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Background The present invention relates generally to sem conductor
devi ces, \ga%llgplrl particularly, to a nmethod and appar at usp&%s(@&%isdi ng
hi gh sheet "resistance in a circuit design using conventional
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 |loop. To generate a usable signal with the very
smal | cur r enHIGH SHERT BOS BESEY TR METHQI ANR ABPARANISEback
resistor. In integrated circuits, resistors are usually constructed using
the sBwckgnminsd that are used for the fabrication of the active devices
(e.g., transistors) in the circuit. 5 In CMOS circuitry, the |layers
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(e.g., arectangle or serpentine structure) in a resistive |ayer and
cont act i ng Ttheee tave appleatodns i aredog amteigratledreigpeotretvhich rEqainedhigh of t he
resistor. is given by the expression: si stance = (length/w dth) * sheet
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wi dt hs, Accordingly, the width cannot be nmade arbitrarily small in order
to acHigapdvaththhverwsimell gaerena seperatedibn hesphgtoiodemeatremaiagh
dinen%&g@Fh?vgvggeater resi stance variation due to the manufacturing
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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

0 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
5 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

| ength s uared of the resistor. Sheet resistances found i CMOS
manuf act focesses are 5 relatively | ow, which |an|JQH%ﬁ%@8ga%arge
val ue re5|stor mnll 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 megohns are inpractical, or at_best, costly. 10 Accordingly,
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(as opposed to a 5 differential configuration) is described in Tsividis,
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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



2 WD 01/47117 PCTI USOQ 35445 ended PMOS resistor 10 is shown. For the PMOS
resistor, connections are made to the source 12 and drain 14, the source
and dr ai the gate (16,18), and the source and drgi f the
N-wel | 3689g§78%he six term nal MOS device can be consid@?@ggggégg
infinite nunber of infinitesinmally short devices in series. i In one
exanpl e, the drain to source voltage (Vds) is sanpled and fed back via
auxiliary circuitry (not shown) to the gate and well term nals so that the
distributed gate and well voltages track the drain to source voltage. In
ot her words, the voltage fromnodes Gd to Gs and fromW to W are
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negative rail of the cirfcuit since the

V(Gs) = V(S) + tuning voltage (1)
V(Gd) = V(Gs) + V(D) - V(S) (2)
V(Ws) = V(S) (3)
5 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.

0 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.

5 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
1s 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 3’2@{0!:{%5)?“ on of FIG 1 to work at or near the ragéTjUgomegul d

require n node devi ces. However, depletion node evi ces are not
avai lable in a standard CMOS process. Accordingly, the 6-termnal > 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
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termnal, a first gate termnal, and a second gate termnal. The first
gat e tsmmminieg jursting) elcantp anmp 28evisiohhas the monriaivevting hepaecirgwctehtd t he
second

ate termn i s .adjacent to the .drajn termnal of.th evi ce.
Fur ¢ nahd SRl SUEh AR A B Eisto U0k th sh BTy Tunction of the o
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



10

15

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

term na:v[% 0997‘1?4 |y distributed along the |l ength of an elﬁclt/{lé(@géughannel
1g. 1

of the resistive device. Brief Description of the Draw ngs

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 10 feedback resistor
according tqQ one enmhodi nenf of the present [nvention; Fig, 5 illustrates a
conceﬁpagqrwﬁi%&af gioktage sanmiadster thy farsd andysespad gﬁ&%t%mlnéf%\/és

et Ei . . ! _ . ! ! . ’
oo Ritageifrophkbea 3B Rof NP i< Eal APl MR SlohEil 1888} 6 49 12 one
t uni neeledtriedl thawiidl dfehp M OBufegistieaRRE® | on accordi ng to anot her

enbodi ment of the present invention; Fig. 8 illustrates another enbodi nent
of a |Bytef Pescxiptig of dhecPrawingsng five terninal distributed MOS

f eedback regi stoy, according to.the. present. i QR Fig. 9 illustrates a
light to v lgaﬁjéﬁegtﬁ@gqﬁtae?cgwetnﬁméla‘}g]é‘ %@%?mﬁick 20 mechani sm
accordi ng tPigadoNhskra fIERPEl IR gl NG §5g8t | nvention; and Figs. 10-27
illustrate circuit schematics for one application of MXS resistors in a
MOS r esi st dfigt 8nllugtratescucdnventmmadl norctit inrpdemenovhgrenérodfias highptesent

inventigon. Description of the Enbodi nents Referring nowto Fig. 4, an
i npr oEtagegRnvEF Yol t age converter 50 includes a 2?5 five termnal MOS

feedback I epipsh ol 820 ACGOTORNG, LAcane ARt eAL Ofivd DERLEPSROS | Nventi on.

The MOS devi€es o e fiv ermn eeédback resrs epr esent
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



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 ngﬁyﬁ gﬁgrl bed 5 WO 01/47117 PCT/ US00/ 35445 manner.. That is, the
control a t node Gs (54) is controlled so that whenPGOHS003HE s
zero and the voltage at Gs (54) is the same 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 5 difference is typically a few hundred mllivolts when
hi gh sheet resistances are desired. Illustrative circuits for generating
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greater than 1. By naking K greater he electric
gat e avmtagea@frtéie davicesdodhe Tighvi df‘rthnersunaamglgmmm deaussesgirerdasingake in
bl|ltey (%f car r3 |nthIe c&darmel and
resistance o evices. In addition, the source 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 nt val ue of K However, by properly 6 WO
PCTIUSC[Yggﬁﬁ@§hzelecting K, the nethod of the present enb%%pgén §*gan 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 %{der of magni tude higher, than is tygically obtained wth
conventalestng K ghe smtbpd of $he peesent gabadimentscaix be a1spd de geBeraie diveps.
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geonetries and 20 very low Vds. In the circuit of Fig. 5 the Vvds of M
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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
input 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.



