COLUWN- PARALLEL SI GVA- DELTA ANALOG- TO- DI G TAL CONVERSI ON FOR | MAGERS FI ELD
OF THE | NVENTI ON [0001] The invention relates generally to imagi ng devices
and nore wenbicubanly to a sigma-delta anal og-to-di gitalPCrarse@eciescdused in
i magi ng devi ces. BACKGROUND [ 0002] A CMOS inmmger circuit includes a focal

pl ane array of pixel cells, each one of the cells including a photosensor,
for exanple, a photogate, photoconductor or a photodiode within a substrate
for accunul ati ng 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 ch@QIUSINTPARALEGLSIGMA-DEIINANATQG-EQ-RIGIBALI ng
diffusion region. In sone inmager circuits, each pixel may include at |east
one el ectronic device such LZONVERSKONORAMAGERSferring charge fromthe
phot osensor to the storage re%ion and one device, also typically a
transistor, for resetting t h&IELEQFIHEINVENTION edet er mi ned char ge

| evel prior to charge transference. [0003] In a CMOS i mager, the active

el ements of a pixel cell performthe necessary functions of: (1) photon to
charge conver si ofy I i ; ; ) ing the

ctor age regi on t0a iclERRERHpR sk Ak er BE e Aol SRRSO, g

region acconp%%irt?aﬂgﬁy to a sigma-delta analog-to-digital converter 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 imager, the active elements of a pixel cell perform
the necessary functions of: (1) photon to charge conversion;

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

known state; (4) transfer of charge to the storage region accompanied by
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DSMDB. 1908319. 1 1charge anplification; (5) selection of a pixel for

readout; and (6) output and anplification of a signal representing pixel
charge. BNotwoehaz7ge nmay be anplified when it noves fromrcrhis2emioticad charge
accurul ation region to the storage region. The charge at the storage region
is typically converted to a pixel output voltage by a source foll ower

out put transistor. [0004] CMOS i magers of the type di scussed above are
general ly known as discussed, for exanple, in U S Patent no. 6,140, 630,

U S. Patent no. 6,376,868, U S Patent no. 6,310,366, U. S  Patent no.
6,326, 652, U. shanggrasniplifieationy; () selssion pia 1‘9?@1%%%?@%@%&“%6(,65@5%5,
assigned to Mcron Technol ogy, Inc., which are heyeby incorporated by
reference in ehdiamplificationyor o g reprasypiiag PLeb gharges F410ée shargs Matvos

i mager pixel 10 is shown in FIG 1. The pixel 10 includes a photosensor 12
(e.g., phot odbedeplifiest whandt mewves from therigitéa chargrsacsugrulaion FegigR fog
diffusion region FD, reset transistor 16, source follower transistor 18 and
row sel ect tr dnssterage @giorTHEhtturgs ehtherstaragegegionris typigaiincenertadoat i ng
di ffusion region FD by the transfer transistor 14 when the transfer

transi stor 14ta picdliowdpetviliage by assdee folhtwecontpusitragisipher. TX, [0006] The
reset transistor 16 is connected between the floating diffusion region FD
and an array pi x@004UEMQS imbhagef YaatypedisAissed eboroate ginesaljnkhoRET i s
used to activate the reset transistor 16, which resets the floating

di f f usi on r egiag@isdistel, fheeamnply, i S, Patepphy. 6,040,68% WaPpient hevel as is
known in the art.
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 photosensor 12 is connected to the floating diffusion region 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 pixel 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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DSMDB. 1908319. 1] 0007] The source fol l ower transistor 18 has its gate
connected to the floating diffusion region FD and is connected between the
array pi x&b 20apppB3rovol t age Vaa _pi x and the row sel ect tPamdais3aen1@ The
source follower transistor 18 converts the charge stored at the floating
diffusion region FD into an el ectrical output voltage signal Vout. The row
select transistor 20 is controllable by a row select signal SEL for

sel ectively connecting the source follower transistor 18 and its out put

vol tage signal Vout to a colum line 22 of a pixel array. [0008]_ The

si gnal s out put f}00a7} Bee pouuek fqlmoxaeletramiast@gl%g\ﬁﬁﬁg@@t&@ﬁmaﬁ‘twﬁbea reset
signal Vrst (generated when the floating diffusion region FD is reset) and
a pixel out putfloaitiggaliffusion rggiter BD andas tennested hetweenrtheherayidxelsensor 12
is transferred to the floating diffusion region FD. The out put signals nust
be converted fsuppiyanaliog: Vaa digiahdlthé cowfsalechangisioe 89silihg.soduee to a
typically I ow capacitance on the floating diffusion region FD, the kT/C

noi se on Vrst feABwRE traxeiesRi 18econVaes tha drsfestared at the fidetingediffusion
phot osensor 12 to the floating diffusion region FD, this charge is ideally

noi sel ess and rbﬁioﬁtmpmta&ﬁeléét@m1 Me sbltsg@sighal Yot SHhicow beledsi g
signal. Thus, the pixel output signals Wrst, Vsig are usually sent to a

sanpl e and holighi{Hidt6 Pt istdmtidIRBIL 1y & réiviseRicesighASEL fetkelectivbiych forns the
signal Vrst-Vsig. This difference signal is then sent to an

oTEL o 0. Doty id o L phuabtons oty IABRUAELS, 22
used as part ofog 3 HBuAfR fife 896 KPilcPasthgi tal converter.

[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 capacitance 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 from the Vrst signal to produce the
Vsig signal. 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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The sensing circuit 50 conprises a first branch 51 for sensing the reset
DSMDB. 1908319. 1signal Vrst froma sanple and hold capacitor (not shown),
and a secwoadodwEash 61 for sensing the pixel signal Vsi@Crrusaooanoaicher

sanpl e 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 regenerative latch type, where the digital output is
synchroni zed to the phase cl ocks. Snoothing capacitors (not shown) nay al so
be added to the source foll ower outputs to convert the sw tching nature of
the currents signelymstfromisy seaeplesngihold rapagitpr{agt sheovahepdisecopd ¢ he
source follower. [0010] The first branch 51 conprises three PMOS

transi stors 5brarieh 6150 aesing tagppidet signabysighieomiansthemaaspleanditaldr 52 is
connected between a supply voltage Vaa and a source/drain term nal of the
second PMOS t rapadittr¢notehowie Tet sensiingt diecufti HsalsemaBprisansicgtrent 52 i s
connected to a first clock signal /PH . The second PMOS transi stor 54 has
a second sour eeitfbraiOna cempanator Z0andct MAND gatsBlir thé¢ domparater i nwly of t he
third PMOS transi stor 56. The gate of the second PMOS transistor 54 is

connected to deseegaderatioekateh gyﬁé, wikie Zhe dipdtat apgmitiis syhéhronizedrtoect ed
bet ween a ground potential and t connection between the first and second

PMOS transi st ghéphdse ddcks| @ﬂddthﬂgecagﬁ@ﬂﬁﬁb (@ouEkewd) fiay dlss bt adtedto t he
third PMOS transistor 56 is connected to a source/drain termnal of a first

ey oo 2t Bl gttt s st B e
transi stor 56 {@®dugh all branches 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 gate 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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as a source follower transistor for the first branch 51. The second
DSMDB. 1908319. 1source/drain of the third PMOS transistor 56 is al so coupl ed
to a firswoizo@uti3zrh t he conparator 70. [0012] | n oper at ipomustéve/oidenst cl ock
signal /PHI is applied to the gate of 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 conplenentary nonoverl appi ng fashion and at a specified
frequency. The designations "/PH " and "/PH 2" are used to nean the

inverted clock signal of nonoverlapping clocks PH I and PH 2, respectively.
Thus, /PHI | aseurgeiguin ghths thixe P G ARFIROE Shis 5#%9111?1%1 tojadiyst EiRjHal s

