CAPACITIVE TOUCH SENSOR HAVING CORRELATION WITH A RECEIVER TECHNICAL FIELD This
disclosure relates to digital signal processing (DSP) techniques and implementations to improve the

signal-to-noise ratio (SNR) of capacitive touch sensors. 5 BACKGROUND In some touch sensors, the
location of a user's finger within a two-dimensional surface can be determined by making measurements

of capacitancg APRAOFEI'YHNUBUCHA BENSORNALANTY CSHYER BENAtNRON &L/ FRP| MR FEESIIY ERNNection
to the touch sensor circuit's ground so that the user's finger has an effect upon the capacitance between

electrodes in the 10touch sensor. SUMMARY This specification describes technologies generally
relating to touch sensors employing DSP teo{qg'@pﬁ\ﬁ AE@%\E. g SNR. In general, some aspects of the
subject matter described in this specification can be 15embodied in methods that involve a sensor. Other
embodiments of this aspect include corresponding systems, apparatus, and computer programs,

configured to perfortRIfEssaRyRE 613158 (9 SiaksianrlRIeacsH biRsRkIestisges#dices.  In general,
another aspeehpirHaetaHEIRGb THRBRN H e9csRAdI LIRS FNaRdi¢aR) 6RBBERNESIRH RFiods that

include the actions related to a data processing apparatus 20associated with a sensor having a front end
interface, at least one trace line, at least one transmitter cou&led with both the front end interface and a
first lotation on at least one of the trace lines, SHAAYERRM (Q)Upled with a second location on at least

the one trace line. Theomethndlineabies aacresichasigidral tirgdrantiand nertaceeidhel sensor,
transmitting the accessedéf %nal_fr?(])d'n the transmitter to the first location on at least one of the trace lines
el s

of 25 the seP¥EIS LM ?Ia RN e LER SRR the TAGHSTRE HBRYS ng to the

first location donvelinbt iteh acbas e Gihpalsis tansaviteshardrengiving tethradeeeiwer oirthé sensor and
from the trace line through.the regtéai{lxl/erc upled with the s?ﬁond location of the trace line of th[ﬁesensor,

h
the accessed"SHAYALHEANRSH SRR eth S FTLHRAILINE capacitance between electrodes in

10 touch sensor.

SUMMARY
This specification describes technologies generally relating to touch sensors
employing DSP techniques for enhancing SNR.
In general, some aspects of the subject matter described in this specification can be
15 embodied in methods that involve a sensor. Other embodiments of this aspect include
corresponding systems, apparatus, and computer programs, configured to perform the actions
of the methods, encoded on computer storage devices.
In general, another aspect of the subject matter described in this specification can be
embodied in methods that include the actions related to a data processing apparatus
20 associated with a sensor having a front end interface, at least one trace line, at least one
transmitter coupled with both the front end interface and a first location on at least one of the
trace lines, and a receiver coupled with a second location on at least the one trace line. The
method involves accessing a signal at the front end interface of the sensor, transmitting the
accessed signal from the transmitter to the first location on at least one of the trace lines of
25 the sensor to promote transmission of the accessed signal along the trace line corresponding
to the first location to which the accessed signal is transmitted, and receiving, at the receiver
of the sensor and from the trace line through the receiver coupled with the second location of

the trace line of the sensor, the accessed and transmitted signal. The method involves
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accessing a distance between the first location of transmitter and the second location of receiver along
the trace line used to transmit the accessed signal, determining, based on the accessed distance, a
transformation that the transmitted signal is expected to experience based on the transmission as a
function of the distance between the first and second locations, 5 and generating an expected correlation

signal basechgdpdbipdlg@smimedbarsiptmRatien| cthgometemhinaislenfaeeivireif foexpestrd correlation
signal at the receiver of the sensor, and based on the expected correlation signal received, identifying

information t95E¥4h BR908 1ok IS 4S5 ARiTonsaH i Bn aStesrsr HlenahASSFMLHB PRz smitted
signal is expgsiedde @xpRtENce PernthaliomhitaRsmigsiatthagmatihag heetudes cgampaisating, by

applying the 10expected correlation signal received, for least part of the transformation that the

transmitted J515198 B KRRSE s O R nstp et disncsRsmasp e firstAad sesAndlarations

embodimentsngajeeaatirepiipegibciaglosiecnnp R igeicnaidh e falewinariaatd eandfoemexnectauhgorrelation
signal can corr(tel%ﬁynd to correlation information corresponding to arhanalo sir%? and/or digital data.
£ ight

I
The transforMatEH EUHBRERRNE YRS SRSAIRI PRLERRIIRG S QHEEFEIY dok aRsa kM ation,

delay, and/opsdineariidtexing etfeerrdiagdiaigharmatinedcandne fmyigddmrasonusaidahwe gt for the
expected correlation sgg

nal or a non-sinusoidal waveform for the expected correlation signal. The
compensatirls €4 RTHRID GSHERTTLA B S e 57 VBRI 1S e RRoceP AR TR against a
waveform ofeisegxpectaceainalaipansia sl @veTRnnripothineldépeiinperaat e mpHbpyiay integral of
the product. The method can include providing the computation at an output of the receiver. The sensor
can v -EPRHES USRI GEFRNGH: 8L b L A AR RER AR SRR REkion of the
received traggniltéslesigiat @soakpeatncedfted distanearietivsien.the transmitter and the receiver in the
matrix configuration, The methpd can involve modeling the transformation by modeling at 25least the one
Bl S e it

trace line as having Q‘ﬁ% ETEY] %g@%{ﬁ&%‘?ﬁ i%wﬁlgﬂaq GRISAREEBEWR the first and
second locafiohew ey fdetarnining txgdeanstorrontion tgidheatrsoasited sigewtisagivpected to

experience, the method can involve measuring a set of transformations all%n the distance between the
fret and Secbl8 BRLNISAC! 5P eI 0N o YA AU QHRAL G L GF Lo LD AT ihe thet
appraximatemthaltrapstessaiion Thatdothiertmatismidedisiimeliseapatteddiexpetisnaadfor avhich the
transformati?n caq.iEclude ﬁ ?pfa.?rﬁ shift, fxnd the set o translf.ognations cogj:ﬁrises etf set.of phase shifts.
The transfortH&IoH AL And MR SIGHIRHO L CAR A AN 80 SR ASHUL USH i NAY RIS 5 TMng a
respective pbasesiitartergioasigpaiive boaticinasdivyl whledstthipohe tsqueetidecsaldiongignel of the
measured phase shifts E)alllsedcon m\c;ltihina%'the distancre éeclgti %to \c/Jr?e of trﬁ measure phase shifts with
the distance bEWEERTREN AR BEn '8‘83{?885‘% RS solg [ S 5 ﬁé@gle&%ﬁe?ﬁéﬁ ured phase shift as
the phase shitirtiraittee digied ngtiedtsigrasfoenpEfateckigpected correlation signal over an integration
20 period, and computing an integral of the product. The method can include providing the
computation at an output of the receiver. The sensor can have trace lines in a matrix
configuration. The method can include modeling the transformation of the received
transmitted signal as a function of the distance between the transmitter and the receiver in the
matrix configuration. The method can involve modeling the transformation by modeling at
25 least the one trace line as having a distributed resistance and capacitance along the distance
between the first and second locations. For determining the transformation that the
transmitted signal is expected to experience, the method can involve measuring a set of
transformations along the distance between the first and second locations, and selecting one
of the transformations in the set of transformations that approximates the transformation that
30 the transmitted signal is expected to experience, for which the transformation can include a

phase shift, and the set of transformations comprises a set of phase shifts. The
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experience. For determining the transformation that the transmitted signal is expected to experience, the
method can include measuring a respective phase shift along respective locations along at least the one
trace line, utilizing linear interpolation of the measured phase shifts to approximate the phase shift that the
transmitted signal is expected to experience at 10the second location at the receiver, and assigning the

