WO 01131606 PCT/ USON8840 -1 SUPPLY CURRENT REGULATOR FOR TWO- W RE SENSORS
5 Technical Field of the Invention The present invention relates generally
to supply current regulators for two wre sensors. Background of the

| nventi on amdofStsser Art 10 A two wire sensor is commonly pegr@edgsense a
condition and to transmt a neasune of the sensed condition over two wires
to a controller or indicator. The two wire sensor is typically supplied
with a voltage Vs over two wires, and the two wire sensor controls the
supply current Is in response to the sensed condition. This supply current

s is detecte Cgmﬁ CRTHE and/ or the
supply current gtI]s | s detect e%ﬁi‘% %Q%angator I'n orié%)r to give an

i ndication of the condition being sensed. Existing current sources for two
w re sensors exhibit several problens. For exanple, fluctuations in the
supply voltage Vs results in corresponding fluctuations in the supply
curreni |Tec MHEkiofukaﬂnvdnﬂmt uations of the supply current |Is are not
related to the ¢ |t|o ensed he out put _of 't W re sensor
is not an accurate 8’@ ’é"l"%é at"’%n‘fﬁ”‘ttﬂé" iﬁ 5’&?“%‘8%‘@?‘?53 tWﬂlso,

exi sting wimfsfeﬂsbrs.sources are sensitive to tenperature. Therefore, if
tenperature is not the condition being sensed, the output of the two wire
sensor may fluctuate with tenperature changes producing an inaccurate

i ndi cat i OBackyroind ®f the BiM@hiidnQRd PAbr MYt Sensed. Moreover, variations in the
curreﬂi drawn by the trans UCMHW art two 25 wire sensors, as well
as by'the. circui t49"°a‘§§6?§“@€ viusrd tp sense & pRndition apd,ie ARSIt 31 oduce

| NaceUr atReakRElbOmé (AR BhditdpVEANE WilePR DBhASlIeS BPRRRat0A ThARsMRer and its
assomated circuitry of a two wire sensor are referred to herein as a

sensor | cersor ¥ kypicaly suppliedi withertoltage Vsovel twocties, and thertwarwittrsgmsoent whi ch

sol ves one or
controls the supply current Is in response to the sensed condition. This supply current Ig is

ﬂ

detected by a controller in order to control a load, and/or the supply current Ig is detected

15 by an indicator in order to give an indication of the condition being sensed.

Existing current sources for two wire sensors exhibit several problems. For
example, fluctuations in the supply voltage V results in corresponding fluctuations in the
supply current Ig. Because such fluctuations of the supply current Ig are not related to the
condition being sensed, the output of the two wire sensor is not an accurate representation

20  of the sensed condition. Also, existing current sources are sepsitive to temperature.
Therefore, if temperature is not the condition being sensed, the output of the two wire
sensor may fluctuate with temperature changes producing an inaccurate indication of the
condition being sensed.

Moreover, variations in the current drawn by the transducers of prior art two

25 wxre sensors, as well as by the circuitry assoclated thh the transducers, can also produce .
maccurate indications of the condition being sensed. A transducer and its associated '
circuitry of a two wire sensor are referred to herein as a sensor load.

The present invention is directed to an arrangement which solves one or

more of the problems of prior art two wire sensor current sources.



nor er of t.he problens of prior art two wire sensor current sources. WO
01/ 31606 PCT/ US00/ 28840 -2 Summary of the Invention In accordance with one

aspect of ent invention, a current regul ator re sensor
corrprr ses tvp‘sg{glg'ﬁd second conductojs, a first resi stanc cﬁg&@@gﬁ%

resi stance, and an anplifier. The first and second conductors are arranged
to provide a sensor output current. The first resistance and a current

ref erence are coupled across the first and second conductors. The second
resi stance and sensor Ioad termnals are coupled across the first and
second corbmmayof thefaventions) j fjer has first and second I nputs and an

output. The first rm%ra&emeh@& écPoﬂhé;%rEs%ﬁtﬂﬁbﬂﬁ&d QR WaRiok he first
resi stance and the 10 current reference he second input I's coupled to a
second j ufEHItER Wiresersercompeises &isv Audl sepond cendustots, st tesistanseyraseronioad

term ngl s .. t " C%P{aﬁ nsor out put
curreni int finrﬁisa;ﬁlé}n% I%ets%% cg@t% o?%‘ﬁﬁ‘i“{%e anp |#ht“’}8s éa?ranged o]
that a f sensar oumhtcaxgentatThelﬁesttqszsanceJandmwmt reﬁergub&‘caqtpledlably»ssaqual to a
second vo h n t| ot her
aspect of E%l%ﬁ’?éeoslén&dﬁ%\g/rgnﬁ?‘%&%waa CSSP en dsenséglﬁg‘{ g&rma‘%\?@ﬁgw re sensor
conpri sesadross tlie famdmom@mmmmtmmpﬁfammmwanmm andsensor | oad
termnal s, and.an_. i er he rst .and sec conduct o re arranged
to provi 8‘3"‘3 ?f Btt‘f)fﬁ“plfgpr ”“”Fﬂgng‘?ﬁ ‘T‘eg dqr " gaf% mﬁéﬁlcoupl ed to
the filpst cuarett feeenoe] thecsetwhd dipat 8 coupled t¢ £ Reaond jlnation bewsenmiad ssconde coupl ed to
the first_and sec d conductors O anmpl.ifier is coupl ed, between the
current rEFERRRAR B‘ﬁde‘ls?f @éﬁ@ﬁ?ﬂ%a%éo‘ﬁ?%‘rﬁf#a‘PWﬁdé%‘r Bg ol8op feedback
confi gur a&dnﬁdﬂoﬁ@uttdaaemtdﬂmecfwwﬁmeodnatardaas@ The &@plifiePlslafitnge® sehatd vary the
sensor é&ut current_in relation to a sensed condition. In agcordance W th

yet anoth t%'ﬁ@‘(ﬁtﬂ&?fﬁrftﬁg‘cﬁ?’e’éé‘r%‘amﬁyléﬁ‘l%‘ﬁaSSF"B@:P’?I@#E‘““Fe*@ tor for a two

