(err) (err) CURRENT M RROR USI NG RESI STOR RATI OGS I N CMOS PROCESS The
present invention relates generally to 5 current contret- devices, and
particularly to a current control device well adapted fof consistent
operation even across |ow voltages. Background of the Iny, E%%%gpsfbﬁég4£“t
control device maintains a given 10 nmagnitude of current g a
particular current path, e.g., a series gogbination of circuit conponents.
Conventional current control deV|ces typically require either a mninmm

- “

potential across terminal |eads; or react undesirably to slight variation{
in circuit 15 paraneters, e.g. .cU MIRER ed power supply

vol tage or expected conpon #§¥H | 36 current control
device is driving a |light em |r|£¥#£%ia cg%% dﬂé spl ay device for
el ectroni ¢ products. The brlghtness of an LED |s 20 a function of the

amount of current paSS'metgfegahtt aweﬁ%m?orépa&éel gbherRiightaess of an
LED then, it is sufficient

o_ cqntr.ol r%g!?ltu e of “current” passi n%
t hr ough thesLEEurR?Eﬁcﬁ?BErEBn§F¥P€ﬁ§'LB® Yt reularly baspsPuRren
magni t ude of cuwortitolidévibe Wa3l adapt@ld tfer Lébhsisbtafibeopatatkbndi spl ay
devi ces connected .in series, have 3 % S|red | evel of brightness by
controlling théaéﬂbdﬂ?r%fsch?VeXP 5 ng t hrough the series conbination.
As a di ode, however, the vol (Bagkd® £3 Ve 1 s substantially

i ndependent of. the currgn uf£éﬁérhb }rdﬂfﬁbﬁﬁcéhﬁa?ﬂisﬂﬁéaQ ggggﬁs the LED

series conbi nation, -therefore, can g drops across the LED
di spl ay de\lioceé“a%l%l“?%sﬁftch§§§tvé‘I1% %&%ﬁ?*ﬁ? ?Enﬁ\‘ﬁ%’eﬁﬁr8§§ rhe 35

current controle gy, C@,séﬁﬂestéoﬁmh&w;@m ey GEr&diei cefipbhehbiss remai ning
potential is insufficien
onvent10na1 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

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 combination. 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. Aas a
result, less voltage potential remains across the

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




(efr) This is particularly,€ritical when, for exanple, a relatively snall
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 voltage, of the LED. However2 a sinple current mrror, for
exanpl e, an n-channel MOS-G device, typically requires at least 2 volts
across ifs drain and sourge termnals for er operation. For a 5 volt

10 pr.oper
supply voltage and a pafpi§f ifepagdicyigrdy ISEB"&% dheduyifs, each
havi ngta 2 vol texmpred ait %&Qdf!@@l%%ga?ﬁ' Subplgt tvﬂ&iﬁi{dﬂi@ﬁfgtw toe
current mrror for current.control,. a e ce,.canno erate as
Gosi red. 11 1 s, A8EvE B, EP5iES" Hobbirakd o G 1A, AL, AR, 1A
operate with a comvénpionali eurrendts mirror glacedl ircadxries seddndarur rent
control apprga S t ' I aod I JIEAT '
Cesi tor 20 5 ruEp BRcPiagl BlbrEh Eetedon et andidin " tadliodhde, |
thi s approach ief|the vehtagey Arop,t He epot SawaArdMaddagene af e stor, it

is quite Se”Sittﬁﬁ.toﬁﬁﬁéVéELOB E&mbh% %W@ﬂéhﬁ“ﬂﬂf%ﬁ%t @@Qféﬁaﬁgfhyoltage,
and absol ute resistor_ val ues_25 obtalqﬁg. Af%iéat vari atjion in'these
circuit paranet®sntgRapped MOSTCs AgYiiGeea Y FeqUtuas ak i ipasess.

Sone applicati opsvorysi acrasssalitay driaindjanie Hourde dasiemls=afdr LED of the
For - axanpl &0/ (PFYRCEEAPRFREIORS | Bar’ o Vol polinpd yeTRA R VS O
desirabl e that path efgseniest compleids JED cimpday \WWevices,cleanh bri ght ness.
Al so, sone Iaseﬁa,pﬂ'.,?t &2 ?Bi%. Foryard iladud' Ydady, ldRy3a Jdabt
sourﬁsf, and thﬁegggngtgcgosgrE%LFCJ%gg%ﬂ:mirror for current control
" 14
and the device cannot operate as desired. It is,
15 thereforé, desirable that a current control device
' 'operate with a small potential across its terminal
leads. '
| A second current control approach uses an
output transistor 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 across the transistor, it is quite
sensitive to variation in the supply voltage; LED
forward voltage, and absolute resistor values
25 obtained. A slight variation in these circuit
parameters can result in significant variation in LED
bfightnéss. ' _
Some applications'require-an array of adjacent
LED devices. Each LED of the array is desirably of
30 substantially identicai brightness when activated.
For examplé; if the LED array is part of a seven
segment display, it is desirable that each segment of
 the display appear with matching brightness. also,
some laser printers use an array of hundreds of LED
35 1light sources, and the quality of printed output
obtained depends on consistency of LED brightness. To



obt ai ned depends on consi stency of LED brightness. To 3 abcorrpl I sh

consi st ent LED bri ghtness, currents of substantially matching
magni t ude must pass through each LED.  Summary of the Invention The present
invention is defined in the clainms. 5 It would be desirable to provide

precise current control wth small 'voltage potentials across the term nal

| eads of the current contyol . devi al so be desirabl e to_obt-ai n
current RTFRPRYISR 5 GORRIFLRNYL ?@9 cﬁrfﬁ'&r NESs ps AHFTRRr atRb 7

circuit ,sﬂ&mmsm fmaﬂﬂthigmagﬁﬂtmieamsw passetlyrobghlemh LERLUr I ent
control in h the present invention can provide a
nunber dF=sStpe ' ; [ of substantially matching magnitude. It
woul d al so b@hdepreabht invpnmpoe isudeSimedoday gheilaimgy LED | i ght

sour cg Substge}xb&kia Hé“ﬁ%?‘i%%ﬂgase #Fﬁ;i&é"ﬁféhi’é&t&% el ict& G | onal

with very |i go ential acro ads ‘of _the current control device.

