CURRENT M RROR USI NG RESI STOR RATI OS I N CMOS PROCESS,_.The ,present invention
relates generally to 5 current control devices, andfparticularly to a
current control devicé well adapted for consistent. operation even across

| ow vol tages. Background of :fhe Invention A current; comRBISIB/PTS 4

mai ntains a given 10 nmagnitude of current along a particular current path,
e.g., a series conbination of circuit'c&nﬁbnents. Conventi onal current
control devices typically require either a m ninum potential across
termnal |eads, or react undesiJalUii, 1.0 q_agh arj ation in circuit 15
paraneters, e.g., deviation Expect et pone 0ppl y vol tage or expected
conponent characteri sti (RESISEORSRATIOS I RROCESSdevice is driving a
l'ight emtting diode (LED), a common display device for electronic
products. The brightness of an LED is 20 a function of the anount of
current passing throGBf PreseRt inyehion| rehatssi genaxadlly €@ LED t hen,

it is sufdfichefteh® &Rt Hevived) tawd Particuearlyetd W chrpegk t he
LED. To provide consi.stent LED_bri htnqi? a consi.stent_ na nitgde of
current nustCORETPLaeVirs KR h@#%ﬁfe %%ﬁbgpnﬁﬁsLBBQﬁ?ékﬁﬁ 48%i ces
connect ed i rewsn | ®@srbaseloevwdesltadidsevel of brightness by controlling the
anount of current passing Jgﬁ) ge°§e = ' lon. As a diode,

however, the voltage 30 d A ) i ally independent of
the current it carridscupgentocomtrdordevice maipdainge 3 Eiven| es

conbi natlid)ngmééi?fﬁﬁ&éeofcéﬂr%ntta‘&qrbﬁ?’ ¥ 0pa 282 clNARS cuyrest LHathED -
di splay devices. As a result, |less vol gﬁg ptential remains across the 35
current cont$d¥- dedi E€rigRgcPpbinadiqn JrEULt FoMPANeNtS hi s 1 emai ni ng@
potential i comsehitionalt current control devices typically require

either a minimum potential across terminal leads, or

react undesirably to slight variation in circuit

15 parameters, e.g., deviation from expected power supply
voltage or expected component characteristics.

One use of a current control device is driving
a light emitting diode (LED), a common display device
for electronic products. The brightness of an LED is

20 a function of the amount of current passing through
the LED. To control the brightness of an LED then, it
is sufficient to control the magnitude of current
passing through the LED. To provide consistent LED ;-
brightness, a consistent magnitude of current must Q'
25 pass through the LED. - '

A number of LED display devices connected in
series have a desired level of brightness by
controlling the amount of current passing through the
series combinationi As a diode, however, the voltage

30 drop across an LED is substantially independent of the
current it carries. Much of the potential across the
LED series combination, therefore, can be taken by
voltage drops across the LED display devices. As a
result, less voltage potential remains across the

35 current control device, and its operation may be
impaired if this remaining potential is insufficient.



This is particularly Qrithgl when, for exanple, a relatively small supply -

voltage is used to drive 'a series conbination of LED display devices. A
conventional current mrror placed in series with an 5 LED provi des current
control substantially independent of the voltage drop, i.e., forward

vol tage, of the LED. However, a sinple gurrent mrror, for exanple, an
n-channel MOS-G device, typically requires at least 2 volts across its
drain&ghd source termnals for 10 proper operation. For a 5 volt supply

vol tage and a pair of HMeis ebs GeaptéuldbLyi 6pieicdevunen, eagh having a 2
volt forward hiased volta onl¥ 1 vq%%'renai£5'ac;gss-the current mrror
for current cSRAPELSaf tTHATEYFIY TBhbt SUBRIY ¥oLtagesifclsed bt 15
therefore, dedinive & tdaties ccomizimatibonrof LED|i dksppayalevitcels.a aanml
potential  act Quhydt {GHT Blrd R mi A SEPIFcEd" i Lef POLT Rl cBPRPACH USES
an output transistor 1n 1'ts I'IT'hear node W a resistor 20 circuit for
setting cuPreRMEDX REQVides @Furrent reertsebrsuhptantialliyappiependent ess

sensitive t0 bFe thd YBItHgSdLSS til.eel,raﬁéfﬁafa,v61t£§e9ua1=etp@”'si.tiV_e to
variation in the suppl va?tggeh, ED f orward voltage, and absol ute resistor
val ues 25 obt ed.d%@éY?ﬁn FHRIQ FHFTeRESRIEFOE i FOFaL¥ABPASy can
result in siganf nsaHantesl HOSHG i deviEe prtgépi.ﬁgxxéy £feqm;_]gaal atallledst
require an arga e vice of the,array is
desirably of o*&&%"‘sﬁa galn %% yf%e‘ﬂ{e?jc'glg%‘?i%ﬁ‘t‘ﬁ%@?“%‘&h’.‘%&?i §9Fed. For
exanpl e, 1P tpropel openatiompar tFof a Scvebtssypply volbage, and ias
desirabl e tha - e i 2 rqMd t ghjl.ng bright ness.
Al $0,; sone Ia?ea?%gﬁf;lters u%gé%#%ga%?dhﬁﬁgﬁdg%igfﬂg %gb iﬂg_ht sour ces,

and the qual i BRVANDA & StPHut fRXvard hinsedcyebbagen enhyi 3t ¥edE of LED

brightness. Tgemains across the current mirror for current control,
and the device cannot operate as desired. It is,

15 therefore, desirable that a current control device
opefate with a small potential across its terminal
leads. ' |

' A second current control approach uses an
output_transistbr in its linear mode with a resistor.

20 circuit for setting current flow through the
transistor. While this approach is less sensitive to
the potential adross the t:ansistor; it is quite
sensitive to variation in the supply voltage, LED

U ' forward voltage, and absolute resistor values

25 obtained. A slight variation in these circuit
parameters can result in significant variation in LED
brightness.

‘Some applications require an array of adjacent
LED devices. Each LED of the array is desirably of

30 substantially identical brightness when activated.

For example, if the LED array is part of a éeven
segment display, it is desirable that each segment of
the display appear with matching bfightness. Also,
some laser printers use an array of hundreds of LED

35 light sources, and the quality of printed output
obtained depends on consistency of LED brightness. To



E3

3 acconplish consistent LED brightness, = curre .~.550f substantlally
mat chi ng nmagni tude must pass through each LED. Summary. of the | nvention The
present invention is defined in the clains. 5 It would be desirable to
provide precise current control with small voltage potentials across the
termnal |eads of the current control device. It would also be desirable to
obtain current control as a function of resistor ratios. As an integrated

