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Background The present invention relates generally to sem conductor

devi ces, r particularly, to a nmethod and apparatu Ldi ng
OIE, AL

hi gh she ceina circuit design using conventiona

conponents. There are applications in analog integrated circuits which
require high resistances, such as an integrated |light to vol tage
converter. A light to voltage converter can be inplenented by connecting a
phot odi ode to the sunmi ng junction O of an operational anplifier with a

resistor in the feedback 'SEﬁ' To generate a usable sigpal with the very
smal | cur r enHIGFh SBEF POSB FoNEETEHAD AN ABPARAIAEAback

resistor. In integrated circuits, resistors are usually constructed using
the s®m:Hg@oried that are used for the fabrication of the active devices
(e.g., transistors) inthe circuit. 5 1In CMOS circuitry, the |ayers
comonl y uddg presenteivension relaiep gepetaliydorsetmiconductoe devices, aremgse es of

. MOS device diffusion,.(e.g., used for the.source/drain of M) devices) or
' Novel Paracgtyy ke s e Rl wndiai el e R e e anre Babbe g
Resi SLALSRNEEORENbhIBALIbYAPERIDS thhgRBhad by defining a geomstry
(e.g., arectangle or serpentine structure) I1n a resistive |ayer and
cont act i ngTiheee v applicatodns intanidleg patepiated adircgétemehich. regheeviaghe of t he

resistor is given by the expression: Resistance = (length/w dth) * sheet
r esi stefel@nees rﬁuﬁh@sme%%?ﬁlghb kO Vpktag%f:%\wgtfﬁrhaﬁkg%é tarVQgFaS? a

reSi S0 dr3ePLAPRE b Bahentcd thPodihfeclAleHL oD HELS6 YR ARAL L00RN t he

sheet ‘resi stance 0 resistive mate wever, e noted

0 that bhen@per®iidyaliSnplifiet @ethoy rédigtoran yha¢éadbal lo@s.0Tes@enkeatel nisabie
wi dt hs. Accordingly, the width cannot be made arbitrarily small in order
t o achkigmabwaththfhvenysimald guerenAigeperatedibst ihesphdtpdiodemeaithemaiatich

di menii %aggveﬂ% eater resistance variation due to the nmanufacturing
proces¥ ACSAYY1/ 47117 PCTI USOQ 35445

In integrated circuits, resistors are usually constructed using the same layers
that are used for the fabrication of the active devices (e.g., transistors) in the circuit.

5 In CMOS circuitry, the layers commonly used for resistors are polysilicon (e.g., used
for the gates of MOS devices), diffusion (e.g., used for the source/drain of MOS
devices) or N-well (e.g., used to isolate PMOS devices from the P- substrate).

Resistors have conventionally been implemented by defining a geometry (e.g.,
a rectangle or serpentine structure) in a resistive layer and contacting the two ends of

20 the particular geometry. The value of the resistor is given by the expression:
Resistance = (length/width) * sheet resistance

From the above expression, it follows that the area of a resistor is proportional
'S to its value and inversely proportional the sheet resistance of the resistive material.
However, it should be noted that the geometry is limited by the manufacturing
process to minimum widths. Accordingly, the width cannot be made arbitrarily small
in order to achieve a high resistance. Also, resistors with a minimum width

dimension have greater resistance variation due to the manufacturing process width



variations. Furthernore, all integrated circuit (1C) resistors have a high
frequency | oss caused by parasitic capacitance that increases as the

| engt h squared of the resistor. Sheet resistances found i CMOS
manuf act WP AY*Pocesses are 5 relatively low, which inpliégnkﬁg@gga%arge
value resistor will require a large area. As an exanple, a one (1) negohm
resistor inplenmented in a one (1) mcron CMOS nmanufacturing process with
50 ohm per square polysilicon will occupy approximately 100,000 square

m crons. Wth such a 1 mcron CMOS nanufacturing process, resistances in
the tens of negohns are inpractical, or at _best, costly. 10 Accordingly,

hi gh stesiationssierthesmors alhindggrated curniUilEs regstore bave athish dregpensghit ai | ed
addi tional prqgessing.steps..In s dard silic ocessi ' sheet

eai stse Bl WSS EfScipBoE LRy Mt diet oS R RORAE DiiBed DL AR 2o

| ayer s,Qi{stdyy the deposition of thin filmresistors such as SiCGr. Even with
t hese added processing steps, practical sheet resistances for anal og
circuits ar$heetpiesiatdncesifonnedin iov 506 CVIIP MmamFachmengprocegsesrare | n
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Yannis Tsividis in 1 hen he rep on a filter circuit using this

t echni guAaudictthiaglproesszatithrsil olbal pedt sgaf povlysilidonuwilBodcuplyerpproeimatieiy e

this techni que achieved relatively high val ues of resistance, the
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capabl e of oper.ation at the negative rail.. Sin hat tie, a great deal of
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(as opposed to a differential configuration) is described in Tsividis,

Si x- Teentailad aNOBFER]procddsited steps.amul sippldrdatliamspiasesingl highi sheat |

El ectronjcally Tunabl esi st or the  Journal o olid State G rcuits,
JanuariFisteeE C%F%‘r‘%lgh_ ¢ AeRiered hyéeféf’,ﬂva PHY 8 PO PIRSTR EEIHRE 10 1 s
shown. 3 &Rk diE PR 1G5 FSdiQors SRENES BIGNSEX S wiBH ehdR added processing

steps, practical sheet resistances for analog circuits are typically limited to 500 - 2000

15 ohms per square.
In addition to the above, it is possible to use a MOS transistor operating in the
so called “linear” region as a resistor. A technique for using MOS devices in this
manner with tightly controlled tolerances was disclosed by Yannis Tsividis in 1982
when he reported on a filter circuit using this technique at the International Solid
20 State Circuits Conference. While this technique achieved relatively high values of
resistance, the technique required fully differential circuitry and, furthermore, was
not capable of operation at the negative rail. Since that time, a great deal of work has
been reported in the literature on MOS resistors in differential circuitry applications.
A method of using PMOS resistors in a single ended (as opposed to a
25 differential configuration) is described in Tsividis, Six-Terminal MOSFET s:
Modeling and Applications in Highly Linear, Electronically Tunable Resistors, the
Journal of Solid State Circuits, January, 1997. Referring now to FIG. 1, a single

ended PMOS resistor 10 is shown. For the PMOS resistor, connections are made to
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2 WO 01/ 47117 PCTI USQQO 35445 ended PMOS resistor 10 is shown. For the PMOS
resistor, connections are made to the source 12 and drain 14, the source
and drain ends of the gate (16,18), and the source and drgi f the
N-wel | (2¥98Y§7117The six terminal MOS device can be considgbzﬁﬁggggg
infinite nunber of infinitesimally short devices in series. In one exanple,
the drain to source voltage (Vds) is sanpled and fed back via auxiliary
circuitry (not shown) to the gate and well termnals so that the
distributed gate and well voltages track the drain to source voltage. In

other words, the voltage fromnodes Gd to Gs and fromW| to W are
cont r entded RMOSerestasos dfrds slsown omioD the FMOS resisddi,tdonmectines avd magle thr om
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vol t a?%ﬂc{%?}\g @Qin:en\d%%q‘)thﬁ é\y-g@l @0\5%?23 '1\6/%1) Tix\é(a}%lneﬁl MOB dédte carp b¥ (V) =

V(D) respect tot ove, 't termnals are not connected to

t he seunsidepsttas dinfinite erumbed of idifingicisindallp shortr devidds\viarsebiesanpl i fiers (not
shown) buffering the squrce and drain voltages. !0 In_the caonfiguration of
FIG 1, thdngaesexampleuthedraintageursed velase obdods sampbed rRngded hgek Visr each

infinitesinmal .device increa a t ral.m.dt I . .
From CaDLfFR st dnpl ShEPRET IS Rt p eEuckt s &, ARUAEE io(ElohR0E

resi sigaficend Well Witageditvhcltitle @BARO ssurcnsbIiRC Bn bilger’ W61 &4, 3N6 Colhgt he
entire distributed device, remins constant wth increasing Vds. !5 It is

not ed frdramodae (8l tetisiamal frpSMdetohWisqre cdatolieddd henthessaras ap éroms dYta 3.
obtain highly | inear resjstances.wth high sheet val . ver, the

cont | JnRaERid. the TRAEE FoBEIEIe 3F 9 ApHE e e cpeort cBps RIS S ent | onal
N- el |, Qfa%ﬁﬁ%gwrt?ﬁgrgb R %%@Hbﬁ?g ik BRASRNS &le:OF near the

r
negative rai cult Ince t

V(Gs) = V(S) + tuning voltage (D
V(Gd) = V(Gs) + V(D) - V(S) (2)
V(Ws) = V(S) (3)
V(Wd) = V(D) (4)

With respect to the above, the well terminals are not connected to the source and
drain terminals directly, but are driven by amplifiers (not shown) buffering the
source and drain voltages.

In the configuration of FIG. 1, the gate to source voltage and the source to
bulk voltage for each infinitesimal device increases exactly as the drain to source
voltage. From classical MOS current equations, it is easily shown that the resistance
of the individual elements, and hence the resistance of the entire distributed device,
remains constant with increasing Vds.

It is noted that the 6-terminal MOS technique described above can be used to
obtain highly linear resistances with high sheet values. However, the configuration
is not suitable for implementing resistors in a conventional N-well process when

either drain or source must operate at or near the negative rail of the circuit since the
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3 WO 01/47117 PCT/ USO0/ 35445 voltage at the correspondi ng gate woul d have
to be below the rail. (The opposite argunent holds in a P-well process.)
For the configuration of FIG 1 to work at or near the rail, it woul

d
requi re EPPEFILh node devices. However, depletion node d&AEW9B35HE not

avai lable in a standard CMOS process. Accordingly, the 6-termnal 5 MOS
resistor is not suitable for single-ended, ground referenced applications.
Turning nowto Figures 2 and 3, a diode 26 for use in a light to voltage
converter 24 inplemented in a NMOS process is shown. The light to voltage
converter 24 uses an NNwell to P- epi / P+ substrate diode 26 for the

phot odiottdge at sheicorraspendingr gt vidd dgee cabedlsw the rad. d&heropipbsité o
operate the photodjode 26 of Fig. 10 2 at zero hias. 'II' is is acconplished
by corfi8BIERg tat howellgrroeess.qifggd heaondigugation gf K Evgljt@n%@ﬁ%t% an op

2P 2ol phASit RSN IS AR FRRDSCUEAEfer HBICBHASEGLC, such

as shown in € sunm ng junction o Op anp oper at es

at t heleviver apohebtivailalsle ihhestanBatd AMOSATeesd MHcyrdiagh;, tthe 6- teainin BMOS
devi ce cannot be used as a feedback resistor 30 for the application of Fig.

3. 13VQSuesider Ereotepptatle fer singlenerdarth grednd sefepensadapn)icatighsy | i near
resi stance i th high sheget values,,ang. for,Jd aplenmenting resistors in a
convent | ondl UieitpR o BB RuriR 2l 3 AL ftiogR e Bl BV bR "t o
near tlavédkl 22finflbinkatdd in a NNOBBFotess IR aTdeanpRtatdstaise di scl osed
for providing highly linear resistance wth high sheet values, and for

i npl emenvertgr 2dsises ansNiwelhte Prepnt PensibstiMIE diode 26 $or thirepheatiotiete. dfai n or

o B LS, Blte SEShal 5 rhCh RE G 0B
R T T X i e

gat e tsehifniryd jurktidd) Ganbp ahtp 28evisioh hae the hdntialvetfing hepwestrgectahtd t he
second gate termnal is_adjacent to the drain term nal of the device.
Fur t héhe suhstrgtg, suchegishawn 8 Eigngo Metedhal the shsmipg junction of the op

amp operates at the same potential as the substrate. Accordingly, a 6 terminal

PMOS device cannot be used as a feedback resistor 30 for the application of Fig. 3.
A method and apparatus is thus needed for providing highly linear resistance

with high sheet values, and for implementing resistors in a conventional CMOS

process when either drain or source must operate at or near the rail of a circuit.