In a priwithsmalbiveltage potentialsr ackesg thentermioad deadsof or egoi ng
poi nts a\grgea&gfgéﬁgdcmtﬁopbuéeﬂéezo control device providing a current

path, |nclud|ngasr|es nat i of | t,age controlle i ation
resi stor andth 'ﬁ%‘ﬂ&rﬂ‘l%% dr%?r’iﬂoglr rﬂ\ﬁaﬁ?m qrg's‘l'ﬂ@rs and

vol t age £opanetien ﬁﬁr réﬁﬁmorﬁram@:rs J i eAgnan 1ntegs~ateﬂb|01&tdmiﬁ,wat h ?‘h
circu onent. thr | cur e controlle e
cer 18 Bt i resanter BeFipE, hEE brgSianly Sntalfedl f Bl ERES |
supply wrtasl admlv:‘ece afmrammdancagatmme;mmeaemt:dmvmitmmm further

| ncl udeg, prioliee iy Wikl YP!deldatla ng&%g%h@dwgﬁsgtgm R i3 of the

vol t age *C variation resis aving a one its
i nput s tmakching eagmitudennecti on of the current sense resistor and the,

vol tage contfgl ,gd142hhab Y2 desirable to provide current control
15 in an LED light source substantlal-ly mdependent of LED
forward voltage, but op'erat_ional With'i}ery'little potential

across the leads of the current control device.
In a principal preferred embodlment of the present
invent:.on, the foregoxng pomts are addressed by a current
20. control device prov1d1ng a current path including a ser;.es
combination of a voltage controlled var:.at:.on resistor and

a current sense resistor. The current sense resistor and
voltage controlled variation 'resistor lie in a series
combination with a clrcult component through which current

25 flow is to be controlled. The serles comblnation couples a o
first voltage and a second voltage, e g., a supply voltage oo’
and a reference voltage. The current control device further
includes an operatlonal ampllfler providlng its output to
the gate of the voltage controlled varlation reszstor, and

30 having a first one of its 1nputs tied to the lnterconnectlon
of the current sense resistor and the voltage controlled
variation - - B |



resistor. .The second input of the operational anplifier is tied to a
substantially fixed veltage signal. The resistance of the current sense
resistor 5is selected to provide a target voltage across its termnals
when a desired magni tude of current passes therethrough. The constant
vol t age signal applied to the second |nput4of the operational anplifier is
mai nt ai hed substantially at the target voltage. The 10 operational
anpllfler acts to vary the resistance pof the éaigatlon re |st£r to mai ntain

the target vol t X8 s (e e npRt ot the pPPerat by establish
the desired cur aapliffiey iBaisd|tarta mibstantidlby pfigedtvobtrageéi on is 15
particularly pointed.,out and distinctly clainmed in the concluding portion
of this speC|f|§éFF@& Bot h the organi zati on and net hod of operation of the
i nvention, together w t THantdsstahcetafcshancunbe¢ntisensercesishonever,
may best be yndaLs 8 f g [ on and
acconpanyi nggdr g’v%m tr?%(i%\ﬁ%ér%lq{?e p‘i{(}ﬁﬁ ?eér 2%:@%%({?%%9%& ¢ égétg{:

el ements. Bri ef tmq:ltﬂ othest a desixed magnitnde of QUEE%HBP'PESGS
illustration of tﬁ%x%'i:ﬂzr&@{ at %&Ié&wﬁaww@mag@néighaﬂea £iéd to

oo R & 1D eha” ductell At fat Shéronstar i Shat ST Etsr 18 ev ce i n
accordance wit hntahmuHMtstﬂiktanWllpmaStmeﬁafqetpvolltdgég aTheurality
gihZﬁgf}gn}P? %P%%%gééﬁg (%ﬁégigigcon roI eV|g%p#%éa£%%? g%%%emf ﬁ ?h
present. 35 intde variatiorecdsistor reotmaintain thectanget valtage a
seven segnent diaghldds 4 Girrent 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
elenments.
Brief Description of the Drawin
_ FIG. 1 is a schematic illustration of an
. 25 integrated circuit current control device in
R 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 S )
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.



Det ai | ed Description-of a Preferred Enbodinment FIG 1 is a schematic
illustration of a current control device 10, according:-to the present

i nvention, as used for discrete light emtting diode 5 (LED) current
control. Device 10 includes an integrated circuit 12 and an external

resi stor 26 for providing a predetrgri+ed magni tude of current through LED
di splay el ement 14. The magnitude of current passing through LED display

el enent 14 deterntnes t he 10 brlghtness of elenment 14. Thus, by con;gplllng
current, [ eferreds adnt 14, &

Integrated CIFCUI% éé %ng%ugegéﬁgmge ea&naﬂekr%%&bhtb&t;?b pol y-silicon

current set resister Y-S |con current sense resistor 48, and an
n- channel CWEERRE afentToL QQV1¢ﬁe BpeREEPEAANIa 9l theepreseantc| udes a

non- Inveriwantﬂaﬁt aerﬁ@seal f82' aigceten19ghthenitking Fivdwl 24.

Resi stors 26_and 28 %g series.to Rro%%gﬁgag%eltage di vider 20 29
bet wveeh s{BHPY QBFFQBE B rﬁﬁd aP§VEGRd &M%oltage Vref, with
resi stor 2ﬁté@ﬁ8ﬂéaed1f0uxalnaganﬂsap exteraals resiztoro@éedard to voltage
Vref. The 0|n esi d. 28..connects to
non- i nver PERGLRHRE: A RFRESERESLNGR BELHIEAAE B kRl T ont, Rhkctilyt on Tl
non-i nverLERgdisplaytelemant 24. ofTh#megmeﬁu@@ nﬁb@hmmgnx.substantlally
const ant g&ééﬁﬂg ?Bﬁ{:{hdﬁﬁbvaﬁsgia? @1@&%&' qq afeteﬁie@semﬂél of voltage

Vref relative t t age 8 Qut put term nal. 30 of
opera}?ohBFlﬂhﬁPFFFePf2918FP Eslfat e TBSef DY, SONEFOIALINE  acting as a

vol tage cedirehtpdaeticat Loncontrslier the blightslesseof Wisplgy i ses LED 40

and LED 42 conngcg din series, with the cathode of LED 40 coupled to the

anode of FLPPG *The anode of LED 40 connects to supply voltage VSUQ.J
Integrated circuit 12 includes an- 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

25 of operational amplifier 20. Thus, ﬁon-inverting“ ' .\J
input terminal 22 of ampllfier 20 recelves a -
substantially constant voltage signal derived as a
proportion of the potential of voltage Vref relative
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 series, with
the cathode of LED 40 coupled to the anode of LED 42.