i nput offset voltages of practical op anps used to inplenment Al (72).
Accordingly, ?5 the circuit of Fig. 5 nay not be practical. Ofset errors

wll res [ gnificant errors in the tuned sheet resi circuit
whi ch ovzurvégkr/g'/sﬁt his problemis shown in Fig. 6. 7 W 01#%@%@735&5

PCTI USOQ' 35445 Fig. 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 hese MOS devices, are 5 cgnnected to voltage
di vi der RGl&%%@@lﬁ@%%sa g@é;r@?lﬁgpritﬁaﬂ%@éauﬁﬁqwer@ﬁgéo Mehber 84 in
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sensitivity to offset errors is effectively "elimnated. 15 The sheet

resi st(88cendfl2t(fe) Mbis silat such thatadheWdd dethei elemientoin EhgM@Switihg 82r ack
t he sheet resistance of 94. In comon CMOS circuits, resisto
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10 enbodigoerdspohdilEeMO$ devicesd ts cbapoheateifor bsdpesseth) e to 2?0 take advant age
of the differences in tenperature coefficients to generate a MOS resistor
with a fl atIndhesiequihefBig. Pe thebgtel solinge doat a¢rose blie MR stvingPZaistmhaeh or

Egg?tg %\{rg?%ﬁ §hahdoFrsef %lft‘iageie sf' %)ra%%l%apgm%?i%rg ¥h§1thv?r08fj(ﬂ)é iuggd (; a resistor
implement Al 92. Accordingly, the sensitivity to offset errors is effectively
eliminated.

L5 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

20 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

5 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 kn Fig.
7, R (94 ?g"‘ﬁﬁ& enented in a relatively | ow tenperatur ew%Tofg %g(g:.?“gnt (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 esi stor can be si gnifi tl | ower tha t of a

st andel?rd’p%elﬁ??&?ﬁ {hecilupees ﬁgg%%cﬂ B3 (%Fﬁpﬁéhﬁéwe[ theawtcgé?stﬁﬁg

out put g i i f . Ej i node
G (54525t RPbgr Sk e litint 61 e thbel MOR refisfor Gl bo prud IBERIEA . 100
anpl i floaer $0an Ehgt oBa isterldadte CMAB polgsidiconiresividrralona®0 for generating a

control voltage for node (t56) accor di n% to one enbodi nent of the present
di scl osur e. Tyenipg ey ke Fi 8, the onfreu dscipBaf aldbedunst sicattedPawlihiga 7Hs gh

val ue f 10, rgsi [e,] 105 . well R _t.hose .versed.in the art of
anal ogcoﬁg%gte%g‘lkté)nn?%aﬁg;Sé%ggfi’ E}}ecdlsﬁré}f)%tc’?fitbg@?é%egﬁa?lﬁEesgﬁB‘gt5f%aqq§h5nd ot her

| ayer sroasisehelanee 'aﬁil:giﬁ%(ﬂCFigaS iAch@Ws RadgtioddllciRuitryiod fof gehbritingh ed
as follows: R=(L/W* (6) 15 where Ris the resistance of a resistor, L

i s t heconérigtvioltagadomnipde Gikb(56) dicboralimg Rs ong enthoelimienéof thepsesente of t he
mat eri(gl 1used to inplenent the resistance. The total parasitic capacitance
of a re8y'S¥YF is given by: ?0 C=Cp*L*W (7) where Cp is the parasitic

capaci t anceypg{ow eé)ﬁsiﬁéleﬂlé)fneb{elﬁn%éﬂfé&g hssdRidtel Shith 3P TR FQanhek t he

bandwi dt h of a resistor Is gi
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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I'5 fc= 2/(R*C*it) (8) where fc is the -3 dB cutoff frequency. However: 9
WO 01/47117 PCTI USOQ 35445 R*C=(L/W*Rs*L*WCp (9) R*C = Rs*Cp*L2 (10) 5
fc=2/(7c*Rs *Cp*L2) (11) Accordingly, the cutoff frequency is approxi mately
i nver sel yWSB#éH{i onal to the square of the Iength of thePFE&SQE’Wf‘S Not e
that the cutoff frequency is independent of the wdth and, hence, the

val ue of the resistor. For very large value 10 resistors inplenented in the
traditional manner (e.g., on the order of approximately 50 megohns), the
cutof f frequency may be as | ow as several hundred hertz. Now from
expressions (6), (7), (8) and (11), the cutoff frequency can be expressed
as: 15 fc =R € xRE//WCHRI* LRV * G * 719) The above expression indicates
that for a given resistance value R and width W the bandw dth can be
increased only by increasing the ratio of Rs to Cp. In a MXS resistor, the
parasitic cppagi tapge: g «dpm nated by the(g@)te 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.,
pol ysilicon). However, the sheet resistance of a MOS resistor can be nade
be nuch hi%jh%rz/th‘F*t]ﬁ%tfk Gmiel.Patio of Rs t6lLp (and hence the bandwi dth) can
be higher than that of conventional CMOS resistors. 25 Wth reference
still to Fig. 8, note that since the parasitic capacitance is to the gate

P ovi des & 2 o e AR IR IF B o
cancel thegsqueere péithe length afdhacesiatroe Nogsthathhe katoffframehegdback i ncl udes
resist i%rd%peRnggr(ljt mhevwvf}({tﬁ :;[nréle," h]égce, the value of the resistor. 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

expvressed as:
fc =2*Rs/Cp)/( R**W2*1p)

