WD 2006/ 113270 PCTI US2006/ 013649 COLUMN- PARALLEL S| GVA- DELTA
ANALOG TO- DI G TAL CONVERSI ON FOR | MAGERS FI ELD OF THE | NVENTI ON [ 0001] The

i nvention nerally to i magi ng devices and nore L cul ar to a
signa-delpé?gﬁéﬁgﬁgfo-digital converter used in inmaging P@@@%%@ép CKGROUND
[0002] A CMOS immger circuit includes a focal plane array of pixel cells,
each one of the cells including a photosensor, for exanple, a photogate,
phot oconduct or or a photodi ode within a substrate for accunul ating

phot o- generated charge in the substrate. Each pixel cell has a charge
storage region, forned on or in the substrate, which is connected to the

gate of an outp | ' r a L rCul The charge
st orage regi on lrﬁs@i'by@ﬁﬁm{@td S!@%ﬁ@i&ﬁ]@ﬁﬁ&&?@'@mL In sone
| mager circuits, each pixel W g‘t el ectroni c devi ce.
such as a transistor for trakl %Eb mﬁﬁﬁe phot osensor to the

st orage regi on and one devi cegm.@mm stor, for resetting
the storage region to a pred ' prior to charge
transference. [0003] In a CMOS i mager, the active elenments of a pixel cell
perform the necessary functions of: (1) photon to charge conversion; (2)

accumul ation of if[mm? THeahgentidrtelaRS Gehblly!tBemd@ifdevicegd nidtea known
state; (4) transfer of charge to the storagé regi on acconpani ed by

DSVDB. 1908319. forki MRrBPREA 4b3AL AcREEhbISR000 0480 hverter used in imaging.

devices.

BACKGROUND

[0002] A CMOS imager circuit includes a focal plane array of pixel
cells, each one of the cells including a photosensor, for example, a
photogate, photoconductor or a photodiode within a substrate for
accumulating photo-generated charge in the substrate. Each pixel cell has
a charge storage region, formed on or in the substrate, which is connected

. to'the gate of an output transistor that is part of a readout circuit. The
charge storage region may be constructed as a floating diffusion region. In
some imager circuits, each pixel may include at least one electronic device
such as a transistor for transferring charge from the photosensor to the
storage region and one device, also typically a transistor, for resetting the
storage region to a predetermined charge level prior to charge
transference. _

[0003] In a CMOS imagér, the active elements of a pixel cell perforrh
the necessary functions of: (1) photon to charge conversion;

(2) accumulation of image charge; (3) reéetting the storage region to a

known state; (4) transfer of charge to the storage region accompanied by
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charge anplification; (5) selection of a pixel for readout; and (6) output
and anplification of a signal representing pixel charge. Photo charge may
be anplified when it noves fromthe initial charge accunul ation region to
the stora¥@ J98Y1¥A0 The charge at the storage region i s RGHUSAWPEGI36Bnvert ed
to a pixel output voltage by a source follower output transistor. [0004]
CMOS i magers of the type discussed above are generally known as discussed,
for exanple, in U S Patent no. 6,140,630, U S. Patent no. 6,376,868, U S.
Pat ent no. 6,310,366, U. S. Patent no. 6,326,652, U S. Patent no. 6,204, 524

are hereby i nebPRs aRBEAR R ER B oAb of Road Gty AR BB lE  § oi'car
| ncl udes 5 phdPECBRRBHCARON F S5 EnBHSPOeHEBIRE PRAOTGERE coNRR e et or
transi stor 14, floatigg; di ffusion region FD transjstor 16, source

eset
fol | ower trandiesampplifi WW%W%‘@Séﬂmtﬁgﬂﬁé{@}aWQ accurpulafioa IegiORster 12 i s
connected to the floating diffusion region FD by the transfer transistor 14
when t he tranghestarageségion: The chargentithe stodaggregion isdiypicallygonzededt r ol
signal TX. [0006] The reset transistor 16 is connected between the floating
di f f usi on regitora pikelaowtpah valtagg by axsetircfoflbwey ot pigketraasisiorx. A reset
control signal RST is used to activate the reset transistor 16, which resets
the floating dif[00§epCMOFiinmgER dfcthe hepadisayssetbatioveunpbynsrallydgewiaa pi x
| evel as is known in the art. DSMDB. 1908319.1 2 WD 2006/ 113270

PCT/ US2006/ 01 3a48scils8&) br dxemply it T1.S. Hak@waio. 6120836} UIS. Fatdiand. t s gate
connected to the :
6,376,868, U.S. Patent no. 6,310,366, U.S. Patent no. 6,326,652, U.S. Patent
no. 6,204,524 and U.S. Patent no. 6,333,205, assigned to Micron
Technology, Inc., which are hereby incorporated by reference in their
entirety. |
[0005] A typical four transistor (4T) CMOS imager pixel 10 is shown in
FIG. 1. The pixel 10 includes a photosensor 12 (e.g., photodiode,
photogate, etc.), transfer transistor 14, floating diffusion region FD, reset
transistor 16, source follower transistor 18 and row select transistor 20.
The photdsensor 12 is connected to the ﬂoaﬁng diffusion rég'ion FD by the
transfer transistor 14 when the transfer transistor 14 is activated by a
transfer gate control signal TX.
[0006] The reset transistor 16 is connected between the floating
diffusion region FD and an array pixei supply voltage Vaa_pix. A reset
control signal RST is used to activate the reset transistor 16, which resets

the floating diffusion region FD to the array pixel supply voltage Vaa_pix

level as is known in the art.
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| |
floating diffusion region FD and is connected between the array pixel
supply vol tage Vaa_pi x and the row select transistor 20. The source
follower transistor 18 converts the charge stored at the floating diffusion
regi on PDMOROBO/LE2W ectrical output vol tage signal Vout.POTES20861get%ect
transistor 20 is controllable by a row select signal SEL for selectively
connecting the source follower transistor 18 and its output voltage signal
Vout to a colum line 22 of a pixel array. [0008] The signals output from
the pixel 10 are anal og voltages representing a reset signal Vrst

(generat ed when ating diffusion reqi FD is reset) and I xel

out put si gnal Vsi%’%aislrxg?é?ﬂgceag @WVEE HRNgIStoL; g’!ﬁ%@e‘:’%ﬁ@?ﬂ@é‘ﬁ%@@ i s
transferred to the floating diffusion region FD. The output signals nust be
converted frorfleatingdiffusion maiem FPond isconaected bgbween the amaepiela typical ly
| ow capacitance on the floating diffusion region FD, the kT/C noise on Vrst
can be excessisupplyWwoltage ¥asaf pixrandgthetrow seleat feansiston Zhofhessnsee 12 to the
floating diffusion region FD, this charge is ideally noiseless and is
subtract ed fr dolloher Wasisissogtthtortverisrthe dhargelstorettsit ghe flgatihg difflusiont he pi xel
output signals Vrst, Vsig are usually sent to a sanple and hold circuit and

then to a dif fregiitFDgnto wt dlectricahoatputaoitage bignab Voat! The sdw\selegt Thi s
difference signal is then sent to an anal og-to-digital converter (ADC) (not

shown in FIG tinsiftP08]s &drferolZiblé by dsbinasetsct 3igtRIBENfbPBélbctBlclya- del t a

sensing circuit 50 that could be used as part of a signma-delta

anal og-to-di gi ¢ gl | i | LY St
branch 51 for SEmeFRY T Shurce R B 19800 1 R BPIR bR Bap!
PCT/ US2006/ 013643t oA %Mﬁﬁéﬁ%?%%{&%&e and hol d capacitor (not shown),

and a second
[0008] The signals output from the pixel 10 are analog voltages

representing a reset signal Vrst (generated when the floating diffusion
region FD is reset) and a pixel output signal Vsig generated after charge
from the photosensor 12 is transferred to the floating diffusion region FD.
The output signals must Be converted from analog to digital for further
processing. Due to a typically low cépacitance on the floating diffusion
region FD, the kT/C noise on Vrst can be excessive. When transferring the
charge from photosensor 12 to the floating diffusion region FD, this charge
is ideally noiseless and is subtracted frdm the Vrst signal to produce the
Vsig si_gnal.‘ Thus, the pixel output signals Vrst, Vsig are usually sent to a
sample and hold circuit and then to a differencing circuit, which forms the
signal Vrst-Vsig. This difference signal is then sent to an analog-to-digital
converter (ADC) (not shown in FIG. 1).

[0009] FIG. 2a illustrates a conventional sigma-delta sensing circuit 50
that could be used as part of a sigma-delta analog-to-digital converter.

The sensing circuit 50 comprises a first branch 51 for sensing the reset
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branch 61 for sensing the pixel signal Vsig from another sanple and hold
capacitor (not shown). The sensing circuit 50 al so conprises a current
mrror 80, a conparator 70 and a NAND gate 72. The conparator 70 may be a
r egener at VO2WEHAH0 yhe  where the digital output is syrRGWUI0MI3HS ¢ he
phase cl ocks. Snoot hing capacitors (not shown) may al so be added to the
source follower outputs to convert the switching nature of the currents
through all branches 51, 61 into near-DC currents for the source follower.
[ 0010] The first branch 51 conprises three PMOS transistors 52, 54, 56 and

a capacitor 58, The, first PMOS fransjst.or 52 .is, c ect ed between .a supply
vol t age Vaa aﬁwtfg%ﬁfrfgw %ﬁ:ﬂpieeq,qﬂslla FPagiy @é’ggﬁﬁwﬁﬁtﬁ‘de? PEE0Ast or 54,
The gate of the first PMOS trapsistor, 52_|s, connected to a _fir | ock
signal /PH 1. braech@kforsepsing the pixe) sisdal Yaig i ghepmnple kel

term nal connected to a source/drain termnal _of the third PMOS transistor
56. The gate &Rpaditordpebshpwnloshe sarsing @rcuu5g also compeises@ qrentsecond
clock signal /PH 2. The capacitor 58 is connected between a ground

pot enti al and mireordiéh aeotiparatestlamd a NANDrgate ZA2d The comparsapZ0maghsi st or s
52, 54. [0011] The second source/drain termnal of the third PMOS transistor
56 is connect & 4 reganemtivedatdhdiype, twhederthe digital duitpat isyREhtordnsl &t or 82 of
the current mrror 80. The gate of the third PMOS transistor 56 is connected

to receive thehe ?h&ée doéaa| Svbething b@dchbfﬁ(rﬂvmowmmaﬁmb beddetizo as a

source follower tfransistor for the first branch 51. e second

DSMDB. 1908319.the doiee %8@@{«7&1188%%5’@ EARRIPH WA AHIng TRNIRCHARa cirehtd he
third PMOS transistor 56 is also coupled to a first input of the conparator

70. ~ through all branf:hes 51, 61 into near-DC currents for the source follower.