interpolated phggeratificasthBetRbaansahiffethsibHae it arpeatte dosispalii exparinel teexrasiftiea For
determining the transformation that the transmitted signal is expected to experience, the method can

involve corrdEERRGTYG ARG H-HRAGLTRRSIAYF AACRUOAE A0 HEIHSHEE DBRSIEATHH BEWSSIRAIN of the

transmitted gjgeat tABFheasn Fidtiptthsbeithasasehibrihmdtthentjans mstatsienalig expestsdie 15experience
by computin%g function of an arctangent of the in-phase and. uadrature-ﬁ]hase_waveforms_. The sensor

can have tralEHECiRNRSH SUSHHAGNRAISANGARANVASE tReHArHRIMGSREM M IRSRICARARG B WURLor with

the transmitted ségurdé@hiveouREYBRa0E KMpragtitg IhaSE LGPt ahet SiiangentiiRa Cigniastirpeeasiant by two
when compared to a time constant derived from dri\éign%grllthe sensor with the transmitted signal at one

edge. The trEN&FHRIRG 2 BRI URAAGIRE LAY Rk S BaHBHRL LB SPATRGIR edges of

the matrix toesgsdvience refishateRt canactiatcensaarmanatianpaction siumpsiFdde ®ytepceanstant derived
from driving the sensor with the traensmitted siﬁnal at one edé;e. A num?g{ﬂmﬂtiple edlge an be four,

for which thd FeORs R8N AEREE AL G ERent HUABR HERI AP SRedBRTHY e time

constant derévi¢fis fro ap phidwingatb ensgieee with thet tirnsaniieitvdaigiali 2hedcpntiedgperidigsansor can
have trace Iirbes form(ﬁj ina matr'\i configuration with rows and colymns, %r w ast one trace line
Lﬁ%‘?{it% f

ich at
in at iast orf8%IHRIYOREBILPILARTEHE B A CORAARY IS SR %é@ﬁiﬂ%@ﬁﬁ%}aﬁ% about half

a length of thgifinkatrarettimenanetitbigan|is vroectmetdamperieficst sestipteahining@ee line corresponding to
a first part of the split trace line and a second.section of the trace line correspondjng, to the second part of
i & Fraeh LB

the 30split tri@es é‘?%‘?@glﬁﬁwgéféﬁﬂ% B BRSO rARE He S c‘fﬁ’i‘d@fﬂ tfrace lines

can be a funesioal gifry leggitist eitive ghisdcoressionn dracpidhatrd iphensoesioan bevaavafurnitbetieuch
Sensor.

In general, another aspect of the, suhject ter described in this.specification can be
emivodied iSO UEE AT RO e B O o B A BELE e with a
sensa@s, for vénedritresepsompalinges funactohnsfsanrectteddntamiadrin-phasigandtipad e prasd interface,
transmitters coug]led with the front end interface .and.receiv?rs. T%ﬁ éﬁgg.ectiv trarl mijtters correspond to

and are couBtBYIEA'S: AFSE RESRD O IR AR IFSdE ARk e AR ‘?Jé?@sgﬁkﬁﬁ&med
with a seconchioicatidre i ivie gespeatiser witbethnaansrhitedeadigoal involeesigetefthnimatoithogonal
excitation Warlg lﬁggrgsresistance-capacitance time constant by two when compared to a time constant
derived from driving the sensor with the transmitted signal at one edge. The transmitting can
20 involve driving the sensor with the transmitted signal at multiple edges of the matrix to
reduce a resistance-capacitance time constant when compared to a time constant derived
from driving the sensor with the transmitted signal at one edge. A number of multiple edges
can be four, for which the resistance-capacitance time constant can be reduced by four when
compared to the time constant derived from driving the sensor with the transmitted waveform
25 at one edge. The sensor can have trace lines formed in a matrix configuration with rows and
columns, for which at least one trace line in at least one of the rows or at least one of the
columns is split to form two trace lines that are about half a length of the one trace line, and
the split trace line forms a first section of the trace line corresponding to a first part of the
split trace line and a second section of the trace line corresponding to the second part of the

30 split trace line. A resistance-capacitance time constant for either the first or second split trace



10having an orthogonal waveform sequence, where the orthogonal excitation waveforms are orthogonal
to each other, and simultaneously transmitting, on each of at least two of the transmitters, one of the
orthogonal excitation waveforms such that at least two of the transmitters are configured to transmit
respective orthogonal waveform sequences, where the transmitting occurs on less than all transmitters in

the sensor. Tinesrogilechinyiies oeeabigth bsatdaast bivoeebtaaracnaeal exsiainrtamaeeiorms at least
at two of the receivers, for which each of the at least two orthogonal excitation waveforms are received at

one of the réGREEHE {QLENS6850Fhe method includes receiving information for at least an expected

received waveform|pgehipsicanbredrthsradt enmideithjeseiiets: saaring the epeeiestiondtation
waveform against the_e>:¢;§cted recejved waveform. 20These and other emhodiments can each optionally

include one BMRRSIEGLITREBAGRIA] HRcldR therrli et Elrted HoAdERP LEES IS RRPEERILR sensor. The

orthogpnal exgitalipsyWaneiosEnsoar eophegomal denssisecindbetreRIMesIbigemadrix eondtgiration can
include n columps of trace lines, aHd each simultaneous transmission of the transmitters can occur in an

integration tift8 HEHEHRIGCCARNAVBIEAGESHARTHGE G %‘?Wﬂﬁ*ﬁt‘@&r“éﬂ%‘*ﬁgﬁm%f ag& Afnction of a

number of sifadiaereOThir aRpEYESIONS HIDMEt leastdpondtdhadraesiviiess witreanfiesb it aignipiolve
identifying a fer,g%{}%%y ass?_ciated ith noise in the sensor, and s Iectintﬁ]at least,gne qf the grthogonal

excitation wa P68 'tho C P BRE MG (R P ARG Y Tha S5 PRat AU dNEan be
configured todapelbaiedoritiriosa Phy siesh s onimites dadiait e ystabgidplaxtnaidaasiefyenn ability to

interact with the 30liquid crystal display. The liquid crystal display can have a scan line frequency that is
w50 kIR W CRABA OV DL TNEIGE ST SRR R BRSO BT RaAEreeach
trace line in argrogunalf toeadhasadinasicampliisen asbistishiiadeyfontbebidhagieast wavstidien sequences.
The code division multiplexing can be a Mé;\fnchester-codecjf Hadamﬁg]?hecuence. Th% method of

determining H?Q%WHB@ORQFQE&E%%W%&U GRALCHGR WMOGR D8R A ?q?&aﬁgﬁ );hﬁ)r modulation,
generating atpaenditersaise cedigarattancanehibeSivst feeontienen  enskring seqasriesssighatdaighe

pseudo-noisg sequence, and moieulat'n a number of cycles of the carrier signal.aropnd the first
frequency wHATHEHLAL 65175128 et el PR MR LIBR SIS0 e S B P Y IVES e Tihber o
carrigs signas least bedesstibartiiegoidiexviedtiod vandforalyatitestifyitvgocofreguendyassfitiateidivith the
identified noise, a (isel ting at least one of the orthogonal excitation waveforms to be orthogonal to
10the freque) BLLRE SR E BGPTSR S RGPPSRV Srorms
can be a funaiteivefsbdthearfegepceincyutiss neediviadipinfandaips éodar- lraisars egpenes ret éhedrequency for
modulation. The 0ethod (iﬁnrinv?glv? @kiqia nm\?e sgéactrum arss%ﬁ'ateawiéh th%isenst%ii taking a
measuremefSFHS1Se TR SERAGT B SUATHRN drEhGiEe SPERtng e beshae Wi B Lensor,
identifying theavefsenbagaidsdiththexpeetedhtanpioéd waveform.
20 These and other embodiments can each optionally include one or more of the
following features. The sensor can include a capacitive touch sensor. The orthogonal
excitation waveforms are orthogonal to noise in the sensor. The matrix configuration can
include n columns of trace lines, and each simultaneous transmission of the transmitters can
occur in an integration time. The method can involve determining a number of integration
25 times as a function of a number of simultaneous transmissions from at least two of the
transmitters. The method can involve identifying a frequency associated with noise in the
sensor, and selecting at least one of the orthogonal excitation waveforms to be orthogonal to
the frequency associated with the noise. The sensor can be configured to be located within a
physical proximity to a liquid crystal display to at least have an ability to interact with the
30 liquid crystal display. The liquid crystal display can have a scan line frequency that is about