[PHI, /PH 2 are typically generated by a clock generator or control
circuit. The toftherasperdns/$tors 52, 54 act as switches under the control
of their respective clock signals /PH I, /PH 2. Activating the first PMOS
transi stor 52 (il[0812] ki op¢mationnthedinst dncksigaal OHHS is ppplied tahe gateaf at el y
after deactivating the second PMOS transistor 54 (i.e., opening the switch
by setting / P#hefinstgyIOf transistar §2 andéhe;sqr@nﬂtCtkDC16ﬁgnSi/Ri‘ﬁali3 gpplied to
deactivating the first PMOS transistor 52 (i.e., opening the swtch)

i medi at el y behepeteasftthe aecongl PROS transistoPHben arcangplstentdy non-e. , cl osi ng
the swwtch) will discharge the capacitor 58. [0013] Using the

non- over | appi nyeelappirenfishvryaral sickspsdcifieal Sedirididy, THeHdRigrmtiopen and cl ose
the "switches" (i.e., transistors 52, 54) causes the capacitor 58 to

simul ate a resi/BHII” §18d ¢/PHI¢Sirs 1eéd R miean Fh&in@ibded bek sigtiavet] resmi-

resi stance of the resistor R is equal to 1/f-C, where Cis the capacitance

of the capaci tferfapaitcibcksSPHIEahd PRILR¥padtiviele Theg KPHIDaad $PHI2
cannot be low at the same time. The clock signals /PHI1, /PHI2 are
typically generated by a clock 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 /PHII,

/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/£-C, where C is the
capacitance of the capacitor 58 and f is the frequency of the clock signals
/PHI1, /PHI2. By varying the frequency f{, the resistance may be adjusted

as desired. For example, the larger the frequency f, the smaller the
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[PH'I, /PH 2. By varying the frequency f, the resistance may be adjusted as
desired. For exanple, the larger the frequency f, the smaller the

DSVDB. 19088 20&/18wsi st ance. The changi ng of the resi st amrce/uskoskloessaapacit or
58 is referred to as "nodul ati ng" the resistance. A reset current | based
on the resistance 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 transistors 62, 64, 66 and a capacitor 68. The
fourth PMOS transistor 62 is connected between the supply voltage Vaa and a
source/ drain tesistanad. Tife tHemging ohthRNesistanae of theorapagitor g%lsgﬁf@r@i tq he
fourth PMOS transistor 62 is connected to the first clock signal /PH . The
fifth PMOS trapshfiderlatide e resisencad AseseomirtirailRy Hesediondhe cenistenteed to a
source/drain termnal of the sixth PMOS transistor 66. The gate of the

fifth PMOS tr anshéfint béddhsslcanhent redetthitagatifrat flolvsttheoughiNbedase 72. The
second capacitor 68 is connected between a ground potential and the

connecti on bew\mglh@ﬁ[@lébh{ﬂp@g@rmfth PMOS transistors 62, 64. [0015] The
second source/drain termnal of the sixth PMOS transistor 66 is connected

to a source/draipoiff Thé'sdcofl aRECEDEotited frans PMOS tihshlorsier, 64)r r ent
mrror 80. The gate of sixth PMOS transisStor 66 is connected to receive the

pi xel signal %%ia%{dé%h?)gﬁﬁ&%@&pﬂvﬁ@fédﬂﬁ'ms&raﬁﬁis@@ﬁ@i@i:oﬁné@édice fol | ower

transistor for the s ranch 61. The second source/drain of the sixth

TS, ! 35 W e R UV AR i Gt o 70
PMOS 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 transistor for the second branch 61. The second
source/drain of the sixth PMOS transistor 66 is also coupled to a 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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to a first input of the NAND gate 72. The non-inverted second cl ock signal
PH 2 is connected to a second input of the NAND gate 72.

DSVDB. 190881280611808706] | n operation, the first clock sigmralr/uskdelo1iess appl i ed
to the gate of the fourth PMOS transistor 62. The output of the NAND gate
72, which is essentially clocked by the non-inverted second cl ock signal
PH 2, is applied to the gate of the fifth PMOS transistor 64. As set forth
above, the clock signals /PH I, /PH 2 are non-overl appi ng conpl enent ary
signals. The two PMOS transistors 62, 64 act as_sw tches, where the fourth
PMOS transi stor 69916 Inomerdiqre ghefirgtigtodssignal (PHEkissappited torthe igatmef t he
fifth PMOS transistor 64 is controlled by the output of the NAND gate 72
(as cl ocked byttrHpzyth IMOS tansistor 9. Theouprhadthe NANDR gate B2 witiclkeis,
closing the svvitchz. i medi ately after deactivating the fifth PMOS

transi stor 64 essentiallyglogkedby itke santinygried sécootalgmk digealddfiXit or 68.
Simlarly, deactivating the fourth PMOS transistor 62 (i.e., opening the
swit ch) i medi applisd tethergataof thediftin FMBS tfansishorfOA S setrfoithtabovesthei . e. |
closing the switch) will discharge the capacitor 68. [0017] Using the

non- over | appi ndochsignatse/PiHl y/PElAcke sibgrateslapphid com?téhﬁer(tafgdsighglsput put of
the conparator 70) to open and cl ose the "swtches" (i.e transistors 62,

64) causes t heThapaoPMOSGBariststeis a2, 61 actas StcHes wherdthe (HEERFMOSRX i N
FIG 2b) with an equival ent resistance equal to 1/f-C, where Cis the

capaci tance of trhhsistoapads taitréifedby the fisst tlook auerad@eHlT gaveancyrRf the clock
signal output fromthe NAND gate 72. As set forth above, by varying the
frequency f, tPRIOSHafbsRES4TRYoMEoBE BP HEdo@fput of the 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
(i.e, 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 Ig based on the resistance of
the second branch 61 and the Vsig voltage level flows through the second

branch 61 to the comparator 70.
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nodul ated as desired. A pixel signal current |Is based on the resistance of
the second branch 61 and the Vsig voltage |evel flows through the second

branch 6Ilwobaotdnma3zonpar at or 70. DSMDB. 1908319. 1[ 0018] TireTaseosoaiismo of t he
sensing circuit is now explained in nore detail with reference to FIG 2b.

FIG 2b illustrates a conventional sigmadelta anal og-to-digital converter
100 using the FIG 2a sigma-delta sensing 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 R repl[808Y Threoperation ofithesprgingapaailt ismoyg explginedenynes and
second PMOS transistors 52, 54 shown in FIG_ 2a. Likewise, in FIG 2b, a
second resi st detaikwithivefarence torFladRbs FEBI % dlusiretasa coreentienal sigidasecond

sw tched capacitor 68 and the fourth and fifth PMOS transistors 62, 64
shown in FI G d2ha afihloghteNtigitat eorizries 180 swingothedowa pignr-delt2 pensing:

anal og-to-digital converter 100 al so includes a counter 90 connected to the
out put of the cirenitd0aPortidis of the kehsifip eirseit S0Ajustiratediin FHG, 2alhaiveas such,
the anal og-to-digital converter 100, operates based on a signa-delta

nodul ation appeeaeéplatetl By kit flrestiohhPedieinalents ini FIGUDRb. 56r exdreplst nt 0 get
the reset signal current | and the pixel signal current | to be the sane.