Wre sens%ctﬁgnprr ses first and second conductors, a current reference,

15 In accordance with another aspect of the present invention, a current
regulator for a two wire sensor comprises first and second conductors, a current reference,
sensor load terminals, and an amplifier. The first and second conductors are arranged to
provide a sensor output current. The current reference is coupled to the first and second
conductors. The sensor load terminals are coupled to the first and second conductors. The

20  amplifier is coupled between the current reference and the sensor load terminals in a closed
loop feedback configuration so that the current reference is controlled so as to vary the
sensor output current in relation to a sensed condition.

In accordance with yet another aspect of the present invention, a current
regulator for a two wire sensor comprises first and second conductors, a current reference,

25 and a sensor load. The first and second conductors are arranged to provide a sensor output
current. The current reference is coupled to the first and second conductors, and the
current reference comprises a plurality of components. The sensor load is coupled to the
first and second conductors and to the current reference. The sensor load includes a
voltage regulator, and the sensor load is arranged to control the current reference so as to

30  control the sensor output current. The current reference is coupled to the voltage regulator



25 and a sensor |oad. The first and second conductors are arranged.to
provi de a sensor output current. The current reference is coupled to the
first and second conductors, and the current reference conprises a

pl ural it ywof013%pponent s. The sensor |oad is coupled to PCRAUSH84E and
second conductors and to the curt®nt reference. The sensor |oad includes a
vol tage regul ator, and the sensor load is arranged to control the current

reference so 0 e current

ref er ente™ St % gﬁrptﬁ é%gt‘?#ela Fbgane regh?lg W%&@%Eﬂg CT/ US00/ 28840
-3 so aeo:ﬁpmnemde Selédmed 50 as toararider thg ohradnd regslatos substantizlly yenpemapiry vol t age

i nsensitive,, and the conponents are selected so as to render the current
regul at BFe8SH¥&t antial Iy tenperature insensitive. 5 Brief Description of
the Draw ngs The features and advantages of the present invention wll

beco jJpon a reading of the follow ng description in

conj BPSWIBEs in which: Figure 1 is a general diagramof a

current IOOp fOfTﬁékahﬁsWﬁﬂ&g@ﬂoﬂﬁébre@entﬁﬂeﬂtﬁ@wﬂﬁ&oﬁ@ﬁﬁw Figure 2
illustrates a circuit diagram of current reqgul atgr .according to the

present anmmnoeﬁrmzloﬁ&eﬁelmgnze@%wwn cogjagtion dath thedirapiegsi8or | oad;
Figure %hicir' ustrates the sensor load of Figure 2 in additional detail; and,
Figure 4 illustrates the current reference of Figure 2 in additional

detail. 15 DescFigyre bis ageners diagragy of ia et oopfonissin sonnegtighWitha Fi gure 1, a
t wo r O typically conprises a pair of conductors 12 and 14
conr%gnctgvf@ﬂéggms%nsor/regul ator 16. A voltage Vs is provided across the
conduct ors 12 andighre 2 iinsiratel a cisenitalisgrame gfia euresnt regulatoraceerding so happl y curr ent

I's in present invention and including a current reference and a sensor load;
Figure 3 illustrates the sensor load of Figure 2 in additional detail; and,
Figure 4 illustrates the current reference of Figure 2 in additional detail.
15

Description of the Preferred Embodiment
As shown in Figure 1, a two wire sensor 10 typically comprises a pair of

conductors 12 and 14 connected to a sensor/regulator 16. A voltage Vg is provided across
the conductors 12 and 14, and the sensor/regulator 16 controls 2 supply current kg in

20  accordance with a condition being sensed. The supply current I, therefore, is detected
from the conductors 12 and 14 and is used by a controller to control the sensed condition

and/or by an indicator to mdlcate the sensed condition.

A two wire sensor 20 in accordance with the present invention is shown in
Figure 2. The two wire sensor 20 includes a pair of conductors 22 and 24. A voltage Vg is

25 provided across the conductors 22 and 24. Also connected across the conductors 22 and 24
are a first resistance 26 and a current reference 28 having a junction 30 therebetween. The

current reference 28 provides a current Ipge such that the current I, through the first
resistance 26 and the current Ipgp are substantially related according to the following

equation:




20 aecordance with a condition being sensed. The supply current Is,
therefore, is detected fromthe conductors 12 and 14 and is used by a
controller to control the sensed condition and/or by an indicator to

i ndi cate t FEO®AEMd condition. A two wire sensor 20 in aREHPIIRA0 it h the
present invention is shown in Fi gﬂlre 2. The two wire sensor 20 includes a
pair of conductors 22 and 24. A voltage Vs is 25 provided across the
conductors 22 and 24. Al so connected across the conductors 22 and 24 are a
first resistance 26 and a current reference 28 having a junction 30

t herebet ween. The clsubdni=+pabr(BEER 28 provi desgy current |InF such that
the current Il through the first resistance 26 and the current IR are
subst ant i Alkd, \a volttga{\g Gt the puprtitinr3 it giventhy theofollovingeguatioguat i on: WO 01131606

