENTAIGRES mitlsebpmésmived tnygemiinmm! dittvémtesn eetgeefhbimdncs @nsor
circuit f i t.he nperature of an integrated circuit chip, the
t her mal .sggll?sg?&%éi?%ﬁilptf’hé udi ng: an output conparator for conparing a
referent® voltage, Vf, with a sensed voltage, V-, ~~, the sensed voltage
bei ng neas#red from]a ae(ﬁfi ng device;, a first circuit to which_a reference
vol tage 1i M8 TE°Conndl ed 36 Hirdsifr BC0GFAT 2 1Qiage frost dequrgsésier Ril rvlgeh is
provi dlt Ng ifddpkfideht 6nky PRécebdWiHarib®. TS viitaes s SirdcGWI) 23R0hdr & HOTREHSAE! ON
circuit; . ) - ' o
, 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 '

V. V. =kTh(M)

where k is Boltzmann's constant, T is absolute temperamre and M is the rato (M:1, for
- M>1) of the eminer areas of Q2 to Q1. The temperature sense voltage V iense 15 measurad

over the temperature sensing resistor R3 and is given by,

(L]
()

Vv

"

—E—-k-]‘-ln Y]

[t ts clear itom the equation above that the V. is noe affected by variations in the DIOCess.
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a second current mrror providing a second current input to the
conpensation circuit and to the sensing device; and wherein the
conpensation circuit provides a current gain, defined as the ratio of the
second IS current input to the first current input, for conpensating for
variations in V,~r due to variations of the characteristieg gh sfobser mal
sensing circuit arising frommnufacture by adjusting the second”current

i nput in dependence on the variations of the characteristics to thereby
vary V~~ with Vrer. 20 Preferably, the conpensation circuit includes first,
second, third and fourth bipolar junctPon transistors (BJTs) wherein: the
first BJT has a collector termnal connected to the first current input of .
the first current mrror) a base term nal connected to a comopn base
connect i on SHI§8 tRPWOARTSS tdependentrdomplonenth edit eduatinng reaisors RESBartdqusqm@ndasBﬂT
has a col | t t e ond current input

second curfrgttr[]ét){nﬁ(‘l @ﬁlgércﬂ%ligggﬁ Eaer%ﬁrllyntg IB@%%S% N N {hﬁém}}%ﬁﬁﬁ - %& cifrent
connect i on mindr ahciemitshewn treFigiiral is epdetate dn idkabpaudirsahRiké fod sﬁﬂﬁm@as a
col | ector t rm.nal. connected to the second current input, a base termnal-
connect ed thERRLPcyrrent input and an emitter connected to the common
base 30 cpnnection;. the fourth BIT has a collector term nal connected to a
vol tage supply of the t hermal SUBSTI TUTE SHEET ( RULE 26) 25 January 20D5
_5_ sensor ‘ef4fergnae, "bandgepeé volsigeiinebaigeh aicbe ddset of @ hend Qfnechhaehc waivedst | on

and an em ;- and the ratio of emtter area -
of the foutraénﬁ{ ES#E%{]?‘L %&%dag{rﬂg%%g l?g?’he first, second and third BJTs
is N: 1, where N> 0. 5 Preferably, the first. circuit includes fifth and
sixth BJTs, wherein: the fifth BJT has a collector term nal connected to
the first -current input, a base ter r’q/,nau;’zcgﬁqrb ted to the reference voltage
line and an emitter term nal connected t]@ @input point of the first
circuit via a first resistor; 10 the sixth BJT has a coll ector termninal
connected to the first current input, a base term nal connected to the

reference wg |tﬁ@ﬁﬁlp¥:taﬂﬁ'e af'ﬂﬁm@nteﬁ'ﬂﬂ'o? trl‘?crabBQQ th.t& 166 id SniilRIANERY tthe%a@ Ern?rter t he

first circuit; the output p0|nt of clrcult 1's connecte ound .
via a se@oneiiase §f Seesiston @1 Y efckangsh 9'3 Vtehehama@s duegh pevriess @riagpem of the
fifthBIT to the emtter area of the sixth BJTis M1, where M> |

Preferably, each of the first to sixth BJTs is an n-p-n transistor.

Pref er abI yF@rremunmms Ltyareiatmmhgzsmé W hyand V,over Vdrymg voh4reldnd teifgerditde? +1~
wher e: i

e 7 Mk A A R e o LB S
BJTs. 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 T! and T2 are spurious
20 results, which, if the termperature differential between these two values is large, can cause an

unacceptably high number of oceurrences of spurious high temperature alert signals for the
IC. '