Si nce typi cal IFYGI 2b,iaSfif¥psdsidtbKRI peplli@t thdfirdtendtched gaphcitorl 58agel thest wi | |
be larger than the pixel signal voltage Vsig, the sensing circuit 50 needs

to nodul ate thgsyafi SdcdREPMOSHENtofd B2, BY aheWwasnFIG. 04, LikenHbe)tai n

identical | and I currents . In the illustrated exanple, the sensing

circuit 50 camiinsp eARRohlPedifidl REABKGVIVAs 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
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 Ig 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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associated wth the switched capacitor 68 (FIG 2a) of the second branch 61
by occasionally skipping clocks to the gate of PMOS transistor 64. The
counter 99okeeps3imack of the nunber, M of tinmes the resraiSamem1IRg i s

adj usted over a predeterm ned nunber of clock cycles N. The nunber of
DSVDB. 1908319. 1 8cl ock cycles Nis typically equal to 2n, where n is the
nunber of bits of resolution in the anal og-to-digital converter 100. The
nunber M of times the resistance Rx i s changed, can be used by the counter
90 to generate a digital code ADC CODE corresponding to the actual |ight

i mpi ngi ng on t declpicydes N[i60@ikaliheqaqldo &, whemefn istibe semsbergfbitsadi t 50 can
be expressed by the follow ng current equations: (1) (Vaa - Vsig - Vtp66) /
Rx = (Vaa - Vrssolutiirpihighe anblogrtowdtigital sdrp&bter 400.hThe hueshwe!M of sinhege of
the sixth PMOS transistor 66 and Vip56 is the threshold voltage of the

third PMOS tr atiwirebistané RxTibicka chpbe eed bR she (@)ntey88 to gMsédte a Vt p66) =
(Vaa - Vrst - Vtp56) Rx/Ri [0021] It is known that the ratio of the
resistance R digitabsbdd AR CRDE Soireyssriithy t6 tepadthihongt i%rg)iflgﬁl er, M
of times the resistance Rx is adjusted over a predeterm ned nunber of clock
cycles N As sgehixgguation (2) becones: (3) R/Rx =M N = (Vaa - Vrst -
Wt p56) / (Vaa - Vsig - Vtp66) [0022] Al though the sigma-delta sensing
cireurt 50 and t ooz R gk dorPopiRGehSing il S0RARR SedsA ARG ©

i gi

effectively to produce a
following current equations:
(1) (Vaa - Vsig — Vitp66) / Rx = (Vaa — Vrst— Vtp56) / 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 — Vip66) = (Vaa — Vrst — Vip56) - 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 — Vitp56) / (Vaa — Vsig — Vtp66)

[0022] Although the sigma-delta sensing circuit 50 and the sigma-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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code ADC CCDE representing the light inpinging on a pixel, they are not

w t hout their shortcom ngs. For exanple, as shown in the above equati ons,
t he out puwocoae113DC CODE is essentially based on the ratrco/ustooshese¥si g and
Vrst voltages. These voltages, however, may have been adversely inpacted by
noi se during the readout and/or sanple and hol d DSMDB. 1908319. loper ati ons,
which is stored in the Wst and Vsig signals. This noise, therefore,
factors into the operation of the sensing circuit 50 (and the

anal og-to-digital converter 100), which may cause undesirable results.

[ 0023] Thus, bpeiatiotesivhidhl ie starediin thaVestwoids\ésig signalh el i goisedel t a

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

achi eve nore gdeaufatgacessinte the bpestiansy the sénsig circwt Forparshher gai n
control within the sigma-delta nodul ati on sensing circuit 50 and anal ogt o-
di gi tal converhgloghdQdigHMdR¥ér{cd10a), witieh imayeratiso nndesivalie seaultsi gna- del t a
nodul ation sensing circuit and an anal og-to-digital converter that

substantial 'y m fobgsit Ehid)ét ieldesiehlislead mritizate msisofroat te sighh-ddie reset and
pi xel signal voltages being sensed. [0025] The invention also provides a

si gma-del ta mpgbd@htion s§1@sﬁﬁ$ REcEit50Uind Bado@fo-dfifitadgohwerdigi0ab converter
that includes gain control fTor an inager incorporating the sensing circuit

and an anal og-Riedk Ghdrdl ace@NEFdsallts. [092360 dheraphovengslemenbgainf eat ures and
advant ages are achieved in various exenplary enbodi nents of the invention
by provi ding aBntBRa8thin the sigma-delta modulation sensing circuit 50 and analog-

to-digital converter 100.

SUMMARY

[0024] The invention provides a sigma-delta modulation sensing circuit
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 converter that includes gain control for an
imager incorporating the sensing circuit and an analog-to-digital
converter.

[0026] 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

DSMDB.1908319.1 10



with a sigma-delta nodul ation sensing circuit and an anal og-to-digital
converter that do not rely on the ratio of the reset and pi xel voltage

| evel s bewogoeenszd. The sensing circuit includes a regecattisemweshbimaech based
on a reference voltage conmon across nultiple colums of the inmager. The
regul ati on branch has an adjustable resistance that is nodul ated during
DSMDB. 1908319. 1 1t he sensing operation, which creates an adjustnent current
that is applied during the sensing operation to a current associated with
one of the reset and pixel signals. The sensing circuit and _

anal og- t o- di gith@ersinyepérationanhipbneeates an adjuptinaht cadenbhet s appliede

di fference between the reset and pixel signal voltage |levels, which
substantially dliﬁiriﬂg]ﬂta%énﬁﬁ'%%pemﬂoad adrent dssodietedi with cavecdbfthes etsesi gnal

vol tages. The reference voltage can al so be used as a gain control for the
i mger as wel lindBiRkdsidACRI bealirgcifddEt HRAMhNGE-fo0digith] ddrevetter egoi ng and
ot her advantages "and features of the invention will becone nore apparent

from the det aigbgerf€s idibilicOe BhsRXSNBARA HfcRSRRUTRREA i Risktiand beledw wi th
reference to tthe acconpanying drawings in which: [0028] FIG 1 illustrates

a conventi ona@iéﬂﬁ*ggft? | pe@blsClvhEdH étibsl&&?a?ﬂ[y it atéPndist HSdoCRILES with
e

conventional signae- a sensing circuit; [003 FIG 2b illustrates a

pona Siame cul : 5
convent i ona %QP%S@%(??%%??@?%IO g%’céj%@! TR réf@fé}ﬁ%é%[tagét&gaisb%eﬁis@d a

sigma-delta sens G 3aillustrates a sigma-delta

sensing circuif a%%'i&?%f&‘f&%ﬂtﬂeﬁﬁ&é’ér%%&lw th an exenpl ary enbodi nent of

the i nvention;

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] The foregoing and other advantages and features of the
invention will become more apparent 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] 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
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[0032] FIG 3b illustrates a sigma-delta analog-to-digital converter
circuit constructed in accordance with an exenpl ary enbodi nent of the

i nvent i orwo[203332781 G 4 shows an inmager constructed i nprataseaantis4sni th an
enbodi mrent of the invention; and DSMDB. 1908319.1 11[0034] FIG 5 shows a
processor systemincorporating at |east one imger constructed in
accordance with an enbodi nent of the invention.. DETAI LEDDESCRI PTI ON [ 0035]
FIG 3a illustrates a sigma-delta sensing circuit 250 constructed in
accordance with an exenpl ary enbodi ment of the invention, [003"}6?]e The
sensing circuit [06%4]dBfpbisbewsa POCeISOp PETIEM IPSArHORtRG ALleAst e r eset
signal Vrst froma sanple and hol d capacitor (not shown a second branch
261 for sensi ipagérecaisirektesligrambondginge mﬂnmambwéﬁmgah@g heARveHETY.
capacitor (not shown) and a regul ation branch 273. The sensing circuit 250
al so conprises a current mrror 280, a conparator 270 and a NAND gate 272.
The conparator 270 is preferapgpy ALFEYPEI@ERINEQONL ch type conparat or,
where the digital output is synchronized to the phase cl ocks. Snopothing
capacitors (not shown) are preferably added to e.g., all source foll ower
outputs to convert the switching nature of the gurrents %@r ou%h aleé
branches 251, 26003R7AIG. fedllwttateprsigma-galta seRyng FECWE grid EORBFYLGR: .
[0037] The first branch 251 conprises three PMOS transistors 252, 254, 256
and a capaci t an ag®gdameswithrasy exenagary embpdimentofihe invegRioset ed