Ci rtcui It dedhhﬂpﬁéych %&%ﬁsﬂéntat | pEDar ebﬁ{.gﬁtﬁést# obt gufeents CuUbraDl
contro evice, | rda sent_.Jnventlon ca

number of ?aa’?%fﬁgf}'é?ﬁnt‘%ﬁrh% Wﬁg‘é‘h’g‘é‘fﬁlﬂqsa F’gﬁ' ri’n%&ﬁ’y’t g‘%@ * It
woul d aIsqﬁggﬁggﬁnggggg_ggnggign current control 15 in an LED | i ght
source substa?%%gl%¥8%Pq§pgﬂq§ﬂklg%h55Rg§¥§%§dn Iéﬁ@e d%f&soperatlona

with very lit across e curreéent control device.
In a pranci pal Iprvmlelddm desdaabde tof prnméleepeaciseveurrent controdegoi ng

poi nts ar & AT ERSed Py Eage! peEEnEYalR"bctlodle Ui HUH {44101 684" bR

path, incl g a series c natl on of a voltage contro varil ation
reS|storz%hﬁeFQIﬁ?@ﬁt°%%ﬁ§@1r€§V§FGP The current sense resistor and

vol tage contr oft &foyPd @1¢erbé Qfeéiﬁabié et loBt& D | Gersenti 8shtLB1Vakh a
circuit conaﬁasnt t hrough whi curre t 25 flowis to-be co trgrled The

seri es cofi ?5%°EOBSI€§5& Sye Afqd2R akfd gireuit,
suppl Y1ov/0 vitaeife @uth regietorc eatdbtsagee phectselgnobtathed, ‘dewhpeehurt her

vor t age. o ST £ ASTRte Y dddBladd Sy VLR LA ALY CobURe B30°ch, | 0°
i nputs ti gravidéea immberm ok ceparaie tcmrmnt epatlmr@ substantiaddyt he \/
voltage copiy iy NaghfLlQE. -4
It would also be desirable to provide current control
15 in an LED light source substantially independent of LED
forward voltage, but operational with very little potential
across the leads of the current control device.
In a pr1ncipa1 preferred embodiment of the present
1nvention, the foregoing points are addressed by a current
20 control dev1ce prov1d1ng a current path, 1nc1uding a series
combination of a voltage controlled variation resistor and

a current sense resistor. The current sense resistor and
voltage controlled variation resistor lie in a series
combination with a circuit component through-which current v

25 flow is to be controlled. The series combination couples a
first voltage and a second voltage, e. g., a supply voltage
and a reference voltage. The current control device further
includes an operational amplifier providing its output to
the gate of tne_voltage controlledfvariation resistor, and

30 having a first one of its inputs tied to the interconnection
of the current sense'resistor and the voltage controlled
variation " |



resistor. The second_ i nput of ‘the operational anplifier is'tied to a
substantially fixed voltage signal. The resistance of the current sense
resistor 5is selected to provide a target voltage across its termnals
when a desired nmagnitude of current passes therethrough. The constant

vol tage signal applied to the second iapyt of the operational anplifier is
mai ntai ned substantially at the target voltage. The 10 operati onal

anplifier acts to vary the résistance of the variatfon resistor to maintain
tﬂe g arget dvokbaﬁet@:cif.osq-ﬂﬂeséé%d&rﬁnmsefrel?ésﬁpéraadohaa_r-eby_.-e_stab! i sf115
the desired current..fl ow. e | ect tter,o e_present .Lnvention I s
particularly ﬁB‘Pﬁ-}g&%ﬁ%}&%ﬁg}‘# Rt F %’I‘%‘%ﬁlix Fﬁﬁe oNOLE@9%y portion
of this speci&igaalan. Both the organi zati on and net hod of operation of the

i nvention, together wghh, f1l arfely 38y ¢ e her.eqf wever,
may best be ur‘ldersto\c,)w(}ll‘loL r!Fge%j'r(agr-‘%:'n.ce %%f%géz‘gﬂggﬁgﬁgwgkgs e????}ﬁﬁ%ﬁ and
acconpanyi g dFafedgsrtsadeta praovide & ctarget cvieltager acrossr its | i ke

el ements. BrigbrlH@ietith o ddRQhdgsitaée of éueféghg C%is.fé's

illustration of an 25 integrated circuit CTurrent contro e eln
accor dance wi FRersthraughy The gonstant jeeltage aigppdt aPpided,tunt
control; FIG tRel sexomhafpute of |tlsé repérat Dondl canptiFiegntieol device in

agoordance,  hlshRS Mo Pnalhd VAT udEgebat, BoTLnd ol L1
schemati c10| | gperatiionadf amplifier acts rtd vavycthenresistdacecofith t he
present 35 i nygal vahiat 1P ddY ) "6 LR %h theCRURGEL QB1MAGE @ SeVen
sedqment display device. ' .
across the current sense resistor and thereby
establish the desired current flow.
_ The subject matter of the present invention is
15 particularly pointed out and distinctly claimed in the
concluding portion of this specification. Both the
organization and method of operation of the invention,
together with further advantages and objects thereof,
however, may best be understood by reference to the.
20 following description and accompanying drawings
wherein like reference characters refer to like
elements. :
W , _?IG. 1 is a schematic illustration of an
' 25 integrated circuit current control device in
' accordance with the present invention as used for
discrete LED current control:
- FIG. 2 is a schematic illustration of a.
current control device in accordance with the present
30 invention as used for providing a plurality of
substantially identical or matching current outputs;
and o _
_ FIG. 3 is a schematic illustration of a
current control device in accordance with the present
35 invention as used for current control in connection
with a seven segment display device.



-5- Detailed Descrrptron of a- Preferred Enbodrnent FIG. 1is a schematic
iltustration of a curr&nt control .device 10, according to the present

i nvention, as used for discrete light enmitting diode 5 (LED) current
control. Device 10 includes an integrated circuit 12 and an external
resistor 26 for providing a predeterm ned magni tude of current through LED
di spl ay el ement 14. The magni tude of &ufrent passing t hrough LED di spl.ay

el ement 14 deternines the 10 brrghtness of elenent 14. Thus, by contrglling
current, device y _ S 0 : 14.

Integrated cirQgkak HES R i pe Epboddment., i con
current set resiste&I@3,1 lfsrmle,etmﬂ\atm rhlmshratéoneofear stor 48, and an

n- channel %ﬁé@%@&ofgﬁe@fan aéé@&?é%ﬂzgp{:bftﬁ{e ggegesr des a

non-inverti ng |1 nput ermn an Tnver erm na

Resi st ors dawentizcaplused mrctssebeiﬁﬁol/iqb aembtt&gg drlmyer 20 29

bet ween gS URiipb)Y Andrknt/Sih¥sh 2 %&Hf@eoiorfﬁélﬁ&ég ufl tage Vref, with
resi stor 26 connected to vo]tage Vs p and resisgor ggconnected to voltage

Vref. The pgdttRgxated; ¢k e?’i)ve%’ﬁt?’ég? t 5p81850¥N @628 Wonnect s to
non-i nver t igkbviditig t£rpe é&&téihiﬁédCﬁagﬁ&tﬁde06ﬂ|cﬁﬁ?éntlthﬁthhTﬁuS,

non-inverti ut ter L1 fier.20 rec lyves a _substantially
const ant v&&%&éﬁ%‘?%l %ég‘s gﬁ%‘?o’b%??? d8f° 8“‘559 ial of voltage
Vref rel at ipassing dthzegi/SLED &isplay eleméntpmi determines tife

oper at henalpAEidddd o dHdudine 04 & SFnd, U ”ébﬁ{:%lﬁn cting as a

vol tage contr variation resistor éﬁ enent conprises LED 40
and LED 42 Ut cdeVice 1@ conkrels Hehe ﬁbaBtBFSEEBfmié@};ﬂléd to thiw
anode of LEewentdrdhe anode of LED 40 connects to supply voltage Vsup

and the cathode of fﬁ%&é¥3é§5"5§¥éh{€ f aﬁﬂcigégéngh'operational
amplifier 20, poly-silicon current set resister 28,
15 . poly-silicon current sense resistor 48, and an
. n-channel MOS transistor 34. The operational
amplifier 20 includes a non-inverting input terminal
22 and an inverting input terminal 24. Resistors 26
and 28 couple in series to provide a voltage divider

