| NTEGRATED MOSFET RESI STANCE AND OSCI LLATOR FREQUENCY CONTROL
AND « TRIM METHODS AND APPARATUS BACKGROUND OF THE .

| NVENTI ON 1. FI'ELD OF THE | NVENTIEON The present invention
relates to the field of integrated circuit design, and nore particularly
to integrated circuits havi ngNGEGRANED MOFRETor nore oscillators and/ or

resistance dependBBSISHANCE; AND OFCH-LATORFHERYENGS COFERY: dependent

circuits. 2. PRIOR ARfpy METHoDslA'ANB Ahepdat a System there is al ways
the need to band |imt the incomng analog signal and sanple it

peri odi cal 'Mmﬁﬁﬂﬁﬂﬁg&'_gﬂmﬂh@e anal og signal is perforned through a -
suitable [owpass or a bandpass ftilter, and the periodicsanpting. e

performed by sanpling circuitry with an accurate periodic

periodic time base is generated froma suitable oscillat
of monolitHic %%%#EHW% suitable filter is the: e
active MOSFET-RC type. In an MOSFET-RC filter, MOSFET transistors are used
in the non-saturation region wth a control voltage on the gate to
generate an ef f ot ipvesentedhedrahore rePatsessitthy £dler ancesegfatiedt egr at ed
MOSFET transi stor - d cagg\ci tor pa{arreters may create +/- 50% variation in

a
the filteEFRE é‘Sﬁgﬁf’anf‘ mPEe RETht HATLY vt etosptshsdrenitehe filter

ti me const 33k$ng idn-BRGNTBRe NECRSRAbYC 1 aPRVE aRa SN LEMsthpap, referenced to
a stable reference, to control the tinme constants of the filter over
process andieashientt ct¥rnigessuchnag MpSRATeneststense dsherdent helrchies base
oscillator is also specified to be inplenented

2. PRIOR ART

In a Sample Data System, there is always the need to band
limit the incoming analog signal and sample it periodically.
'Band-limiting of the analog signal is performed Ehrough a suitable
lowpass or a Bandpass filter, and the periodic'sampling is
performed by sampling circuitry with an accurate periodic time-
base. The periodic time base is generated from a suitable
oscillator.

One fofm of monolithic implementation of a suitable filter is
the continuous time activé MOSFET-RC type. In an MOSFET-RC
filter, MOSFET transistors are used in the non-saturation region
with a control voltage on the gate'to generate an effective
reéistance. Processing tolerances of integrated MOSFET transistor
and capacitor parameters may create +/- 50% variation in the
filter time constants. To maintain tight tolerances on the filter
time constants, it becomes necessary to have a controi loop,
referenced to a stable reference, to conﬁrol the time constants of
the filter over process and ambient changes. In implementations
where the time-base oscillator is also specified to be implemented
in a monolithic form with the filter, the same process tolerances

will create +/- 50% variations on the oscillator frequency. To



in annolithic formwith the filter, the same process tolerances wll
create +/- 50% variations on the oscrllator frequency. To

achi'eve an accurate and stable oscillation frequency, the oscillator also
needs to be referenced to a stable and accurate reference. The present

i nvention provides a sinple and unique way of achieving these ends in a
nonol i t hi ¢ devi ce. In prior art, situations where it is necessary to
have a trimred current-to-voltage transfer function (T = V/I), nost

i npl enentations devel op a voltage Vo across a trinmming resistor Rt by

passi ng a current | through the resisto trimmng the resistor R, an
accurat e vBFEIFE W AEUHRE tg’eFB‘bes&aBJre Qﬁcglt:’&ﬁﬁﬁlf e @R ENtE N vol t age

transfer fupeili@Bot 1286Medu8ko et rdnddi0NS a ASNCRAL dcaRAENt ation
schenme. In integrated circuit inplenentations, the trimmng resistor R

may be formefezesca. Jepirzesent parention pravbientd shnaie and nhpdue wesi stors
with oW tebesn:89, A0, DaEL O € BAANGEl QUIE, 20, respectively, o a
i S or

single resrstor ere trlrrmn med t hrough | aser

cutting as shovm pmd—‘n gut esizaatfshe vmurtaCIE3snﬁé/celaea@cttb\/1€ave05 passi ve.
Active switches may either be bipolar or MOS transistors or zener diodes.
Passi ve swttdmied cygpprbzctrvplikigeperansienifynehiqny dBmaéT) 4 maet such as

metal . o MRH: ML TR S O Bofle U85, W LENES o gebgldoagpunt of

silicon area IS use cause larg Tthes ee € to have
their tur nbgrparsesngtaanoammtltmowartael teditber t r Byntrifbingt Ofig as
otherwise, trimmng i S not accurate. <E)ol ar sw tches have an i nherent

turn-on voFESLEOUsSE: 2RRSEBTES HaYtagee Vo indrtriered it el &SRt ehence cr eat e

i naccur at e chfidW £ vo;tea@er trZREHRENELRR ol ASCL il BF] N1 QR ¢l 4Ry and
expensi ve because of the _
a general implementation scheme. 1In integrated circuit

implementations, the trimming resistor Rt may be formed as a
series or parallel combination of multiple resistors with
switches, as shown in Figure 2a and Figure 2b, respectively, or a
single resistor may be used where trimming is performed through
laser cutting as shown in Figure 2c. The switches may be active
or passive. Active switches may either be bipolar or MOS
transistors or zener diodes. Passive switches may each just be a
thin interconnect line, such as metal.

When MOS transistors are used as switches, a fair amount of
silicon area is used up because large MOS switches need to be made
to have their turn-on resistance small compared to the trim
resistor, as otherwise, trimming is not accurate. Bipolar
switches have an inherent turn-on voltége Vsat, whereby they are
non-ideal switches and hence create inaccurate trimming. Zener
zapping and laser trimming are clumsy and expensive beéause of the
sophisticated external hardware that is required. Both zener
zapping and laser trimming have long term reliability problems,

and are not'reprogrammable.



sophi sticated external hardware that is required. Both zener zapping and
| aser trimmng have long termreliability problens and are not

repr ogr ammabl e. . _ 3 BRI EF
SUMMARY OF THE | NVENTI ON For use in integrated circuit systens
wherein both filter tinme constants and oscillator frequency each need a
suitable reference, both the filter and the oscillator are referenced to
common reference circuitry through a suitable control |oop. Because the
fundamental control paraneters of thesoscillator and the filter are
time-period and tinme-constant respectively, the oscillator and the filter
are inplenented in a manner where the nonolithic passive elenents setting
t he fundaneRBHH ARG e BEEMAZON t | me- period and tinme-constant) are of
t he sane type. ThIS has the advantage of close tracking through process
and anbient variations. Mnolithic capacitors on the sane chip are used
as one of the CeBEDAsARSintRgeLEIEREScie! ¥RREME NhedSEl Ioh OF11¢aRd t he
filter to set the tinme-period and time-constants, respectlvll y, adjustable
t hr ough adj Gé‘t‘%ﬁ?sﬁntéoﬁfﬂq gbctiletentfrequétivy eartoheediac siftdbdeent at i on of

t he Control t hat..b oscillator frequency to the
appropri ate vaﬁ %%c%hrb(%gﬁhmhe : t'ie\nég O#J%ﬁe“rcé‘gb%té’ﬁ 9E° FERET O %Su'f‘? ent, the
filter ti mcommnséwﬁeacalaecmﬁyapm&gmatsahya&@t cbi 33t isdy, the Nyqui st
criteria for a sanpli rate referenced to the oscillator frequency.

Tri mmi ng anBe%ansen eaFé“%Fd’@Bhi‘)Jr |°§H‘é€|°1b?a€ﬁ"§ﬁtﬁa$ ofc phe raskcit rtognendl t he
ST NG O ERPIABELALS CLie2Le COTBANIhE-ccALL e TRIIAGLY R, cRYCH s bY

t he progranmm ng of on-ch
oscillator and the filter are implemented in a manner where the

monolithic passive elements setting the fundamental control
parameters (time-period and time-constant) are of the same type.
This has the advantage of close tracking through process and
ambient variations. Monolithic capacitors on the same chip are
used as one of the common passive elements betwean the oscillator
and the filter to set the time-period and ;ime-constants,
respectively, adjustable through adjustment of control currents.
The monolithic implementation of the Control Block is such that by
tuning the oscillator frequency to the appropriate value through
setting of the respective control current, the filter time-
constants also are appropriately set to satisfy the Nyquist
criteria for a sampling rate referenced to the oscillator
frequency. Trimming and tuning are aacomplished by digital
control to control the summing of appropriate current components
after manufacture; such as by the programming of on-chip storage

cells provided for this purpose.



cells provided for this purpose. ' BRI EF DESCRTPTI ON OF THE

DRAW NGS Figure 1 is a general schematic representation of the use
of a trimmble resistor to obtain an accurate Vo or an accurate current
to voltage transfer function in the prior art. Fi gure 2a through 2c

are general schematic representations of forns of trinmable resistors to
obtain an accurate Vo or an accurate,current to voltage transfer function
inthe prior art, nanely a series and a parallel conbination of resistors
wth switches, and a single resistor for laser trinmmng, respectively.
Figure 3 isgprid bESEE 1o 86l rfi® hrhlitugzonst ant current rel axation
ostillator used in the preferred -enbodi nent of the present invention.
Figure 4 is a circuit diagramfor the MOSFET-R gate control voltage
generator used in the]preferred nmbodi ment of the gresent i nvention.