[0036] The sensing circuit 250 comprises a first branch 251 for sensing
the reset signal Vrst from a sample and hold capacitor (not shown), a
second branch 261 for sensing the pixel signal Vsig from another sample
and hold capacitor (not shown) and a regulation 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 the 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 /PHI1. 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
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bet 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 cl owb2eeegnad7o/ PHI I . The second PMOS transi stor 252Chas2@6oessend
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 1is connected to a second clock signal /PH 2. The capacitor
258 is connected between a ground potential and the connection between the
first and second PMOS transistors 252, 254. 38] The second source/drain
termnal of tiseconnectedrnpsecendsiosk sigrabd HE - EagHOx %§8a15§88¥“8%t? rain
term nal of a second NMOS transistor 284 of the current mrror 280. The
gate of the thetvwkeRMOSauraipotential asbtheconrpasiéen betwesnBedirdlanthe reset
signal Vrst; the third PMOS transistor 256 acts as a source foll ower

transi st or f opedond FMQS tramsistobs 2821 254 he second source/drain of the third
PMOS transistor 256 is also coupled to a node A which is coupled to a first
i nput of the cornpe3sjtTite 2¢6nd (6GRR]drain trpavinaliafrthe thisd PMOE tiansitosi gnal
/PHI| is applied to the gate of the first PMOS transistor 252 and the
second cl ock gh@adonhRtied ths sepptd/drhih ternhieabef @saontEMVERS tradsipDs
transistor 254 in a conpl enentary nonoverl appi ng fashion and at a specified

frequency. Thegdgsiinairt@itanirtdHiig0. Thrdsdté BHIR thirdePMESItransistead56 ke
inverted clock signal of nonoverlapping clocks PH I and PHI 2, respectively.

Thus, /PHI| apghh&it®ts AdteRe the rbesitinal Westsaeethisd BMOSeransisok 256 gnal s

[PHI, /PH 2 are typically generated by a clock generator or control

circuit (e.g. ocEORW Rurce 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 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 PHIZ, 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 PMOS transistor 254 (i.e., opening 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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circuit 450 of FIG 4). The two PMOS transistors 252, 254 act as sw tches
under the control of their respective clock signals /PH I, /PH 2.

Act i vat i ngotzhes/fiBz78t PMOS transi stor 252 (i.e., cl osingPCharssaiciociono

i mredi ately after deactivating the second PMOS transistor 254 (i.e.,
opening the swtch) will charge the capacitor 258. Simlarly, deactivating
the first PMOS transistor 252 (i.e., opening the swtch) imedi ately before
activating the second DSMDB. 19(8319. 1 13PMOS transistor 254 (i.e., closing
the switch) will discharge the capacitor 258. [0040] Using the |

non- over | appi MMOSrpdreissor 254/(iel, ckising Geavetohpry l,dlﬁ‘ikl%FfﬁeﬁE?W@ﬁlt%ﬁd cl ose
the "switches"” (i.e., transistors 252, 254) causes the capacitor 258 to
simulate a re@bh8tor (e.g., resistor R in FIG 3b). The equival ent

resi stance of the resistor R is equal to 1/f-C, where Cis the capacitance
of the capaci t or [(288] Heihgf thie sonbevedrtappimg cymplemeiatary elork sighnat FTHRH) | |
[PH 2. By varying the frequency f, the resistance nmay be adjusted or

modul at ed as ¢BHIP eslopén krdetosethe Enwitthdsd ke, bansibors 382, §64nesaised thene

first branch 251 and the Vrst voltage | evel flows through the first branch

251 to node A.cabR@ifdd 25810 saaakie abedston (26 resistpr RisFiChi3g PMOS
transi stors 262, 264, 266 and a capacitor 268. The fourth PMOS transi stor

262 is connectRehiPAbNERBistdIRe DYPR Hosittd RUiS eYaal @)f-€, sdiere€/idtlat n t er ni nal
of the fifth P transi stor 264. The gate of the fourth PMOS transi stor

e e IeC e s e pipsdosbhanale 44Ty ot HomERrbies ot o
of /PHIL, /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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the sixth PMOS transistor 266. The gate of the fifth PMOS transistor 264 is
connected the second clock signal /PH 2. The second capacitor 268 is
connect edwbebaseiase’a ground potential and the connecti onPogtusead/otdses f ourt h
and fifth PMOS transistors 262, 264. [0042] The second source/drain
termnal of the sixth PMOS transistor 266 is connected to a source/drain
termnal of a first NMOS transistor 282 of the current mrror 280. The gate
of sixth PMOS transistor 266 is DSMDB. 1908319. 1 l14connected to receive the
pi xel signal Vsig, where the sixth PMOS transistor 266 acts as a source

fol | ower transiginectetiao retetve theopislelsigmad [V 26 whdtecthesbdh PMOGrtcasibtar n - of
the sixth PMOS transistor 266 is also coupled to a second i nput of the

conmpar at or 2766 Hees @l gutircofolldieercioamastol tor théBetendbruneh2el, Thea first
i nput of the NAND gate 272. The second clock signal PH 2 is connected to a

second i nput odechi@ sOUNE) draireof2hé siXtA PABDS| thar@Re62L66R, aldd@uplédto &1 ock
signal /PHII| is applied to the gate of the fourth PMOS transistor 262 while

the second cl ogkosd ﬂgﬁlt dtith goﬂnguaﬁﬁﬁf DR TiRe b EnOEo areftbf 1) BMOS
transi stor 264. As set forth above, the clock signals /PH'I, /PH 2 are

non-over | appi Ngn¢@RRUGBRMA] ptit SRBSNAND J0 273 0Bhe Eé’é@)'iﬂdsctlé’éksm Re, 264
act as switches, where the tourth PMOS transi stor 262 |s control Fed by the

oo L B A UERL O, 3,0 >
() o3RS S Rl oG T M L ELCS
Simlarly, deagbiNalh M H&ransistor 262 while the second clock signal /PHI2 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 éignal /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 switch) 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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fourth PMOS transistor 262 (i.e., opening the switch) imrediately before
activating the fifth PMOS transistor 264 (i.e., closing the swtch) wll

di schar gewbheoeiapzei t or 268. [ 0044] Using the non-over| appiusgoosonshenent ary
clock signals /PHI, /PH 2 to open and close the "switches" (i.e.,

transi stors 262, 264) causes the capacitor 268 to sinulate a resistor
(e.g., resistor Rs in FIG 3b) with an equival ent resistance equal to
1/f-C, where Cis the capacitance of the capacitor 268 and f is the
frequency of the clock signals /PH I, /PH 2. As DSVDB. 1908319.1 15set forth

above, by var yidtdoithebbredensyilg tHeteeqiesics f AheaesiBianbe nadi bisi@dsed
nodul at ed as desired. A pixel si ggnal cucgren? | based on the res(?jstance of

the second bragetodfdatahs'dasird@i 8 MQblAgeallBYRInt 4 B¥Sed & BRsishmcsecond
branch 261 to the conparator 270. [0045]  The regulation branch 273

conprises t hregr {RMISSAABEIrth®63 adddhe 3/7s5%v81¥§ge@@%12ﬂ§vgggﬁfftu%l t%'%z 8. The

seventh PMOS transistor 274 is connected between th age Vaa and

a source/ dr ai ngd-8h AR ghcPd 6T REHE gﬁ{é‘g g{%@m; ansi stor 275. The gate of the
sevent h PMOS tsransi storC 274 t{b:’t cgnn ctre to the first clock signal /PHI.

