MODI FI ED CURRENT SOURCE (MCS) W TH SEAMLESS RANGE SW TCHI NG BACKGROUND
[ 0001] Hi gh precision current sources are widely used in the process of
testing awo 20tvanaweri zi ng sem conductor devices. Such oUUSe@Iasa3dft en
used in tests in which the sourced current is varied (swept) over several

orders of magni , iC

mli-anperes). Wgﬁﬁﬁ&gm@ﬁﬁgwmﬁﬂwﬂmﬂéﬁ%m sweep
froma mnimumcurrent (Imn) to a X T hGRINGr r ent (Imax), with Imn = 100
pA and Imax = 10 rrA%i.e., ei ght orders of nmagnitude), with six steps per
current dec 0 tween 10 nAto 100 nA the currents at each step
woul d be 10 nA, 15.8 nA 25.1 nA 39.8 nA 63.1 nA and 100 nA, follow ng
t he rel ati orl09QW]iHhigh preeisign Qrrent Guyens arhaidel ygenad imtheyréagss sfifestingrand

application, ;the current.should not return to zerao.between, steps,.internal
adj ust ment s Célﬁ%aﬁﬁeﬁzknﬁEsmbﬁoﬁg%thro%Y%%%§W§/'s?“r\‘iv‘f’st%e SR s Ty F‘“is{séﬁ&’%“%lrth%dded
noi se on t hgoakkdahrr&idiy Rifedfi(bwptNGer Geeht obAFs oiBagiaMide (&g USSR/ picbl s may
be difficult to satisfy, since high-accuracy current sources usuaFIy rely
on precisiorﬂm@ﬁsst?éi%a/re‘ﬂ%ﬁftf)ﬂhpreé%)rent sensing and feedback. [0003] We
now di scuss this issue with reference to Fig. 1. The output of the N-bit
DAC 102 is t[AG03]nkuan sxahtpdgyeve(agbuilie & togarithngocnrent syoer bem dahinimeedback

voltage is the voltage drop.across t, namely.ld * Rnet. (neglecting

o f set vor t s e Ar R FRSE &y hanl RIF i Rdbp sy B RGT Fl i ons (1)
| dut Ripet (feVeight AtlerSOF afibhittie) AeitKNARRpd P& cneEnt deeadd (fg. A¥pwddab ot be

hi gh gain, |ow | eakage, and | ow of fset §| nst rument ati on- grade) conponents,

the effect dp 1OBRA. therquaents abeachgep be A0 pAnpUB e 3R gEN A eMt03.1 s
basically n (o] e - Lt dat 1 ons, Wiy hoe,v very
| ow | evel s g?i\#lrillibﬁarAf f?g@%?ée@eﬁ%l%ﬁ&%‘?@ 1anc}bl i)hé{:vélrlllﬂ%\g’, gt% gé%ﬁ%%tsgagccount
by nmeasuri ngintdpplits@pathatcehyntahodltd @obegiri o Ago bétweas biep€ $hternal ajestinbery
stayfairly stable as long as the tenperature does not change_si gnilfi cantly,

and then compemsdtiern)adsaSadhsHY-HosemiRinalglgakastog added noise on the actua

15 current flowing to the DUT. As now discussed, this may be difficult to satisfy, since
high-accuracy current sources usually rely on precision resistors (Rnet) for current

sensing and feedback.

[0003] We now discuss this issue with reference to Fig. 1. The output of the N-bit DAC
102 is the input voltage (Vin) to the current source. The feedback voltage is the voltage
20  drop across Rnet, namely Idut * Rnet (neglecting offset voltages and input currents),

leading to the following relation:

D Lqut Ryet =Vin

or

Vin

Rpet

25  Selecting the OpAmp 104 and the Diff Amp 106 to be high gain, low-leakage, and

@ gue =

low offset (instrumentation-grade) components, the effect of Voff (offset voltage) and
Iin (input leakage current) is basically negligible, except in situations with very low
currents and very low levels of Vin. Furthermore, both Voff and lin can be taken into

account by measuring them separately at the beginning of each test, since they stay



[ 0004] Precision DACs are usually limted to a relatively narrow voltage
range (0 to 2 Volt is typical). A 20-bit DAC (also typical for such

appl i cat iwopiorasooa resol uti on of approxi mately 4/(220) PUBIUS2009452183 | f t he
maxi mum current is limted to 200 mA, for exanple, a conbination of Vin =
Vin (max) :62..0 \Y ?nd Rnet = 10Wwoul d, be a‘gg{mc; ri.at.ﬁ. t he ot her
extreme, a datPeiRPIGEs lopyapiRe (pPRRILEIAcs 08 HIGRHC D YN DWCAnd Rnet =
1IMN or alt%ﬂﬂkhéﬁ%hg/bwehhm\(h&ﬁnéaguﬁmeﬁ@d Rnet = 100 MV (it is typically
recommended to have Vin " Voff, as long as it is possible). [0005]

Regar dl ess dP004iePrspeion DACs®t estallydinpfed\b n relatiesl g nisowgenkagel hygea(Orteed f or

a wi de range of . Rnet val . Jhis by itself is not. a propblem as.|long as
the same Rng‘(olr§%@@%D-a%%-ﬁﬁé)/gﬁt@ﬁ tyg;&aﬁﬁﬁléﬁ} app ﬁ?ttPﬁlﬁhl??étaéFﬁPi“ti‘% Hlost s
i nvol ving c E 200 a i .0l 3l t s of
magni t udg) : Lﬁrgggdc%ﬁrrrnr%td ti érilzgw:‘\édrjt a %\Pyéqrf g%gdég%éu{\}la#dg}gg{ llsgmi]ﬂ%%rtgg?lgggﬁf " 1{/\hen

vol t age sourexaspleydro@bimatisiedt, Vi Venmek)ci 1.0 &F artRidnet10cesicildbs i n and
out is possible, as | ogﬁe as switching transients are properly suppressed.