Figure 5 is a bIf68R*%iadP I8P T h & RISEET-1RPERReGetiM &f otheruse &t r ol

bl ock used hndinBaPIel R abre8dUYaRANtan0hcd}et®MBSEAtan LEMERELON.

Figure 6 is a block -diagramfor the tenperature independent voltage and
tuni ng cur r eenregsned Mcdkagrs sdansferhfunmtdprrinethe erbodiament of the present
i nvention. .Flgure .S, a,Dbl ock diagramfor ,the tenperature

i ndependent voIFtlgﬁge szgurz%faougﬁgzcbfﬁ? TUeF gir:]tscs Hliaer ’ffspéﬁgg’htattﬁgnifgf erred
enbodi ment efriishefpeSanabld FéeN$tic@B8. to obtainbfWRuFdtd FodoLianCUi t di agram

for the negative tenperature coefficient current generator used in the
preferred cAPITRRB NFugent to voltage transfer function in the prior art,

namely a series and a parallel combination of resistors with
switches, and a single resistor fof laser trimming, respectively.

Figure 3 is_a circuit diagram for the constant current
relaxation oscillator used in the preferred embodiment of the
present invention.

Figure 4 is a circuit diagram for the MOSFET-R gate control
voltage generator used in the preferred embodiment of the present
invention.

Figure 5 is a block diagram for the MOSFET-R and oscillator-F
control block used in the preferred embodiment of the present
invention.

Figure 6 is a block diagram for the temperature independent
voltage and tuning current generator used in the preferred
embodiment of the present invention.

Figure 7a is a block diagram for fhe temperature independent
voltage source and PTAT current source used in the preferred
embodiment of the present invention.

Figure 7b is a circuit diagram for the'negative-temperature
coefficient current generator used in the preferred embodiment of
the present invention.

Figure 7¢ is a circuit'diagram for the temperature
independent current generator used in the preferred embodiment of

"the present invention.



~ the present invention. Figure 7c is a circuit diagramfor the
tenperature .independent current generator used in the preferred enbodi nent
of the present invention. : 5
Figure 7d is a circuit diagramfor the current trimmng block wused in the
‘preferred enbodi mrent of the present invention. Figure 7e is a circuit
diagram for the tuning network used in the preferred enbodi nent of the
present invention. . Figure 7f issa circuit diagramfor the resistor
trimming block used in the preferred enbodi nent of the present invention.
6 DETAI LED CRI_PT. OF THE | NTI ON In certain systenms such
as sanpl ed da??sis%}’srfee@sb?)t%rf’wetwﬁﬁa& £95 fhe (BrEenh £ inHA9 AtPDsci | | at or
frequency used i tngepyrateed BRocHaRPAY BE {HLEHENGY EARRLIGED a suitable
reference. 1In accordance with the present invention, both the filter and
the oscill at orFiguger & dsepctidgeors dizomen fodf therveiny metworky uskd diagh a
suitable c r se . the fundanental control paraneters of the
osci || at or Qgﬁog%%fleegglgcf tegrg&g#neenfio%et-:rbeeﬁrg?jengngmﬁ%?’bbnst ant respectively,
both bei ng derimsjureess dls & idiRcuithaidfiGinl e @he d@istor trimming

. block used in the preferred embodiment of the present invention.



the filter are inplenmented in a manner where the nonolithic passive

el ements setting the fundanental control paraneters (time- period and

ti me-constant) are of the same type and construction. This has the

advant age of closer tracking through process and anbient variations. In
the present inplenentation, the nonolithic capacitor is used as one of the
common passive el enents between the oscillator and the filter to set the
time-period and time- constants, resmectively. The nonolithic

i npl ementation of the Control Block is such that by tuning the oscillator

frequency tﬁzmwwgﬁﬁ%&ﬁ%l ter tinme-constants al so get
appropriately set. e ntro OCK essentially consists of three

di stinct sub-bl ocks: a) Constant Current Rel axation Oscill ator

b) MOSFET-R Gate Control Vol tage Generator c) Tenperature | ndependent
Vol t age and TunilfigSeihPiBntystems such ascepmpigdodataTgesteonstlath e rent

Rel axation @.ﬁ:‘elrl @Ilﬁg ;cpn tant %}fdeEﬂé %gc}. aEEgutrreeqééné[yh{Js?ecf)%Cl l l ator
operates on the principle that a pair Of capacitors-are alfernately
charged (eagénerhtembe dampilag gbreqsémiyedadihneeda auibst ardregbdeant (1 0sc)
to a certain fixed voltage (Vref). Wien one of the capacitors reaches

7 Vref, a'REFFIFRGF WetebhS AERESHoABYIItdAN aRetE HA® £1A4eS and the
di scharge chiiuhbédr QL idFeSes@RAEH (cBhmorlre ELEn3BNEY ol her
capacitor is rel easrec? from t%e di schar goed gt ate to crtﬁg?%e} Egm“%té‘ %r ef. The
al t er nat i ngsyidebdelieenthek deap. aBdcaisectizr Fondprehtiheonpeolr pafarepasi t or s
gi ves the bgpz%\ﬂi or_af lgltnm:oscil he advantage of using a pair of

| S

Lator. T )
8cT3%r Racthe hglltaf VifaF Y PPREY 8P4 (HHEeceReEPRrs do

alternating capacitors
not come i ntésplebeidd ¥R -Hdhi Béling derivatives of time, the oscillator and

the filter are implemented in a manner where the monolithic
passive elements setting the fundamental control parameters (time-
period and time-constant) are of the same type and construction.
This has the advantage of closer tracking through process and’
ambient variations. In the present implementation, the monolithic
capacitor is used as one of the common passive elements between
the oscillator and the filter to set the time-period and time-
constants, respectively. The monolithic implementation of the
Control Block is such that by tuning the oscillator frequency to
the appropriate value, the filter time-constants also get
appropriately set. ‘he Control Block essentially consists of
three distinct sub-blocks:

a) Constant Current Relaxation Oscillator

b) MOSFET-R Gate Control Voltage Generator

c) Temperature Independent Voltage and Tuning Current

Generator '

The Constant Current Relaxation Oscillator:

Referring to Figure 3, this oscillator operates on the
principle that a pair of capacitors are alternately charged (each
from a discharged state) through a constant current (Iosc) to a

certain fixed voltage (Vref). When one of the capacitors reaches



equation and hence non-critical capacitor discharge circuitry can be used,

t hereby reducing silicon area required. The basi ¢ equati on governi ng
the operation of the oscillator is: Tosc = A Cap * Vref (Eg-1)
|l osc Were: Tosc = Tinme-period of oscillation - A = constant
of proportionality, (depends on circuit desi gn) Vr ef
= Fi xed voltage to which capacitors charge. | osc = Constant current

t hrough capacitors to get charged to 7 Vr ef Cap =

Capaci tor value (each capacitor). The above equation can also be witten
in terms of yf&€ayedymp d 0 e S (Eg-2) (B
=1/ A arator etecégpt * %(raré tl%ﬁea nl%#‘—%]'?ﬁr@it% Bt r ol

Vol t age Gendisdherge circuitFlgef@utpbdsecaphcitee.C it Ené daR@prine LRe geEnNerate a
voltage that, could he applied to all the %ates of the filter MOSFET-Rs so
that the MPEFETSRRATFORXS BT1eATA8 Thom they dischazset stabeitechatdreupsour ces
and drains theneel dependephaihgt Peri3A8EHE YA iw The, control

| oop itself consists of a ref ergngﬁr_ MOSFET- Rg Vt\;lhlg{;:fdi S p 5(@2'8 ?pn%f'ﬁe pr oper
dc oper at i nBRien¢f reapaeitorsAgiveashbhe behavior of an osdiilllhesr MOBRET- Rs are
ratioed to i ference MOSEET-R. through, ratios, of their respective
channel | engg'?‘f'uazitége t%ﬁalfs%l]g ?tf’é’Err%R? ea:léﬁf%tﬂfﬁisﬁé??ﬁt@ﬁap’n%lt.h%r@eh, such
that the prefsmaedd etiés/ of €108icapaditOrs UUIRHEBME tintWNiKd ¢isRe i3l og

conmbining with the filter
equation and hence non-critical capacitor discharge circuitry can

be used, thereby reducing silicon area, required.

The basic equation governing the operation of the oscillator

is:
Tosc = A Cap * Vref (Eq-1)
Iosc
Where:
Tosc = Time-period of oscillation
A = constant of proportionality, (depends on circuit
design) |
Vref = Fixéd voltage to which capacitors charge.
Iosc = Constant current through capacitors to get charged to
Vref |
Cap = Capacitor value (each éapacitor).

The above equation can also be written in terms of frequency.