e 5,501 L. Y0005 P22 SR L P By ot o
AN T e L N T T
P R P B R e e e
the 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 reference 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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276 is connected to node A and the first input of the conparator 270. The
gate of ninth PMOS transistor 276 is connected to receive a reference

vol t age Wwefwodmnimodesi red enbodi ment, the reference volrtags206ceizond | | be
common to all colums of a pixel array of the inmager. The ninth PMOS
transistor 276 acts as a source follower transistor for the regul ation
branch 61. [0047] In operation, the first clock signal /PH| 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 PH 2 is | ow dependi ng upon

t he DSNVDB. 19086ugput of gheicqaparsitor 2i#), toanydiest torth2 pate oStheppghtbhd®NMOS he gat e
of the eighth PMOS transistor 275. The two PMOS transistors 274, 275 act as
swi t ches, wher rahsistos @78nThe PMOPNMOStsarsdistors274L, D25 actnisisotitcdds byhédee fi rst
clock signal /PHI and the eighth PMOS transistor 275 is controlled by the

out put of the tikNBveattePIIOS {raasisiop et dwntRIlled) by Aatfinsatiodl sighal sevent h
PMOS transistor 274 (i.e., closing the switch) inmmediately after

deact i vating t/RHH ghl theRMIBHPMOY S404istdr 274 is @ntrdlRABhel BpanbL ch) Wil |
charge the third capacitor 278. Simlarly, deactivating'the seventh PMOS

transi stor 274tHe NAND QREMRTIYak kR kil by PHIZYMRHSLEY tRei&BHaPMMEt i ng the
ei ghth PMOS transi stor%a?S JEBiJ(.aé. , CcI os?ng tzggsvm tch%l w || edi scharge the

third capaci t ofrardiStor DhE (G0 NG4iAL Phe SfHY @&&@123;}@3%1@3&&%@2@%2@

gate 272 when the reset signal cuUrrent | s less t e pl xe

Tl APt et BT B o
capacitor 278. Similarly, deactivating the seventh PMOS transistor 274
(i.e., opening the switch) immediately before activating the eighth PMOS
transistor 275 (i.e., closing the switch) will discharge the third capacitor
278. The comparator 270 triggers 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 /PHI1,
/PHI2 (and the output of the comparator 270) to open and close the
“switches” (i.e., transistors 274, 275) causes the capacitor 278 to simulate a
resistor (e.g., resistor Rx in FIG. 3b) with an equivalent resistance equal to
1/£-C, where C is 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 f, the resistance may be adjusted or modulated as desired. An
adjustment current IA 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 Ig. Thus, as will be
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[ 0048] Using the non-overlapping conplenmentary clock signals /PH I, /PH 2
(and the output of the conparator 270) to open and cl ose the "sw tches"
(i.e., trnaoetasx0274, 275) causes the capacitor 278 t@®cCIiusadoatoe3cas
resistor (e.g., resistor Rk in FIG 3b) with an equival ent resistance equal
to 1/f-C, where Cis the capacitance of the capacitor 278 and f is the
frequency of the clock signals /PHI, /PH 2. As set forth above, by varying
the frequency f, the resistance nay be adjusted or nodul ated as desired. An
adjustnent current | A based on the resistance of the regulation branch 273
and the refer edweribed balpey ¥ gloré dews], tity migulatidrcbraegh 2as refulbteanhd 273 to

node A where it conbi nes wth 1t he. reset current | . Thus, as w il be
DSMDB. 1908319. slird 68 @scadjnetnde contdnt I fomel Iiefodid equaieo I%Byl bd}usﬂgﬂAanC h 273
regul ates the sumof the adjustnent current | and | to be equal to 1s by

adj usting | basdden &E%u@ﬁlﬁﬂélﬂfgeh@ﬁombﬁrd%@f@ﬂ)} M ANIEEke MANMAJGALe 272 and
the reference voltage Vref. [0049] The operation of The sensing circuit 250

i's now expl ai %ggrgﬁcér%l@aa#?@fj with reference to FIG 3b. FIG 3b

illustrates a signma-delt nal og-to-digital converter 300 using the FIG 3a

si gna: del ta_sensyqgopiteUperdARth GORSENGHE Lirkllit 250 HBRGEPMhGL AN exenp! ary

enbodi nent of th nvent he sensing circ

1 Tustrated | BlEedn B SeRRERCIERECAT PG UBAId gL gk el val ent s

in FIG 3b. For exarrp?e, Irst resistor aces the first

Shown i n 16 AEtog R QAR cbfiferty o iy BRERLE AN AIREhALE, 200k Che

second swi t cheg, it 950 constructed in accordance with an exemplary embodiment of

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 at;tempts to get the reset signal current Ig
plus adjustment current Iz to be equal to the pixel signal current Ig. Since

typically it is most likely that the reset signal current Ig will be less than
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capacitor 268 and the fourth and fifth PMOS transistors 262, 264 shown in
FIG 3a. Mreover, in FIG 3b, a third resistor Rx, shown as an adjustable
resi st or , woepdeaasexot he third switched capacitor 278 andPChass@séenichy and

ei ghth PMOS transistors 274, 275 shown in FIG 3a. The NAND gate 272 is

al so not shown in FIG 3b. The illustrated anal og-to-digital converter 300
al so includes a counter 290 connected to the output of the conparator 270.
[ 0050] The sensing circuit 250, and as such, the anal og-to-digital
converter 300, operates based on a signma-delta dgl atj on_approach. In
principle, théhepinsl signal qurent IgshesehERABCECHY Zré@ta €8 ‘?%élé’tsgg?lbtnal current
| plus adjustment current | to be equal to the pixel signal current Is-

Si nce typi cal kyrrent I 5 tortst resetaigyaliararent i dusing theisgrss OperafieRt | will be
| ess than DSMDB. 1908319.1 18the pixel signal current 1 , the sensing
circuit 250 adds[00bH Eisis isadseredchy mavtulating theresistance oSitheggudationnt | R
during the sense operation. [0051] This is achieved by nodul ating the

resi stance of pidech ZPWwrhithat thedrahclP@@atgalsuitebie adjostonerictirenéanes a

sui tabl e adjustnent current | . over the course of the sensing operation.

The counter 29QekgrnGurs@ckttefsehbiagrpebstion. Miod cauntes 29hkeapsdtadkarice R i s
adj usted over a predeterm ned nunber of clock cycles N The nunber of clock

cycles N is typeaahlberguyarl tifres2he ravitaeceRX & ddjastedniver aof bits of
resolution in the analog-to-digital converter 300. The nunmber M of tines

the resist ancﬁ)rgﬁetjeﬁmmwi* bEEbLY cE@éd NS rdsaurhbet bicldilf fyslesNds bet ween
the pixel signal voltage Vsig and the Teset signal voltage Vrst. As such,

Lgﬁn?g?bgrg ON![ %pfcﬁﬂ?%qﬁgﬁor?%ﬁe?@ﬁ% 1R riimb&asTIae ofirebolbtiotisethdy 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:
4) (Vaa—-Vsig—th266)/ Rs= (Vaa—Vrst—th256)/ Ri+ (Vaa—Vref—th276)/ Rx,
where Vip266 is the threshold voltage of the sixth PMOS transistor 266,
Vip256 is the threshold voltage of the third PMOS transistor 256 and
Vip276 is the threshold voltage of the ninth PMOS transistor 276. Ina
desired embodiment, Rs =Ri. Thus, equation (4) becomes:
(5) (Vaa-Vsig-Vtp266) - (Vaa-Vrst-Vitp256) = (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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generate a digital code ADC CODE corresponding to the actual |ight

i npi nging on the pixel. [0052] The operation of the sensing circuit 250 can
be expreswododwy118ite fol | owi ng current equations: (4) (VaaTNsSe@eN13m266)/ Rs
(Vaa- Vrst-Wtp256)/ R+ (Vaa-Vref-Vtp276)/Rx, where Vtp266 is the threshold
vol tage of the sixth PMOS transistor 266, Vtp256 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 enbodi rrent,2 g)s = R . Thus, equation
4) becones: (5 Vaa- Vsi g- Vt p266) - (Vaa- Vrst-Vt p25 o

