WO 02/ 31802 PCT/ US01/ 31436 1 SYSTEM AND METHOD FOR ACTUATING A LIQU D
CRYSTAL DI SPLAY The present invention relates generally to liquid crystal

di spl ay deng @B3s02and 5 nore particularly to a system and pratineds3iQE
generating on the display screen of a liquid crystal display device pixels
accurately shaded in correspondence with_a digital or anal og video signal.
Liquid crystal displays (LCDs) are connnnly used in devices such as
portable televisions, portable conputers, control displays, and cellul ar
phones to display 10 information to a user. LCDs act in effect as a |ight

valve, i.e., they allow transm ssion of light in one state, block the
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resolution information display, Jas 1 n one applica |on of the present
invention, LCDs are typically arranged in a matrix configuration with
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. P M(%EVI ) I%%S

i ndependent voltages are applied to different portions of

a pixel to cont r oﬁqdml gﬂytstapaspia;ag(mhbomo copunB uRalih devisesdducH e doghisles. | n
other LCDs, different colors are projected onto the ﬁl xel sequentially in
time. If thé e%Pl@Sag@riab eapelepenlésng@atrgle dirotayarry qeHular nighongs tp edispley
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nonochrome LCDs can also result in a color displa For exanpl e, a

monochr one segrdl dmevaedipe sfages firt parlistdtpasoirsiona ceased f adugh)mohltlone
oreen ot SORSCI SR SLYS, LB ere RLoLect ad L1 AL annt AN (RS R Lhe
be defined By, BUMORIauPf configuration with independenily controlled pixels. FEach
15 individual pixel is signaled to selectively transmit or block light from a backlight
(transmission mode), from a reflector (reflective mode), or from a combination of the
two (transflective mode).
An LCD pixel can control the transference for different wavelengths of light.
For example, an LCD can have pixels that control the amount of transmission of red,
20 green, and blue light independently. In some L.CDs, voltages are applied to different
portions of a pixel to control light passing through several portions of dyed glass. In
other LCDs, different colors are projected onto the pixel sequentially in time. If the
voltage is also changed sequentially in time, different intensities of different colors of
light result. By quickly changing the wavelength of light to which the pixel is exposed
25 an observer will see the combination of colors rather than sequential discrete colors.
Several monochrome LCDs can also result in a color display. For example, a
monochrome red LCD can project its image onto a screen. If a monochrome green and
monochrome blue LCD are projected in alignment with the red, the combination will be
full color. |
30 The monochrome resolution of an LCD can be defined by the number of

different levels of light transmission that each pixél can perform in response to a



different levels of light transm ssion that each pixel can performin
response to a WO 02/ 31802 PCT/US01/ 31436 2 control signal. A second |evel
is differemorsiggn a first | evel when the user can tell thectidigigace
between the two. An LCD with greater nonochronme resolution will | ook
clearer to the user. LCDs are actuated pjzxel-by-pi xel, either one at a tine
or several sinultaneously. 5 A voltage Ts applied to each pixel and the
liquid crystal responds to the voltage by transmtting a corresponding
anount of light. In some LCDs an increase in the actuation voltage
decreases transm ssion, while in others it increases transm ssion. Wen
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one pixel can be actuated to allow only blue light to be transmtted while
anot her al | ®¥&eHIN e Ypden. A greater number of different light |evels

avail able for ea ST e : ; oy '

conbi nati on col orﬁg ]j:s %(Iﬁér)né"et{r“%éﬁ%%% Bc?g]izr%fﬂggﬁ |rg¥1€gtltaetg?lg§g%§{ehag%%@%rﬁ§s%i ts an
i mage ors vi depolidgkds appliadotot @R pited dnd B MquRbcrystal Fedp@idsetb shefvoltagd B
involves circuitry that can limt the nonochrome resolution. The signals
necessary t barsmiltngaa stopghronggormernt oy light. adie somst hCHE gint Hicreasdl imn&f og.

It is digital in thalt[ ea(gh éoi xel requires a self)agate.tsel ection si.gnal, but
it is anal o T PhELAN FEIGN® VEISTRGEY SIS i QUG 1t SRR FASBURI e i ne
light tranyheashefipleldfors QRYRKSIVEN fér Qbh iRl tmhilepleeRRRla! r0 Applicd f€the
desired light 20 transm ssion, as conmuni cated in the inmge or video

si gnal, to pmxehattdifferenbposiiimnstondimesaisnending updretheilgll. tHagln yoitagss onnizels

i ntroduce errors that reduce.the nochrome resolution of the LCD.  For
el o0 £ s HRgTERIon & SARGI Bl Db P AR OrE sl So B aGfiing (AW

bi t -1 epr eseglatH QS 1§ Bk LafEnitib@yniIBGhatlEsa kAR bl RGE heyelis ARghL\kput s
vol t ages between 0 and 16 volts, the ideal output 7levels would differ by
62.5 m | |i vdiffesen? Jight\igveld fivdilable foACablasobn resulsrinod ntich d@atel/numbeserf i s
likely to confuse the light level that corresponds to a particular voltage
with the |iBosiblecmlingtion qodothei ghbors and the nunber of effectively

diff t | I h [ - { ' [ th
crrors that et SCOTLTeagc At BRUTXLR W KoLl finkB} e SRERCHRL o "

t he 15  voltages to be applied to the pixels of an LCD involves circuitry that can limit the

monochrome resolution. The signals necessary to drive a single color of an LCD are
both digital and analog. It is digital in that each pixel requires a separate selection
signal, but it is analog in that an actual voltage is applied to the pixel to determine light
transmission.  The conversion from a bit-representation of the desired light
20 transmission, as communicated in the image or video signal, to an actual voltage that
controls the light transmission can introduce errors that reduce the monochrome
resolution of the LCD. For example, if a Digital-to-Analog Converter (DAC) takes as
an input a bit-representation of voltage that includes 256 voltage levels and outputs
voltages between 0 and 16 volts, the ideal output levels would differ by 62.5 millivolts
25 (mV). If that DAC has an error of +/- 40 mV, a user is likely to confuse the light level
that corresponds to a particular voltage with the light levels of its neighbors and the
number of effectively different levels of monochrome display is halved. Taking into
account the errors that exist for each color of light being controlled in a pixel of the
LCD reveals that the number of different combinations can be severely reduced.