20 29 between supply voltage Vsup and a ground or
reference voltage Vref, with resistor 26 connected to
voltage Vsup and resistor 28 connected to voltage
Vref. The point of interconnection between resistors _
26 and 28 connects to non-inverting input terminal 22 o
25 of operational amplifier 20. Thus, non-inverting
input terminal 22 of amplifier 20 receives'a_“
substantially constant voltage signal derived as a
proportion of the potential of voltage Vref relat1ve
to voltage Vsup. :
30 output terminal 30 of operational amplifier 20
drives gate 32 of transistor 34, acting as a voltage
controlled variation resistor. 'Display element 14
comprises LED 40 and LED 42 connected in seties, with
the cathode of LED 40 coupled to the anode of LED 42.
35 The anode of LED 40 conniects to supply voltage Vsup,
and the cathode of LED 42 connects to drain terminal



i6- 46 of transistor 34. . Resistor 48 couples source termnal 50 of
transistor 34 to voltage®Vref. Also, source termnal 50 of transistor 34
connects as feedback to inverting input term nal 24 of operational 5
anplifier 20. A current path 60 between supply voltage Vsup and reference
voltage Vref exists along the series copbgnation of forward biased di odes
40 and_42, terminals 46 and 50 of transistor 34, and resistor 48. 10 The
resi stance of current path 60 is a function of théi¥esistance of resistor
48 plus the drgé not otpaHEEStELSBAL aNResItioraad daipie dMmepgée transi stor

34 acts as a vpoltage copirolled variation resistar, Its resistapnce is

det er i ned by t'f??émg'&?fagé ﬂfeggﬁf’sé?%?g %&t %l?( “E‘@r‘?ﬁ%ﬁ' of Priier 20.
The resi st ancesadreat teffiinabhdspaoti traasligtidmi3Ofcamearsistas 34, t hen
varies in acc | ts | L 2 T | | f
oper at i onal a(r)rfb% I %?w2%g2gn§$gg§8 h%p'&&%tnggﬁ a‘i‘t alln%u% %rér#%g?gfégagnd 24
essenti al | b ecampliffherc@@rent through resistor 28 is thereby mrrored

proportionally into thg tgRekefie’ pdfh 88Chetetler FurhidUpP!vdik éeegﬁglly t he
same potential to voltage Vref, “"The ratio hetween thé respecijve 2

currents in r ARdipeEevenga vaestage; Nty exislis 41T tthe s8piese

resi stance of ¢ombihationSofntoffarit bitsede ddiderriss ethd gz, the rel ative
current in resjistors. 28 d 48 Ls independent of _the absolutg valu of
Cosi stors 26 Sernbtars, 28 pad, BB pR EReRRIHeY, S 4r A e fatorote -

i npl erent é® | Theit egsstancer ofi cutfenthpatht 60 tizsla durprtdionli of thgi ven
resistor ratiQ.lS; CRUr s hi,gv N rQvi gl Lcul ar
absolute resi ?{%él%ﬁ%ﬁ%% Sgygﬁg%&%ggt ﬁg g’glutuse oeoe‘%g eﬁﬁ%%‘é‘%i’é‘?gr 26 35
| arge rel ati vere®ilshancef ofetrangisger B#e cBecause transistor 34

acts as a voltage controlled variation resistor, its
resistance is determined by the voltage present at

15 output terminal 30 of amplifier 20. The resistance of.
path 60, and particularly that of transistor 34, then
varies in accordance with the output of amplifier 20.

The high gain of operational amplifier 20 -

20 keeps the voltage at input terminals 22 and 24
essentially equal. The current through resistor 28 is
thereby mirrored proportionally into the resistor 48,
each resistor coupling essentially the same potential

U to voltage Vref. The ratio'between the respective

25 currents in resistors 28 and 48 is then a function of
the relative resistance of resistors 28 and 48. It
may be appreciated that the relative current in
resistors 28 and 48 is independent of the absolute
values of resistors 28 and 48. Thus, resistors 28 and

30 48 are advantageously implemented in integrated
circuit 12, where the task of providing a given .
resistor ratio is more accurately achieved than -
providing particular absolute resistor values.

By naking the value of external resistor 26

35 large relative to that of resistor 28, the current -
through resistor 28, and therefore the current along



t hrough resistor 28, and therefore the current al ong . -7-“path 60, is

det ernmined essentially by the value of an external conponent. By
fabricating the relatively small resistor 28 as part of integrated circuit
12 and using the larger resistor 26 as an external resistor, 5 little
material resources, i.e. chip fabrication resources, are required for

I npl enment ati on of voltage divider 29. The value of resistor 48 is chosen to
al | ow passage of a desired LED current Iled along path 60, 10 correspgadi ng

to a desiregabgDeh ?gt BStermibeq %Qéﬁ{-@i}&ﬂf"ﬁ*g{héﬂvﬁ ba! S LAGPSS

resistor 487 Wth feference to an assunmed value r sugp % vol t age Vsup,
the val ues 8Xterbalt 6PBPOREAtd 2BYafabHsaiing theratativedyne potenti al

V1 at inputghgli pekidtoef 285 asipalrt icF DHicedF@b6a SéPFclitPnoViagRs, when

fully turned on m Qi mum on-resi stance equal to_a _giyen tential V2

di vi ded by PREPHeERPdRBRrorESiSEPT AL AS Vi SXESEAL < FEPLSEOTy ful | y
turned of abitthe matertialdlreseohiraes,Vi.aes cdsip nfagracatiionrcuit 12, i.e.
across the | nbipat i | S 4. I §teO ual s the
sum of ¢ he DepeiBeERrRRY tiinTred ¥ il cltePALIER SEMboRad" T olon
di odes 40 af@§viderA29di scussed nore fully hereafter, where V1 and 25 V2
are each on the ordeheotaQue W residtdi9rfd efis CEhoseh 6 8R3Rf €s With as

little as 0.4 volts at the drain_termnal 46 of trapsistor 34. Generally,
the actual DBFEage ©f & dgsired JER CUrIgPtrIled 2}QRg, P3FL 60y f ynction
of the B0 eoppeypoaldinge t'ds ap ddgited IEED heigithessy wheadavol tage drop

acroos, i o%gtyh Baahtion Y e Yonid SERBAERE AR LHIBH O L o
reference to an assumed value for supply voltage Vsup,
the values of resistors 26 and 28 are chosen to
provide the same potential Vi at input terminal 22 of

15 amplifier 20. _ :

'_ . Transistor 34 provides, when fully' turned on,
a minimum on-resistance equal to a given potential V2
divided by the desired cutrent Iled. Thus, where
transistor 34 is fully turned on and the -actual

20 voitage_v3_across_integrated circuit 12, i.e., across
the series combination of transistor 34 and resistor
48, equals the sum of the given voltages V1 and V2,
the desired current Iled flows through diodes 40 and
42. As discussed more fully hereafter,'where V1l and \oo/

25 V2 are each on the order of 0.2 volts, integrated '
circuit 12 operates with as little as 0.4 volts at the
drain terminal 46 of transistor 34. '

~ Generally, the actual voltage V3 at drain
terminal 46 of transistor 34 is a function of the:

30 supply voltage Vsup minus the substantially fixed
voltage drop across diodes 40 and 42. - Thus, voltage
V3 is subject to variation depending on the actual"
value of supply voltage Vsup and actual forward
voltage drop of LED 40 and LED 42. . In accordance