Current sourdPEpfias) Onghe pther etisae. haweent pE190 B cambe gdlievedevith ¥ adPss
Rnet t f | ing t in-]i itGhj NG i
fundarent a1 BoRIG af REL G SR 500 Vi< okt B RRR PR 08 2, &

current sourggicalsy ReMmEdREEMWbthavd Win 32 ¥iost, 8¢ 10aaRk &.is powdibil)gi t al
potentioneters are used to control how nuch each resistor bank affects the

resul ting oyhoes| Edshaf®ak of Eiérsgaé’&fi%’élé‘ctiowWiﬁhﬁe@iigéé&falmtrﬁe@ﬁ fQEW RIS are
at a particular setting such that a particul ar resistor bank does not

af fect the rresgd afiRngt valvguiThshyritsalf if hote, problham, aslong rothelsamk Ringt is used
"inactive"),. the resistance o hat resistor.bank can _be sw tched w.t hout
af fecting 1 et BE ehR' ShRPER UpllBhabRT WS RN af Alroif s iigh A M

di scont i nui tdfesnax T SO0 o EtdefsedFtmAbuithded), fcobhhicatinS Re QRviap gt ben.
Thus, for exanple, when a resistor bank neets its threshold and becones

i nactive, thalyeadsisrpaprtisalofWherevolinge spwees sy greosehamitching dierspi Redted, and
t hen thgzdi gL{: ' ' i)

oot hly >t eagt n AR DAY B S M Tl SORIORE bl kb e
DESCRI PTI ON (@rrehHEourteSWBES dn@ROdtheFhand, 1y ot thetvoathgsdrap acveRbdtamal cur r ent
source. complete the feedback loop, meaning that in-line switching is fundamentally

problematic.

SUMMARY

20 [0006] In accordance with an aspect, a current source is provided with two resistor
banks, and digital potentiometers are used to control how much each resistor bank
affects the resulting output current. Furthermore, when the digital potentiometers are at
a particular setting such that a particular resistor bank does not affect the resulting
output current (i.e., the resistor bank is “inactive”), the resistance of that resistor bank

25  can be switched without affecting the output current, thus minimizing or eliminating
discontinuities in the output current during a current sweep operation. Thus, for
example, when a resistor bank meets its threshold and becomes inactive, the resistance
of the inactive resistor bank may be switched, and then the digital potentiometer setting
may be changed to facilitate smoothly reactivating that resistor bank, with the new

30 resistance.



[0008] Fig. 2 illustrates a current source in accordance with an exanple
enbodi nent. DETAI LED DESCRI PTI ON [ 0009] The inventors have realized that
usi ng a meOhot/as@Lor circuit such as described bel ow, PoTIUS2@I®FIBENI ng oOf
different Rnet resistors can occur as necessary, with no or m ninal
practical conpronm se on m ni mal appar ent
glitch or noisytransient S @&b—sulustrates an
exanpl e enbodi nent, which is referred to as a " l\/bdl fied Current Source"”
(MCS). The RPQO71Fig k ilaptrateeorentions] eHITesf sQWice he Fig. 1 current source,

but with 56"[??}@. g.giz‘ﬂlﬁl'st?%gkt aﬂldiefrgg'écﬁﬂgeeﬁl acfc%ér?% il %exta‘ﬁﬁl oJ11%§+§t ors,

referred to are provi ace o single Rnet
resi stor, where each Rnet resi 9 f d anpl e has an associ at ed
D|fferent|al Anplifier (D|ff A respectively). A
conmponen a Pot nt| ter onnect ed bet t.he
ComDOneNl bR R bR g P Sy S5 ST ESAS o

to the invergeldig mmlrawswgéhlhgef §praht RAGt reAsBA dan QbclPACHeddIER @ﬂdn@élcb) are
provide in place of the single DAC 102 of Fig. 1. A second D gital

Pot ent i onet emn(rmﬂmraqtlgalccmm@med openssseRmEheceurapyitasd ob or enind apyacsnt ( DACa
and DACD), 11%%1 |rt S. vats)l e termnal connected to the non-inverting input
of the OpAr’rpg i n[obg(yl 8]I“'Ia’ﬂe Digital Potenti orreters DPa and DPb may

i | hi th af t
batween 1 heilPO RGBS et FEStal i s Sits i 6 Morls Ehod e e PgFEREd Vot uos)
The posifpi on, ‘@iodified CurrtRak&” (M@srg| TR FiBRY cBifer k66EE ANifiahd o o ?' tally)

stepped to an appropriate position range of 100 steps is typica
that "X varqueen@@uweebutz’elﬂoseantdl @gelfl(cantehff@em@s Ebrmampleotzvo Rnet | 0. 99

1.00). [0012 dj t ] of othe Fig. 2
1, 00) . 10012] 6 o dlisguse,.an KTl quoBerallion, Seenadl g0l gtle Fo. 2,
(Vf), and th@smtﬁpu\the)/d)éa'ﬁ:H%eMeﬁhs@a[h e Feharaaipld 78 dnassocladdd Mfferdndut Ra (|
- X)+ldut RoX (4) V.n =Va(l- X)+VbX 0013] Appl the equality between Vf

and Vi n (VofAmakerd Dfd fymp dsandiffzpmady respyctivg i-lr)e/gﬁpe&)en@ﬁ qafed p Rligitdl s

easily qlgt a'fﬂ)%gmometer (DPa) is connected between the outputs of Diff Amp A and Diff Amp B,

with its “movable” terminal connected to the inverting input of the OpAmp 204. A pair
of DACs (DACa and DACD) are provide in place of the single DAC 102 of Fig. 1. A
second Digital Potentiometer (DPb) is connected between the outputs of the two DACs
(DACa and DACD), with its movable terminal connected to the non-inverting input of

20  the OpAmp 204.

[0011] The Digital Potentiometers DPa and DPb may comprise, for example, electronic
chips with a fixed precision resistance between their two “static terminals” (10 k€ or
100 k€ are typical values). The position of their “movable” terminal may be

electronically (digitally) stepped to an appropriate position (a range of 100 steps is
25  typical), so that “X” varies between zero and one (i.e. 0.00, 0.01, 0.02,....,0.99, 1.00).

[0012] We now discuss an example operational scenario of the Fig. 2 circuit. In
particular, the voltage at the inverting input of the OpAmp 204 (Vf), and the input

voltage Vin can be characterized as:

3) Vi =IlguRo(1-X)+1gy: Rp X
30
@ Vin=Va(1-X)+VpX



()l L=y.<> >r Ra(l - X)Y+Rb X [0014] To show how I dut may be kept the
sane even when Ra or Rb are switched (i.e. changed to a different val ue),

t he fol | owonglovmf@enati on is provided: (i) The ratio beragars20R/0521d3 Rb i s
either Cor its reci procal value 1/C, where Cis an arbitrary constant

(i.e. : imlarly a = or. Va_= Vb.