30  Further, if multiple DACs are used to drive the LCD, each DAC controlling a fraction



LCD reveal s that the nunber of different conbi nations can be severely
reduced. 30 Further, if nultiple DACs are used to drive the LCD, each DAC
control | i we @/3fig@acti on WO 02/ 31802 PCT/ USO01/ 31436 3 of themaiseeksiset hen

i naccuracies DAC-to-DAC can lead to distortions of the bit representation
of the desired light transm ssion. The pgesent invention is directed to a
system and nethod for actuating a |iquid” crystal display. 5 In one

enbodi ment of the present invention, a matrix of liquid crystal pixels is
provi ded. A digital-to-analog (DAC) converter is coupled to the matrix and
produces an output voltage that can be applied to one or nore pixels in
the matrix. offifie Mifels BRI 85 Raha! DAAIRBATILL 103 9'cﬂgtbﬁlons "R g2
generates its output voltage to correspond to the digital X
reference vwﬁresgﬁtagmmefmédemgﬂd‘ghatrmnﬁmsmeast two 10 refer ence voI t ages at
an output that is coupl ed to one input of a conparatqr. The other |nput of
the conparat or i dhe prseRdnyentionds @A@t%iop%%ys’[%é@ ffﬁgloé(fﬁb&?t‘a%t% 4 Bquid
activated, %T'Hﬁb’ltag one of two signals: a first signal when one input
receives a ﬁ 1tage; and a second signal when the other input
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and at |l east one input. The digital calibrator is adapted 15 to receive an
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digital signal at the output. The out put of the digital calibrator is

coupl ed to chaespnpdito tfe digaaldingirt aA—ne&rmalvogagfogmratter gen@tatdsratdeasd two
speci fic_enbodi ment of the presen i.nvention, the DAC conprises,  first and

second dPr c Egierencerypliagps %ttanc‘?‘}q&% atji copppledi ta onp dnyd OE .\ FeMRatdinry jLhgjother
digital signgly @%@%%@&%&@1&%% BARULLARE. cw'h@ﬁrscﬂé)ragfnp&g{oby%he

digital signal. The se circult recelves the rcurrent generate

first circuiattivand, duduymniits oae ubivwagenale arfiwsfgndiwigntametilgut cegeivesta. hlglﬁbrone
enbodi nent the second circuit includes an . 25 operational anplifier.
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conpar at or,
15 to receive an uncalibrated multi-bit digital signal at the input. The digital calibrator is

also adapted to modify tﬁe uncalibrated multi-bit digital signal based at least in part on
the output of the comparator to produce the calibrated digital signal. The digital
calibrator applies the calibrated multi-bit digital signal at the output. The output of the
digital calibrator is coupled to the input of the digital-to-analog converter.

20 In a more specific embodiment of the present invention, the DAC comprises
first and second circuits. The first circuit is adapted to receive a multi-bit digital signal
as an input and to output a current corresponding to the digital signal. The second
circuit receives the current generated by the first circuit and outputs a voltage
corresponding to the current. In one embodiment the second circuit includes an

25  operational amplifier.

In another embodiment of the present invention, the system includes at least a
second DAC. The system also includes a multiplexer circuit coupled to the comparator,
the reference voltage generator, and the DACs. The multiplexer circuit is adapted to
receive the at least two reference voltages and to apply one of the reference voltages to

30 one input of the comparator. The multiplexer circuit is also adapted to receive the



the reference voltage generator, and the DACs. The multiplexer circuit is
adapted to receive the at least two reference voltages and to apply one of

t he ref eramce/gt ages to 30 one i nput of the conparator. ptieysmuiidspl exer
circuit is also adapted to receive the WD 02/ 31802 PCT/ US01/ 31436 4 out put

vol tages of the DACs and to apply one of ,the output voltages to the other
input of the conparator. In a nore specific enbodinment, the nultiplexer
circuit includes two multiplexers. The first nultiplexer receives the
reference vol tages and the second receives the DAC output voltages. In a
nore specific enbodinent, the digital 5 calibrator is coupled to the
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techni cal advantage of the present invention is that it controls the |ight
| evel of piok@lesonfpasmtdri duindnae ppecific einbglimynt, theahtéplekerdirtui dhcladbs awb age

of the present . inventjon_.is that it cal,ibrates digital input_ to take into
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techni cal advantage of the present invention is that it can accept
different | éFeM§ of digital specification of desired voltage. Another
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multiple digital -to-ana erters i’s consisten er-tec

advant ages @f gikds I@E%Sﬁqﬁiddél?ﬁhpaisﬁ)&yw IAnofier nedeical adRRAERNGT HR pRB&t
skilled in the art fromthe foll owg& figures, descriptions, and clains.
Various enbogntents thet it kelibraige shigitah ioprtaliontalse ligto saceouyy einaesurackes in the

advant ages set. rth., No one advantage is crjtical, to.the |nventiqn, For
exanpl o 38 onQIERLITHLIR VBRAen G FERUn TSy ARG Ny S REY (et e
advant age of,&eRtiheddtionds e iPitRtsSa Phod rubfbél Bf Q7SR mordcRRhYacti¥tiohe
ot her enbodi nents may provide several of the specified and apparent
advant ages. l&velmtoebecanived ersingdbe stian diigitpl-od-andheg poresendn dirsctrps kmtleard

advant ages thereof may be acquired by referring to the fo]] ow n
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15  invention is that calibration across multiple digital-to-analog converters is consistent.
Other technical advantages of the present disclosure will be readily apparent to
one skilled in the art from the following figures, descriptions, and claims. Various
embodiments of the invention obtain only a subset of the advantages set forth. No one
advantage is critical to the invention. For example, one embodiment of the present
20 invention may only provide the advantage of controlling the pixels of a liquid crystal
display, while other embodiments may provide several of the specified and apparent
advantages.
A more complete understanding of the present disclosure and advantages
thereof may be acquired by referring to the following description taken in conjunction
25  with the accompanying drawings, in which like reference numbers indicate like
features, and wherein:
Figure 1 is a block diagram of a liquid crystal display actuating system in
accordance with one embodiment of the present invention;
Figure 2 is a block diagram of liquid crystal display driver electronics in

30 accordance with one embodiment of the present invention;



Figure 1 is a block diagramof a liquid crystal display actuating systemin
accordance with one enbodi nent of the present invention; Figure 2 is a

bl ock di agigag®3@802! | qui d crystal display driver el ectroni cediusodi436
accordance with one enbodi nent of the present invention; WO 02/31802

PCT/ USO01/ 31436 5 Figure 3 is a block di ?gr amof liquid crystal display
circuitry in accordance with the present invention; Figure 4 is a circuit
diagram of liquid crystal display driver electronics in accordance with
one enbodi nent of the present invention; 5 Figure 5 is a block diagramof a
di splay driver having digital calibration circuitry in accordance with one

enbodi nent of thes 1 Lon. 1 iR I; i
illustrating a rr&%%ﬁ%% blg?lig{&fcagrp?fblrﬁa@?%ﬁsﬂ {111%? lﬁ}ék?ﬁhg}éi%r %Hgg&rvﬁ{{h one
enbodi nent e frbenpinesmivn; | nvention; and Figure 7 is a logic flow diagram

illustrating a nethod for actuating a |iqui, 10 crystal display in

accordance with SHBrRAbsuR It SHAGHR R gg@_ t OV HYeREPIBR. drivigr (iseEORI6S tihe
drawi ngs, e RORIRE S HRRLESERF b BB iflbh, nOW be — descr | bed.
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Figure 1 depicts a hi eve ram a system for actuating

pi xel s of a |iquighrery$d al bldils @iagyars cifeg MisplayadeiosdBndae Wigithl \datibeatidat a. A
vi deo software program 10 accesses stored data 8 representing an inage or
series of i pagay imaecordagenwihbagembodimept ofghapicsant inyeblies pi xel - specific