Summary

A method and apparatus is disclosed for providing highly linear resistance with
high sheet values, and for implementing resistors in a conventional CMOS process
when either drain or source must operate at or near the rail of a circuit.

According to one embodiment of the present invention, a five terminal MOS
resistive device includes a drain terminal, a source terminal, a singular bulk terminal,
a first gate terminal, and a second gate terminal. The first gate terminal is adjacent
to the source terminal of the device, and the second gate terminal is adjacent to the

drain terminal of the device. Further, the gate terminal is composed of a resistive



0

25

4 WD 01/47117 PCTIUSQQO 35445 nmaterial so that when a voltage is applied to
the first and second gate termnals, a voltage drop across the gate

terminal is equally distributed along the length of an el i hannel
of the I\)ﬁ@‘}lé‘g}lgtive device. Brief Description of the Dravl\)n%ﬁlélgéoﬁ/?%‘f‘gl
illustrates a conventional six termnal MOSFET, Fig. 2 illustrates a
conventional N-well diode; Fig. 3 illustrates a conventional circuit

i npl enenting a zero bias light to voltage converter; Fig. 4 illustrates a
light to voltage converter with a five termnal MOS .0 feedback resistor
according to one enbodi nent of the present invention; Fig. 5 illustrates a

concepratariat 5o that wheniagypltage iseppbed 4nithg ferkand seeond galedesminalsyps

resistor,; Fi,g. 6 illustraties a. . I eSj Stor. fLni i r gi to one
Crboar g fop feioss FRE BRI Foruils ctlaAbpligh 0L i, £bbe thE 1EEHA NI 12 O
t uni ngleetFieali dhatinel of BAPRIAS weSsEosBeReat i on according to anot her

embodi nent of the present invention; Fig. 8 illustrates another enbodi ment
of a Byjaf Descriptiancot thedd)xawingsng five terminal distributed MOS

f eedback resi st according to, the present inv i.on; Fig. 9 illustrates a
light to v Ilg-a]ga[‘b%FﬁﬁéFtaé%o BHoga §tﬁ’étpmla\4?)&loﬁgﬂbk 20 mechani sm

accordi ng tfq%aé\m fat%gg%h%ﬂ#ioﬂgl NhGeR'@BSENt 1 nvention; and Figs. 10-27
scC or

illustrate crrcul emat1 cs one applicdtion of MOS resistors in a
MOS resi st @ligt3iiliugrates auonvaationdl cigedio impierashtidpmeadrodfiag ighptesent
invention. Description of the Enbodi nents Referring nowto Fig. 4, an
i npr oveliage gmverderiol t age converter 50 includes a 25 five termnal MOS

ESHECA Ui S R S M T R

feedback resistor according to one embodiment of the present invention;

Fig. 5 illustrates a conceptual circuit design for establishing sheet resistance of
a MOS resistor;

Fig. 6 illustrates a MOS resistor tuning circuit according to one embodiment of
the present invention;

Fig. 7 illustrates a MOS resistor tuning circuit with temperature compensation
according to another embodiment of the present invention,;

Fig. 8 illustrates another embodiment of a light to voltage converter using five
terminal distributed MOS feedback resistor according to the present invention;

Fig. 9 illustrates a light to voltage converter with a Tee network feedback
mechanism according to another embodiment of the present invention; and

Figs. 10-27 illustrate circuit schematics for one application of MOS resistors in
a MOS resistor tuning circuit according to one embodiment of the present invention.
Description of the Embodiments

Referring now to Fig. 4, an improved light to voltage converter 50 includes a
five terminal MOS feedback resistor 52 according to one embodiment of the present
invention. The MOS devices of the five terminal MOS feedback resistor 52 represent
an infinite number of infinitesimal devices. The sheet resistance of the MOS resistor

is established by controlling the voltages at nodes Gs and Gd (54,56)in a prescribed
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an infinite nunber of infinitesiml devices. The sheet resistance of the
MOS resistor is established by controlling the voltages at nodes Gs and (d
(54,56)i cribed 5 WO 01/47117 PCTI USOQ 35445 nmann S, the
control vo(??lzﬁz&at node Gs (54) is controlled so that \Aheﬁlrc\%%{b%f‘{fg) IS
zero and the voltage at Gs (54) is the sane as at Gd (56), the resistance
of the MOS resistor 52 is the target value. The voltage difference between

the threshold voltage and the voltage at Gs will be referred to herein as
Vgst. This voltage difference is typically a few hundred mllivolts when
hi gh sheet resistances are_ desired. Illustrative circuits_ for generating

the comanrgr.Idiatagdbercontiy) voliaseat mode Grd)iipeanteted sodbpbwhemetbnot o

fl th h. the photodi ode, 60 to t t f
Che anp! o EBHUWH K AR PRGSLIE B sbe i b5 e ablSonll vPehe 1o
i nfi niMes y8R]stMOS?2 deVvh & Bfrgaf valas. Thdiveltakh diferemRb bR eth thdehrexhdld he gate

to source voltage of the devices to the right of the summ ng junction
decr easHsge iandrtbasioltpgersd Gs will beanfrered teo herain\hiscégst. Thisddiageon, t he

source.t.0 bul k yoltage of these infjnitesinal ..devices al.so increases,
causi MEHTCIRECEHS DOHGRDY oo v AGaRTsn TEHEVRES PEEBIHER G RLT TIEnED: Pthcr oase
due t quhal TRuSGITRe Y LRESHF ggn&%.tﬂ% tgx%%n%fél%tlta LIRS BednaeGheet causes
15 the resistance of the correSpondin evice elenments to 1 ncrease still
nor e. deberibethessia belowesi st ance can be conpensated for by nmking the

voltage at _ Gd equal to V(Gs) plus a scal ed value of Vout, according to the
fol | owi ng é¥peePdiose .curwm&ﬁ}oms Warasgh £heg photedjpde 69 todhgmabstnate,Lthy

constant. .Th orti faot i\S ce | eas: rease in
const a0 pa? B ROKEIReRloot VBl PR T hOLE ol I IR TG L abe Ve o,

addi t liﬁﬂﬁitesi%@:ﬂtMUBJ&@ﬁ_cés)aét% 4 stEeBafed volt8% &ikrﬁfh@"&irﬁ:ptﬂé fatstto heusesle
greater than 1. By nmaking K greater than 1, the electric field between the

gat e anttaghafitbe devices bs tise 2ighhiof bhé¢ memesisigiynvbon deceaaseagnarafistrgetiye in
mobi | ir‘égisggnc%aorf rtilg rdsevgcrés.t ?S a%g?’cri](?r?,lth%régurce to bulk voltage of these infinitesimal
devices also increases, causing the threshold voltages of the corresponding devices to
increase due to what is commonly referred to as body effect. This body effect causes
the resistance of the corresponding device elements to increase still more.
The increase in resistance can be compensated for by making the voltage at Gd

equal to V(Gs) plus a scaled value of Vout, according to the following expression:
V(Gd) = V(Gs) + K * Vout (5)

where K is a constant. The portion of the resistance increase caused by the decrease
in Vgs can be compensated by setting K = 1. However, body effect is an additional
contributor to the increase in resistance so K must be made greater than 1. By
making K greater than 1, the electric field between the gate and channel increases
with increasing Vout, causing a decrease in mobility of carriers in the channel and
yet another (third order) increase in resistance.

Body effect and mobility modulation are non-linear phenomena and cannot be

exactly compensated for by using a constant value of K. However, by properly



yet another (third order) increase in resistance. Body effect and nobility
nodul ati on are non-1linear phenonena and cannot be exactly conpensated for
by using a constant value of K However, by properly 6 WO 01/47117

PCTI USOO WE8AAH711de| ecting K, the nethod of the present enbBHEIVEMY¥4¥an be
used to generate five termnal MOS resistors that have linearity errors
wel | under 1% over a Vds range of zero (0) to over one (1) volt and with
sheet resistances in the tens of kilo ohns per square. Accordingly, the
sheet resistance obtainable via the nethod of the present 5 enbodinents is
nore than an order of magnitude higher than is typically obtained wth
convengelanalg Ki tie stethod 0é she possent leatbodémiente cax be aispd @6 geaergediveps.

Ref erri ng,novxﬁ to FIG 5, a tuning circuit 70 establishes a prescribed

set ]E i lﬁ@rlf%?al reqigtoss that kaysoirparityseraars WéHilgxd@fclé% pfser 2 Yelsmagge &di st or
. . ' P .
b ar 19870 6ver GREDICON PO A SBdBMR IR IR 586 (BIPOLENEERRl: £7) e°

Vgst  afquidte.( M):ordih%ly? vhpthedta®bBtaiecottdinfle vidltHethethed Bt dpﬁe@ehhe_
value of Rl (76) multiplied by the current ratio 11/12. Accordingly, it

5 fol | ov@gmbedimerts is hewe thesiast enes of magnitedephigher thanas tmcalﬂbEO][BWmmd
i st f RL, i st be, i npl ted with a ti onal
et i 0 A A R R AN
pol ysi | i conrbfertingifay by Fi&. §08thRIdLdrdft 20 Belysfh]ml}iﬁ%is ‘éﬁg‘ég%ﬁlged"éétft' %‘Vfb?”d

has a predictabl e tenperature coefficient. olce o evi ce
si zes Vgl and a eotrespondiag shieet séstghnce forsthadODresidtbr aadfobews.eTheo very

hi gh val yes. On given CMOS integrated circuit chip, the electrical .

pr operfgﬁilaa%? lopagﬂlfqeéiaoth/wwmf@égpuﬁﬂ d796bg/bg agﬁh%ﬁamw@frag@i df thige of