PCTI USOCO128840,, -4 | sub | < = - Al'so, a voltage Vt at the
junction 30 isVg"i"%r’f’_bilgﬂlpesTE)TQW%RB‘@@%‘P%?@) V sub 1-- -V ?/ sub S---( |
sub (REF)y; Gﬁlqptﬂe)resg cof LSt (Rlistdnse 1€ Tesistance of the first

resi st ance A second resistance 32 and a sensor | oad 34 are connected
across the conducA sicendi@sigade 22larminckedisor lsndi34 are canneted3Bros$the ebet ween. As

di scussed hereinafter, t sensor _lL.oad .34 includes a,{ran t hat
transduc é’gn‘?ﬁ@’ &3}6 “'b‘l(}ﬁﬁ? ¢ junfiton 36 therebetwieen, n%ﬁ gswgdnféeé%'ﬁ%%g tctggn ce

anmpl i f i ersems@r kobd Y inBlades  tiahddbider thaPirdnsduossiRCdesicbdlconditivg. j AmnaderationaB0, a 10
second i nput connected _to the junction, 36 andeggmggjiuggt % SO connected to

h .
t he j uncttagseondnctance amplifier 38 (QBALhas o iest inpPHLGOPRR! % the fol | owi ng
equat 100N sedind iPurconnetted to4hs j#Bctlon 36, adan Yutpitllsh ConRictdddp tieheclion/®® i s smal |

and is the input offset voltage of the operational transconductance
anpl i fier 38. ThusA veliage Hpgdbd juectipe3gisgoien bnthe follgwinggawation: t he oper at i onal

15 transconducta nplifiers 38 {oncasathe valtage V2 to be substantially
equal to the vol 9;“3%5 L {lgub&'fS} 8‘1)

where Vg is small and is the input offset voltage of the operational transconductance
amplifier 38. Thus, the negative feedback and high gain of the operational

15  transconductance amplifier 38 forces the voltage V, to be substantially equal to the voltage
V. Moreover, a current I, flows through the second resistance 32 and is given by the

following equation:
Isub2~=~{(VsubS~-~Vsub2)}over Rsub2 @)

where R, is the resistance of the second resistance 32.
20 According to Kirchoff s current law, the supply current Iy in the conductors
22 and 24 is related to the current I, and the current I, by the following equation:
IsubS~=~JIsub1~+~Isub2~+~1subQ (&)}
where I, is the quiescent current draw of the operational transconductance amplifier 38 and -

is shown in Figure 2. Combining equations (1) - (5) produces the following equation:
25

Isub S ~=~1sub {REF} ~(1~+~{Rsub1}over {Rsub2})~+~{Vsub ()

{O8}} over { Rsub2} ~+~1subQ

Figure 2 also shows a current I through the sensor load 34 and a current I, into the output



V1. Moreover, a current 12 flows through the second resistance 32.and is,
given by the following equation: | sub 2 - = - {(Vsub S- - -- Vsub 2))
over Rsub 2 (4) where R2 is the resistance of the second resistance 32.
20 Accor dWePIBE0&Ki r chof f s current |aw, the supply curreot/usm2ssaot he
conductors 22 and 24 is related-fo the current I, and the current 12 by
the follow ng equation: | sub S-- =- 1 sub 1 -+-1 sub 2 - +---1 sub Q
(5) whe | Qis, the quiescent current draw of the operational

{1 ains co AEHE PRFreiona fapteppbaceamRifier 185 AsionIrieRt IEvats o to TaMIERTI ng

sub. { REBperiph, e fotenPl Qs G iR sl e Qg Ay ) — ()

' - ' i . h th
sensor AR sgp o i ) "hekipfly euflod £y 5 WMBwBE el doabilbs T o 26840

-5 of tBﬂréﬁP%E,?ﬁﬂd%@Jati& bARS YU HGH iS RS Eméd e irild &fse:ﬁ%mg%wt hGd merrent 1L

varies due t ransducer operation, the current A corrp°éns-at €s to maintain

a regul ghiesdent abrvet {pire ndEimized." FHE quicdcent\GurreRtl) daf bé ffimizeQTorequat i on (6),
the supply current 1s is substantially a function of only the current |REF

and t heexagipieo by biasteg the op2ationhl transcosduatsasraenplifiéraas at the vokdgs a1, inseehd age Vos and
the 5 quiescent current 1Qare nmnimzed. The quiescent current |Q can be
m ni m zekat tesppply Xelrge ¥s apshowninFigye2he oper ational transconduct ance

anplifier 38 at the voltage V2 instead, of at the supply voltage Vs as
shown in Figure é?dﬁgusﬁﬁdégﬁ‘é‘sédsQﬁ'&Y/é?s“P‘flef%ﬂPﬁ‘ij‘ﬁFVIw§PPP&'B4bV r the

current | _s i ed the current reference 28 tq be.insgnsitive to
fluct ua%‘f'{)‘ﬂg’%%fe%%%&ﬁwn%‘bﬁet‘%ga° °§h‘§ Iafecf’"li‘gy f'ﬁc’iﬁg‘f Ya s of tenperature
(unless fcAmRBHsf wnthetaturs hm&p@gp&hﬂfe i e REndRRMBRMAY sentllf§ %aéfgre, as

di scussed_bel ow, the current reference 28 is constructed to be
subst anfS qiqcpiﬁeq below, the cuggent rgference 28 is constructed to be substantially insensitive to

fluctuations of the supply voltage Vg and of temperature. The ratio of R, to R, is used only -
as a scaling factor. Accordingly, the current reference 28 provides the desired encoding of -
the supply current Ig so as to indicate only the condition being sensed.