information in the stored dat.a according to.its ot,ocol .. For,.ex | e,
the data may be i‘%’F%E{ fsnai%f’éﬁ)&‘rabagaﬂilgHStrsatl%iacE{%fht‘?g 5P cald a?’lggspft
Cor por at i onyfmideR RcBlday@ witiPsBdmbdlimélie f MG Rnshafddndaior mat . The vi deo
sof tware out puts pixel-specific digital data for one or nore colors 12. For

exanpl e, the pi ¥Xedwsfeisi4 lagidfve dragramnidlugdaing- dimethddofor gmtiiatiog ar bayid
green, and blue, A signal that c 20 be referr to as.an RCB signal. In
anot her B garirLAiop Ry R st e 8T ofgemBoditient & besT ifiEsTan a di rectly
froman optical e It G @VeivifsS WhTbo it citsV bEI R GREERE Snvelhieh RiilflovpeCi fiC
data 12 corresponds fti% t he settll%s@s 019 tﬁke Svi deo @%ftwarvee 10l ar% 0the

cont ent s of dedeebsd. oFigdredadepicd 4 laphddvel dptk diagramexdarsgistang foeachmtihg phets dfs not
necessarily _consistent with the phya’ cal chaéiact eristics of the liquid

crystal di spligyidaystafispincsreenan sgrordaneeWihilep slafas 4 ¥idep seivag Prosge
rescaling a'i'g a&&:@g@@ FMFaf® Q\fﬁﬁés'e%gealneﬁ{argg Rk Stied B¢ images. The video software

15 program 10 locates pixel-specific information in the stored data 8 according to its
protocol. For example, the data may be stored in Apple Corporation's Quicktime format,
Microsoft Corporation's Media Player format, or the MPEG-2 standard format. The video
software outputs pixel—spe(;iﬁc digital data for one or more colors 12. For example, the
pixel-specific data may include 8-bits for each of red, green, and blue. A signal that can

20  be referred to as an RGB signal. In another embodiment, the software program 10
receives video data directly from an optical recording device such as a video camera.

The pixel-specific data 12 corresponds to the settings of the video software 10 and
the contents of the stored data 8 (or the optical recording device), but is not necessarily
consistent with the physical characteristics of the liquid crystal display 22. The pixel-

25  specific data 12 is received by image rescaling and frame rate conversion electronics 14.
The conversion electronics 14 converts the pixel-specific data 12 so that the number of
rows, the number of columns, and the number of images to be displayed in a set amount
of time correspond to the capabilities of the liquid crystal display. The conversion
electronics 14 outputs modified pixel-specific data 16. In an alternate embodiment, a real

30  time source of video data, such as a video camera, can be configured to provide pixel-



The conversion el ectronics 14 converts the pixel-specific data 12 so that
the nunber of rows, the nunber of colums, and the nunber of images to be

di spl ayedwigvy2@i1g@t anmount of tine correspond to the capaldritdoes14é t he
liquid crystal display. The conversion electronics 14 outputs nodified

pi xel -specific data 16. In an alternate enbodinent, a real 30 tinme source
of video data, such as a video canera, can be configured to provide pixe
WO 02/ 31802 PCT/ US01/ 31436 6 specific video data 16 without a need for a
sof tware program 10 or conversion electronics 14. The pixel-specific data
16 is received by liquid crystal display driver electronics 18. The driver
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pi xel -specific voltages in analog form In one enbodi nent, a single voltage
source for éddch pixel drives a nonochrone display. In another enbodi ment, a

pi xel has several_  voltages each for a different col uentially
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vol t ages each correspond to one pixel of one image. The control signals
are used by cedhePirelodrives @rspenephrongg display e ran@té@e@aboc’ﬂmﬁ@t pdves] benetvetilng to
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i ndi vidual pixels and, in some enbodinments, to particular colors for each

pi xel . The bpagificodags y@t dhe diizg] edgetpgics diea qatr@vldqslth@esolxecb charging vobaggs ping

vol tages i n _accordance ceived als vol es change
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depicts a block diagram'of the driver electronicts designated ggnera l'y by
18. A dri vedisplay doi sev&@l ﬁmcmnsemcludmgpo xetchshegolfages ubathm pelsTHoepravide er
circuit 30 converts eC| fic data into coryespondi ng anal og
currents 3200ma%f§8nafeft gerfps e sharg%wlé?éss @Bcti EhPieiide 3grodagr/oF shasging
circuit 34. erS|on circuit 34 produces analog voltages that
correspond ngtﬁgﬂgﬁﬁgeﬁgg% Those anal og vol tages 20 are prOV|ded to

15 The liquid crystal display 22 applies voltages to individual pixels and, in some

embodiments, to particular colors for each pixel. The liquid crystal display 22 selects
pixels to which to apply voltages in accordance with received control signals. The
voltages change the light transfer characteristics of the pixels. The collective visual
impact of the selectively lighted pixels portrays an image.

20 Figure 2 depicts a block diagram of the driver electronics designated generally by
18. A driver circuit 30 receives the pixel specific data 16. The driver circuit 30 converts
the pixel-specific data into corresponding analog currents 32. Those currents 32 are
provided to an analog conversion circuit 34. The analog conversion circuit 34 produces
analog voltages that correspond to the currents. Those analog voltages 20 are provided to

25  the liquid crystal display along with control signals from the driver circuit 30. Feedback
signals 36 travel from the analog conversion circuit 34 to the driver circuit 30. The
feedback signals 36 are used to calibrate the video digital signals as discussed with
reference to Figure 4.

Figure 3 depicts a block diagram of liquid crystal display circuitry designated

30  generally by 22. While the depicted circuitry only has eight columns and four rows for



25 the liquid crystal display along with control signals fromthe driver
circuit 30. Feedback. signals 36 travel fromthe anal og conversion circuit
34 to thewdrjasggocircuit 30. The feedback signals 36 are p¢gagkoi@143@l i brate
the video digital signals as discussed with reference to Figure 4. Figure
3 depicts a block diagramof liquid crysgal di splay circuitry designated

30 generally by 22. Wile the depicted circuitry only has ei ght colums and
four rows for WO 02/31802 PCT/US01/31436 7 sinplicity, nmany nore rows and
colums can be used with an actual display. Each of the analog voltage

i nputs 74-77 applies a received analog voltage to the pixel colums 50-57.
One of the colimhy dhb¥EhRroRwibnandIene Gh tehBed MM¥AM! A8I$ dfiB1af2 Bicf oRCLI Ve
so that each of ?he anal og voltages is applied to a single pixel. Wile
the figure depinatog withgumpsisiidTamgdiss apecetledanblogtvioling tocthb @ixek ndlagingent s
could inclu nmore or,. fewer simultaneous pixel actuations, |n another
enbodi nent , gﬁ‘éﬁt iQﬂeeOfﬁ{“kéﬁﬁ‘ém&rdé‘V%tﬁa@b@ld et tha o vedimiers, 6914 g&e aqtiye gpe
enbodi nment , j L CUI 1S PLOMI f QFp.:1.8 . t he
el matr St BAAEEORE by LA I bhika' S oML ERY il SAE Tl Btnity
drivers %8- fduresiblihiesuapixab aacatiinedothbi EtbédgieatsedouldAiretitler @breSbgfaterf rom
the 10 driver circuit 30 causes the active colum driver to shift by one.
For exanpl esimaneqisfpixelrasjiagions: dhiapether pphodivlenindiplecrixgls are aewhtadm

driver 60. W he | a ol.umm dri.ver is reached.the.row driver.