N (7 i = ‘ . . .
10 goonet ot g is ek 4 Mg dod 8 thaVesEog M (7) h@BRHddsi 8GR R ot
(74) rMat(7dpigempinlsorht ealddGRYVEPE) lfn@rltiPNéd b9 the cwetdntiratio e | i near

region. Wth a Vgst of a few hundred millivolts, Vds of ML (74) should be
ar oundAgordimglp gt fellaws thatsthetshest resistianes of Mk ripropabtienalatotthe sheet

resistance of R1. Resistor R1 can be implemented with a conventional resistance
material, such as polysilicon. In normal CMOS processing, polysilicon is typically
15 controlled to an initial value of +/- 20% and has a predictable temperature coefficient.
By judicious choice of device sizes and current ratios, the sheet resistance of
M1 can be set to very high values. On a given CMOS integrated circuit chip, the
electrical properties of identical MOS devices will be very similar. The resistance of
M2 (78) will be very similar to that of M1 (74), assuming identical geometries and
20 very low Vds.
In the circuit of Fig. 5, the Vds of M1 (74) must be much smaller than Vgst for
M1 to be well into the linear region. With a Vgst of a few hundred millivolts, Vds of
M1 (74) should be around of 10 -20 millivolts at most, which is comparable to the
mnput offset voltages of practical op amps used to implement Al (72). Accordingly,
25 the circuit of Fig. 5 may not be practical. Offset errors will result in significant errors

in the tuned sheet resistance. A circuit which overcomes this problem is shown in
Fig. 6.
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i nput offset voltages of practical op anps used to inplenment Al (72).
Accordingly, 25 the circuit of Fig. 5 may not be practical. Offset errors

will resg% gnificant errors in the tuned sheet resi circuit
on ovivaidL - F7Agosds

whi ch ov his problemis shown in Fig. 6. 7 WO 01/

PCT/ US00/ 35445 Flg 6 illustrates a MOS resistor tuning circuit 80
according to one enbodi nent of the present invention. In this tuning
circuit, ML (74) of the previous circuit of Fig. 5 is replaced by the
string of MOS devices ML to MN (as generally indicated by reference nunber
82 in Fig. 6). The gates of these MIS devices are connected to voltage

di vi der RGFig P karnat(ew MEreresigtor twainggisehibP0 aep@iding 40 oRgmber 84 in

|
e 1 Sttt RRbr TRCBEReh? tiitiq Bt RBCHoRaf kel B STRHE ERBbls, 7
st ri ngi3ait JTame. 5@@1@15&@1@& Yh& i QfM@suavﬁz@slMPwMNaaggenéMIye t hat

the voltage drops across the resistors RGL to (greater than the
vol tag@dldatgdsb)anefewqehmmbelo%esEogcﬁ)ngThwtm\ufcthssetM D deEirsanee f or body

ef f ect he c rcuit ot al v across t he MOS
Str1 agobnedellS shltagt divifer Rl 1o RO G etpral bt B e b gt i 11 or s
t hat \9&% ﬁﬁ@(ﬂf t to

of f set erlﬁleors4 #gﬁe 1262(;'[(111{,{2{3 eﬁcﬁ\ll’l?lg{gG)dé ﬁ%%#ﬁfﬂq&kéeqetto drﬁgg?lg?sgdr}{:rgé@%yt he MOS
resi st(88pard iz ®Myartds scaredmdchoﬁhaﬁtbe Valsviflthe eleraeitd imetleMES sedmg8ance

of RL 94. In comon CMOS circuits, resistor tenperature coefficients range

from &ese ﬁ@pmnmﬁiymuadé@a@bt@wr:e peltoges. i @%@tettélaeéb@ vBHABPEFOPYegr ee

f t £ficient
are paerer S TRbiing! b R RSk i e RERER P e o o .Ss
possi kberesPordiRgtMIOD a6hiass RO MperdRe tf haTLOFEs )i N tenperature

coefficients to generate a MOS Tresistor with a flat or even negative
t enper at ur énctbefcmcmte@ftFlgAﬁhﬂm/iqtgl voltdget diop aaresmthe/MQOe ﬁtmngtﬁ ng much

coel Tiebant +RaN RS ofR0C Nagd St SactithCinpliridrd it wollaBe LSa
implement Al 92. Accordingly, the sensitivity to offset errors is effectively
eliminated.

The sheet resistance of the MOS resistors tuned by the circuit of Fig. 6 will
track the sheet resistance of R1 94. In common CMOS circuits, resistor temperature
coefficients range from around 600 ppm per degree C for polysilicon to 6000 ppm per
degree C for N-well. Note that with common CMOS circuits, temperature coefficients
are positive. According to one embodiment of the present disclosure, it is possible to
take advantage of the differences in temperature coefficients to generate a MOS
resistor with a flat or even negative temperature coefficient. Achieving a flat or
negative temperature coefficient can be done by the addition of a resistor R3 (96) to
the tuning circuit of Fig. 6 as shown in Fig. 7.

Fig. 7 illustrates a MOS resistor tuning circuit 80a with temperature
compensation according to another embodiment of the present invention. In the
circuit shown in Fig. 7, R1 (94) is implemented in a relatively low temperature
coefficient (600 ppm per degree C) polysilicon while R3 (96) is implemented in a
much higher (6,000 ppm per degree C) temperature coefficient N-well resistor. By
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the tuning circuit of Fig. 6 as showmn in Fig. 7. Fig. 7 illustrates a MOS
resistor tuning circuit 80a with tenperature ?5 conpensation according to

anot her i t of the present invention. In the circuj i-n Fig.
7, R (93?8532“{1% enented in a relatively | ow tenperatur e%é(.:Tofg %g(g:?“lgnt (600

ppm per degree C) polysilicon while R3 (96) is inplenented in a nuch

hi gher (6,000 ppm per degree C) tenperature coefficient NNwell resistor. By
8 WO 01/47117 PCTI USOQO 35445 properly selecting the values of RlL (94) and

R3 (96) and the size of the MOS string 82, the tenperature coefficient of

t he tuned esji stor can be signifi tl | ower than that of a

st anda@rrape'{@ek&? LA ﬁ2§4>a%cﬂ33 (%ggﬁpﬁéhﬁ(ﬂ@ec thegw(%? SHTHRSE

out put i i f Ej i node
G (57 e tbor b e AAH G e el MR reblsor furd Bo i PRERIERAL oe
anpl i flower $Pan Fhat oBa ktialdade CMAOS polosidicon iresigtdrralod®0 for generating a
control voltage for node & &56) accor di n%é’to one enbodi nent of the present

di scl osur e. Tyipgwovobe Fige S, the optrity MeciPBef dfdbiedunes siicuitedPawti higa 7Hs gh
val ue feedback 10.rgsi stor,..lt..is.well tp t;hose versed..in the art of
anal o °'E®Y 't&rfl‘fd_r?aésigéjpa%ﬁWecdlsirélb‘gffitlgﬁg\%egga‘%Eeséslifﬂ_gt5 aqqéhSnd ot her

| ayer reRuisfhedlan@s sl lificdSSRCEiAS idchWs RadftiodlliRuitry oD fof gehbritinahed
as follows: R=(L/ W * Rs ( 15 where Ris the resistance of a

r esi stoomfrdl viodtaghdot nnde kxd Giid ad¢arsling éo vndembmdidmRst of the peesehéet

resi stc{an‘ge of the material used to inplement the resistance. The total

par asitPCOtYFaci t ance of a resistor is given by: 20 C=Cp*L*W (7) where Cp

i s the paragi.ty j j : resist.ar ' Kk
kb, 2 R EORSLY AREp AT e ey 3 v b
resistor. It is well known to those versed in the art of analog IC design that parasitic

capacitances to the substrate and other layers cause a resistor as act as a low pass

filter. This is illustrated as follows:

R=(L/W)*Rs (6)
where R is the resistance of a resistor, L is the length, and W is the width and Rs is
the sheet resistance of the material used to implement the resistance. The total
parasitic capacitance of a resistor is given by:

C=Cp*L*W (7

where Cp is the parasitic capacitance per unit area of the resistor. A first

approximation to the bandwidth of a resistor is given by:
fc= 2/(R*C*n) (8)

where fc is the -3 dB cutoff frequency. However:
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25 fc= 2/ (R*C*7t) (8) where fc is the -3 dB cutoff frequency. However: 9
WO 01/47117 PCTIUSOQ 35445 R*C= (L/IW *Rs*L*WCp (9) R*C = Rs*Cp*L2 (10)
> fe=2/ (Y *Rs*Cp*L2) (11) Accordingly, the cutoff frequen

appr oxi F§¢ﬁ versely proportional to the square of th@*?%ﬁaPQSﬁ? t he
resistor. Note that the cutoff frequency is independent of the width and,
hence, the value of the resistor. For very large value 10 resistors
inplenented in the traditional nmanner (e.g., on the order of approximtely
50 negohns), the cutoff frequency nay be as | ow as several hundred hertz.

Now from expressi ons_(6 7 8) .and (11), the cutoff frequency can be
expressed ;BE?‘ G5 QIC/‘A;)ZQRS%I%%/\&é)?P/ ( * W2 * ir) The above expression
indicates that for a given resistance value R and wwdth W the bandw dth
can be increased only by increasing the ratio of Rs to Cp. In a MXS
resistor, tie atarsti@Cpedpacitance is domopated by the gate to channel 20

capacitance. In absolute terns, the gate to channel capacitance is very
high as conpared to the parasitic capacitance of conventional CMOS

resistors (e.g,, V.Si | ). However, sheet resistance of a MOS

resi stor cgﬁ:bg/ﬁﬁggsb*ebﬁ%ﬁ? hi gher so t&ﬁs the ratio of Rs to Cp (and
hence t he bandw dth) can be higher than that of conventional CMOS
resistors. 25 Wth reference still to Fig. 8, note that since the parasitic
capaci t ancAdcerdingly)ehe gateff dFedueacMiSappsixdinatelgdrvesebZprdpoetibaabivack

fromanplifier A2 (102) provides a distributed bootstrap feedback which
has t fBesfiiats olofheclg Phthe msipar adate dhat HiaentodhTeaneney isThe boot st rap

f eedba}ﬁ e;i)er}lccie%g%% th& Svéﬁh? Eﬁdﬁlgrrl]cde, the v\é%%rc% tthréei"eg'l%tor. For very large value
resistors implemented in the traditional manner (e.g., on the order of approximately
50 megohms), the cutoff frequency may be as low as several hundred hertz.
Now from expressions (6), (7), (8) and (11), the cutoff frequency can be

expressed as:
fc =2*(Rs/Cp)/( R®*W?2*q)

The above expression indicates that for a given resistance value R and width
W, the bandwidth can be increased only by increasing the ratio of Rsto Cp. Ina
MOS resistor, the parasitic capacitance is dominated by the gate to channel
capacitance. In absolute terms, the gate to channel capacitance is very high as
compared to the parasitic capacitance of conventional CMOS resistors (e.g.,
polysilicon). However, the sheet resistance of a MOS resistor can be made be much
higher so that the ratio of Rs to Cp (and hence the bandwidth) can be higher than
that of conventional CMOS resistors.