15 The sensor load 34, as shown in more detail in Figure 3, includes a bandgap
voltage regulator 50 which provides a regulated voltage to the remainder of the sensor load
34 and to the current reference 28. A transducer 52 is connected to the output of the
voltage regulator 50, and converts the sensed condition into an electrical signal that is a
measure of the sensed condition and that is. supplied to an input of a resistively loaded

20  differential amplifier 54.

The transducer 52,' for example, may be a wheatstone bridge which is
comprised of resistors fabricated with Permalioy and which converts a differential magnetic
flux density into an electrical signal that is fed to the differential amplifier 54. This type of
transducer, in conjunction with a ring magnet, is particularly useful in sensing the speed of

25 rotation of a rotating device such as a wheel. As the ring magnet rotates, its rotating pole
pieces produce output pulses from the wheatstone lbridge that alternately switch the outputs
of the differential amplifier 54 between high and low states. However, it should be

understood that the transducer 52 may be arranged otherwise in order to sense rotation or




fluctuatiens of the supply voltage Vs and of tenperature. The ratio of H
to R2 is used only as a scaling factor. Accordingly, the current reference
28 provide gpsired encodi ng of the supply current o]
i ndi cate oﬁW@Eﬁﬂ Scondition bei ng gensed. 15 The sensor *%gggﬂ , %s shown
in nmore detail in Figure 3, includes a bandgap voltage regulator 50 which
provides a regul ated voltage to the remai nder of the sensor load 34 and to
the curreply dushesfife 28. A transducer 52 is connected to the output of the
vol tage regul ator 50, and converts the sensed conditign into an el ectrical

signal that is a Foudifferentst amplhidiosih segheror 2 gmamion O¢ A2 BEEESSpl i ed to
an 1 nput ?Jngx%to??ﬁ,‘ fotth Y Hrisndi@ SWRH 6029 hE histerdsRbkheRdiors¥Rs b bdn@hred4. The
, 10 , may be a wh

t ransduce r exanpl e eat stone bridge which is conprised
of resi st diffsrenidd ainplifiee Havingt dolldeeorsiwhitiopullthel biashductentd gyaytbraugh enecirftiieer ent i al
magnetic flux density into an electrical signal that is fed to the

di f f er &nt pthér of el 1p4d; resistass Ry, Fhihe diffprontiab amplifien pd. dhssreatingancadfsetgliageon with a

ring magne}, . i.s particularly useful in sensi.ng.the speed.of 25.rotation of
a rotati n&h'ﬂ'égﬁeé’ ‘Pgiftfﬁheef?”%@{'ﬁﬁ’iggpuﬁﬂewe qu?{g W&W@#ﬁ%‘cﬁéﬁa&?mfh{ s rotating
pol e pi ewden e RotpaRator I Witcles!| theysteresif péreitontse sitaraenin thy oppositet hat
alternately switch the outpujs of the di ferent*ﬁg{lﬁggyllfler 54 bet ween

hi gh and fQsditier gleating alystersas (i-e; @ diffpernpial) phich s fa PHYOVERE™S r ansducer

52 may bepde MpdBthpRhdEs6\tah dgdiMsvifcler tO0 Sense rotation or WO 01/31606
PCTI USQ0/ 28840 -6 _any other condition, The differential anplifier 54,

-

togetA@r with a coﬁb%?"&‘@ﬂf%camﬁ‘é@??d‘@éﬂ renpipl-tashingle o
t hreshol den?llﬂ M,@Fﬁf& Wﬁh By i B O § Bafistr Ghinba. ShsanSfeiod elich
al anpl | a

differenti . I'er having collectors which pull the bias current |DAF
t hrough ofswitchesthetv@en ity o cytputstates] e base e5ihs trapsiptorswitdhi64iinepeated iy ent i al
a”pl'f'erm@é?pﬁﬂ?%zﬁét@gédarhﬂo@&fsﬁﬂﬁF&hiMPéhEﬁ&@and’@Eiﬁé}otfhﬁn‘iﬂéiﬂbﬂ of the
transducer must  overcome before the conparator 56 can swtch. \Wen the
conpar at oswiBh 64 ajetesicotially shastedh jogetherearidan pueradriveoyate gindhe thogedsiate,n t he

opposige the collector of the transistor switch 64 is a high impedance and the transistor switch 64 is
. open. In the over driven state, the collector of the transistor switch 64 is driven into low

impedance saturation and the transistor switch 64 is closed. As will be discussed below,

the transistor switch 64 modifies the current I provided by the current reference 28 so as

to encode the supply cuorrent Iy between two levels.

20 The current reference 28, as shown in more detail in Figure 4, includes
transistors 70 and 72 and resistances 74 and 76. The transistor 70 has its collector
connected to the junction 30, its emitter connected to the transistor 72, and its base
connected to the voltage regulator 50 to receive a bias voltage V5. The collector and
base of the transistor 72 are tied together so that the transistor 72 functions as a diode. The