ahi fted by g hdter S ettt s RORERE & b Ra miFlodden
provi ded i neidtecsanBf tHedfikeltRatfiRl I RSRRAE: tethHobBndn a8 irbE &iNckd 66981 Sher s.
Figure 4 depicts a circuit diagramof the liquid crystal display driver

el ect r oni cs coluBnddsicgnai-64 cg@nkasain gsseciated shiftregidiet.v év caitrof gignaBfiomnbe udes
a calibratign circuit 100 that .receives, uncalibrated pLxel-specific.data
20, 92, 1§ SReSaBOEPAEARS fecs SEnarirt © it B BiseFopientbis it b e
| evel s. The galdnatd Ofin htuf drivbP98 ¢atdIRhA RS el &8 WRERIHALR B mn driver

pi xel -specifit data 90, 92 based on results froma feedback circuit, as

di scussed béd mached Tieerovadriver &t shiftadidiyaoreaand hizaewiniver destisniThie kel haltagehe
uncal i brated date in order to allow 20 greater calibration. In one
enbodi ment , eHBeRBIoVisied ietde garpg oyder fpegsiesronddp thy changing shifigeyisist ng t o 1024

| evels. In otherP%%? [ o za).1 br : i i.ts
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fast digital-to-anal Qg i . . ) )
receives uncalibrated pixel-specific data 90, 92. In one embodiment, the data is 8 bits per

pixel with 256 possible levels. The calibration circuit 100 calibrates the uncalibrated
pixel-specific data 90, 92 based on results from a feedback circuit, as discussed below.
The calibrated data can have more definition that the uncalibrated date in order to allow
20  greater calibration. In one embodiment, the calibrated data is 10 bits per pixel
corresponding to 1024 levels. In other embodiments, the calibrated data can include more
bits per pixel, e.g., 11 or 12 bits corresponding to 2048 or 4096 levels, respectively.
The calibrated pixel-specific data is provided to one of four fast digital-to-analog
circuits (DACs) 102-108. The fast DACs 102-108 must have inputs that can accept the
25  bitsize of the calibrated data. Thus, if the calibrated data is 10 bit, the DACs 102-108
must be able to accept and convert 10-bit data. The fast DACs 102-108 output currents
that correspond to the digital input. Those output currents are coupled to the analog
conversion circuit 34.
In addition to the pixel-specific data provided to the fast DACs 102-108, the

30 calibration circuit 100 also provides digital data to the slow digital-to-analog converters



circuits (DACs) 102-108. The fast DACs 102-108 nust have inputs that can
accept the 25 bitsize of the calibrated data. Thus, if the calibrated data
is 10 bitwghs188Cs 102- 108 nust be able to accept and compeantsol@ifpt dat a.
The fast DACs 102-108 output currents that correspond to the digital

i nput. Those output currents are coupled,to the analog conversion circuit
34. In addition to the pixel-specific da%a provided to the fast DACs

102- 108, the 30 calibration circuit 100 al so provides digital data to the
sl ow digital -to-anal og converters WD 02/31802 PCT/ USO1/ 31436 8 (DACs)
110-112. In one enbodinent, not all of the pixels in the liquid crystal
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The analog conversion circuit 34 also includes a reference voltage generator 128.
The reference voltage generator 128 provides a plurality of reference voltages within the
range of voltages produced by the operational amplifiers 114-124 from the output of the
DACs 102-112. The reference voltages are coupled to the multiplexer circuit 130.

20 In one embodiment, a first reference voltage, Vg uy, is set between 13.2 volts and
14.0 volts; a second reference voltage, Vg yps i Set between 7.7 volts and 8.0 volts; and
a third reference voltage, Vyge 10, is set between 2.0 volts and 2.2 volts. In another
embodiment, the Vygp ymp and Vygr 1o are generated by a voltage divider circuit coupled to
Vrer m and ground as inputs.

25 In another embodiment, it is more important that the reference voltages be
accurate relative to each other than that they be absolutely accurate. For example, if the
voltage difference between Vg \p and Vg 1o is known with minimal error and the
voltage difference between Vg yr and Vg 10 is known with minimal error, the three
voltages may have a greater error with respect to ground without reducing the accuracy of

30  pixel shading.



enbodi nent, the VREF m-Dand VREF Lo are generated by a vol tage divider
circuit coupled to VREF H and ground as inputs. 25 In another enbodi nent,
it is nmoreg ¢pasant that the reference voltages be accurptieudoebadss,ve to
each other than that they be absolutely accurate. For exanple, if the

vol tage difference between VREF npo and §EF Lo is known with mnimal error
and the voltage difference between VREF"J. and Vpp Lo is known with
mninmal error, the three voltages nay have a greater error with respect to
gr ound mﬁthout reduci ng the accuracy of 30 pixel shading. WO 02/31802

PCT/ US01/ 31436 9 The nul.tiplexer circuit 130 connects one of the output
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with the internghe %ﬁbg cORENNIOE chddt 34 ggstlﬁ@lﬁdestth@ 1ﬁt@hiapét§fe' Bickdd €341 100
and the internal state machine 134 determ ne the digital signal that

cor r esponds The igenhl SNE-nombiret §3dnial couplagpka fheenulpa]exc;r ¢iguitehdanip| contt@2thand

114, for each ref rence voltage,. 15 In _one e the digital signal
i s det enfi nSWPUsPL q@&na{?&rtﬁg ¢ emﬂ@?em%q la@léo ERlegA digougput

specific vo d t The
ool 1 br at i on o coEhl 135c e KAIEARE, ¢l 2663 R B‘F&stfgﬁﬁ POERBieA e the
DAC. For emrl’ﬁﬂeﬁ}al ktﬁtehjlih&hitﬁl 134 g&ogethgaithe Oﬁlmﬁmﬁmaﬁﬂcﬂm abo anpthefintemallstdtei S
connected to the arator 132 by the multiplexer circuit_ 130, then _the
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steps. For eXx
15 In one embodiment, the digital signal is determined by directing the multiplexer

circuit 130 to connect a specific voltage output and reference voltage to the comparator
132. The calibration circuit 100 then increments the digital signal provided to the DAC.
For example, if the voltage output of operational amplifier 114 is connected to the
comparator 132 by the multiplexer circuit 130, then the calibration circuit will increment
20 the digital signal provided to the corresponding DAC 102.
The digital signal can be incremented in multi-bit steps. For example, if the
DACs 102-112 are 10-bit DACs, then there are 1024 possible digital signals. By the
incrementing based on the fourth least significant bit, 16 signals are traversed with each
incrementation. When the comparator 132 changes output in response to a 16-signal step,
25  the digital signals for each of the sixteen can then be incremented through to find the
closest 10-bit digital signals that bound the output voltage that matches the reference
voltage.
As the digital signal is incremented, the DAC output changes and the operational
amplifier output changes. At some point, those changes overtake the constant reference

30  voltage and the output of the comparator 132 changes. The internal state machine 134



DACs 102-112 are 10-bit DACs, then there are 1024 possible digital signals.
By the increnenting based on the fourth | east significant bit, 16 signals
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output in response to a 16-signal step, 25 the digital signals for each of
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voltage. As the digital signal is increnented, the DAC output changes and
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overtake the constant reference 30 voltage and the output of the
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uncal i br at edul,0RPifat neat Bp@RforeTodi ment with three reference vol tages,
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15  calibrate uncalibrated video data.