[ 0015] COnb(fﬁBh'ﬁ /%I?%?Ylaﬁgh C}“jlab gytbr‘?&%e&%h%d%n&ﬁ&é%*e%}’élSlBs?%ﬁ ar?g‘:}(}%[ 0016]
Substituti ngln(e@brésﬂoﬁﬁ)rlﬁ&rls B@sﬂy oBBhed? = Vo(l X)+(1/ QVaX = vg [I -(I
-1/ O X Vg dut Rg(l - +(1/"CRa X Rg[l -(I -1Z OX Ra Therefore, it
can be seen that, for any vaI ue of X between 0.00 and 1.00, |dut depends
only on the ratio Va/ Rg&@d ggt ggajx This result is simlar when Ra =

(1/ O Ro, sinsg thpdl}te{ ol numer at or and denom nat or of (7)
becones C, so the pre-fydtlorX )efRp)/A and Ra cancel out. The value of C may
be set tg 10, for exanple, to use the same value of Ra (Rb) for a conplete
nunmber of current decades (practically one or two at nost). [0017] W now
di scuss an d98HIko ﬁIOVWm}W I(ﬁ]@nra[yg)e kepicthe sune eyrmywine Riperr R awg.switghedale-
advant age of 2 fol |l ow ng

condi ti ons aPéQ?lgtto ae(éf¥ i=2) Va?%ééhgﬁ%ﬁlown% W«t H%‘figg\é\%gylgﬁ across Ra (1 dutRa)

is less than. Vi X 1S paraneter, ally in the ra f Qto 2.0
Vol t) . Si m IAf 15Fe ity rﬁiﬂ &n Buging 5035 Giien L Qi s RplnEocgopglue ?%?)W%F@C%W age
drop across Rb &bﬁ%ﬁ@my@,pﬁé RW VORY or IRy £ Pi/e))t uation, the resulting

vol tage drop across the entire Rnet (i.e. dutf?a + | dut Rb) wi |l not exceed

1.1 Vma I r e c cause one of the resistors Ra and
Rb to b)eﬁosvmq%lghﬁ@lbﬁg bde ?o‘;lbtf(%m% egg)?(%vgccount for the expected next |evel
of current, and attimes nakes the change in Ra or Ro when the rel ated

vol t age dr od00&5]sCarghining (Dewd (iih gre foltewingtes peyoouiseobitaingke i ncrease in the
resulting voltage drop before Ra or Ro is changed. This situation is comon
for Iogarlthmc CRp, €M, svveeps as the current and the resulting voltage

drop across ( ?ery—‘a;ru‘ " ‘Hr tlcally within a single step. In one
exanpl e, the "svm éh out " of the larger of Ra and Rb may be acconpli shed

[0016] Substituting (6) in (5) for Ra = CRb,

Va(1-X)+(1/CVaX _Va[1-(1-1/C)X] _Vq

7 I
(7 dut = Ry(1-X)+(1/C)RyX R[] (1-1/C)X] R

15 Therefore, it can be seen that, for any value of X between 0.00 and 1.00, Idut depends
only on the ratio Va/Ra and not on X. This result is similar when Ra = (1/C)Rb, since
the term 1/C in both numerator and denominator of (7) becomes C, so the pre-factors of
Va and Ra cancel out. The value of C may be set to 10, for example, to use the same
value of Ra (Rb) for a complete number of current decades (practically one or two at

20  most).

[0017] We now discuss an example of how the Fig. 2 circuit may be operated. To take
advantage of (7), the value of X may be set to 0 when the following conditions are met:
(i) Ra = 10RD; (ii) the voltage drop across Ra (IdutRa) is less than Vmax (Vmax is a
parameter, usually in the range of 1.0 to 2.0 Volt). Similarly, X may be set to 1 when:

25 (i) Rb=10Ra; (ii) the voltage drop across Rb (IdutRb) is below Vmax. In this situation,
the resulting voltage drop across the entire Rnet (i.e. IdutRa + IdutRb) will not exceed
1.1 Vmax. In practice, real-time code to cause one of the resistors Ra and Rb to be

switched may be configured to account for the expected next level of current, and at
4



usi ng banks of different value resistors in Ra and Rb. Each of these
resistors can be selected through a relay (switch) such that a | arger val ue
can be swochwd2soeh a smal |l er val ue, or vice versa. [0@C3uswens11BE
dom nant voltage drop (nanely IdutRa or IdutRb) exceeds Vmax (or is

expected to exceed Vmax in the ne current level), the value of X.is
changed gra&%?slwg?eﬁg%@afl%e 1 al?ﬁ%:'%lg’ = —Ir?ﬁfﬁ’flv(?ltager AP 15 @gﬁgygfrsg MNcase

Ro = 10Ra) . vihex 9 adsiala 1888 N8 RE PHe rQuRMQivI@E: &Bp WRlordRELHRLIIEN, which
woul d not allow the feedback | oop to conpensate for the changes in voltage.

For exanpl e,changed. Raissita@R,is eerdmeh éor IpguitRaia @ashesvegpares the dvarent andchange

fromO to 1.. X is.increnentally changed from,0.to O. on .DPa. and DP

oot entl y O RS HRRRED pre RS S LI BB rokPalsaly R SRS o
signal . Bextoneax&hple! @ “SkREhihg OO ¥f theQai@dr $fRXarid Kb Bdyibs ab&dnhwBed and so
forth until X reaches one in both DPa and DPb. Theoretically, such

i ncrement al wingdenkagf diffeicatividee @sistont In Raugndefl. Baghtafihqse registors gasbe han 1%

of Idut), b : i i t to
Phe i nt oy nal eieFieE bRl RaaTRY R GRRmA F Lok Sialys B RHBRIEORER ltert
X i s establ iwhedor tibevéraa.ger Rnet (either Ra or Rb, depending on the range)
is switched out and a new resistor, 1/100 its resistance, is switched in

i nst ead. For[oersnwhen thefdoRanaM@soltagdd dMﬁJ @ﬁﬂleggldﬂﬁ@a F0QuiRD) exces@svihadgol ong
as ldut * Rnet was bel ow Vmax. Once |dut * reaches a value either |arger

t han Ve oris sxiferiedite axdepd dngaseinttee Nawhgurent IigBt the yalur gh dels changgdchanged