E v;a- Vr ef - Vt p(2 'ygiﬁid/qszser [agﬂasé?term)im%i rwher oheock RpclealN. dnafdditieniesi st ance
Ri to resistance Rx is inversely proportional to the nunber, M of tines
the resi st ancedesiradsermspbBIargp¥ IO is agadied equhldodftpashr Adatien,mi ned nunber
of clock cycles N. In addition, in a desired enbodinent, Vtp266 is assunmed
equal to Vtp258Juations@rhecengestion (5) becones: (6) Ri/Rx MN (Vrst - Vsig)
[ (Vaa - Vref - Vtp276) [0054] As such, the sigma-delta nodul ati on sensi ng
operation of t(6¢RifxenM/dh= (¥rsbadbsip)gi(Vahe Viief &ftpare) bet ween the reset
signal voltage Vrst and the pixel signal voltage Vsig as opposed to a ratio

of these two vol {@Wd$ AsHudh, theltgmantultagnoitkiioh sehSing speragsn bpther "true”
subtraction between the reset signal voltage VWrst and the pixel signal

vol tage Vsig. idventon hebabelifer thechifbrincebatida thesebeti@nalvonakt 996t Vr st
and the pixel signal voltage Vsig neans that noise associated With both of
these signal s and the pixel signal voltage Vsig as opposed to a ratio of these two

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 the 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

Vip256 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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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 wotoeuhsz7act ed out. In addition, the denom nat ecTafS2@goaicton (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
colums in a pixel array (e.g., array 405 of FIG 4). Accordingly, in the
desired enbodi ment, there will be a nechanismto counteract any variations
bet ween t he t hadjsbivtentfor thege variapiaasbasetiptlibmation ot uthverhystirg} urm basi s.
For instance, the imge processor (e.g., inage processor 480 of FIG 4) or
ot her processimgulisit nmay retain offsets or other adjustnent values to
provi de a digital DSVDB.19(8319.1 20adjustnent for these variations based
on calibration of0056hem additiongl et of tAOQBEIng ira@de?s0 @Rkt thenef it of the
sensing circuit 250 is that the reference voltage Vref can be used as a
gain control nethentsmltapd Vigdf @an de@sed Q6 heRAKE coM@oPheiMSHTo helhse P xel
signals throughout the imager. That is, the reference voltage Vref I1tself
may be adj ust esk dezréddethié bREWHIB4S Bf B pikBl si h%@hfd?flg?n%% tﬁé‘ﬁn%@.s 'Thdt
circuit 250. Thi's in turn can be used for gain control In a vety sinple

manner . [0057]is,ﬁh@reféréﬂde‘*ﬁﬂfagl%%eﬁﬂsé%ﬁﬁ@'t?eré/cghé@a% aﬂ@%thBW iRy utilize

a signma-delta anal og-to-digit converter “300 construct I n accordance

with the i nvenddrfiht fithes ﬂﬂpgg e%@%}ﬂgrﬁ%&mﬁ%aﬁgﬂqﬁ% foXel rl!ls%id.[rt'%gpi xel s

constructed as described a pect to , Oor using o r pixel
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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architectures. Row lines are selectively activated by a row driver 410 in
response to row address decoder 420. A colum driver 460 and col um address
decoder 40 2a06e1134780 i ncl uded in the inmager 400. The i mrgEMUS4@B/HIB4Dper at ed
by the timng and control circuit 450, which controls the address decoders
420, 470. The control circuit 450 also controls the row and colum driver
circuitry 410, 460. [0058] A sanple and hold circuit 461 associated wth
the columm driver 460 reads a pixel reset signal Vrst and a pixel inage
signal Vsig for selected pixels. The anal og-to-digital converter 300 (ADC)
outputs a digi ﬂ@itad:O@iev@fﬁrmsgappllié@t}tmﬁgft&edlﬁif(ﬁrs%&ﬂs &ehmm_arﬁé he Vrst and
Vsig signals as discussed above with respect to FIGS. 3a-3b. e anal og-to-
DSMVDB. 1908319. lar&éggcgi@gkmﬁeny@f&ﬁ@g dsé}mwagé,l es t h_e di giti zed pi xel

signals to an image processor 480 which forfms a digital imge. [0059] FIG
5 shows a system 5@@& HIG! 5 Bh6@k alkyoeas 50y, _a%%?fcﬁﬂ%f&@hsfdr%gs{e% hiyditige an

i magi ng device 400 (FIG 4) of thé inventioh. The processor system500 is

exenpl ary of aiosinshRIB ieihAEngideivi@l400 (Y4 of HPveAHbS. '
g

: _ €lptdcecgmae
sensor devices. Wthout bel limting, such a systemcould ifnclude a

comput er sys! efstGAIT0 s Syth Sty BEASPSEm HAGRE BE IR0 lis YRR Bl

navi gat| on, Vi deo phone, sur e|¥l anc syst em aLfa't’o ff)CUS syst em . st ar q
h el I . focus star

at  compt esel el B ASRBEe RCT 1 ThgFBEAS, Thifing SR R STk am

general |y COMDELARIndudE A doBhpiler SFRa Garkllasysfdar)scaRRer, BtehifSvifion,

m cr opr ocessor,

vehicle navigation, video phoﬁe, surveillance 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 communicatés with the CPU 502 over the bus 520.
The processor-based system 500 also includes random access memory
(RAM) 504, and can include removable 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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comuni cates with an input/output (1/0O device 506 over a bus 520. | maging
device 400 al so communi cates with the CPU 502 over the bus 520. The
processorwbasexi13yst em 500 al so i ncl udes random access FERMISY00GRAINI 504,
and can include renovable nmenory 514, such as flash nenory, which al so
communi cate with the CPU 502 over the bus 520. The imagi ng device 400 may
be conbined with a processor, such as a CPU, digital signal processor, or
m croprocessor, with or without nmenory storage on a single integrated
circuit or on a different chip than the processor. [0061] The processes and
devi ces descr idvhibvalthe ebjects, fdatates, prdadvargdgescofiitbd present inyyandion. devi ces of
many that could be used and produced. The above description and draw ngs
illustrate entiadiveest, st iswot titeRIMDEAINE Picseht RRmativabe sthietlyphijretadsto
features, and advantages of the present iInvention. However, it is not

i ntended t hat thhebpresiesiribadvand {lhstlacedembotiingents mArgdmiodifidation,
above-described and illustrated enbodi nents. Any nodification, though
presently unf ohesghalbntRiudfogespessiendf the hohvehtibonahaesomed hin t he
spirit and scope of ‘the follow ng clainms should be considered part of the

present i nventy,Rin {HQSit M@kcdpRe oF thk FSlbweign@dinaN¢haild berdnbidehal
protected by Letters Patent of the United States is: DSMDB. 1908319.1 231. A

sensi ng circuif,fef 1B UShved®bd sensing circuit conprising: a first

circuit branch for 1nputting a reset signal voltage and creating a reset
current; [0062] What is claimed as new and desired to be protected by Letters

Patent of the United States is:
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a second circuit branch for inputting a pixel signal voltage and creating a
pi xel current; and an adjustnent branch for creating an adjustnment current
froma reVenemceasxol t age usi ng signa-delta nodul ati on offCa/use@icotzmALE N
sai d adjustnment branch, said adjustnment current being conbined with the
reset current when the reset current does not equal the pixel current. 2.
The sensing circuit of claiml, wherein a nunber of tinmes the resistance is
nodul at ed corresponds to a difference between the pixel signal voltage and

the reset sigpal ciréui R BR8EAY s&illreHbihgUircaitadomprisiBer ei n sai d
adj ust nent brg’nchxi%éﬁ%ggr?gg?gg&te% a c%%gr at or 1f §r corrparié\rg t he conbi ned

current to the pixel current. 4. The sensing circuit of claiml, wherein

sai d adj ust ment, fhsaRehiif BRInthIPERMPEANNE ageset3igwil voliage an@acdatiop eci rcui t .