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



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, agddisbpests the noise of the circuit in the boot ency
region. Even with the area efficiency and hi gher bandw dt hﬁg?/gj??(g{??‘guw th

the 5 enbodinment of Fig. 8, it is sonetinmes desirable to have an even

hi gher 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 gh ffectl i st ..Ln th i i Fig..9, the MOS

oot ot BRus ST G 3 Bty de Sl iout of Gerdhohh dsiba The AN tsaR put
Vout N . . ot B

of oot el BB Ts ek Hib st thotiE dsYPRoos SEIR Hld SR Baifin fho. 1
resi st boatstiap fireghemyryeagion.t han R1 and R2. In addition, the ratio of the

resistors iﬁ t he _glip<f}flerenti al anplifier circuit 100 (i.e., the distributed
bootstrap FESUNGERFhe arepplisiawyandhighprbandwidtheayaileblowith ther vol t age

at d : ngl .y, . e.0f K2 is given by.the expression:
> @:K*(%?E))gﬂﬁ f—ﬁ (g%QISA% lé \9}81.1%? %%%% Sl}%%e g‘? bgﬁ?gnoefveg?ﬁa_gﬂgr f}fgg‘fth‘éf’t great er
val uesresistined. Referbieg 28y ebFag G 1|ight§:t@rmﬁfa|§§%n%mrtiﬁ@eg%féaléﬁocﬁf Fig.
8, with asimlar linearity and bandw dth. wever, the noise and of f set
of t helnghyslasta Eee pptywadefeedback mechanisnahseordipg tednother Asnbbdimested the
herein, the gircuits (,of Fig;qres 4, .8, @nq“%% all have resistors
r ef er SNESHTE JISPIRSURR geliieyes SUGh adpishpbelleqtive resistaneg possibl e, using a
P-vel | procgsghe &&ﬁéxﬁa@i@ﬁ%ﬁig%} {iHe d@‘fési%@ff %quﬁ?ﬂreﬁ'ﬂr?é%!vg%taéé is also
possible to have a circuit that 1's referenced to an inter i ate”val ue,
10whi ch dividest I0dqrammectal/ tanthe detpttiiowd (68).cThe 5-(eeinihbbdisesbatedMGHd 7)

OOPY P Ab S abictoy 52 5 SHRCVEIS gafned by & Taetor of K1 / (k1S 1S, asoumang that 2
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).
15 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
20 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
’5 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 PCT/ USO0/ 35445 resistance using standard CMCS conponents is

di scl osed. The nethod enables area efficient high value integrated circuit
resi storswbqn}gﬁ”gbt ained. The present enbodiments al so prvig&easist hod
for reducing the effects of high frequency | osses caused by parasitic
capaci tance when the high sheet resistor is used as the feedback 5 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 cqontacte t e source and drain en of e devi ce.
The M3SSFHRCG AL m%%at%@&es a%peeﬁ@%ﬁ%éﬁ'lq%ﬁad@?ee@@?ﬁ%an REFea0 so
that tdifotédlk el bahiionidhiatap Lt AGEsm M6 B Htbinedahd pR&HAD! € over the
operating envitonnent ant over process variations. The control voltages
al so embpdinsatte alsr providd 4 Meethiotlifes rédugng biie effeddSof hegh Siteoiuency\hesses he
MOS resistor of the present enbodi nents is used as a feedback device in an

op amFagsed by parasigls crpaeitantewhes $he higle sheptggpiston isusedas thedaedhacknt | y
15 red i.nj I i.gnal proportional to the anplifier output into
one ofelf%lﬁgflgé% a" at?@fﬁﬁ%aﬁg?m s discussed herein. Turning nowto Figs.
10-27, a |iAdvor8fmvel did8ef embpidiment I0fil e edrusies] MO Pran Ssos io bpéfdedd R)
according to an enbodi nent of the present disclosure. The integrated

ci r cuiin ifislinerr Finge a0 vemistbe. (Tiel temmmald inelude sogtces duding bubhapdwivoh a ! 0

sinpl er process.th with the prior kn te i ques. Adyant.ages, of. t he

o1 ol LEBRAN il be ek e e Bl S dtgeed i e SParEssahd ah piayts ahehi

refer ofi [ 4 iH desy a

bhot oo og-aet CTREMO ke ib el sol AgHO kPR AIMET Tpriscibpaner . |
1010 i Isouthiat the sahuet afftheaMElS saivtante s predidthelecindcidpeatdble orver ehdodi ment ,

i nput and Qutput !5 ports on the schematic¢c correspond to pads qQn an

i nt egroREE}IRE eByiroNEMNG anthevergHoceH wieations. | Ehe somigel veltagesdse DI ODE

(114),. fur nnect. .0 block TEST 16). . The various bl ocks of the

it cuicprifeniile FIORFLRGRGBet LR hF I MOS Rt

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

A4

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

'S 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 tiple fi;allows the current input to the trans-ingegg lifier
to cone ??gﬁﬁgf?%er t he phot odi ode 112 (node DI ODE) or from pa %8?§E|N
(118). Node TEST_IN (120) controls which state the nultiplexer is in. 5
More particularly, with reference nowto Fig. 11, the TEST MJX 116 circuit
connects either node PIX IN or node DI ODE to node NEG by way of anal og
switches M3 and MN5. When TEST_IN is high, node TEST is H GH and node TZF

resTd6tpd T 1T RPN 5P stior v ale oo Al SHANE P8 SUPRDBBhL ol

the Hi tg'éhleet‘x‘%lls-ﬁ’\/%}lﬁg%?jcegei{mgﬁﬁgr -tr(zgomggﬁf\rﬂﬁ\‘@i'ﬂ{er th@g}ﬂo‘% &lodeans! (?ﬁ)ﬁg[e of

current source ode connecte 2. "Accordingly, the voltage at

node TAF)DE)foefrdmehdeHIXn IN { 118)t NedoTEST NNCS 20hcestroldwhich statd tled ent
to turn MN3 on hard for the expected currents. Another nethod of
cont r GRI{EBRERABIS 1| udes connecting M3 to node TZ, 15 which is |ogically

5 Lhe same aedB.TARIAOGHR rert DO LeKEL 131 BEhERin MU TF6 kicuy

connect ed rec ny variation 1 ns/cc’ wou

coupl ednnBtid eittstenMePIN TNV ER nbhe NUBE ¢aRrMet NECEL P ivaVNT. a SRHtBESY |
using the shunt regulator to control the high | evel of node T

ef  ectVIDE) gndMNFnaWben FEHSE_ohiskigh, nodeiTis his H3GH sudinvde Tolés NOW.

ol at ooy SeLSTNG by ana MBS ooy i RotmakePeivope 1T i B8%n
nunberpe§TdL Tipwed PeY¥sis lRLAY techniques known in the art. Accordingly,
Fig. 11 illustrates only one exenplary enbodi rent of TEST_MJX 116 in
10 gr eat er detfashunBregmuldide cbd2rols thé HIGHH d¢ved vaktapbef node &vde Blédshumt Fi g.