With reference still to Fig. 8, note that since the parasitic capacitance is to the
gate of the MOS resistor device 52, the feedback from amplifier A2 (102) provides a
distributed bootstrap feedback which has the effect of canceling the parasitic

capacitance loss. The bootstrap feedback includes resistors R and KR, where the

10
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WO 01/ 47117 PCT/ USO0/ 35445 value of Kis selected for providing a desired
anmount of feedback gain. The bootstrap cancellation is not wthout cost

t hough, it osts the noise of the circuit in the boo uency
regi on. %&eﬁﬁmFﬁh the area efficiency and hi gher bandmndt%égcgﬁpa‘ﬁg W th
the enbodiment of Fig. 8, it is sonetinmes desirable to have an even higher
effective resistance. Referring nowto Fig. 9, a light to voltage
converter integrated circuit includes a Tee network feedback nmechani sm
according to anot her enbodi nent of the present disclosure achieves such a
hi gher effective resistance. In the conflguratlon of Fig

r esi stvaluesgf Kds gelected foy paovldmagéleswed amQuRdroftigad Wpe@‘h%b@%t@ﬂ put

Vout he 5-t t |bu dback [¢
of f ec RO RatftyiedB fosfhaphats Mapsl 5 A LS Futin e wos
resi s,apeRrdSdYabney fadi6h, than R1 and R2 In addltlon the ratio of the
resistors in the differential anplifier circuit 100 (i.e., the distributed
boot st rap E\@@dﬁ&hwﬁela‘ea@fﬂ@ew and ﬂmnﬁwrdmmiw:ldth espiablierwithrtbper vol t age
at d 15 A e val.ue of. K2 given b pr.essi on
o=k CHEBDABERRDT 1)t A Sanvartiage brirble D Brerehighes SFRhRE: or eat er
vaI ue t 2 e f Fig.
8 *ﬁﬁétaé’l?ﬁq R O P TR R g R At SRl el o
of t hendmfles; & Te & wiotRIpedbiackirgecltanismad@ordingi toechother émbddinest efithe
herein, the circuits (of Figures 4, 8, and 9) all have resistors
r ef er Oesentidiselpgung Wf-’é S?dﬁhl a bighexeffactivgiresistances possi bl e, usi ng a
P-well pro a t is also
e c%ﬁﬁgur W[ i gfl? Masa %15501{52‘ %%%9 Szrgagx:roal%a

possi bl e t0 have a & i N val ue,

whi ch gigak# 1O$%hf1@ct|’éa\tb rtﬁeblaep&wwg(&s)r Crthd 5- téahnlﬁalgymﬂmﬂed@doe\d 7)
appropriately biased. According to one enbodinment, a nethod for achieving a
very [fi¢efbacheesistar52 is effectively gained by a factor of R1 7(R1 + R2), assuming that

the MOS resistance is much greater than R1 and R2. In addition, the ratio of the

resistors in the differential amplifier circuit 100 (i.e., the distributed bootstrap
feedback) is adjusted to provide a corresponding proper voltage at Gd (56).
Accordingly, the value of K2 is given by the expression:

K2 =K*(R1+ R2)/R1 (12)

An advantage of the circuit of Fig. 9 is that greater values of Vout can be
obtained in comparison with the circuit of Fig. 8, with a similar linearity and
bandwidth. However, the noise and offset of the amplifier A2 (102) of Fig. 9 is also
gained up.

As discussed herein, the circuits (of Figures 4, 8, and 9) all have resistors
referenced to the negative rail of the circuit. It is possible, using a P-well process, to
have a positive rail referenced circuit. It is also possible to have a circuit that is
referenced to an intermediate value, which would require having the tuning circuit
(of Figures 5, 6, and 7) appropriately biased.

According to one embodiment, a method for achieving a very high sheet

11



WO 01/ 47117 PCTI USOQO 35445 resistance using standard CMC S conponents i s
di scl osed. The nethod enables area efficient high value integrated circuit
resi stor bt ai ned. The present enbodi nents al so prgQui t hod
for reduéyggu?ﬁgpeffects of high frequency | osses causedlgémgﬁpgg?§ic
capaci tance when the high sheet resistor is used as the feedback i el enent
in an anplifier circuit. According to another enbodinent, a five term nal
MOS transistor is operated in its |inear range as a resistor. The

term nals include source, drain, bulk and two gate termnals. The gate
termnals are contacted at_the source and drain Sn of the devi ce.
The Moesigkanserusing pamdasd (DJES wrmperetsds disglass adlﬁ’r‘?e%‘@ﬂl%n RéFeA0 so
that the ¥al HFgrhOIIathan{\%afe%séi%tﬁp?gsiét%rgEggk%%%hgqa%%ﬁ%% gbl e over the
oper ating envitonment ard oOvVer process variations. The € rol vol tages

al so epmERRALEalsdprocitt 4 ARANDY feSrddilteti@tiie effedV®Bf hégh Stequency\f®@res he
MOS resistor of the present enbodi nents is used as a feedback device in an

op anmgagsedthy pardsith capacitanreywher ske hileshest pasighnisased s thedpedhacknt | y
15 red?ced é{injecHhﬂﬁ_a si.gnal proportional to the anplifier output into
one of*'¢REMYH &1 A HHATE M s di scussed herein. Turning now to Figs. 10-2

7, a | ight-406V@hbage fRAYLELPOAIAENt, Rt &S 1@nMORIOS @84:8di Sor (d/bBeraked

according to an enbodi nent of the present disclosure. The integrated
ci r cuiit itkllinedfr fainge abG wmistbe Tiplterramald include suaices dedingbublthapd wivbh a 20

i npl ss_that with the pri k hpi . Adyant, f.th
bt Gocifetd BBRRHEnT if AEI RSB ALe ATIEECH Al CHEAPBFEBIY ABHTEAS ARPR
: the sek . i
phot oar oSt TR 8108 kark Mnbloill vol AgHOn IR EbreshiPrpHERe: 7,

10 10 i lsbubht dhe€SalueldIthe@NOIS sehesntd & fredidtiisiecindctipeatdble orer eidodi nent
i nput and out put 25 ports on the schematic correspond to pads on an

i nt egroperating epvironatent anpheverghoress waetions. i Ehe eenizel weltagesidee DI ODE
(114), furthe gonnec .ed t.@ bl ack TEST éélG%..tThe vari ous bl ocks of the
Ci rcuian’cﬁenﬁF‘E‘? Of Groly Hngd Hgs hprgaf JMOS Tesistors.

When the MOS resistor of the present embodiments is used as a feedback

device in an op amp circuit, high frequency losses due to parasitics are significantly
L5 reduced by injecting a signal proportional to the amplifier output into one of the gate
terminals, as discussed herein.

Turning now to Figs. 10-27, a light-to-voltage converter 110 includes a MOS
resistor (MOS-R) according to an embodiment of the present disclosure. The
integrated circuit 110 of Fig. 10 can be implemented in a much smaller chip with a

20 simpler process that with the prior known techniques. Advantages of the present
embodiment includes cost savings and design portability.

With reference now to Fig. 10, the light to voltage converter 110 includes a
photodiode 112 connected to the input of a trans-impedance amplifier. Fig. 10
illustrates a top level schematic for the circuit. In one embodiment, input and output

25 ports on the schematic correspond to pads on an integrated circuit chip. The
photodiode 112 is connected to node DIODE (114), further connected to block TEST
(116). The various blocks of the circuit of Fig. 10 are discussed below.
TEST MUX 116 is illustrated as instance TEST in Fig. 10 and in greater

12



TEST MJUX 116 is illustrated as instance TEST in Fig. 10 and in greater 12
WO 01/47117 PCT/ USO0/ 35445 detail in Fig. 11. TEST MJX is an anal og

mul tiplexer that allows the current input to the trans- H’{pedance anplifier
to come MM Elther the photodiode 112 (node DI ODE) or f &KX I N
(118). Node TEST_IN (120) controls which state the nultiplexer is in. Mre
particularly, with reference nowto Fig. 11, the TEST MJX 116 circuit
connects either node PIX IN or node DIODE to node NEG by way of anal og
switches M\3 and MN5. Wien TEST_IN is high, node TEST is HI GH and node TZF
is LON In this state, M5 is ON and M\3 is OFF. In normal operation,
TEST_drtaikin Big. 11TE§STSMIMIIaau driaffog mlﬂitlﬁkkxeﬁ that hllows the giietent ivput r ol s

the H vel voltage o e TZF. The i sts of
curreﬁ‘?_lg%g’f'a@é S Ge Sl o e fromert &é%? gﬁﬁgqcﬁod% 142 ey age at
node facl ent
o UL R B B T e N o T M (PR LEERRBI i st tf
cont r abhltipdestd3s imcl udes connecting M\3 to node TZ, 5 which is logically

t he sane as_node TZF, However, the high |evel amal at node TZ is
connect ed foreRaryicuianpcvithgpfar ﬁﬁP%ﬂPWrFOl fﬁlg\/éé TBSBe MUXLIG ¢igary

Coi o CORBGER sithee Bl PTx TR B e AR SRR AL NG e W putfig A
ef f ecMNBlandeMNG . N tesh TSI INNis\High, AéRTESNG HPGH £6d notie TArR INGF .

duri ng normal operation. !0 Except as noted, TEST_MJX block 116 is
r el at lgéhis %ﬁtéall\@N@fletQMradld MN3 & Objyerlat m@nmalrmparahoneTE’ﬁT dheistleédW,n a

o TN FLOREARe B BB erml ary ‘ombodi ment of | TEST MUX 116 in
gL e ciolsuid imekt heth sl st e 1o,
vol t agesulRRir, coPBRts M 8drrend sbiid2 MP1 and diode connected MN2. Accordingly, the
voltage at node TZF, a few hundred millivolts above a NMOS threshold, is sufficient
to turn MN3 on hard for the expected currents.

Another method of controlling MN3 includes connecting MN3 to node TZ,
which is logically the same as node TZF. However, the high level signal at node TZ is
connected directly to Vec. Any variation in Vee would be capacitively coupled into
node NEG through the gate capacitance of MN3. Accordingly, using the shunt
regulator to control the high level of node TZF effectively eliminates noise on Vce
from being coupled into node NEG during normal operation.

Except as noted, TEST MUX block 116 is relatively straightforward in its
operation and can be implemented in a number of different ways, using techniques
known in the art. Accordingly, Fig. 11 illustrates only one exemplary embodiment of
TEST_MUX 116 in greater detail.

Bias Blk 122 is illustrated as the instance BIAS in Fig. 10. Bias Blk 122
includes a circuit block for developing various bias voltages PB1, PB2, NB1 and NB2
for setting currents throughout the integrated circuit device. Bias Blk 122 also
develops voltage Pbulk, a crudely regulated and filtered voltage for biasing the wells
of PMOS differential pairs in the inputs of amplifiers for improved power supply

13



for setting currents throughout the integrated circuit device. Bias_Blk 122
al so devel ops voltage Pbul k, a crudely regulated and filtered vol tage for

bi asi ng the l].s of PMOS differential pairs in the inpu Lfiers
for inpr &%ﬂ\;\%b{kr supply 13 WD 01/ 47117 PCT/ US00/ 35445 :‘Pe%j'l@‘(}: Oﬁlg%“gThe

Bias Bl k block is relatively straightforward in its operation and could be
i npl emented in a nunber of different ways, using techniques known in the
art. Fig. 12 illustrates one exenplary enbodi ment of Bias Bl k 122 in
greater detail. FuseRef 124 is illustrated in Fig. 10 as the instance

FuRef. FuseRef 124 includes a circuit block for devel oping a ref erq?ﬁge
vol t ageieaten ( Hlbrdpipss Bik blesk irelativalycgraightipgward im éts gpezgbign edGoude,; ¢

devi . Th f _hl 24 | i - I d
o' | nEpaRRieRaT PN S it ot Sl apl R0 0h 1R B0C °01
the amtg 19 Slusthtbd bHs ek 9N BE@HR S of 8RB OBIKTEZY iwbredtus abefil. 124 in

greater detail. O FusePad 128 is illustrated as instances GN O, GN |, G\_2
and OS_0 t MuseBaf 126iKillustiEtgd id Fig Btas the instameesERRl. bFoseBe1Pt cont ai ns

a polysilicon fuse (;tha be bl own duri ng, waf ting, for
exanp %cjlufi%%tcﬁgwwlf’a‘ %‘lﬁ cﬁrg\él@)mgiar%?qwefvg}taggﬁééﬁmﬁ Lt%lte of the
fuse I I r I i ;

ol enasfopdBhis 228 o the B R FEdRHAAPICALE 110] The PAGRIIINISNAL & can
be i mpelaniplyestraighaforwampé andf cotild berimplemayted imsa ngnilsatofi djffeserdneays,i n t he

art. Fig. 14 illustrates one exenpl ary enbodi nent of FusePad 128 in greater
det ai Msingischpiguesknoyvn i the agk gﬁlgaégilﬂ‘éféfdﬁt@é s @@@%@f}ti@&%béeme?ﬁ gf

OS- DEG. 138 |- ng) udes Jogic circuit for denultiplexing signals
oS | Ofﬁél]se%@g%%_l%gﬁ%%?%dsa[0: 15] 134. The OS DEC bl ock 130 is
o relatively riseRa@h2Bak B strand £Aimsbnced GNP GRENL &N | Dand O8TEethrotigh

different ways, using techniques known in the art. Fi ? 15 ilTustrates one
exenplQH.\3 ienBigdilfre Rachf oftBeBRiGePad hlncky B2 eontadnsi polyadicon fasedthats

St gL oL ER T LN, S A0 ST R RIS
circuitry for converting the state of the fuse to a logic one or zero, as appropriate for a
given design implementation. The FusePad block 128 is relatively straightforward

5 can be implemented in a number of different ways, using techniques known in the
art. Fig. 14 illustrates one exemplary embodiment of FusePad 128 in greater detail.