25 resistance 74 is connected between the emitter of the transistor 72 and the conductor 24,
and the resistance 76 is connected between the emitter of the transistor 72 and the collector
of the transistor switch 64.
As the transistor switch 64 switches between its open and closed states, the
circuit of the resistance 76 is opened and closed. When the circuit of the resistance 76 is



condition creating a hysteresis (i.e., a differential) which the transducger
52 nust overcone before the conparator 56 can again switch. 10 The out puts
of the cw@g%&%ﬁr 56 are connected to a differential-to-single- ended
amplifie ch drives the base of a transistor swi FEHUSW284R ¢ he
threshold switch 60 switches bétween its two output states; the base of
the transistor swtch 64 is operated by the anplifier 62 between a shorted
state, cloSedMteGBsidtdiRestASRA 36 e QN birkIR siith tab ek camfiheiivalue isSivbiCllab4 are
essentially shorted together, and an over driven State. In the shorted
st at e, tHebvatue®f thelresistinoe 74dloreh Therefons i thet @wrestlpizcissubs itshigh $taigh | npedance and
the transistor switch 64 is_open. In the over driven state, the collector
of t he Gopseauantly othe suppkycurrent Iy assumes {te high stas. |When thegisaihatte sat ur at i on and

transi S0RPRCTG Bfbes ol R SRl tim F LR RORPRRE L 1

r ef gr efied cdfhbfied Afue BeQoRECRIae W tHENNAhcS T, I Pitkefbre, e bMRRRNIL WO | evel s. 20
The current reference 28, as shown in nore detail in Figure 4, includes

t ransi assames ilowntite/ Conseluently] the supplrcurréntdyabsuifies ifS liew statansi stor 70 has its
coll ector connected to the junction 30, its emtter connected to the
transi stor 72, Jieepusq the gransistor 70 jsropwrelied by theyoltags reguiator S8gthe at or 50 to

recei VeeririPin? St HOVHIAIE acRs Eeiskibds 4 AT 76 B ucki@dichs Of tb Rply ansi stor 72 are
tied togetlhety;1 o) thg?@t hestransi stor 72 functions as a g@ga’e. The 25 '
r esi st aoltage ¥4 is minimiaebct ed between the emtter of the transistor 72 and the

conductor 24, and the resistance 76 is connected between the emtter of
t hdOtransi st or Moregwsr.tthrcsensitiviey of the referenceirarrent dpepita flestuatiosiafh 64. As the

t i st i tch 64 switch: { i t | tes, th
10! S oo PR A e SRR B AR oS, N
resi st 38 gor/éatnpl %W@M&i&%&%ﬁ% cufrefitl Q5.6 tenipBRnirgSi St ances 74

and 76 are in parallel such that their conbined value is |ower than the
val ue éfe seisigivity of the aoltage Avtheremitter. of Treetravfistor72 tolemperatyre must equaldhenes its high

state. sensitivity of the resistances 74 and 76 to temperature. This equalization can be achieved -

15 by forming the resistances 74 and 76 from a material with a temperature coefficient of
resistance (TCR) that is nearly proportional to absolute temperature (PTAT) and by
choosing the voltage level of Vy;,5 which results in the voltage at the emitter of the

transistor 72 being PTAT. Thus, if the temperature coefficient of rgsistance (TCR) of the
resistances 74 and 76 vary in accordance with T, and if the voltage across the resistances 74

20 and 76 also varies with T, then Iggz will be substantially insensitive to temperature

fluctuations.

Certain modifications of the present invention have been discussed above.
Other modifications will occur to those practicing in the art of the present invention. For
example, according to the description above, the threshold switch 60 drives the supply

25  current I between two levels as a function of the output of the transducer 52. However, it .
should be understood that the supply current I5 can be driven to any number of discrete

states, or the supply current Ig can be controlled so that it is smoothly varying. A smoothly

varying current is equivalent to a current having a very large number of discrete steps.




. EF, Consequently, the supply current |Is assunes its high state. Wen the
circuit of the resistance 76 is open, the resistance 76 is di sconnected
fromthe regj e 74 such that 5 their conbi ned val ue pissdbne val ue
of the res?@bi@gﬁ%A Therefore, thg_current | assunes ?I:Eg ow s?ate.
Consequently, the supply current |Is assunmes its |ow state. Because the
transistor 70 is controlled by the voltage regulator 50, the sensitivity
of the voltage acrqjgedvee 4 ¥gsifil At mettds ddastibéd 1680 thatpinitbizésals of the
supply voltage Vs is mnimzed. 10 Moreover, the sensitivity of the

r ef er ence sensitivinof the teferérice curteat Ign flottuativengfaeropetatuse. However,thosed by proper
sel ection of the conponents of the current referenc 2& For exanple, to
mini mi ze tSkilled iy ihg 3t} Witk ypdegptand that,o %?W%%“%‘ﬁf?‘bl?ﬁ“sf‘ggﬁc x'(3‘""t[@ erature, the
sensi ti Vi tonsitfvirt Bfnivi@hdoaoe at the emtter of the transistor 72 to

t enperature nust equal the sensi_ti,vitéeof the resi stapces 74 and 76 to
tenperd ure. This g‘q‘ﬂgﬂlnﬁlé{t%ﬂeséﬂﬁmﬂ@f BTEERRL ipvention, §s o B¢ cAusfred A3

resi st anc . 7 r : ) T e ent o
Syl il e 16 BT f i tsc Ip e

resi stanc . _proportional to absolute tenperature
(PTAT) ancatsying elltd@sinwgﬁQmeWG%@&g@aﬂ ke\uariedyubspansially Yithoutdepartipg frami n { e
vol t age at % b b i ibod¥dafichs AR -are Widsin thef t he
tenperatur%é %g ﬂ%?ﬁ?@f@%ﬁ%&%ﬂ?e&%g%ﬁ%f t he r‘f;el-t?;ﬁszl'trancesw%4 and 76
vary in accepesfitheappendad claimuisdeserived.he vol t age across the resistances 74 20
and 76 also varies with T, then IREF will be substantially insensitive to
tenperature fluctuations. Certain nodifications of the present invention
have been di scussed above. QOher nodifications will occur to those
practicing in the art of the present invention. For exanple, according to
t he description above, the threshold switch 60 drives the supply 25 current
s between two | evels as a function of the output of the transducer 52.
However, it should be understood that the supply current |Is can be driven
to any nunber of discrete states, or the supply current Is can be
controlled so that it is smoothly varying. A snoothly varying current is
equi valent to a current having a very |arge nunber of discrete steps.