10. Bias _Blk 122 '5 includes a circuit block for devel gpi ng various bias
vol t ag&§uiagar copspstsigicugrentpggprce 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 Vee. 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 Vece
from being coupled into node NEG during normal operation.

20 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

5 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 of PMOS differential pairs in the input Lfiers
for inprégégwgéazr supply 13 WO 01/47117 PCT/ US00/ 35445 légéﬁ(@gﬁbgThe
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 5 includes a circuit block for devel oping a reference
vol t ageleedigny AleRjas Bk bjpek s aelbive o el pE T W ALy weérapézp@dldcwéai t
devi cg 1 24 ] i L al r could
R g i S R AN o SR
the amRig. B2 ﬂlus’ltsaﬂelslow@téx@hqga%n@m%affﬁéﬂtr ¥f BisROBIeD2 ivkredtes dBRil.124 in
greater detail. 10 FusePad 128 is illustrated as instances GN O, GN 1, G\ 2
and OS_0 t Hfwsedtel 124 igillystratgd indligElQ s the inganos EpEel bFasrBeli b3t cont ai ns

a polysili,con fuse hat be. bl o duri ng,waf er, p ti for
exanp! BSEER it plotR ey FEYI8Sing ¢ EproyerorHRg A T EE A M o of ¢ he
fuse t;RPaA%efsA98 d}fthé%Eb%%eda@Pcrﬁﬁ)HbﬁE@ 1107 The PLYSReA0860124 is

i npl enentation. The FusePad block 128 is relatively straightforward 15 can

be i npekateriye dtraigte fonwdrerarat calilfl foerienilemaynsed irs a mypnhleerhofl djfifesektneags,i n t he
art. Fig. 14 il lustrates one exenpl ary enbodi nent of FusePad 128 in greater
det ai [usIng¥echpiquespknewn ip tge raéFgglgaé%il ysAtes w_waimie&}b%’gm%gf

OS- DE i hogic circuit for demultiplexing signals

oS | o%ﬁ%ﬁa?%qg%ﬁgﬁ@ﬁ?ﬁhsmo: 15] 134. The OS_DEC bl ock 130 is

lorel ativel y Riide®adtdoisviliustratell £aihsbgncds@GNND] @Mt &N i 2 aad @S tethough

di fferent ways, using techniques known in the art. Fig. 15 ilTustrates one
exenplQiyB mbiiilferitadt olUBerRGePsul backs 638 epntunapipolasiaun fisedbhis
e B 0 e B e g B R B e o
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
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
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
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 !5 current signals TRl and TR2 is constant, but their relative

nmagni t ud F.pntrol led by signals OS_SEL[O0:15] 134. The (Reblskiisb! ock

136 is re atrve y straightforward and can be inplenented in a nu er

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.
includes a CMOS logic circuit for demultiplexing signals G- 0, G-_1

and e_é 146) to signals GN_SEL[0:6] (148). The G\ _DEC bl ock 144 is

rel at A straightforward and can be inplenented in a nunber of different

ways, —usi ”@Hﬁ R D%%FHQQ&%d s Mh%alg‘éee% GN 'ﬁ%} 1%7171% ;gsltnr des aOGM e”p| ary

enbodi ment In greater ust rat

i nst abugdc éivantrfoi:dgnﬁﬂtlplamhgldgmaas GFg_b Gl n arra\m ' di(fli6y emtigablsoper atr onal
op an&é\\fﬁ.ﬁ rail tora out_put common node i nput range that
inclu

hb(Giehat48)e Thp |GIHLD@C blﬁCMﬁd)ls reledively sireighyfompard amsbeary o

e b SaibtnRRbal i § SR o cifrck & ihys, Yhtnd RRpBiRe 1cdoin'sf (kR [ 000

the | Bpalt] 7 ﬂlflfsﬁﬁ‘ite@f)né *é@eﬂimﬁyférﬁbo&ﬁn&ﬁ STON OEEd 40)inhhenicrdictaises in
i nstances OS 0 through The Op_Anp block 142 is relatively

strai ghtf oﬁmmnaMZC dhldﬁeahedrﬂsanetﬁtmd AMP ia Rigrigrindudgs faflagbrgralmays
usin n art. Fi il l.ustrates one exe
o LS diteEdntielPBrantionafod in vl il to veib bl Sod & Fiip i BOGE as
I nst a%’c’: lr% thg 1nc]19dé§ﬂﬁje hQ%fItlr'\;é RET (idet Alolanidh. T"Hﬁan%rgﬁn C}.upﬁﬁlsa

t uned i'stor according to one enboditent of e present i scl osure.

The t INTe@, bmwm-snsémng‘mﬂﬁft 152cisRIeS Niatisl (Hd 8ntartdl SAUBXO UG ONoddh @R 1
vol tages on the control nodes, G (162) and GH (164 control_ the

resi stEDanhIHE @r0) are cornaaterd tebi S_Frim 488, which allows thyimiedBack
bl ock o%fégt éﬂ ﬂhe zggpﬁﬁglc 'i('_) Bg%onlclrotlf'eﬁrby lro%;qug l?uses in instances OS_0 through

OS_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 isused 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

15



In Fig. 10, resistors, RP1 (166) and RP2 (168), are polysilicon resistors.
Resistors RP1 and RP2 forma Tee network to effectively rrultiply t he vaI ue
of the gefback resistor 156 by a prescribed factor, £,

t he or de'r\@?f(ﬁ! 5 approximately 6.4. In addition, the MOS deV| ce, % (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 15 WD 01/47117