OS_DEC 130 is illustrated as instance OS_DEC of Fig. 10. The OS_DEC 130
includes a CMOS logic circuit for demultiplexing signals OS_[0:3] 132 to signals
OS_SEL[0:15] 134. The OS_DEC block 130 is relatively straightforward and can be

20 implemented in a number of different ways, using techniques known in the art. Fig.
15 illustrates one exemplary embodiment of OS_DEC 130 in greater detail.

OS_Trim 136 is illustrated as instance OS_Trim in Fig. 10. The OS_Trim
block 136 generates current signals TR1 138 and TR2 140 that control the offset of
the main op amp 142 (illustrated as instance AMP in Fig. 10). The sum of the

25 current signals TR1 and TR2 is constant, but their relative magnitudes are controlled
by signals OS_SEL[0:15] 134. The OS_Trim block 136 is relatively straightforward
and can be implemented in a number of different ways using techniques known in

the art. Fig. 16 illustrates one exemplary embodiment of OS_Trim 136 in greater
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the main op anp 142 (illustrated as instance AMP in Fig. 10). The sum of
the 25 current signals TRL and TR2 is constant, but their relative

magni t ud ontrolled by signals OS SEL[0:15] 134. T bl ock
136 is r§ﬁ5€V§éﬁy straightforward and can be mplerrentedr}férﬁ%enug er of

di fferent ways using techniques known in the art. Fig. 16 illustrates one
exenpl ary enbodi nent of OS Trim 136 in greater 14 WO 01/47117

PCT/ US00/ 35445 detail. GN DEC 144, illustrated as instance GN DEC in Fig.
10, includes a CMOS logic circuit for demultiplexing signals G- 0, G-_1
and GF_2 (146) to signals G\ SEL[0:6] (148). The GN_DEC bl ock 144 is

rel at é@m% straightforward and can be inplenented in a nunber of different

1 |
onbodi mont G TRELEHE O & il N Difls in ik’ |0 ShERES oM ep! ary
I nst apgee AVt o émidtipleREhdigienaks GFgh, @&l n an@\@ ' di(i 46y engigahlsoper at i onal

1
op anp with rail to ralP outputs and a comon node input range that
i ncl uﬂé‘é  SHlelhehaidre The GD(ILDEC blgek ddd)is ratagivehystraighglarmsaed apgiocans o
NEG | he no n invertin and the, out put, 154 is Nodes
TR b4 TGt R LB it R SO BRI RS S ARR AT | ove
the | ppity7 1ﬂhg%tteé)f)n%Qﬁelﬁmﬂyfén%odlﬁlé?ﬁ TN DEEd48Yn DredfebGetaises 10
i nstances OS O throu he Op_Anp block 142 is relatively
stralghtfoEMEwdnpdé2pﬂhmbﬁnb&mbenmmmedAdﬂﬂ1alhgﬂhbnndbddsﬁﬂngh@mnmays

using technjques known in the art. Fj 8 |IIustrates one exe
enbodpms i eGﬁtWPPAQUPﬂa]gQIéa{n@rWH? (i) o dbIEERIS 55 aqqmwm”fﬁpéa as
|nsta t et

tuned F%?ngéggé%ﬂﬁﬁhaﬁﬁgﬁggﬁ % E%%hPH TEEan IHﬁlgisclosure.

The t NG, m&&&n%&fng@@ﬁ% 1i52Gk PRBS Nﬁﬁ £Hé8&tpand1m>ommqwodamm
vol tages on the control nodes, G (16 k and GH (164 control the

resis laﬁ&)emﬂaTB@ (340) are esrenagtssl pebl S_Frim haB, which alows theymptdedBack
bl oc koi]fget (‘)’¥' the amppﬁ(sef‘: £o Bg C(i:o;lyrotlleg byl}) E)\ezs}erg ?uses 1h instances OS_0 through

0OS_3. The Op_Amp block 142 is relatively straightforward and can be implemented
in a number of different ways, using techniques known in the art. Fig. 18 illustrates
one exemplary embodiment of Op_Amp 142 in greater detail.

FeedBack 156, illustrated as instance FB in Fig. 10 (and in further detail in
Fig. 19), includes a tuned MOS resistor according to one embodiment of the present
disclosure. The tuned MOS resistor nodes include NEG (158) and OUTX (160). The
voltages on the control nodes, G (162) and GHI (164), control the resistance value of
the MOS resistor. Further details of the FeedBack block 156 will be described
further herein below.

In Fig. 10, resistors, RP1 (166) and RP2 (168), are polysilicon resistors.
Resistors RP1 and RP2 form a Tee network to effectively multiply the value of the
MOS feedback resistor 156 by a prescribed factor, for example, on the order of
approximately 6.4. In addition, the MOS device, MNW1 (170), of Fig. 10 is used as a
capacitor for controlling the frequency response of the Tee network of RP1 and RP2.

Tuner 172, illustrated as instance Tuner in Fig. 10 (and in further detail in

Fig. 20), generates a voltage G (174) which controls the resistance of the MOS
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In Fig. 10, resistors, RP1 (166) and RP2 (168), are polysilicon resistors.
Resistors RP1 and RP2 forma Tee network to effectively multiply the val ue

of the f back resistor 156 by a prescribed factor, e, on
t he or de%‘f”"‘sgﬂappr oximately 6.4. In addition, the MOS del)\flcﬁ‘(rfzuesf%%\i (170),

of Fig. 10 is used as a capacitor for controlling the frequency response
of the Tee network of RP 1 and RP2. Tuner 172, illustrated as instance
Tuner in Fig. 10 (and in further detail in Fig. 20), generates a voltage G
(174) which controls the resistance of the MOS 15 WD 01/47117

PCT/ US00Q/ 35445  resistor in block FeedBack 156 such that the MOS resistor

i s proprsstor an Rlogkol eed Bagkelathsechy Bhatdhg MO resistor ks exerprbionalt aThe Tuner

bl ock 2.1s i n. - C ' n ' f nt

ai sl BeEr Rl R SO PRI LS 155 P e R T2 IS BEERET, o/

her ei peliptignte ONOTBh MnbRlimeht U thapesheas digtsdsure e INallRoMhé Thingr blétk( and
in further detail in Fig. 21), provides a resistance 178 between bl ock

TUNER172 avitiree dgsouibed fultherheseistbelow.i s sel ected by signals GN_SEL[O: 6]
148. OGN TRl i ed in ccordance i e di t of th t

di scl osur edi%elfgmilﬁ lﬁﬂ\%}r i WS?%WCW}W !lﬁ%gg'l L@g%?cf%ﬁlrgggé\?vseg
Gn_Tr PB%%%I%E#S 218580 ddd% RRYEthReE T 9% b%@weéﬁ‘bi@'ck”TUNERqe@ FhBEFER. St I ng

of poly resi'stors 180 connecte et ween node RREF 182 and ground.
The t e resfstdie iseslestat by signads Gah SEL[OhOF 1481 GN PBIMdL Myistusediing on t he

MOS devi ce connected tqQ a corresponding tap, .there di.gitall | 1'ing
t he raesardaneewittgan geihosimens @t tgpresensd da&%osg%u%%ta#ﬁ@%% @\?gfﬁf e

resi Sbﬁ%ﬁ%?@ilﬁge%rég ] ed:lﬁelgwseen at node RREF controls the value of the

t uned resistance. For exanple, the value of the resistance string 180
can be nomGalTmt DetaiRd Réfefrifg aomt f Fig 222GaK Tatm iwshelespr @irfeshyringt t i ng

the appropriate fuses. GX 184, illustrated as instance GXin Fig. 10 (and
i n f upf pelystlioainesishorsi 0 amnecterd ihetwaen nede BREKS182 ang; greundy &"hea@eeps
PT Opo% %;}(1)6? ?ésiét%r ts relng %gg Lﬂ)te S %%teodf toAgl\{“Fc))u%lA("i }E gurning on the MOS device
connected to a corresponding tap, thereby digitally controlling the resistance 178
between node RREF 182 and ground. The value of the resistance 178 to ground as
seen at node RREF controls the value of the tuned MOS resistance. For example, the
value of the resistance string 180 can be nominally trimmed, for example, to 22.5K at
wafer probe by setting the appropriate fuses.

GX 184, illustrated as instance GX in Fig. 10 (and in further detail in Fig. 22),
sums the voltage G 174 with a voltage proportional to the output 154 of AMP 142 to
generate a control voltage GX 164. The control voltage 164 is used to assure the
tuned MOS resistor in block FeedBack 156 is essentially constant as the voltage
across the MOS resistor varies. Details of the GX block 184 will be described below.

GX Details: Turning now to Fig. 22, sub-block GX_AmpN 186 includes a
differential operational amplifier with non-inverting input POS 188 and inverting
input NEG 190. The GX_AmpN block 186 is relatively straightforward and can be
implemented in a number of different ways, using techniques known in the art. One

exemplary embodiment of GX_AmpN 186 is shown in Fig. 23. A loop analysis of the
circuit of Fig. 22 indicates that the voltage at node GX 164 is simply the voltage at
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'0 generate a control voltage GX 164. The control voltage 164 is used to
assure the tuned MOS resistor in block FeedBack 156 is essentially constant

as the v cross the MOS resistor varies. Details of Qsock 184
will be S‘I’élts)??{iz)ez below. GX Details: Turning now to Fig. Egﬁ/%s%s +ock

GX_ArrpN 186 includes a differential operational anplifier with
non-inverting i nput POS 188 and inverting 2?5 input NEG 190. The GX AnpN
block 186 is relatively straightforward and can be inplenmented in a nunber
of di fferent ways, using techniques known in the art. One exenplary

o ouinbasic frg Plas Tbs tmes shenalioenat pone SO0 Tt 4o d ek a4 hesobeFRgtis the
I 4
Vol t a8 F. 16 R i EpE NDledpElt daddutonts £ d [y ndybittad hHSa 1E

t he voﬂ)Ua‘geleaﬂ AccerdihHly 1 e VoltSzedat homsGRNEGA B 1 agaimbs PR @oltkd Xt 168
Accordl n%g/ t he vol taﬁe at node GX 164 is 1.44 tinmes the voltage at node

160 phus thet albpgesat msteeGA774. | The NMOS devi ce 192, illustrated

a0, i R S AN LB o
oper at]Qprditatié ﬁléchgf%e %ﬁbt\é@ﬂléﬁg el‘l‘f@&é’ﬁEé MNE'S']:PlUMZ R0t Jéf%t%tﬁiel S:

Referring now to Fig. devi ces - MP8, -MN5, resistor RP2 and
conpemdatiionl eEpativhef thelighd tlvmlltagé cd’nrvmvtexidﬁicw@riﬂﬂlse atw 10 stage

| nver i ng ITpORIREETa0s et amenenie Tor 2 nises MRANPRe SN ar op

a

Devi od L R G Sk e b Eﬂmﬁ?ﬁzﬁﬁﬁﬁﬂ% Vol Tahef 772 SoBritedime o
0w th ctagesfoldedodastdde og%raamhaﬁ&n{;ﬁﬁt&&trithei@n-ln/\mtlﬁgxnpﬁtR@SQM mately 2 .

m cr oanperes. As shown, devices MP15/MP16 of Fig. 20 are spare devi ces.