35 with the present invention, the'resistance-of
transistor 34 is compensated to adjust current flow in



voltage drop of LED 40 and LED 42. In accordance 35, with the present

i nvention, the resistance of transisstor 34 is: conpensated to adj ust current
flowin -8- r path 60 to be substantially equal to the desired current
Iled. More particularly, change in voltage V3 at drain termnal 46 of
transistor 34 results, by way of feedbackgtprough anmplifier 20, in a change
In 5 resistance of transistor 34, such that transi stor 34 carries a greater
or Iesser vol tage drop. As t'Hé act ual vol tage V3 |ﬁﬁreases the voltage at

sour c€*t er i ng!aﬂ? 66 6988 tgﬁﬁééaﬁﬂlhﬂ%ﬁ%alﬁ% tfie ide€iF&ay i nput
termnal 24 o

anplifier 20 receives a,l0 S|I%®0 reat er |n ut vol tage.
As a result, tRETRRENI1eE. of MRtEpRAXEICH %h%hﬁ?|+Péﬁe Fﬁﬂﬁc¥3mﬁth
the high gai ndacﬁ @f@inftemiﬁaﬂhe BES itTHanatastdr tsarnseahp?ssﬁbyhelay .
I ncreases, an r 4 caryies er ro ortl n of t vol t age V3.
15 S|n1larly,9# O% rong eEPB;é@gé# 6) (hﬁng%ufﬁut term nal
30 increasés am$istamcetof Stansisteos 34sm£uch Qhatltramﬁlsbbragé V3. In
this manner, ﬁ@}f{éér 29-£5€0z &P%&%@%@%ﬁt S dripll 1£LMtRal s 22 and

24 substanti a o voltage V The vo € across resistor 48
then remains §MH§! tY@lF?gatV§hénG€§Pﬁ9§nuﬁthﬁ9 agey3h $ABTGE| t age V1

across the rest&hRindB. 48 Nescirgent toward Rai mrﬁﬂséasséptwmnthél ly equal to
t he desired cuyrent #Fed and. t he desi e LED. bri {E #i 25 achleved The
utility of thetPYREEIRI; {DRUE; bRTPLN énCT (PRRL AT £ ¥RFSAYEPNG

smal | supploy \mliagﬂysgﬁeaEeg 1n5utolsmatag§i. a msbstresulbt, vbhéage drop
o ihe order droRPTEIRL OE fleBle-E8raindl’ 36 s tn abcordai@h! 208 dr op
: w1th the high gain of amplifier 20. The resistance of
transistor 34 then increases,. and transistor 34
carries a larger proportion of the voltage V3.
15 similarly, if the voltage V3 decreases, the voltage at"
~output terminal 30 increases and transistor 34 carries
~ a smaller portion of voltage V3.
~ In this manner, amplifier 20 keeps the voltage
at its input terminals 22 and 24 substantially equal
20 .to.voltaqe Vli. The voltage across resistor 48 then
remains substantially at the desired voltage V1. With
the voltage V1 across the resistor 48, the current
along path 60 is substantially equal to the desired
W current Iled and the desired LED brightness is
25 achleved.
_ - The utillty of the present invention is
evident in an installation having a small supply
voltage Vsup, e.g., 5 volts, and a substantial voltage
drop across the series combination of LED 40 and LED
30 42, e.g., a voltage drop on the order of 4 volts. For
a desired current Iled on the order of 0.011 amps,
resistot'48_can be approximately 20 ohms, establishing
voltage V1 at approximately 0.2 volts. Transistor 34
is designed'to provide approximately 20 ohm resistance
35 when fully turned on, setting voltage V2 also at:
approximately 0.2 volts. . Accordingly, resistor 26



a desired current Iled on the order of 0.011 anps, resistor 48 can be
approxi mately 20 ohns, establishing voltage V1 at approxinately 0.2 volts.
Transi stor 34 is designed to provide approximtely 20 ohmresi stance 35
when fully turned on, setting voltage V2 al so at approxinmitely 0.2 volts.
Accordi ngly, resistor 26 -9- shoul d be approxi mately 10k ohns, and.
resistor 28 approxi mately 460 ohns, to3deliver approximately 0.2 volts.to

i nput term nal 22 of operational anplifier 20. In an actual inplenentg?lon,

supply voltage Vsup 5 and the voltage drQp acrosg LED, 40 and LED 42 cah
vary from t RBPR18x Gc?@&rﬁﬁkméielﬂiiﬁﬁt R%c A0 F&E8ROTcafrent contro

devi Cg 10 aapprpkinatieds wfbhm,ﬁmb/aw)gm@neappmkﬂﬁatemymemat es by
provi di ng an D current . along. _ ant i e s 011 10
anps. Cbnsiﬁgkgsng é?RHEr&Fﬁi#ﬁgﬁlég)iﬁp %pégi%éé% %éﬁ%lkﬁe%TB vol ts and
a conbi ned 20kt aje dnopciuadssimpilesen et tonl, 4Supply. Yolbage. Vshipe
potentiak V, t aj , | R G A 0. £l Vi S 5 (|

anmplifi e% Zgngr Fgésj?taﬁtggét?l ?gjog gtdlﬁég%ﬁlgu??tgéﬁi Iﬁg% % .te%%/alr‘%q?uppl y
vol t age Vsufropntheiy expeckeg y lues nihesphtefuFBsVaraatdomX: transi stor
34 is | ow egayebntockatroliAedidien 1o -£H Uil &ntheée withr €&l stor 34 at
about 0.2 volts, thereb% | eavi.ng 20 the rena%ni_ 0.2 volts across resistor
48. The desfPYecEPPRANERt. YIRSy FIRRAIRAL AP By PERBIRG AN ED 42, 11,
on the ot heLEDapdrrentphjong padh \Gusulsstanttial Yy Segaavotos oarvd it he
conbineg?vgéﬁggg drop 25 across diodes 40 and 42 is 3.6 volts, then-the

potentia drain termnal 46 of transistor 34 is 1.65 volts. Wth the
potential across reSposddexrs fioye@Xanpie, AR 3gtual b§UPPLNi nal 24 of . \/

operational yoltage Vsup of 4.8 volts and a combined voltage drop
across diodes 40 and 42 of 4.4 volts. The potential
V3 at drain terminal 46 is then 0.4 volts. '
15 Operational amplifier 20 drives the voltage at its
output terminal 30 toward supply voltage Vsup, in this
_case 4.8 volts, until the on-resistance of transistor
34 is low enough to keep the drain-to-source voltage
of transistor 34 at about 0.2 volts, thereby leaving
20 the remaining 0.2 volts across resistor 48. The -
desired current Iled thereby passes'through LED 40 and
LED 42. : - ' '
If, on the other hand, supply voltage Vsup is

actually 5.25 volts and the combined voltage drop o/

25 across diodes 40 and 42 is 3.6 volts, then the
potential V3 at drain terminal 46 of transistor 34 is
1.65 volts. With the potential across resistor 48
urged toward 0.2 volts by terminal 24 of operational
amplifier 20, the remaining 1.45 volts must be taken

30 by transistor 34. The voltage at the output terminal
30 of amplifier 20 moves in the required difection to
adjust the resistance of transistor 34 to take the
remaining potential. The circuit tends towarad
stabilization where the potential across resistor 48

35 equals the potential at non-invertiﬁg input'términal
22. Transistor 34 thereby changes in resistance in



anpllfler 20, the remaining '1.45 volts nust be t aken 30 by tranS|stor 34
The voltage at thée oufput ternminal :30 of .anplifier 20 noves in the required
direction to adjust the resistance of transistor 34 to take the remaining
potential. The circuit tends toward stabilization where the potenti al
across resistor 48 35 equals the potentlﬁékat.non-inverting I nput term nal
22. Transistor 34 thereby changes in resirstance in - 10 - order to carry
the potenti al necessary to Ieave the potenti al acrios’s resistor 48 at the

desiréd volta 0 t Vi substantially 5
I ndependent o%‘%{e vo 8§£ p@ﬁé rggggftﬂ%ﬁ) E%%a%%s{%b g‘g ?}.’ﬁl %bé a
m ni mum vol t adR® F%méjmereesoggsnﬁtegr&se@&nuhgldeaﬂxed voltagefici ent

voltage at dram, termnal 46 of tranS|stor 34. In the enbodi nent of FIG 1,

a voltage V3 as | ow as %%5%SX|natel 4 10 volts is sufficient for the
desired current controft OPEEAtAPN; PESeMise Hirig tsubstantiaddyt o

t enper at ur & armdrrpmmwadsf athenvbitabéod&wpsfa&ﬁidﬁé | NED 4D VaRa BRBRI ni ng
sour ces of errgoy | d snatc es_15 lsetwe%grre5|stors 28 and 48,
variation in pSwerts é%) T BLIRLTEER V1T A0S Vor TGRS, ACK0SS ¢ f st
vol t age of opdmmeqraﬁedumﬂrémet 22, ipd.|,heufdicrbare wolexgeraal resistor

26. However, 1§ P sﬂﬁ/{ﬂﬁo«}ée&séf’éﬁs?@tﬂdﬁs | Sp.5uhsd &g%%él '%SS

than the 20 é ute val ue variation duie to pro
cal cul at ed t o Hedifq- iv IYClirgexVHnlEl }oW/AF ERRTGNNAtEYD maght ness.