PCT/ USO0/ 35445 'st ' | oc e a 56 , 3uch that the resistor
i s propot ?’E)thlotcg dg@qué%cél"Fégﬁgggﬁg}g éﬁea’istfaklsmomwriaﬁéo 8The Tuner
blrock deferenge ¥e&dtdrte iAHIONT TRy n@}g@qﬁp i A RO
di scl osure. eDet algtf e theéT% M ™ 1 R ch{felsr}(%:rF‘Sbﬂ?g Slrther
her ei nadeetrdamceSviEh a"r'ﬂaﬁdbdxdﬁnemﬂ (bﬁﬂieﬁﬂfe@éhtﬁ@lSC]@Sﬁﬁﬂ cBetailsTdtl tMei TukérgblodR
(and in further. detail in Fig. 21), provides a resistance 178 between

bl ock TUNER! beslegeiabed Hunkber herpin helo%t ance is sel ect ed by signals

GN_SELJ O: 6) I in C cep i t nment of

> t he present (qul4 @Iﬁl}E %zpatFé gsiggtﬁ‘ 6@%?%’1 ig }bégnd l{qqogt}%%scrl bed
bel ow. detQil & Fig] Zfl)Dpi‘@shﬁés aRetistdriced T8WbtieehifocRTUIGREIT 19hhAGkoE8e. a
series string of ponS|I|con resi stors 180 connected between node RREF 182

and grboegesigtiamce apseledredthyssigegls SENr SELL016¢ 148n (o¥_TRIM @6 iouggdind by

turnin on t he devi e con dtoac espon
di git rvg/%g e 8d]rnéesr? Qfla@‘@é)rf?@ ‘g‘é ﬁ@a% %Fﬁ%vlihfg;& %IM ound.
The vaglgg{qutvhg BEGbtBRED ISP, t 0 ground as 15 seen at node RREF controls
the val ue of the tuned MOS resistance. For exanple, the value of the

10r esi st ance Ghr Trign TRBaiten Rbfernimy maw Ity Phglim‘nﬁn Trm mcdnpesea sédeL2rhie at

waf er %@Py setting the appropriate fuses. GX 184, il]lustrated as
i nst aanEP IgprETepistops 480 qonneqtad hisbveere nare RREF1$2 and grounshs Thadaps

volt agg tﬁe ]rgéis%rt Qrﬁlgv lnt BOEn SO 26 %‘ré) r?ci by%urm ur; Pl!ilet D/Eé§ d%];rlcélvp 142 to

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
15 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
20 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 voliaf cross the MOS resistor varies. Details of ock 184
will be descr?%gg below. GX Details: Turning now to Fig. %§ﬁ62§%§%kock GX
AnpN 186 includes a differential operational amplifier with non-inverting

i nput POS 188 and inverting !5 input NEG 190. The GX AnpN bl ock 186 is
relatively straightforward and can be inplenented in a nunber of different
ways, using techniques known in the art. One exenplary enbodi nent of GX

iA%NC finde G134 s Ovfa Hipss e oligeknl Toab 0T iy Note oamithgechemibions
01/ 47 : 4 [ :
QT 124 FiRorts TRy (RN et S RN OO B RO O VORI B 02"

node QIUTES#60.s AGcdrdingis tiidieoadd aigRodd GXotes isAMX th60s tihe ooltdiagt Modé he
vol tage at_node GX 164 is 1.44 tines the voltage at node OUTX 160 plus the
vol t adeUdX Hefplus tieqvolsagerat nedecGdléidi ce 192, illustrated as instance

. MNESD1 i Fiqg. i | i i i 4 o1
b oo MedE NOB0s el SusFafiet IR tn g ANESD IR aREr G uRR T g
to V0|eﬂ&§ﬁ)s%§’ﬁyﬁiécﬁ??%\g€dtb&tiéﬂ.o-TH&BEHcWNElsﬁl B85 & AbNEc18eM 19 thed. 20,

devi ces MP1-MP8, MN resi stor RP2 and conpensati on capacitor device
MOWL efectringl operatioomdrthe dight ttayoltdge cageertet diecuic dd0ode oper at i onal

”:3 ot & 1 SN Dale” ReBtpintp e igoit doviccnpsP Sy bl My e, od i o
: i 9 14

ore’ S RPOMnd B St iobeatatlor BEVEE ECNTDN un P E54 HonRikle

.0 r espestageefoydedrdcedXoperatfipiad ximififtdrywith mon-giveatipgrigput RO hoan, devi ces

MP15/ VP16 of Fig. 20 are spare devices. Block MOS R REF 198, illustrated
as i ndR¥ETEnAINERtINEG 106 aud ansoutput éxldhgNode thet Fematiopmsopedices wit h

the 9%5&08{7 ak ri]l‘_fusdc?‘g%e%lelss oinrlly 58S %f rrr(lja\ll}/ly that could be used.

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

0 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&acﬁlpmé%that the resistors forma series string. f&ﬂﬁgdoﬁsdshe
drains of the devices in the top row are connected as are the sources of

the bottomrow. The gates in the top row are connected to node GH, the
gates in the bottomrow are connected to node GO, 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

o abi DIt GO T d6 F5s, TOrngt 25 Tap@erenbrgn MBASHANE %F%@Ea‘i% o
ot al Y _ . . N O x
oo sFoabfisfes & Sttendfice DM EHOd BRI 1OARFRBBIoithiRe BB BNEoIRS P
( Fi gs Thi§velntageik) suffibiently ightthhit pudRifBdetd of thebpg andPdo est @hlisshes a

reference_vol tage at node RREF 182 of approxinmately 350 mllivolts. This
vol tagmﬁcaéﬁffmf@ﬁ"sently hi gh that input offsets of the op anp do not cause

current e nEATERT RurSEMETL1ZRHTIGE, Hitees e Rap St B tRiondh IBTR R i
node (Bhn@0éd Obsiths RN RoB2fandings thd A8in RS AR d0dR DS 20&RAT t he