Bl ock inysstiRgrmput §8EG; 196,:8pd ancentaygt ChEThnNota/Bit the pargicudar op gmp

;g\(/:vt angu(l)l%;r;y as 1lﬁu§%ratedl\{%l}g%wec?§ne\l%); tt%%uﬂflgg%socfi. the devices in each

Devices MP9/10, MP11/12 and MP13/14 are matched constant current sources

with currents of 52X, 2X and 8X respectively, where X is approximately 2
5 microamperes. As shown, devices MP15/MP16 of Fig. 20 are spare devices.

Block MOS_R_REF 198, illustrated as instance MOSR in Fig. 20, is a
rectangular matrix of NMOS devices with the gates of the devices in each row
connected together and the sources and drains of the devices in each column
connected. In addition, resistors connect between the parallel gates of each row such

20 that the resistors form a series string. Finally, the drains of the devices in the top
row are connected as are the sources of the bottom row. The gates in the top row are
connected to node GHI, the gates in the bottom row are connected to node GLO, the
drains in the top row are connected to node D and the sources in the bottom row are
connected to node S. Refer also to the schematics MOS R Ref 198 of Fig. 24 and

5 SubMOSR of Fig. 25. Devices RP3 and MCW2 provide loop feedback stability for
Tuner 172 of Fig. 20.

Operation of the TUNER block 172 of Fig. 20 is as follows:

Node RREF 182 is connected to a nominal 22.5K ohm resistance to ground in
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connected together and the sources and drains of the devices in each col um
connected. In addition, resistors connect between the parallel gates of
each row_such_!Q that the resistors forma series string. SF he
drains oV AH&"Hdvi ces in the top row are connected as ar g'(::tr eoé%stf?%:es of
the bottomrow. The gates in the top row are connected to node GH, the
gates in the bottomrow are connected to node G.LO, the drains in the top
row are connected to node D and the sources in the bottomrow are
connected to node S. Refer also to the schematics MOS R Ref 198 of Fig. 24

and !5 SubMOSR of F}iGQ. 25. Devices RP3 and MOW2 provide | oop feedback
st abiblpely GNor TRIMnkEF6 (Figs of0 sne 2120 Thesairseniofyoss MINGS/ FNER 1% 2tk 172 of

oo SEUMUEHED agkGuRiee Ao E e ionosf RS BEAGLE sk BRb AR R W 176
(Fi 9SThikQodtge4d buffidiéntd h%gﬁhitﬁﬁ@h%ﬁ%éﬂs%fi thefd@amplo 86t @ldeshes a

reference voltage at node F 182 of approximately 350 mllivolts. This
vol t aggnifieastitfiocsent |y hi gh that input offsets of the op anp do not cause

significant errors. ent_ soprce 1/12 of Fi 20 forces onst ant
current tH W&ﬁ%§ﬁﬁr‘§§¢ / 1£8ﬁﬁb‘%125§%ﬁ?§i & EQpst ugr@gggﬁlaoqg% @’et $&1Gr ai n
node . SR : K f the
MOS B)enfeg%ﬁolg{?l%gg I'S (}?ndr?:%?%gll @?ﬁeé@%b%ﬁgggwgﬁg dgggrgé\géﬁgfq%f)of Fi g.
20 f asleels 198 ¢ dfist suiirce node(s) 206 ol ghe M@SsRr ReSblodk r1€8iistconnetteirig

connected internally in block MOS_R Ref 198 between nodes GH and G
Accorgrongdy, a constant voltage drop results between nodes GH and G In

i of ONGeTRshBR IR0 BTG e TR LY FBRh R, 1 v

0 CONnst@RtsteF dirthg SO ERed PhicafSlly th PIRKIMEES IR 108 Bt ctddeReIHDhaAGK
98, and hence t%he vol tage at node -
G. Accordingly, a constant voltage drop results between nodes GHI and G. In
addition, the voltage drop is designed to keep the devices in the MOS matrix of
MOS_R Ref 198 in the linear region of operation with a relative constant drain-
source voltage.

5 The resistance of the MOS_R_Ref block 198, and hence the voltage at node
POS 194, will be determined by the voltages at nodes G and GHI. If the voltage at
node POS 194 is higher than the voltage at node RREF 182 (node NEG 196 for DC
purposes) the voltage at node G 174 will increase, causing the drain-source resistance
of the MOS devices in the MOS_R_Ref block 198 to decrease until the voltages at

0 RREF 182 and POS 194 are matched. In other words, this is a closed loop with
negative feedback. Since the voltages at nodes RREF 182 and POS 194 are the same
and the currents from sources MP11/12 and MP13/14 are precisely ratioed, it follows
that the resistance of RNW1 202 in series with MOSR 198 is also precisely ratioed.
With the values as shown in Fig. 20, the effective drain to source resistance of block

5 MOSR 198 is 81.1K ohms.

Now, consider that the nominal 22.5K ohm polysilicon reference resistor has a
positive temperature coefficient of about 700 PPM per degree C. Resistor RNW1 202

is composed of N-well material, which has a positive temperature coefficient of about
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L0

PCS 194, will be determined by the voltages at nodes Gand GH . If the

vol tage at node PCS 194 is higher than the voltage at node RREF 182 (node
NEG 196 for DC _Purposes) the voltage at node G 174 will increase, causing
the drai n"YQ8YFH&" resi stance of the MOS devices in the MOFR/RBH5ck 198
to decrease until the voltages at 0 RREF 182 and PCOS 194 are matched. In
other words, this is a closed loop with negative feedback. Since the

vol tages at nodes RREF 182 and POS 194 are the sanme and the currents from
sources MP11/12 and MP13/14 are precisely ratioed, it follows that the
resi stance of RNWL 202 in series with MOSR 198 is al so precisely ratioed.
Wt h t1080RPMeperadegyhewh AsténgerdtOre phithetireaitirisesdtla mcreasduorthe

resi stapce of block .5 R 198.is 81. 1K ahns. No nsi t hat the
o ariengiacaper Vol beammpr Bierasebomosdra o OnaaniPIRUORR e

t enper, Y/ . i st:r, ,RNWL 202

| S ROMELHARICOFthe B ihscin RRWY, A, FEHIPIheAR0RTErdSjatiiSt Sfiftbe

coef f iapipeotinoite BhairistadiBo WD teidpbratuiePCT/ USO0/ 35445 7000 PPM per degree C.

As tenperature_of the circuit rises, the increase in the reference
r esi st ance HgedBagk Datadsr RelsreingagapnteKig 19 acerardpnny srmspmbodimgnt,

pri mirthkzM@ﬁy&e@cés%?rfee%ﬁ%aicﬂ leS nc‘i‘u(ﬁéaﬁlrelé%%'tgxg% ol\%giqrr %{' Sﬂfﬁ?%@ e wll be

appr oxi ma constant  over tenperature. ring

agai n thRrémhglonknd0 Somidrods tadena @Haeh anhde té bige Mo steaddesnPbf firedBack
bl ock 156 include di nensions on the order of 120 mcrons |long and 0.8

m cr odeedkiags dexiceo merordinglyvetiere & a bentjmueusresistence fivnofthe Heainf eetibbic k
ol cop MERTETO lere L E,Aneamyous oot stance Trom e drain end o
S50hac, et S B ORLSOR,  A eednl
as t ely(Hlogk FeadBack dini 256 as shewndhrifig 2@ FBh2 BeedBackgSid blodkn21®ne
enbod irggpés’en%shée?cha(?epvri(?exgsrr?éri ? 1?))Vgirar'falijesredctieviicrtlas:ainscihgrydilngtSiu(ijnFlg1 gciilfz %rf OP‘\/i:g.dZe ’YS fln
one embodiment, this approximation was used in a simulation and provides a
reasonably accurate representation of the actual electrical performance of the device.
In the FeedBack block 156 of Figs. 10 and 19, nodes OUTX 160 and NEG 158
are the terminals of a tuned MOS-R resistor. Nodes G 162 and GX 164 are connected
to control voltages. Node NEG 158 is close to zero volts. Also, as noted above in
connection with the GX block 184 details, the voltage at node GX 164 is equal to the
voltage at G 174 plus 1.44 times the voltage at node OUTX 160.
With no current through the MOS-R resistor of FeedBack 156, the voltage at G
162 is the same as at GX 164. In this condition, the resistance of the MOS-R resistor
1s proportional to the resistance 198 of the MOS_R_REF resistance in the TUNER
block 172 (Fig. 20).
When current flows through the MOS-R resistor the voltage at OUTX 160
increases. According to simple MOS equations, increasing the drain voltage of a
MOS device in the linear range of operation causes the drain-source resistance to

increase. As the voltage increases, the threshold voltage along the channel of the

distributed device also increases due to body effect, causing a further increase in the
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0

reasonably accurate representation of the actual electrical performance of
the device. 15 In the FeedBack bl ock 156 of Figs. 10 and 19, nodes QOUTX 160
and NEG 158 are the termnals of a tuned MOS-R resistor. QQQQ 2 and
X 164 ar® WHhkcted to control vol t ages. Node NEG 158 is ¢l sct)gg%égzero
volts. Al so, as noted above in connection with the GX bl ock 184 details,
the voltage at node GX 164 is equal to the voltage at G 174 plus 1.44
times the voltage at node QUTX 160. ?0 Wth no current through the MOS-R
resi stor of FeedBack 156, the voltage at G 162 is the sanme as at GX 164.

In this condition, the resistance of the MOS-R resistor is proportional to
t he rfélsalstsanc@e nepgstence.h & hvEssRURBRINAES Fetistanee ichan ges, FONERSO wm@;k 172

(Fig. 5£ ea curr nt f1 ows t hrough %he MXS- R resk¥ﬁo§7the va i’e at
oUTX kestrtanes Fhangasdile toCaINeR P Y EtHFR OIS TR BB NS "Ph%ar Q ng the
dr ai negrah bR e dist R AAE Yol Bgh agpwmew angErAin LRSbAL | e EIB0S, ! he
drai n-source resistance to increase. he "vol t age 1 ncreases, the

t hr esttdlas beeint faga dathab dort &pactianiae ICMOSt }im@cesh ssad, buberdd\li. ¢4 isl so

|ncreases du body effect, causing a f increase in the 19. WD
01/ 479REPPET @Js%@ﬂ B8t oy den patecdgm iR e \*’é@hﬁ@%re#h e@ngdarroéh R n
resis IS,

vor oo FRERLFAHRIC: OO SR IR e RERIIHAVEE [FRRPHTRACHGY. IR

di st rpéati ReirghilgatdletlBgRrapRresy wab eypicalle tedsdhng (5% w\erehbddsiredt , it

has been found that for a particular CMOS process used, a factor of 1.44 is
opt i NOPETRGMS YAALEI r st order correction circuit. Wth d| fferent doping

profiles a i de, t hi ckness cted that .t act or. m

Bl Pahtty ot aRidertd ARG o deaplic BRI Horkd BebERF FhC Bp el
typi cgtine d&ase hharhe gale QM&@uba@aélﬁ%ﬁ&ﬁcm%%%gﬁqrémy 1b§s addition to
t he above, a parasiticC capacitance is noted between the channel 0 of the
devi cSuamilrtgﬁlegrmt@uarmgrm] mm&m&mma highi fybqdiersgyusondgtriapss.

ggg}ﬂ sg %c%h svh?(L:lh Igiug;[mf:slcant?y extenﬁs tﬁe %Xgh ?4 %reg\é}lr ggggea op oger}atcl%%qo%etﬁcy
circuit.