f O0to 1, | bed R\ i 1. 10 kW
10m 0"l T agei 19, S1E oy T, ORI LU0 1 B
changed to Qufdual chdmax h€lPs g avouh@mXabreptdliGudior, RdichMaouls nohdrgetet 0 20 nV),

so the appropriate ratio between Vb and Va is set. Note that the "new
vol t age dr o;fg%f’&%‘%koo%o Fmpenyate dpr the ghangpgjin Ypltage FoppsynplpywithRa =R9PRbs t he

| arge Rnet, 30 iy REMEchESY Rt Rhal RcniAtde bahxti i Gagh&fatyne change
fromRa = 1.% I@tho Ra = 18 i\\/]\/ aa’n% ta%e cu‘r?% en?m\yv\}}e)ep continues. }gme t he
current I5eacthesgedfeorh OveD.OMvarlePRind 3Ph prabecatlyaingelthneausdy sintcathe g egueitic e

will follow .and so forth until thesweep is c lete r the ep
direction i §1‘?C§§%?’Vét@dﬁ)? PN S,lg]ﬁl'_ ’?tr&:_?lglé]éf Hep &gg’t _ t:ooqgiﬁ@r%a?s 'ﬁ%ﬁl dut).
[ 002 ?] t Vﬂen HEwSNRRP sb FortiNBFAN ¥&chek bn€in KIRE DPASHAD Pbdtthdoreddafly Swich chi ng
poi nt takes

incremental steps may introduce a small current glitch (e.g., less than 1% of Idut), but

even such a small change is likely to be suppressed due to the internal time delay of the

20  feedback loop.

[0019] Once the new value of X is established, the larger Rnet (either Ra or Rb,
depending on the range) is switched out and a new resistor, 1/100 its resistance, is
switched in instead. For example, If Ra was 1.0 M€ and Rb was 100 kQ, X was 0 as
long as Idut * Rnet was below Vmax. Once Idut * Ra reaches a value either larger than
25  Vmax or sufficiently close to Vmax for Rnet to change, X is changed from O to 1, as
described above. Next, Ra is changed from 1.0 M€ to 10 k€, so the new Rnet is made
of Rb =100 kQ and Ra = 10 kQ. Lastly, Va is changed to 0.01 * Vmax (e.g., Vmax is
2.0V, then Va is changed to 20 mV), so the appropriate ratio between Vb and Va is set.
Note that the “new” voltage drop across Ra is 0.01 of its “old” value. Also, by now, Rb
30  is the large Rnet, so Idut * Rnet is 0.1 of the value, which triggered the change from Ra
= 1.0 MQ to Ra = 10 k€, and the current sweep continues. Once the current reaches the

level where Rb is to be changed, a similar sequence will follow, and so forth until the

5



pl ace when the voltage drop across the larger Rnet is just bel ow 0.1V nmax.
At this point, the snaller Rnet (i.e. Ro for X =0 or Ra for X = 1) wll be
"repl acedwolg1o26@ resi stor, 100 tines its val ue. For exargsb@9/osm3zonsi der
t he previous exanple where Ra = 1.0 MNand Rb 100 kW but this tine for a
negative current  swee [gﬁi/ﬂr; | n- é{%d déﬁgRb X =0 as h ng as the
val ue of | dutVesP ReLOmpist the spsh 1F‘?cﬁ}f’n*“ﬁ§era‘? & f19m eteasige ins O,
but Rb is C%@&ggn% cgmloo kWto 10 MW (a factor of 100). Only then, X is
gradual ly changed fromO to 1, follow ng the sane procedure as descri bed
above for t $ ent i i ol tage
dr op acrossr[ggﬁﬁ:wftlglistsﬂe? ﬁ{ggﬁé dﬁggaqgllr’e]dag hgéégﬁa‘r%gg dﬁ%ot%?:sﬁﬁgghg P %mgtggfr: easi ng
sweep and solicerwhen th©0&age Ghap acaésseha)lfarg)ér Rantais gmst belwed). 1 AmaxoAgthas nei t her

Ra nor i's changed S, _th of t can be_enhanced with
a sli gh?lgde\ﬂoéﬁt § S‘F“PB‘FFH%IB%‘( Whex Paﬁé “@N@ﬁpr@%ﬁ%m@@% DACs
al l ows for r@ﬁEt@ﬁ%bOﬁn{eB@ts Q/Hlﬁléefﬁﬁr e&%ﬁieu%@&&@?%ﬁ@ﬁ&@i@hé’e%ﬁ@ﬁvﬁéﬂé%% to a
smal |l value (X = 1) instead of 0, and d) instead of X =

1. In this caté MﬁnmdrRhs:l: :10@)anme&)15 klnm)ﬁmt n inbgrtys csnblstswatp dhlyInti0. t he

out put of t curre ource whereas the other resistor network cqntributes
nuch | ess t[gﬁ cesibst §B§1%|=|(§/a%18ngﬁ% tOchq?“tt* @&éﬂ%" SHige Lt ( s, for

exanpl e, theyi s”PuPtﬁgOS(h Hl%toaﬂﬁéfgl s>£:ha eﬁfwﬁﬁﬁ%ﬁé{z‘é 10}\99%?2?&0%f'1§09 90

(or vice versa |mts ' ess than substant are where
Xis 0.00 ar(dnlsﬁliénl,xlﬁ)g%u@w changel ﬁtenns{lat)al Y lowaug dﬁsamel@eomdummarrpl e wth

typi cal D| gl Pot enti oneters th 100 steps, wher he \/al X is set
to 0.01. ﬁ?@eé& gve PR P?Ii%%‘ﬂ%%uréf‘tﬁlbé‘f’%ﬁh’?1/§1ﬂ51 6 Veb#E | but es

much | ess t h&Bp §&Q§st}@5‘fs'1@§s than VBhR%nlNke édrfgnt c&ftfnub Ofd &c?fgl@l\ﬁg swlsgb EI{H )
exanpl e, the resulting input voltage Vin becones 0.99Va + X =

0.01 (i nst eddrtef Va when X= 0. 00) and 0.01Va + 0.99Vb for X = 0. 99 (| nst ead
of Vb for X = 1.00). By adjusting Vb around Va/ 10 in increnents of one LSB
(Least Si gni[DOZHITheBiatye daffX te(mallﬁlﬁlieSBSS lohges nethel RhinoNRbfis d}‘iaﬂgéds Thogr eased

by a factor of 100. . Changin e LSB results in Vin changing by 0.01
LSB; chdngi ri° Wswltwét@égs&a&@%gnhﬂnﬁeé wﬂhﬁaﬁﬁ dsylaaﬁléfregsf%hm(éﬁwx =