30 kHz to 135 kHz. The method can involve performing code division multiplexing, where
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15the noise spectrum, and determining the orthogonal excitation waveforms by making the orthogonal
excitation waveforms orthogonal to the identified noise in the sensor. The method can involve taking a
noise spectrum associated with the sensor, taking a measurement of the noise by evaluating the noise
spectrum associated with the sensor, and performing the identification of the noise based on the

measuremeghe theORiRSin g AQTAthRe cackinvei@ epRidas ngidaraketRadnarsuipawMalo identify the

noise that is orthggonal to the orthogonal excitation waveforms by identifying the noise from the highest

noise sourcaMAVEHBALIEAUEHER UM GRS GRMATIRIRN1Ad SRERSY AR RSP Rde bHATYBAS

excitation waygier®s hesiehtiEonaigeratianatRbwitybiRinigbiesi arisa/saifas dhaingsioatinuously
identified in the noise stjaectrum. The method can involve ﬁgeéiodicallé 25taking the measurement to

identify the ri6SERGAESHHBHSNIVEPIHBAMI O PRSI R BYPRASESIRE hE Roise from

the highest rtgdrequeneyngdirmding sasrisHsyRIdadaivaldslatesesieite aitheganpirxciation
waveforms by using t oise associated with the hi e%_no;tse source that iseg%iﬁjqicall identified in the
it i

e
noise spectrIHMRAN&I SRR HIsSaTESR Baakamya RIS B} tis OPE%old-cathode

fluorescent 3ghaendightrerfadréqdanayyassosiatenvdtioa kelrd Thesiahtieptiarrier sidieaseagdiecan be a

capacitive touch sensor. The capacitive touch sensor.can have a front-end, circuit, The methaod can
include prepAETan bl Do aToF SRS PR SV LA LS FORERS D PR T E acitve

touch sensonoigbesadieléraingenteastaiit cimhinoltcs)ahie astitativa-atageorireut natbrthegestl stage being
configured to produce a 5transimpedance gain,. the second stage can be configured to produce a
oltndl ain Y S R Che R LRI e o A, B i e the
first stage of\ilaedfomisare bscuitimtionrffdoing thelisatpirgenaddatiotegi@topwindoindile method can

include generating an outpyt signal at the first stage erforming voltage division of the input voltage,
o Aty DG AU G LA o T TENod BB M AL RSB M of e
second stagessbdhectrovitieid sirsoit takingdusra0renigutafigorkinr tiessasarisl siageadhththéront-end

circuit. The identified noise can includ

lude a main noise source of the sensor, where the identified noise can
be associatelh KRN SRy S ot oy 51 MOUSR 9 SF SRE 0 1 A Hoce
fluorascent haekidgdy spéueriinst stdgeteaninintuthe trehogiselabeitise vemelfstab ihahikingutput signal for
the second orthogonal excitation waveforms orthogonal to the identified noise in the sensor. The
method can involve taking a noise spectrum associated with the sensor, taking a
measurement of the noise by evaluating the noise spectrum associated with the sensor, and
performing the identification of the noise based on the measurement of the noise. The
20 method can involve continuing to take the measurement to identify the noise that is
orthogonal to the orthogonal excitation waveforms by identifying the noise from the highest
noise source in the noise spectrum over a time frame, and adaptively determining the
orthogonal excitation waveforms by using the noise associated with the highest noise source
that is continuously identified in the noise spectrum. The method can involve periodically
25 taking the measurement to identify the noise that is orthogonal to the orthogonal excitation
waveforms by identifying the noise from the highest noise source in the noise spectrum, and
adaptively determining the orthogonal excitation waveforms by using the noise associated
with the highest noise source that is periodically identified in the noise spectrum. The
identified noise can be associated with a frequency of operation of a cold-cathode fluorescent

30 backlight or a frequency associated with a liquid crystal display.



15stage of the front-end circuit can include the noise of the first stage amplified by a function of the
voltage gain of the second stage. The noise at the output signal of the second stage can be less than the
main noise source of the sensor. The first stage can include noise at a noise level such that the output
signal for the second stage of the front-end circuit includes the noise of the first stage amplified by a

function of the voltagie gaRfddiersecedshatnascioath Besgonpieecatdbiei aiipudsiansd fdnasecond stage
can be less than noise. of the_sensor that is derjved from the liquid crystal display frequency or the

frequency of BRI A GHhe T ANELRAG GRNHIG e BIRRSHAR Y h N U E VU ER98 IO YA SHF RGN of the
front-end cireuthganfiReSihleeit aieagtabranetpaasivecboiiRersubiogidnatie ndasenaedkouithian

specification_ can be 25embodied in methods that include the actions related to a dataqprocessing

apparatus ad3tlHAR & AR R tW9ssiRRR A TSI EW LR MR FIrsiriaee e i AARH gHErdda LIPS iRes arranged in

rows and colwngimpethaceginx santigLsedinn star metheddneiyeies epprbdtite aditagegaminthiding
scanning the columns of the c‘?'@acitive touch sensor in an |nterlace Eattern where the interlace pattern

includes a frAfRRAHANATANE tRRMAANE%EFARIRENLYS RIRABEIN DA SHaRRdangs geindA Hifsi integer.
The method drigiige e Fiaatiefer siaionyaneriad rptiedarssayensaroiriagritst sitanito Ttentify areas of

e o oS o T e s g gtoceon of e
columns upafivgiierotario Ghisug asieediachsiFmgant scantanghacafimadithieaybottied foktmns
Saetdiimining 0 S ) R O AR A R0 LSRR GO e BEES AT BUGHER 5. moise rato
based on thesigiediipeefantideconisstageaifdpichionpeddeirtiet satrrdetara@ndiseledmmitutiieaareas of
D e e S S A A TS SRR o
noise level forys@itheidjittysizaquennst deteliatiosng acfigperatipnoise deldochimee fludiesceigraidelightand the
noise The first stage can include the noise at a noise level such that the output signal for the second
15 stage of the front-end circuit can include the noise of the first stage amplified by a function of
the voltage gain of the second stage. The noise at the output signal of the second stage can
be less than the main noise source of the sensor. The first stage can include noise at a noise
level such that the output signal for the second stage of the front-end circuit includes the
noise of the first stage amplified by a function of the voltage gain of the second stage, and the
20 noise at the output signal of the second stage can be less than noise of the sensor that is
derived from the liquid crystal display frequency or the frequency of operation of the cold-
cathode fluorescent backlight. A closed-loop transfer function of the front-end circuit can be
stable.
In general, another aspect of the subject matter described in this specification can be
25 embodied in methods that include the actions related to a data processing apparatus
associated with a capacitive touch sensor, where the sensor includes trace lines arranged in
rows and columns with a matrix configuration. The method includes conducting a first scan
including scanning the columns of the capacitive touch sensor in an interlace pattern, where
the interlace pattern includes a frame, and where the frame comprises n number of
30 subframes, for which n is an integer. The method includes using information generated as a