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

I
wy

detections at temperamres T1 and T2 as shown in Figure 3a. -

It 1s 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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Preferably, the first and second current mrrors are connected to the

vol tage supply of the 25 thernmal sensor circuit and use p-n-p BJTs to
supply the first and second current inputs, respectively. advantageously,
die thermal sensor circuit provides a conpensation function which reduces
SUBSTI TUTE SHEET (RULE 26) 25 January 2005 -6 the tenpe@ﬁggﬁ&a apge over
whi ch spurious tenperature detection signals are sent by the coﬁgarator by
provi ding a conpensation circuit which provides current gain to adjust Vs~
according to the degree of process variations effected by the manufacturing
process-of the 1C on the thernmal senst#g circuit. 5 BRI EF DESCRI PTI ON OF
THE DRAWNGS Figure 1 is a circuit diagramof a known tenperature sensing
circuit; 10 Figure 2 is a circuit diagramof a known current mrror
circuit; Fhguiogs Bighitsmpergmapidenignalk faghe €l sus t enper at ure; show ng t he
rel ati onshi p between the sensed voltage and the reference voltage of the
tenperature sensing circuit of Figure 1; 15 Figure 36 is a plot of the

out put of " stBARAIE PHRINVHRTIONpEer at ure sensing circuit of Figure
corresponding to the graph of Figure 3a; Figure 4 is a circuit diagramof a
nodi fied current mrror circuit enployed in an enbodi ment 20 of the

i nventi os; A ty e S n IFCUIt
acoor di ng. Fo Brsgit ot il phisgity s SO S, bR IR o B e T

vol t age vemmssatﬁmmhm ghe whmal lag:\sbheu-mﬂt mrchmmghi p between the sensed
vol tage and t he, ré%grence Vol age of .the %@qggrature ensi.ng circuit of
Figure S; Figure SOLDHREE (B-f OmRaring & § © VolESR o Yra Mt oY SegFect odage,

t enper at ure, geteisaged vblidetbelb nidagiree fone 8lsERsRONGIRY to the graph of

Figure 6a; 30 Fj ure ‘is- a corrparatlve pl us of current gain versus : :
process vari at i%oWSt SUBETP e SrfrsnqerROlrso Gpe is cognerspdamyeasessy .7 DETAI LED
DESCRI PTd ON' OF .THE:: RREEERRERLE DT A £y -
circuit is shown in F|5ure _ he curreﬁ?tgﬁﬁﬁﬁ?%g?tPfHEQHﬁ%?%§JQL$%Qb|ven

by, _~? Feempepsation circuip
a second'currem‘:' 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 characterxsucs of the thermal sensing circuit arising from ma.nufacture by adjusting the

second current input in dependence on the vananons of the charactenstms 0 thereby vary
Ve With V¢

;20 Preferably, the compensartion circuit includes first, second, third and fourth bipelar junction
transistors (BJTs) wherein: | |
the first BT 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 tb ground; -

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

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

30 connection:.

the fourth BJT has a collector terrhinal connected to a voltage supply of the thermat -
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where [I is the commn-emtter current gain of a BJT. Generally, a process
m ni mum corresponds to a smaller (i, and is called a process m ni num
because the circuits tend to operate nore slowy. ' Simlarly, a process
maxi mum corresponds to a lanmer (3, where the 10 circuits tend to operate
faster. For smaller values of (3; the current gain is Ies Ugﬁaﬁ%206§ ~3

i ncreases the gain approaches 1. A conpensation circuit S I'n
Figure 4, simlar to that shown in Figure ? except for a feM/lnportant'

di fferences. Conpensation circuit 10 ihtludes an additional transistor d,
the 15 base termi nal of which is connected to the conmmon base connection of

current mrror .transistors Qa and Qb and the collector termnal of which is
connect ed %EBSkaFér%lﬁpﬁltiﬁs%é?r% coRgfgiedop HipOMARNRESE SeHLEHOR ARE AN £MitEe
emtter tetfhial cdg,gc@d {Dsc,ggﬁ}pe‘ﬁ&ed to ground 14, in comon with the
emtter termnals of (a The emtter -area of Qd is larger than the
emtter areas dhe (3;10 @mnﬁ@@afwaﬂnﬁﬂab%mmahaﬁﬂ afalse fiNtwickdndusdal | y
be equal t K r t.han ut may effectively be zero by providing an
open circul r8Br‘{%pl a@gelc)f NlA?@o in contrast to Figure 2, .instead of the
collectos of transi stor be| ng connect ed to the supply voltage Vdd, it is
connect ed n parallﬁk th the coll ector QJD The gain of the

conpensat i ﬁeahl% Fﬁéﬁ“ CECR s lugles Bfﬂ@la%ﬁm@yB Tf”?WhETCFF +(~+MP i | p=. p~(?2+w~
Fi gure ~ shows é@%ﬁ%ﬂé@%'c@ﬂe&éﬁ&%}naﬂgo eokd QY Arsk CuHE {oBug atzﬂ.ﬁé mal
sensing circuit 2. SUBSTI TUTE SHEET ( RUL 25 January 2

conpensat i‘@&migd cepracted go he rpﬁcwwmg@bmﬂﬂndazmemmwmaﬂ cetnesind tmmlamt
current m Iy nce circuit -S and a conparator =1.
The bandg Sgrﬁe?g?eeﬁétemg??@ﬂ?t%@“ rg%%‘ﬁe conparator 4 operate in a simlar
manner t® that tbé sixide BiHidraral coﬁemsorermm(mbmneon‘edﬁb@uHﬁrsk curre ANBIpst, Qr%ﬁs@