[0010] The first branch 51 comprises three PMOS transistors 52, 54, 56
and a capacitor 58. The first PMOS transistor 52 is connected between a
supply voltage Vaa and a source/drain terminal of the second PMOS
transistor 54. The gate of the first PMOS transistor 52 is connected to a
first clock signal /PHI1. The second PMOS transistor 54 has a second
source/drain terminal connected to a source/drain terminal of the third
PMOS transistor 56. The gate of the second PMOS transistor 54 is
connected to a second clock signal /PHI2. The capacitor 58 is connected
between a ground potential and the connection between the first and
second PMOS transistors 52, 54.

[0011] The second source/drain terminal of the third PMOS transistor
56 is connected to a source/drain terminal of a first NMOS transistor 82 of
the current mirror 80. The gafe of the third PMOS transistor 56 is
connected to receive the reset signal Vrst; the third PMOS transistor 56 acts

as a source follower transistor for the first branch 51. The second
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[0012] In operation, the first dock signal /PH 1
the first PMOS transistor 52 and the second clock signal /PH 2 is applied to
the gate of the second PMOS transistor 54 in a conplenmentary non overl appi ng
fashi on aW@ 2806/Y3%Becifi ed frequency. The designations P 2006/M349" / PI - H2"
are used to nean the inverted clock signal of non- overlapping clocks PH 1
and PHI 2, respectively. Thus, /PlI-111 and /PH12 cannot be |low at the sane
time. The clock signals /PH L, /PI-112 are typically generated by a clock
generator or control circuit. The two PMOS transistors 52, 54 act as

swi tches under_ the,contr of .t hej spect i .clock si | s/ PHL L1 . /PH 2.
Activating t héOFFCre@raﬂﬁghﬂer Mf@é %?RFPEOE%,% 1%8§Pﬁ8upi€ﬂ£%s%\fl{'séﬁ%'§7t setting
/PHI'1 |ow) i mn%([a'\at ely after _deactivating the second PMOS transistor 54
(i.e., openind %C‘%Wo‘égosetti ng /PHI 2 high) will charge the capacitor

58. Simlarly, deactivating the first PMOS transistor 52 &i .e., opening the
switch) i medi at K0}2hkt eperation; the finstcloge sigpabit il lHyepplied fe the gatemd (i e |
closing the switch) will discharge the capacitor 58. [0013] Using the

non- over | appi ﬁbeﬁasqﬂMﬁawtansisw%amitbaae@ndmlmk sigh 'S@ppgedimi dose
the "switches" (i.e., transistors 52, 54) causes the capacitor 58 to

simul ate a regheigate ¢fethg.secoreb PM@O3 transistori@n aziompleheentayunam ent

resi stance of the resistor R is equal to 1/fC, where Cis the capacitance

of the capaci toverfapaiglfadshion afdat 4 spetdfied frefuériey. CTlecdesiggatidrss / PHI 1,
[1-H 2. By varying the frequency f, the resistance may be adjusted as

desired. For eyRHRBl’Cand MEPHEIOfe sbE td HRAMERAE ¥ntertdch@oskBignal of Aen- ,
DSVDB. 1908319.1 5 WD 2006/ 113270 PCT/ US2006/ 013649 resistance. The changi ng

Ot e L aRapbil foccape S DBy, TP ptm (he
cannot be low at the same time. The clock signals /PHI1, /PHI2 are
typically generated by avclock generator or control circuit. The two PMOS
transistors 52, 54 act as switches under the control of their respective clock
signals /PHI1, /PHI2. Activating the first PMOS transistor 52 (i.e., closing
the switch by setting /PHI1 low) immediately after deactivating the second
PMOS transistor 54 (i.e., opening the switch by setting /PHI2 high) will
charge the capacitor 58. Similarly, deactivating the first PMOS transistor
52 (i.e., opening the switch) immediately before activating the second
PMOS transistor 54 (i.e., closing the switch) will discharge the capacitor 58.

[0013] Using the non-overlapping complementary clock signals /PHI1,
/PHI2 to open and close the “switches” (i.e., transistors 52, 54) causes the
capacitor 58 to simulate a resistor (e.g., resistor Ri in FIG. 2b). The
equivalent resistance of the resistor Ri is equal to 1/f:C, where Cis the
capacitance of the capacitor 58 and f is the frequency of the clock signals
/PHI1, /[PHI2. By varying the frequency £, the resistance may be adjusted
as desired. For example, the larger the frequency f, the smaller the
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of the first branch 51 and the reset voltage Vrst flows through the first
branch 51 to the conparator 70. [0014] The second branch 61 conprises three
PMOS transi stors 62, 64, 66 and a capacitor 68. The fourth PMOS transi stor
62 i s conOA8HI13BWt ween the supply voltage Vaa and a sREHESMPGEIII649er i nal
of the fifth PMOS transistor 64. The gate of the fourth PMOS transi stor 62
Is connected to the first clock signal /PH 1. The fifth PMOS transi stor 64
has a second source/drain term nal connected to a source/drain term nal of
the sixth PMOS transistor 66. The gate of the fifth PMOS transistor 64 is
connected the output of the NAND gate 72. The second capacitor 68 is
connect ed bet wesistaaceyr The changingol she rasistance of dhe capaatoridSiisuefarreddo fourth
and fifth PMOS transistors 62, 64. [0015] The second source/drain term nal
of the sixth RsCEdduatngt tre redBtarscec dnreset ewrrent kR sanedowi theaiesistaamcei nal  of
a second NMOS transistor 84 of the current mrror 80. The gate of sixth

PMOS transi st @f théfirst brandest end thereseteolagd Visst floved theogghlthefitsy; the sixth
PMOS transi stor 66 acts as a source follower transistor for the second

branch 61. Th%raﬁgpﬂﬂto&@ﬁdiﬁlﬁﬁamﬂmf the sixth PMOS transistor 66 is al so
coupled to a second input of the conparator 70. The output of the

conpar ator 70 i S[opgAl'¢RE Scoridbiinkh 6% lcohifites hrek PN I4t8rs/62, 6411

non-i nverted second ¢l ock signal PlI-112%s connected to a second input of

(he YD 5t EAERAARUE 1l G MO A TEID, B RERB 2020 (o0

Lourth PUCS RGeSt B SR IR R AL RSN r o B
PMQOS transistor 64. The gate of the fourth PMOS transistor 62 is
connected to the first clock signal /PHI1. The fifth PMOS transistor 64 has
a second source/drain terminal connected to a source/drain terminal of the
sixth PMOS transistor 66. The gate of the fifth PMOS transistor 64 is
connected the output of the NAND gate 72. The second capacitor 68 is
connected between a ground potential and the connection between the
fourth and fifth PMOS transistors 62, 64.

_[0015] The second source/drain terminal of the sixth PMOS transistor

66 is connected to a source/drain terminal of a second NMOS transistor 84
of the current mirror 80. The gate of sixth PMOS transistor 66 is connected
to receive the pixel signal Vsig; the sixth PMOS transistor 66 acts as a
source follower transistof for the second branch 61. The second
source/drain of the sixth PMOS transistor 66 is also coupled toa second
input of the comparator 70. The output of the comparator 70 is connected
to a first input of the NAND gate 72. The non-inverted second clock signal
PHI2 is connected to a second input of the NAND gate 72..
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applied to the gate of the fifth PMOS transistor 64. As set forth above, the
clock signals /PH 1, /PH 2 are non-overl appi ng conplenmentary signals. The
two PMOS transistors 62, 64 act as switches, where the fourth PI\/E)S

transi st SVO@006/14338nt rol [ ed by the first clock signal /BGHUSIHE & 1ifn
PMOS transistor 64 is controlled by the output of the NAND gate 72 (as

cl ocked by PI-R2). Activating the fourth PMOS transistor 62 (i.e., closing
the switch) imrediately after deactivating the fifth PMOS transistor 64
(i.e., opening the switch) will charge the capacitor 68. Simlarly,

deactivating the h P .trapsi.sto 2.(1. eni e.sw tch

i medi atel y befor[é&;é PREE q,ﬁﬁehﬁttcip%aﬁgﬁgf&@pngé{At_}@_g,attedg ing the
switch) will discharge_the capacitaor . [0017 [ e non-overl appi ng
conpl enent ary theo%ﬂérg'l 3 trapgistor 62 g%ﬁ?“(tﬁﬂﬁéft'#é %Eﬁbﬂtgatﬁ 73, pehighyisar at or
70) to open and close the, "switches” (i.e,, transistors 62, 64) causes the
capaci tor 68 tessenfiailyclocked bydhe nep-ingeried secondsdloek signahPHIZ;18 2h) with an
equi val ent resistance equal to 1/fC, where Cis the capacitance of the
capaci tor 68 aapplied to thecgate of theefifth PAOStansistor 6 As setdosthyabaveptheput from
the NAND gate 72. As set forth above, by varying the frequency f, the

resi stance maycloek aignals AHI /PHIXareatoncoveelapgping edmplementary siggald. curr ent

| S based on the resistance of the second branch 61 and the Vsig voltage

l evel flows thThe@eWolPMOSeanddstobs 62) @4 abflas swittitess artiess diefoutth PMOS

DSVDB. 1908319.1 7 WD 2006/ 113270 PCT/ 11S2006/ 013649 [0018]  The operati on of

the sensing ci 4aHkistdrH2118oREBIIEA BYGhe FrdtRd \ll/PHIY Andehergnce to FI G
2b. FIG 2b illustrates a conventiOonal signa- | ta anal og-to-digital

converter 100 pRiO8 tbRiskdB4 BohtBd B9 the oBEHH dtthe NAND gate 72 (as
clocked by PHI2). Activating the fourth PMOS transistor 62 (i.e., closing

the switch) immediately after deactivating the fifth PMOS transistor 64
(ie. opening the switch) will charge the capacitor 68. Similarly,
deactivating the fourth PMOS transistor 62 (i.e., opening the switch)
immediately before activating the fifth PMOS transistor 64 (i.e., closing the
switch) will discharge the capacitor 68.

[0017] Using the non-overlapping complementary clock signals /PHI1,
[PHI2 (and the output of the comparator 70) to open and close the
“switches” (i.e., transistors 62, 64) causes the capacitor 68 to simulate a
resistor (é. g~ resistor Rx in FIG. 2b) with an equivalent resistance equal to
1/£-C, where C is the capacitance of the capacitor 68 and f is the average
frequency of the clock signal output from the NAND gate 72. As set forth
above, by varying the frequency f, the resistance may be adjusted or
modulated as desired. A pixel signal current I based on the resistance of
the second branch 61 and the‘Vsig voltage level flows through the second
branch 61 to the comparator 70.