In one embodiment with three reference voltages, corrective slopes and offsets are
calculated. A slope defined by the change in bit representation divided by the change in
output analog voltage is predicted and then measured for the two lower voltages and the
two higher voltages. The ideal slope, the slope that would result from exactly equal

20 analog voltage steps corresponding to each digital increment, is compared to the
measured slope and a difference slope can be determined. Offsets can be determined by
the difference between the expected bit representation for a reference voltage and the
measured bit representation for a reference voltage. An uncalibrated digital signal below
the midpoint is multiplied by the difference slope determined from the lower reference

25  voltages and the result is added to the offset. The sum is calibrated. An uncalibrated
digital signal above the midpoint is multiplied by thé difference slope determined from
the higher reference voltages and the result is added to the offset. The sum is calibrated.

In another embodiment with three reference voltages, the following formulas are
used. Deltal is calculated as the difference between 1) the binary difference between the

30  measured digital signals for Vg g and Vigg yp, and 2) the ideal expected difference
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Fi gure 351 soperiticak agipf@enbombinaticmhs Semldax;efdﬂénc\ze\mlﬂagasl isgpaﬂfogmwlbeﬁradenbﬂhat ion

circuitry in accordance with one enbodi nent of the present invention.
frames of a digital video signal. In another embodiment, the determination is performed

before the first frame of a video signal is sent to the liquid crystal display 22.
Figure 5 is a block diagram of a display driver having digital calibration
circuitry in accordance with one embodiment of the present invention.

20 The driver circuit 30 receives uncalibrated digital signals 16. The driver circuit
is shown with two analog outputs, unlike Figure 5 which shows six analog outputs, and
other numbers of outputs are possible in other embodiments. In one embodiment the
digital signals 16 are 8-bit representations of video. The calibration circuit 100 receives
the digital signals 16. In one embodiment a calibrated lookup table 306 has data entries

25  corresponding to 8-bit addresses. The calibrated lookup table 306 can have several
entries for a particular 8-bit address, one entry for each digital-to-analog converter. The
data entries can have more or less than 8-bits and correspond to the bit-size of the
inputs of the digital-to-analog converters 102, 104. In one embodiment the data entries
have 10 bits. Each 8-bit digital signal 16 is treated as an address and the data entry at

30 that address for the intended DAC 102, 104 is forwarded to that DAC 102, 104, The



20 The driver circuit 30 receives uncalibrated digital signals 16. The
driver circuit is shown with two anal og outputs, unlike Figure 5 which
shows si xwa@n@lsagp20ut puts, and ot her nunbers of outputs arempesisRize i n

ot her enbodi nents. In one enbodinent the digital signals 16 are 8-bit
representations of video. The calibratio@ circuit 100 receives the digital
signals 16. I n one enbodinent a calibratéd | ookup table 306 has data
entries 25 corresponding to 8-bit addresses. The calibrated | ookup table
306 can have several entries for a particular 8-bit address, one entry for
each digital -to-anal og converter. The data entries can have nore or |ess
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alternati ve%{eﬁ%ggf}fr@%;é?{as%%@rfa e %%dlqléglﬁe:j?égsﬁoyg uO%d{nggtF ggdt %af%g “mai nt ai ned
for eachs DAC 10% od&4ndodinideg, Be liata ditgdst @ thei@lbdatddSlotEgsltadte 306 address
at one of the lookup tables with the data entry forwarded to the DAC
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than 8-bits. The data entries of the ideal |ookup table 300 are the digital

si gnal s t hétat wouldbdiesed $edrivoa AV ghah oDp@stlinatrlyocarpspendingazldg/voltages.
correspondi anal og voltages. 1o Linearly correspondin nal vol.t ages
are vol tdge iy EopopRAdity mrIoee JOURESS rAle (TDIAGFRdltin it CAFUISRgnY by
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two calibrated | ookup tables 306. In
ideal lookup table 300 may be supplied to the multiplication 302 and addition 304
circuits a first time for the first DAC 102 and a second time for the second DAC 104.
The two calculation results can then be placed in two calibrated lookup tables 306. In
an alternative embodiment, a single calibrated lookup table 306 has addresses
20  corresponding to the input digital signals 16 appended to bits representing the
destination DAC.
The gain/offset circuit 298 supplies signals multiplied and added to the entries
of the ideal lookup table 300. The control circuit 296 determines the digital signals for
which the DAC outputs exceed reference voltages. The control circuit 296
25  communicates with the analog conversion circuit 34, see Figure 4. At a time when the
driver circuit 30 is not processing input digital signals 16, the control circuit 296 feeds
digital signals to one of the DACs 102, 104 until it receives a signal through the
connection 36 indicating that the DAC output has exceeded a reference voltage. In one

embodiment the digital signals are sequential. In another embodiment, the control

30 circuit 296 is activated between each video frame. The reference voltage, DAC, and



an alternative enbodi nent, a single calibrated | ookup table 306 has
addresses 20 corresponding to the input digital signals 16 appended to bits
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signals nmultiplied and added to the entries of the ideal |ookup table 300.
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step 202 the chosen reference voltage, is applied to, one of the onpar at or
inputs. |n BR&SHLHEPIfEATS Wih e AT CALEE PHERH MO CBHSRls 1B oSt BFP

signal tot 220 rQJ{etférQIIlc%Xﬁglta%E i€ WhbsdrPHGRANBBSE agﬁﬁbf;&hﬁ'ﬁﬁntHeeIe%r@ﬂféevM@gE age

to one of t
15  generator. In the second step 202 the chosen reference voltage is applied to one of the

comparator inputs. In one embodiment, the internal state machine sends a control

signal to the multiplexer circuit to connect the chosen reference voltage to one of the

comparator inputs. The next step 204 chooses a DAC. The output of the chosen DAC

is then connected to the other comparator input 206. In one embodiment, the DAC

20 includes two connected circuits and the output of the second circuit is connected to the

comparator. In the next step 208, successive digital inputs are applied to the DAC to

determine the point at which the comparator changes output. In one embodiment, step

208 includes a partial or full binary tree search. In the next step 210, the process is

repeated for additional DACs if there are any. In the next step 212, the process is

25  repeated for additional reference voltages if there are any. In another embodiment, each

of the reference voltages can be compared to a single DAC before moving to the next
DAC. |

Once all the change points are determined for the possible combinations of

DAC and reference voltage, offset differences are calculated for each DAC 214.