Absol ute @l uerclits efd £ 281 sheUESr hene a@%&ﬂ&'&ﬁ%ﬁ@%&@fi&' ts
resi stance |svnueh less t. | st or 25 Accordi ng

suggest ed t hat' a0 < Eglt?ﬁl§%°ﬁaﬁsarTQtﬁ£ﬁ§ﬂ%Qﬁ14¥ﬁe§?ve to |ts

speCi fi ed val kenperature and process variation is also
substantially removed.
Remaining sources of error include mismatches

15 between resistors 28 and 48, variation in power
supply, the absolute value of resistor 28, offset
voltage of operational amplifier 20, and the tolerance
of external resistor 26. However, mismatch between
resistors 28 and 48 is substantially less than the

20 typical 30% absolute value variation due to process
and is calculated to result in only approximately 5%
variation in LED brightness. Absolute value of '

- resistor 28 should have negligible effect where its
K/' resistance is much less than that of resistor 26.

25 Accordingly, it is suggested that external resistor 26
have 1% variation relative to its specified value to
minimize error. Offset voltage of operational
amplifier_zo will cause a difference between voltages
at input terminals 22 and 24. Amplifier 20 should be

30 designed with no systematic offset, but random offset
of approximately 0.005 volts can be expected. Overall
current variation due to the above noted sources of
error is calculated to;be on the order +/- 20%. Such
variatidn in current magnitude is considered small in

35 light of the broad range of variables, such variation
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mnimze error. Ofset voltage of operatlonal anpllfler 20 mnll cause a

di fference between voltages at input termnals 22 and 24. Anplifier 20
shoul d be 30 designed with no systematic offset, but random of fset of
approxi mately 0.005 volts can be expected. CNeraII current variation due to
t he above noted sources of error is calculated to be on the order +/- 20%
Such variation in current nagnltudeﬂsilxnmldered small in 35 light of-the
broad range of variables, such variation i n supply voltage Vsup anq,LED
forward voltage, in whi ch device 10 o erates FIG 2 illustrates a second
current contRoFURPL¥nYeAtAge Yeup dﬁ"rﬁg FRryrEd Vel tagent £Bn, where 5 a

nunbfr of s?m%¢§rdéuﬁegnlocgpb&QEeQQV|ces 80 each prEV|detsubstantialg%
equal or matching c en S eac ntr evi ce

i ncl udes an operatlgﬁé énﬁﬁagléfgﬁfs %15?%3@%3?%¥r§ cﬁﬂgrﬁgcurrent
sense re5|s§nranQEmeﬂ$,mabboddumgeth)thb presentnlnuenbionurwharesense
reS|stor548 ﬁgﬂgggtgftglﬁgﬂ term ﬂﬁiﬁéﬁhr§& ?géégtggogéc?and connects

as feedback’ t |nvert|ng I'npu Ier he remai ni ng
ternminal ofP¥e¥ideosubs a@&ﬂﬁ&&MsQQFQ%ﬁQ#e#ﬁ%?bbﬁgagﬂrnﬁét A current 15

path 60’ be&M@ﬁﬁ 4r b t ehNFTY. éﬁ éﬁbﬁréﬁﬁ%ﬁéprdéélcéndoreference vol t age
Vref provides ea h current he Jntergpnnec i on reS|stors 26
and 28 provigeld e§oPPaQQeFﬁ§&P non2i 5@?? AHOF nput

term nal s 224! pf ahllcaagnkirenty See ﬁ&siﬁkopre&?ousks wishr deedcet he
vol tagel@crfaswéﬁge%g%ﬁég&a%tta%i#&& aséﬂé@'@%#@i:&%g? g®Cross each

resi st or gni current rough resistor 28 is
mrrored pr@ponectsatbyspnm@sgwemmﬂnakxﬁgto¢f48ran$gatqr 8#Afsand

Pr opor ti onatsnAkELR’ WY rababMcke Ho ARSI Rt i ”E'e?ﬂihQQ gigsol ute
val ues of resistors 28 and 48" rather |t depen s.on_the rati o of
resi stance ©f amplifier 20'. ‘The remaining terminal of resistor

48' connects to reference voltage Vref. A current

15 path 60' between drain terminal 46' of transistor 34!
and reference voltage Vref provides each current
output Io. The interconnection of resistors 26 and 28
provides a voltage input for each of the non-inverting
input terminals 22' of the amplifiers 20'. As

20 :previously described, the voltage across resistor 28
establishes a similar voltage across each resistor
48', whereby the magnitude df current through resistor
28 is mirrored proportionally through each resistor \
48'. Again, this'proportionate mitroring'of current v

25 does not depend on the absolute values of resistors 28
and 48', rather it depends on the ratio of resistance
of resistor 28 to that of résistcrs 48'. Because
resistors 28 and 48' may be implemented in a single'
‘integrated circuit, or in integrated circuits of

30 substantially identical composition, precise
resistance ratios are possible. Therefore;'precise
current control is possible. More particularly, very
close matching‘among current outputs Io is achieved.

Error, or mismatch, in current output is
35 calculated as the potential range of current Io



of resistor 28 to that of resistors 48 . Because resistors 28 and 48 may
"be ifhplemented in a single integrated circuit, or infintegrated circuits of -
30 substantially identical conposition, precise resistance ratios are
possi bl e. Therefore, precise current control is possible. Mre
particularly, very close matching anong iurrent outputs lo is achieved.
Error, or msndtch, in current output Ts §5'balcuLated as the potenti al
range of current 1o - 12=z:variation for devicegs80 (dlo) divided by the

g\e/)s(i re C“”e%ﬁ%ﬁgn (_%‘% -%é@{éegaébi-?éﬁ%r)' gﬁxy&a ﬂfrt{rlglxdeé’fé‘éd ’
VX where dL i sunrentosmtput d(¥éks enMerenppatticulardan resistor width for
resi.stors 48, dVx is the possible g%ffergnce in voltage actfss resi stor 28,
and dW is 10-ti8dossF bl o Wé8crente | t i*on i i er—ci¥¥et

vol tage. Typical &y dL equal§“ﬁbproxinatel§x0.l um L dgual s appr o%¥matel y
20 um dW equais approxi mately 0.01 volts,. and Vx .equals apprpxi mately 1
Vol . The expBBERF Misnift HhE POtFTBAE BIESEEENGS 1o ROV 69 (o be
only approxi mriesdistionh%idtis £8r i tésistorss 48 ,c dherniis cihe rpdssliviee 100
all owi ng for | I ght t I scrat I t rssegments
of a seven se%%ﬁ% ag‘b1‘8@%%%@?%%%%??‘5&3#%%%@ :|L$1 a seven
20 segnenfiodi &heapassilpke diiffexencecinuopergtiianala@npldfiier di spl ay