DSMDB.1908319.1 7



circuit 50. Portions of the sensing circuit 50 illustrated in FIG 2a have
been replaced by their functional equivalents in FIG 2b. For exanple, in
FIG 2b, a first resistor Ri replaces the first sw tched capacitor 58 and
the firsVWORW'HE8nd PMOS transistors 52, 54 shown in ACEUSIA06/01368wi se, in
FIG 2b, a second resistor Rx, shown as an adjustable resistor, replaces the
second switched capacitor 68 and the fourth and fifth PMOS transistors 62,
64 shown in FIG 2a. The NAND gate 72 is also not shown in FIG 2b. The

anal og-to-digital convertér 100 al so includes a counter 90 connected to the

out put of the co or 70. [0O The.sensing,circuit 50, and as such, the
anal og-t o- di gi taﬁaféﬁ’hﬂ‘%PP%‘iah%@(??f%ﬁé?%%%g@ W £xplained GLMOEe nodul at i on
approach. In principle, the sensin Lrcuit 50 attenpts to get, the reset

si gnal curr entdeFER{] Wé"g‘d‘efﬂénﬁﬁ MI@ngn%thﬂ? %@W%@Q@%‘@Q@iﬁ%‘.aﬁi nce
typically it is nost_likely that the reset signal_ voltage Vist will be

| arger than t ldeltpianelogstaydigital gonverser 09iusing e Hen2psigmadelipsensingeeds to
nodul ate the resistance of one of the branches 51, 61 to maintain identical
IR and |'S cur cinatit 50. Portibes of thewsehsingeircuith@pllustrated indi6. Agheve cuit 50 can
I ncrease the resistance Rx associated with the switched capacitor 68 (FIG

2a) of the sedesf répladbedhb theibudivaml eqaivalentkinpBiG@be |Forlex l¢,lim gate of
PMOS transi stor 64@The gounter 90 keeps track of the nunbe?@M of tines

the resistanc@IBx2b,a fiRtiresistes RoY&ilacesithe diedteswitdhed dapabiesr 58 ared gek cycl es
N. The number of DSMDB. 1908319.1 8 WO 2006/ 113270 PCT/ US2006/ 013649 cl ock

O i ot PRSALL I SRESCE Bl s sl TR g SR,
the resistancqxoh s §R8AEFEsistR R Showhi%sMh ddjGstabTesistiotdrdlalsiRE at € a
second switched capacitor 68 and the fourth and fifth PMOS transistors 62,
64 shown in FIG. 2a. The NAND gate 72 is also not shown in FIG. 2b. The
analog-to-digital converter 100 also includes a counter 90 connected to the
output of the comparator 70.
[0019] The sensing circuit 50, and as such, the analog-to-digital
converter 100, operates based on a sigma-delta modulation approach. In
principle, the sensing circuit 50 attempts to get the reset signal current Ig
and the pixel signal current Ig to be the same. Since typically it is most
likely that the reset signal voltage Vrst will be larger than the pixel signal
voltage Vsig, the sensing circuit 50 needs to modulate the resistance of one
of the branches 51, 61 to maintain identical IR and Ig currents . In the
illustrated example, the sensing circuit 50 can increase the resistance Rx
associated with the switched capacitor 68 (FIG. 2a) of the second branch 61
by occasionally skipping clocks to the gate of PMOS transistor 64. The
counter 90 keeps track of the number, M, of times the resistance Rx is

adjusted over a predetermined number of clock cycles N. The number of
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di gital code ADC CODE corresponding to the actual light inpinging on the
pi xel . [0020] The operation of the sensing circuit 50 can be expressed by

the follow ng current equations: (1) (Vaa -Vsig - Vtp6 = a - Vrst
-Vt p56) Woﬁ“,%/%?e Vtp66 is the threshold vol tage of ?ﬁaj"@‘}“@‘%
transistor 66 and Vtp56 is the threshold voltage of the third PMOS
transistor 56. This equation becones: (2) (Vaa - Vsig - Vtp66) = (Vaa -
Vrst - Vtp56) Rx/R [0021] It is known that the ratio of the resistance Ri
to resistance Rx is inversely proportional to the nunber, M of tines the
resi stance Rx i.s ., adjusied over.a predetermned n er_of claoc ycles N As
such, equati ofOgs§y¢es &§§YP1€§51Y£3‘§10§§' engthen Olgrqf%\y{s 6) / (Vaa -
Vsig - Vtp66) [0022] Although the gjgnma-delta sensj circuit 50, and the

si gna- del t a amph@qrbmoﬁlsiapalogcmﬁ@fg@?oqmtea pabﬁgm]&q Mo imes pr oduce
a digital code ADC CODE representing the light inpinging on a pixel, they
are not wit hothe nepistance Roris cbangess carbe usgd??m the cagn@i&%migﬁ:neme above
equations, the output code ADC CODE is essentially based on the ratio of

the Vsig and Vdigital cbdedBC COREeomespanding th dheaenal liglht inspingiegon
adversely inpacted by noise during the readout and/or sanple and hold

DSVDB. 1908319. theDix€). 2006/ 113270 PCTI US2006/ 013649 oper ations, which is
stored in the Vrst and Vsig signals. This noise, therefore, factors into

the operation of [o0mD]SHrsdptdatibn of the sesingdrduiieb0 @ieb@expressidiby e
converter 100), which may ‘cause undesirable results.
following current equations:
(1) (Vaa - Vsig — Vtp66) / Rx = (Vaa - Vrst— Vip56) / Ri,
where Vtp66 is the threshold voltage of the sixth PMOS transistor 66 and
Vip56 is the threshold voltage of the third PMOS transistor 56. This
equation becomes:
(2) (Vaa - Vsig — Vtp66) = (Vaa ~ Vrst — Vtp56) - Rx/Ri

[0021] It is known that the ratio of the resistance Ri to resistance Rx is
inversely proportional to the number, M, of times the resistance Rx is
adjusted over a predetermined number of clock cycles N. As such,
equation (2) becomes: |
(3) Ri/Rx = M/N = (Vaa - Vrst — Vip56) / (Vaa — Vsig — Vip66)

[0022] Although the sigma-delta sensing circuit 50 and the sigmg—delta
analog-to-digital converter 100 operate effectively to produce a digital
code ADC CODE representing the light impinging on a pixel, they are not
without their shortcomings. For example, as shown in the above
equations, the output code ADC CODE is essentially based on the ratio of

the Vsig and Vrst voltages. These voltages, however, may have been

adversely impacted by noise duriﬁg the readout and/or sample and hold
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[0023] Thus, it is desirable to mtigate noise fromthe sigma-delta

nodul ation sensing circuit 50 and anal og-to-digital converter 100 to

achieve npre accurate results. It is also desirable to inplenment gain
control WEOHSHAR 0S| gna- del t a nodul ati on sensing ci r cuiRCTHES289f13644| 0g-
to-digital converter 100. SUWARY [0024] The invention provides a
sigma-del ta nodul ation sensing circuit and an analog-to-digital converter
that substantially mtigate the effects of noise associated with the reset
and pi xel signal voltages being sensed. [0025] The invention also provides a

si gma-del ta nodul afi on sensjn i,rcuit. and anal og-tgo-digital converter

t hat i ncl udes OpgTaIAEnINGEN 15 Ol%ﬁa mitﬁﬁ&é'?t ?Kﬁﬂ?‘ﬁcﬁl&ﬁwﬂﬁg U¥hsing circuit
and an anal og-to-digital converter. [0026{& The above and other features and
advant ages ar éhereforevfagtara intpdhe opsralicanef the persing gireuitdd (and the i nventi on
by providing an imager wth a sigma-delta nodul ati on sensing circuit and an
anal og- t o- di giahalog-wodigital convertar 160), vhich ehyy causetvndesirableaesulbs reset and
pi xel voltage |evels being sensed. The sensing circuit includes a

regul ati on br anclo0R2jsEnugit 3 desirhbledoanritigatd ngise Emmtine sigresdeltall ti pl e
colums of the inmager. The regulation branch has an adjustabl e resistance
that is nodul ahéduldtiohRen chRGBIH dnalOg-¥Ed2E104/ cdhIerter FOoUS2006/ 013649

t he sensing operation, which creates an adjustnment current that is applied

during the senghid¢edRErcaidclrate PesulBU Tt BHsPES&HGbE blethe@it@aff the reset
and pi xel signals. The sensing circuit and anal og-to-digital "converter can .

generate a di ghhabl ffn BRS SEnRRAERE il dISEGR SndheY WRERE 5D nBGRGlogaNd Pi el

to-digital converter 100.

- SUMMARY

[0024] The invention provides a sigma-delta modulation sensing ciréuit
and an analog-to-digital converter that substantially mitigate the effects of
noise associated with the reset and pixel signal voltages being sensed.

[0025] The invention also provides a sigma-delta modulation sensing
circuit and an analog-to-digital cdnverter that includes gain control for an
imager incorporating the sensing circuit and an analog-to-digital
converter.

[OOZG] The above and other features and advantages are achieved in
various exemplary embodiments of the invention by providing an imager
with a sigma-delta modulation sensing circuit and an analog-to-digital
converter that do not rely on the ratio of the reset and pixel voltage levels
being sensed. The sensing circuit includes a regulation branch based on a
reference voltage common across multiple columns of the imager. The

regulation branch has an adjustable resistance that is modulated during
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signal voltage |evels, which substantially mtigates noise associated with
the pixel and reset signal voltages. The reference voltage can al so be used
as a gain_control for the inager as well. BRI EF DESCRI PTI ON OF THE DRAW NGS
[0027] ThYXPUHE2Ng and ot her advantages and features RCHBRO0G/HIESt | on

wi |l becone nore apparent fromthe detail ed description of exenplary
enbodi nents provided below with reference to the acconpanying drawings in

which: [0028] FIG | illustrates a conventional imager pixel circuit; [0029]
FIG 2a illustrates a conventional sigma-delta sensing circuit; [0030] FIG
2b illustrates a conventional signmae-delta anal og-to-digital converter using

the FIG 2a sithesenring apewmtionnwhich etgates ancsjugtopent cuzgent thatds applied o
signa-delta sensing circuit constructed in accordance with an exenpl ary
enbodi ment of during thesensing, ofjedade) to-a Qurept asspoigtechwith ensobhe rdsdtt a
anal og-to-digital converter <circuit constructed in accordance with an
exenpl ary enmbaesidnginel signalbeThe semsing circuit @0d nalbg=to-digitad wonwertémamger
constructed in accordance with an enbodi nent of the invention; and