30  Example calculations for three reference voltages is provided with Figure 4. In the next



conparator inputs. The next step 204 chooses a DAC. The out put of the
chosen DAC is then connected to the other conparator input 206. In one
enbodi menwo @23@8@AC 20 i ncl udes two connected circuits ancdmmesooatqset of
the second circuit is connected to the conparator. In the next step 208,
successive digital inputs are applied to,the DACto determ ne the point at
whi ch the conparator changes output. In one enbodi nent, step 208 includes
a partial or full binary tree search. In the next step 210, the process is
repeated for additional DACs if there are any. In the next step 212, the
process is 25 repeated for additional reference voltages if there are any.

I n anot her &e?mwgéjrh, dierfefice e dalildtef esresck DACT age exed@pleberlcaiar f4 to a
singl e DAC before noving to the next DAC. Once all the change points are

det ermi ned fhaoee referepes ¥pltfges doptsivisket i witls Figure Badnatig lpsféereAb® cpbibratigs,

ff diffe |.cul d.for. h DAC 214, I
o LR B Bep o b P B R T e RO ety (e
next WO 02/ gl8Qe vHEH |1 ég@%ﬁﬁspléﬁ step 216, gain difference are

cal cul ated for each DAC. An exanple calculation for three reference
vol t ages5i s proviFigde Wi ishe Kgguflewddiagramt Hleistraizig & negthadl1 By achiatibg at ligmd

circuitry is confjgured so that djgital_ vi.deo signals are corrected _before
bei ng comvePBal drBRY 8 acogylancrmith Hos SrBPYTER OldHE BieSgRt svepiiep B the Sty
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;
di splay in ac?%?génce wth one~e ment of the present Invention. he
first step225Ghe ancdlibeatd tpatl edmaditiplicalbyshgpah diffaeiesot tiet siphaerinainecui t .
In one second step 252, the uncalibrated signal is nultiplied by the gain
di fference ewbodiment.sthgpain differege fop pigaals FBANe Tepge awrdlgfplf frepe Hice 2218y

anot her 4 angs AT TR Blhgt FA P B Ak 5P AdoR R D | Bin PBRE

252. As withf %ﬁeﬁm%Z Ast #Eh GldpSEI2, WY obfeettinky Sk editfelent fi gnalsid diftbrédter ent
ranges. | n another enbodi nent, step 253 replaces one or both of steps 252

and 254. | nrangesplBwthen embedintsniasien 288 gerdaces sne pibath ohsiapsePensl Bide Ibased
o0 B uneaLB ANl b BRI i8R R ARl BRI 27, oo
It %aokgggfpgﬁagﬂggc Bhr@ﬂfaﬁc@atﬁﬁé bbsRped 53 188a54] anBeOpbifRfO oS ERPY Posible 254,
15  input signal and the results stored in a lookup table.
Once a calibrated signal is produced by step 253 or 254, two operations occur in
parallel. The driver circuit sends control signals to the liquid crystal display to drive
the column and row that define the pixel corresponding to the calibrated voltage in step
262. The calibrated voltage is applied to a DAC input in step 256. Then the DAC
20  output is applied to a high speed operational amplifier in step 258. In the last step for
the current pixel 260, the operational amplifier output is applied to the liquid crystal
display matrix and drives the pixel identified by the column and row drivers. The
digital signal for the next pixel is then received 250. In one embodiment, the
electronics may process more than one pixel simultaneously in parallel circuitry. In
25  another embodiment, the circuitry may be pipelined so that the next pixel starts being
processed before the current pixel is finished.
While the present invention is susceptible to various modifications and
alternative forms, specific embodiments thereof have been shown by way of example in

the drawings and are herein described in detail. It should be undefstood, however, that

30  the description herein of specific embodiments is not intended to limit the invention to



parallel. The driver circuit sends control signals to the liquid crystal
display to drive the colum and row that define the pixel corresponding to
the cal i bwvagg @13l tage in step 262. The calibrated vol t agetgsoappizsed to a
DAC input in step 256. Then the DAC 20 output is applied to a high speed
operational anplifier in step 258. In tq_ | ast step for the current pixel
260, the operational anplifier output is applled to the liquid crystal

di splay matrix and drives the pixel identified hy the columm and row
drivers. The digital signal for the next pixel is then received 250. In
one enbodi nent, the electronics may process nore than one pixel

si mul FaHGOU&IeyB ciaf %Jn@é dirsuo@éu tuf- od %@%ﬁ@ﬁyh% SRR biG all
circuitry may be pipelined so that the next pixel starts being processed
bef ore t he modifeations, eqhivalentsj mids hlémnatities fallinpevihie slenspifinuehsdopa dfsthe
susceptible to vari ificatio nd alternative fornms, specific
enbodi ment sIVERHEQLIS Cﬁ%\‘?gggiég}? @Hﬁﬂé‘%aﬁ ey of exanple in the draw ngs and
are herein described in detail. It should be understood, however, that 30

t he description herein of specific enbodinents is not intended to limt the
invention to WO 02/31802 PCT/US01/31436 15 the particular forns disclosed,
but on the contrary, the intention is to cover all nodifications,
equi val ents, and alternatives falling within the spirit and scope of the
invention as defined by the appended cl ains. WO 02/ 31802 PCT/ US01/ 31436 16
CLAIM5 1. A systemfor actuating a liquid crystal display, conprising:

(a) a matrix of liquid crystal pixels; 5 (b) a digital-to-anal og converter
adapted to apply at an output a pixel charging voltage corresponding to a
calibrated multi-bit digital signal received at an input and coupled to
the matrix to apply the pixel charging voltage to at |east one pixel; (c) a
reference voltage generator adapted to apply one of at least a first and
second reference voltages at an output; 10 (d) a conmparator with first and
second inputs and an output, the first input coupled to the output of the
reference voltage generator and the second input coupled to



the output of the digital-to-analog converter, the conparator adapted to
provide one of two signals at the output dependi ng upon which i nput

recei ves wgugisyz voltage; and (e) a digital calibrator coygewidiszga first
output to the input of the digital-to- 15 anal og converter and adapted to:

receive at a first input an uncallbratedénultl-blt digital signal, nodify
the uncalibrated nulti-bit digital signal® based at |least in part on the
out put of the conparator to produce the calibrated multi-bit digital
signal, and apply the calibrated nulti-bit digital signal to the first
output. 2. The systemfor actuating a liquid crystal display according to
claim1, wherein 20 the digital-to-aggl uggq gonverter conprises a first
circuit adapted to receive a multi-bit igital signal as an input and to
output a current corresponding to the digital signal and a second circuit

adapted to receive the current fromthe first circuit, and to output a
vol tage cor Fespoﬁcﬁyﬁ@n’f@rﬁ%m&&%]&ﬂld CIB’Sta}r‘FlfépléX}»ﬁo@fW‘F’@g actuating a liquid