Fosc = B Iosc (Eq-2) (B=1/ &)
Cap * Vref

The MOSFET-R Gate Control Voltage Generator:

The purpose of the control loop is to generate é voltage that
could be applied to all the gates of the filter MOSFET-Rs so that
the MOSFETs will exhibit the desired resistance between the
sources and drains thereof dependent on the geometry of the
MOSFEIS. The control loop itself consists of a reference MOSFET-R

which is placed in the proper dc operating environment. All the



capacitors, set the proper filter tinme-constants. |If there are variations
due to anbi enf changes such as power supply and tenperature, the control

| oop automatically changes the gate voltage (VCNTRL) to keep the effective
resi stance of the MOSFET-Rs fi xed. Referring to Figure 4, the dotted
bl ock XX effectively generates voltages V2 and V3, which are ratioed off
the fixed voltage Vref. The voltage to current generator consisting of
anplifier Al, transistor MD (preferabBy a zero threshold device), resistor
Rl and di ode connected p-channel device MPl, creates a current | flow ng

t hrough MP1 n h = fl t rrored by
p- channel dfagilt\c%sM 21-:tr aﬁs al\/lgaMt Ia‘Elrirat ey{‘fs R%erenf: ﬁﬁ‘@%ﬁ*gs"%?#ﬁ R2 and
R3, respectiaeios, ofcxhgeaafeapectml trmgael \iknatis Y3 tma%peetdneel y, given by
the relations V2 = IR2 and V3 = I R3, respectively. Replacenent of | in the
V2; V3 rel BR5e5RECYIMPSEETR chapned LeBgtRe)Sushdtbas "zhe\/rPéPP*FB/eRQCthBt i s

noti ced thateMaea¥e 2 obfh0es] UBsl S clolt HABUNG LER) b eyfali o5 RO/ I

and R3/RL respectively, which i'n a monolithic t|on are
accurately maow S¢he:?@optca:@rbfbuhrmmescodslnenmnt mﬁItHe@epareconS| sting
“of voltage buff% reegﬂ FET-R MDREF, | oop anplifier A3 and
mrror n-ch@matiersfrstoe Changes s\ 2s |p§"”%\‘b[§I“P8W t3@9node N1 of

VDREF t hr ougdhdel@tuxgl Eﬁ&%obﬂf&lelioﬁg auI&ﬁ'at‘iQ*fl@gehﬂéreguihev%a{:é i sol ated
fromnode N1 by the buffer A2. Voltage V3 is applied to the noninverting

i nput  of tyritagep(VEEREY iter ke, thacfifhetivghresieténqghofaihe BOSHET-get S
virtuall'y ap. I|ed to node N2 of MDREF. Thus a voltage difference Vp = V2 -
V3 is appli ed‘ across MDREF. V2 and V3 are such that

9 they place EBREFring theigardal, apRcaatidagoeki xOrEBEL {vedlt age

generates voltages V2 and V3, which are ratioed off the fixed
voltage Vref. The voltage to current generator consisting of
amplifier Al, transistor MD (preferably a zero threshold device),
resistor Rl and diode connected p-channel device MPl, creates a
current I flowing through MP1 given by the relation I = Vref/Rl.
The current I, mirrored by p-channel devices MP2 and MP3, is made
to flow through resistors R2 and R3, respectively, to generate
voltages V2 and V3 respectively, given by the relations V2 = IR2
and V3 = IR3, respectively. Replacement of I in the V2, V3
relations gives V2 = Vref (R2/R1) and V3 = Vref(R3/R1l). It is
noticed that V2, V3 are ratioed to Vref, through the resistor
ratios R2/R1 and R3/R1l respectively, which in a monolithic
implementation are accurately generated. The dotted block XY is
the control loop, consisting of voltége buffer A2, reference
MOSFET-R MDREF, loop amplifier A3 and mirror n-channel transistor
MN2. Voltage V2 is applied to node N1 of MDREF'through the
voltage buffer A2. The voltage oﬁtput V2 is isolated from node N1
by ﬁhe buffer A2, Voltage V3 is appiied to the noninverting input
of the loop amplifier A3, and through the high gain of A3 gets
virtually applied to node N2 of MDREF. Thus a voltage'difference

Vp = V2 - V3 is applied across MDREF. V2 and V3 are such that



range) of the filter MOSFET-Rs, and Vp is the maxi mum signal |evel that
the filter MOSFETs will see across them It is inportant to have the
normal operating environnent setup because MOSFET-Rs are non-linear active
devices and thus have different characteristics at different operating
points. This essentially creates an accurate referencing schene. The
transistor MN2 pulls a current |RREF through MDREF. The action of the | oop
is such that the anplifier sets the Yoltage VCNTRL to hold the

rel ationship: Reff = VP/ | RREF. (Eg-3) Were: Reff = 't he
ef fective gy 3428€ ¢oRér YRR normal oﬁuat&héj tealv MXRRRT - Rotldgetive
resistances are ratios of Reff. The Tilter tinme-constant equation can be

wWritten astange) of The £ilvpr*MISEPT{HIREENG: Vp\iefthe @egimiiRREERal 1RRER] *
(1-R3/R2) = M * £Vr, f * Cag/IRRgFg ‘thg-%% Al so; Reff = M*
(Vref /| RREF)RC the Tilter MOSFRts gyl see acneagiiiemnaritols MPPRFANMGAC, it is
seen that RAl tROSforARY obetat idGCetIFEhREILY s@F PP BELd 3B AOSFBT RS Ak ENt
_paraneter. Hence it is possible to have the currents losc and | RREF

ratioed froen-disemmastive danidsiseandithenthave rdififeférd thaqesacistdfest he
osci |l | at or _may, .he bserved and.the Itrimchanged. accordingly to set the’
oc 11 at 1 oft e EEraooromiiad RSt o e PR L EEBRE o P o

ti me- const agduratanek redérecingesdhiehé £ Thore dafiei P2 euind a elerengt eri sti cs.
Once tuned, Tosc and Trc nust remain stable over ambient changes such as
power suppFEREFaFPERYIBNECRRE tTRspeetdenr ef e taoPohs SuFhehagofRe ant s of

Drenr oy Bifeh, e 8 (o105 Rl R SO0 copaclors
and the currents | omeffandve/| RREF.haimy-8p be tolerant to tenperature and
POWET SUPPLY r i PR & L0 oF R 10BN b e O hiprt#SC @Nd | RREF shoul d be
All filter MOSFET-R effective resistances are ratios of Reff.
The filter time-constant equation can be written as:
Trc = Vp * Cap/IRREF = (Vref * Cap/IRREF) * R2/Rl1 *
(1-R3/R2) = M * (Vref * Cap/IRREF) (Eq-4)
Also: '
Reff = M * (Vref/IRREF) {Eq-5)
From equations 1 through 4, it is seen that both Tosc and Trc
are inversely proportional to a current parameter. Hence it is
possible to have the currents Iosc and IﬁREF ratioed f;om a common
trimmable current Itrim. The frequency of the oscillator may be
observed and the Itrim changed accordingly to set the oscillation
frequency. This would ahtomatically set the filter time-constants
and tune the filter for the proper cutoff characteristics.- Once
tuned, Tosc and Trc must remain stable over ambient changes such
as power supply variations and temperature variaticns.- The
constanﬁs of proportionality (A,M) are ratios of identical
components, and capacitors once fabricated have very tight
tolerance to ambient changes. Only Vref and the curfents Iosc and

IRREF have to be tolerant to temperature and power supply

variations. This means that Vref, Iosc and IRREF should be



10 tenperature and power supply independent. Tenperature |ndependent

Vol t age and Tuning Current Cenerator: The tenperature i ndependent

vol ttage Vref is generated froma band-gap circuit with high power supply
rejection ratio. A PTAT (proportional to absolute tenperature) current is
derived fromthe band-gap circuit, and is added to a current -with a
negative tenperature coefficient (NTC). Wth a proper ratio of the PTAT
and the NTC currents, a tenperature i+ ependent current (ltrim is
generated. ltrimis passed through a tuning network which -generates the
currents Ix and lqgsc, Since Ix_and losc are ratioed to Itrim they are

al so terrpera"tel'}??am?"r‘%l gpaenr?dg?]"fe.r suppqy %bc}g?ﬁfﬂ’l?%né:'equati on 5 and equation 1:
Fosc = B * Mehpéfiture *Indepdndent Voltage and TurREFcurrent dRREfidteaR Ref f *Cap
O, Tosc = Z * (Reff * Cap) - It may be seen from Figures 3 and 4 and
the descri ption ThehérmeArathrg ipAerendant Medtean VERT iscpenearreth fas®id | ator of
Figure 3 utjli,z LS L Ru i r AVo]! Vr,e d a

cont rol currﬂear‘?!td %}sg%%;rﬁd{'{r)cg\c%&%rgr?tuf%'le%g?sj;ﬁgg?%%ﬁégn{:a?ggf AO%EI | at or,
and t hat t he(pYephitiofayabealtminteltegpaatarey cdkréntgusederdived ifirometheds its
inputs the same reference voltage Vref as well as the control current Ix.
Thi s ref er erRa@IVHAB FHETWef 2 ige?qdeés“ PhENTESRE r HiERCcH Me8AELEYS x and | osc

are gener at §nBY A8 NRRERI UG AEFPENARRa LbEHGa RN SUBLDIGraYT T €Nt
generator illustrated in block diagramformin Figure 5. Various

sub- bl ocks naidi tie MECtdverevtEypar edmpeeat urde petegendentobtaget antt rituni 35
current generator, illustrated inc{ji ﬁure 5 are ,shown lﬁ‘?‘ FLgure 6. As shown
therein, tcHPeFatSTre THHABpEhEBRTCYSFIAYR & UGB AIRGVBFAT T rent sour ce
gener at es t haneeitseo® etdgeI Vil Bssdiel $imde 8x GHEN BIYe afd @RPIddonal to
“absolute tenperature (PTAT). This, together with a negative tenperature
coef fici ent YNF&imutbtherpradvPderrrsyatyre independent.