The above disclosure provides many different embodiments, or examples, for
implementing different features of the invention. Techniques and requirements that
are only specific to certain embodiments may be imported into other embodiments.
Also, specific examples of components, and processes are described to help clarify the
invention. These are, of course, merely examples and are not intended to limit the
invention from that described in the claims.

Although only a few exemplary embodiments of this invention have been
described in detail above, those skilled in the art will readily appreciate that many
modifications are possible in the exemplary embodiments without materially
departing from the novel teachings and advantages of this invention. Accordingly, all
such modifications are intended to be included within the scope of this invention as
defined in the following claims. In the claims, means-plus-function clauses are
intended to cover the structures described herein as performing the recited function

and not only structural equivalents, but also equivalent structures.
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effect, which significantly extends the high frequency range of operation
of the <circuit. The above disclosure provides many different enbodi nents,
or exanples, for 5 inplenenting different features of the invention.
Techni que®¥OMH@ Hdqui rements that are only specific to cer P&TASIHBYAT ment s
may be inported into other enbodi nents. Also, specific exanples of
conponents, and processes are described to help clarify the 1invention.
These are, of course, nerely exanples and are not intended to limt the
invention fromthat described in the clains. 0 Although only a few
exenpl ary enbodi nents of this invention have been described in detail
above, WHATAS KILAEMED IShe art wil | readi | y appreciate that nany
nodi ficati ons are possible in the exe y .enbodi nents wi_thout materially
departing f¥om tfﬁéﬁ’ﬁd\ﬁfémm@a@ﬁ?rh@éteérm r/%ﬁﬁtagégmfe COMRYisiAgent i on.
Accordingly, nodi fications are intended to be included within the
scope of th| (sipalllh\;cg?#?%%l as 5 defined in the followwng clains. In the
clai ms, meapsoudcesefmigdli on clauses are intended to cover the structures
descri bed herein as perform ng the recited function and not only

5 structural edwneglengdn digposddshetepenaiddraiot tenmtinaleand 2@d\§oudad 47117
PCT/ US00/ 35445 WHAT IS CLAIMED IS: 1. A five termnal distributed MOS
resi st'6f™4e¥% ce conprising: a drain terminal; a source ternmnal; 5 a
channel T eqj giaHiARARRT PSS 5@& iR B ! Tepfn,and sai d source
termnal; a singular bulk termr% acent sa channel region; a first
gate t er ni rmﬁrstcgaiedaetmamldtdmﬂemeaicbmurnalterrmrmécond gate term nal
adj acent said drﬁl n termpal; and 10 a gate region of resistive materi al
di sposed bet sReeRdFatE terTpinal gdjacent paidain termsmad; a

10 a gate region of resistive material disposed between said first gate terminal and said
second gate terminal, wherein upon application of a voltage to said first gate terminal
and said second gate terminal, a voltage drop across said gate region is equally

distributed along a length of an electrical channel in said channel region.

2. The device of claim 1, wherein said first gate terminal is coupled to a
15 first signal and said second gate terminal is coupled to a second signal.
3. The device of claim 2, further comprising:

means for controlling a voltage of the first signal such that a drain to source
resistance of said MOS device is at a prescribed value.
4, The device of claim 2, further comprising:
20 means for maintaining the first signal at a prescribed constant voltage from a
voltage at said source terminal, and
means for maintaining the second signal at a voltage equal to that of the first
signal plus a voltage proportional to a voltage between said source terminal and said
drain terminal.
25 5. The device of claim 4, wherein said means for maintaining the first
signal at the prescribed constant voltage from the voltage at said source terminal

further includes means for controlling a voltage of the first signal such that a drain to
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second gate term nal, wherein upon application of a voltage to said first
gate termnal and said second gate termnal, a voltage drop across said
gate region is equally distributed along a length of an el ectrical channel
in said MaPH#EIT egion. 2. The device of claim1, whereinP&I/PPBIE gate
termnal is coupled to a 15 first signal and said second gate termnal is
coupled to a second signal. 3. The device of claim?2, further conprising:
means for controlling a voltage of the first signal such that a drain to
source resistance of said MOS device is at a prescribed value. 4. The
device of claim2, further conprising: 20 nmeans for naintaining the first
si gnakowatceaepistare dfedid YHIB deticeas hhgerbsaibal valakt age at sai d source
termnal, and ns_for n;ai ntai ning the second signal .at a voltage equal to

that of th8 firsihe davireet gpim 4avwhsreiaghestdinsemronartioraldobeali@stet ween
sal d_BoHy&dh LAATo0Me ARhiRA Sha U dhali? i iuch it ARXRGE Bl a1 M 4.

wher el n sal d neans mal nt al ni ng Sl gn prescri

const seNistuate agsulistanibhe cunsthagevet a prbstriid rerhtih@iraake. f urther includes
means for controlling a voltage of the first signal such that a drain to 21

WO 01/ 47117 PCTAUSeth@bafisndesinge five sewninrd digribided MOS mgsistordescat a
prescri bed. vnal,ue. 6. The device of claim4, wherein the voltage
propo??rPBFllé} &0 the vol tage between said source termnal and said drain

termnal igrsHEthd Hataid drAlifalt © source resistance is substantially
constant over a prescribed operating range. 7. A nethod of rendering a five

term nal dpsividing @dowtos temirstlor device conprising: providing a drain
termnal; providing a squrce termnal. providing o 'channel region disposed
terminal,
providing a singular bulk terminal adjacent the channel region;
providing a first gate terminal adjacent the source terminal;
providing a second gate terminal adjacent the drain terminal; and
providing a gate region of resistive material disposed between the first gate
terminal and the second gate terminal, wherein upon application of a voltage to the
first gate terminal and the second gate terminal, a voltage drop across the gate region
1s equally distributed along a length of an electrical channel in the channel region.
8. The method of claim 7, further comprising:
coupling a first signal to the first gate terminal and a second signal to the
second gate terminal.
9. The method of claim 8, further comprising:
controlling a voltage of the first signal such that a drain to source resistance of
the MOS device is at a prescribed value.
10.  The method of claim 8, further comprising:
maintaining the first signal at a prescribed constant voltage from a voltage at
the source terminal, and

maintaining the second signal at a voltage equal to that of the first signal plus
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O termnal; providing a singular bulk term nal adjacent the channel region;
providing a first gate term nal adjacent the source termnal; providing a
second gate term nal adjacent the drain terminal; and provi din ate
regi on of WPHZTve material disposed between the first ga?%T@S‘g’és?A%nal and
the second gate term nal, wherein upon application of a voltage to the
first gate term nal and the second gate termnal, a voltage drop across the
gate region is equally distributed along a I ength of an el ectrical channel
in the channel region. 8 The nethod of claim7, further conprising:
coupling a first signal to the first gate terminal and a second signal to
the @ vwomgagprgporidrel b mataltage beteverntthedoafcecleainingl afidithédraimonpri si ng:
controlling a voltage of the first signal such that a drain to source

resi sf"éﬁ’%’@ f the MOS device is at a prescribed value. 10. The nethod of

¢l aim 8, ¢ he'T}%%B{Héd &%Elaﬁn%' l@h@fnr&%aiﬁ}%u{ﬁh e%}x%?@iﬁal% af' he ¢ escri bed

const ant VO tage roma vol tage at e source mal nt ai ni ng

t he spessdibetgoaktait @ltagbtfa@ﬁ te@ualitdge dthak selirddiRriinsl figteneinchldis 22
WO 01/47117 PCT/ US00/ 35445 a voltage proportional to a voltage between the

sour ceontgplinga valhage Réthy ﬁrsﬁ sigealrduchl that 2 druietorseunsd resistangernf the

wher e nt ai.ni_ng the fir SI gnal at the prescribed constant voltage
from M;Qgﬁgvlcgdgag% Rrﬁécréle) uFer m nal further includes controlling a

vol tage of 1bhe fibesthestidingt clat#gh ot WHer@mdﬂ}fé' it e%ﬁ’db@ﬁtléﬁﬁ't%ttﬁ@%l& et he
MOS device is at a prescribed valUe. 12. The method of claim 10, whereln

t he vbetveepm ti‘recmnnte oderahintad andehealrhay ternbietiveesu dhhtédh a$ audén tesour!  and
the d{'(?sllsr}ca%gé Ers] snu Stgll’sltlg. §20£Qt%§1t %VgII: glprrl'eéc%bse%utglgze%atmg range.
13.  An integrated circuit comprising:
at least one five terminal distributed MOS resistor device including a drain
terminal, a source terminal, a channel region disposed between the drain terminal
and the source terminal, a singular bulk terminal adjacent the channel region, a first
gate terminal adjacent the source terminal, a second gate terminal adjacent the drain
terminal, and a gate region of resistive material disposed between the first gate
terminal and the second gate terminal, wherein upon application of a voltage to the
first gate terminal and the second gate terminal, a voltage drop across the gate region
1s equally distributed along a length of an electrical channel in the channel region,
the first gate terminal for being coupled to a first signal and the second gate terminal
for being coupled to a second signal; and
a tuning circuit for maintaining the first signal at a prescribed constant
voltage from a voltage at the source terminal.
14.  The integrated circuit of claim 13, wherein the tuning circuit includes a
plurality of series MOS devices.
15.  The integrated circuit of claim 14, wherein the tuning circuit further
includes a temperature compensation component.