35 The anode of LED 40 connects to Supply voltage Vsup,

"and the cathode of LED 42-c6nnectS'tO'dfaiﬁ"terminal

D



arfd the cathode of LED 42 gonnects to drain terminal - (err) 46 of

transi stor -34. Resistor 48 couples source termnal 50 of transistor 34 to
voltage Vref. Al so, 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 Vsu® and reference voltage Vref

exi sts .along the series conbination of forward bi ased di odes 40 and 42,

termnals 46 and 50 of transistor 34, and, resistor 48. 10 The resistance of
current path 60 46 Qf (RFANSIHEN The rRRFISEAE 187 CPURLESOFOMECE us t he

drai n-to- sour ce 4RSI B0 W LErdiss BO6r 394 BECRUILagbaVEeF, O AJ&ojCt S -as
a voltage contraolled variatjo rgﬁis Qﬁ% Its %esi ance i s, determ ned by
the vol tage pres¥reR hﬁfQiR {59 hi TERNSISHPT o8| FPPBRCEE afhe

resi stance of pdidediickirtb pinvertimy | inphtttetminabsk4t of 8peraltdonadri es
in accordancg W 16 QU Pt of anplifier 20. The high gain of operational

anplifier 20 20 eeps e voltage at input termnals 22 and 24 essentially
equal . The current throdytrureent patis 6@ betveen anppdycvoptager Visypal | y

into the resist Qné%ef@féhé&s{}éi@é?&%f ngx £8§€8Nhi 8hGY thBe sagiRspot enti al
to voltage Vref. The rat:o bet ween

he respectiye 25 currents in resistors
28 and 48 is th&PEPY ‘?’brP%ff‘?ﬂéa?‘%I%}?gﬁgr@g?gfzﬁnég_ 8hd; &2 st ors 28 and
48. Ha m':lydbe am&nﬁiﬁa?l Afthaéndf?orafa?;i-aﬁsistbﬁnui,nahgsiretscighto%md 48
I s i ndependent t he absolute val ues of, resistors.28_and 48. Thu
resistors Zg'rbangﬁ'ﬁ) Eﬁs’eﬁ%aré%%/a a"b‘é’B’E%?§ Pﬁ%ﬁeﬁénf’gdai uPﬁ?é&PaP?d tE’iercui t
12, where the tassistanceyicf mesigtorniseplysotheadrainstorsourceur at el y
achi eved t han pryud fUehdid'of cttdis FOESE 38 T SBLEhAbe" BriAB1sBL ™Y NO the
val ue of external resistor
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 tetminals 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
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 appreciatedlthat 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 making the value of external resistor 26
35 large relative to that of resistor 28, the current
through resistor 28, and therefore the current aloné



»

35 large relative to-that of resistor 28, the current through resistor 28,°
and therefore the current al ong (err) path 60, is determ ned essentially
by. the value of an external conponent. By fabricating the relatively small
resistor 28 as part of integrated circuit 12 and using the |arger resistor
26 as an external resistor, 5 littFe7material resources, i.e. chip
fabrication resources, are required for inplenentation of vol t age di-vj der
29. The val ue of resistor 48 |s chosen o allow passage of a desireduED

current IP@&haﬁ@thﬁmﬁ¢qﬁ?m¥R? @FFRLAHYPY o %gdﬁ 1PeJOEERMr i ght ness,
when a gi \é&te&@faﬁmdo&lpd{ﬂerﬁw stBy Wﬁcdﬁﬂngtﬂhe%elawv{alyeference to an

assuned val ue.faor s vol t age \su val resLs 6 and 28
are choseﬁmﬁglprr(?\ﬁ @Ssaﬁ% %rz a+n g’ﬁ?e?‘ipﬁfr?'é?‘h #Igl of 15
anpl i fi er usAngTites |]$the1:8¢q{sxsmmeszs vmenaxﬂ uéktpernaherdesistaryi ni num

on-res$st§_|1%%nerg‘pd[ red a8 Qe\ée&g%q._cgsent Vghﬂ%\éfggplg§tgﬁﬁ desired current

Il ed hus ransi stor 1y tur on an e actua
vol tage VZesouress nedg iegriyed for 1inplementationsofholtages
conbi nati eavifady @esi stor 34 and resistor 48, equals the sumof the given

vol tages V1 and V2,  .the de5| d cuyrent ed flows thyou di odes 40 and
42. As discussed iy vk r¥§ﬂ%%§°rmﬁ%r%sv?h%ﬁﬁn2§°ngAP¥ each on the

order of Pagsagjd of Ia”ltcwmetﬂ LED aeirrdiRt ophedt 8bongt path boitle as 0.4

oS3 e Gafldd b plondneskl URkhYp, Lhe 2ot he
suppl y volkiyen gnhentiials \llheeisim Beross yrésketiovod8ageWdtbp across
di odes 40:%&%fﬁﬁce-@3“%n\ﬁgéﬁﬁgh\GﬁiééSﬁ@feéﬁpﬁfyvééiéabgnvgﬁﬁﬁnd'ng ?2)

t he act ual
the values of resistors 26 and_zs are ‘chosen to

provide the same potential Vi at input terminal 22 of
15 ampllfler 20. . , '
Transistor 34 prov1des, when fully turned on,
a minimum on-resistance equal to a given potential V2
divided by the desired current Iled. Thus, where
transistor 34 is fully turned on and the actual
20 voltage 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 V1 and
25 V2 are each on the order of 0.2 volts, integrated
circuit 12 operates with as little as 0.4 volts at the
draln 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-substantiélly fixed
voltage drop across diodes 40 and 42. Thus, voltage
V3 is subject_to variation-dependihg:on the actual -
value of supply voltage Vsup and actual forward .
voltage drop of LED 40 and LED 42. In accordance
35 with the p:esent invention, the resistance of -
transistor 34 is compensated to adjust cﬁrréntfflow.in