WO 01131606 PCT/ USO0t 28890 -8 Moreover, ecific arrangenent is described. b
b that mnimzes the sensitivity of the reference current IREp to
fluctuathggli 3 temperature. However, those skilled in the art wll

under st ang” P¥#%%ot her arrangenent,s can be used to achi RFEUSHISB0sensitivity
m nimzation. 5 Accordingly, the’descri ption of the present inventionis to
be con trative only and is for the purpose of teaching those
skill e%{ﬁ‘q—ﬁe—f u"@ best node of <carrying out the invention. The
details may be varied substantlally wi t hout departing from the spirit of

t he Ji nventi on, %dthe exclulg e use of all nodifications which are within

the ! scope of thke 4 SWHEFRYEBURPRfqT2 T Wirg SESUERPMPTIS 1/ 31606 PCT/ USOQ 28840

-9 WHAT |'S CLAI N&R ah@secdndlconducton drfifed t6 §ttvitte QlsefsdF owtput Warrdhy € sensor
conprising: 2 flasfst and second conductors arranged to_provide a sensor

out put current f IPYIfERCe ARt M Elereer cQuBled #aEor thediretapd sxorbupl ed acr oss
t he 4 i rcphdusiesd; second 4 conductors; S a second resistance and sensor | oad
term nal s coupl ed across the first and 6 second conductors; and, 7 an
ampldi fi er havi nd seaud Fesigtageesand sensori lpad terninalyconpled agrpss the figptcandi n t he first
8 | BPUtsedofid edhidindesish by, @ first junction between the first resistance and the
current reference, 9 wherein the second input is coupled to a second
jundtion bet weertnamplifiesbaving firstandiseaond inphtd andin outpnt, seherain the dias ¢ er ni nal s,
whergei al lin output 1 |
currenlt?nﬂuﬂ tcﬁlgﬁwstfﬁsatt secoﬁ%e?:g‘ﬁgﬁ%%%m&gm{n %ﬁgﬁﬁg%ﬁeé arrpl ifier is
ar r ngevherein thésecond inp isf qoppled tp@ secogd junctianihetween the sgaond tesistancesind ubst anti al |y

equg! 1R Bns3ffold) QHXBLIE ,av%aeraﬁ the I&Etp&tqg QJ?lqected so as to control the sensor output

11 current in the first and second conductors, and wherein the amplifier is arranged so thata

12 first voltage at the first junction is substantially equal to a second voltage at the second
13 junction.

2. The current regulator of claim 1 wherein the output is coupled to the
2 second input.

1 3. The current regulator of claim 1 wherein a sensor load is coupled to the
2  sensor load terminals, and wherein the sensor load is coupled to the current reference so as

to control the sensor output current.

1 4. The current regulator of claim 3 wherein the current reference includes a
2 variable resistance coupled between the first junction and one of the first and second

3  conductors, and wherein the variable resistance is coupled to the sensor load so as to

4  control the sensor output current.

1 5. The current regulator of claim 4 wherein the output is coupled to the

2 second input. i
-_
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13 junctian. 1 2. The current I im1 wherein the output is
coupled to the 2 second mput,lﬂﬂmﬂﬂ[,im(n IIE ant regul ator of claim!l
wherein a oad is coupl H sor load t ' and
wherein th?@@éﬁ.{gg«*ﬁ | oad is coupled;§o the current refer eﬁég?ug@}zgss«m 3to

control the sensor output current. 1 4. The current regulator of claim3

wherei f the curren Mplel s@f?J&? ' ce coupl ed

bet Weeﬁ the first F'ﬂ@{ﬁ%‘%@%ﬁﬂhﬁe&gﬁ&{%gh ."'?@é an lsoé‘%(ﬁ)lhlg&%qconductors,

and wh2r eswitch lagrangad icedytiteh the yarizbleiresistinge brtwesh oulytteo diswets easisanceb.oad so as to

4 control the sensor output current. 1 5. The current regulator of claim4

wherein the output is coupled to the 2 second input. I TILIIil 111111

P11 1111111 L 1i 7. The dubieatiregulatdrof tlhind 4 whéreihMielsénsot Joad Inbluii®a01/ 31606 L N s
| ai.m 4 wherein the

* PCT/ US00/,28840 - 1(c¢ 1 6..The.current requlator,. of

sensoryl o?ﬂwgﬁ'if%? ‘&“‘@%W”@f‘? regismnge BRweeg a%‘%oftq?ﬁﬁw\%arﬁ”c ¥&- r esi st ance
between only two discrete resistances. 1 7. The current regulator of claim
4 wherein the sensor | oad incl udes 2 Ltch arranged to switch the

var i abfe r esi stancg %W‘Sgugﬂtﬂpgaﬁwi%“aﬁnéﬁﬂpgﬂ?‘é%%?p&%@@ 1 8. The

current rggpiifes.or of claim4 wherein the anplifier is an operational 2

anplifier. 1 9. The current regulator of claiml wherein the anplifier is
an operational 2 anplifier. 1 10. The current regulator of claim9 wherein

the oujput is couphegnd QufelGegutatsi®Ff BRkh | WRtkin the amplifier is an operational

2 amplifier.