16.  The integrated circuit of claim 13, further comprising:
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resistance is substantially constant over a prescribed operating range. O
13. An integrated circuit conprising: at |east one five term nal

distribu esi stor device including a drain termn rce
oA e

t erm nal el region disposed between the drain termna

source termnal, a singular bulk term nal adjacent the channel region, a
first gate termnal adjacent the source termnal, a second gate term na
adj acent the drain 5 termnal, and a gate region of resistive nmateri al

di sposed between the first gate termnal and the second gate term nal,
wherei n upon application of a voltage to the first gate termnal and the
second gat@&leesbarkgircuy fopmageaiging the peroadisigngata vel§agmheqy t@cﬁah y
di strjhut I e Lcal ' - egi on,
the. 10l ot REF Yl eh e BEs Lo g Taap PRyl $HE sORRE i 88 0T,

gat e 4ed fhéataif tbemikgl Nng coupled to a second signal; and a tuning circuit
for maintaining the first signal at a prescribed constant voltage from a

vol t age atl7.he Thaintegrated aivduit oficlaithd 6, heyein e faedback cigpuidlinelndes,
wherein.the tunpjn ircuit includes a plurality of series MOS devices. 5
15. T"I"na1 tﬁ?’é‘%?d;t)%%sg‘?arpd}éﬁ%lb%‘%%lrﬁp 14, wherein the tuning circuit further
i ncl udes aj g enPPLALHESRURERSAL bPAASAPeRAher L6mpFignint egrated circuit
of claim 13, further Comprising: 23 WO 01/47117 PCTI U 35445 a feedback
circuit foa Tee-nettarkifemihtaok ceeaincbuglehto tlaet deaindermgealdquancrieasingaan of

the first signal plus a.voltage proportional to a voltage between the
sourc%ff‘%célf"iﬁrrﬁ’ﬁ}Sta%?ooﬁsr"f’éd&égﬁ’eﬁ]@mﬁ C€.17. The integrated circuit of

oLl 1o pher oyl SadbaRinE L a1 ISR o s o
0 conpricricoditralinga wktaperdf the €tbnsiknal ek thaaou@tad th@othe eisgitAnéesim nal
for | snacigi (ijli(s)lsn ev?cne is at a prescribed value.
20. A transimpedance amplifier integrated circuit comprising:
an amplifier having an inverting input, a non-inverting input, and an output;
and
5 a distributed MOS resistor device coupled between the non-inverting input and
the output of said amplifier, wherein the distributed MOS resistor device includes a
five terminal distributed MOS resistor device having a drain terminal, a source
terminal, a channel region disposed between the drain terminal and the source
terminal, a singular bulk terminal adjacent the channel region, a first gate terminal
0 adjacent the source terminal, a second gate terminal adjacent the drain terminal, and
a gate region of resistive material disposed between the first gate terminal and the
second gate terminal, wherein upon application of a voltage to the first gate terminal
and the second gate terminal, a voltage drop across the gate region is equally
distributed along a length of an electrical channel in the channel region, the first gate

5 terminal for being coupled to a first signal and the second gate terminal for being

coupled to a second signal.
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effective resistance of said MOS resistor device. 19. The integrated
circuit of claim13, wherein the tuning circuit is further 0 for

controlling a voltage of the first signal such that a drai rce
F osi st an@BRTI1Za; 4 NS device i at a prescribed val ue. %gﬁ\%o&/?ézlé

transi npedance anplifier integrated circuit conprising: an anplifier having
an inverting input, a non-inverting input, and an output; and 5 a

di stributed MOS resi stor device coupl ed between the non-inverting input and
the output of said anplifier, wherein the distributed MOS resistor device
includes a five termnal distributed MOS resistor device having. a drain
terninal, 2l.soufbe transimpedanceapplifiesinteggaied arapbebdayatdbart’s drain
term nal and the source termnal, a singular bulk term nal adjacent the
chanf®™PP8n, a first gate terminal 0 adjacent the source termnal, a

SECO@PH%%&&J Pubd 3dbweanthd hendhaéidEiPutaind 8binveraakenpegoosaiaf

resisttve materi al” di sposed between the first gate termnal and the second
gat e dreplifiaml , wherei n upon application of a voltage to the first gate
termnal and the second gate termnal, a voltage drop acr th ate
region i s ®qual The tEANYMPEHaReE aMd eé“il%f‘“r?ddgr%{ 8?@@%% Ifu’éﬁ‘g nel in

t he cﬁr&%qaﬁ‘gg region, the first gate 5 termnal for being coupled to a first
si gna ¢ second gate termnal for being coupled to a second signal.

24 WO 01/ 4 diitipteded$0Phd Bhiplexirg thd bRotddiodé ané datestimgyl tiof herinvettégg at ed
circuit of claim?20, further conprising: a photodi ode coupl ed between the

non- i impait of said applifiandceardingier pregringdunubipleseycontipl MWy . 22, The
Sl S TP MR AT B T
) 10 theihnyeRkidl®r includes a first analog switch for coupling the photodiode to the
inverting input or said amplifier, a second analog switch for coupling the test input to
the inverting input of said amplifier, and a shunt regulator for controlling a control
voltage of the first analog switch.
24.  The transimpedance amplifier integrated circuit of claim 23, wherein
5 the shunt regulator includes a current source PMOS device in series with a diode
connected NMOS device.
25.  The transimpedance amplifier integrated circuit of claim 20, further
comprising:
a tuning circuit for maintaining the first signal at a prescribed constant
0 voltage from a voltage at the source terminal.
26.  The transimpedance amplifier integrated circuit of claim 25, wherein
the tuning circuit includes a plurality of series MOS devices.
27.  The transimpedance amplifier integrated circuit of claim 26, wherein
the tuning circuit further includes a temperature compensation component.
5 28.  The transimpedance amplifier integrated circuit of claim 20, further

comprising:
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i nput of said anplifier according to a prescribed nultiplexer control

i nput. 23. The transi npedance anplifier integrated circuit of claim 22,
wherein said rmultiplexer includes a first analog switch f i pg t he
phot odi o¥® ¥4"1He inverting input or said amplifier, a sé@%ﬂ%ﬁgﬁékgg
switch for coupling the test input to the inverting input of said
anplifier, and a shunt regulator for controlling a control voltage of the
first analog switch. 24. The transi npedance anplifier integrated circuit of
claim 23, wherein 5 the shunt regulator includes a current source PMOS
device in series with a diode connected NMOXS device. 25. The

t ransi npeda fresslban circir foir mpaigitaiménlg the se¢andofignpbiatng Yoltage pewalrto that

i Sing, t uni ' it f i ntaini he first si | _at .
or 6Pl TS AT PT0% Vol g e PP A Paghiae o cepaPEaoretifainabs.
The trangidpedans lifier integrated circuit of claim25, wherein the

tuning circuirt includes a plurality of series MOS devices. 27. The

transi nped2fice Thpltrdngmpednages atgdifeirintegratdd ciranitno? 6laiwha®,evhereime
tuning circuit_ further includes a tenperature conpensati on conponent. 5 28.
The t A deeahagkfarcuihindglydesa ﬁ%ﬁ@é%@é%ﬁsmm fi%egga@? SEeH%0, furt her
conpri si NQggn 25 47117 {45604

mai nt ai ni n?éO't heﬁ?gg#h Ifslnljpgﬁa ﬁlgﬁlél? §%Q%§ﬁ§ge ga%flﬁg?@%t& qultarlg#&éf’hﬁél? l}err st

si gnaéorprisirg: Vol t age proportional to a voltage between the source term nal
and the drain termnal. 29. The transinpedance anplifier integrated circuit
of cl ai m 28 phabatieda cogpled Hetwebadhe sioncigiverting inpleisard ghe investingdnput

boot st rap,fee btack circuit. 30. The transi npedance anplifier integrated
circu? S"gﬁi alxthT29, further conpri sing:

31. The transimpedance amplifier integrated circuit of claim 20, further
comprising:

a Tee feedback network circuit coupled to the drain terminal of said MOS
resistor device for increasing an effective resistance of said MOS resistor device.

32. The transimpedance amplifier integrated circuit of claim 31, further
comprising:

a photodiode coupled between the non-inverting input and the inverting input
of said amplifier.

33. The transimpedance amplifier integrated circuit of claim 20, wherein
the tuning circuit is further for controlling a voltage of the first signal such that a
drain to source resistance of said MOS device is at a prescribed value.

34. An integrated circuit comprising:

at least one of the following distributed MOS resistors selected from the group
consisting of a five-terminal MOS resistor and a six-terminal MOS resistor; and

linearization circuitry coupled to the at least one distributed MOS resistors for
reducing a bandwidth limit of the at least one MOS resistor as a function of parasitic

capacitance.
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a phot odi ode coupl ed between the non-inverting input and the inverting
input of said anplifier. 0 31. The transi npedance anplifier integrated
circuit of claim?20, further conprising: a Tee feedback ircuit
coupl ed PP Hrain terninal of said MXS resistor devicggﬁﬁ$%§%%$éasing
an effective resistance of said MOS resistor device. 32. The

transi npedance anplifier integrated circuit of claim31, further 5
conprising: a photodi ode coupl ed between the non-inverting input and the
inverting input of said anmplifier. 33. The transi npedance anplifier
integrated circuit of claim?20, wherein the tuning circuit is further for
control i i$.-a Vomeiheddor imnplementing highasheaidOSheesiganedinjaniintegsatesur ce
resistance of said MOS device is at a prescribed value. 34. An integrated
ci r cFCUEOHPIPPERING at | east one of the fol | owing distributed MOS resistors
sel ected 1 BNEAL a1QMP onEIRR t%}mmﬂalodi_s@fimeéa-m@rsr}&@étom@vrc@qhémqan%ad a
si x-term nal resistor; and linearization circuitry coupled to the at
| eastdrairetetinsinal, usedcd/BS misil st chanidresbr didpesedgbetweendbieddnaih i mit of

N i TR T s
oL ARl R AR, PROU Mooty one

a souid¢gcen€the dahin ®ralinanahdregitereglBpotrdisiBicwaateridlalisp@ied bateesnnal
and the source termnal, a singular bulk term nal adjacent the channel
regi ¢he first pata teyminak andihasecandansn termina owhercinamamapplicativacddl gat e
E]:,[ g]rvir(])zt’:aga ?g%ﬁg zﬁts%%%%etg%r%liﬂaltzfr{ﬂlglealsécogﬁdga%e ggx:[nei‘inra‘i I ggltgée ﬁxeosﬂ 2&o%E

the gate region is equally distributed along a length of an electrical channel in the

channel region, the first gate terminal for being coupled to a first signal and the
second gate terminal for being coupled to a second signal; and

maintaining the first signal at a prescribed constant voltage from a voltage at
the source terminal with a tuning circuit.

36. The method of claim 35, wherein maintaining the first signal at the
prescribed constant voltage includes using a plurality of series MOS devices in the
tuning circuit.

37.  The integrated circuit of claim 36, wherein the tuning circuit further
includes a temperature compensation component.

38.  The method of claim 35, further comprising:

maintaining the second signal at a voltage equal to that of the first signal plus
a voltage proportional to a voltage between the source terminal and the drain
terminal with a feedback circuit.

39. The method of claim 38, wherein the feedback circuit includes a
distributed bootstrap feedback circuit.

40. The method of claim 35, further comprising:
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the first gate termnal and the second gate term nal, wherein upon
application of a voltage to the first gate termnal and the second gate

t erm nal vV, ge drop across the gate region is equall i L but ed

al ong a W@ﬁ&Vﬂhgﬁ an electrical channel in the channel réé?g%§%? %#first
gate termnal for being coupled to a first signal and the second gate
termnal for being coupled to a second signal; and maintaining the first
signal at a prescribed constant voltage froma voltage at the source
terminal with a tuning circuit. 36. The nmethod of claim 35, wherein

mai ntaining the first signal at _the prescribed constant voltage includes
usi ng a plepuplinga Jee netwerk fedhackicisyiti te thearain pemaingl feincressimg #he
integrated circuit of.claj 6. .wherein the tuning circuit further
incI3§§§%3@f3ﬁﬁ%é%ﬁ%ﬁﬁfﬁginggﬁg%?%@ﬁd@%ﬁﬁonent. 38. The method of clai m 35,
further coppri STRE mébhoAIAICMiIAY3E RIrfleGHnSiGng at a voltage equal to
that of the first signal plus a voltage proportional to a voltage between
t he sour cecargrotlingla woltiagehef thedfirst sigrakiwith the timbngf @edbbsuck thata draiB9.

The met hod of clain13§, m@@ggkﬁ t he feedback ciycuit includes a i

di st riofpEee BRdTienFg Pt fhe eyiGedset a prgscr od of claim35, further
conprising: 27 WO 01/47117 PCT/ US00/ 35445 coupling a Tee network feedback
circuit to the drain termnal for increasing an effective resistance of the
MOS resistor device. 41. The method of claim 35, further conprising:
controlling a voltage of the first signal with the tuning circuit such that
a drain to source resistance of the MOS device is at a prescribed val ue 28
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