consequence of the first scan to identify areas of the sensor that experienced a change in a
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level determined for the first scan. The method can involve receiving signals for the first and second
scans, and determining a combined signal-to-noise ratio that is higher than the signal-to-noise ratios
associated with the first or second scans by averaging the signals that are received for the first and
second scans. The value of n can be equal to 4, for example. The 15frame can be configured to be at

around 30 HzapaeltHieestbifpER G81A Bel@haraving frldEteciidiese teatateriAcRaNRIesR than include 16

columns per frame and 4 columns per subframe. A latency of the sensor can be about 120Hz. The row to

the column EXPSHRARERE SNANE D FRERIIASICHRRIEN ielsehr ATl & spbael ALANEF #RPBubject
matter descrifgehotise spe séieatianEaimbeyddankediad iscanaihg dsethaisncdrdeltimnactipatrelated to a

data processin ap§§ratus associated with a ci%acitive_ touch sensor. The sensor includes trace lines

arranged in fOWOGRF XA ANM SURREALEHAERO c IMKTARIY ShG RS HAREBIVEO L 6AUIMANEA first scan

including Sf?@%}ﬁ@@@i@;}ﬁﬂﬁl&féﬁdmwﬁwm HRNSLOHY @!}hmtg;ilﬁﬁgt@ﬂgﬂmﬁ whigieithe-interlace
pattern includes a frame, wherein the frame comprises.n numper of su mes, 25where n is an integer,
P sing InfSHRIAON BEster e SO E R TS PR IFYEl CEH ATERCI e e h 0 SBhsor that

experiencedralglvyastie areaneritrRNeAadsemaa awtte srealyin cdheiagaod includes using the detection
of the areas of the s?&nsor that ex erienﬁ_ed the change in the Wﬁ%ta ce to inform selection of a subset
i

of columns upon whitFrEFRIRISE SROSHHTSNE SABEAGTQRHERAY CAMIiNG T SBbEE of columns
selected for fbRmeIPQTdatliand Bubfiestuent seaimoliiRr ebtcinaidirg] Scinds RysPaitathuisd akiisor
measurement, where the second scan is associated with a s conCEI1 measyrement. The scanning of the
subsa of cAllmIS BN AEIEF AP IR ERISF 010 Div LOR e YaUel Fo¥ahaddhe AR Sean,
determining ryardetesigimetittoneisdiratiszaand detrstin@araminiegnadeivipgridghtdsFonigediiseararget
signal to noise ratio by utilizing a function that ijs an average of the second measurement and the first
moasureme ECBTH AT EIBEAM G A SHeA SR IO Ry SHETBlowing
features. Theofiisiseoatiaasivciade datetheifing @ sigoal lsoakdychacraiheyleveditpralbenfitsirecan, and
determining a target signal-to-noise ratio based gn the signal leve andlgag noise level deteymined for the
firt scan. THECFIKHAACLR e 8 ECRNAAER iy e VOLERe PG AR Sk AP GotdHmining a
signalswith afgigradaobraisafigtiedratbie dighemtiBoay el sigralbPanaiseantioatassanthled With the first
or second scal}gs b}éavetre}r%ng the signals ttlat a %re@eived forfthe firstgand econd scarh . The value of n
can be equalt¥Hb0 Gt AT RE P LA BEC %q%i% ROl TRBGR36 1 AN RBLSBHIATE can be at
about 120 A latency of the sensor can be about 120Hz. The row to the column capacitance can involve
a fringing capacitance.
In general, another aspect of the subject matter described in this specification can be
20 embodied in methods that include the actions related to a data processing apparatus
associated with a capacitive touch sensor. The sensor includes trace lines arranged in rows
and columns with a matrix configuration. The method involves conducting a first scan
including scanning the columns of the capacitive touch sensor in an interlace pattern, where
the interlace pattern includes a frame, wherein the frame comprises n number of subframes,
25 where n is an integer, and using information generated as a consequence of the first scan to
identify areas of the sensor that experienced a change in a capacitance from a row to a
column. The method includes using the detection of the areas of the sensor that experienced
the change in the capacitance to inform selection of a subset of columns upon which to focus
a second and subsequent scan, and scanning the subset of columns selected for the second
30 and subsequent scan, wherein the first scan is associated with a first measurement, where the

second scan is associated with a second measurement. The scanning of the subset of
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Hz, where the interlace pattern can include 16 columns per frame and 4 columns per subframe. A latency
of the sensor can be about 120Hz, and the row to the column 15capacitance can include a fringing
capacitance. In general, another aspect of the subject matter described in this specification can be
embodied in methods that include the actions related to a data processing apparatus associated with a

capacitive togilraRS ERfoNEHEEARIBRTPOtdAFEHSIGRAT AR I RRS ARASORINFE W 3BebAAlsERRNS with a
matrix configuration, and the columns are arranged as n sets of 20columns, and n is an integer. The

method involRe QU HIZAGEL SIGLIN G USHAAIG AL HRISER! BYiha iEE BAREHR B AU Epacitive

touch sensofHg @ryHtaHasaPatRETatSIBY INFRFIgRCIatRRraigdamavaageanenceedibe first scan to
identify areas of the sensor that experienced a change in a fringing capacitance, the fringing capacitance

comprising AMEAPWERESHLIES FSWMEASENARN, and using the detection of the areas of the sensor that

25expgrienced the ThagaminoinercaniesiiansstoantRun Galestny plcrugtbaetphesevptige n sets of

columns upan which to focus a second and subsequent scan according. The method involves scanning
the subsct ofUMRHTEH ThE i Seud 17 LERLAL CHIORCLA e Do S EbAOR AL S ENRIARS the frt

scan is assogiatggiwiinadistisigasniagentens jhel 3eawisk $660 RReseTates ghithia/segamehe
measurement. The scanning.of the each subset of the n sets 300f colymns involves determining a signal
evel ant a IS8 BV TSRSt ! Sctbrrt R G20 S R REIES 30 AP B i an
integration pfripdrie Rebiryscdhs datonitsignaing asigearalicnkysigiing sofsneittntiaaishghaverage of the
second meaﬁgare ent and the first measurement. Fict)tagqac set of coIUénns and corresE%nging subsets of

colurtfis in tHEH SERYLIRANL IRERRI0CHE EdUSheY SEAANSREUEHRY BHEPBLIS S

commencing
scanning onsigedRsbatigRtrsesiobd divnhesiancied sesparding. Suhseikiobeoldanis ejlaese avdtother

cets of coluring T4 TAAGH B ROPUGNIECLe o AT U AU TR AP 2t Rk CBP b n he
integration perp@heki@ieingeitkecspacoch Terisdiedecid colatet ierdegiveshaigrakbiohtsescan of the
Signato-noSIPT B 10U NI AR P DO S Le A U B g B v o loast
minirmym sigta@bcﬁgancdmmaﬁdudet@fringing,capath'admsis of_the sc_acond mea§urem_ent-derived
inimum Sgnalto-biEL TR e BUSEAT JhEGHNAKb! S 5SH B G T L LLn e
measuremertrib@diseblisigetdds nios énchdide ithessidranrdheethioiadin pigicassingapareadio for
associated with a capacitive touch sensor, where the sensor includes trace lines arranged in
rows and columns with a matrix configuration, and the columns are arranged as n sets of
20 columns, and n is an integer. The method involves sequentially conducting a first scan of
each of the n sets of columns of the capacitive touch sensor in an interlace pattern, using
information generated as a consequence of the first scan to identify areas of the sensor that
experienced a change in a fringing capacitance, the fringing capacitance comprising a
capacitance from a row to a column, and using the detection of the areas of the sensor that
25 experienced the change in the capacitance to inform selection of a subset of each of the n sets
of columns upon which to focus a second and subsequent scan according. The method
involves scanning the subset of each of the n sets of columns selected for the second and
subsequent scan, where the first scan is associated with a first measurement, and the second
scan is associated with a second measurement. The scanning of the each subset of the n sets
30 of columns involves determining a signal level and a noise level for the second scan,