5 ) &

valFue of supply voltage Vsup and actual forward voltage-drop of LED 40 and
LED 42. In accordance 35 wth the present invention, the resistance of
transistor 34 is conpensated to adjust current flow in path 60 to be
substantially equal to the desired current Iled. Mre particularly, change
in voltage V3 at drain terminal 46 of tran#stor 34 results, by way of

f eedback .t hrough amplifier 20, in a change in 5 resistance of transistor

34, suchm%hat transistor 34 carries a greater or | esser voltage drop. As
the actual vol t Rfthy369 nke cbgessubstantinddy gquaduitee ther fesdire® s urged

toward an i ncre%réﬁ‘@ t1eal nVl%i'énﬂatﬂ&éhlh%'l@,n@ha%@flrﬁmlﬁdg% %)
receives a 10 sli Q%F reater 1pput ng% % result, .the potential of
out put terninal %#3 terming déﬁc@ fangiks EHF B4gZiesudt sy Ma¥ 20.
The resi stance Ctiftf@ékﬁlb&élﬁ%ﬁﬁoﬁ@&%inpﬁﬁ.tdéeszoandri malkdatige i carries a

v ger propod | g ol dLE-YOLkAge NS tes, Sy LAY rolle YRERIA0E

decreases, the Vo a B AT INCT eases an Aol stot 34
carries a small e?alpm:¢$om @te&berage Lessen voiltagendxop.an@s fihe 20 keeps

the vol tage at Iéécwp%ieagén@.’s Slﬁéraa§e34 %u@smtcaajé YtePlred toO

voltage V1. The volfage acr0ss resistor 48 then remai ns substantially at
the desired vol ttRjgrinal 48 nis erged: tgward §E‘r JOCTEREC o NG Fhe18, the

current along painvéPti smﬁﬁantéﬁhiuamqual oEOahmlcﬂSzfed» Gédednted |£d

and the deS|red L brjghtness is.25 ac Th t||| f the present

i nvention i $%vi¥ h#%gdﬂr? g?ﬁl%ﬁ??ﬁ vﬂi&?ﬁ& gﬁa %V J§1 & age Vsup,

efgLED§4goghz,L@m&emtiﬁ&taﬂtoutpugltagmxda&p3@cﬂm§§sthm;aqmcrdammminaégfn

g deﬁ_j ed current ?l? t?ig% %ﬂ’é %gﬁérbgfgﬁpg&?ﬂe@% T redlistatitd be

transistor 34 then increases,’ and tran51stor 34
carries a larger proportion of the voltage V3.

15 sSimilarly, 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 voltage V1. 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
- current Iled and the desired LED brightness is
25 achieved.

' | The utility 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,
resistor 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




. resistor 48 can be approximately 20 ohns, establishing voltage V1 at
approximately 0.2 volts. Transistor 34 is designed to provide _
approximately 20 ohmresi stance 35 when fully turned on; setting voltage V2
al so at approximately 0.2 volts. Accordingly, resistor 26 (err) should
be approxi mately 10k ohns, and resispor 28 approxi mately 460 ohns, to
deliver approximately 0.2 volts to input term nal 22 of operational ._
anplifier 20. In an actual inplenmentation, supply voltage Vsup 5 aQg the
vol t age dehpuddr bes appRodimtellyFD 0l almms v aand fresisterr 28xpect ed val ues.

Despi t h d wth th

e € on BRIy oY e X8 [l A5 Sl oRbph RAGTBTGEA Wi (D (1
60 subst anpil&ls| foedmput: dedminall @2 a:@@pmtiml appligiepl e, an actual
suppl y VObbagex\ésuﬁa %fctﬁa& Sl nitt £ LD S8b VP! Y8DEagEOpsap 0SS di odes

40 and 4 4.4 volts. The potential V3 at drain termnal 46 s then 0.4

vol ts. 515anépé'-F‘&t V&Jré'-lagﬁrrﬂrqﬂ ScrREs) TR 4 ¢ 1Rnd FER g82 aFan: Yagyt put
term nal QQoin\uhbd.rSWebt‘éﬁ tmmé&up,nespiﬂ Ss@asevérﬁaiiﬁ!bhs until the

on-resi stance of transi st ow enough to he_dr ai n-t o-source
vol t age ofUFFERE &P r'j %@%ﬂﬁﬁJ 4)%?\&93 em? 7%5@ %%aﬁgﬁg 20 the

r enai ni ngabo%e\Vocomponents valesisst cyomEnsdtes doigi providingnanl | ed t her eby
passes th 04 f ugpbyqvol t age
Vsup i s a%?ua&uﬁ-gn% %ﬁs angl2 de scub ﬁ%%ﬁagﬁ?o?ﬁ bécr oss di odes

40 and942amps3, 6 volts, then the potentlal V3 at draln term nal 46
of -transi stor 34 cgngﬁaéﬁuﬂﬂdi éﬂgﬂpjémagﬁngﬁgﬁgd § resi stor 48 urged

592§r30Pt§°i%é% gy tern1na% vofg ‘ﬁ“ﬁfﬂ'égﬁbinQE' itage drohe renaqu:g

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 voltaée 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.

I1f, on.the other hand,'supplyﬂvoltage Vsup is
actqally 5.25 volts and the combined voltage drop

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.mﬁst-be'taken

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

35 equals the potential at non-inverting input terminal
22. Transistor 34 fherehy.changES'in resistance in



3@ by transistor 34. The~voltage at the output termnal 30 of anplifier
20 nmoves in the required direction to adjust the.resistance of transistor
34 to take the remaining potential. The circuit tends toward stabilization
where the potential across resistor 48 35 equals the potential at
non-inverting input termnal 22. Transi-sti@r -34 thereby changes in
resistance in - 10 - order to carry the potential necessary to |eave the
potenti‘alz across resistor 48 at the -desired voltage V1. Proper operation of
devi ce M0 is submsdenttal arsyi tideppottemtiell meacessaiictarbeavertse LED 40
and LED 42, praqyi I Dj \Y; I | Iy SSfreédt circuit
12, i.e., suff?%él)g% t%%m gsgug% !re%fa'%%fg?rﬁgﬁgu 2%1%‘?6'[ ranés‘iils‘?‘%?@%gfg In the
enbodi nent of W% 1, a voltage V3 as |low as approximately 0.4 10 volts is