Q of the ref.erence ci.rc nd ensat i on.
Circuit argiHi SQuECRd; tPglﬁsﬁegef%Urcg Vh%%eﬂﬁlgeﬁnﬁﬁ 5‘?@55‘?%{:@3 'S ec(g"q(“éB%‘rnf
fromthe lodngefirsedirédier areas of Q2 and Q). The relative sizes of
resistors R, R2 and R3 serve to define the levels O Vref and V,~, ~e and
Wl be set acdlBHRY R Hha PRI CRPRsEiea (B yigr secoRdTedERI T ed t 0
detect the passimof. 10 Typically, R2 and R3 are of sinmilar values while
R is reI atively nuch smaller. The reference current TI fromthe first
cur r ent L rifretsraby . Be gitigeef emisier trenof e HtbRIT itméte@mraseﬁt phlecine8IT 40 to
draw a co n p I or e.current 12
dr awn thr?ggh%qﬁgéj%%%ehﬁsrgﬁéﬁg g%crhc?flt@é %g;tg&g‘%ﬁrﬁjgé lg;la P gg@ésrﬁgl deal
current IS mrror, be reflected through the other current supply line of
the curre h runs. through thermal sensing resistor R3 to give
a potenti gla'fg]aﬁjbgrﬂéen%u §Pm%glé’5?£’%spondl ng to V~~. Thus, the conpensation
circuit 10 provides a current gain of I2 vvlth respect to I1. The current
gain provided (12/11) is nore ‘thanZ£h val ue when the process is

m ni rum and | ess than the typical daif wheg+¥he process i s maxi mum Sone
sanpl e gain values are cal cul ated bel ow. Process m ni mum msnall (3;

i ncreased V~w. Process nmean ~ typical [3; normal Vrcr. ?5 Process naxinmm -
| amer (3; decré‘é@éfd V~ef . For the typical current mirror: Small (i = 5;

12111 3. 938 = 20 12111 = 0.995. 30 Larger (i = 50; |2/Li
=0, 008 % 1. SOR& %‘prgé%%hﬁﬁn?%uw 26) 25 January 2005 -
IZ is the second current inpurt; and :

B is the common-emirer current gain of each of the first to sixth BJTs.
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 imputs,
- respectively. ' |

Advaniageously, the thermal sensor circuit provides a compensation function which reduces
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_g_ For the conpensation circuit, with N=1: Small (3 =5; 12/1l = 1.364> 1,
Typical (i. =20; 12/11 = 1.135. Lanmer (3 = 50; L/Il = 1.058 = 1. The
thermal sensor circuit 2 having the conpensation circuit 10 therefore

provi des conpensation for the process variations by providing a current
gain to adjust the sensed voltage, VY~~, over thermal senskng..&si r R3.
The conpensated V~~ is given by: _ P-*(3"'"M .~ .1rT~In(! %5 J%E“ﬁgrﬁ?%m ~
In an alternative enbodi nent of the ingention, the current mrrors 6 and 7
may be 10 inplenented with n-p-n transistors and the reference and
conpensation circuit may be inplenmented with p-n-p transistors. This would
necessi t at eheatetmpeemsal rande Pk avhitly spiufout REmp @tk adtectdh iSRS IRPR1ADP thet
and woul d require %hangi,ng the relative roles of the voltage supply and
ground | i nEPHEOEDY PFYYIHAS & OB THHIUIHY AR PLOVEISE CuIger Gl st/ Yinand
V~~X_ver sugcdo@tRe ipthb tErE bt ﬁr%s§%ﬁ@ﬁ@éfé&t§d%r%aﬁﬁmm§ Pfo%@s tof g'xe. 1t
can be seen that Vx~r 1S increased for process m nimum scenarios and i's
decreased Poihgptewed sensmgiaimgnitscenari os. This conpensation of V ~e, ~e.
reduces t:he tenperature range over which spurious tenperature neasurenents
are recorded, |leading to greater accuracy of the thermal sensor circuit,
fewer I Cs being discarded 20 because of irredeemabl e process variations and

a correspopdingl i turin ield. Figure 6b shows the output
of the congggggﬁEgé%@\gﬁ%aﬁM%@g@éd band of spurious tenperature
detections at tenperatures T 1 and T2 as shown in Figure 6a. K