MXS R Ref block 198 is connected to ground. Current source MP9/T10 of Fig.
20 f obbek & ohbe apuraeureden(S)i206mfghetMOSs & Ref black E3S st eomnertddnty

connected jnternally in block MOS R Ref 198 between nodes GH and G
Accor 8f f!/ a constant voltage drop results between nodes GH and G In

ing
sl 100, Chgl g 1o 0% S0 OuEER IS A IR PTE R, |
const agdistdr atring gonneeteddht@mallyin Hieck MHOStRNRef 198 bbigvddndRidsehHilamak
198, andAQc%rI]'gfngEl)rr],ea \C/C?Illsttgrglf? vgi[tagg gl?op 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.
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
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
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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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 urposes) the voltage at node G 174 will i ausi ng
t he drai n‘glgoog/r%lépr esi stance of the MOS devices in the Nmﬁﬁfﬁ%@%ﬁ%ck 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

resistance of RNWL 202 in series with MOSR 198 is al so precisely ratioed.
Wth tHO0BPYegendegnigein Ap temgeratyre ohshe pirgeititiaesdthg Mereasedirtde

0580 B R 0 BB D BRI

nomi ndi® e resistor has a "positive

t enmperRimaegily 89fthe Gherhs@in RPOWY . 701 PEMIDahe MOSTRrésistRase StilllbeRNL 202
is conposed of N-well nmaterial, which has a positive tenperature

coef f iapiproxinapdtelshoenstanBovd @IARETairePCT| USOQ' 35445 7000 PPM per degree C.
_ As tenperatyr f the cirguit rises, the.i ease .in the refergnce
> resistance %q%ﬁ)a&g lg‘?%ﬁﬁ%ﬁf’%ﬁgpgl%g%%%ﬁé%qi hafead 9%%%“_& pgnt, _
Pr i MArREWBK ARG RSB AR HRM 156 dubig dhbnsibhe oNIBR diask afange w11 be
approxi mately constant over tenperature. 5 FeedBack Details: Referring
agai n rhivrbhglon®and o0 mdirogstvaidend\ entadi iremtide to hie bXe ateeddhesnddf fleedBack

bl ock 156 include dinensions on the order of 120 m crons Log]g anggg.g
mi cr ofgedhask dexiees nieordinglyidere & 2 genrveuaresastance fpmthe dEairy eriphck
devi c i, nal e | cont.i us resistance fromthe drain end of
t he ggpg%%%‘%ﬁg%tgﬁ}eﬁegéﬁrre%eeﬂedz@&e tgqégte 162. 10 An approxi mation of the

1o f eedback H%W@bbr@inﬁ@ﬁﬂﬁﬁcﬂhe%@&lkacléﬁewmﬁ" FedBack odit 058 ckeddBaedn Si m

210 as shown in Fi 26. The FeedBack Si m bl ock 210 resents each device

25 t erby(lopk FieatlBack diw 888 asishonunnBiESd6F AR BeasBaskgSim Aok 2 one

enbOdirgS?eEs’en sh ieaschagg\gigé( Eas Et31|1 ?{b)méarrslalTesre e\;iges?inscihqz{lilnagtélgb%ﬁréq2porfcfviigqg§. #n
one embodiment, this approximation was used in a simulation and provides a
reasonably accurate representation of the actual electrical performance of the device.

L5 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.

20 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
is 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

’5 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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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 the termnals of a tuned MOS-R resistor. 2 and
Mo uihi PEESiEs48

GX 164 ar ted to control voltages. Node NEG 158 is 0 zero
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 1is proportional to
t he rdsigtsovgee regsigmeehd hass sRIRERITads iregigtanseichanges, PONEHSO 5PBek 172
(Fig. 20),. Wep current flows through the - R resistor the.vol t,agge at
cur. 160ttange Phafil A0t oealier HISHE Bl R BRI SR n,  he
dr ai ncyRirbRaty fle distNPRtRYAeS olfhgeMprbpaately 2AGE01Hin S RE Ak cRibsdBHRERS, t he
drai n-source resistance to increase. As the Vvoltage increases, the

t hr estohab hednt fogedathatdor hepartiankee CMOS heoceds vsed, mufastbrdefvl .44 isl so

i ncreases due, to bady effect, causing a fyrther increase in the 19.\WO
01/ 47 QR‘?W/f%gb? %Sgﬁ%r Y CRF TR R Wk s §%}é§£f§e.re*i*ﬁ§§@%ﬂ¥ SRR N

resis 0 Sig : : r
Vel ooP FuRLETANgRCH i€0spfiaR BatFhe FERNChATRE ARHRA B ey PLORLSS
di st r bben €stugdtleatvidid lageardtyper@pr wakelyicalle tensdihag 0.6%0nerahkaltsiredt , it

has been found that for a particular CMOS process used, a factor of 1.44 is
opt i nORe¥ASME Fngs. r st order correction circuit. Wth different doping

profil es ard i.de . thi ckness, it i§.expected that t fa r
B Pahtty abt pQRTIE o PhE EBSTE o pluslic HRRRNE e Rork e Eb Ry E Rl ffel

0 typi caftive Hevise bRARHhE gate ana subbfratesili@t capR8 dhighFré ity loss.addi tion to
t he above, a parasitic capacitance is noted between the channel 0 of the
devi cSuamiinghtheyau preraigsaladtnatecGRhi Gedhproaidessa highi freqhiereyuboebgtiapss.

U L1048 U LN oo iRF Bigh BRIt 982620 P L SRS
circuit.
The above disclosure provides many different embodiments, or examples, for

5 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.