0.99, Va is e% [Hirled! 1Py &?&%@\;ﬂ@%a@fn 4Hd dﬁ(gslgllc[v@sof%?lnc?&%ng%Yé‘éﬂrﬂ:‘rl?re‘é@lﬁ%ﬁ bgic

above is appl cable if st , on the other hand, the
out put "w ggloesiderablylbyrsettiSg X pea irﬂﬂt Vaylua X Bidnes peimsiead ofi = 0.00, and to (1 -

0) instead of X = 1. In this case, one resistor network contributes substantially to the
output of the current source whereas the other resistor network contributes much less

20  than substantially to the output of the current source. Thus, for example, the limits of
“substantially” are where X is .10 and 1-X is 0.90 (or vice versa), and the limits of
“much less than substantially” are where X is 0.01 and 1-X is 0.99 (or vice versa). We
now describe an example with typical Digital Potentiometers with 100 steps, where the
value of X is set to 0.01. In this case, the Va contributes substantially and Vb

25  contributes much less than substantially, using the limit set forth above. In this
example, the resulting input voltage Vin becomes 0.99Va + 0.01Vb for X = 0.01
(instead of Va when X= 0.00) and 0.01Va + 0.99Vb for X =0.99 (instead of Vb for X =
1.00). By adjusting Vb around Va/10 in increments of one LSB (Least Significant Bit)
up to 100 LSBs, the resolution of Vin is increased by a factor of 100. Changing Vb by

30  one LSB results in Vin changing by 0.01 LSB; changing Vb by 100 LSBs causes Vin to
change by one LSB. When X =0.99, Va is similarly changed around Vb/10.



techni que may not inprove resolution at all. However, since state of the
art DAC technology inplies stable DACs, the proposed technique is indeed
ef f ect i vewoO[20028500kn general, a small change in |dut nmapChaseooppnsessed as
approximated by its total differential: (8) dut Va + duLD Vb + duLAX dVb X

00 " Ao PER o q%f(ﬁlﬁ@%?ﬁ%ﬁﬁﬁt"f%g@ﬁz BARE ok MAC RER gl gé%éh}e' to Vo

Vb, and X gi RS hahd QR DA e it SKSGIODYCddly o) Ghe - X ) +RO
X [ 0026] S St%ng? ?“B? pgeley 1‘%5 , angl(? © inle P )
rearrangi ng tashnmeﬁzs}arrqt imptdve résohaion ex gl ddsyover,fsorce stae sfehabit DAChange i n

| dut is obtai (11) V X AV Idut Va (I - X )+Vh X a Va (I - X
) +Vb X + Vb aC%nongé{ﬁB‘P wt%hq% AQ ﬁlﬁwr%%?éweﬁmgu%m%d%ffeﬁtaf@z7] A first
observation is that, as |long as = VbRa, increnental changes in X do
not have Sany08331dpgersial aamaﬂ?h@@e i Iqus gnay s erpssisd 26 Rppiesiryed by tetotalnhi ch
was obtalneqhﬁékaﬂﬂa sinpler and | ess formnal approach Based on that, the
procedure tochange Rnet, described above for the "ideal" case (i.e. VaRb =
VbRa, and X = 0 or 1.00 during steady state), may be nodified by an initial
step where the "LOM/VbItage" (Vb when X = 0.01; Va when X = 0.99) is
adjusted to its "ideal" beyel qy {C of p "H gh Vol tage"). [0028] To
quantify théi?npacﬁﬂddt? it Gggéd 1HZt 2% where Ra = 10Rb may be
consi dered. Since nelther nor Va8 chang while this new step is taken,

the only change in ldut is caused by returning Vb to its ideal value,
nanel y rl%duc[baﬂl](l\qgre interestingly, the relative change with respect to Idut is:

l4 l4 l4
Igut  Iqut | 9V Vp 0X

[0025] Differentiating Idut (equation (5)) with respect to Va, Vb, and X gives:

15
7 —
(10a) ldut _ r-X
V, Rg(I-X)+RpX
I
(1opy ldut _ ad
Vb Ry (I-X)+RpX

0X  [Ry(1-X)+RpXJ[Ry(1-X)+RpX]

[0026] Substituting (10a), (10b), (10c), and (6) into (9), and rearranging as necessary —

20  the final expression for the relative change in Idut is obtained:

Tgut Va(1-X)+VpX

AV, + ad AVp +

(11)
Va(I-X)+VpX

VpRy —VaRp
[Ra(l X)+RpX J[Va(1-X)+VpX]

[0027] A first observation is that, as long as VaRb = VbRa, incremental changes in X
do not have any effect on Idut. This is the conclusion expressed in (6), which was

25  obtained using a simpler and less formal approach. Based on that, the procedure to

7



increasing) it by 100 LSBs. If the range of the DACs is fromO to Vnax,
Vmax being its maxi num out put voltage, one LSB corresponds to 2Vmax/2n =
Vmax/ 2n Wozbﬂi/(ngl)mzhe nunber of bits (e.g. 12 for a 12-IpCu/US2€@9/0383% or a
16-bit DAC, etc.). The maX| rrum change |n Vb (100 LSBs) is therefore

| OOVmax/ 211 he eveI Va i to range change
during a hi a‘t%f’l\ﬁ?ﬁh‘iﬂ\ﬁg #ﬂr th{ S’S _Wc’)lé%r 9%?'_@i°tgred to
Vmax/ 20 (a regranahl ®eass EG?tmgf'b§hﬁ@1ﬁleH er)mah% dnbe thelad velgel ose
to Vmax for efficient uSe of the entire DAC range equation (11) takesthe

fol | ow ng fdMlmwl(eIlJ?f =dLd1; ¥ d wienOX A& PV rdjxsted Bﬁltﬂ ddtal’VEVQl (i.e-1/Kof thevb X u
2 n-| “H}\EI?V 1t 1 Vmax 2n-5 20 200 [0029] For 12-bit DACs, the ratio
is about 1% 8?% 'a 16-bit DAC, it is less than 0.1% Cdearly, this is

a negli gi_bl f ol d.by a oth tr i on, scri hed above for
the "ideal " %Q%alkc[w%fm&‘ﬁ “Bé’t‘?éf’gﬁos %t%ﬂn? ’tE%ﬁaSB&%?é“ceiﬁ rHQR%de’ feal

pot ent i omet &lRsidkied Uik ﬁe@thgpﬁtn()?‘\la@c\!lﬁ \E}E&Pwﬁﬁ& thi &S) &Eﬁis RRK qRf et s the
resul ting output current. Furthernore, en the digital potentioneters are

at a parti cwlhamgesietldliltrigcwcmby mmmalgp‘éb td ituidea! vebei stnoaly bakukingdess not
affect the resultin t _curren |stor nk i )