Advant ageousl y, by appropriately choosing the area of Qd, the current gain .
of the 25 Eighpe b4t Pisrritcdirgramiof admopa tmpkithiueeisengingtitedti vei y provide a ' DC
shift' g the measured Vu~ in order to crack the variations-in Vref due to
process variations, thereby enabling an accurate sensing of the tenperature
i ndependen¥igsfe £ iea pirodedisgrem df atkinows ' currétremamrwituiaf variation in the '
current gain, and hence conpensation of Vscnsc, can be adjusted by changing
the emtter SUBSTI TUTE SHEET ( RULE 26) 25 January 2005 -10 area N of

transi st orFigure Ba swa traphpdroitgael s at@perefird, GheRing She FISWBhiH tehoms thhe

rel ati onshi'gseget en thtg cyrrent ?ai n and the process variations for both
the propos® ovr?\pp‘%%ad{di P ICPIFRGS YOIREOP! KE PG sopsingeirant ebdagpeds y
"typicallsmrror” circuit enployed in place of the conpensation circuit in
Figure 5. The uge of the "typical mrror™ in place of the conpensation .
circuit. i FIgPEUAR iS5 Pt 9éith)anpenefdthe sompanatqanfitho fertpemtyne sensiag tirbuit of s
used here Ifigﬁretlh@orﬁg%&ﬁﬁﬁ%%e &9%?{ ESQR 3,5UBSTI TUTE SHEET (RULE 26) 11

C ai ns 25 January 2005 1.7 A ther sénsor "circuit for sensing the
tenperature of an integrated circuit chip, the thermal sensor circuit

i ncludi NQ: O tqr. for-.conparing a reference voltage, ,VreF,
with a sgnlgggr VA(;{S'? %‘8‘%9@5 nse‘:’f}l A FOdHG ncgéi'gn%ﬁ'péégc%re _ °¥?€d§&?§%%?‘f1‘8}?1“5

sensi ng2@exfitbeinvention;

Figure 5 is a circuit diagram of 2 temperature sensing circuit according to an embodiment of

the invention:

(8]
(9]

Figure 62 is a graph of voltage versus temperarure, showing the relationship between the

sensed voltage and the reference voltage of the temperature sensing circuit of Figure S:

Figure 6b is a plot of the output of the compararor of the temperature sensing circuit of

Figure 5 correspanding to the graph of Figure 6a;
Figure 7 is a comparative plot of current gain versus process variation.
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a first circuit to which a reference voltage line s connected to supply
V~ee to the output conparator; a first current mnor providing a first
current input to the first circuit and to a conpensation circuit; a second
current mrror ‘providing a second current input to the conpensation circuit
and to the sensing device, and wherein the conpensation cbgggﬁ&“pg 4 des a
current gain, defined as the ratio of the second current 1rnput to the first
current input, for conpensating for vatiations in Vref 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 Vge"ge with Vref, wherein the

conpensat i ' { fypd gjﬂ Pﬁg@ i +S Rl‘?‘}f‘b I . bi pol ar
] uggti on t?g#s:‘tlug“t%oﬂr ?L‘g S) aﬁgoml}ne:i ﬁ@t@ﬁge I rﬁ%ﬁﬁ)%&?col Ioect or

term nal connected to the first current input of the first current mrror,
a base term nal ,connected to a co n, base connection and an rtter .
ferm nal conMEEHder Eo gra mereT cRanLBcBne B et oo deean Elihc apicn
connect ed isogitdicbygecond current i nput of the second current mrror, a base
term nal connected to the common base connection and an emtter term nal
connected to ground; the third BJT has a collector term nal connected to
t he second current input, a base term nal connected the first current input
and an emtter connected to the co&oq@gs@’tﬂ)nnecti on; the fourth BJT has
a collector termnal connected to a voltage.supply of the thermal sensor
circuit, a base term nal connected to the common base connection and an
emtter term nal connected to ground; and 12 25 January 2005 the ratio of
em tter arwheefp tihehel cammbo-Bahiiick cutiear gaintdfes BATedknahllvhe frocst , msésand

and third BJTs is N: 1, where N> 0. 2. The thermal_ sensor circuit of
lai m 1 R ePhs e 2raUEl B fudis colit ARt IR BEOhSE Fe PO e o
wher ei n: t Bgerh inidie Bdhasindlaelg! b @edREs meXifubatoSRPHRG 6 hitet BE WhefeSthe
current input, a base terninal_connected to the reference voltage |ine_and

an eni t 18r FIHFFRA© REFHE E5E8 KU srlleutadirs o6 e eerephgain iy ks dapduids fia a

first resigbRiges! M€ ofin Eﬁm%‘[;sl}as.a col l ector term nal connected to the
first current input, a base term nal connected to the reference voltage

line and an enitter connected to the output point of the first circuit; and
the out put sRQiREsQfod BRul 163 stoWhGH FigukS4 CORASCE i s0owh RUELuH 2efrefogONd

a few important differences. Cormpensation circuit 10 includes an additional transistor Qd, the
15 base terminal of which is connected to the common base connection of current mirror
tranéistors Qa and Qb and the collector terminal of which is. coanected to the éupply voltage,
Vdd, of the thermal sensor circuit. The emitter_ terminal of Qd is connected t ground 14, in
comumon with the emitter terminals of Qa and Qb. The emitter area of Qd is larger than the
emirer 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
in contrast to Figure 2, instead of the collector of transistor Qc being connected to rhé supply
voltage Vdd, it is connected in parallel with the collector of Qb. Thé gain of the compensation

circuit of Figure 4 is given by:

n_pe(3+MP
IL B epe(2en)