10. The current regulator of claim 9 wherein the output is coupled to the
2 second input.

11. A current regulator for a two wire sensor comprising:

first and second conductors arranged to provide a sensor output current;

a current reference coupled to the first and second conductors;

sensor load terminals coupled to the first and second conductors; and,

an amplifier coupled between the current reference and the sensor load
terminals in a closed loop feedback configuration so that the current reference is controlled

N - N VT O IR X

50 as to vary the sensor output current in relation to a sensed condition.
12, The current regulator of claim 11 wherein the amplifier has first and
2  second inputs and an output, wherein the first input is coupled to the current reference, and

wherein the output is coupled to the second input and to the sensor load terminals.

13. The current regulator of claim 12 wherein the amplifier is an operational

2 amplifier.

1 14. The current regulator of claim 11 wherein a sensor load is coupled to



1 11. A current regulator for a two wire sensor conprising: 2 first, and. ,
second conductors arranged to provide a sensor output current; 3 a current
referenc Hﬂk to the first and second conductors; 4 sensor | oad
terninals colpled to the first and second conductors; abfch/USO8288M0 app|ifier
coupl ed between the current reference and the sensor load 6 termnals in a

cl osed onf ur at 112739 th urrent. reference is
contslt;J olt}lg%%soﬁcgagtl%s o var‘ghef Te §§?P§8r lo%xﬂ‘{s&qp?eg e SHrTen refeienceisgn 1o a
sensbd=mmmdnhnbmesémdﬂmqﬂhmummurent regul ator of claim1l wherein the
anplifier has first and 2 second i nputs and an out put, wherein the first
I nput is coupled to the current reference, and 3 wherein the output is

‘coupl ed to the sE:ong duﬁmtregmcbrtooclhhelmﬂaamﬁmdeﬁteéfaieﬂw ificludes 13. The
currgent re Iator of mher in the anplifier is an operational 2
anpl fiae‘far °i‘i§‘s'aﬁ?ea‘l‘{ﬁa’]l?eé‘?‘l'ﬂ Jgiiably wistapce W?%W f2d s@@hsor | oad is
coud edo tonthdDHR bén3diodtipubeatfent500/ 28840 -11 1 the sensor load termnals, and
wherein the sensor load is coupled to the current reference so 2 as to

control the sensor output current. 1 15. The current regulator of claim 14

whergi n the CUFrﬁf‘tTHe%ﬁélﬁE‘é‘gﬁlato?%fHQﬁ?ls3h&eﬂﬁfc'sé&hﬁo£@ﬁxbﬁ&é ce, and
wherein the variable resistance is coupled to the sensor load so as 3 to

cont% ol sWitplbargangedyio switelhthe varigbleapsistance bhegweenipalytwp disareteresitngesor of cl ai m 15
wherein the sensor load includes a 2 switch arranged to switch the

vari abl e resistance between only two discrete resistances. 1 17.  The .
currlent regul at of7- cFhegnmentregslaton of elpim iwherein thorsersotldad includesas a 2 switch -

arr ang of discrete
r es?{lt ng’c‘:‘té‘g E&P%s ?ﬁlemgﬁé@giﬁ?e; regu g‘?@%ﬁow&wﬁer B The anplifier
s an operational 2 anplifier.

1 18. The current regulator of claim 15 wherein the amplifier is an operational
2 amplifier.

19. The current regulator of claim 15 wherein the amplifier has first and
2  second inputs and an output, wherein the first input is coupled to the current reference, and

wherein the output is coupled to the second input and to the sensor load terminals.

20. The current regulator of claim 19 wherein the amplifier is an operational

2 amplifier.

1 21. A current regulator for a two wire sensor comprising:

2 first and second conductors arranged to provide a sensor output current;

3 a current reference coupled to the first and second conductors, wherein the
4  current reference comprises a plurality of components; and,
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1 19.- The. eurrent regulator of claim15 wherein the anplifier has first and
2 second inputs and an output, wherein the first input is coupled to the
current ref@helsRes @nd 3 wherein the output is coupled ;g E}(}; ond i nput
and to the sensor J oad terminal s. -}220. The current regulato &@ﬁél aim 19
wherein the anplifier is an operational 2 anplifier. 1 21. A current

regul ajor for a t Wi Gosd SHHA 15 A Shd'Bcond cbhdustbrs 3l 03EE GRtac ONAUCt OF S

arranged to provide a sensor ‘output current; 3 a current reference coupl ed
to the2f i fefarengpovhereinotel sensarddadtinslusles avrmdtags mguldter, Wherein theesqnsor oadisence

s o Bl Boidol R rufBARRRE %o 38 gl e iptorobl ot wherky' '

and setonthie curaticfarnce Brrduplal 0 the voliage eegulato? so &fte randerche suneenitegrlatire sensor

| oad i gcl v r | at.or, *herein th | s .3 arranged
to cont r of D foebrd 61 Bieafit.and HEkePl besiEp AT R Wl P S 1Y oo
currené, ehdereiercurrént répalatu substattiaily tetnperatuee insensitivepl ed to the vol tage

regul ator so as to render the current regulator 5 substantially supply
vol tage insensitive, and wherein the conponents are selected so as to 6
renderithe current22 eDi¢lcafrér répulator afétaiml 11ywheRASHE A the Compunemsistal ve. 1 22.
The Clt#rent, regu) ator of clai mZJI wherein one of the conponents is a 2

vari abt e YAHEYIS fesiRece, Whwria the variblaerisance & courledip Sircenspslosbdpfed to the
sensor3 | ogkbreif fiid sehs¥184dVables hEvARDIE MsistaR@o Miiol cOfitrd] iR séol dpe I €si st ance
so as to control the sensor output 4 current. 1 23. The current regul ator
of cldf mPBeR¥herein the variabl e resistance varies 2 with tenperature in a
first direction, and wherein another of the conponents varies with 3

tenperature in substantially the same direction. ) .
1 23. The current regulator of claim 22 wherein the variable resistance varies

2  with temperature in a first direction, and wherein another of the components varies with
3  temperature in substantially the same direction.