Sﬁfficient IQF tge dSSi?QSpéEf?ﬁakaquhwaf déviééixgriﬁ $mﬁﬁféﬁtﬂé11y
characteristics,due to_tenperature and procgss variati s, al so

subst anti al 13 rbaderendeRkaPhi Fhesyi g@geoﬁerém ACTMRS 8‘%@#@@&%@5”15
bet ween resi st 3, 28rewiidéd, avalindinum viol tagee v upsahying hecedss| ut e val ue
of resistor 28,,0ffset, vqltage er at i onal 1f e

tol erance of ext® ﬁﬁFangi El"gf’ug%. (i%dv\g\leer‘,' rﬁ%%#’ﬁ%t‘&ee%@%s%gtors 28
and 48 is substdmaiml tgrhénalt A&noifh&ramsigtian|380% Hbsthetenhed iment
vari ation due tgepregesy agdybieagkrihaedd] i 48 dibpd e ke BPPG X[ TR €l ¥

5% variation in. fi ght ness., ol ute va of resistor 28 shoul d have
negli gi bl e ¥9f c¥eltifeis sufficipntafox thendesirad eyrreRhFoRFreds st or

26. 25 Accordi ngh¥iatliohSogUg#ankdetiordichatastertidtticsidie 260 have 1%

vari ation relaitve to jts s egified val ue tongrﬂrdze fLEor- O fset voltage
of operational ¢emperature and process variation 1s also

Nt 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
resistance is much less than that of resistor 26. '

25 Accordingiy, it is suggested that external resistor 26
have 1% variation relative to its specified value to
minimize error. Offset voltage of operational
amplifier 20 will cause a difference between voltages
at input terminals 22 and 24. Amplifier 20 éhould: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
variation in current magnitude is considered small in

35 1light of the broad range of variables, such variation



anplifier 20 will cause a difference between voltages at input ternminals 22
and 24. Amplifier 20 should be 30 designed with no systenmatic offset, but
random of f set of approxinmately 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 variation. iniguwrent magnitude is considered snal
in 35 light of the broad range of variables, such variation I n supply
vol tage Vsup and LED forward voltage, in whi ch device 10 operates. “ELG 2

i |l ustrat dn aswsgsbyndvelitaget Vsopt and AEDafgewant, valtage,ndnt o t he present

i nventi on, w@§%t|é#}éenf8b eggtg%n1lar current control devices 80 each

provi de sﬂb y equa ¢hing current outputs lo. In FIG 2,
each control devi RIG0 2ntllustrakespar second cuxpenti eontgol a transi stor

34", and g UdSshe€)S&cE6288hg" t88the PreWehkt: q?meﬁ%ﬂaﬁ %ez@e term nal

of current sense I'ESISt or 48" connects toO _source term nal 0" of transistor

34' an@ cénhiviker of SIRLLRT GUrReBL: FRFtrRIuASVILRSH 80 SEChbf anplifier

20'. The r;ﬁratm@gsﬁ&ﬂaﬂaiamyrequauObﬂ&atemhgcb&r&Qnteference vol t age
Vref. A current, 15 pat between drain.tecmnal. 46’ of transistor 34

and ref er PR 11Q2 \ 9ﬁ?bv deS2ERC FOBSFPAnESYAEEUE% 0. The
i nt er conndotalanieds ansogenatléﬁaandmﬁslﬁdetlaes aavthrangdsitorut for each of

the non-inyarti QH§ﬁ£§ﬁ€1Qéhéezgesﬁgthge4ﬁwpl'% t§bF‘she§?g simlar

previously déscri e vol ttage across resistor est
vol t ag® aéﬁbs§”@%dﬁe¥@%m§¥09f48“rrﬁﬁ§r§Eys§h€eﬁé§ﬁPFud§ of current through

resistor %%ﬂrﬁeéu res eSorreaotbrainhlly sohr ofghranshistor 34or o - Again,

t hi t f t .25 d d th
absol bt o BATIRCRR 4% cFeraPdcsytd angprting: 1Bpuk tegpdRal a8t no rati o ot

resi stancodfamphkiftier 28'to Thet rehaiaingt ternifial oferasistor
48! connects to reference voltage Vref. A current
15 path 60' between drain terminal 46' of transistor 34°
and refeience 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 'previouslyjdescribéd, the voltage across resistor 28
establishes a similar voltage across*eéch resistor
a8, whereby the magnitude of currentjthfough resistor
28 is mirrored proportionally thfough.each-resistor
43'x Again,_this_proportionate-mirroring'of'current
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 resistors 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. Moteﬁparticularly, very
close'matching among current'butputsflo is achieved.
_Error, or mismatch, in current output is
35 calqulated as the potential range of current Io



resist-ors 28 and 48" may be inplenented in a single integrated circuit, or
inintegrated circuits of 30 substantially identical conposition, precise
resi stance ratios are possible. Therefore, precise current control is

possi ble. More particularly, very close matching anong current outputs lo
I's achieved. Error, or msmatch, in curref2 cutput is 35 calculated as the
potential range of current |o - 12 - variation for devices 80 (dlo)

di vi ded by the desired current output (lo). More particularly, dlo (err)
drR4ag ¥4 d\ariation fgr devices §@ I0) divided by th@ desired  \jx
L VX WeeFeeflk bﬁvbhe quglblguyéﬂgafzmahlgrpply silicon resistor
width for resistors 48, dVx is the possible difference in voltage across
resistor 28, and d¥g is=10__@Regpossikbl e divhi erenge i rapper ai onadvy
anplifier ofgset vbltage. TypRasl|ly dL equatws approxi makely 0.1 umyxL
equal s approximately 20 um dVy equais approximately 0.01 volts, and Vx
equal s appr oxi nehers dLvdébt thehpoesibdecdifitanande iin @okersibicouts o 15
s cal cul ated tpegfsegkywaae O¥palelt shr®% 4 Cavk i1d Ud F&ss fofur rent

control device 10 oW N mat chi ng bri ght'ness between di screfe LED

el enents or seghdhfersncg §§v891§é§ﬁeﬁ?qﬂ%ﬁMQSFHEHPrF?QMHQH¢KFY5n%$stent
LED Curremlarl@héepééslﬁlesGQEEQEdeEﬂﬁﬁldﬁﬁt&ﬁhéhéiléﬁéllﬁi@ﬁuse vol t age

across the displ ofte varl end| on which dis
el ements are cd?géﬁ?# S%Pgﬁredg ngﬁg cﬁRP?ﬁ?*WF%ﬁﬁ éaﬁce
with the presenumbnmeequafls bpmxﬁ.mama]m 200um, sdl!;stamabél y constant 25

LED current des n aagg Hﬁ# Q!, spl ay
101 i ncl udes I|§h#§°*§ ?%agd?o W% 10 ﬁﬂgc dﬁ% d%%% tional
mul ti pl exi ng scheﬁeétiorTchRX§B¢6#d mismatch in current OUtPUtS Io

N 15 1is calculated to be only approx1mate1y 1.5%.