25 Figure 5 shows the compensation circuit 10 of Figure 4 in use in a thermal sensing circuit 2.
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resistor. 3. The thermal sensor circuit of claim2, wherein the ratio of
emtter area of the fifth BIJT to the enmtter area of the sixth BIJIT is M:
1, where M> 1. 4. The thermal sensor circuit of claim?2, wherein each of
the first . to sixth BJTs is an n-p-n transistor. 5. The thermal sensor
circuit of claim2, wherein the current gain is given by: 253§nuar{i§005
+(3+N)[3 11 (32 +(3+(2+N) where: |l is the first current 1nput 2 1s the
second current input; and [3 is the co n-emtter current gain of each of
the first to sixth BJTs. 13 25 January 2005 6. The thernml sensor circuit
of claim1l1l, wherein the first and second current mrrors are connected to

t he vol tageﬁu‘gplp}/ of. the t gnsor circuit _and use n-p BJTs to
supply the G §Hﬁt’g%8’6ﬁﬂt iéj I‘Srféﬁ‘ﬁe i FOMRINATQIs Wike (Tt ”e‘?ondﬁ?“ffﬁ%‘r%mfs
sensor cir calif, afbafid3p Refe ftdcd BRUNSRR PloRrbr AMTRI VLA ﬁ?&r@dc‘é%ﬂbﬂit $hhd,

the thernal sensor circuit conprising: a current source that supplies an
i nput cur r SRE COBPHAAS RTINS imien Mpnst cc et of B mwai/sﬂnsqg@rcun of Figure

correspondin e t i.nt u o)

ref erence vo?‘irg’%éﬁ%?r Iu@e‘% %E& uc@%mt & ‘g%re %t(g%gthﬁc(%’%“i?té?rbr

t hat rece} vésuit ke dbi-prreasmsiand haeng lsmmamhixagtemmctamﬁ RYirSthe I&banatinthat

reflects the.te at a first current mrror having first and second
Bt MRS -

mrror |egs carrying first and second mrror currents that are.
directly proportlonal to each other, the first mrror leg being in series

with the sepsi nﬁ device; and a con];)ensatlon circuit that 'includes: an input
t hat -r ecei IBdve;sizss et resistshR1, B2 end BB seanie idsfing thedensiseaf igleod ¥p,. 41d

i nput and ayifipk 84t a§éb9cmj§ to/ &E%@ﬁo[@%ﬁb&gﬁ% e ld@% 6 %gltegtﬁthe ﬁae\sglgl ggl: 2

second transi stor coupled between the secon mrror
supply r¥¥ dreicelyy, H3dedRA mey of stmikarveluet whilé Ralis cajatp.lee;dnmd] tthellezont r ol
term nal of the

The reference current 11 from the first current mirror § is given a current gain by the
‘compensation circuit 10 to draw a compensated output current I2 from current mirror 7. The

- current 12 drawn through the compensation circuit must, by the pature of an idéal current
15 mirror, be reflected through the other current supply line of the current mirror 7 which runs
through therrnal sensing resistor R3 to give a potential difference over R3 corresponding to
Viene- Thus, the compensation circnit 10 provides a current gain of 12 with respect 1o 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.
Some sample gain values are calculated below:

Process minimum = small §; increased V.

Process mean = typical §; normal V.

25 Process maximum = larger §; decreased V.
For the typical current mirror:
Small p = 5; I2/11 = 0.938< 1I;
Typical B = 20; I2/11 = 0.995.

30 Larger § = 50; I2/I1 = 0.999 =~ 1.
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first transistor; and a third transistor coupled between a second supply
vol tage reference and the first supply voltage reference and having a
control termnal coupled to the control termnals of the first and second
transistors. 8. The thermal sensor circuit of claim7 wherein the
conpensation circuit further includes a fourth transistorffﬁyghﬁpz' ween
the second mnor |eg and the control termnals of the firs ond, and
third transistors, and having a contrgl term nal coupled to the input of
t he conpensation circuit. 14 25 Jaﬁﬁary 2005 9. The thermal sensor
circuit of claim8 wherein the first, second, third, and fourth transistors
are bipolar transistors. 10. A thermal_ sensor circuit for sensing the

t enper at ure of PR HeROBYERIEAR CITFELIWIHENiT: the thermal sensor circuit

conprising: a SgPAINS Sepige=thady produces a sensed vol tage corresponding
to the tenperature of the integrated circuit chip; a first current mrror

havi ng first adgpiselchr20i /dr=|1eb3.r espectively carrying first and second

mrror currents that, arg dixrect roportional to each other, the first
mrror |eg bei r?ﬁrgir%ﬁtﬁseréi%eg‘/\i\ft—hit%ﬁg ~gle'n'si ng device; and a conpensati on