0 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

S 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 exanpl 5 inplementing different features of the
Techni queg%aor%cfgpng rements that are only specific to cerkgyﬁ}@gn%qcf 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
enbodj nents of this invention have been described in detail

exenpl ar
above, WM@‘J%Q&AIMEIH IShe art will readil y appreciate that many

di ficat bl. di .ment it t teriall
depart i ng 1Tom chdNeavbrifa s R R BV TR hltififenc fon

Accor di ngl ya dedih testghaliodi fications are intended to be included w t hin the
scope of this invention as 5 defined in the following claims. In the
cl ai s, rreamsmpicastermmh on cl auses are |ntended to cover the structures

descrlbed her.ei n E@rf(ﬁrmn e reci t(gg ction dd 8t onl
structural %6‘&&%& é”ﬁ ﬁPO%ﬂ SGEPET raigitepinaland syd\wprEee 47117
PCT/USLQ 31%1145 VWHAT IS CLAIMED |IS: 1. A five termnal distributed MOS
resistor device conprising: a drain terminal; a source terminal; 5 a
channel regi singdiamnsd&debet neledjsand sd[dachmﬂrmlrregmhl and said source

termnal; a singular bulk term nal adjacent sajd_channel region; a first
gate term rafirgcgade demingl @dwﬁpééalde?qﬁrﬁ%eﬂ%ln@écond gate terninal

j acent s3f & A L LR aPFnd S ARLE LGN Bla rosi Stive material

di sposed b ween
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
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:

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.

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 regjx%nui qually distributed along a | ength of an S5 h &3l channel
in said chanl#Zfﬁr egion. 2. The device of claim1, wherei ansal d{g*))?s;’kﬁ 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, furthe onprising: ?0 neans for maintaining the first
si gnafoudee éesﬂﬁ%’(?ﬁoééa“{;mgﬁ’t’m@ﬁ f‘gﬁé’rﬁf’élﬁe&i valyet age at said source

termnal, gnd MpaRSchRle dRIALEL WAL RGIRSEIG SRt Haido !Bl BB LAl t O

that of the firs si ghal plus age prop 0 a voltage®“bet ween

sai d betweee datd Bbiide tRPthiBal £hd dididrairetéfintialal id Sudh thite deMhae sofird ai m 4,
wherein said neans for maintaining the first signal at the prescribed

constegsistence Eyalistamiiaiie copstaat ever a2 prestriwdraneratinginaake. f urt her i ncl udes
means for gontrqlli ol tage of .the first signal that a dqrain to 21
Vo 01/ 47117 periepibdatien B e drunin Al el WOS olndedreed, ' o
prescgdhpfisim: ue. 6. The device of claim4, wherein the voltage
proportional to the voltage between said source termnal and said drain

t erm nal ipreudimgtadtaia térmimalt o source resistance is substantially

constant over .a prescribed operating range. 7. A nethod of rendering a five
termnal dPEYRIBG2EOWNEE tPEERAlor device conprising: providing a drain

er el R 0y SO e SRS oot P>

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
is 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 g Lnal adjacent the drain term nal; and proylgi at e
regi on o?év‘raeogﬁz ive material disposed between the first ga%(éeﬂg&?)gr%?ngnal and

the second gate term nal, wherein upon application of a voltage to the
first gate termnal 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 signgl to the first gate term nal and a_secqnd signal to

t he Gvg)é@gﬁd’rﬁa?’éu‘?%eﬁﬁpﬁa‘fqlt@e betwegBithssonrcecteartnag!l and theidrai@onpri si ng:
contrellingia voltage of the first signal such that a drain to source
resistance of the MOS device is at a prescribed value. 10. The nethod of

claim38, fuaitheTheompthed 60¢laim @, MtarsinGaihihingtheSirgoalgnal agtlpe escri bed
constant voltage froma voltage at _the source term nal, and naintaining
t he sPeessaibsdgonstant wliagettga thewliage atithe sofirecnterminsl fgtheminchndes 22

WO 01/4711%. PCT/ U300/ 35445 | t ' | t | th
cour o8 ¥ BP et vad%e RE U 0r Sad RRAPRRR eaffl B e iRLAR ATHE™" 1
wher eMOSReRi@ iBlal G prle8cifibéfaRiegnal at the prescribed constant voltage

fromthe voltage at the source termnal further includes controlling a
vol t age of 18he flhesmethahaf claim i O katereindtle voltagesmopoetioeal tot thecmliazet he

N e Bk B RS A R 2 T TRl Elam e, pere
the dpalifahes © S sthitiaty Rohbi@he it didtel iSRS ating 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
k{45 €
ané t he

distri bmv?&o%ﬁﬁ esistor device including a drain term naécwﬁ‘so%
termnal, a channel 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 nal
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,

wher ei n on application_ of a. vo]ta to the first gate term nal and the
second gg'to @r}%%@fi%cmljéuat {31 magéaa}legia% perang ﬁél@ﬁ%fe velirgs eqvgl fé)q%% y

di strj I iLcal j a0 on,
The. | bPHICHE ARIBILEABL (ABREIEGHT (G vAIUARRIeln thE LRI TRl O,

gat e aadthedraid feemihal.ng coupled to a second signal; and a tuning circuit
for maintaining the first signal at a prescribed constant voltage froma

vol tage at 1¥he Ibgrintegrated eizpuit of clammel §, whepetn tae fgadbark coruiy iarcindes,
wher ein.t.he t umin ircuityincludes a plurality of series MOS devices. 5
15. Tﬁ@?tﬁﬁ)élé?(iltbggtsgﬁpctjﬁetdbggk 8%1?% 14, wherein the tuning circuit further
i ncl udes ajgenpehatittsaratdiPanaat b Bl Father ¥omphignknt egrated circuit

of claim 13, further conprising: 23 WO 01/ 47117 PCT/ US00/ 35445 a feedback
circuit foa Temimatasionkdgedbeekseonnticaigedito dhe draiol teagsneakfostlincxeashngt arof t he

115! oheel LS., YOLLAGEOR opor gral 1o o vol tage betueen the sourco
unere 1 gl eothachusiigul bplat ey o dbeuPieden shapid ek
0 net wofde domxertitink acvaltaget ofabiedirgtl sighal becldtledta dedini toadoufrod résisthaasbfig an
said MOS device 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
controllin% a voltage of the first signal such that a drain to source

resi st ancB20F4’H3i d MoS device is at a prescribed val ue. 2BCT/KS00/35445

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
term nal , &lsourEle tragsimpedance ahplifier integiratad dirspitsef-lbien R@e funther dr ai n
termnal and the source termnal, a singular bulk term nal adjacent the
channéP™ 48R a first gate terminal O adjacent the source terninal, a

secon¢, gt diRIcdple PBEAFEH tﬁél?olg-'iﬁ\ié}ti]tcn%"i highndand in.@eﬁ?ﬁ%inﬂdﬁgihdg%aﬂ{

resistive material di sposed between the tfirst gate term na second
gat e taemplified., wherei n upon application of a voltage to the first gate

. term nal d t second gate termnal, a voltage drop across the gate

> region is ggual Pﬁ‘e thadsHRBeR anreATBRGIer indagrated ClrgHitgfdaim 24) fukBehel in
t he ctagﬂﬁ)gk i{% gion, the first gate 5 termnal for being coupled to a first
signal a Yhe second gate termnal for being coupled to a second signal.