crystal display gatc)corgl ?flﬁétﬁég?@alﬁﬁ el n 25 the second circuit

i ncl udes an operationa e Systenlfor actuating a liquid

crystal gisplay @gcor dld[lglt&lcto%halb@cﬂo.nvémﬂiithﬁptedcmppl§l AYard owgR@ N pixel
digital -to-anal og converter adapted to apply at an output a pixel chargl ng
vol t age cor wggmg dIOJ\tggQ eomespandibg 42 edratibtated wiutti-bit gigi S@glnlatlcewect et ved at

an input fro ital, converter dc ed.to ly the
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according to claim4, further conprising a multiplexer circuit, wherein

the digital setconérﬁemgca:mimgcaaéraaoatp@t coupled to the second |nput of the
conparator t hrou the nultipl exer C|rc it and the reference | t age
gene_rat is cougcr)ed psomparaqr vafh fipsh S?COP én%?rﬁ%Ff%‘% 8Ptp%|ﬂbeu§ tﬂ‘%@‘t

mul ti pl exer oo HGHL B?t B of-lfﬂce Viéféﬂéacmoit% e SleH@lr 28 1k Ae'c i gﬁtr %ﬁhl’%h to

di spl ay accor ing to c B erein n"response to at st onhe control
signal , thetheutpuyslofxies dlcgltaleuobatnabgp:loheate@ ne ocbmpiretontdagtabst provide roak @fences
voltages to the first input of the conparator and one of the digital-

t 0-anal og cHyEeRds alilie sutPuldipeadas upen Wh@héwﬁ%wﬁmbl&hﬁr Yﬂ‘@gwﬁlﬁar at or .
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15 analog converter and adapted to: receive at a first input an uncalibrated multi-bit digital
signal, modify the uncalibrated multi-bit digital signal based at least in part on the
output of the comparator to produce the calibrated multi-bit digital signal, and apply the
calibrated multi-bit digital signal to the first output.

2. The system for actuating a liquid crystal display according to claim 1, wherein

20  the digital-to-analog converter comprises a first circuit adapted to receive a multi-bit
digital signal as an input and to output a current corresponding to the digital signal and
a second circuit adapted to receive the current from the first circuit and to output a
voltage corresponding to the current.

3. The system for actuating a liquid crystal display according to claim 2, wherein

25  the second circuit includes an operational amplifier.

4. The system for actuating a liquid crystal display according to claim 1, further
comprising a second digital-to-analog converter édapted to apply at an output a pixel
charging voltage corresponding to a calibrated multi-bit digital signal received at an
input from the digital converter and coupled to the matrix to apply the pixel charging

30  voltage to at least one pixel.



the digital converter nultiplies the uncalibrated nulti-bit digital signal
by a first factor based at least in part on the output of the conparator
and t hen a@dp/3ig2t hat product a second factor based at | gagtudozpdgt on
t he out put of the conparator. 8. The systemfor actuating a |liquid crystal
di splay according to claim7, wherein lll,'-'} the first factor is based at

|l east in part on the | owest value digital signal that, when applied to a
digital -to-anal og converter, results in a voltage exceeding the first
reference voltage according to the conparator output. 9. The systemfor
actuating a liquid crystal display according to claim7, wherein the
second facter is t i : ’ v dicgit.al

si gnal that 9 mherrl;ﬁiggéli?lgdfo% gégéthdiggil? Ilgitcg}:rbgar%gﬁ S@}ﬂgaﬁ%dgﬁi(/@% teor ?151}1&2;10 sﬁe?n a
vol t age excemupriring hemiliipkker @faite mhereimoiht aligitdtcandog goiivericizeare confpiad at or

output; and the | owest value digital signal_ that, when applied to a

di gi t al - t o- tniAP sgconddnmeaf dhe comipamteisthrepel the muligdersk caet mryl heacknsad
reference v j . em
for mot uati o adEeRaREkEl el IR iRk Bhn e b Htoneh e IR
conprising é@radntrol circuit with an output coupled to the matrix of liquid
crystal pixels, the control circuit adapted to provide a signal at the
out put t hat 6sel edhe sysiem deipctusiting gl ligd ey stehdisplew a¢cording exelpive 5t Waenging el
chargi ng vol tage. 02/ 31802 PCT/US01/31436 ,..18 11.. The system f
cctuating. o R g Rl Gtk sorol ekl B b et dreid aofl G o Chpat

di gi tal conpggti®io ERkbsvaRBENR thé Riest Wikd bl RealofthalMditdndint of e digltarsi gnal
falls within a first range or a second range, nodifies the signal in a
first manneto-arfalag canakiter onitpiuh ivaltagesto the sedond amye of thadompakiafores t he si gnal

0 g neg L L Ll L R PRt 2 L89S, A%, A eined for
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di gi tal si gbakedandkbast fn past of det @ntput I the Porapphtpr agd thea addb itd that eebddcgat al
signal to agecgriu? ife;[ctaclr-bta(s)édaar’g ?cl,a(s)t%n%grr‘}\(l)%rtﬁee (gutput of the comparator.

8. The system for actuating a liquid crystal display according to claim 7, wherein

15 the first factor is based at least in part on the lowest value digital signal that, when
applied to a digital-to-analog converter, results in a voltage exceeding the first reference
voltage according to the comparator output.

9. The system for actuating a liquid crystal display according to claim 7, wherein
the second factor is based at least in part on:

20 the lowest value digital signal that, when applied to a digital-to-analog
converter, results in a voltage exceeding the first reference voltage according to the
comparator output; and

the lowest value digital signal that, when applied to a digital-to-analog
converter, results in a voltage exceeding the second reference voltage according to the

25  comparator output.

10.  The system for actuating a liquid crystal display according to claim 1, further
comprising a control circuit with an output coupled to the matrix of liquid crystal

pixels, the control circuit adapted to provide a signal at the output that selects the row

or column of the pixel to receive the pixel charging voltage.



with a voltage output; and (d) applying the voltage output to at |east one
pixel ina mtrix of liquid crystal pixels. 13. The nethod of claim 12,
wher ei n twe @Izg20f determining the calibrated digital 1PiRsak140enpri ses
adding the first factor to itself a nunber of tinmes equal to the val ue of
the uncalibrated digital signal. 14. The nethod of claim 12, wherein the
step of determning the calibrated digi td si gnal conprises: starting with
the second factor; and 20 adding the first factor a nunber of tinmes equal
to the value of the uncalibrated digital signal. 15. The method of claim
12, wherein the step of applying the calibrated digital signal to an

di gi tal -to- apal ogne QP& UEF adthdithe® IY(gJi taPHfsgléry £ QML S6 $aindPP WePdn t e
calibrated digital signal to a digital-to-analog converter wth'a

current out thetdigitab doaymptey detgets tbetherthe nhcabibtaped muili-bin digjter @grabfdls veitphi f i er
bi ased to output a voltage corresponding to the current. 16. The method of

clai m 12, wh EFE FRECHE AsteeRndTrng BAgT iy ﬂe&r@g%ﬁ@ agiéstmeﬁlfﬂtﬁa%i withdde one
Vot tage out pot tipeace] e A B RSO RSTE B B tide 1o

applyingsa gingeal to a columm driver, the colum driver corresponding to
the colum of the pixel to be actuated; and applying a signal to a row
driver, thel?ow &rgided &yrachepesaliagdiceystahdisplax, efmprising the gieps 00 be
actuated. 5 17. gge ”?etcgf?/d of cnlcaii.bmatlg,iv\pfr.eiﬂ,the first and second
factors correspoa to & |?)’[5gr%n|%ufléuI qi Slgllg Me% anal og converter. 18. The
nmet hod of claim 3, waeeghiidhg ciBbrRddighdlesifhdl dquang grRCARd of 3CtRbad
depend upon which of a plurality of ranges of digital signals the

uncal i br at ethctiirgind e predupt af thesmealippatbddigital signal and a first factor;