determining a target signal to noise ratio, and determining an integration period to achieve
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15the subset of columns, performing another scan of the subset of columns; obtaining another
measurement related to received signals of the other scan of the subset of columns, and averaging the
measurement and the other measurement of the subset of columns to produce a combined measurement
that has a property where a signal-to-noise ratio related to the combined measurement is higher than the

signal-to-noige tatiptslataritoreifeanab he Rlmegsurenasisiefithanabspigelsralaasnd  In general,

another aspect of the subject matter described in this specification can be embodied in methods that

include the dBABHETERILAHIEIHE] BIRFCHELRE P 2268 S GabATRiAN A CAFFAERRAEB SERSEBNsor,

where the sefigoliRfHY e hE acR KT NiRRGethéTiigvse Anshaahesasondticanaatits rauvieiraterR, and the
columns are arranged as n sets of 25columns, for where n is an intelger. The method involves

sequentially CSREGEGHY SHRHAEA BHLeEs theehd Sl Ynas R GO Er ALt S SR ILENSor in an
interlage pattern, arhéssingddieenaiodsRAtatad asch sonsRANencr oé tir Bishaeaofttidentify areas of

e e B Eae A L L o e g opalonce e
the sensor tallexpejiRaRRILES: cbantsyithteubanatitaneans intaemar)ettinmpefiad Witahnfemeh of the n
et R A e R S e Ed s
subset of thette sedsriof meisrementidiielHie tedeond theasigomklaved vl ssipiserteneistoratie; second
the sitond SESFTEN 6 LR NG GP e BT HER A g AN UGUO T coch
set of columas sk GariesfEeaeing ) bsetlsedfaciy ufthe Sadhedmeetschealudunicdsigral-asaoisnd the
e T B B R e o
more of the $Rjindlowvingifeatticeforftne sasdetsufasatwhthaml sgenafctalminigy thet thetdsedrean involve
measurement-derived signal-to-noise ratio is less than the minimum signal-to-noise ratio for
15 the subset of columns, performing another scan of the subset of columns; obtaining another
measurement related to received signals of the other scan of the subset of columns, and
averaging the measurement and the other measurement of the subset of columns to produce a
combined measurement that has a property where a signal-to-noise ratio related to the
combined measurement is higher than the signal-to-noise ratio related to either of the
20 measurements of the subset of columns.
In general, another aspect of the subject matter described in this specification can be
embodied in methods that include the actions related to a data processing apparatus
associated with a capacitive touch sensor, where the sensor includes trace lines arranged in
rows and columns with a matrix configuration, and the columns are arranged as n sets of
25 columns, for where n is an integer. The method involves sequentially conducting a first scan
of each of the n sets of columns of the capacitive touch sensor in an interlace pattern, and
using information generated as a consequence of the first scan to identify areas of the sensor
that experienced a change in a fringing capacitance, for which the fringing capacitance
includes a capacitance from a row to a column. The method involves using the detection of
30 the areas of the sensor that experienced the change in the capacitance to inform selection of a

subset of each of the n sets of columns upon which to focus a second and subsequent scan
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scanning the subset of columns in an integration period, obtaining a measurement of a signal-to-noise
ratio related to the scan of the subset of columns, and determining whether the subset of columns are
configured to have at least a minimum signal-to-noise ratio. For each subset of the n sets of columns, the
method can also involve determining, on the basis of the 15measurement of the signal-to-noise ratio,

whether the saeaitignAatseAnhm g BRGNS BAIEr hiassciian torIMMIRRWREITaRLTIe JeeisR ratio for the
subset of columns. For each subset of the n sets of columns, the method can involve upon determining

that the meaUtSHRERIAHVRE Ylgr1a S CABMNBY Qb s SR SR UREIRGRIRTEQSTGHANES -SRI BAYHEB for the

subset of coligtensimatfarsiingl datheidseabiss [BRBraat eésstuan, ahialetagrnatgsiiArmaasurement
of the signal-to-noise ratio related to the other scan of the subset of columns, and averaging the

measuremefPSdaHe RAFRY SAAS SIAkIGV Bk IAE LG IEVS| ARSERY BN HE SRSORbHEd il asurement

that hgs a prepaity W @REcapeaititahtossiRioethatinaetateship dhencaipiingstenaasginest ¢ cotlenghan the
signal-to-noise ratio related to ejther o measurements of the subset of columns. 25In general, another

th
aspect of thé'&i BREESRPIAN GO FPHIESHETAREH QAU MREBAIEE SR AN dE4REE Rl Iude the

actions relateghitnfe datRiReEsSNE appaiaiumgscaniagbmil barpenitiee dpushusrRSPd the sensor
being located in a sysfem (i&br%priginé%a ”(illUid crystal display. The method includes determining a noise
frequency in%éeé@t%}:éﬁﬂlé Lh &R Bientifying that the noise frequency is a function of a frequency

of the liquid 30crystphelisalayothae aieitetiniring em excHaitinfrtguaiéwntersaogosfana function of the
determined nojse frequency. The method of determining the excitatign frequency includes selecting an
il Bxcitalbl VUGBAFEY 5 (e SEAESH EERTDAIRG 311 et AT BB SATHE R Ee frequenty and
the initial exgiatigingdneauansst ofeslaminiegaatiotegetiod pahietedbaiodpuiaiaenrahtie cfasigealrelation
is presentable in a sinc-liké wa/efqr%m withj\t Iea%sébone ﬁe k and %%s%%st two nulls, and selecting the
excitation fré&ﬂ@'ﬁ/%'rotﬁ ARKLF f%@ep tmﬁ ??éa R 4P {ﬁ@}ﬁﬁhi@iw*iﬁ@%ﬁﬁ €like waveform
and assigningitbe: detaiminschexciiafigur deegueneyatdcast a sammiragigneycaadize faaqudaeeathe
selected null. Tr}reﬁe and other Iembo%’rwent cgn eacg 0 tio?a?l_lé tiIude one or mEC))re offt%e following
features. The RSFEEHEG AT LH BT RANT TPENLCEP ABOI48 Y G°t6 I1a001 98 REDaR e W acitive
touch sensonwrasureniena s éxdrsignakiansoiit valiagehetadokd 22astrdihent Ofaipasigve touahissensor can be
configured to provide aéﬁurr%nt to travel throu|g a user tFat IS gn an or e% of about tens of?ﬁnicroamps.

The capaciti ipoﬁ S AR R BN AL PR PS8 \‘%(t,gr. ﬂqﬁé:‘%%e[ %d%&fﬂﬂ& d & odulating a
waveform atsabsetitpwhoh thetsfodcbRimns) tehdanetiodd rarcapadidveptoLditesanising THae taveform can involve
the cross-corrglation of gu? Poise F\reﬁu?ncg/ a%f'iinsst the tiﬁiti excitation fr?élﬁ%cy. The metlfod can
involve 15mEXSHIFYSNECRINSF HYIEL 1R BOLE LTS Lisa LAty SHNHRAN LGB ELERIR a touch
the subset of columns, performing another scan of the subset of columns, obtaining another
20 measurement of the signal-to-noise ratio related to the other scan of the subset of columns,
and averaging the measurement and the other measurement of the subset of columns to
produce a combined measurement that has a property where a signal-to-noise ratio related to
the combined measurement is higher than the signal-to-noise ratio related to either of the
measurements of the subset of columns.
25 In general, another aspect of the subject matter described in this specification can be
embodied in methods that include the actions related to a data processing apparatus
associated with a capacitive touch sensor, the sensor being located in a system comprising a
liquid crystal display. The method includes determining a noise frequency in the capacitive
touch sensor, identifying that the noise frequency is a function of a frequency of the liquid
30 crystal display, and determining an excitation frequency for the sensor as a function of the