circuit 3hat includes: an input that receives the input current; a first

transi stor_coupl ed between the input and a first supply_ voltage reference
and havi nd 28 EEMRHofens; GIfHl 2 A2WBE JAR IOMREFAI08 CIEGH R RERETRR T YIRS

second M t§@peds@oA R HBSrddetStartibR Yy rp%»%t?l'acz? c@Rche DAV B02Bus® W feled
termnal coupled to the control termnal’ of the first transistor; and a

third transiiageoV .co@yredieheil iewsingresistioo R3 - J0p sPPeRshEd Yent BIBYE@e and t he
first supply voltage reference and having a control termnal coupled to the
control term nals of the fr}rst and §e;3:en3j+mﬁa_n‘§i_% _gtfﬁ;, an out put conpar at or
having first and second inputls-—-and'alg= BUhy ahe fi éjt i nput bei ng coupl ed
to the sensing device to receive the sensed Voltage; a reference voltage
circuit having an input and an output at which a reference voltage is
produced, It he dtfntiveémbdigmenaf 6ff BRCERV¥OIdMOBe Clurnt mikotng s@uUpl gy tie

10 implemented with n-p-n transistors and the reference and c_ompensadon'circuits may be
implemented with p-n-p tramsistors. 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 tempcraru’re:for the

sense
compensated thermal sensor circuit 2. It can be seen that V., is increased for process
minirum scenarios and is decreased for process maxinrum scenarios. This compensation of
V. ewse. reduces the temperature range over which spurious temperature measurements are
recorded, .leé.dmg to greater accuracy of the thermal sensor circuit, fewer ICs being discarded
20 because of irredeemable process variations and a correspondingly bigher 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.

- Advanrageously, by appropriately choosing the area of Qd, the current gain of the

3
L

compensation circuit can be modified to effectively provide a 'DC shift’ to the measured V,_,
in order to tack the variations in Vref due to process varjations, thereby enabling an accurate
sensing of the temperature independent of the process variatons. The amount of variation in

the current gain, and hence compensation of Vsense, can be adjusted py changing the emirter
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the second input of the output conparator; and a second current mrror
having a first mrror leg coupled to the reference voltage circuit, and a
second mnor |eg coupled to the input of the conpensation circuit to
provide the input current. 11. The thermal sensor circuit of claim 10
wherein the second current mrror has a third mrror |eg erence
vol tage circuit includes: 15 25 January 2005 a fourth t?g%%ﬁgﬁ%?&%%upred
between the third |l eg of the second current mirror and the first supply"
voltage reference and having a contrell0Oterm nal corresponding to the out put
of the voltage reference circuit; and a fifth transistor coupl ed between
the first leg of the second current mrror and the first supply voltage

r ef er ence 3apaiNnefwrangister €htorsoit atparticuhalbachrof éSpbipdi Ng to the out put of the
voltage reference circuit. 12. The thernmal sensor circuit of claim 11,
wherein a ratio of an emtter area of the fifth transistor to an emtter

area of t HigseXt sholvk @iSresdiBfishiffbdvivden O 8k GedVishin shd thed PRcERSIBEC RGPS 05th

circuit of claim210 wherein the first and seCond current mrrors-are

connect ed % PEIRES¥bemREnSaiop| jrevio Kondb=10.e} ené A encian ekemmplage ppinalpniriqrd| ar
transi stprsci § Jari I Ct i ! nd=m rrQr .l egs. . A thermal
sensor cir gﬁl{a efh—gﬁé%gnlg?g%gioﬁ\é&t%@%%ﬂ%ﬁgg%rggﬁg}llzf uf%ér Zﬁ%gs%ﬁl@ﬁi fypdcfﬁ?p,

t he t her matrEehipplact ot ietcompepriisi cigruien gt 15gs dovbalRve Rt foRfasdCasthe
sensed vo 1di Q the tenperature of the integrated circuit
chip; an gb?g%F%@%%ggggﬂ%Fqﬁ% eﬁﬁn¥¥?%§928ﬁ@a§§3bnd i nputs and ‘an out put,
the first input being coupled to the sensing device to receive the sensed
voltage; a reference voltage circuit having a first input and an out put at
which a reference voltage is produced, the output of the reference voltage
circuit being coupled to the second input of the output conparator; a first
current mirror having first and second outputs, the first output being
coupled to the first input of the reference voltage circuit; a second-
current mrror having an input and an output, .the output being coupled to.
t he sensing device; and a conpensation circuit having an input and an