DSMD] 3. 190831 $%ehedate WAigRRAlGotibPased BaRthe/GaBEen e Bédien| the ddjet h pikelshows a

processor systemincorporating at |east one imger constructed in accordance

w th an enbodigiy] voita @&delﬁ/%}ﬁﬂ?@ubstmﬁfy alePEbIR HsbdtihidBIvith F1 G 3a
illustrates a sigma-defta sensing circuit 250 constructed in accordance

with an exenplfg }Sbf'émﬂﬂir@é%tsi@{al %ﬁa&é&\’ Ak r8fdrence voltage can also be used

as a gain control for the imager as well.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] The foregoing and other advantages and features of the
invention will become more appareht from the detailed description of
exemplary embodiments provided below with reference to the
accompanying drawings in which:

[0028] FIG. 1 illustrates a conventional imager pixel circuit;

[0029] FIG. 2a illustrates a conventional sigma-delta sensing circuit;

[0030]l FIG. 2b illustrates a conventional sigma-delta analog-to-digital
converter using the FIG. 2a sigma-delta sensing circuit;

[0031] FIG. 3a illustrates a sigma-delta sensing circuit constructed in
accordance with an exemplary embodiment of the invention;

[0032] FIG. 3b illustrates a sigma-delta analog-to-digital converter
circuit constructed in accordance with an exemplary embodiment of the
invention;

[0033] FIG. 4 shows an imager constructed in accordance with an

embodiment of the invention; and

DSMDB.1908319.1 | 11



[ 0036] The sensing circuit 250 conprises a first branch 251 for sensing the
reset signal Vrst froma sanple and hold capacitor (not shown), a second

branch 26 ng the pixel signal Vsig fromanother sanple and hold
capaci t or j‘?’é@@“@ﬁ%) and a regul ation branch 273. The s&&d713006013649i t 250

al so conprises a current mrror 280, a conparator 270 and a NAND gate 272.
The conparator 270 is preferably a regenerative latch type conparator,
where the digital output is synchronized to the phase clocks. Snpothing
capacitors (not shown) are preferably added to e.g., all source follower

out puts to conver, ] | ' : rou al |
branches 251, 26£60%?1§$%ﬁ§‘g§%-%§k%§¥ %}ﬁté&ﬁ%&ytﬁ?g%ﬁl éga&% ower .
[0037] The first branch 251 .conprises threge P t.ransj stors 25 254, 256
and a capaci t ofMa8s conigugterdn MWF%Wé&E%?%@?@@%%&’@&?@WZﬁ%t ween a
supply voltage Vaa and a source/drain term nal of the second PMOS

transi stor 254. The gate of the first PMOS transistor 252 is connected to a
first clock signal /PH 1. The BETATEEPMOESCORIPIIONr 254 has a second

source/drain term nal connected to a source/drain termnal of the third
PMOS transi stor 256. The gate of the second PMOS transistor 254

DSMDB. 1908319. 1 06/ 113270 PCT/ US2Q06/ 013649 , i s, nected to a
second cl ock si gié@ggfﬁﬁ&zga%&%?gﬁ%ﬁlﬁm&gg F?‘S&%ﬁ]@ﬁl%ggﬁﬁ%?me‘g gr ound
potential and fhe copnecti on between the first am} second, PMOS transi stors
252, 254. [0038)aCFREAANCETREN 8B F*EBIRIREY srpadiment ot She fieentiny o PMOS
transistor 256 is connected to a source/drain termnal of a second NMOS
transistor 284 dP03aldherensimg ¢irquito?b0xmmprises afitst benchd 1Ry pensmgds
transistor 256 is

the reset signal Vrst from a sample and hold capacitor (not shown), a

second branch 261 for sensing the pixel signal Vsig from another sémple
and hold capacitor (not shown) and a regulaﬁon branch 273. The sensing
circuit 250 also comprises a current mirror 280, a comparator 270 and a
NAND gate 272. The comparator 270 is preferably a regenerative latch
type comparator, where the digital output is synchronized to the phase
clocks. Smoothing capacitors (not shown) are preferably added to e.g., all
source follower outputs to convert the switching nature of the currents
through all branches 251, 261, 273 into near-DC currents for tﬁe source
follower.

[0037] The first branch 251 comprises three PMOS transistors 252, 254,
256 and a capacitor 258. The first PMOS transistor 252 is connected
between a supply voltage Vaa and a source/drain terminal of the second
PMOS transistor 254. The gate of the first PMOS transistor 252 is
connected to a first clock signal /PHIL. The second PMOS transistor 254
has a second source/drain terminal connected to a source/drain terminal of

the third PMOS transistor 256. The gate of the second PMOS transistor 254

~ DSMDB.1908319.1 12



connected to receive the reset signal Vrst; the third PMOS transi stor 256
acts as a source follower transistor for the first branch 251. The second
source/drain of the third PMOS transistor 256 is also coupled to a node A,
which is SQUHEEIRD a2 first input of the conparator 270.PCDUSHU6HTI649
operation, the first clock signal /PH'1 is applied to the gate of the first
PMOS transi stor 252 and the second clock signal /PHL2 is applied to the
gate of the second PMOS transistor 254 in a conplenentary non- overl appi ng
fashion and at a specified frequency. The designations ™/PH 1" and "/PH 2"

are used to nean the inpverted cl ock si n- _overl i.ng cl ocks PI-HL
2 P2, 1 es gecennietes torhsonietods SR TPele, TRE saRt Rl R Ean il s e
time. The clock signals /PHI, /PH 2 are typically generated by a clock
generat or or g@ﬁ‘t\’?@% agrowng potentipl ééi;\? p@qmec@pp&ﬁ%wegg@ﬁ%hrqtpgd 4). The two
PMCS transistors 252, 254 act as switches wunder the control of their
respective cl ¢erornsd ENKDS trapgistors 2pR4254. Activating the first PMOS transi stor
252 (i.e., closing the switch) imediately after deactivating the second
PMOS transi stor K938 "i[heseccm\g%wmgldminﬁewm) ofuthe thirshBMg8S tvansistopaci t or
258. Simlarly, deactivating the first PMOS transistor 252 (i.e., opening
the sw tch) i P%6ds edretectdibfooa sowmee/drain tegmired of aceoshd DRNOS. tt&RE40. 1 13 WO
2006/ 113270 PCT/ US2006/ 013649 PMOS transistor 254 (i.e., closing the swtch)

wi || di schar gesifyf thé pagehPmirrdb280.[ TR Qhteldf ithe tiiihé PMOSay{sisbo2tds
conplenmentary clock signals /PHI'1l, /PH'2 to open and close the "sw tches"

(i.e., transi sbphéctéd4o rékfive SRURES: sg%lﬁal Va0 #ed HAFd PREOE AraxisiBidedss 2
R in FIG ).

resistor (e.g., resistor The equi val ent resistance of the

resistor R is,&0Mal odipcd bbifowdb'GhafisiStol Sof A8 first branch 251. The second

source/drain of the third PMOS transistor 256 is also coupled to a node A,

which is coupled to a first input of the comparator 270.

[0039] In operation, the first clock signal /PHI1 is applied to the gate of
the first PMOS transistor 252 and the second clock signal /PHI2 is applied
to the gate of the second PMOS transistor 254 in a complementary non-
overlapping fashion and at a specified. frequency. The designations
“/PHI1” and “/PHI2" are used to mean the inverted clock signal of non-
overlapping clocks PHI1 and PHI2, respectively. Thus, /PHI1 and /PHI2
cannot be low at the same time. The clock signals /PHI1, /PHI2 are
typically generated by a clock generator or control circuit (e.g., control
circuit 450 of FIG. 4). The two PMOS transistors 252, 254 act as switches
under the control of their respective clock signals /PHI1, /[PHI2. Activating
the first PMOS transistor 252 (i.e., closing the switch) immediately after
deactivating the second PMQS transistor 254 (i.e., openihg the switch) will
charge the capacitor 258. Similarly, deactivating the first PMOS transistor

252 (i.e,, opening the switch) immediately before activating the second
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capaci tance of the capacitor 258 and f is the frequency of the clock signals
[PH 1, /PH 2. By varying the frequency f, the resistance nay be adjusted or
nodul ated as desired. A reset current IR based on the resistance of the
first bran¥P2¥A13908 the WVrst voltage |evel flows througRCIAS2606/083640r anch
251 to node A [0041] The second branch 261 conprises three PMOS transistors
262, 264, 266 and a capacitor 268. The fourth PMOS transistor 262 is
connected between the supply voltage Vaa and a source/drain term nal of the
fifth PMOS transistor 264. The gate of the fourth PMOS transistor 262 is

connected to the first clock sign [PI-HL. T f.j.fr.h PMOS transi stor 264
has a second sBMQ@3angiston24f-Aal %M@ﬁéﬂtﬁ“ﬂhéﬁﬁk@égﬁﬁéﬁ RPAEHEN nal of

the sixth PMOS transistor 266. The gate of the fifth PMOS transistor 264 is
connected the 28&ond cl ock signal /PH 2. The second capacitor 268 is
connected between a ground potential and the connection between the fourth
and fifth PMOS t r[a040]d0sing tgeﬁpnmﬂappﬁ(gl@mplm‘\eman}ndosbeiga:\aISdP&Hﬂl,
termnal of the sixth PMOS transistor 266 is connected to a source/drain
term nal of a JPHE td\dfdmh andiolose thoe “Riches? (itdiatransistord 258, 254y ca?8és thEhe gate
of sixth PMOS transistor 266 is DSMDB. 1908319.1 14 WO 2006/ 113270

PCT/ US2006/ 01364hcito288 ¢ sitniilatd £e@ister (e, fisiedr Ri irFIG. ¥6).dThavher e t he
sixth PMOS transistor 266 acts as a source follower transistor for the

second branch 2edivaldif resiSaARS of e refistrRifs B4udlts 134-QL WhEME 1§ frnsi st or 266
Is al so coupled™to a second I nput of the conparator 270. The output of the

o ek BAREPE Ul M ind ke Hockbhc MR sha AT
272. /PHI1, /PHI2. By varying the frequency f, the resistance may be adjusted
or modulated as desired. A reset current IR based on the resistance of the
first branch 251 and the Vrst voltage level flows through the first branch
251 to node A.
[0041] The second branch 261 comprises three PMOS transistors 262,
264, 266 and a capacitor 268. The fourth PMOS transistor 262 is connected
between the supply voltage Vaa and a source/drain terminal of the fifth
PMOS transistor 264. The gate of the fourth PMOS transistor 262 is
connected to the first clock signal /PHI1. The fifth PMOS transistor 264
has a second source/drain terminal connected to a source/drain terminal of
the sixth PMOS transistor 266. The gate of the fifth PMOS transistor 264 is
connected the second clock signal /PHI2. The second capacitor 268 is
connected between a ground potential and the connection between the
fourth and fifth PMOS transistors 262, 264. ‘
[0042] The second source/drain terminal of the sixth PMOS transistor
266 is connected to a source/drain terminal of a first NMOS transistor 282

of the current mirror 280. The gate of sixth PMOS transistor 266 is
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[0043] In operation, the first clock signal /PHI'1 is applied to the gate of
the fourth PMOS transistor 262 while the second clock signal /PH 2 is

applied tg the te of the fifth PMOS transi stor 264. ﬁ% ort bove,

the cloc 0&P‘&H§?’§8/ PH 1, /PH 2 are non-overl apping co Féﬁbﬁ gl%ggnal S.
The two PMOS transistors 262, 264 act as swtches, where the fourth PMOS
transistor 262 is controlled by the first dock signal /PH 1 and the fifth