10 (c) applying the calibrated digital signal to an digital-to-analog converter

with a voltage output; and
(d) applying the voltage output to at least one pixel in a matrix of liquid
crystal pixels.
13. The method of claim 12, wherein the step of determining the calibrated digital
15  signal comprises adding the first factor to itself a number of times equal to the value of
the uncalibrated digital signal.
14.  The method of claim 12, wherein the step of determining the calibrated digital
signal comprises:
starting with the second factor; and
20 adding the first factor a number of times equal to the value of the uncalibrated
digital signal.
15.  The method of claim 12, wherein the step of applying the calibrated digital
signal to an digital-to-analog converter with a voltage output comprises:
applying the calibrated digital signal to a digital-to-analog converter with a
25  current 6utput; and
applying the current output to an operational amplifier biased to output a
voltage corresponding to the current.
16.  The method of claim 12, wherein the step of applying the voltage output to at
least one i)ixel in a matrix of liquid crystal pixels comprises:

30 applying the voltage output to at least one column lines;



10 19. The nethod of claim 12, wherein the step of determning a calibrated
digital signal conprises: accessing an entry in a |lookup table, the entry
i denti fi eddme/3u$e uncalibrated digital signal and incl udiray/tdee/3ssem of (1)
the second factor and (2) the product of the wuncalibrated digital signal
and the first factor. 15 20. The nmethod @f claim 12, further conprising the
step of: determning the value of the sécond factor including the steps of
conparing the voltage output of the digital-to-anal og converter to a
reference vol tage while applying sequential digital signals to the
digital-to-analog converter; 20 nonitoring the conparison outcone; storing

a digital signal aglyingiLKighdlero GObFIRIHh SBIVer) the @ORmENSMNER Sorrdéfdndinigdi e a
di fference between the digital mgnal at which the conparison outcone
changes andcalenef peecpizel tdibgiactaptediagdal for the reference voltage. 21. A

met hod for determ ning calibration,factors anpri sing the steps of 25
(a) applying a ff‘l?fréii’mgé‘fségr@ P 1PSY TS @8 Tow 1%1”?’ comgg{nd&g tgtdﬁepdi‘r’ﬁva‘?fa@?)r;
(b) applyi ngi g%tgigeaalchﬂanal s sequentially to a first digital-to-anal og
converter; {c applying the output of the first digital-to-anal og
convertef tbd7.a s€hombthachpiutlami 12 heharemphe dirstrand( stpombfictoos corgespuel tub put

state of the conparator; and WO 02/ 31802 PCT/ US01/ 31436 20 (e) storing one
of either apatip@agdigittlo-aonlogLO0YHEE | mmedi atel y preceded a change in

state of thegco . L (el i
change in g%'at gﬁ) g% %ﬁ%oc@%?r%%%%t gjf’ ‘g%etl%)lty}ﬁhgz\%{lﬁ%hg%%? 5&15 %fa}e (C:frgclyr?ﬁa%gofg
further con¢gend ngohhehish epa Wirabtyaglaypesgofadigiaiosighal ethernenalébrel tdagealt o
the first input of the conparator; repeating steps (b), (d), and (e); and
cal cul at i ngsignalds # g@mbsksed at | east in part on the stored digital signals.

A TR R T L T
signal comprises:
accessing an entry in a lookup table, the entry identified by the uncalibrated
digital signal and including the sum of (1) the second factor and (2) the product of the
uncalibrated digital signal and the first factor.
15 20.  The method of claim 12, further comprising the step of:
determining the value of the second factor including the steps of
comparing the voltage output of the digital-to-analog converter to a
reference voltage while applying sequential digital signals to the digital-to-analog
converter;
20 monitoring the comparison outcome;
storing a digital signal at which the comparison outcome changes; and
finding a difference between the digital signal at which the comparison
outcome changes and the expected digital signal for the reference voltage.
21. A method for determining calibration factors, comprising the steps of:
25 (a) applying a first reference voltage to a first input of a comparator;
(b)  applying digital signals sequentially to a first digital-to-analog converter;
(©) applying the output of the first digital-to-analog converter to a second
input of the comparator;

(d) monitoring the output state of the comparator; and



10 repeating steps (b), (d), and (e); and calculating a gain based at | east
in part on the stored digital signals. 24. The nmethod of claim 21, wherein

the step wio @@sagi ng t he output of the digital- to-anal og pgamyisensst o the
second i nput of the conparator conprises: coupling the output of the
digital -to-anal og converter to a first ijpput of a 15 nultiplexer; coupling
a first output of the multiplexer to theé second input of the conparator;
and signaling the multiplexer to its first input toits first output. 25.
The met hod of claim 21, further conprising the step of: 20 (f) calibrating
an input digital signal based at least in part on the stored digital

signal . 26. The tho | )
appl yi ng the cal Faf)r at gtgﬁgll ngnt% a(m %@arngyﬂl%hﬁ%ﬂﬁ%@{als?{ ag?lSHé glaﬁl%%ér%g?ed d

converter; elmoig2sn éthl)e afpld yomppratheowpdtport b)ahe titpdtal sigiet tidhit gadsed atchar@eah og
converter t gtatae of tf(e comparator output.
22.  The method of claim 21, further comprising the steps of:
5 applying a second reference voltage to the first input of the comparator;
repeating steps (b), (d), and (e); and
calculating an offset based at least in part on the stored digital signals.
23. The method of claim 21, further comprising the steps of:
applying a second reference voltage to the first input of the comparator;
10 repeating steps (b), (d), and (e); and
calculating a gain based at least in part on the stored digital signals.
24.  The method of claim 21, wherein the step of applying the output of the digital-
to-analog converter to the second input of the comparator comprises:
coupling the output of the digital-to-analog converter to a first input of a
15  multiplexer;
coupling a first output of the multiplexer to the second input of the comparator;
and
signaling the multiplexer to its first input to its first output.
25.  The method of claim 21, further comprising the step of:
20 (f) calibrating an input digital signal based at least in part on the stored digital
signal.
26.  The method of claim 25, further comprising the step of:
(2 applying the calibrated digital signal to the first digital-to-analog
converter; and

25 (h) applying the output of the first digital-to-analog converter to a pixel.