T nact i vary e g O AL G5 @R barts of e AR R BBl Vi bithout
affecting ”lf‘s rﬁér!&%[rh&}d%dt% tage éBHéLﬂs’l'afFEﬁJoﬂSs é%rzx‘?ﬁlw?matvlﬂgx/z nbeine

di scontinuities in urren urin current sweep Ope€ra

Thus, fap exaeRhBberMI®Ns f.§ O BF Qllzlmf’lkAGEﬁS forlat1$-gihpaghetcd. @H@'nﬁﬁﬁﬂlﬁﬁs

i nactive, the resistance of the inactive resi stor bank may be switched, and
then the di gihtiage ipdtte@ODdBdseis the’efotrmgOOﬁya)Ué cNovgelie towveftdevdl iof ¥aes

smoot hly reactivating that reS| stor bank, with the new resistance (though
there may bdu# Psior ind raggeishanes duree %htgﬁléﬂtlé‘ﬁééfﬁelasAsﬁ‘Pi@mgégfits\fme iBank
reaches its Rk is
switched i n)ptr mAﬁﬁle aﬁlﬁtﬁg%oynﬁx thgsl\%\ngat% &?ﬁ ?165%?%&118 tﬁ?%gs}l'?‘%e Yﬂﬁﬁngﬁoﬁe tabl e

bel ow, whi cheldgsdy iches taWmex doqdfficiefit ushef dierentird DAY angd) erqmatden (1H¢ takes

swi tchi qg Isthggoﬁlow)ng orr]r%d Va22222

>

(1D
Al gy X AV, = 0.01x100V max 125
Igut Va(1-X)+VpX 2n_1{0.99V12n0ax +0’01V2nou01x} =5

[0029] For 12-bit DACs, the ratio is about 1%, while for a 16-bit DAC, it is less than
20  0.1%. Clearly, this is a negligible tweak followed by a smooth transition, as described

above for the “ideal” case.

[0030] In general, then, it can be seen that digital potentiometers are used to control
how much each resistor bank affects the resulting output current. Furthermore, when
the digital potentiometers are at a particular setting such that a particular resistor bank
25  does not affect the resulting output current (i.e., the resistor bank is “inactive”), the
resistance of that resistor bank can be switched without affecting the output current,
thus minimizing or eliminating discontinuities in the output current during a current
sweep operation. Thus, for example, when a resistor bank meets its threshold and
becomes inactive, the resistance of the inactive resistor bank may be switched, and then
30 the digital potentiometer setting may be changed to facilitate smoothly reactivating that

resistor bank, with the new resistance (though there may be a slight pause in the current
8



Vb 0.2 0.2 0.20.20.2Vin21.64 1.28 0.56 0.2 Vf 2 1.64 1.28 0.56 0.2 VRa
22222VR0.20.20.20.20.2Ra"l OOohms | OOOohns | COOohns |
OOCohis IWOREWMIS0RD "1 OOohns | OOohms | OOohms | OOOh®ETIUS@@OlAH3X O 0. 2
0.40.811-X10.80.60. 2 0 Qut put 2rrA 2mA 2mA 2rmA 2rrA[0031] ' have

t hus described a hod a |rc it t @gdr sses i nher ent mtati ons of
convent i onal3V¢aR fe i}?fc Ragyes iff Feé f@dielﬁ‘f@élst?flceafoﬁﬁkﬁtqug
current sourgRk (MatchBR¥n)! rAqll &Q&pw&sash QYRR Eis SR IBA the thbl: bW, Rnet
resistors in series (Ra and Rb, which are selected resistors of a resistor

bank, wher e waclhdérarikes angixampl febeciatuit psinstton sis theawighimgap pecopplishesl. f or
the desired current range of the current source), where the ratio of their
respective ré&sistances i2either D.1 or 1. (ii) 2wo idergical DACs, where
the ratio of VWheir outpw2voltages is sé&2to 0. D.aor 10, cacording to the
resistor rativamn described dn (i)t.ebove. (28i) Tvmsali gitalo.potentioneters
(DPa and DPb)f The fixed 2 erm nats of DPz28 are cbfmect ed 0t t he out puts of
the differentviRal anplifies of Re and Rb,2while the fixedkterm nals of DPb
are connect e®rRbo the outgut of DACs (Vaoend Vb).0.2The "nowvabl e" term nals of
DPa and DPb &@ae connmobiecs t coobbiend nvm@obhnng #00dolings t to®Ookows | Nnverting i nputs
of the operatRbonal argpbhriid eri00stesgpectonsrehsy. 100Ds)msThelooamfid gur at i on
described inx(i) - (iii) mbove ald ows tloet f eedback voltage Vf to follow
either ldut %-XRa or ldut * Rb, ass appromd ate. loe additian, Rnet (i.e., Ra
or Rb) can beurpepl aced dma a di faer ent roesi stor;onell | W tdmao appar ent
current glitch or noise. Generally, the circuit facilitates a
proportionality of output voltage depending on the relative contribution by

the resi gt org03owt hevd @5k 88RAB&I ¥ MeHR and circuit that addresses inherent limitations
of conventional current sources (CS), where some features of a modified current source

(MCS) may include, in an example embodiment:

(i) Two Rnet resistors in series (Ra and Rb, which are selected resistors of a resistor
bank, where each bank includes several resistors that are appropriate for the
10 desired current range of the current source), where the ratio of their respective
resistances is either 0.1 or 10.

(i1) Two identical DACs, where the ratio of their output voltages is set to 0.1 or 10,
according to the resistor ratio described in (i) above.