1 24, The current regulator of claim 22 wherein another of the components is
2 avoltage control device responsive to the voltage regulator so as to maintain the current
3 regulator substantially insensitive to changes in supply voltage.

25, The current regulator of claim 24 wherein the variable resistance varies
2  with temperature in a first direction, and wherein another of the components varies with

temperature in substantially the same direction.

26. The current regulator of claim 22 wherein the sensor load includes a
2 switch arranged to switch the variable resistance between only two discrete resistances.

1 27. The current regulator of claim 22 wherein the sensor load includes a
2 swiich arranged to switch the variable resistance between a plurality of discrete resistances.

1 28. The current regulator of claim 21 further comprising:

AR R O



1 24. The current regul ator of claim22 wherein another of the components
Is 2 a voltage control device responsive to the voltage regulator so as to
mai ntai n M}i f%t{lent 3 regul ator substantially insensitive to changes in
supply vo yg, 25. The current,yegulator of claim 24PGHESA28849 heo

vari abl e resistance varies 2 with tenperature in a first direction, and

wher gi n anot her qf . varikes Wth 3. tenperature.in

subsf.iant ially th%fggggsmﬁnggcﬁéﬂ%@%fmfo% TH‘é“%tferﬁgﬁ ?‘é&ﬁﬁ%ﬁ%‘ﬁ‘w claim 22
wher @i n s¢cond sondwtors;l oad i ncludes a 2 switch arranged to switch the

vari gbl e resistance between only two discrete resistances 1.27. The
currgnt regul at o *8P ¢ FEFRPSAT &Wwﬁéﬁ%ﬁﬁ?éﬁmﬂagassitﬁ%ﬁ%@é a 2 switch
ar r adgedecond condiotdys;t lel, vari abl e resi stance between a plurality of discrete

resigtances. 1 28. T urrept reqgulator of claim?21 further conprising:
1110 P 111111 11173 pmplifieribaying fist and Secopginputs aadbmoumet; vhersis SR B8 13 | o

firse rapusikaspledid b Fd fthclich efkbeh the'fidf ré&istnsd ind tef RHERAGEfeRALDSS the first
and _2 second conductors; 3 a second resistance arranged to couple the

senjsar ™ méE‘?’tS’g%“dtiPlé’tis@@EE‘%W&SCWHQMQ%WGH@F@?@P“maa anpl i fier
havi 89 tHe'sedsoP#osd, 284 MMéreinthd driplfieris 8Farked R/ fhat ARSI volipelaPhefirdtSt 6 1 nput s

coupled to a first junction between the first resistance and the current
r ef ePendumction i substantially gguak tocasseepnd ypitage pithe segpndaiingtin.a second j uncti on

bet ween the second resistance and 8 the sensor |oad,. and wherein the
anplifier is arranged so that a first voltage at the first 9 junction is
substantial |y eqd3 Thecyrenbreguletor ef claig 28 athereincthe owpimds qoupled todhe 1 29. The
current s&ﬁ%ﬁhf)r of claim 28 wherein the output is coupled to the 2
second 1 nput.

30. The current regulator of claim 28 wherein the amplifier is an operational

2 amplifier.

1 31. The current regulator of claim 28 wherein one of the components is a
2 variable resistance coupled between the first junction and one of the first and second

3 conductors, and wherein the variable resistance is coupled to the sénsor load so as to

4  control the sensor output current.

=

32. The current regulator of claim 31 wherein the variable resistance varies
2  with temperature in a first direction, and wherein another of the components varies with

temperature in substantially the same direction.
1 33, The current regulator of claim 31 wherein another of the components is
2 avoltage control device responsive to the voltage regulator so as to maintain the current

regulator substantially insensitive to changes in supply voltage.

34, The current regulator of claim 33 wherein the variable resistance varies

2  with temperature in a first direction, and wherein another of the components varies with
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1 30: The current regulator of claim28 wherein the anplifier is an
operational 2 anplifier. 1 31. The current regulator of claim 28 wherein
one of the nts is a 2 variable resistance coupl ed he first
junction agﬁ9§¥gﬂ§f the first and.gpcond F 3 conductors?ggﬁﬁﬁéﬂﬁéein t he
vari able resistance is coupled to the sensor load so as to F 4 control the
Sensor1 oUk@pkratale ik Qibstantfhllp the sTedifebidnent regul ator of clai m 31 wherein the
vari able resistance varies 2 with tenperature in a first direction, and
wher ei n anot her of the conponents varies with 3 tenmperature in
substantially the sane direction. 1 33. The current regulator of claim31l
wherei n anot her of the conponents is 2 a voltage control device responsive
to the voltage regulator so as to naintain the current 3 regul ator
substantially insensitive to changes in supply voltage. 1 34. The current
regul ator of claim33 wherein the variable resistance varies 2 with
tenperature in a first direction, and wherein another of the conponents
varies with 1111111 ~liii! 100 Jr teitt 10 111l ¢ L s W 01/ 31606

PCTI USOQ' 28840 -14 tenperature in substantially the sane direction.
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