determined noise frequency. The method of determining the excitation frequency includes
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from a user of the sensor based on the level of measured noise. The method can involve continuously
measuring the level of noise in the sensor, and continuously adjusting a threshold for detecting the touch
from the user of the sensor based on the level of continuously-measured noise. The method can involve
determining orthogonal excitation 20waveforms for the sensor, wherein at least one of the orthogonal

excitation waypiarAusain itie 2 XeRSBRIS FregUENE|IFTPThE &ideN@OnThRIRE ASTDSAL PR IGA DA BetREdRr
simultaneous transmission of the plurality of orthogonal excitation waveforms, The qrthogonal excitation

waveforms diR BSSIMGAHER RS N BkexsHR PR STeaUR RO AT RTEHAN RRB Ak MASH R B6f the
subject mattesfipsetipachmtibisrepecHieatiaoontaplecAkeminadicthinmeibatsdiating ddribeoaetions

related to a data processinﬁ apparatus associated with a capacitive touch sensor comprising rows and

columns of tP5R& AR atApAsh MR ML rARR SEESHAE HPaRSA AN HGHP A G IBIERERPH BYsYREEHM Bomprising

a liquig crystgtdigiiayy dheneetiedrinsiidesddantiiitogvavecism Hrgusnighirgane@iingranegxcitation
waveform to transmit across at Ie%st one of the trace Iin%s g the sensor, where the ﬁgcitation 30waveform
i I

is generated®EGEANPRAS B EEN B AraU SFRH HEH RS JBRh L ey db HiRiselsBidd Wequency, and where

the excitation wavefoigreisrgesteaatiidemanat dapisecatdpeoaatifirtuaeisalR aheRf meejected in the
excitation w%ﬁform. ?ener tion of the excitation waveform includes, in a freg%ency domain,

h
specifying ananiti4l éﬁiEBEVI 1815h EIHI5MAaRiRG WAIRiE A RLABAHNAY &t AP RBRY e Frequency

domain into KMz eXTitasEpasHavetonoh iseast Mmartinavaia MURI06 arireuiieydliangfofrmbsutmeonVEision. The
method 5involves. transn%%irﬁ%]the excitation waveform across at least one oi i e tragce lines, . In
t

genetdl, anciAdALYei WFRLOM RN AL BRI IR R W ERIR EA BN EL A RO A S R S methods
that include theaaciidesoratad tena slatd Prangssimhepaaictia asscciriedvaih mcapaeitiunhteudh sensor
having rows .and columps of trace lines réaré%ed %@I{i‘natrix configuration, the segsorfein located in a
system comBHENRS {iIE{RLﬁ %F%H?&EI & PO FH AN R BIL THATAMHEP UL RE e frogLiitty, and
generating aintexaitatidnheaspioitivéaduahseni@acrvrs waledstmremithsvsane dnss-toretationsdr, where
the excitatio%}wavefO{m IS Benerate aﬁ]UCh r\./%ha}t the ee(cit?e%ion Wavef_?ﬁm IS %rt (I)%%é)nal tElthe identified
noise freque &nodf’ﬁj [GARPEGH %RUREANB ATV EFSPA |grb RAYEREY s8R TRREPA AR Sdentified noise
frequency isrrepetidagia theebafialserinthystogor, ahe paieyatidninltteakolationdéetvg torsadhvolves
selecting an jnitial excitafign wavefqrm, selecting an algorithm correspanding to g finite impulse response
fiter, and e EAAHE hel A0 TR ARy R LS JoRprn BE AR AT TN e mpulse
response filteoritirtbeustitialeazariatj aheviens fof moiddin the tienddn woiyesritmososlyindjtisarexaitation waveform
acr0sS At IR ARSI O ey TR 1ol S B S sSSPk G S B2 strength, as
continuously-measured noise. The method can involve determining orthogonal excitation
20 waveforms for the sensor, wherein at least one of the orthogonal excitation waveforms
includes the selected excitation frequency. The sensor can be configured for simultaneous
transmission of the plurality of orthogonal excitation waveforms. The orthogonal excitation
waveforms can be all orthogonal to the determined noise frequency.
In general, another aspect of the subject matter described in this specification can be
25 embodied in methods that include the actions related to a data processing apparatus
associated with a capacitive touch sensor comprising rows and columns of trace lines
arranged in a matrix configuration, the sensor being located in a system comprising a liquid
crystal display. The method includes identifying a noise frequency, generating an excitation
waveform to transmit across at least one of the trace lines in the sensor, where the excitation
30 waveform is generated such that the excitation waveform is orthogonal to the identified noise

frequency, and where the excitation waveform is generated such that noise at the identified
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20correlated against an expected waveform, which can be proportional to the capacitance in the matrix.
The signal-to-noise ratio of that measurement can be a function of the integration time, where the longer
integration times can be used to achieve higher signal-to-noise ratios. The excitation waveforms can be
orthogonal to each other and transmitted simultaneously, and in other implementations, the excitation

waveforms Gagisearefie@gnatéperahrnihesxaration hasiPrOrRe gatkiAdRNAE sltdirmneously.
The details of one or more emhodiments of the subject matter described in this specification are set forth

in the accomf¥aYRIME ARG Bt BRSE BT RS G YHHA SR AR X i AR YU i tn & Slibject

matter will bespvegiagrreanifaPexdhatdasoaRifornthe drawinsguany theminimse tBEkEtRRCRIPTION
OF THE DRAWINGS FIG. 1 depicts a diagram of an example of an electrode_gattern in a matrix for a

touch sensolMMHEOBIYAAUDE SRRALRHARIAERHIE" ARG T SRS UMEERO8r NS and Sphase
shift from resistoReanastiaitiREHNebitatingwalem it et GRNBIRAS\HIE T tlkGradedaiicts a diagram of an

example of a circuit including transmitters having corresponding contral logic to drive voltages across

ines of the matrix. I ORTE5Ala HIEUREESPARIGYLHAF SHaI S ABRHETcICH PR THS SRAAR LIRS ARRERE and

receivers to gfigedieffagarandsensmelitents actions ligedidheimapiscdemiéapaanists a diagram of

an example of a thregc;dj ensional. mesh plot of measured capaa[tﬁce witq resEii'ct to Iocatio?P across the
Y HALYSY

matrix.  FISEIBR B BRI AGHS e BT PR L 4G fG8 MREE AT 0HER Bxciting
the matrix withratvixliageithestiomaisestiksoanginglat audd s nsigmedattomsrioing alfigeiappyseiimation thereto.

Lo 1A By AP IR S LR AR ey, 2nd Gemerating i excitation
waveform to transmit across at least one of the trace lines in the sensor, where the excitation
waveform is generated such that the excitation waveform is orthogonal to the identified noise
frequency, and where the excitation waveform is generated such that noise at the identified
noise frequency is rejected in the excitation waveform. The generation of the excitation

15 waveform involves selecting an initial excitation waveform, selecting an algorithm
corresponding to a finite impulse response filter, and generating the excitation waveform by
applying the algorithm corresponding to the finite impulse response filter to the initial
excitation waveform. The method involves transmitting the excitation waveform across at
least one of the trace lines. A measurement can be taken of a received signal strength, as

20 correlated against an expected waveform, which can be proportional to the capacitance in the
matriX. The signal-to-noise ratio of that measurement can be a function of the integration
time, where the longer integration times can be used to achieve higher signal-to-noise ratios.
The excitation waveforms can be orthogonal to each other and transmitted simultaneously,
and in other implementations, the excitation waveforms can be orthogonal to each other, as

25 well as to noise, and transmitted simultaneously.