out put coupl ed respectively - -
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to the second output of the first current mrror and the input of the
second current mnor, wherein the conpensation circuit includes: 16 25
January 2005 a first transistor coupl ed between the input of the
conpensation circuit and a first supp vol t age reference and having a
control termnal; a second transistor coupled between thezsnggr&gpygﬁ%t he
conpensation circuit and the first supply voltage reference and ‘having a
control termi nal coupled to the contr@laimmsrm nal of the first transistor;
and a third transistor coupled between a second supply voltage reference
and the first supply voltage reference and having a control term nal
coupled to the contyol tgrm e fd Hrsh 15.
The thermal sensor fc'i rcu’igttﬂgor&%%:?eglg{)ﬁ éf%%ahfg{%nﬁﬁgﬁ%é%o%er%%tlonq%ﬁeg%aeidt
further igiehitdRip, thelthetbdal sédsansitcitdhcladinpl ed bet ween the output of the
conpensation circuit and the control termnals of the first, second, and
third transistors, ameutpbcompatateroiat FOMpaETEg FribrengsLYRIBge. Yren Withfg seBed nput
of the caonpensation,circuit..16.. The ther sensQr Ci .t of claim 15
wher ei n tFAERT Pepse 8 SERgd mege&el%ﬁe?sgﬁﬁﬂﬁo%aasﬁgﬁ%g ll(j)ér‘gsigéa’tre bi pol ar
transistors. 17. A % hefBRbuitRNSKIEL Girkfetinke {SagtaiMeiifBorinetel @BEIPY W Ltoof an
integrated circuit chip, the thermal sensor circuit conprising: a sensing
devi ce t Hhe oplpoticamaratosensed vol t age corresponding to the tenperature of
the integrated circuit chip; an output. co rator, having, fi.rst. and second

i nputs and an out put ?Hsf‘ﬁ\érrgqtrr%‘fmfﬁ &%P%ﬁ&wﬁp‘eﬂpw#h%h@ﬁwg%ﬁ i ce
to receiy, C&fﬁk%ﬂé&%%(}ﬁﬁ] tage; a reference voltage circuit having a first

i nput and an ‘out put at which a reference voltage is produced, the output of
the reference vol t agesecofid uddrrdnei mirraroypbeidinigo a hecael amdrenh pmputoftot the

out put conparator; a first current mrror havjng first and second outputs,
the firstcopipepeatiopairayit apdifs e sensingdevigey ad WheIB of the reference vol t age

R

|
second current input to the first current input, for compensating for variations in Vi 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 Veense With Vyp, wherein the compensation circuit includes first, second, third
and fourth bipolar junction transistors (BJTs) and 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 connectioﬁ and an
emitter terminal connected to ground;

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 BIT 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 BIT has a collector terminal connected to a voltage supply of the
thermal sensor circuit, a base terminal connected to the common base connection and an

emitter terminal connected to ground; and



17 25 January 2005 a conpensation circuit having an input and out put
coupl ed respectively to the second output of the first current mrror, and
the input of the second current mnor, wherein the first current m nor
includes: a first mrror |eg coupled thween a supply voltage and the first
input of the conpensation circuit; a second nmrror |eg coypligg, g HReN the
supply voltage and the input of the reference voltage circult; a third
mrror |leg coupl ed thetrageiof emittesargd §f thel foule Bdd dodhe emiitet arcqsu!f thé firste
reference v age ci
/|\|g/|\VN|/?€°?lF\ﬁI?IthBFFl|r3§HJNF$N/ N RN 7 N IV I NW7) *A$T \HQD K N A < N Q
h| wr mhb] X] ca] caV] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! b} Lal NG $48lI
t\r}xsni d_ZU] ca] ca] 2a] caThe]therhmh]sendot adiccajtcod @hh.fhcaa,] edkredr) ah¢ daic aitfuia] cal
caj ca\/] ca] ca] cs$]ica] cal ca] cal caU] ca] caV] ca! fjunf

111 opipgadesshifih gndsicth BITs, and wherein:

s ole o bR e
CF..,,,, base &findl lchhind gl ©ahé ?&f@@h@@}aﬁalge 3ihe ahé ah ealifte eatiaal eabeabe 8 cal c

a] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca]ca]ca]ca]cal!,Q -e-j-u--./022222@[ 3*3n3r 3

3* 44 B5V\b 64609 8ds: of thra st amn}t]xaa]aﬁaqtces]lst@], ca] ca] ca] ca] ca] ca]ca]ca]calcalc

b BekePos) 2o GEBROR B B B AP IR RO B PR AT Ut cal
caUl ca] z%@]t%ﬂ[}l Ea Cg%:ggﬂejlctgg(i@ic?éﬂceado%ég GiAk GAd an emitter connected to the

V] cMaV] cal ca]calca] c
DDDDDDE] Ehkpmtrfohttre®ii fidst cidcluitliydkKKK* L- L=LLLL{ vql gb] X] U] ca] ca] cal ca] ca] caj ca
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eZ]eee] f Q]“'ﬁe% fﬁé%ﬁ?ﬁ’ﬁﬂ%‘% ﬁ]it% thidl ??lgﬁlaéﬁﬁ#ﬁ}ﬁl i'ﬁ'ﬁﬁr}eg\g%cg] ca] ca] ca] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca] ca]ca]ca]ca
] ca] ca! | P{ nnmLnr nunnn) oSooop#poppj *j j j $knkkkl al I I | wmhc”Y] U] ] ca] ca] ca] ca] c
a] ca] ca] ca] ca] ca] cafca] cadhe dharampt sdrscaticalical claine 2] cdicvah cadlc af &E:] fixs} ¢ ca
cal ca] ca] ca%h eFl 410% & () -!#10%y& ()- fCl0% & ()- s10% & () -