Combining equation 5 and equation 1:

Fosc = B_* M * Josc * 1 = Y
IRREF Reff*Cap Reff*Cap

Or, Tosc =2 * (Reff * Cap)

It may be seen from Fiéures 3 and 4 and the description
thereof thaﬁ the constant current relaxation oscillator of Figure
3 utilizes as its inputs a fixed reference voltage Vref and a
control current Iosc for direct control of the frequency of
oscillator, and that the MOSFET-R gate control generator.of Figure
4 utilizes as its inputs the same reference voltage Vref as well
as the control current Ix. This reference voltage Vref as well as
the control currents Ix and Iosc are generated by a temperature
independent voltage and tuning current generator illustrated in
block diagram form in Figure 5, Various sub-blocks making up the
temperature independent voltage and tuning current génerator
illustrated in Figure 5 are shown in Figure 6. As shown therein,
temperature independent voltage source and PTAT curfent source
generates the reference voltage Vref as well as a current
proportional to absolute temperature (PTAT). This, together with

a negative temperature coefficient (NTC) current provided by the



11 negative tenperature coefficient current generator are provided to a
t enperature i ndependent current generator, which in turn provides a
current Itrimto a tuning network which provides the currents Ix and |osc.
‘The tenperature independent voltage source and PTAT current source bl ock
of Figure 6, shown in detail in Figure 7a, is essentially a bandgap
reference generator. Bipolar devices 1 and @ each carry the sane current
but operate at different current densities as a result of the device @
having an area Atinmes the area of the device QL. Thus device (2 operates
at a | ower AL cefilathye téa@@f@ienw ' duldrd e gL e b 1" éaﬁdxa'éage
dlfference et ween t emtter of efemtiter o0 I's a vol tage

di rectly proopenpéemnatre timdaMemtecttzemergahwaeor;FMﬂcnoix{ agen appears acr oss
resistor Rl, resultin ng in a .cyrrent through Rl,ﬁ as as Q1)
which is prRFSSFETOAaFHE EbET M £° e FpRing: Rfteror 'I‘mi§hcllﬁ°ﬁ’éﬂ s |t§em rrored by
the device JNR2entWOlrxOfld tBack to device MP1 to set the current in QL, but
also to devices MP3 and MP4, the latter device being proportioned to

provi de t he PTAThe ¢amp@rattugé ayerepientt @lsegd isngrce and PTRTecwrrmentnt

mrrored by deV| qure 7a is,applied.to istor trinmng

bl ock havi ritf Cbg‘ﬁg!gu? necfe%f'otWS f'hggtarlgsf‘%t%rg“f& dnd*¥evi ce B as
shown, wit mstsfastyszllyagaaa\»{aesp r2PPesice NgerRBiMREN BHR1PRAN 1884 gaf adLSi St or
R2 and the collector of @B. The resistor trimmng block utilizes a

plurality 32 eaehtaasFy Fihess¥s CHEMRNFhP YN operatet h‘éidrififﬂmtseulsﬂeghal s) to

o Ot o TEerRYELENES L A1 Und AIPEOLH LR ASINS! BLUL S BLL 9,07 02K (e
same into two conmponents, one passin |stor an orie. passi ng
around the arml sf cnhetme\t:he eni ttr&uis @fevﬂfevnze:p@atématsajmowef dulteedtO

conponents being constant and thus the current bei ng constant (but of

cour se propfAEibhdiR2P Rlab¥bFrittet BRRYeF digF ehhesyoltage difference

between the emitter of Ql and the emitter of Q2 is a voltage
directly proportional to absolute temperature. This voltage
appeérs across resistor R1l, resulting in a current through Rl (and
Q2 as well as Q1) which is proportional to absolute temperature.
This current is mirrored by the device MP2, not only back to
device MP1 to set the current in Q1l, but also to deviées MP3 and
MP4, the latter device being proportioned to providé the PTAT
current of appropriate scaling.

The current mirrored by device MP3 of Figure 7a is applied to
a resistor trimming block having two outputs connected to the
resistor R2 and device Q3 as shbwn, with the voltage Vref
appearing between the upper end of resistor R2 and the collector
of Q3. The resistor trimming block utilizes a plurality of
control bits b0 through bn (and their inverse signals) to control
the current proportionai to absolute temperature and to break the
same into two components, one passing through resistor R2 and one
passing around the resistor to the emitter of device Q3, the sum
of the two components being conétant and thus the current Q3 being
constant (but of course proportional to absolute temperature) so

that the voltage drop across resistor R2 may be varied, or more



that the voltage drop across resistor R2 nmay be varied, or nore

12 _particularly, set as desired by the control bits. Since the voltage
across transistor @B, connected as a diode, will be a voltage having a
substantial negative tenperature coefficient, the voltage across resistor
R2, which has a positive tenperature coefficient, my be scaled by the
control bits so that the reference voltage Vref is substantially
tenperature i ndependent. Thus the control bits nay be used to nake up for
manuf acturing tolerances and variations properly proportion the positive
t enper at ure_cqeffjci.ent_yvoltage.acrQss, .resistor wth respect to the
neggt i ve co%?ﬁ‘%ilg?%aanﬁﬁ(/ofettaa% %‘5% (r)esé%@ﬂfeo cﬂ?‘iﬂ"rldggté‘w%’f“cet B%med to be

t enper at ur evémtdependesns ,t aasistak! 3,akomm@tbandganiiose) t.ade. pe Ehe control
bits bOthrou]%g bn, and the inverse thereof provided through inverters
(not shown)voltage aviBatd SPPEANL Rl PEPRtlYs terpsratyrei eesfifjciante thomt r ol

bits MRy DeydiIabe ddHBUL SresQsediRel UndOh Hgla Gobbhlde rBhheRUIG, eXt ernal
control or even on the fly variation of Vre and Its lf'errpera ure
coef fi ci entcodfifitimnt, pnaf oerschleabndicnendont 418 bEON1sbOLhdli £Re DO t hr ough bn

are set as desired bx on-chid? floating gate stora%e cells which are
progr anmed RFERRCHETE LAIERTT 48t HRSE2 018 teBPSraAtEF A GLNdEPEIdSNE - pur pose

devi ce connfgls eRS ceAtidiAbiONGRyPEORSE: ke PHAY aFTRY Ré{nufsﬁm%g” l'y setting
the device into a test or progranm ng node, the sanme connecti ons may

subsequent | soligzapessd ahy varéations meopesty proppuiomrtdeopodttipeit term nal s.
ilJustrated in Figure

I T ST S TR TSR

of Figure 7éhe in8galiveotastribiciigloltage across Q3 to provide a Vref
trimmed to be temperature independent, basically at one bandgap
voltage. The control bits b0 through bﬁ, and the inverse thereof
provided thro;gh inverters (not shown), may be controlled in
various ways. Obviously, the control bits may be basic inputs to
the iﬁtegrated circuit, allowing external control or even on the
fly variation of Vref and its temperature coefficient. 1In the
preferred embodiment, the control bits b0 through bn are set as
desired by on-chip floating gate storage cells which are
programmed by the device manufacturer, preferably using multiple
purpose device connections so that once properly prbgrammed by
temporarily setting the device.inté a test or programming mode,
the same connections may subsequently be used by the user as user
input and/or output terminals.

A typical resistor trimming circuit is specifically
illustrated in Figure 7f. 1In particular, the current I (this is
the current through device MP3 of Figure 7a) is mirrored through
device MN1 of Figure 7f in appropriate proportions by devices MN2
and MN3. As to the current IA through device MN2, the same will
be a compbnent of Ix or Iy deﬁending on which of devices MS1 or
MSBl is on. Thus the current IA will be mirrored by devices MP1

and MP2 to form a component of current I2 or alternatively will be



device MNL of Figure 7f in appropriate proportions by devices M2 and MN\3.
As to the current | A through device M\2, the sane will be a conponent of

| x or ly depending on which of devices MSl1-or MSB1l is on. Thus the current
IAwll be mrrored by devices MP1L and MP2 to form a conponent of current

12 or alternatively wll be 13
mrrored by devices MP3 and MP4 to forma conponent of current I1.
Similarly the current IBwll be nmrrdred to provide a conponent of

current |1 or of current 12 depending upon the state of bit b0. GCbviously,

while only two bits, nanely bits bO and bl and the associated circuitr
are ill us%/r’%?tréﬂr?%zi'i tree f’:‘P:"aﬁ'b‘?ﬁPgn%‘T LorB R (SFPHPE HafUreddi Fy- be aéded

by nerely dsslihgaiy Réletdi@€nt ABVE0ASHANEE ArBSe £ @0t plviaONNeShpsNat t her eof
such as devices M50, MSBO and MN3, to provide additional steerable current
conponent s off Currénteild orgféhcwryerteiz dennrdipmturosnftheoatate, o€ riltdbde equal ,
though it ig nmore efficient.tq use.a binar 0 ssi.on. so.that nmaxi num
trimmabili toflwﬁﬁwjb‘é’ gié |ee\?323y \(/%viwf)flblr'r:ishi%mﬁlﬁolﬁ{trsgﬁgbﬁntdsgl ahd A ¢ Shoul d be
not ed t hat idwcheteclleniitof ddaeiiluistratiddCuhtirifure FifguUsitaona t0 set the

vol tage drop across the resistor R2 for a given current through 3, the

el enent in &¥EFed Ritehmahgerdidivshyaddetbyngrrin HEPLiSPE iR thHFss across a
resistor fog, A4c0Lvean e IRt rdiN coft el 1P Uheldb LS ab NGLERES RusbS

equi val ent to changing the resistance of the resistor. Thus the frim
circuit of ¥Bpguped MG, angrIvidesaddicdonalc altkyrarei salrent doopedwntgi ng t he
resistance of _the resistor itself to accurately set the current to voltage
transfer futet TBne%S i BB Ho BTt FREPRPF YT af"tc%%//’sFas"é’Pl‘t‘ﬂenﬁ‘F‘f?d"

t echni ques. ¢ fdAWRVEE WNhdKE ekARBENt o BEOG WRhER, BYSIrelSi4lORE riigfore the 1C
I s packaged, which is irreversible, which requires nechanical alignnent,
etc., the tmaximomgtimmelhid iy empynbe jachdeygcomith minimum control bits.