el enents of t el AFHdESyo di ngo0cuih ghad] SRhal | AP Y S e e LY 6681 | Y
activated. A current control devicte 1 n_accordance with the present
i nvention, hoW@erl SANRLS FPEOXIMIEGAY| 20 Piyo Y RIWRLS ED current

despite vari at ®iMma0e 106, ODIeo1tal, . ahav e gy dbpad:eimdediyncl udes
H Sﬁt em tti nq' vioqﬁ:e.s 2é_1g>§pec end aﬁggrrng%ré%e i",‘4 tcrllrrent: outputs ib
15 is calculated to be only approximately 1.5%._-'
FIG. 3 illustrates a current control device
100 allowing for matching brightness between discrete
LED elements or segments of a seven segmént display'
:101. Providing consistent LED current in a seven
20 segment display can be difficult because voltage
across the display elements often varies, depending on
which display elements are currently activated. A'_
‘current control device in accordance with the préseﬁt
invention, however, maintains a substantially constént
25 LED current despite variations in voltage poténtiai;
K/ ’ Seven segment display 101 includes light
emitting diodes 102-108. In accordance with
conventional multiplexing schemes for such seven
segment. displays, various ones of the light emitting
30 diodes 102-108 couple to reference voltage Vref by way
of certain digit switches. For example, the digit
switch 110 couples the diodes 102, 103, 104 and 108 to
voltage Vref. When digit switch 110 is enabled,
diodes 102, 103, 104 and 108 are illuminated to form a
35 particular digit or portion of a digit. Thus; by: '
selectively enabling various digit switches, varidus
digits are displayed on the seven segment display. .



conventi onal nultlpIeX|ng schenes for such seven segnent dlsplays vari ous
ones of the light enmitting 30 diodes 102-108 couple to reference voltage
Vref by way of certain digit switches. For exanple, the digit switch 110
coupl es the diodes 102, 103, 104 and 108 to voltage Vref. Wen digit
switch 110 is enabl ed, diodes 102, 103, 104 and 108 are illum nated to form
a 35 particular d|g|t or portion of & difgit. Thus, by selectively
enabl ing various digit smntches vari ous dlglts are dlsplayed on the selven
segnent di spl ay. puLpe i1l ustratio on e single

G ot suitoh 110 arkPT BWERoSRs’ SE0ST T raioty Ry s E1ngTE | | Che
understooddﬂglﬁﬂswltcmalladdndldmodedlgne,swnﬁqham4:andlxnstardlgit

switch 5 1%2"”&&%?%3?%%& g&g%gggohheh%%%@r)‘: %q{'rbl nati ons of diode

illumnati n the seven’segnment display 101 is
pl aced i n adktionabndigbti switrhasa §epaﬂamet@udmgﬂt<§wwtqh device. In

FIG 3, 52 Q4(d i %&e&ééal(%dew peovidel @helhnodeddakED 102 is shown.

However , wi | e under st hat _an  addi,ti onal devi'ce simlar to current
control deﬁQRPHH§?4%P$ea§|@éﬁdﬁoiléﬂBHnéFlﬁmbdes 103-108. The current

device 112 i ncl udesggdh Operaibqas! 10ophiok 4h thée saven degnent sense
ol 1 er - e, 8L o BEpaPan1 3588 e cbibitge Ll K Ao 116
connects t sepmprate vohiregpt Veoptuod teviieeni ndn Em$4ﬁ3ﬁraucn£remt118 The
Corner 5y SR SEH et R LUEC R A ) 160 IR 00
anplifier Howevenres ithavill4bef updgrs S’P@r that esnRe@itionakries t hroughy
di ode 102 apd, fkdi4imil4ehtd18utpent! Boatiolv dehiee IS is
required for each of diodes 103-108. The current
device 112 includes an operational amplifier 114, a
15 current sense resistor 116,-and a p-channel MOS
_transistor 118. The output terminal of amplifier 114
drives gate terminal 128 of transistor 118. Resistor
116 connects to:supply voltage Vsup and to terminal
120 of transistor 118. The point of interconnection
20 between resistor 116 and terminal 120 is connected as
feedback to the inverting 1nput terminal 122 of '
operational ampllfler 114. Terminal 124 of transistor
118 connects in series through diode 102 and digit ‘
. switch 110 to reference voltage Vref. _ oo’
25 It may_be.appreciated that the current control
device 112 operates-in a SubStantially similar manner
as that of the prev1ously described current control
devices 10 and 80. More partlcularly, and as will be
described more fully hereafter, a substantially
30 constant voltage signal is applied to the non-
inverting input 126 of operational amplifier 114.
This substantially constant voltage signal corresponds
to a voltage which would be present at the
interconnection of resistor 116 and terminal 120 when
35 the desired magnitude of current flows through
resistor 116. as the voltage present at the



25 . It may be appreC|ated that the current control deVicenllz..“ﬁf B

operates in a substantially simlar rmanner ‘as that of the previously
descri bed ‘current control devices 10 and 80. More particularly, and as .
wi |l be.described nore fully hereafter, a substantially 30 constant
voltage signal is applied to the non- JdRyerdiing input 126 of operational
anplifier 114. This substantially-constant voltage signal corresponds to a
V0|tqu whi ch woul d be present at t he |nterconnect|on of resistor 116 and

termnal 120 ﬂﬂeQrGEnhBetﬂeﬁl wdr@ag@tudqm #nd 1Eindiower tfnough

resistor 116. _ the vol t esen - j.nterconn i on of
resi stor 116'%ﬁﬁl??anngfﬁggﬁTgivﬁpp cﬂﬁﬂveﬁnﬁﬁ?liﬁtﬁligérives
the gate 128 of transistor 118 to wvary 1ﬂherrnsrstamme06fttraust$borll8 and

her eby adj us, gugpgniy Lyt Q@gg&@ R el Wt Qo el 8

magni t ude. Becau r ansi eve
circuit 130 iX02std tbeagssyreﬁemggnmﬁmﬂqeu|y constant vol tage signal to

t he non- |nvert|ng 'nﬁééaﬁgé”tﬁﬁhsi%QdF PRErE i Plcidiie] | ®éviLelld. This
| evel Shlftlgg CIFC Bg&ogerates in_a mnner substantiall simfar to

that of the #ebeBel |§ hiftipgpedrefite A & At iedich? RRPLY &% shifting
circuit 130 |m1bsﬁaﬁtﬁamyeéahsea&lt Folltddges s lgiva oo the tisomen- i nverting

dividor 136 | HYeaEERg LBPrkC MR o of SRpifbioti A 12ker 0| 190
connect i kP suppty vEBhiagdevelpshiftisigecinnmib|13Qeopsxiteoin a
Qut put term nganddg Qﬁbgﬁﬁhﬂih%i? saHhidy & Jé?a@” 4 e&nézéfe\;féug

n Qngnnel MOS_t ransi st or rce termnal 148 t ransi st or % coupl es
described current control devices.

Level shifting circuit 130 includes an
operational amplifier 132 having its non-inverting

15 input terminal 134 tied to the output of a voltage
divider 136. Voltage divider 136 includes a series
combination of resistor 138 and resistor 140
connecting supply voltaée Vsup and reference voltage
Vref. .

20 : .Output terminal 142 of operational amplifier’
132 drives gate 144 of an n-channel MOS transistor
146. Source terminal 148 of transistor 146 couples to
voltage Vref by way of resistor 150, while the drain
terminal 152 of transistor 146 couples to supply

25 voltage Vsup by way of resistor 154. 1In this manner,
a substantially constant voltage signal, shifted up
toward voltage Vsup, is provided at drain terminal 152
of transistor 146. Drain terminal 152 of transistor
146 connects to non-inverting input terminal 126 of

30 operational amplifier 114.