PMOS transi stor 264 is controlled by the second clock signal /PlI-H2.
Activating the fourth PMOS transistor 262 (i.e., closing t he svvitch)

imedi ately after deactivating the fi MOS transi st openlng
the switch) wiqoNNERE @rF‘F?éV%a'HaE‘?‘?]O?BQQSXFSISIW#‘ "H@rﬁ\%ﬁﬁ(ﬂ'

fourth PMOS transistor 262 (i.e., opening the sw t(%g% i medi ateI y before
activating theZéﬁuactSramr@e éﬂémg@btra%stot forthe sgrerd hepndhe26duilhen) wi l |

di scharge the capacitor 268. [0044] Usin e non-overl appi ng conpl enent ary
cl ock signal s sepend souycefdrain of @@mthrPMg)Sdsmsmer 266us albecoupled 4o a
transistors 262, 264) causes the capacitor 268 to sinulate a resistor
(e.g., resist mecéisd inp it of th8 kpmpiardtoad70.cfhe vatprttofrthe icotrgracatoe 7@is t o
1/f-C, where Cis the capacitance of the capacitor 268 and f is the

frequency of tdvandewel teiadfivat puttdflthe NAND gaie 27RSIVRB sé&8HiBdIOcl sifpnaMO
2006/ 113270 PCT/ US2006/ 013649 set forth above by varying the frequency f,

the resi st ancepHBYiskOnAdtdd t6 @ sefén R eRle Rﬁ&Nﬁgé@QmA pi xel signal
current IS based on the resi stance t he second bFanch 261 and the Vsig

I I I 270.
\[lgozg]geThZV(raegul tloithfl)gggﬂh ez%‘cr?g??’é’g? ree PI\/%%Iﬁ ransi sto 2f74, 275,
276 and a capag), tf8ﬁrtﬁ7tfivto§1§aﬁﬁé‘c8f‘%2wi@§thé 30t Qb Zﬁgn'af/sz is

applied to the gate of the fifth PMOS transistor 264. As set forth above, the
clock signals /PHI1, /PHI2 are non-overlapping complementary signals.
The two PMOS transistors 262, 264 act as switches, where the fourth
PMOS transistor 262 is controlled by the first clock eignal /PHI1 and the
fifth PMOS transistor 264 is controlled by the second clock signal /PHI2.
Activating the fourth PMOS transistor 262 (i.e., closing the switch)
immediately after deactivating the fifth PMOS transistor 264 (i.e., opening
the switch) will charge the capacitor 268. Similarly, deactivating the
fourth PMOS transistor 262 (i.e., opening the switch) immediately before

" activating the fifth PMOS transistor 264 (i.e., closing the sw*itch) will
discharge the capacitor 268.

[0044] Using the non-overlapping complementary clock signals /PHI1,
/PHI2 to open and close the “switches” (i.e., transistors 262, 264) causes the
capacitor 268 to simulate a resistor (e.g., resistor Rs in FIG. 3b) with an
equivalent resistance equal to 1/f-C, where C is the capacitance of the

capacitor 268 and f is the frequency of the clock signals /PHI1, /PHI2. As
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connected between the supply voltage Vaa and a source/drain termnal of the
eighth PMOS transistor 275. The gate of the seventh PMOS transistor 274 is
connected to the first dock signal /PH L. The eighth PMOS transistor 275
has a sed¥Pa%®Bdi®/ drain term nal connected to a sour EEXAAPNOMIN nal of
the ninth PMOS transistor 276. The gate of the eighth PMOS transistor 275
I's connected the output of the NAND gate 272. The third capacitor 278 is
connected between a ground potential and the connection between the seventh
and eighth PMOS transistors 274, 275. [0046] The second source/drain
termnal of the ninth PMOS transistor 276 is connected to node A and the
first input ofsetherthahpuedyovaryittg thefesequency fotheniesistanepmsiy bandjustedr 276 i s
connected to receive a reference voltage Vref. In a desired enbodi nent, the
ref erence vol tagmoduédtediasidebired.c Anpinel signalldurxenit ligbaset o the resistanceay of
the imager. The ninth PMOS transistor 276 acts as a source follower

transi stor forofhe seegd bidreh 261 ancthe 8/sig {76104gd lelvol fpws ahit thiee first
clock signal /PH 1 is applied to the gate of the seventh P transi stor

274. The out pudechid brend Pl gAthe cdfdbaratthiogh. i s either high or pul ses | ow
while PH 2 is | ow dependi ng upon the DSMDB. 1908319.1 16 WO 2006/ 113270

T L8 L2 o S G S it 1
SLLETS, 150 A AR AT ORI L) 1
B, 0, e U SR bt

deactivating t&ee eighth PMOS transistor 275. The gate of the seventh PMOS transistor

274 is connected to the first clock signal /PHI1. The eighth PMOS
transistor 275 has a second source/drain terminal connected to a
source/drain terminal of the ninth PMOS transistor 276. The gate of the
eighth PMOS transistor 275 is connected the output of the NAND gate 272.
The third capacitor 278 is connected between a ground potential and the '
connection between the seventh and eighth PMOS transistors 274, 275.

[0046] The second source/drain terminal of the ninth PMOS transistor
276 is connected to node A and the first input of the comparator 270. The
gate of ninth PMOS transistor 276 is connected to receive a reference
voltage Vref. In a desired embodiment, the reférence voltage Vref will be
common to all columns of a pixel array of the imager. The ninth PMOS
transistor 276 acts as a source follower transistor for the regulation branch
61.

[0047] In operation, the first clock signal /PHI1 is applied to the gate of
the seventh PMOS transistor 274. The output of the NAND gate 272,

which is either high or pulses low while PHI2 is low depending upon the
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ei ghth PMOS transistor 275 (i.e., opening the swtch) wll charge the third
capaci tor 278. Simlarly, deactivating the seventh PMOS transi stor 274
(i.e., opening the switch) imediately before activatin t he ei ght h PMOS
transi st Y0 2008/18327¢  dosing the switch) will dischargeff ﬁ@stzq{’ﬁgb“@apaci tor
278. The conpar at or 270 triggers the output of the NAND gate 272 when the
reset signal current IRis |less than the pixel signal current IS (but only
when the second clock signal-/PH 2 has a logic state that would activate
the eighth PMOS transistor 275). [0048] Using the non-overl apping

conpl ementary cl ock ZI gnals JPH 1, [ PHI %@ and, t he o t of t onpar at or
270) to open aAYPYES the compargter s is anp totﬂ“ﬁrﬁﬂ%? causes
the capacitor 278 to sinulate a reS|stor zq] resi stor _Rx in FIG 3b)
with an equi vafrandistosgr8t Eh@é‘N@&lMOSttéanﬂstm dndrract dsswitahesaphetet ance of
the capacitor 278 and f is the frequency of the dock signals /PH 1, /PH 2.
As set forth atheweyenth RMQS trgnsibtor 274 ixpenirolled by the fiest clocksignalmy be

adj usted or nodul ated as desired. An adjustment current | A based on the
resi stance of [HifllrargithetdighthdrMiQStraasston s ismntedlkddny theraktpagef Vr ef
flows through the regulation branch 273 to node A where it conbines with

the reset curr@piNARD pa t@zmﬁs\@idcke@@ y PRV, A&&&aﬁﬁﬁlhézem&m@@slwm
PCT/ US2006/ 013649 descri bed bel ow i n frore detai l e regul ation branch 273

regul ates the tranéfstel 2V, @dctwﬁhgﬁﬁé sWitch Pidhme Qi8] dfRrideally thet 0 | S by
adjusting A based on the outputs of the conparator 270, NAND gate 272 and

e o e e PO o4l R i i) it AAE 0 gac | 250
'ITustrates a édp%%ﬁofi E%.aSumlarly, deactivating the seventh PMOS transistor 274
(i.e., opening the switch)-iﬁmediately before activating the eighth PMOS
transistor 275 (i.e., closing the switch) will discharge the third capacitor
278. The comparator 270 triggérs the output of the NAND gate 272 when
the reset signal current IR is less than the pixel signal current Ig (but only
when the second clock signal /PHI2 has a logic state that would activate
the eighth PMOS transistor 275).
[0048] Using the non-overlapping complementary clock signals /PHI,
/PHI2 (and the output of the comparator 270) to open and close the
“switches” (i.e.,, tran51stors 274 275) causes the capacitor 278 to simulate a
resistor (e.g., resistor Rx in FIG. 3b) with an equivalent resistance equal to
1/f-C, where C s the capacitance of the capacitor 278 and f is the frequency
of the clock signals /PHI1, /PHI2. As set forth above, by varying the
frequency {, the resistance may be adjusted or modulated as desired. An
adjustment current I o based on the resistance of the regulation branch 273

and the reference voltage Vref flows through the regulation branch 273 to

node A where it combines with the reset current IR. Thus, as will be

DSMDB.1908319.1 ' 17



anal og-to-digital converter 300 using the FIG 3a signma-delta sensing
circuit 250 constructed in accordance with an exenpl ary enbodi nent of the
invention. Portions of the sensing circuit 250 illustrated in FIG 3a have
been repl e Reir functional equivalents in FIG 3BCTAGR06AEMPI e, in
FIG 3b, afirst resistor R replaces the first switched capacitor 258 and
the first and second PMOS transistors 252, 254 shown in FIG 3a. Likew se,
in FIG 3b, a second resistor Rs replaces the second switched capacitor 268
and the fourth and fifth PMOS transistors 262, 264 shown in FIG 3a.
Moreover, in FIG 3b, a third resjstor shown as an adjustable resistor,