It should be noted that the net effect of the trim circuit of

Figure 7a is to set the voltage drop écross the resistor R2 for a
given current through Q3, the element in series with the resistor.
Changing the voltage drop across a résistor for a given current in
an element in series therewith is equivalent to changing the
resistance of the resistor. Thus the trim c¢ircuit of Figures 7a
and 7f is electrically equivalent to changing the resistance of
the resistor itself to accurately set the current to voltage
transfer function as is done in the prior art by laser trimming
techniques. However unlike laser trimming which must be done
before the IC is packaged,;which is irreversible, which requires
mechanical alignment,_etc., the trimﬁing of the present invention
can be done after packaging if so intended, can be changed and/or
reversed, can be done as part of other electrical testing or
trimming, etc., and therefore is easier, less expensiQe and
conducive to better yields because of its chaqgeability and
reversibility.

The negative temperature coefficient current (NTC) generator
of Figure 6, shown in detail in Figure 7b, creates the NTC current

by forcing a voltage Vbe of a diode connected bipblar'device



can be done after packaging if so intended, can be changed and/ or
" reversed, can be done as part of other electrical testing or trinmmng,
etc., and therefore is easier, |less expensive and conducive to better

yi el ds because of its changeability and reversibility. The negative
tenperature coefficient current (NTC) generator of Figure 6, shown in
detail in Figure 7b, creates the NTC,gurrent by forcing a voltage Vbe of a
di ode connected bi pol ar device - 14

across a resistor. Transistors MNL and M\2 operate in a manner so as to

force the Y& anhOrdN8tbeSi StMsiBrory MEiaHaOMmS2 MRLraad s VP2 mahiisd <Bi rror

equal currents fromeach other, thereby causing the circuit to be self

bi ased. Trawmdicstforcd/RBenyher onto tthe masistort RNTCrransistvessMrlr ehdigezode.  Not e
that a conpl etel.y conpl epent ar etwor ki ossible in which the N channel
transi st or s é‘igﬁ?fp%gaa fcé’fr??\:tg -"é%ﬁﬁ?l?él°%f‘$ﬁ’nstih§f?ﬁyscﬁ‘fﬁf‘“gi‘b}be-versa and

t he bi pol agirduianss HeOke BN Bibbdy.M ebtanls 06t JreMPS ANGREr Nlthe LR OOS iNTLVE

supply. The current NTC = Vbe/R Being a self biased network, a start-up
circuit (nét tgofpYrIiggctadent i Batenihat fhHFaIPABESEYr RomplementaThe t enper at ure

| ndependenl, CULLED] SRORLAL O Hich! G -Ghabfier YKL 4-P! A&k i agpam For m
in Figure /c. he denerator consists prinarily of two current trinmmng
bl ocks of the thygpe-Glaanal itran$isgoee ahd, videevdidd anenme biioaeen the two

bei ng that one operates on a,set of control bits bO through bn, and the
ot her oper S¥a8$i8ROT 308 PRy EFSESORTHEF e H6t AT E UrheePRSIELYAU AR rcui t s

taking an i IRUE-SAN WeBt= aid/RI O¥LEiNd &dh OUt Pilla EQEJ&EE é"’*ggél_rﬁtu\ﬁgl ue

depends on the setting of the trinmng bits bO through bn. 1S the NTRI M
current treimhuig bhadcleheeveivesssehelalegith vbis ergyeeei.ure coeffici ent
current and prq ative tenperature coegfiisci ent

d i
current sink a§%%0ﬁ$W%Fgg¥{§E€%§ha%tnm% rrent generator of Figure

shown in block diagram form in Figure 7c. Thé generator consists
primarily of two current trimming blocks of the type shown in
Figure 7d, the difference between the tw§ being that one operates
on a set of control bits b0 through bn, and the other operates on
the inverse thereof, both current trimming circuits taking an
input current and providing an output current whose value depends
on the setting of the trimming bits b0 through bn. Thus the NTRIM
current trimming block receives the négative temperature
coefficient current and providés a corresponding negative
temperature coefficient current sink as controlled by the trim
bits b0 through bn, whereas the PTRIM current trimming block
receives the positive temperature coefficient current PTAT and
provides a corresponding positive temperature current sink trimmed

. by the inverse bits b0 through bn. Thus through the trim bits the
relative weighting of the negative temperature'coefficient current
and the positive temperature coefficient current may be adjusted,
preferably through floéting gate storage cells controlling the

' bits, to provide the temperature independent trim current.

The two current trimming blocks of Figure 7c are shown in

Figure 7d (the two as stated before differing only by way of the



bits bO through bn, whereas the PTRIM current trinmng block receives the
positive tenperature coefficient current PTAT and provides a correspondi ng
positive tenperature current sink trimmed by the inverse bits b0 through
bn. Thus through the trimbits the relative weighting of the negative
tenperature coefficient current and the positive tenperature coefficient
current may be adjusted, preferably through floating gate storage cells
controlling the bits, to provide thelienperature independent trimcurrent.
The two current trinmng blocks of Figure 7c are shown in Figure 7d (the

two as stat&smekel WRsdhddfr i N0k ¥ RY MY ¢t AougHOmN mirror the
15 control bits used). Transistors MN2 through MNN mrror the current

lin (NTC orc®FATY Fimno¥TENDZWP TAT) a fpamo N1 atich rapbirosciatheratiasi oadeni rror ed

currents ar to formltrimthrouygh, the. NN _channel transistor '
swi t ches fqtgggg‘h‘gf%%ﬁﬁgﬁf’”ﬁ%“rtsa%?e 5§? ﬁ’%ﬁl fm TR 98w H-whi ch |
of f (the carsnespondnsssddrCbartithks st Cthro@fh MIBNOL BBE £y pEAL i M Ng

bl ock therefore being ,on), then that current ratio does not get added to
ltrim The YighBRPebs¥hEgs whighd sf 8Ff t(Ehentiontesmondthal¥perringh swiéch esol ut i on

required fofe chblédRerNAlB et SO kg %@osgsewxaéf'spg bcquylﬁnf%a&ytﬂaetwk can
or P?charnne

be generated by swappi ng N-channel” transistors fP3hsi st or s.
"By using thercent eratiordoesi not llebcaddedrtaqganeimat | Tige nsmbdrmbleerfpsoporti ons of

t he PTAT and cyrrents an hen addi n the proportioned currents, it is
possi bl e t 0*% yrfg?’ét%lﬁm"rtgeﬁﬁ‘g)rildﬁ??ﬁ ﬁﬂe‘%‘énﬁ"e‘ﬁ‘?ﬂ“&’cﬂ“r ERTUingdi fRF the trim

bits to confurah. QRRe0{1ddenstnCBuilhidil BoJlbRASKS -yl LRRPLSNENt ary trim

bits to control the other, equal conponents of the positive tenperature
coef fi ci entgepgraesdt byasrappingitchaired framsistarisnfas PRegainiete t enperat ure

coefficient_current |sBadded t% [trim and,évice versa.
_ transistors. ¥ using the current trimming block for generating

suitable proportions of the PTAT and NTC currents and then adding
the proportioned currents, it is possible to generate a |
temperature independent current. Using the trim bits to control
one of the current trimming blocks, and complementary trim bits to
control the other, eqhal components of the positive temperature
coefficient current can be subtracted from Itrim as negative
temperature coefficient current is added to Itrim, and vice versa.
Of course, if desired, independent and separate trim bits could
also be used for both current trimming biocks to give greater
flexibility for trimming the teinperature coefficient of Itrim, but
more trim bits would be required, requiring either more storage
cells for storing the trim information or requiring some other
additionai independent control.

Figpre 7e shows a circuit diagram for the tuning network of
Figure 6. This network utilizes the temperature indeﬁendent
current Itrim as its input and consists of a current trimming sub-
block (like that of Figure 74) and soﬁe mirror transistors with
proper ratioé to generate the currents Iosc and Ix with the proper
direction, e.g. sourcing and sinking. The trimming network used

herein for the Itrim input current, while being temperature



O course, if desired, independent and separate trimbits could also be
used for both current trimmng blocks to give greater flexibility for
trimm ng the tenperature coefficient of Itrim but nore trimbits would be
required, requiring either nore storage cells for storing the trim
informati on or requiring sonme other additional independent control.