FIG. 3 illustrates a current control device
100 allowing for matchlng brightness between discrete
LED elements or segments of a seven segment dlsplay
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 present
invention, however, maintains a substantially constant
25 LED current despite variations in voltage poténtial.

. 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, various-
digits are displayed on the seven segment display.
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segnent displays, various ones of the light emtting 30 diodes 102-108
couple to reference voltage Vref by way of certain digit switches. For

exanple, the digit switch 110 coupl es the .di odes 102, 103, 104 and 108 to
voltage Vref. Wen digit switch 110 is enabl ed, diodes 102, 103, 104 and

F

108 are illumnated to forma 35 panBieular digit or portion of a digit.
Thus, by selectively enabling various digit swtches, various- digits are
dlsplayed on the seven segnent display. = - 13 - For purposes of i

illustration, onlyFeheperpgsesdo§i iliwstratiod,annly dhes siomylel03, 104 and
108 are S*Ei’é%‘.t]:'éwi!\téxg Pfo“&ﬂ&ré%%gs RB¥evebs,t Adl Al hidydrdli git

sSwW t ches ar to g SWtc 0, are necessary to provide the
necessary SR natToréill Beovrderstapfat heWeveaeh thatdi odes 102-108 in the

seven Segr&ﬁ&l@iéﬁ&ﬁwi@iﬂéwﬂ{:éﬁéé i Binisak o aeElithakii%end th a separate
current_ control devi ce. nt 10 control device 112 for

drivi ng LEFA02YE %‘ﬁ%ﬁ\ﬁsa%m£9ePrbVi‘dﬁA H"ebge&ﬁﬁéraﬁyood that an additi onal
devi ce si nidmbrinatiomsecof dbodeoilleminatidh.is reqU|red for each of di odes

103-108. The cur er& d Ia?ﬁéég igﬁl liggz g‘ntpl?er e?'r?r? ! 1gfler 114, a

15 current sense reS|s anne or 118. The
out put terdﬂsmabfl%pisfpbaceMluraveerggsecpmbncnmmm&m t& ansi st or

118. Res'éélp%réé@ CRPPEAt SchAt PERPaEVIRLL 208 n ViR, 2R 100 hiylidtal 120 of
transistor- 118. The ppint_of interconnection 20  hetween resistor 116 and

tern A& :ERP#%P%dﬂﬁ%%?%dlég feEJBRANiNg I/P 1Q%cAsi SPOWMut terminal 122
of operat lrmwéverrplifmnilse ui{&éﬁsﬂabdlﬂﬁaef ah’ aggdiiyionalll8 connects in

iy be et SFERLER £ ik Ehbr chphERed debiceuizee Vol tace el 2
required for each of dlodes 103-108. The current
device 112'inc1udes an operational.amplifiEr 114, a |

15 current sense resistor 116, and a p-chaﬁnel MOS
transistor 118. The output terminal of amplifier 114
drives gate terminal 128 of transistor 118. Resistor
116 connects to_éupply'voltage VSup-anq?to terminal
120 of transistor 118. The point ofniﬁterconnection

20 Dbetween resistof 116 and terminal 120 is connected as
feedback to the inverting input terminal 122 of
operational amplifier 114. Terminal 124 of trans1stor
118 connects in series through diode 102 and digit
switch 110 to reference voltage Vref..

25 It may be appreciated.that the current control
device 112 operates in a substantially similar manner
as that of the previously described current control
devices 10 and 80. More particularly, and as will be
described more fui;y hereafter, a substantially

30 constant voltage'signal is applied to the non-
inverting input 126 of operational amplifier 114.

This Substéhtially constant voltage signal corresponds
“to a voltage.which'wquld be pregené at the
interconhection of resistor 116 and terminal 120 when

35 the desired magnitude of current flows through
resistor 116. As the voltage present at the



dévice ‘112 operates in a substantially simlar manner as that of the

previ ously described current control devices 10 and 80. Mre particularly,
and as will be described nore fully hereafter, a substantially 30 constant
voltage signal is applied to the non- inverting input 126 of operational
anplifier 114. This substantially constdntl4oTtage signal corresponds to a
vol tage whi ch woul d be present at the interconnection of resistor 116 and

Lo o e, et ik WA Lo W4 Bl RIER RN
resi stor 116 anctraisssi siperatiifonsd iaaspl ofibextl1bbhadrivesi thergdtd H28ves
the gate 128 of | .S t 8 Sy ' ( | .118 and
ther Sby ad st S RER{keR ALS) S AR AE LS DEERCE oF SERkABELSL
magni t ude. Becadd$ tanghdihenebyl mljusts quurentefledvitheough| the| diadet i ng
circuit 130 kS Ypod ¢ @@|&§i%§l#2h?mﬂ@éjy constant voltage signal to

the non- inverting input_ term nal of operatjonal anplifier_ 10,114. This
level shifting circuit BRFIIRG FransistonghiR 18 A PaArared deYifsr to
that of the-pred aestar drsicftimy cirawit I3I0tiol usedi tesappryethehi fting

o5 Tnput tor m naRPERAlL AT At Tt e SElY! 9 the ARG MVOTLL NG
di vi der 136 i nclimwertingrinput dieiminabril26 ofstpevaticahnampkifienr 140

connecti ng PPlay 4V 0! tRpes MR 1E Erd agieq V, : :
Qut put termigal 1%1‘2 of operatiolﬁar%iiiﬁépﬁ‘fi er 1§%£d?ﬁeé6§§?§gﬁ4ﬁno? an

n-channel MOS t mamnex substantiailee simiian tasthat of ;fhespreviausiyBupl es
to voltage Vref qasdvbed die&itocoftroMaéeiéde. drain

' . ‘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. S .