24 WO 01/ 4'alihal fRpIekEISE8Y dodidplexiils thEnghdtoaisdemaianes iapnt itd itBé inwiremigat ed
circuit of claim?20, further conprisin a phot odi ode coupl ed between the

non- i AT Phepid apueliferaccedingitera pmprig'p@trmdfcipé@ieq coatydliihpet.. 22. The
compr i 51 ng 20, miTi BrREPP R R AP e gered FREPBTSH At SRR | nput
0 to theaidwenfipR&er 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 Q.s3i6,,gul tiplexer includes a first anal og sw tChPE?@S&@&%QH ng the
phot odi ode to tlne inverting input or said anplifier, a second anal og

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 seri ith a di ode. connected NMOS device. 25. The

transi rrpeda"n{eéggﬁéﬂ? Firewit fonmadntaiah e thecsacong signaliahaypltageraqyeyd to that

or cocr g il SRBaTE f (kded Brod BLBLAI Bl £3akAEe bphile b i Db thminat )
The t raaastheddaneermaimzli fier integrated circuit of claim?25, wherein the
tuning circuit includes a plurality of series MOS devices. 27. The

transi nped&¥ce ahipe tyansimpedangeaarnplifipr ntiegrated slirguit Ofbclainh &8e whereine

t uni ' it further. includ of tior t. 5 28.
The ¢ ralisl<iibash EcufineRiaer 5 o aPl P Rheieth FRIPAEk 411D, f urt her

conpri si ng:3(25 Vﬁl@ﬂ#ﬁ%ﬁﬁﬁefﬂ!e@%iﬁéﬁﬁ?cegﬁat@ﬁ%@%ﬁ%ﬁdléﬁﬂ'2?) f@fther

mai nt ai ni ng the second signal at a voltage equal to that of the first

si gnalcopiprssingvol t age proportional to a voltage between the source termnal
and the drain termpal. 29, The transi npedance anplifier integrated circuit
of claim 28 Pltteride coynler hetaan ShTR ATNEEIPYA 8 thg oy e tHod Bt

boot st rap; f&ﬁgﬂﬁg circuit. 30. The transi npedance anplifier integrated
circuit o]fdc I'm 29, further conprising:

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. 10 31. The transi npedance anplifier integrated
circuit of claim?20, further conprising: a Tee feedback i dcuit
coupl ed P rain terminal of said MOS resistor devi cge?)ﬁ%&%%r‘geasi ng
an effective resistance of said MOS resistor device. 32. The

transi npedance anplifier integrated circuit of claim31, further 15
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 claim20, wherein the tuning circuit is further for
control | i iP.a vdmetdoddpr implemeniing highasheat MOSkesistancingamintegsatedur ce
resistance of said MOS device is at a prescribed value. 34. An integrated
ci r cFCUEHPPESIE at | east one of the fol | owing distributed MOS resistors
sel ected fyBAdiAS a9IO4R oneIRR t%i*hﬁ‘ﬂalQﬁsﬁ*iEl_it‘é@'ME)STiéﬁ’étoN@@vi'b@%Qh@fn%ﬁ"d a
six-termnal MOS resistor; and linearization circuitry coupled to the at

| eastdrairetetinsial,us@tcDB mibsil s4 dhaniaregion didpesedpedweandhedirhid i it of

th t | t MOS i St a f ti f. iti it . 26
VO 0 PGl andTihaiasros Ropmingh, 2 singulaicinlk ST eGP GATERbet oS
i ve Parn adslPaldt AR e e s PR LA, PURPRG e b BRT. el

a soudjeeehethe dahin weratiaalahdregiteregionpoSedisigewnateridielisicsed betweean nal
and the source termnal, a singular bulk term nal adjacent the channel
r egi dhe st gate teyminak andrihpsecanpassn tennimad ouherein sperranplicatiobdd gat e
E]:,[ g‘rﬁg Iaga ﬁgjﬂj@g zﬁts%tg%]f%etgﬁ%iﬂalta%rﬂﬂ]eaéécoﬁgdga%e ggn?inraigi \%ﬁtgée 51(*:“0%3' Bo¥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 voltage drop across the gate region is equal ted
along a I“é(h H'bf "an electrical channel in the channel rlgéfrg’ﬁ%/?ﬁw

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 pl aouglingya Tee netwerk frodhdck ciresitita thadraintarnynel fayuinereasing ame
|ntegr d C|rc it of mhereln the tuning circuit further

i ncl ¢ etréﬁ]ﬁ I%Fte&fé%@wg’?ﬁ hd€¥fBonent . 38. The nethod of claim 35,
further Coﬁp”S’FHQméEBtho?'c%ﬁQBF)%ré}?é%%%ﬁxﬁﬁﬁl at a vol tage equal to
that of the first signal plu a vol tage proportional to a voltage between
t he sour cecongroilingla eolthgenef tﬂnea‘imt sigmaiivith the tuniagfosediaakciciat @ draig9.

The met hod of claim 38, wh in the feedback cir i ncludes a

di st riogQuEee W@Pﬁ%ﬁﬁ%@gﬁeﬂcﬁéﬁﬁﬁaPIGScrﬂf‘él Y?z%lﬁod of claim35, further
conprising: 27 WO 01/47117 PCTIUSQOQ 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

28