Figure 7e shows a circuit diagran1f0£ the tuning network of Figure 6. This
network utilizes the tenperature ind %endent current Itrimas its input
and consists of a current trimmng sub- block (like that of Figure 7d) and

some M r0f, 4 ARSLA Ohgy Yok e REOBEL o80d:05adilc0G0CT BhC, LE Cugy ents | osc

and | x vm'tﬁ e pr.oper dir el ion, e.pg.psour I'ng and VK ng. j'Fhe trimm ng

net wor kK ussgks Iber enddoubhron Bee ldsedNtd BRUttHeUREE@AtudeVif]l end@ubgedtenper at ur e

16 i ndependent, may not be of the proper maglnitude. Thus the trim bits
f

bO t hr ough®¥f &8 HsedStrFesEre (HEZFHGNF e8NS Xt AV fr Ferds ™28 c and | x.
Since (e SRRl tndidoE RNyl delavad ) 1R £3klOseABL R LEEM Teadl Ty

repeat abl e by the fixed device geonetry, only one set of trimbits are
requi red tonkgetonthetprdperinviitscatoreqhined afdet Xtherptbpdrhealuexedrrati o

t her ebet ween aut gnati cal l y. bein mai nt ai ned. Thus, the qscill ator

ti me- peri o8°%% 20fr Bt I"§7t’b¥850§it"g8n’éﬁtifothefﬁ%etf"iele? AUOPHE RO RS, Hence,
a control Loonralasabeen disclosed in which tuning is perfornmed on-chip
wi t hout any external conponents, by observing the on-chip oscillator
frequency. At tThessiitecstidgatehdingtreaiod iisedinestinmrorertdonahed

o SOl ShES LGRS IR, (DB IC g dhgauency and the
vary the taisdlosgdtin WAYeh duhimy €8tpes@OMddNEnFALBSwithout any

external components, by observing the on-chip oscillator
frequency. At the same time, the filter time-constants are tuned
automatically. Since tuning is inherent (the oscillator frequency
and the filter characteristics automatically track each othef), it
is possible to vary the trimming to have different samﬁling rates

" in a sample-data system, as the control scheme is such that the
clock to filter cutoff frequency ratio will remain the_same,
thereby satisfying the Nyquist criteria and avoiding effects.of
aliasing over the whole tunable range. Temperature and power
supply independent tuning parameters have been used to generate
oscillatcr frequency and filter cutoff characteristics tolerant to
ambient changes. Also trimping of currents using the various
current trim circuits of the present invention is in one case
equivalent to changing the resistance of a resistor and in another
case is a true current trim, and thus the trim capability is
provided without requiring the use of prior art irreversible laser
trimming techniques. 1In the claims to follow, no distinction is
made between source and sink currents, as circuits may readily be
_made to generate or be responsive to either form of current.

While the preferred embodiment of the present invention has

been disclosed and described herein, it will be obviocus to those



in a sanple-data system as the control schene is such that the clock to
filter cutoff frequency ratio will remain the sane, thereby satisfying the
Nyqui st criteria and avoiding effects of aliasing.over the whole tunable
range. Tenperature and power supply independent tuning paraneters have
been used to generate oscillator frequency and filter cutoff
characteristics tolerant to anbient changes Also trimm ng of currents
using the various current trimecircuitfs of the present invention is in one
case equivalent to changing the resistance of a resistor and in another
case 1S a ! [4k31 684 1@Ntnd L8 erd0od s Ldinkld MnCARAPLAA (dtehy oRLON 0‘“ ded

wi thout requiring the use of prior art irreéeversi aser trinm

t echni ques. madetthereiniwitheut fdebdmping nfrai sheé 3pt k1N ahd sdaspdecrbeéween sour ce
and sink currents, as circuits may readily be nade to generate or be

responsive to either formof current. Wil e the preferred enbodi nent
of the present invention has been disclosed and described herein, it wll
be obvious to those 17 skilled

in the art that various changes in formand detail may be mnade therein
W t hout departing fromthe spirit and scope thereof.
18



1. In an integrated circuit operative on an oscillator and a filter having
RC tinme constants relatedto the frequency of oscillation of the
oscillator, the inmprovenent in the integrated circuit conprising: an
.oscillator having a frequency of oscillation proportional to an oscillator
control current provided thereto; a filter having RC tinme constants
wherein the R values are set by setting the gate voltage of resistance

det ernmining MOSFET devices in the filfer circuit; a MOSFET-R gate
control generator coupled to the filter for generati = ate
control voltage for controlling the gate voltage of the resistance

det er mi ni ng}PREET devices in the filter circuit, ”lﬂmm'

control generator including a reference MOSFET hav ﬂﬂ’ drain
voltage difference thereon representative of the* voTta‘ge di Mf esen€e across
the .sources ang drIai ns .o th% resi stance determ ning MOSFET devices in
‘the filter circtlt,"tRd PR ecﬁﬂg‘ii‘?pﬁé?ﬁir’(ﬁ P §3t 8°</I-2RFe 278 Her eon
control | ed #iQtpf MaivllRg ReC Yihe Rbnitaae et iaugh taremrf&-&ﬁlab 40 a MXBFET-R
gate control generator control current provi'ded to the I\/&FET-R gate
control gerrecatiatiophef BFESRiRIRfere Hndmptovenpettt dgetizeingegrespdnsi ve to
the gate vaol.t f .reference MOSFET; and, a current generator
coupled to %Egggts%ofn{bglf%&sénd the MOSFET- R gate control generator for
generating the esdciskchalavorcrantingla fedgiey andsthn VS EEoFodabgagcont rol

generator control current, respectively. | 2. The inprovenent of
clai m1 whefePR 9711 1%r SPRTFOVMBIETT [PAEVEtdy terelE: drai n vol tages thereon
substantially egug)tb® #d¥&ng RC time constants wherein the R values are - 19

set by setting the gate voltage of resistance determining MOSFET
devices in the filter circuit;

a MOSFET-R gate control generator coupled to the filter for
generating a MOSFET-R gate control voltage for controlling the
gate voltage of the resistance determining MOSFET devices in the
filter circuit, the MOSFET-R gate control generator including a
refereﬁce MOSFET having a source and drain voltage difference
thereon representative of the voltage difference aéross the
sources and drains of the resistance determining MOSFET devices in
the filter circuit, the reference MOSFET having a gate voltage
thereon controlled to provide a current therethrough proportional
to a MOSFET-R gate control generator control current provided to
the MOSFET-R gate control generator, the MOSFET-R gate control
voltage being responsive to the gaté voltage of the reference
MOSFET; and,

a current generator coupled to the oscillator and the MOSFET-
R gate control generator for generating the oscillator control
current ahd the MOSFET-R gate control génerator éontrol current,

respectively.

2. The improvement of claim 1 wherein the reference MOSFET

has source and drain voltages thereon substantially equal to the



vol tages on the sources and drains of the resistance determ ning MOSFET
devices in the filter circuit, and wherein the MOSFET-R gate control
voltage is substantially equal to the gate voltage of the reference
MOSFET. 3. The inprovenment of claim1l wherei i—the—eurrent generator
Is a neans for generating the oscillator control current and the MOSFET-R

gate control generator control current19vmth a fixed riﬂm
whereby the RC tine constants of the filter vvrII tra m, "m nm
s cl arm

period of oscillation of the oscr | I at or. *i mpr ovenent
3 for use in a sanpl ed dat a stem havin sarrple rate derived fromthe
oscill ator YP&GIER&P %e‘r"éfﬁe Rad zadp gfcb?&faﬁ%%taerceﬂ%ermles are

chosen in redgieirOfevitces tHetRET#10ePlc1086id, | aid QRePdin BRe QREFES-AL OF and
track variations in the period of oscillation of the oscillator so as to

satisfy thegadegapatirodr veldepe Fomsubstans daddlyi eqpalate thier gatgh gultdgeecos

vari ations |ntrgee%rc| ?*fa oscillation of the oscillator. 5. The
| mpr ovenent IS e M3 wherein the current generator is a means for
generating a trr m current and wherein the current generator further

I ncl udes: first means for generating a plurality of current
conponents each- mTeotBRFOVEREAL RE ¢leith kiyhersin; the currentc gptermtans f or

Sami oD So BE oA 0o 0f il L 0sCATRANCLRLA ROLLR! Ad'En03C) |21 OF

control current an PR gate control gener at or CoftT o €current in
proporti on NGSFETHR gsuen cmdol generauiu:gccsxalrocam:wit RRENS FeSQORStIE t 0
control bi ts t o, sel ect ich of the current conponents are sumed,

wher eby t hetEEEPFT5EBt %ﬁ?’?’blthéu’?‘(r &rile £a5tae s \VeBrRe- RiFsrevill

track variations in the period of oscillation of the oscillator.

4. The improvement of claim 3 for use in a sampled data
system having a sample rate derived from the oscillator frequency
wherein the RC time constants of the filter are chosen in relatien
to the period of oscillation of the oscillator and track
variations in the period of oscillatioh of the oscillator so-as to
satisfy the Nyquist criteria for the sampling rate throughout the

variations in the period of oscillation of the oscillator.