20 -output terminal 142 of opérational 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. In 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 présent at the drain terminal 152 of
transistor 146 corresponds to the target voltage _

35 across the resistor 116, i.e. that voltage present at
the interconnection of resistor 116 and terminal 120
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term nal 152 of tranststor 146 couples to supply~-25 voltage Vsup by way of
resistor 154. In this manner, a substantially constant voltage signal,
shifted up toward voltage Vsup, is provided at drain term nal 152 of
transistor 146. Drain term nal 152 of transistor 146 connects to
non-inverting input termnal 126 of 130 = operational anplifier 114. By

sui tably sel ecting conponent val ues, as previously described, the  ~-

subst anti al | i constant vol tage Si q_{nezll_ ‘present at the draip term nal \;%2 of
transi st oPE155aRELEEST A4S Wham dhe drained (jrent mAgRALLdee resistor

116, i.e.phbaksvehiradghPresdditclt 16 | IBetauswanilpronéd LEBI stor 116 and

t er m nal &20 - L2 Qf _.tr_ansgtéor_-_lls when t%%deélée%pg rrent nmagnitude
passes th i')ﬁBFlaVeﬁe%P 118 UB& ér(ﬁﬁ‘i” STENEDY S p H ment is used
for each tegpeat lafrgerspoditayel drop aarass daclysutchpdercicgsltach such

devi ceg 112_5 LY s leabl 8 AR Yen : ' op across
t h\él cu?r e%f gg?]xgg%r'lg. i g’b’éﬁa%?&elas ?fﬁ"e.c't'eﬁlgpbé%%%g?%i;%%?g?fl%. 2 volts to
m ni m ze acrossdibe curpend: isende HRFITtar KG ks seleaked Ben with the

addi ti onabeShageoRina®edly Vi WP ikiaidiesi dbkdt dde 188, the current
control device 110 qgperafes w th little as +/-_25% variation in LED
current. ?Hﬁ§?°t&°]5'taét?§@1&fr’ﬁ¥nt°%ﬁt? Holkagee rEXeRMHERLEIR. The current

control daaaﬁeibmawebtayd1dniﬁév¢1raﬁiftiﬁgﬂﬁxﬁvidedr&pgcﬂteditircuits,
curreh? cBRPr ol bR, sl Bt dfieda st St 1N v ool U s
oper at i ondit&ilehagerty’4 263 aamilatinan @ JBD (eurrenrtgrated circuit.
Furthernore, and fphfs, | PP YRHe cittent CorfBREPagdvide WasENt control
depends on matching of on- chip resistance i|nstead, of obtaining particu g
been shown. The current control device-is well suited
for implementation in integréted-circuits;'and
15 particularly in MOS circuitry. As used for driving
LED displays, current control is substantially
independent of LED forward:?oltage; but is operational
with very little voltage across the integrated
circuit. Furthermore, and more importantly, this
20 approach to current contrbl;depeﬁds.on'matchiné_of on-
chip resistance instead of obtaining'particular
absolute resistance values. - S o
While a preferred embodiment of the present
invention has been shown and described, it will be
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 appéhded
claims are, therefore, intended.to'ébver all’such
changes and modifications as fall within the true
30 scope of the invention. o
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abisol ute resistance values. Wiile a preferred enbodi nent of the present
I nvention has been shown and described, it will be 25 appare
skilled in the art that many changes and nodi ficati ons may b [I"ﬂm,'mmwmm

departing fromthe invention in its broader, aspects. The appended clailhs 5 *
are, therefore, intended-to cover all such™Cchanges and nodifications as '
fall within the true 30 scope of the invention. (err) 16 CLAI M 1. A

current: ntro%%%%ﬁ_%ce (12) for establishing a controlled current through
an LED 4) co dtoa sugply vol tage term nal (Vsup), the current
control devicelf12) B penrgenbnRALAPL SeMicen (%)L@I( 185takd ighing a

reffrelnfedvol tagfti6l TeRabut¥ent) tﬁﬁduéﬁf@ﬁllﬂffmg(lﬂ ?@dmmmatsﬁﬁ p2f a
controlled currept sense resi a.transistor ng g

(39) % ain” (5 LtafE SeRmEabof VPl nine ST LRbntEor (BKithIReE10
responsi ve 0 heingt rednisegtablapbetaeedrn thed LED e (1d)nmamd @32refenedce
transi stor (34 g ur mi;g ected to one end of
said controll eQ(ﬁ Tegbrgeﬁ-'?}?ceir?s%cei ré& ;tte’ r{giéf) lé:l ‘ond end of the
controlled current se@nsseries scombéns)'-lm mf c@nﬁ@@tapﬂée@o awrenef sensee

15 vol tage terghaakeoyr ?hh)aaﬂasal érﬁhéh@tb@r%ﬁz| h&é¢%h beaaa ¢asyechpREf
to the LED (14) ogl'osMe the LED connection_to t

vol t age .t er m, nal
(Vsup); operat (8R4l B8RP BPREFENEZA Fiﬁ?lﬁéaﬁmgsaﬁdoﬁgg \P/J'FEPFh 2§I4)(§8}n9
coupl ed toapai degpbastiveTtoah éBﬁtréDrs%aDrappIﬁétg tonisd icoghtel targhnkl
on nveriing 0By (ShTeLabethecounla] eyiAgASATESLERR Bratk (20)
sense poi nt i nceandcted etocomie nandnefanskid narontmllied) icupxtenter siense
(22)'\L-ecei Ving, 3 guRakAntig) | Y £nd1580End Okhd9%F the controlled current
sense resistor (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 contrel 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
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 : - 3 and
a reference current sense resistor'(28) éonnected at
one end thereof 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.



&

Z5 signal corresponding to a voltage present at said sense point when the ~

e of current passes through said controlled current sense
“mﬂ“ﬂﬂmmm”ng ;and a reference current sense
« €si storn(28) *connected at one end thg?eof to said operational anplifier

noni nverting input termnal (22) and t he second end t hereof  being

connectable to the reference voltage term nal; wherein the ..
reference Cu”eﬂtcéff'éﬁtrééhéi-ei 4@ caedbbaih gnéa Rl CYHAEin RGN
resistor (48) are th fabricated I n iIntegrat circurt _tformso th t

a
desired rsaid Ha%%nc%%mPﬁeﬁﬁﬁeﬁﬁeeﬂ‘mnﬁﬁlaé’&ﬁ afte}ds@ffect o, A
current eur&ﬂgj_sﬁem ce according. to claim1l .wherein\- said transistor
conprises, an n nAne f| el d ect tranS| stor. 3. A di spl ay device
(10) conpti si ngﬁ glsp a¥a SVIGe a@ ¥ hal (Vsup); a vol tage
ref erehce termaatro(l\iagb) suppilyr stkerlmgiarl e(Msupl)r;g di ode (40) having an
anode tern nal °?§%§}é %ang gt g%t q%éf')g'ht emtting diode (42)