By suitably selecting component values, as
previously described, the substantially constant
voltage signal present at the drain terminal 152 of
transistor 146 corresponds to the target voltage

35 across the resistor 116, i.e. that voltége present at
the interconnection of resistor 116 and terminal 120



vol tage Vref by way of resistofr 150, while the drain terpminal 152 of

transi stor 146 couples to supply 25 .voltage Vsup by way of resistor 154.
In this manner, a substantially constant voltage signal, shifted up toward
vol tage Vsup, is provided at drain termnal 152 of transistor 146. Drain
termnal 152 of transistor 146 connects_to non-inverting input termnal 126
of 30 operational anplifier 114. By'%u*?ably sel ecting conponent val ues, as
previously described, the substantially constant voltage signal presenigmat

the drain t ' A (g ' 4 S o .the.target voltage
b0 aor ose t BE" HiAnsigtdy AT el And oL PLLaCBARTENtO phidhy el
i nt er connecPASsesf thaxgughy resieton] 116 #i nBecange onlyisne &ED r ansi st or

L18 vhen. t ha3dpaalyed depifeintli Sgid Ugdr RadER SsbbneHEN orcalisblayl 16, Because
only one LED di's y segnent_.is used for each segment of élsp y 101, a
| arger vol t48&d oga&' yaoltaoe PR AFERSS 12a6h; sugbndexice g | abl e.

Ac?:ordi (rj@I yist generalage adalrmﬁasls Adsxeow;ﬁgny;seneevbgdthg@ordrbkﬁ i's |
selected to p | 4 volts to nimze,erro. e tqQ operationa
anplifier o?$§8?gv§3?53§&%5&§1ﬁﬁﬂ%?t?%?%ﬁﬁ%fig%§|1§t35338%eﬁb3§1 shifting
provi ded bybei appiroxismatedy ttha cektstteominihidevereotrl@uepdcates with as
little as +4z : ia%%@ﬂ-i - , a (o cysrent contro
devi ce has %83%55, g’\?\{ma.l élﬁlrégﬁl%fc%gn%?& o{d%%#%'e i%g_\%g‘l Pigll}l ,‘[%1& for

i npl ement at PEAIEAONAde Stage] af davek shifting jprevidedrby cirmvudt
circuitiy. 2soyseHef Gurdient kbrtHdXli s Byé  1T0 688+at8B! #3kh &s

very ©iut ) et ysFEEoBENd75, 2%, Far it Ah cif ARBURRroBhE  her or o, and more (U
inportantly, this 2Thusppropdedise wcumrent oodnbtroliedendeeohasat chi ng of
on- been shown. The current control device is well suited
for implementation in integrated circuits, and
15. particularly in MOS circuitry. As used for driving
LED displays, current control is substantially
independent of LED forward voltage, but is operational
with very little voltage across the integrated
circuit. Furthermore, and more importantly, this
20 approach to current control depends on matching of on- -
chip resistance instead of obtaining particular
absolute resistance values. '
While a preferred embodiment of the'present
invention has been shown and described, it will be W/
25 apparent to those skilled in the art that many changes
and modifications may be made without departing from’
the invention in its broader aspects. The appended'
claims are, therefore, intended to cover all such
changes and modifications as fall within the true
30 scope of the invention. : ' '



chip resistance instead of obtaining particular absolute resistance val ues.
Wil e a preferred enbodi nent of the present invention has hppn shown_and
described, it will be 25 apparent to those skilled int

changes and nodifications may be nmade w t hout departing Im (rﬁiﬁ I!II)
In its broader aspects. The appended cl ai mgs are, theref el

cover ,all such changes and nodifications as fall within the true 30 scope
of thegﬂnventlon CLAI M5, L A current control.device (12) for

est abl ’'shi ng SLAEMSrol | ed current through an LED (11% connected to a supply
vol t age term gal up o] e

connegt abl e bgt vveenit hgufé%ﬁf U?éﬁ{%of ercée?]cxh'agl t%gg% tig%ﬁ%srﬁﬁ%f)
and conpri si n§onkredd ieé’sc%ﬁﬁpﬁathﬁﬁugh énchﬁPrbH)e@anemd v fe suppilyt or

(48) and a trea&taber He¥nineyi 9sap) ¢ @3  cel¥Pét ( #Bhtryid &Q&'f&& g@. )

t I d.transistor 4 10 espon5|ve to a contro

agglml 23 tso saP8ipd: € ?’é?ﬁ?ﬁé?lé %et"&.ﬁrﬂ FLﬁnsﬁ'%'? o 634)3H‘AV|%91'§§P€3§’61% ce
term nal (50)vodbaget cerminale (@hmef)f a&aid:cmpﬂi@iﬂgﬂd current sense t

resi stor 48 the seg n nt Lr ense _resi stor
(4§|)Sbe| ng(co)nnecta ?%%% gore é?g%@g‘ ﬁriutovol fd'gégrf’g:iﬁdﬁa‘fufr{ﬁ BF) Sghge
said drain te¥ﬁ$h§F°F46)435ean§ gohnapsistert 63ﬂheheﬁmglq)itepm02|)t,edlrlaari_ED
connectlon to(lb? SHAAl !éo\i?lchaqgtﬁe{:&ﬁi‘haiﬁug%ag‘){?@ﬁﬁ&i E 3'573 fhqu g

means 2% aV|n an out put term nal sa|

(32) for ’6?89 Fﬂryes&Pdac%%FBvl sﬁ’gmﬂl aeBP irditq ﬁ@lldnﬁéﬁ'—et §emnrmal
(24) coupl ed (8253 adanteahsistol $34Y ﬁ@ﬂh‘.ﬁ@' kadacybiuesk Eeeﬁ&naqS'(%foqr

(480200, 21 OcaRHLRRALET L Talnd Uk foof STEE, PAM I 28! L3S canse
subst anti al | yreshstamt (48) ag€h25 sedqnhl endr rceﬁsp'ohdl Rpritrel Ved t 28 rent
present at sajdnS8N$S%sistor (48) being connectable to said reference
15 voltage terminal (Vref) and said drain terminal (46) being
connectable to the LED (14) opposite the LED connection to

the supply voltage terminal (Vsup);
operational amplifier means (20) having an output
terminal (30) coupled to said gate terminal (32) for
20 providing said control signal, an inverting input terminal
(24) coupled to said connection of said controlled current
sense resistor (48) and said source terminal (50) as a sense
point in said series combination, and a noninverting input
Y terminal (22) receiving a substantially constant voltage
25 signal corresponding to a voltage present at said sense
~point when the desired magnitude of current passes through

said controlled current sense resistor (48)
!