5. The improvement of claim 3 wherein the current generator
is a means for generating a trim current, and wherein the current
generator further includes:

fiist means for generating a plurality of current components
each mirrored from the trim current;

second means for summing selected ones of the current
components to control the'oscillator control current and the
MOSFET-R gate control generator control current in proportion to
the sum; and,

digital control means responsive to control bits to select
which of the current components are summed;

whereby the oscillator control current and the MOSFET-R gate



20 control generator control current may be controlled by control of the

control bits. 6. The inprovenent of claim5 further conprised of
programuabl e floating gate storage cells coupled to the digital control
means for providing the control bits to the digital neans
responsive to the progranm ng of the programmable floatin ate stor
cells. 7. The i rrproverrent of claim3 wherein ﬂ“ﬂlﬂﬁ“ﬂl Ulﬁnt r ol
current and the MOSFET-R gate control2%enerator contr ot h
substantially tenperature independent. 8. The I rrpr overrent of claim

3 wherein the current generator . IS cO S i rst. current
gener at or pS?rttirSE ?%’Fr%?orvf:ﬂ‘?tﬁé’ LaoFe ng'?ay ﬁ%\ﬁ°ﬂ§r°n§8§f¥[ |°\‘78t’f eln“Bgr ature
coeffici entgnhe contrdd 5€6€9Nd current conponent generator portion for
providing a current conponent having a negative tenperature coefficient;

and, means for conbl ning current conponents ratioed fromthe
currents generated ] P §G0 £ portions to
provide a subst ﬁt i all y eon%xe@%t gre 1 ge%&ng { Q&{T?:‘ri %ac% rom whi ch the

osci | | at or proyramhater fmaitwgmbatbesd\zESEEEelms gmbgleznmbrﬂie gegedaat or contr ol

current are ratiged. i mprovenent of claim3 wherein the
current gen€PRHGH mﬁ?scﬁﬂprf%‘@ﬁhB‘F the contrglibits: te theetigigaher at or portion
for providi Bgh3o§UfdaaBlreddBN R 8o PIR! bidfrahfIIRELA N ERRE G RN | a

second current gener-ator portion for providi ng a current “having a negative
t enper at ur efbarefihg (dagnt stoange cells.

7. The improvement of claim 3 wherein the oscillator control
current and the MOSFET-R gate control generator control current

are both substantially temperature independent.

8. The improvement of claim 3 wherein the current generator
is comprised of:

a first current generator portion for ﬁroviding a current
having a positive temperature coefficient;

a second current component generator portion for providing a
current component having a negative temperature coefficient;.and,
means for combining current components ratioed from the

currents generated by the first and second current generator
portions to provide a substantially temperature indépendent
current from which the oscillator control current and the MOSFET-R

gate control generator control current are ratioed.

9. The improvement of claim 3 wherein the current generator
is comprised of:

a first current generator portion for providing a current
having a positive temperature coefficient;

a second.current generator portion for providing a current

" having a negative temperature coefficient; and,



21 means for selectively conbining current conponents ratioed from
the currents generated by the first and second current generator portions
to provide a trimcurrent fromwhich the oscillator control current and

t he MOSFET-R gate control generator control c ' he neans
for selectively conbining current conponents providing a trimcurrent

havi ng a substantially fixed nagnitude and a sel ' '

tenperature sensitivity dependent up%]n t he sel ecﬂmﬂlm"nywnﬁmof t he
current conponents. 10. The i nprovenent: of=clarmYwineresn the
means for selecti vel%r conbi ni ngy current conponents ratioed fromthe

currents gener®¥¢ b tsﬁée‘ftiiP’S &l‘?ﬂbjs'bié‘(?n‘a‘r(fﬁPF SEPUBRES nEtftio§8ner ators to
provi de a td b ¥ tEPtenk s BnRACIY bhecRseiddrabRd seOsld @hridhr ent  and the
MOSFET- R gate control generator control current are ratioed conprises

di gi tal comtepetratrransriienpdivspyevide sdirimoturyens from whdkkcthenwhi ch of the

current conponents are. .su d. 11 | nprovenent. of claim10
further co[%ﬂ‘gi;a(fogf °°“5F8£T°§‘frﬂ’%%‘bﬁ &nf s Fﬂ%}%é%gg)as’ffo‘f"g'g?%eﬁel"?ito‘ifpl ed to
the di git alconesdll lcRkrémanse frat igdd)Vinkd M@ahd &oe0s¥eot i a1y Scdndih gy di gi t al
control neans responsive to the progranm ng of the programable floating
gat e stor agureeny somponents proyiding a tRiffpfereshthevird agpwet@dntiablyi t havi ng
a sanmple r r ef e A f. _0SGCl. ign_of_.an_gscill ator
e R R T A S

osci | | ati oriependdre os@n khatsenective cofrioueimmnbseithet bierdent egrated circuit
conpri si ng: an oscillator having a frequency of oscillation

proporti ond°™PeRPE - oscil l ator control current provided thereto;

10. The improvement of claim 9 wherein the means for
selectively combining current componenté ratioed from the currents
generated by the first and second current component generators to

. provide a trim cufrent from which the oscillator control current
and the MOSFET-R gate control generator control current are
ratioed comprises digital control means responsive to control bits

to select which of the current components are summed.

11. The improvement of claim 10 further comprised of
programmable floating gate storage cells coupled to the digital
concrol means for providing the control bits to the digital
control means responsive to the programming of the programmable

floating gate storage cells.

12. In a sampled data integrated circuit having a sample
rate referenced to the frequency of oscillation of an oscillator
and a filter having RC time constants related to the frequency of
oscillation of the oscillatof, the imérovément in the integrated
circuit comprising:

an oscillator having a frequency of oscillation proportional

to an oscillator control current provided thereto}



22 a filter having RC time constants wherein the R values are set
by setting the gate voltage of resistance determ ning MOSFET devices in

the filter circuit; a MOSFET-R gate con@a@gw%edtothe
filter for generating a MOSFET-R gate control voltage for con l1ing the
gate voltage of the resistance determ’ningND?Jﬂ] ' ' e filter
circuit, the MOSFET-R gate control geaerator i "Hﬂm?ﬂﬂnmglaﬂence MOSFET
having a source and drain voltage difference ther‘eon rapreseltative of the
vol tage difference across the sources and drains of the resistance

det er mi ni ng MOGFEI166Yne@end Rc ¢iR &ddskBht Livherdin chd& LeiReAce MOSFET
having a gate voltage therean controlled to provide a current therethrough

proporti onakt by sathiISFENe Rageatewltage of| repdbangeodetominbig MO8FRINt provi ded
to the FET- R ?rqt ehncgm r ol cgﬁer&%at or, the MOSFET-R gate control voltage
0 VO [

bei ng respSRsTTE Te*yaré ¥oiTage of the reference MOSFET; and, a

current gener atpmMosPEBIREFatded chitrodS§drdrat &F catshdd1eo MleFEtterRegat € contr ol
generator for generating the oscillator control current and the MOSFET-R

gate cont r §PrRF@TaPatHMOCTIt FofateuFPRATEL veldspecidrvesntrolt 419 e i xed ratio
ther ebet V\B%Q‘\:%Qroagaéé)_otfr%re¥?§€aﬁ£é g é@&ﬁ? »&b%gk@due% EoGh! flion of the
, the ﬁe I er %

oscil | at or tinme constants of t el ng chosen 11n relation
to the peribtkrokioscit,| elie MOSEET-Rheatescodtdral oferepatasr tiochatingfa/ t he

Nyqui st criteria for the sarTBI [ ng rate throughout the variations fn the
peri od of GEESISNSEIGIPEET RAVe gt iSPPEicopnd draln voltage differenfe oqr at ed

circui t hayhfgdnNtEgFRAERERQiveCH tthe RRIILLQN U bY@ nOREIALEOEWRf Which is
dependent on a reference current provided thereto, the inprovenent in the
i nt egr at ed sources and drains of the resistance determining MOSFET devices in

the filter circuit, the reference MOSFET having a gate voltage

thereon controlled to provide a current therethrough proportional

to a MOSFET-R gate control generator control current provided to

the MOSFET-R gate control generator, the MOSFET-R gate control

voltage being responsive to the gate voltage of the reference

MOSFE&} and,

a current generator coupled to the oscillator and the MOSFET~

R gate control generator for generating the oscillator control .

current and the MOSFET-R gate control generator control current,

respectively, with a fixed ratio therebetween so as to track

variations in the period of Qscillétion of the oscillator, the RC

time constants of the filter being cheosen in relation to the

period of oscillation of the oscillator so as to satisfy the

Nyquist criteria for the sampling rate throughout the variations

in the period of oscillation of the oscillator.

13. In an integrated circuit having integrated circuit
portions, the operation of which is dependent on a reference
current provided thereto, the improvement in the integrated
circuit comprising:

first means for generating a controlled current;



circuit conprising: first neans for generating a controlled current;
23 . second neans coupled to the first means for summ ng sel ected

current conponents ratioed fromthe current geneW means
to provide the reference current; and, di gyal control nean
responsive to control bits to select which of t lf”m ents are
sunmed; whereby the reference cygrent may OVl g?lcont_ro! of
the control bits. 14. The inprovenment of clai m-13* us &1’ conprised
of programmable floating gate storage cells coupled to the digital

control means f crecpnduiedng(dubted @t t108 £Ri§tS mbond MROrdéiniag seGO&d0!l nMeans

responsive to the Qrogran’m' ng of the programmable floating gate storage
cells. curreft COMBARERLY T8F1R9Y fFRPhFPE HurapMargeneratedr kintthe ofirskt age

transfer fUREhdPRoObribESInS! 0L HARDE | i Plhnel;NEn St EPS OF : providing a
resistor for which the apparent current to 'voltage transfer function is to

be vari ed,; digitad diontrl frearst respansiite @b wbntadlt g sCtis rsellécd 0 vol t age
transfer fugglion of, the resistor is to be based; provi di ng means for.

generating 3 pTUPEI TS CBF I PRRC RGBSRt ™ dieach ratioed to the first

current; and,  wherelSy @8&i NFeSOhAC AL ARCRaPbe t L LEHI TRNLy CRAPPHE RS
through the resistor to provide the voltage drop thereacross for the

desired apph? SPPLEYr PéRE- t0 voltage transfer function of the resistor.