5. The sensing circuit of claim4, wherein said switched capacitor circuit

conprises: a capacidsef cg@uft;ed between a node and a first voltage;

DSMDB. 1908319. 1 24a first switch coupl ed between a second vol tage source

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

vol tage. 6. The ssemsd nigcwit bearich fof irghutiimgH, pinkkrighal wdltageiandtcrealinga i s

controlled by a first clock signal and the second switch is controlled by a
pixel current; and

an adjustment branch for creating an adjustment current from a
reference voltage using sigma-delta modulation of a resistance in
said adjustment branch, said adjustment current being combined
with the reset current when the reset current does not equal the

pixel current.

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 said adjustment branch

resistance comprises a switched capacitor circuit.

5.  The sensing circuit of claim 4, wherein said switched capacitor circuit

comprises:

a capacitor coupled between a node and a first voltage;
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second clock signal. 7. The sensing circuit of claim5 wherein the first
switch is controlled by a first clock signal and the second switch is

cont r ol | edtolyocan3at put of a comparison circuit. 8. ThePsenseog/ociencuit of
claiml1, wherein said first circuit branch creates the reset current by
applying the reset signal voltage to a switched capacitor resistance. 9.
The sensing circuit of claiml, wherein said second circuit branch creates
the pi xel current by applying the pixel signal voltage to a switched

capacitor resistance. .10. Th [ clreuj [ isn. sai d
reference vol tay @rsﬁﬁml%cgﬁ ‘?“éi’?%%%&g‘a% %ecéﬂa&ﬁgag%%%{ee Ja{lf%g?\l%d@’

anal og-to-digital couyverter for an inmager, said analog-to-digital converter
conprising: a sensing circuit conprising: a first circuit for inputting a
reset signal voltage and creating a reset current, DSVDB.1908319.1 5a

second circuit £Qécdna%iftém&g@@ab@h@érgmlnd&latr@g@ﬂﬁfwvgrtgg]é.i ng a pixel
current, and an adjustnent circuit for creating an adjustnent current from

a reference voltage by nodulating a resistance in said adjustnment circuit,

sai d adj ust nend, cUheaRhsiag digueilaads Whérelihthe' fasebwitdh ieintyvdlka t he
reset current does not equal
by a first clock signal and the second switch is controlled by a

second clock signal.

7.  The sensing circuit of claim 5, wherein the first switch is controlled
by a first clock signal and the second switch is controlled by an

output of a comparison circuit.

8.  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.

9. 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.

10.  The sensing circuit of claim 1, wherein said reference voltage controls

a signal gain of the imager.

11.  An analog-to-digital converter for an imager, said analog-to-digital

converter comprising:
a sensing circuit comprising:

a first circuit for inputting a reset signal voltage and creating a

reset current,
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the pixel current; and a counter for counting a nunber of times the

resi stance is nodul ated and outputting a digital code corresponding to a

di f f er encwohetonasarot he pi xel signal voltage and the reseCTAisgovalo1dsed t age.
12. The anal og-to-digital converter of claim 11, wherein said adjustnent
circuit is connected to a conparator for conparing the conbined current to
the pixel current. 13. The analog-to-digital converter of claim1ll, wherein
said adjustnment circuit resistance conprises a switched capacitor circuit.

14. The anal og-to-di gisb@In LARMAS fof inSHittilgB Hixéﬁsigﬂ@p&&wngesﬁtﬂgw&%aed _
capacitor circuit conprises: a capaclitor “coupl ed”betweer a node and a first
voltage; a first switch gggpélﬁgel{{gMen a second vol tage source and the
node; and a second swi tch coupl ed between the node and a third voltage.
DSMDB. 19(8319. 1 2615. The anal og-to-digital converter of claim 14, wherein

the first swtch is anadfiekinedt &ycat fdrr@éatﬁ{%nﬁka&mﬁﬁbnmﬁréﬂt&r@ﬁ@pnd
switch is controlled by a second clock signal. 16. The anal og-to-digital
converter of claim 14, wkferehoe tokadd Irsmahilatimg b sesistaheold @ddby a first
cl ock signal and the second switch i1s controlled by an output of a
conparison circuit. 17. adjestamaiteyctid; shidiadaistoent entrent loding lcainbiddd
wherein said first circuit creates the reset current by applying the reset
signal voltage to a with the reset current when the reset current does not equal

the pixel current; 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.

12.  The analog-to-digital converter of claim 11, wherein said adjustment
circuit is connected to a comparator for comparing the combined

current to the pixel current.

13.  The analog-to-digital converter of claim 11, wherein said adjustment

circuit resistance comprises a switched capacitor circuit.

14.  The analog-to-digital converter of claim 13, 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.
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swi tched capacitor resistance. 18. The anal og-to-digital converter of claim
11, wherein said second circuit creates the pixel current by applying the

pi xel si gmal2osoiisEge to a switched capacitor resistancePCTAIS2006013649

anal og-to-digital converter of claim1l, wherein said reference voltage
controls a signal gain of the imager. 20. An inager conprising: a pixe
array, said pixel array conprising a plurality of colums of pixels; a
sanpl e and hold circuit coupled to at |east one colum of said array; and

an anal og-t o- g gi g@{ganp fg%g‘i%%ﬁg@h@grté@oﬂdﬁaﬁﬁ{ 14,%R§reﬁ{‘ﬁlg%'d€§%w& Qoal

vol tages from sai circuit, sald’analog i gl taFconverter

conprising: DSVDB. 1B Rdby2d firdtldslk Fhdlainkd thelseddtRi W 1t89id R AREL

vol tage and creating a reset” current, a second circuit for inputting the

pi xel signal vol t adgy aBscaridedbelngionalpi xel current, and an adj ust nent
circuit for creating an adjustnment current froma reference voltage by
nodul ating a resistance in said adjustnent circuit, said adjustnent current

bei ng conbi netb.wi tThetdralogsetigitul converdrest ddith 14seherelH fRMrsdgfRcined equal
t he pixel current; and
controlled by a first clock signal and the second switch is controlled

by an output of a comparison circuit.

17.  The analog-to-digital converter of claim 11, wherein said first circuit
creates the reset current by applying the reset signal \}oltage toa

switched capacitor resistance.

18.  The analog-to-digital converter of claim 11, wherein said second
circuit creates the pixel current by applying the pixel signal voltage

to a switched capacitor resistance.

19.  The analog-to-digital converter of claim 11, wherein said reference

voltage controls a signal gain of the imager.
20. 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:
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a counter for counting a nunber of tinmes the resistance is nodul ated and
outputting a digital code corresponding to a difference between the pixel
si gnal vowbDage/asxfot he reset signal voltage. 21. The i negensedocolzmism 20,
wherein said adjustnent circuit is connected to a conparator for conparing
t he conbined current to the pixel current. 22. The inmager of claim 20,
wherein said adjustnent circuit resistance conprises a switched capacitor
circuit. 23. The inmager of claim 22, wherein said switched capacitor

circuit conprises: a_g. itar. coupl.ed vween a.node and a first voltage;
DSMVDB. 19083 19. 1 28aa?1?$‘2c§mi‘%f%ﬁ‘ﬂg‘gﬁﬂﬁgﬁé Beestegn‘é@r’ia%e %‘?S‘F‘Fd‘%%latr&@ sour ce
and the node; and a seco&&r i tch coupl ed between the node and a third

of ¢

vol tage. 24. The i mager aim 23, wherein the first switch is controlled
by a first clock signal and the second switch is controlled by a second

clock signal. 25. Thgg} s R ﬁ - 1 -éﬂ@ i ' LS
controlled by a fi rsfgsé: ocC élgc?lgtn%#%aﬁ% t etwgz%gér%gl W ?’éﬁagéa@%nﬁ%e%tglp?ed by
an out put of a conpari soglpgge[@‘ﬂirgnt, 2Rd The imager of claim 20, wherein said

first circuit creates the reset current by applying the reset signal
voltage to a switched capacitor

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; 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.