(ii1) Two digital potentiometers (DPa and DPb). The fixed terminals of DPa are
15 connected to the outputs of the differential amplifiers of Ra and Rb, while the
fixed terminals of DPb are connected to the output of DACs (Va and Vb). The
“movable” terminals of DPa and DPb are connected to the inverting and to the
non-inverting inputs of the operational amplifier, respectively.

(iv) The configuration described in (i) — (iii) above allows the feedback voltage Vf to
20 follow either Idut * Ra or Idut * Rb, as appropriate. In addition, Rnet (i.e., Ra or
Rb) can be replaced by a different resistor; all with no apparent current glitch or
noise. Generally, the circuit facilitates a proportionality of output voltage
depending on the relative contribution by the resistors and the resistance values
of the resistors.

25  (v) Finally, operating in the optimized range of voltage drops across the larger Rnet
(Ra or Rb) assures no compromise on accuracy and sensitivity.

(vi) Changing X to 0.01 (Ra > Rb) and 0.99 (Rb > Ra) from the respectively “ideal”
0.00 and 1.00 values, increases the overall source resolution by a factor of 100 (>
6 digits).



of the resistors. (v) Finally, operating in the optim zed range of voltage
drops across the larger Rnet (Ra or Rb) assures no conprom se on accuracy
and sensiwpweotyo25¢oei ) Changing X to 0.01 (Ra > Rb) and ©®@CPAISER9/0321RR) from
the respectively "ideal"” 0.00 and 1.00 val ues, increases the overall source
resol ution tor of 100 (> 6 digits). V%at is clainmed is: 1. A current
source confqéﬁﬁéﬁ ﬁbstantlally seanl ess range switching, conprising: a
first resistor netmork havi ng. an j nput and an output, wherein the

resi stance of thEUFEHSPUEREP t&blredrf@f w&st@nrlgﬂﬁdww%é@qu sWHRRiNgur abl e; a
second resistor, ﬁ$ work having an input and an output, wherein the

resi stance of the second resistor network is dynam cal ly configurable, the
out put of the fa fiist resie®i a¢tororhbiwing kn inpuconrinacivgehtt whdrbia thapuistante dvthe
second r SIS Oégnetmork ang the output of the second resistor network is

configured t* CESHIREQERETE & HIGNIFEY COPHEHEPIED a device under test:; a

first differentd@bofimRbisiol REwWIAYhAGnAh RBLPHD an®URAR WRMERIhO@sisRE and an
inverting input, the non-inverting input connected to the input of the

first reS|suﬁnmn@xvmdkwmwmnmhwﬂﬁmwbmmmngﬂynpmmgndﬂnehQe@pumﬁﬁh@ﬁmutput of
the first resi.stor nd d|ff rentia |ifier. haying an
output e norerhyas iy e RS Mn P i o R TERr pefe S A M2 11 ng
i nput connecdu@sht b teRBcdnaRBdistdf ndtWerkSie o &S loHBeUon Gk oK rénde Elifent
inverting input connected to the output of the second resistor network; a

first dil§itdpagevienundardes&r having a first input, a second input and an
output, the f'rsﬁmlﬁﬁ%&gﬁ%,%ﬁﬁﬁfghﬁwnéhﬁo%%tfﬁ ?Vé§5%$$§%nﬂjfferentlm

anplifier and the “secon conn &°decond

di f f er enti alinegifahg fripet, xheMmm@lvmlh@ﬁlﬁut t@inecte@id ﬁlle ipait e tHed et registbs
configured to provide a signal at the output that includes, in a first
sel ect abl e propyKEngthe iaveHas iRt ?Qﬂﬁleﬁtﬁd&’ dF GHEAUt gk the FEStASIEr REAWORK: of t he

first digital polestd cﬂﬁ@fe%alaa%‘fblﬁfer Bavih@BRbuiBhe, h REn SREML hpRUnaCh the

first digital potentioneter
15  inverting input, the non inverting input connected to the input of the second resistor

network and the inverting input connected to the output of the second resistor
network;

a first digital potentiometer having a first input, a second input and an output, the
first input connected to the output of the first differential amplifier and the second

20  input connected to the output of the second differential amplifier, wherein the first
digital potentiometer is configured to provide a signal at the output that includes, in a
first selectable proportion, a combination of a signal at the first input of the first
digital potentiometer and of a signal at the second input of the first digital
potentiometer;

25 an operational amplifier having a non-inverting input, an inverting input and an
output, the output connected to the input of the first resistor network and the inverting
input connected to the output of the first digital potentiometer; and

a second digital potentiometer having a first input, a second input and an output,
wherein the second digital potentiometer is configured to provide a signal at the

30  output that includes, in a second selectable proportion, a combination of a signal at the
first input of the second digital potentiometer and of a signal at the second input of the
second digital potentiometer, the output of the second digital potentiometer connected

to the non-inverting input of the operational amplifier.
10



an operational amplifier having a non-inverting input, an inverting input
and an output, the output connected to the input of the first resistor
net wor k awo 20toe2s002erti ng i nput connected to the out put Pofi/ush@9ofsriss
digital potentioneter; and a second digital potentioneter having a first

i nput, a second_input and an _o wherein.the second digital

pot ent i onet er d@rfgﬁﬁep Pﬂ:ﬁotfﬁﬂﬂ)‘}f)‘gvﬁﬁ HCLCUPRSE at the out put t hat
includes, in a;sgcomdigb %ﬁﬁg@b&w@f@pﬁﬁ&lhgaﬂ ofpROERInBaEd Mhehr@uﬁjugeﬁl at
the first input of the second digital potentlorreter and of a signal at the

second i nput ofthe Br@oséd'@ﬁdlmﬁtglttoaiemm@ntl oneter, the output of the second
digital potentionete e to t on |nvert|n

oper ati onal  amA 1eFE BT BTG t EiveE, Bfat B Siphl R B tothe 8t pr i si no:
a first dgigi talml%1 @ﬂ@@gormng@ﬂtp@femlb@weflg an out put connected to the
first input of the second digital potentioneter; and a second digital to

anal og conveyt efhe MFUhNGuAR RelRHl GONRSekaA to the second input of the
second digital potentioneter. 3. The current source of claim1l1 or 2,

wher ei n: the cuhe elntenswrrc@lslcsnﬁgmtd suoheblatsheehirst bed¢ctathe pfoppgionsell dst abl e
proportion and the seco sel ec abl e ortio e.c tr to be
oot ant §al Ly iGRE e AOlE P 18%?%5{1“5% 8 D PSR FBROST. s e

the current sou]([;1 e is config r sucg that .the first selectable proportion
i s sel ectabl® tdegargngQuiceywt clgnleord. pheineq)  non- negati ve nunber | ess

than or jgqual te dyfent Sourd'R BHfiEERE s&qﬁLlﬁﬁQh@flrs@:L@édﬁtﬁe ﬁlropglrtloYi’ﬁ§r ein: the
second sel ectable proportion is Selectable to be X to where X is a

real non- negatlsebctrabhbebe Xewsl-KhavheorX ecuahl tam- licgetlveﬁnurﬂlbfe lgsathaarr sour ce
of claim1l or rgin: the current source is configured such that the
first select ableélu 6 tion and the second sel ect abl e proportion are

constrained to be substantially ggntlc .and the current source is
confi gured suchlheraireptiouiGe o claifid Yee BNECEE ect abl e proportions are