RX’ v
repl aces the tdaseribedibelorein mpadetall thereglationmbranchefBiregulatesthgnt h PMOS
transistors 274, 275 shown in FIG 3a. The NAND gate 272 is also not shown
in FIG 3b. Treum of the adjusunemtaiugtentdAdingt krato berequealtte dg byardjusting lianc! udes a
counter 290 connected to the output of the conparator 270. [0050] The
sensi ng cir cuibased@n thedapuswtithe tomparetbnd7d, NANID gate 272ancettteer 300,
oper at es based on a signa-delta nodul ation approach. In principle, the
sensi ng ci r cuifefereAcatd Vrdfo get the reset signal current IR plus
adjustnent current A to be equal to the pixel signal current IS, Since

typically it is yIih%QJ rét’ilﬁ{ofﬂiédéﬁﬁﬂgToﬁicﬁﬁ?ﬁsoqs'hbW‘éxﬂIBn\éﬁHh be | ess
than DSMDB. 1908319.1 18 2006/ 113270. PCT/ US2006/ 013649 ™ t he pi xel si gnal

current 13, tqﬁo?&ﬁéﬂaﬁl%v%;rlé%&tt%ﬁg 1aed8, R 2 iﬂﬁﬁffﬁ%gﬁigfﬁ??&@ké A to the

reset signal current e sense operation. Is I's achi eved

o ol o119 o S5L ANSG ko SR B4 P, AR5 B 1o e

branch creates a curre of the
ts ﬁgs Ir ggi gf Sag;c'i%}]ﬁ’g ggbg%ﬂ%%&n%gédo%ggccgﬁfﬁ%e tv&iﬁ(\:la(n%&en{[ptfaerynelﬁ géiinel\lqt o?f times
the invention. Portions of the sensing circuit 250 illustrated in FIG. 3a
have been replaced by their functional equivalents in FIG. 3b. For
example, in FIG. 3b, a first resistor Ri replaces the first switched capacitor
258 and the first and second PMOS transistors 252, 254 shown in FIG. 3a.
Likewise, in FIG. 3b, a second resistor Rs replaces the second switched
capacitor 268 and the fourth and fifth PMOS transistors 262, 264 shown in
FIG. 3a. Moreover, in FIG. 3b, a third resistor Rx, shown as an adjustable
resistor, replaces the third switched capacitor 278 and the seventh and
eighth PMOS transistors 274, 275 shown in FIG. 3a. The NAND gate 272 is
also not shown in FIG. 3b. The illustrated analog-to-digital converter 300
also includes a counter 290 connected to the output of the comparator 270.
[0050] The sensing circuit 250, and as such, the analog-to-digital
converter 300, operates based on a sigma-delta modulation approach. In
principle, the sensing circuit 250 a&empts to get the reset signal current IR

plus adjustment current I5 to be equal to the pixel signal current Ig. Since

typically it is most likely that the reset signal current IR will be less than
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predet er mi ned nunber of clock cycles N. The nunmber of clock cycles Nis
typically equal to 2n, where n is the nunmber of bits of resolution in the
anal og-to-digital converter 300. The nunber Mof times the resistance Rx 1is
changed d“ﬂégWF A 1R r esponds to the difference between tRETHS86/064Nal

vol tage Vsig and the reset signal voltage VWrst. As such, the nunber M of
times the resistance Rx is changed will be used by the counter 290 to
generate a digital code ADC CODE corresponding to the actual 1ight

i mpi ngi ng on the pixel. [0052] The operation of the sensing circuit 250 can

be expressed by the_ follow ng r ent equathn ( Vaa- Vsi g- Vt p266)' Rs =
(Vaa Vrst-W pzti/?GPDF@ 1 signad 5110198 i’?Qea‘i‘%i)&Wdlgswtt hr eshol d

vol tage of the sixth PMOS transi stor 266 Wt p256 is the threshold voltage
of the third mntrlmgthea;esezwr@hgurrenﬁolzvéunagtth@smﬁema@pmo| tage of the
ninth PMOS transistor 276. In a desired enbodinent, Rs Ri . Thus, equation
(4) becones: (5)[q03ahTuss @aﬂx@ﬁéby-mp@ahﬂﬁgﬁlevesj%ﬁ):e gf the regulation
(Vaa-Vref-Vt p276) Rl /Rx [0053] It is known that the ratio of the resistance
Ri to resi st arran8x 273 su¢hotiert sk pranchpoedteoa stutabletadfustrene currbht f ti nes
the resistance Rx is DSMDB. 1908319.1 19 WD 2006/ 113270 PCT/ US20061013649

adj usted over @yeriheebefs@iofthe BeHERE opératibAC Kheyolager’290/kkepddiatkop, in a
desi red enbodi nent, Vtp266. is assumed equal to Vtp256. As such, equation

(5) becores: (#§k iR MMf"thmes(ﬁ‘[e%’esmta}{%éR)ué aljidfed ovéef - M p276) [ 0054]

As such, the sigma- del fa ‘modul ation sensi ng operatlon of the invention is

based on the difhetRfified M5 dftfodksytles N.ITRE nUABRE Mckicycles N is

typically equal to 27, where n is the number of bits of resolution in the
analog-to-digital converter 300. The number M of times the resistance Rx
is changed directly corresponds to the difference between the pixel signal
voltage Vsig and the reset signal voltage Vrst. As such, the number M of
times the resistance Rx is changed will be used by the counter 290 to
generate a digital code ADC CODE corresponding to the actual light
impinging on the pixel.
[0052] The operation of the sensing circuit 250 can be expressed by the
following current equations:
@ (v aa~Vsig—-th266)/ Rs= (V. aa—Vrst—th256)/ Ri+ (V. aa-Vref-th276)/ Rx,
where Vip266 is the threshold voltage of the sixth PMOS transistor 266,
Vitp256 is the threshold voltage of the third PMOS transistor 256 and
Vtp276 is the threshold voltage of the ninth PMOS transistor 276. In a
desired embodiment, Rs =Ri. Thus, equation (4) becomes:
(5) (Vaa-Vsig-Vtp266) - (V. aal—Vrst-V_tp256) = (Vaa-Vref-Vtp276)-Ri/Rx
[0053] It is known that the ratio of the resistance Ri to resistance Rx is

inversely proportional to the number, M, of times the resistance Rx is
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and the pixel signal voltage Vsig as opposed to a ratio of these two

vol tages. Thus, the sensing circuit 250 provides for a "true" subtraction
bet ween the reset signal voltage Vrst and the pixel sig @k Vsi g.
Usi ng t h&VQ2406/2182 ke bet ween the reset signal voltage \/F mggdc?%@lﬂ’g”pi xel
signal voltage Vsig neans that noise associated with both of these signals
IS subtracted out and not carried into the anal og-to-digital conversion

process -- unlike the conventional sensing circuit 50 (FIG 2a), where the
noi se i s not subtracted out. In addition, the denom nator of equation (6) is

based on the ref.erence volta Vref .and pot e .eset signhal,Vvoltage Vrst or
the pj[ xel si gr?&‘:]juﬁﬁﬁqPXS’éaf§z‘§eﬁe?ﬂg§§]rgﬁf‘§%%{ﬁ?%?%y§?;pﬁegpﬁdg&h??féﬁalpr ocess
2751 xel “arr ay depirgd el etdee s el FaVIERSS. R S desired
enbodi ment, there wil|l ~be a nmechanismto counteract any variations between

t he threshol d equgtioadakbegopess, it p266 on a col um by col um basis. For
instance, the inmage processor (e.g., image processor 480 of FIG 4) or

ot her pr ocessi(ApRi/Reri=t Mifbly= (\stii- 1V sig)f/{¥as —dfrebt Mp236) ust ment val ues to
provi de a digital DSMDB.1908319.1 20 WO 2006/ 113270 PCTI US2006/ 013649

adj ust ment for t [(05d] Warsuahj thesigraaettlmrmodilatioatsensingroperhtdon béthid ng-
results. [0056] An additional benefit of the sensing circuit 250 is that the
reference vol tingentisiets ssadm theatifferenae batweearothierrebetrsiygded vicbtagt ¥rsincr ease

or decrease the brightness of the pixel signals throughout the imager. That

i's, the refer gPrheqdikelofgVilSoltabe alsig H@Mpggseﬂdblhsiaﬁﬂ) &fothask #e6 how much

current flows through the sensing circuit 0. This in turn can be used for
voltages. Thus, the sensing circuit 250 provides for a “true” subtraction

between the reset signal voltage Vrst and the pixel signal voltage Vsig.
Using the difference between the reset signal voltage Vrst and thé pixel
signal voltage Vsig means that noise associated with both of these signals
is subtracted out and not carried into the analog-to-digital conversion
process -- unlike the conventional sensing circuit 50 (FIG. 2a5, where the
noise is not subtracted out. In addition, the denominator of equation (6) is
based on the reference voltage Vref and not the reset signal voltage Vrst or
the pixel signal voltage Vsig.

[0055] It should be appreciated that process variations could cause
Vtp256 to be different than Vtp266 across columns in a pixel array (e.g.,
array 405 of FIG. 4). Accordingly, in the desired embodiment, there will
be a mechanism to counteract any variations between the threshold
voltages Vtp256, Vtp266 on a column by column basis. For instance, the
image processor (e.g., image processor 480 of FIG. 4) or other processing

unit may retain offsets or other adjustment values to provide a digital
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gain control in a very sinple manner. [0057] FIG 4 illustrates an exenplary
i mger 400 that may utilize a signma-delta anal og-to-digital converter 300
constructed in accordance with the invention. The I mger 400 F 5 pi xel
array 40%Q¥NBI137hg pixels constructed as described aboVASHO /ﬁ 3t6§spect to
FIG 1, or using other pixel architectures. Row lines are selectively
activated by a row driver 410 in response to row address decoder 420. A
columm driver 460 and columm address decoder 470 are also included in the

i mger 400. The imager 400 is operated by the timng and control circuit

450, which controls th ddress decaderg 420,,.470. The control circuit 450
al so controls a@ﬂi@ﬂ’f@wt? e%VW‘E}?ﬁ%@Pa(ﬂr‘r@@bﬁ@m}lQb?ﬂ%G‘?S%SS] A sanpl e

and hold circuit 461 associated with the columm driver 460 reads a pi xel
reset signal Vesultsand a pixel image signal Vsig for selected pixels. The
anal og-to-digital converter 300 (ADC) outputs a digital code correspondi ng
to the differenci0bé] hmeadditionslxnefin of the spnsinigyrisdudt 260 iditatithsed above with
respect to FIGS. 3a-3b. The anal og-to- DSMDB. 1908319.1 21 WD 2006/ 113270

PCT/ US2006/ 013effench @iltage Vraf ¢an beusddas agap casrohmedhgiisinze dniriexsd
signals to an image processor 480 which forns a digital inmage. [0059] FIG

5 shows a systfrdcetdhse dhé brighatesp bpaRsHIRE] siynile thrtudoue the iaddiCThde an
i mgi ng device 400 (FIG 4) gof the inventi o%ltﬁThe processor sgystem 500 is

exenpl ary of 3s S8 refirdiéiviltage Wrefltsdlf frialy BeSadjlisted 46 widtist oG HiRh Mage
sensor devices. Wthout being limting, stch a’system could include a

cot e 57! SRR 4SAETEABIG, RO 3 i, ol Bl o
gain control in a very simple manner.