10% & () - prihyipb S48 1 - ?ﬁé‘?@‘”’c #109%&' ()-m C #1091} & () - nP9$V10%& ()-"#10%
& ()-1#10%& () - Plo%&() KL MNZz[PE! 10} 10}

5. The thermal sensor circuit of claim 2, wherein the current gain is

given by:

12_ B +(3+Np
Il B*4+B+(2+N)

where:
11 is the first current input;
12 is the second current input; and

B is the common-emitter current gain of each of the first to sixth BJTs.
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7. A thermal sensor circuit for sensing the temperature of an integrated

circuit chip, the thermal sensor circuit comprising:

a current source that supplies an input current;

a sensing device that produces a sensed voltage corresponding to the
temperature of the integrated circuit chip;

a reference voltage circuit that produces a reference voltage;

a comparator that receives the reference and sensing voltages and outputs a
signal that reflects the temperature;

a first current mirror having first and second mirror legs respectively
carrying first and second mirror currents that are directly proportional to each other, the
first mirror leg being in series with the sensing device; and

a compensation circuit that includes:

an input that receives the input current;

a first transistor coupled between the input and a first supply voltage
reference and having a control terminal;

a second ftransistor coupled between the second mirror leg and the
first supply reference and having a control terminal coupled to the control terminal of the
first transistor; and

a third transistor coupled between a second supply voltage reference
and the first supply voltage reference and having a control terminal coupled to the control

terminals of the first and second transistors.

8. The thermal sensor circuit of claim 7 wherein the compensation
circuit further includes a fourth transistor coupled between the second mirror leg and the
control terminals of the first, second, and third transistors, and having a control terminal

coupled to the input of the compensation circuit.
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an input that receives the input current;

a first transistor coupled between the input and a first supply voltage
reference and having a control terminal;

a second transistor coupled between the second mirror leg and the
first supply reference and having a control terminal coupled to the control terminal of the
first transistor; and

a third transistor coupled between a second supply voltage reference
and the first supply voltage reference and having a control terminal coupled to the control
terminals of the first and second transistors;

an output comparator having first and second inputs and an output, the first
input being coupled to the sensing device to receive the sensed voltage;

a reference voltage circuit having an input and an output ai which a
reference voltage is produced, the output of the reference voltage circuit being coupled to
the second input of the output comparator; and

a second current mirror having a first mirror leg coupled to the reference
voltage circuit, and a second mirror leg coupled to the input of the compensation circuit to

provide the input current.

11. The thermal sensor circuit of claim 10 wherein the second current

mirror has a third mirror leg and the reference voltage circuit includes:
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area of the fifth transistor to an emitter area of the sixth transistor is M:1, where M>1.

13.  The thermal sensor circuit of claim 10 wherein the first and second
current mirrors are connected to the second supply voltage reference and include p-n-p

bipolar transistors in their respective first and second mirror legs.

14. A thermal sensor circuit for sensing the temperature of an integrated
circuit chip, the thermal sensor circuit comprising:

a sensing device that produces a sensed voltage corresponding to the
temperature of the integrated circuit chip;

an output comparator having first and second inputs and an output, the first
input being coupled to the sensing device to receive the sensed voltage;

a reference voltage circuit having a first input and an output at which a
reference voltage is produced, the output of the reference voltage circuit being coupled to
the second input of the output comparator;

a first current mirror having first and second outputs, the first output being
coupled to the first input of the reference voltage circuit;

a second current mirror having an input and an output, the output being
coupled to the sensing device; and

a compensation circuit having an input and an output coupled respectively
to the second output of the first current mirror and the input of the second current mirror,

wherein the compensation circuit includes:
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15.  The thermal sensor circuit of claim 14 wherein the compensation
circuit further includes a fourth transistor coupled between the output of the compensation
circuit and the control terminals of the first, second, and third transistors, and having a

control terminal coupled to the first input of the compensation circuit.

16. The thermal sensor circuit of claim 15 wherein the first, second,

third, and fourth transistors are bipolar transistors.

17. A thermal sensor circuit for sensing the temperature of an integrated
circuit chip, the thermal sensor circuit comprising:

a sensing device that produces a sensed voltage corresponding to the
temperature of the integrated circuit chip;

an output comparator having first and second inputs and an output, the first
input being coupled to the sensing device to receive the sensed voltage;

a reference voltage circuit having a first input and an output at which a
reference voltage is produced, the output of the reference voltage circuit being coupled to
the second input of the output comparator;

a first current mirror having first and second outputs, the first output being
coupled to the first input of the reference voltage circuit;

a second current mirror having an input an outputs, the output being

coupled to the sensing device; and
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a third mirror leg coupled between the supply voltage and a second input of

the reference voltage circuit.