The details of one or more embodiments of the subject matter described in this
specification are set forth in the accompanying drawings and the description below. Other
features and aspects of the subject matter will become apparent from the description, the

drawings, and the claims.
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FIG. 8A depicts a flow diagram of an example of a method to scan a full frame of the sensor. FIG. 8B
depicts a flow diagram of an example of a method to scan a single column of the sensor. 20FIG. 9 depicts
a diagram of an example of noise at an output of an analog front end of the system before demodulation
is performed. FIG. 10 depicts a diagram of an example of noise at the output of the analog front end after

demodulation is performed with gRpod peleciRrPafianNesEiqiam pRYPINGEIG. 11 depicts a diagram of
an example of noise at the Oli;E?Ut of the analog front end 25after demodulation is performed with a bad

selection of the exditifioh BTG Ha¢RE LU E FEY LS IFLS BSHBIE BMPESHARHSER noise

frequency agaist excitation frequency over an integration period. FIG. 13 depicts a diagram of an
example of output responses from a one-stae%e front-end aml%?lifier and a two-stagtetsfron_t-end amplifier.

30FIG. 14A depicts ARNiAGIEMFS A BB LAANRIS A G HbIA SOMRE SMBHEH Geniation a5 148

depicts a flophdiagram fedraniasgpteitdesrmynmanienirgnd aplilier wisimppraprate values of
capacitance and resistance for staézilig. ];:_}iake reference numbers ng,designations in the various
YA B udi

drawings indicate likEBI2HRMEE & BREERIBF @Kroult including transmitters having

corresponding control logic to drive voltages across lines of the matrix.

FIG. 4 depicts a diagram of an example of a circuit including transmitters and
receivers to drive voltages and sense currents across lines of the matrix.

10 FIG. 5 depicts a diagram of an example of a three-dimensional mesh plot of measured
capacitance with respect to location across the matrix.

FIGS. 6A and 6B depict diagrams of examples of waveforms for transmitters, when
exciting the matrix with a voltage that is noise-like and not a pure sinusoidal tone or a close
approximation thereto.

15 FIGS. 7A and 7B depict examples of timing diagrams for frames and subframes.

FIG. 8A depicts a flow diagram of an example of a method to scan a full frame of the
sensor.

FIG. 8B depicts a flow diagram of an example of a method to scan a single column of
the sensor.

20 FIG. 9 depicts a diagram of an example of noise at an output of an analog front end of
the system before demodulation is performed.

FIG. 10 depicts a diagram of an example of noise at the output of the analog front end
after demodulation is performed with a good selection of an excitation waveform.

FIG. 11 depicts a diagram of an example of noise at the output of the analog front end

25 after demodulation is performed with a bad selection of the excitation waveform.

FIG. 12 depicts a diagram of an example of a correlation of noise frequency against
excitation frequency over an integration period.

FIG. 13 depicts a diagram of an example of output responses from a one-stage front-
end amplifier and a two-stage front-end amplifier.

30 FIG. 14A depicts a diagram of an example of a two-stage front-end amplifier circuit.
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A touch sensor can include an array of transparent, conductive electrodes, where a capacitance
measurement can be made between electrodes in the touch sensor. These electrodes may be made from
indium tin oxide (ITO), but other materials may also be used, such as silver nano-wires, or larger-scale
metal wires that are slightly or largely opaque but 10small enough to be relatively inconspicuous. The

electrodes may be pi@ngRRldeprctyv@fleingiagianpb Paheaenpleads dieigaPifortithd awplpréallel to an
x-axis, and columns parallel to a y-axis. The total capacitance resulting from this structure, as measured

from a row tS'HEARHORMEEViRlURTRT SPREEURE D ARAIIESHERCR SYRIARNCE, for where a row may cross over

a column, and a fringiRgeRpaEEANEALERS aMbiabsiyfrinaing fiehd candie Matvwakd framategikdsensor and
interact with a user's touch, for example. The primary capacitance that can be measured for sensing can

include a frir?é?l'i'beﬂ@d at least between the row and the column. For instance, in a system with m rows
and n columns, there can be m*n possible measurements, with one measurement at each intersection in
the matrix. This type of measurement mayBEAHNEDMESCREREUIDINas "mutual capacitance,” or

"differential 200apa8jttan0ﬁ." The electrodes in the sensor may be Ode§i neld ip a gatt%rn that seeks to
S A Touch 'sensor can ncﬁjde dnarray of ranspgrent conduc |\?ee ec {od S, Wherg a )

maximize the fringing capacitance, which can be interrupted by thé user's finger 1o provide the desired or

target signalcapaditencdmenzeremyradditibe alackedatii@eoe lbetrodeni thiba touenstosdumihgseg., parallel plate

capacitance), wiyeh may provide aieansiant affeet 1 PRI Pate ARcanariance may D gonsidered,
for example, as an offset’value inthe total capacitance. " The’tows and columns in"thé matrix cah be nearly
coplanar, sosticit asisikyamameamifes, @dpeydivecgdanalkbéd | plateschpizarieal ightiyall | ahge sepraatmbudistance is

also gmall, apd. s ﬁ%@@%‘}‘%&%‘{ R RSAETh TQS&%%&%‘%&%E%%@@%&X R0 be designed
in a manner 10 Make the lihe width as great as possible, fora given pitch, in order to minimize the
re_sis_tance 3dh_$fleheimm¢®$thmgm1e_1lrgeigi,Uermemmmﬁw_mamlmb@ameaaaémm tzu‘elrensployed. The_
fringing capagiiafiea can Bemaiized doneramplec R eHINNRNG RalieLsm el e dsapling fringing
capacitance 'can be made as large as possible. . 1depicts a diagram’of an example of an
electrode pattyridl@0olimmearirfoudetetidasarsoal lel phidepanecitan0o, thewiaticaroscesylcrosand

associated C&x’b’?%%%g@%W%%?Q?Hﬁé?n%%%@ég%?%i'@r}’ Sﬁﬁr%@ﬁﬁéﬁéﬂ&’@éﬁ%h[@%ﬁﬁ fofhang

associated connected aréas denote' a h'another layer. ayers I are separate from
eachisther. kenkis impliemectatioh atheetayersch 1 hrk20mopdes Dvepreeichyattgasitancd shabcavheect to each

capacitance Lan He o o TR oL et AR A PERAE, cacn
other, the reftangtancanibe sgsiacedidno manihdzed bglunzikinterecaleberot® passible
measurements, with one measurement at each intersection in the matrix. This type of
measurement may be sometimes referred to as “mutual capacitance,” or “differential
20 capacitance.”
The electrodes in the sensor may be designed in a pattern that seeks to maximize the
fringing capacitance, which can be interrupted by the user’s finger to provide the desired or
target signal, and to minimize any additional capacitance between the row and column (e.g.,
parallel plate capacitance), which may provide a constant offset. The parallel plate
25 capacitance may be considered, for example, as an offset value in the total capacitance. The
rows and columns in the matrix can be nearly coplanar, so that while an area of a respective
parallel plate capacitor is small, the separation distance is also small, and its capacitance
value may be significant. The pattern of electrodes may also be designed in a manner to
make the line width as great as possible, for a given pitch, in order to minimize the resistance