[0057] FIG. 4 illustrates an exemplary imager 400 that may utilize a
sigma-delta analog-to-digital converter 300 constructed in accordance with
the invention. The Imager 400 has a pixel array 405 comprising pixels
constructed as described above with respect to FIG. 1, or using other pixel

_ architectures. Row lines are selectively activated by a row driver 410 in
response to row address decoder 420. A column driver 460 and column
address decoder 470 are also included in the imager 400. The imager 400
is operated by the timing and control circuit 450, which controls the
address decoders 420, 470. The control circuit 450 also controls the row
and column driver circuitry 410, 460.

[0058] A sample and hold circuit 461 associated with the column driver
460 reads a pixel reset signal Vrst and a pixel image signal Vsig for
selected pixels. The analog-to-digital converter 300 (ADC) outputs a
digital code corresponding to the difference between the Vrst and Vsig

signals as discussed above with respect to FIGS. 3a-3b. The analog-to-
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star tracker system notion detection system inage stabilization system
and data conpression system [0060] System 500, for exanple a canera system
generally conprises a central processing unit (CPU) 502 ch
nicroprog%QQ%WF1¥ﬁ%l communi cates with an input/outputpfylr]S mﬁ@iW%E 506
over a bus 520. |Imaging device 400 al so communi cates with the CPU 502 over
the bus 520. The processor-based system 500 al so i ncl udes random access
menory (RAM 504, and can include renovabl e nenory 514, such as fl ash
menory, which also communicate with the CPU 502 over the bus 520. The

i magi ng device 400 may be conbined with a processor, such as a CPU, digital
si gnal pr ocessdigitabeoniezstes 308 supphies thgi digitiged \pixelsignale toan imeger age on a
single integrated circuit or on a different chip than the processor. [0061]
The processes prdessev 48@ svhdels torineal digital émagé.ust rate preferred nethods and
typi cal devices of many that could be used and produced. The above ,
description and ¢0058] FIG. 5 bhows aaysteanbelartppical prdvesdorBpbien iiiifed. 1 22 WO
2006/ 113270 PCT/ US2006/ 013649 achi eve the objects, features, and advant ages
of the presenttdif¥kidel @limagifipRieoice 400 (FEG.4)of thy @Rdatiohhdhetgiecaisesent

I nvention be strictly limted to the above-described and illustrated

embodi ment s. Ai%téfﬁ@DﬁEé@Eéxﬂﬁla\vbPQ'dﬁﬂeﬂfl@éﬁﬂ%ng!ﬂf&fcﬁ&@%&)ul&f the
present inventi‘on that cones thin"the spirft and scope of the follow ng

Cl i med s new SHECIRAEREReoPabHcS; WIRGH BERR LA HE U R ne' Ui t

States i s:

could include a computer system, camera system, scanner, machine vision,
vehicle navigation, video phoﬁe, survéi]lance system, auto focus system,
star tracker system, motion detection system, image stabilization system,
and data compression system.

[0060] System 500, for example a camera system, generally comprises a
central processing unit (CPU) 502, such as a microprocessor, that
communicates with an input/output (I/O) device 506 over a bus 520.
Imaging device 400 also corm:mmicatés with the CPU 502 over the bus 520.
The processor-based system 500 also includes random access memory
(RAM) 504, and can include ;emovable memory 514, such as flash
memory, which also communicate with the CPU 502 over the bus 520. The
imaging device 400 may be combined with a processor, such as a CPU,
digital signal processor, or microprocessor, with or without memory
storage on a single integrated circuit or on a different chip than the
processor.

[0061] The processes and devices described above illustrate preferred
methods and typical devices of many that could be used and produced.

The above description and drawings illustrate embodiments, which
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DSMDB. 1908319.1 23 CLAIM5S 1. A sensing circuit for an inmager, said sensing
circuit conprising: a first circuit branch for inputting a reset signal
voltage and creating a reset current; a second circuit branch for inputting
a pi xel sY@#WUSRWage and creating a pixel current; arRETHES2984/A13¢4%ent
branch for creating an adjustnment current froma reference voltage using
sigma-del ta nodul ation of a resistance in said adjustnent branch, said

adj ust mrent current being conbined with the reset current when the reset
current does not equal the pixel current, said adjustnment branch resistance

conprising a swtched capacitor circuit, said swtched capacitor circuit
conprising: a %&%&6@%&% #Rd adyaniages ghthepresertnyenticye, a first
switch coupl ed between a second vol tage source and the node, and a second
swi t ch coupl edHpwienenit ismotintendgddhat theipreseps invedion heetristly Limised to st
switch is controlled by a first clock signal and the second switch is
control | ed by &lueabwpa{esaﬁbed endpllusteated embodiments. A nyedificatipri rcui t  of
claim1l, wherein a nunber of tinmes the resistance is nodulated corresponds
to a differencthoughymeseritheupforeseeablgneaf theqiresend imvehtidrethat esmies si gnal
voltage. 3. The sensing circuit of claim1l, wherein said adjustnment branch
i's connected twithir egisit ahd lseops ofbrrfollowinieclabid sheddisy éiziddredt he pi xel
current. 4. The sensing circuit of claim1l, wherein the first switch is

control | ed by ?art&ﬂgpgés@ﬁé(ﬁ%gﬂaﬂ and the second switch is controlled by a
second clock signal. 5 The sensing circuit of claim1, wherein said first
circuit branch crgm§Whi€is claimed as new and desired to be protected by Letters

Patent of the United States is:
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reset current by applying the reset signal voltage to a switched capacitor
resistance. 6. The sensing circuit of claiml, wherein said second circuit
branch creates the pixel current by applying the pixel signal voltage to a
swi tched capacitor resistance. 24 7. The sensing circuit of claiml,
wherein said reference vol tage contr @IsABMSsi gnal gain of the imager. 8. An
anal og-to-digital converter for an imager, said analog-to-digital converter
conprising: a sensing circuit conprising: a first circuit for inputting a

reset signalyvoltage, ifBabt Minda @ggtd s_e&sli'ﬁgr&%uritecﬁmﬁﬁ{% circuit for

I nputting a pixel signal voltage an reating a pix current, and an
adj ust ment ci r cui a fifsbeirareEtneigfoa mpaittjngst nesat sigoal vadtage fndeneatingd es@nce
vol tage by nmpdul ating a resistance in said adjustnment circuit, said

adj ust ment YE¥*Pent being conbined with the reset current when the reset

current does not. , &GHAN citdlft b fof UipiRie a RULiAd UHTE A BreBfifida T o1 stance

conprising a switched capacitor circuit, a counter for counting a
nunber of tipme dutrent; esd st ance is nodul ated and outputting a digital code

corresponding to a dj.fference befween.the pjxel signal _voltage and the
reset signal vol t%{b@;uﬁ}m@ﬂt r?fmg‘afg’ﬂcrgwrigcaﬁ‘&ﬁlﬁ@gﬁ%iWPmcﬁr?@@irF Cr6fmpri ses: a

Copacin SOUMARE, ik 58 ANELANArS L i S b o v o
said adjustment current being combined with the reset current when the reset
- current does not equal the pixel current, said adjustment branch resistance

comprising a switched capacitor circuit, said switched capacitor circuit comprising:
a capacitor coupled between a node and a first voltage,
a first switch coupled between a second voltage source and the

node, and

a second switch coupled between the node and a third voltage;

wherein the first switch is controlled by a first clock signal and the

second switch is controlled by an output of a comparison circuit.

2. The sensing circuit of claim 1, wherein a number of times the resistance is
modulated corresponds to a difference between the pixel signal voltage and the

reset signal voltage.

3. The sensing circuit of claim 1, wherein said adjustment branch is

connected to a comparator for comparing the combined current to the pixel current.

4, The sensing circuit of claim 1, wherein the first switch is controlled by a

first clock signal and the second switch is controlled by a second clock signal.

5. The sensing circuit of claim 1, wherein said first circuit branch creates the

reset current by applying the reset signal voltage to a switched capacitor resistance.

6. The sensing circuit of claim 1, wherein said second circuit branch creates
the pixel current by applying the pixel signal voltage to a switched capacitor
resistance.
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a second switch coupl ed between the node and a third voltage; wherein the
first swtch is controlled by a first clock signal and the second switch is
controlled by an output of a comparison circuit. 9. The anal og-to-digital
converter of claim8, wherein said adjustnment circuit s connected to a
conparator for conparing the conbined current to the pixel current. 10. The
anal og-to-digital_converter of ¢claim8, wherein the first switch is

control led by a flHesEnsngekcwt ofdanyhavhenein sad sefareags veltagesopols Aol | ed by a
second clo [ I The anal og-to-digital converter of claimS8,
wherein sai3¥$?¢EQQSFP%§F%%g%eateS the reset current by applying the reset
signal voltage to a swtched capacitor resistance. 12. The

anal og-to-digital converter. of. claim8, wherein sgid second . circuit creates
the pixel cutr ent%?mj%ﬂifhrg&al(??é‘vﬁ‘it@(écm%‘&%Ff’%‘ata&@]@gtt%'dégl% t ched

capaci tor rQﬁh%%ﬂﬂQﬁn1?@&13he anal og-to-digital converter of claimS§8,
wherein said re erencg voFt age controls a signal gain of the imger. 14. An
i mager conpri si nga seasipgxatuiacomprisis@i d pi xel array conprising a plurality of
colums of pixels; _  a sanple, and hold circuit coupled tp at |east one colum
of said array; arrifirshEiraitiopouging agesed sienalediage AndeaRngR K68t nput r eset
and pixel sigpal; voltages fromsaid sanple and hold circuit, said analog to
digital -converter conprising: a first circuit for inputting the reset

vol t age and cr eatd segomd ciessit foe inpuinig,a pigel sipmaivbitaige and trebiig a pixel ti ng t he

pi xel si gnal voltagg and creating a pixel

current, an

an adjustment circuit for creating an adjustment current from a reference
voltage by modulating a resistance in said adjustment circuit, said adjustment
current being combined with the reset current when the reset current does not
equal the pixel current, said adjustment branch resistance comprising a switched
capacitor circuit; and

a counter for counting a number of times the resistance is modulated and

outputting a digital code corresponding to a difference between the pixel signal

voltage and the reset signal voltage, wherein said switched capacitor circuit

comprises:
a capacitor coupled between a node and a first voltage,
a first switch coupled between a second voltage source and the
node, and

a second switch coupled between the node and a third voltage;
wherein the first switch is controlled by a first clock signal and the

second switch is controlled by an output of a comparison circuit.

9. The analog-to-digital converter of claim 8, wherein said adjustment circuit
is connected to a comparator for comparing the combined current to the pixel

current.