havi ng an anode 1 erm nal’;" a voltage controlled
transi stor (34)ahfinst diight( Leeyltémx%m@@e( sep)cmamg pabh angde nal s

and a gat&ﬁﬁ’iﬁéiﬂaﬁ&ry Ea’théae) t%ﬁ’iﬁb.'i vol tage present at the gate
control term nal g?ég det er m nes g stag8 bet ween the current rPath 15
° iFEing( gap

ternminal s (46, 58) nq (Light cep den AATg hayigg am,pnede ongd
t er Mm@l stexminalubndaat cakthpadei tet}mliaaust ance there between; wher e| n said

it rest stor (ARt pspuabt ol R SE ok na et A
source (5Mdcseurae (200 twmmentt path dteoninadscondr el lgate reomtiebr (34)
s coupl eﬂ?ﬁggﬁﬁidégw e tchP&Jbé SPiLdht (40) ¢he el @dgdn

terminal (32) determlnes res:.stance between the current path

15 terminals (46,50); . _

a first resistor (48) _'ha_iring first and second

terminals and a substantially _fix_ed resistance therebetween;

wherein said first resistor (48) _Iis- coupled at said

first terminal to said voltage referenee terminal (Vref),

- 20 and coupled at said second terminal to said source (50)
current path terminal, saidevoltage_ceptrolled
trangistor (34) is coupled at said drain current path terminal
(46) to said cathode terminal of said second light emitting
diode (42), said anode termlnal of sald second 1light
25 emitting diode (42) is coupled to said cathode terminal of
said first light emitting diode (40), and said anode_ &/
terninal of said first light emlttlng dlode (40) is coupled
to said voltage supply terminal (Vsup) ;
an operational amplifier (20) having an inverting
30 input terminal (24), a non-inverting input terminal (22),
and an output terminal (30), the output terminal (30) being
coupled to the gate control terminal (32) of said voltage
controlled transistor (34), the inverting input terminal
(24) being eoupled.to.the,source current path terminal (50)
35 of said voltage controlled transistor (34); and ' X
a voltage divider (29) comprising a reference current
sense resistor (28) and a second (26),resistor connected in
series between said voltage supply terminal (Vsup) and said



- \\\\

di‘'ode (42), said anode termnal of said second |I|ight 25° ﬂm,l
(42) is coupled to said cathode termnal of said first [ligh Hmmﬂﬂ@i”"ﬂ
di ode (40), and said anode terminal of said first light emtting 6iode

is coupled to said voltage supply termnal (Vsup); an operational anplifier
(20) having an inverting 30 input terminall®24), a non-inverting input
termnal (22), and an out put term naI (30) t he out put term' nal (30) bei ng
coupl ed’ to the e contr m e controll ed

Crahsister (| suPitans  Harsmatip | fomminat trret2a s i etprtect fonnet
source currentsaadhrbﬂenenﬂe(éihséS(zaj awdjsaddnﬂﬁxzsmtreéisﬁofsabeuagor
(34); and a vo | e S r eg

resi stor (28) é%gggege\(gooﬁd{?éG reg.:ﬂg{ég;i:' cﬁ‘g ?’%ggé‘(rﬁlg {)ht% gﬁ sal

vol tage suppl yoperatienalvsampplifilierai(®0). 18 vol tage reference terninafl
(vref), thegi nterconnection of said reference sense-(28) -and second- (26)

resistors be| ng coupled to the non- |nvert|ng |nput termnal (24) of said
operational anplifier (20). 5! : (err)

4. A.nmet hod of providing a desired ratio of a current magnlt-ude I

t hrough an LED (14) connecte su tage ternin Vsup)
reference currént magnitudd, ‘“ﬁ%’gw%etﬂgd &8?%’#&‘%9% §e§11€§ }'é b?ac‘?fng
the LED (14) i cuzreati esagnirbudet iIbnthioaghosan aLED| t é1k) pabanblcdr.led to a
establ i she be te (Msu

vol t age te(rim nam?@yt Oﬂ'ﬁgj serlggéggg%b &G%Hgbw |t>'1/§| 3%1 ?&qsﬁi?én%t eps%%?é%%
connecting a snbgmam,l e Mh%l%@@riﬂgl)\gt‘bhgmitepaf efence vol tage
termnal (Vref), connecting a source 20 termnal (50) of a voltage variable

transi stor (34) having a gate termnal (32) responsive to a control signal
for Varryl ng the resistance of said voltage variable transistor (34) to said

substantially fixed resistgla¢ifiy ahel EEPSq14) in a series combination
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
refefence 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 subétantialiy fixed resistor (48) at a sense
point along said series combination, and connecting a drain
25 terminal (46) of said voltagé variable transistor (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 voltage 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.,




poi nt_al i-e—series conbination, and connecting a drain 25 terminal . ~
Mage variable transistor (34) to the LED (14); applying the
m\ﬂ“n\ t magni tude to a reference current sense resistor (28)
\@g@& is proportional to thg resistance of said fixed resistor
30 atcotdil ng to the desired ratio of current magnitude | to the
reference current magni tude; and adjusting, by control neans (20) .~
responsive to voltage at said sense point, the resistance of said valjage
vari abl e transistor (34) such that voltage across said.fixed. 35 resistor
(48) corresponds to a voltage established across said reference current
sense resgstor (28) Ay héthefplacetrdingf tdecleinmr edcavmereimt said 5.

A et hod erel n said adjusting step includes: 5

appl yi ng 3 é%%’g%tég?ﬁa#‘g%era ifonal .anplifi'er (20) as the control signal
to thebgate of said apptlxgag\/&hmmlmtamﬁ amoopezationad appliifiiera
voltageszg@"al akgle H‘tﬁ%ﬂd p t i oy r{%[d nto an
i nverti ngtl nput E10 ter %lgn éﬁ?lgg%pglfgt?%aégtg |§§1§2 1 o

A currentv%mbl# tsansistobsdddi-aPP@ as herein descrl bed wi t h reference

to any of Figures 1 hgpiydng Bev&%&@ea@dﬂldﬂﬁﬁém%rom said sense
point of said series comblnation to an J.nvertJ.ng input
10 terminal of sald operat:.onal ampllfler (20) _
6. A current control device substantially as hereln
described with reference to any of Flgu_res 1 to 3 of the
accompanying drawings. ' _ W/