21.  Theimager of claim 20, wherein said adjustment circuit is connected
to a comparator for comparing the combined current to the pixel

current.

22.  The imager of claim 20, wherein said adjustment circuit resistance

comprises a switched capacitor circuit.

23.  The imager of claim 22, wherein said switched capacitor circuit

comprises:

a capacitor coupled between a node and a first voltage;
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resi stance. 27. The imager of claim 20, wherein said second circuit creates
t he pixel current by applying the pixel signal voltage to a sw tched
capaci t orwpesiaitiaaroe. 28. The imager of claim 20, wherePnTam2aeneloay ence
voltage controls a signal gain of the inager. 29. A processor system
conprising: a processor; and an inmager coupled to said processor, said

i mager conprising a pixel array, said pixel array conprising a plurality of
colums of pixels, a sanple and hold circuit coupled to at |east one col umm

f i d DSMDB. 1908319..1 .9ar r and_an_anal ag- t.p-di gi tal copverter coupl ed
Lo T nput reset  AMHSalrt Qi biRRe s S PraN Ll Bk w A TR oy buit
said analog to digi Mﬁ-converter conprising: 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 adj ust ”eﬁ%e%rﬁf‘n%gi&fﬂgg?ﬁn%l@atﬂeme&pﬂ?e%é@é DL éﬁlggjrvgiz%ﬁer om a

reference vol t age a resistance 1 n sal nt branch,
sai d adjustnment current being conbined with the reset current when the

reset current2is I'BESinidpR of RRidi 208 wHedEhaRk firéevitch is controlled by a
first clock signal and the second switch is controlled by a second

clock signal.

25.  The imager of claim 23, wherein the first switch is controlled by a
first clock signal and the second switch is controlled by an output

of a comparison circuit.

26. The imager of claim 20, wherein said first circuit creates the reset

current by applying the reset signal voltage to a switched capacitor

resistance.

27.  The imager of claim 20, wherein said second circuit creates the pixel

current by applying the pixel signal voltage to a switched capacitor

resistance.

28.  The imager of claim 20, wherein said reference voltage controls a

signal gain of the imager.
29. 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
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a counter for counting a nunber of tinmes the resistance is nodul ated. 30.
The system of claim?29, wherein said counter generates a digital code
correspomaiprgodriadmodi f f erence between the pi xel signal wortisg@canstit he
reset signal voltage. 31. The system of claim 29, wherein said adjustnent
branch is connected to a conparator for conparing the conbined current to
the pixel current. 32. The system of claim29, wherein said adjustnent
branch resi stance conprises a switched capacitor circuit. DSVDB. 1908319.1

. Th f clai 2 i ng.sai.d i.t.ched I, ' [
compr i s65: & capaci FOR AHRLA HOEVRRHE I FOR CHRtC A FA zxﬁ,ﬁhréér%?a‘%ﬁ first
itch led b .50 t ,
wi toh coupl ed bet e SRASAIReR B RRGRe PG s A0 R endieicr "

claim 33, wherein tttq?di%gtms_go rfe?g8h§’f&gﬁ rolled by a first clock signal

and the second switc contro 'econd cl ock signal. 35. The
system of claim 33, wherein the first switch is controlled by a first clock

signal and the secon i ok . f D son
circuit. 36. The sysg é%woélﬁgllﬂa?%ﬁ%?éﬁhhgﬁwtslge{kggﬁ‘fgg%aggiaf‘?ﬁ?? r !ﬁch

creates the 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; and

a counter for counting a number of times the resistance is

modulated.

30.  The system of claim 29, wherein said counter generates a digital code
corresponding to a difference between the pixel signal voltage and

the reset signal voltage.

31.  The system of claim 29, wherein said adjustment branch is connected

to a comparator for comparing the combined current to the pixel

current.

32.  The system of claim 29, wherein said adjustment branch resistance

comprises a switched capacitor circuit.
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reset current by applying the reset signal voltage to a switched capacitor
resi stance. 37. The system of claim?29, wherein said second circuit branch
creat es twe 2picxaB27ourrent by appl yi ng the pixel signal wolrtisgeectonecas

swi tched capacitor resistance. 38. The systemof claim 29, wherein said
reference voltage controls a signal gain of the inmager. 39. A nethod of
operating an inmager, said nethod conprising the steps of: DSMDB. 1908319. 1
3linputting a reset signal voltage and creating a reset current based on a

3linputting a reset sional voltage and rea ent based
current based bn 4 nedeud Porar e uReai o R IR BRI o rent by

nodul ating a resi St&ﬁﬁﬁﬁ%q applying a reference voltage to the nodul ated
resi stance; conbining e adjustnent current with the reset current; and
counting a nunber of tines the resistance is nodul ated. 40. The met hod of

claim 39 furthes cepagiorsbAplddiferaetn Aot 4 iR R1dpgi tal code equal to
t he nunber of tines the resistance was nodul ated. 41.°The nethod of claim

40, wherein said digital code corresponds to a difference between the pixel
signal vol tage afidsttsdneitdhesripled borteerid e208d voltage source and the node;

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

34.  The system of claim 33, wherein the first switch is controlled by a
first clock signal and the second switch is controlled by a second

clock signal.

35.  The system of claim 33, wherein the first switch is controlled by a
first clock signal and the second switch is controlled by an output

of a comparison circuit.

36. The system of claim 29, wherein said first circuit branch creates the
reset current by applying the reset signal voltage to a switched

capacitor resistance.

37.  The system of claim 29, wherein said second circuit branch creates
the pixel current by applying the pixel signal voltage to a switched

capacitor resistance.

38.  The system of claim 29, wherein said reference voltage controls a

signal gain of the imager.

39. A method of operating an imager, said method comprising the steps
of:
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42. The nethod of claim 39, further conprising the acts of: conparing the
conbi ned current to the pixel current; and nodul ating the resistance to
create a wewoadiiszonment current when the conbi ned currerCTase®cn3c4Equal
the pixel current. 43. The nethod of claim 39, wherein the act of

nodul ating the resi stance conprises chargi ng and di schargi ng a capacitor.
DSMDB. 19(8319. 1 3244. The nethod of claim43, wherein the act of charging
and di schargi ng a capacitor conprises: connecting the capacitor to a first

vol t age based on a fj : i ; i i to a
second vol t age basedinrcg’?%ltt %ﬁéggésn Sg}g&(ll:Eogﬁg%gﬁq@@ﬁ%&%%e}e?rgﬁgg&gfb%%%i m 43,
wherein the act of charghgriadedigabargi ng a capacitor conprises:
connecting the capacitor to a first voltage based on a first clock signal;

and connecting the capacitor to a second vol tage based on a result of a

conpari son between thgueanphiateleiiie Roltapsahd rdite! a fixel itrentasedhe
nmet hod of claim 39, further conprising thé act of adjusting a signal gain

of the imager by adj ustidigabé@ndefesiseice; aal t age. 47. The nmethod of claim
39, wherein the conbining act is performed when the reset current is |ess
than the pixel current. DSMDB. 1908319.1 33

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.

40.  The method of claim 39 further comprising the act of outputting a
digital code equal to the number of times the resistance was

modulated.

41.  The method of claim 40, wherein said digital code corresponds to a
difference between the pixel signal voltage and the reset signal

voltage.
42.  The method of claim 39, 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.

43.  The method of claim 39, wherein the act of modulating the resistance

comprises charging and discharging a capacitor.
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44,  The method of claim 43, 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.

45. The method of claim 43, 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 result of a

comparison between the combined current and the pixel current.

46. The method of claim 39, further comprising the act of adjusting a

signal gain of the imager by adjusting the reference voltage.

47.  The method of claim 39, wherein the combining act is performed

when the reset current is less than the pixel current.
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