10.  The analog-to-digital converter of claim 8, wherein the first switch is
controlled by a first clock signal and the second switch is controlled by a second

clock signal.
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current, and an adjustnent circuit for creating an adjustnent current froma
reference voltage by nodulating a resistance in said adjustnent circuit,
said adjustnment current being conmbined with the reset current when the
reset current does not equal the pixel current, said adjustnent branch

resi stance conpr i Bhduhabogstordigina doneaRact ¢laim 8) whdttin, safidfidt dduitehekscapaci t or
circuit conprising: a capacitor coupled bet ween a node and a first vol t age,

a first swi ttBaressuprest bﬁé@méﬁngéh%r@é%ﬁtgnebvqltag@t%w@@eéﬁapatcﬁ@r node, and a
second switchg ed between the node and a third voltage; wherein the

first switchi1s controlled by a first clock signal and the second switch is
controlled by an output of a conparison circuit; and a counter for counting

a nunber of tjines_the eS|s .ance is nodylated a out puttipg a, digital code
cor r espondi ng-t o Bheoﬁnla agrie é‘tajéPﬂ)@é??rPﬁ%lalﬁi §e‘|"£l"er‘@r§§l SW‘{]%{%“and t he

reset si gna'crwéét%g?lxtegﬁan}én bi%g?lé{[@g‘% B&Elc ééé,rlgdzli r@})lrjgaéet AShitel ecFa' d adj ustment

circuit is connecte ined current to
the pixel cuapeditor rdsistanitbe | mager of claim 14, wherein the first switch is
controlled by a first clock signal and the second switch is controlled by a
second clock signal. 17. The imger of claim 14, wherein said first circuit

creates the ypesetpgurf aﬁg-tob&‘lgltﬁ%gh 0 of OGink gsﬁ%ergﬂngslgﬁi]l rfik%rit&%q’%ltﬁ

swi t ched capacitor resi e I mager erein said

second ci r cugdntrolserdigiml phia ofithecimagetir rent by appl yi ng the pi xel signal
voltage to a switched capacitor resistance. 19. The inmager of claim 14,
wherein said reference voltage controls a signal gain of the inager.

14.  Animager comprising:
a pixel array, said pixel array comprising a plurality of columns of pixels;
a sample and hold circuit coupled to at least one column of said array; and
an analog-to-digital converter coupled to input reset and pixel signal
voltages from said sample and hold circuit, said analog to digital-converter
comprising:
a first circuit for inputting the reset voltage and creating a reset current,
a second circuit for inputting the pixel signal voltage and creating a pixel
current, and |
an adjustment circuit for creating an adjustment current from a reference
voltage by modulating a resistance in said adjustment circuit, said adjustment
current being combined with the reset current when the reset current does not
equal the pixel current, said adjustment branch resistance comprising a switched
capacitor circuit, said switched cap.écitor circuit comprising:
a capacitor coupled between a node and a first voltage,
a first switch coupled between a second voltage source and the
node, and
a second switch coupled between the node and a third voltage;
wherein the first switch is controlled by a first clock signal and the
second switch is controlled by an output of a comparison circuit; and
a counter for counting a number of times the resistance is modulated and
outputting a digital code corresponding to a difference between the pixel signal

voltage and the reset signal voltage.
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20. A processor systemconprising: a processor; and an imager coupled to
sai d processor, said inmager conprising a pixel array, said pixel array
conprising a plurality of colums of pixels, a sanple and hold <circuit
coupled to at |east one columm of said array, and an anal og-to-digital
converter colpl edThedmagpief daiset4, argroin said adjugiment ciotuitigeentfectshteai d sanpl e

and hold ci it. said analog,tq digital-converter .conprising; a first
circuit br anéc’:oﬁﬁjﬁa{)epori fﬁﬁﬁ?‘PP ?‘lrbn EC?IEE%F& \%rlr?rgé% r,pdxe(! rcglggrilthg a reset
current, a second circuit branch for inputting the pixel signal voltage and
creating a ﬁ%xel current, and an adjustnent branch for creating an

adj ust nent clifr r enthe imagenofradaiay Bhydersipthedist syitchdsieondrolled by afest st ance in

sai d adj ust n i j t u nt._bei.n onhiped with the
reset curr e@@%ﬁ%@ %@d ‘?h%%g{jon?%%}ﬁgf ?Osp Woggééﬁfﬁgﬁct%nfi ﬁg’%s@f‘p current, said
adj ust mrent branch resi stance conprising a switched capacitor circuit, said
swi tched capacitor circuit conprising: a capacitor coupled between a node

and a first Voilhaimages of clamn 14vivherminseidhfistciraitoseatesahe easeirrprsent bage sour ce
and:the nod and.a secon htch co d, bet ween t.he node and a third
Vol tage; 2 RN IR BRE SR S o R AR G S el ock &1 gnal

and the second switch is controlled by an output of a conparison circuit;

and a counter for_ counting a nunber of times the resistance i s nodul ated.
21. The systEm of The imagenel claimelbiwhesein gnid senond cirgaif eeatee thepinglgi t al code

cor  espondi gk fy S HE SR NEF Vol 18 9h Koo aRleitiPhdsRG g the reset
19.  The imager of claim 14, wherein said reference voltage controls a signal
gain of the imager.
20. A processor system comprising:
a processor; and
an imager coupled to said processor,' said imager comprising a pixel array,
said pixel array comprising a plurality of columns of pixels, a sample and hold
circuit coupled to at least one column of said array, and an analog-to-digital
converter coupled to input reset and pixel signal voltages from said sample and
hold circuit, said analog to digital-converter comprising;
a first circuit branch for inputting the reset voltage and creating a reset
current,
a second circuit branch for inputting the pixel signal voltage and creating a
pixel current, and |
an adjustment branch for creating an adjustment current from a reference
voltage by modulating a resistance in said adjustment branch, said adjustment
current being combined with the reset current when the reset current is less than
the pixel current, said adjustment branch resistance comprising a switched
capacitor circuit, said switched capacitor circuit comprising:
a capacitor coupled between a node and a first voltage,
a first switch coupled between a second voltage source and the
node, and
a second switch coupled between the node and a third voltage;-
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vol tage. 22. The system of claim 20, wherein said adjustnment branch.is
connected to a conparator for conparing the conbined current to the pixel
current. 23. The system of claim 20, wherein the first switch is controlled
by a first clock signal and the second switch is controlled by a second

cl ock signal. 24 whdreinghes fiestrswitcleisaiontr@lzd yhefisi doslasigndliand tthecsecend t  br anch
creates the reset,

t. current by applying the. reset signal voltage to a
swi t ched capS_XY'}T dt cqq@allg@&x@é_oup&&ﬁ&gngasygsplémrgqlt;@ggi m 20, wherein said
second circuit braashid f6adosatind € nuRb&af iR esR¥andPR mibdifatbdie pi xel
signal voltage to a switched capacitor resistance. 26, The systemof claim

20, wherein said reference voltage controls a signal gain of the inager.

27. A met hod, of eratin N er,, said,nmethod conprisj.ng.the steps of.
Chout Ui ng ' Heset [T o oI, Ssrah s PRI seoeaes e PEneotced on a
first resi %o%%%ndiﬂg({%ltatdiﬁ&eﬁc%éf@rkeﬁsﬂhg BBJel M@h&l%ﬁag”é‘ﬁldcthé?ésbt”ﬂ%ﬁl pi xel
current based on a second resistance; and creating an adjustnment current by
modul ati ng avaltegé.st ance and applying a reference voltage to the nodul ated

resi stance; conbining the adjustnment current with the reset current; and
counting a nunber of tines the resistance is nodul ated, 28 wherein the act

of nodul ati ngp t herKLSARhPHCRaiiPIR WIRESN S8 B & uSSheRDBranth SRR 0S |
capacitor, and wherei'n the act of charging and discharging a capacitor

conpri ses: comecatonyr coreparagthe combined aurrent $¢ theqlixelgerrbatsed on a first
cl ock signal, and
23. The system of claim 20, wherein the first switch is controlled by a first clock |

signal and the second switch is controlled by a second clock signal.

24.  The system of claim 20, wherein said first circuit branch creates the reset

~ current by applying the reset signal voltage to a switched capacitor resistance.

25. The system of claim 20, wherein said second circuit branch creates the
pixel current by applying the pixel signal voltage to a switched capacitor

resistance.

26.  The system of claim 20, wherein said reference voltage controls a signal

gain of the imager.

27. A method of operating an imager, said method comprising the steps of:

inputting a reset signal voltage and creating a reset current based on a first
resistance;

inputting a pixel signal voltage and creating a pixel current based on a
second resistance; and

creating an adjustment current by modulating a resistance and applying a
reference voltage to the modulated resistance; |

combining the adjustment current with the reset current; and

counting a number of times the resistance is modulated,
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connecting the capacitor to a second voltage based on a result of a

conpari son between the conbi ned current and the pixel current. 28. The

nmet hod of claim 27 further conprising the act of outputting a digital code
equal to the nunmber of times the resistance was nodul ated. 29. The net hod of
cl ai m 28, wherei nwhabitl thé gitloflincdathting e resipranetscontprites chidrgiagané¢e bet ween the
pi xel signal voltage and the reset signal voltage. 30. The nethod of claim
27, further HehareRg & eRRARHOR aR WHsTeIntheActaf sharge aodhicha@ A rent to the

pi xel current,; ting the resistance to create a new adj ust nent
current V\hennéapﬁ%{bggongﬁ%\égd current does not equal the pixel current. 31. The
met hod of cl ai m Zénnedimpehacdpaeit@ad adirstololtags egedion adirstchankgigngl,and capaci t or
conprises: connecting the capacitor to a fi {st vol t age based on a first
clock signal: andconBefimgdhe eapaciter te 3 serandgpoltags basedenagesiliofdge based on a

second cl OCkcon'ﬁ;agiQ&{Petglfé%rll%Qgpﬁﬁﬁ]&ﬁguﬁgntqﬂg;}maﬁ%el Jehher conprising the act

of adjusting a‘’signa e | mager usting the reference
vol tage. 33. The nethod of claim 27, wherein the conbining act is perforned
when the reset current is |less than the pixel currept. 29 .

28 The method of claim 27 further comprising the act of outputting a digital

code equal to the number of times the resistance was modulated.

29.  The method of claim 28, wherein said digital code corresponds to a

difference between the pixel signal voltage and the reset signal voltage.

30.  The method of claim 27, further comprising the acts of:
comparing the combined current to the pixel current; and
modulating the resistance to create a new adjustment current when the

combined current does not equal the pixel current.

31.  The method of claim 27, wherein the act of charging and discharging a
capacitor comprises:
connecting the capacitor to a first voltage based on a first clock signal; and
connecting the capacitor to a second voltage based on a second clock

signal.

32.  The method of claim 27, further comprising the act of adjusting a signal

gain of the imager by adjusting the reference voltage.

33. The method of claim 27, wherein the combining act is performed when the

reset current is less than the pixel current.
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