3 rel gg Lg?' teot 2 Bt $cbRd de1ebrabM BfoportionSs &lé&le AR REYRIE iehJLIRDER rd£SS than

15 non-negative number less than or equal to 1.0.

6. The current source of claim 1 or 2, wherein:
the current source is configured such that the first selectable proportion and the
second selectable proportion are constrained to be substantially identical; and
the current source is configured such that the first and second selectable
20 proportions are selectable to be X to 1-X, where X is a real non-negative number

less than or equal to 1.0.

7  The current source of claim 6, wherein:
the current source is configured such that, for two particular values of X, namely
X=0 and X=1, only one of the first and second resistor banks contributes to the

25 current to be provided to the device under test.

8. A method of operating a current source, comprising:

a) configuring the current source such that both a first resistor network and a
second resistor network of the current source contribute to providing current to
an output of the current source;

30 b) adjusting a current control input to the current source to cause the provided

current at the output of the current source to change;

11



7 The current source of claim®6, wherein: the current source is configured
such that, for two particular values of X, nanely X=0 and X=I, only one of
t he firstweandiges®ad resi stor banks contributes to the ®OTAUSPA09I021BE
provided to the device under test. 8. A nmethod of operating a current

source, conprising. a) configuring the current source such that both a
first_resistor‘ﬂé%%ﬁ?égéﬁﬁ“ﬁggﬁgﬁﬁgCPB@?@?@ﬁtﬁ&FﬁHPF“H*“FWé“@h&P& source
contribute to praykdiefsof HEtWBRL dde’ nBDcHliRHE tPhrol fignCdifeRNo (BOYIHE: ofD)
adjusting a current control input to the current source to cause the

provi ded current the curhant saitrpuiandofvhilh ehecfinst enistos oetmoek teesaloangdribyte &alj ust i ng

a resistor network caontrol %ﬂﬁﬁﬁ tq thtcurren{ source ﬁuch tha% the first
resistor network RISASTRSTTEHP MIBUHRGS N5 BViEal 9y Cul PN S THEMS G Put  of
the currgnt sour qRe AREresidrim@tidiR; first resistor network does not
contribute to providing current to the output of the current source,

modi fyi ng a reshsdinteg B refigof natorks cogirst ippuiettiioeucrentyouses) Wb g thene
reststor netvork Rkl kAR 6 B BHC AR S, AU, WL R B !
the current souraajregf)songpeati ng b); f) adjusting the resistor network
control input until the second resistor network does not contribute to
provi di ng cur r EAtreRRERout put of the current source and, while the second

resi st orjgnet worg a‘&j{f’sﬁng rEQAbf ARWbE duBl ﬂg?ﬂ%xﬂ% ARUCESRE reliGof RGwWBHL put of

the current soufce, nodifying a resistance second resistor network;
g) repeating stepkebhottanfrjbutetogrdvidme carre@ng ehectutmalofiés anfrehtwucagr r ent

provided to the output. of the current source. 9. A nethod of qperating a
burr ent sour ce. BT i SCpa TR PR Gose nessonBt g reedBg e Erat

both a first T eSit@&lﬁHoﬁﬁﬁt}@?!&ﬁ% @%n@soﬁ%?ﬂl@dff?i%ig%trQsVistQI%e\wrtﬂr’e Rtoddre current
source contribute to providing current to an output of the current source,

wherei n the firstresigter Betyprknet wor k cont ri but es

15 g) repeating steps b) to f) to achieve a range of values of the current provided to

the output of the current source.

9. A method of operating a current source, comprising:
a) configuring the current source such that both a first resistor network and a
second resistor network of the current source contribute to providing current to
20 an output of the current source, wherein the first resistor network contributes
substantially to providing current to the output of the current source and
wherein the second resistor network contributes much less than substantially
to providing current to the output of the current source;
b) adjusting a current control input to the current source to cause the provided
25 current at the output of the current source to change;
c¢) adjusting a resistor network control input to the current source such that the
second resistor network contributes substantially to providing current to the
output of the current source and the first resistor network contribute much less
than substantially to providing current to the output of the current source, and
30 modifying a resistance of the first resistor network;
d) repeating b);
e) adjusting the resistor network control input until the first resistor network

contributes substantially to providing current to the output of the current
12



substantially to providing current to the output of the current source and
wherein the second resistor network contributes nuch | ess than

subst ant inabI2g1vs@eovi di ng current to the output of thePcumsesw/0snaesce; b)
adjusting a current control input to the current source to cause the

provi ded current at the output of the current source.to change; ¢

adj usting a resi s%paweﬁg@o%ﬂ%lwﬁtsmndir%mr RGP Oemhn&%tm%féﬂﬁ%éh%mch t hat
the second resi Sts%stﬁﬁa\ﬂ?rtg FRMiAg %&ﬁto’sm@%&ﬂ% bk YultrOhtRE@¥EDin@g current
to the output of the currenP source and the first resistor network

contri bute nuch Iresdftilganresisbstrant thalsegontl gepstonnetverds; current to the out put
of the current sourc h and difying.a resistance of %Qe first resjstor
network. d) redodrrgnes el e il e hss ohb RarR RG] B nput
until thg first resbsheroMes Wkt SARtd. i butes substantially to providing
current to the output of the currentsource and wherein the second resistor
network contributes nmuch | ess than substantially to providing current to
the output of the current source; and nodifying a resistance of the second

resi stor network; repeating steps b) to e) to achieve a range of val ues of
the current provided to the output of the current source.
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