14. The improvement of claim 13 further comprised of
programmable floating gate storage cells coupled to the digital
control means for providing the control bits to the digital
control means responsive to the programming of the programmable

floating gate storage cells.,

15. A method of trimming the apparent current to voltage
transfer function of a resistor comprising the steps of: |

providing a resistor for which the apparent current to
voltage transfer function is to be varied;

providing a first current on which the current to voltage
transfer function of the resistor is to be bésed;

providing means for generating a plurality of current
components, each ratioed to the first current; and,

steering selected ones of the current components through the
resistor to provide the voltage drop thereacross for the desired

apparent current to voltage transfer function of the resistor.
16. The method of claim 15 wherein the plurality of current
components are of a relative magnitude correspondihg approximately

to a binary progression.

17. The method of claim 15 further comprising a conduction



16. The nmethod of claim 15 wherein the plurality of current conponents are
of a relative magnitude correspondi ng approximately to a binary

progr essi on. 17. The nmethod of claim 15 further conprising a
conducti on ySTTT—————— 24 path in
parallel to the resistor, and wherein the curr conponents not passing

t hrough the resistor are passed thr?ggh t he éﬁﬁ uuﬂﬂﬂﬂﬂﬁlu jgpn pat h,
whereby the total current passing Arough t h&% ! "ugﬂion of the
resistor and the parallel conduction path has a fixed"el®ati*on.to the
first curpeth ini pahsy)datignt thé xelsésfaracéndmwhelrdmettie pagsentg only through the

resi stor. 18. The thQd of claim 17 further conprising the steps
o : CEPRARSE A OB FRIGTY ATQV L PR SIART POF RASEET | TGOREN &8Fed ones

of the cupgenteGosdHIRerich baOUGHeldds £1RSitst A cB8PedthBasdi@gRI Ni ng current
conponents through the parallel conduction path; provi di ng
pr ogr ammabhecughotbgy@anehbied torbipabtanobfithyg résdsteprindothealphealgilt ch neans;

and- . cgrt;(?).g:rtaoxl r;ght aes Qrpig{e% re t%'t?oét Qr efqg nscutrzo nq:r ovi de t .he
desired apparenf current to voltage transter Uncti on of ‘the resistor.
19. The nehderdnaéntClodi thel Erabrciionl thdrieef (Pa3gisy Ay & nsbeggRe NEANS 1S A

floating gate MOSFET storage neans. 20. A nethod of trinmmng a e
current cBfpF*€Fng the steps of: . providing a first current having a
fixed relationship to the desired trimed current; provi di ng neans

for generating a plurality of current :
: 18. The method of claim 17 further comprising the steps of:

providing controllable switch means for steering selected
ones of the current components through the resistor and the
remaining current components through the parallel conduction path;

providing programmable storage means for controlling the
controllable switch means; and

programming the programmable storage means to provide the
desired apparent current to voltége transfer function of the

resistor.

19. The method of claim 18 wherein the programmable storage

means is a floating gate MOSFET storage means.

20. A method of trimming a current comprising the steps of:

providing a first current having a fixed felationship to the
desired trimmed current;

providing means for generating a plurality of current
components, each ratioed to the first current; and,

summing selected ones of the current components to provide

the desired trimmed current.

21. The method of claim 20 further comprising the steps of:

providing controllable switch means for selecting which of



conponents, each ratioed to the first current; and, . sunmmi ng sel ect ed
ones of the current conponents to provide the desired trinmed current.

21. - The nmethod of claim20 further conprising thEESFeps\QL;“\\_\Tﬁroviding
contrqQllable switch nmeans for "sel ecting which of e
current conponents are to be sumed; and, H"I"mmu swi'tch
means to sumthe desired current conponents. 2 ’W? od of-
claim21 further conprising the steps of: ;5 ~ pr o\ ditng mpr
storage neans for controlling the controllable switch neans; and
progranm ng the programmbl e storage sumthe desired current conponents.
23.  The met hod ofPEIHFTA"S PMREABEH aFhdo oIt iAasPe storage neans is a
floating gate MOSFET sbAiraUEindE@ieSswitch means 24 .sum e REDQE @fr-ehdi m 23
wherein the plurality of current conponents are of a relative magnitude
correspondi ng appCoRNMEREy to a binary progression. 25. Apparat us

for trimm ng the apparent current to voltage transfer function of a

resi stor conprising: a resistor for which the apparent current to
vol tage transfer fun@®i ofPe Fetbpdpet Fipimegl further comprising Hep wheRssofor

generating a first Culgedilaify) pPblrahnabl€ storage means for controlling the

controllable switch means; and

programming the programmable storage sum the desired current

components.

23. The method of claim 22 wherein the'programmable storage

means is a floating gate MOSFET storage means.

24. The method of claim 23 wherein the plurality of current
components are of a relative magnitude corresponding approximately

to a binary progression.

25. Apparatus for trimming the apparent current to voltage
transfer function of a resistor comprising:

a resistor for which thé apparent current to voltage transfer
function is to be varied; .

genérating means for generating a first current on which the
current to voltage transfer function of the resistor is to be
based;

ratioing means resbonsive to the generating means for
generating a plurality of current components, each ratioed to the
£its; current;

a conduction path in parallel to the resistor and,

steering means for steering selected ones of the current
components through the resistor to provide the voltage drop

thereacross for the desired apparent current to voltage transfer



current to voltage transfer function of the resistor is to be based;
rati oi ng neans responsive to the generating neans for generating a
plurality of current conponents, each ratioed to the first current;

a conduction path in parallel to the resistor anﬁg,«rh___h#st_e_ew__means for

steering selected ones of the current conponent rough the resistor to

provide the voltage drop thereacross for the deslmﬁlm[lmiﬁﬂ“m“[ ent to
c g oneé of

vol tage transfer 25 :
R1!'11 function of the resistor, and for steering :

t he current conponents.thro t he al l el conduction,path, whereby the
desi red appdFeh l°(r:'u‘r)£r zzr?fa feosli\g/g?’f’aﬁgggoﬁn%ﬁegfl?%ﬁ i’b‘?ﬁ“aig’f“‘-’c RBe} & stor is
obt ai ned andnal &Rrehe dodpédentbriRBholD RS igaGalidy Quadudeisn Raka) | €l

conmbi nation of the resistor and the parallel conduction path has a fixed
rel ation to“heeehy £Re dedireherraneae pavaent tof valtase rirenpar fhestdoh passi ng
only thr Ou.glgft rE§§§t%E:0{s obtained gnQi aZ-l.r £ ﬁg%l’ %&uéur(%fem(::l aa!sn1r125 wher ei n
the plurality o current conponents are 01?' 3 Terative hadnrt ute

corr espondi ngrowpptbxipreatlel tontdnbtivar yf Rhegredston.and the parallelhe
apparatus of claim?25 wherein the steering neans conprises controll able

swi t ch mean$CPBIetiPRAA RGP Peti®ed THALIYY totHhe ElFste BT e M ponent s t hr ough
the resistonaadqsbalibse rc&”@lilé"'ifQQctiQ:W{lFeQEo@%QQﬂﬁ;nbﬁl% hinouglh the parall el
conduction path, and furthér conprising progranmabl e storage nmeans for
control i ngrehkstogent rol | abl e switch neans. 28. The apparat us of
claim 27 wherein the programabl e

26. The apparatus of claim 25 wherein the plurality of
current components are of a relative magnitude corresponding

approximately to a binary progression.

27. The apparatus of claim 25 wherein the steering means
comprises controllable switch means for steering selected ones of
the current components through the resistor and the remaining
current components through the parallel conduction path, and
further comprising programmable storage means for controlling the

. controllable switch means.

28. The apparatus of claim 27 wherein the programmable

storage means is a floating gate MOSFET storage means.

29. Apparatus for trimming a current comprising:

means for generating a first current having a fixed
relationship to the desired trimmed current;

means for generating a plurality of current components, each
ratioced to the first current;

éumming means for summing selected ones of the current
components to provide the desired trimmed current; and,

controllable switch means for selecting which of the current



storage neans is a floating gate MOSFET st orage neans. 29. Apparatus
for trimm ng a current conprising: means for generating a first
current having a fixed relationship to the desired trimed current;

means for generating a plurality of current conponents, each ratioed to
the first current; sumi ng neans for summing sel ected ones of the
current conponents to provide the desired trimed current; and,
controllable switch nmeans for selecting which of the current

27 conponents are to be sunmed 30. T aim 29
further congpempohemts pregreabEediim@edt Or age nean Tlm am IDIHHt he
controllable switch neans. 31. The app@ar ateus Lot n 9: wher ei n
the programmable storage nmeans is a floating gate MOSFET st orage neans.

32. The appar at g8, Ofrne! Ag@radudder Siaint 36 QLM ibMpRkingUr rent conponents
are of a relative magnitude correspondi ng apprOX|nate y to a binary

progr essi orprogrammable storage means for controlling the controllable switch

means.

31. The apparatus of claim 29 wherein the programmable

storage means is a floating gate MOSFET storage means.

32. The apparatus of claim 31 wherein the plurality of
current components are of a relative magnitude corresponding

approximately to a binary progression.