‘. “ - . -

30 - ; and
a reference current sense resistor (28) éonnected at
one end théreof to said operational amplifier noninverting
input terminal (22) and at the second end thereof being
connectable to the reference voltage terminal; _
35 wherein the reference current sense resistor (28) and
the controlled current sense  resistor (48) are both
fabricated in integrated circuit form so that a desired
ratio of resistances therebetween may be accurately set.



p0|nt when t he des|red nagnltude of current passes through said controlled
current sense resistor (48) 30 —and a reference
current sense resistor (28) connected at one en !mmmme
operational anplifier noninverting input termn “ m second
end thereof being connectable to the refigrence voitagetiterm hal”

wherein the reference current.sense resistor (28) and the controIIed

current sense resistor (48) are both fabricated in integrated circuit fgrm
so that a d@sired?r suryept coptrodndevitkeacbordéng taycmalmCQUWHEQbinset

2. A CU%&M AN st eemprickdl r%ga Fl -& ?Pﬁ'e:l G €1 §ffect
transi stor. (i ses an n-channel I eld ect transis : A
di spl ay deVFE%n 38F%Fonprising: 5 a vol tage supply tern1na|.(VSup);

Lchante L eTae et et duppud i 1L 0l (10
de t and_a cat hode ter S
Q?ngg(zg)aﬂgv?ng éﬁhgﬁaﬁfzﬁy (i¥ Qﬂi?{y%%ﬁhode termnal; a voltage
controlled tran5|atup1@®@pInnﬂen;nhemteﬁmﬁﬁaIﬂKVﬁétUfe (50) currenttpghg
I d t r r ei 0 e_present_a
;g[glggnfrgr tgr%?n Qégpgrg%ﬁgé f aﬁ%e % %gfﬁ & r 8RP9Bat h
15 t er ni nalkeymEnad) an afpﬁ§h°dﬁe§ﬁ§mdnal(48) haV|ng first and second
terminal's and a sgbHeuric! 11%‘ £xed1e03hy Aicfad NesSheuRAg ViR ?thﬁa' d

first rgesistgor %éBl I S ,cou aﬁd ai irst termnal to sa| vol
referent® teFiMHARY (R8s R %@Gﬂﬂ P@diat said second termnal to said
source (50) curreatvpmtageecmtwd:lléﬁlttaﬁéimC(M)rhb.'\g.ldm gg{&ﬁ.gﬁtm%)(?’@
or il o1 BleUE B e et EBRLASE) o S GRER BB Rk PR
of said g@gﬁmunal|gaﬂ) whereln voltage present at the gate control
- terminal (32) determines resistance between the current path
15 terminals (46,50); | |
a first resistor (48) having first and second
terminals and a substantially fixed resistance therebetween;
wherein said first resistor (48) is coupled at said
first terminal to said voltage reference terminal (Vref),
20 and coupled at said second terminal to said source (50)
current path terminal, said voltage controlled
tnﬂﬁistor.(34) iS;coupled at said drain current path terminal
(46) to said cathode terminal of said second light emitting
- diode (42), said anode terminal of said second - light
25 emitting diode (42) is coupled to said cathode terminal of
‘said first light emitting diode (40), and said anode
terminal of said first light emitting diode (40) is coupled
to said voltage supply terminal (Vsup);
| 'en operational amplifier (20) having an inverting
30 input terminal (24), a non-inverting input terminal (22),
and an output terminal-(BO); the output terminal (30) being
coupled to the gate control:terminal (32) of said voltage
~controlled transistor (34), the inverting input. -terminal
(24) being coupled to the source current path terminal (50)
35 of saiq voltage. controlled transistor: (34); and
| a voltage divider . (29) compr151ng a reference.current
sense resistor (28) and a second (26) resistor connected in
series between said voltage supply terminal (Vsup) and said

C

r



-25 enm tting di ode (42) is coupled to said cathode_term nal of said first
light emtting di ode’ (40), and said anode terminal of sai |

emtting diode (40) is coupled to said voltage supplmm IM an
operational anplifier (20) having an inverting 30 , 4) a
non-inverting input terninal (22), and apgoutput term n&l %309 out put
term nal (30) being coupled to the gate control ternmnal (32) of sald

vol tgge control |l ed transistor (34), the |nvert|ng anut term nal (24) being

coupt€d to wodtage cceference perhlnaﬂmovreﬂﬁxnt intesrzicthneaittiage of
controll ed L3081, Oy driéda; saﬂg58 (48! 4 Sg%gé% 2@;8 ) SRR Baifh

erence current sense resi Stor on I stor connec

seri es bet wsowpded to| thee mxp-mrwere#mma np%umemimaﬂau @24) of tegid

reference t@?@ﬁgﬂldﬁgpfhmEQQQﬂéyequnnect|on(ﬁ sai d reference sense (28)
(26

and second resistors being coupled to the ngn-inverting input term nal
(24) of $aid operational anplifier (20). 5 4: - : A met hod of providi ng
a desired ratio of a current magnitude | throough an LED (14) connected to a
10 supply vdltage termnal (Vsup) to a reference current pagnitude, the
met hod conprising the steps of: placing the LED (14) in a series

conbi nati on4L5 across aAvakeéthysl poifenpravidingbla shisbimsdecattite sfppay

voltage ! ! Hilert/ohalmatdadnl ¢ EERRERCCaOLER® (L8] Ml dokel) ed N

series conblnatlon I nc teps connect i aIIy fIxed

resi st ol q 4SURRI Y% a V@ LtEras ematlagé Vsuph nke (Wr éfe;feréemectwgrant

source 20 1 qiagridud@V)twé ﬁembaaeemysigahlgxethba%?deﬁsorof(%) having a gate
termnal (32) Tesponsive to a control signal for varying the resistance of

sard vol tage variable transistor (34) to said substantially fixed resistor
(48) at a sense_ point along said series conbination, and connectlng a drain

25 term nal (46) of sai ga\égln'%a aLthl(elg)ranmstor ;:3@5 comb:.nat:.on

15 across a voltage potential established between the supply

voltage terminal (Vsup) and said reference voltage terminal

(Vref), the series combination including the steps of

connecting a substantially fixed resistor (48) to said

reference voltage terminal (Vref), connecting a source

20 terminal (50) of a voltage variable transistor (34)'having

a gate terminal (32) responsive to a control signal for

varying the resistance of said voltage variable transistor

(34) to said substantially fixed resistor (48) at a sense

point along said series combination, and connecting a drain

25 terminal (46) of said voltage variable tran51stor (34) to

the LED (14);

- applying the reference current magnitude to a

reference current sense resistor (28) whose resistance is

proportional to the resistance of said fixed resistor (48)

30. according to the desired ratio of current.magnitude I to the

reference current magnitude; and

adjusting, by control means (20) responsive to

voltage at said sense point, the resistance of said voltage

variable transistor (34) such that voltége across said fixed

35 resistor (48) corresponds to a voltage established across

said reference current sense resistor (28) by the
application of the reference current,



the LED (14); applying the reference current magnitude to a reference
current sense resistor (28) whose resistance is proportional to the

resi stance of said fixed resistor (48) 30 according to the desired ratio of
current magnitude | to the reference current nmagnitude; and adjusting, by
control means (20) responsive to voltagd&9at said sense point, the

resi stance of said voltage variable transistor (34) such that voltage . —
across said fixed 35 resistor (48) corresponds to a voltage est abl i shedked
across * said reference current- sense resistor (28) by the
application of the reference current. 19 5. A et hod accordi ng

to claim4 erein sai ¢ adjystin  nCl S: . +appLYiRg the
out put of * operati ongl ﬂ%ﬁﬁ??i g?&%‘g%?hg‘g the ('::oln 7ol 4si‘éﬂr¥aareg'g t %igate
of said voladjestvingabtept ingdindes: (34), and applying a voltage signa

taken frgm said sense g%&gigjgaﬁiﬁﬁﬁ{'@_&@@ﬁ f’%éf&ti@n&-ﬂ ampeifiag

input 10"term nal of sa p mplifier ( current

.6, ,
control dev(2@) s@sstthe sonkral neignalqdartheqd ‘m‘%ﬁh‘ Pﬁféae‘r?ce"?ftaﬁ? of
Figures 1 t@a3;0b16heranessRenyi(dd)]r aNdaNgs.

applying a voltage signal taken from said sensge
point of said series.combinatioh'to an inverting inpjt

10 terminal of said operational amplifier (20).
6. A current control device substantially as herein
describéd with reference to any of Figures 1 to 3 of the -

accompanying drawings.
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