30 of the traces, which may be otherwise significant if large-area sensors are employed. The
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relatively wide in other areas. Other implementations may have other electrode patterns. In one
implementation, for example, one pattern may involve having evenly-spaced straight lines at the same
pitch as the electrical matrix, straight lines at a finger pitch in the electrical matrix, with adjacent lines
15connected together in groups, and interdigitated patterns to increase a perimeter between a given row

and column Ry depiisrarseciietringinmizeld for eXdiRir NHPIESPNGtARGRIIANE st prsformed on
the electrode patterns. For example, capacitance can be measured from each row and column to ground,

instead of fréfUis FAPRICIPACESRGR RetR I HRdkiAR A RESIEments instead of m*n

measurements. 20imglemppistiongi e fescabeshinghis tiscinsiirede patterin eon aag WigtnR b Ph
capacitance is from each row to each column. There maﬁ be a circuit de_s;gned to é)erform this type of

h
measuremefUENS it HalFPaSHM Rk DM HERLIALRS dhU4aap astRIAEMFANCSISE ASSHS. In an

implementatindt hisnaiictitr hrecrelwupas santhe rtitedaMihcastiosni ybepgeacshabaeergy flows
from the transmit'ﬁfg into the c:;flumns, andar ceiverﬁan 25measure the current on the rows so that the

energy flowSEEE SRR RGN Sh R HRBRIR WA Kty rhafl GhecFBRRIE O RLAT PEIGE and

another as the umpieisegemnieralifcrnitiaryl 0N thisopgeneiaiionibe Kwscgnemihetoay derattached
to receivers and the columns genersjk%é maé%?r%@ta hed to the transmitters. When the user touches

the capacitiviBlich EcHEEHULT 8 5UPIEEL A &%@t@ﬁ&'%ﬁs\@@%ﬂ?%&@ﬁﬂm BidEknergy
flowing out gi|tie dspasiraiitercaamhé eninimeztacoysaslang tieeiactiogevaudd e Lah Wireshes sivay

capacitance to that node. This stray capacitance may occur, for ex le, if the user is holding the
evicie me TR UG ERE S BT oD a8 A BT A e P ger
because therskinisenpitétiedantperfireasnough so that their finger can also be close to other elements in

the matrix, for whi ts will b ded. This first effect may decrease the total that
Hows 10 Sihe rocenl SORM TGO B I SRUAES kARG LA e o e A RO D e

user’s fingerexaraplghdinepaseris ieghnesidehevi oy bedihyespaess sirgghitthindsatene bene Bachusethe
e o e P R R B e e oo
15 connected together in groups, and interdigitated patterns to increase a perimeter between a
given row and column in order to increase the fringing field.

There may be other measurements performed on the electrode patterns. For example,
capacitance can be measured from each row and column to ground, instead of from each row
to each column, thus making m+n measurements instead of m*n measurements.

20 Implementations are described in this disclosure where the measurement of
capacitance is from each row to each column. There may be a circuit designed to perform
this type of measurement, the circuit having transmitters and receivers on respective columns
and rows. In an implementation of this circuit, the columns can be excited with a transmit
voltage so that energy flows from the transmitter into the columns, and a receiver can

25 measure the current on the rows so that the energy flows out of the rows and into the
receiver. While the designation of one axis as the rows and another as the columns is
generally arbitrary, in this implementation the rows generally may be attached to receivers
and the columns generally may be attached to the transmitters.

When the user touches the capacitive touch sensor, at least two different effects are

30 observed. First, some of the energy flowing out of the transmitter can flow into the user and

return to ground through the user’s stray capacitance to that node. This stray capacitance
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10The two effects can produce different responses for the energy flow. For example, depending on which
effect dominates, there may be a non-monotonic relationship between the measured signal and the
distance from the user's finger to the sensor. Because this may be undesirable, system implementations
can be designed to operate in either a strictly-increasing or a strictly-decreasing mode to have a

monotonic reftjenreip (I strjadyirkheé aseeashisimede-nayikesniriarabie, inveamedoyplamentations
because it may occur at higher frequencies, which can allow more total char%e transferred in a given

integration pePStIFHY S GREHE: Sl UnRtaL dirrush dhe isstin G 8eudsraPH Fak RADIar SLCR &R BRions

between thefienaaiughcdhfs 864i8 fingie cANiR eartiale v ateoekihiek REthEnHIeg RsSVRicEhe cover of
the sensor. Some other implementations, however, may use the strictly-increas?i%rmode. 20In some

implementatftOReE BRI RESERAPLard MaTH St SRR, MY A5G RO kRTS8 tRALHIONE 19f the

energy of thend ae eV DN J6se bE EtRiIad yTRslingldaveF thecqaemsias: therdbgienayenay not
couple effectively to the user because the coup%?%is capacitive, such that current, for a given excitation

voltage, can4iered et inueh dbeiasrtys fiapfe MEHSPSERdBREstES Hssty Rl hileMEquencies, then
the propaga®aazioe ey acéeiistics oldhatroniRn el ihydNinhiRe RBeIfNoCRNRTR Hadetbesaergy. In

some implementatjons, thetfr?h%?ﬁlfion CBaracteristics a% be modeled as a uniform RC line, or a low
pass filter. TH8 a0 404 Firk fﬁ&@f‘f&f:@?ﬁ% CopRHNA G LEI NGRS B an unmodulated
carrier. Becaysgivbisevwerggform can be narrow band, it can be useful to increase the bandwidth of the
signal slightly, for e)ﬁﬁmé@e, ??/ modulating the carrier with a 30§ois -like Wav&efform This technigue may
havelthe effect of incte 9\8 ﬁ(étss%fe%o lfﬁ‘?rﬂ ‘?ﬁ‘?%fﬁ%ﬂ%&% Aot oRE AN W e%rs%@rﬂ%etendency of
the system taeparitiimgroovwiasabil eftdsEdominklng receiveingde he@emigweditorelaimsidpiieaeennt of
energy receiyed during a given time interval. One implementation for this receiver involves an
implementatf\gﬁ fagaé%eﬂae*g%{‘ag?agﬁ}?" RS ERIFS S 455Fontiberd e R8s YircRRCASE éaﬁ M4sure a
maximum cusgemidesbabledsgvenai givempettdmeidampe detigredlyosiporitpiasthisatiteicignal from the
transmitter, then that maximum current can be proportional to the amplitude aof the, signal received from
the ransmitdo BAH i p NS A0l B EPUE R BFYP AR QA hENE M ad FoHE Brrent wile
discriminatingetihreasiignmede sigyabdromnferaide id Sbmeampl émpleatientaisassefiteagetsar, dhieigrerformance
of the system may be practically limited by its SNR. For example, when.the touch position gn the sensor
o intorpolatatE SR A T T ER ExR R chaich AR ey ARG Ao el
position. In dughercMREnddsestric\edaongsinthmodiseadiseldvidy |enen spatetione betoreatehialse
touches. There ma ae several sources af noise for the sensor. For example, 150ne significant source
can be QR 20 LGS TS5 5 Sham b BLeh TURAF Tor e olasd RS B EolEr o

the sensor. Some other implementations, however, may use the strictly-increasing mode.

20 In some implementations, the transmit waveform can have a frequency of around 100

kHz, for example. If the energy of the transmit waveform is concentrated mostly at lower

frequencies, then the energy may not couple effectively to the user because the coupling is

capacitive, such that current, for a given excitation voltage, can increase with the frequency.

If the energy is concentrated mostly at higher frequencies, then the propagation

25 characteristics of the row or column within the sensor can attenuate the energy. In some

implementations, the propagation characteristics may be modeled as a uniform RC line, or a

low pass filter. The transmit waveform may include, for example, a small number of cycles

of an unmodulated carrier. Because this waveform can be narrow band, it can be useful to

increase the bandwidth of the signal slightly, for example, by modulating the carrier with a

30 noise-like waveform. This technique may have the effect of increasing the system’s
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is built on top of the touch screen, noise from the LCD may be present and may couple into the touch
sensor. Other significant noise sources may include nearby radio stations (e.g., amplitude modulation
(AM) radio), and 50 or 60 Hz coupling from the electrical mains which, while well-separated in frequency
from the desired or target signal, may have very 20large amplitude. In other receiver implementations,

the receiver prghifABFUEEABWBPETHII efhiruokasmly fRs (iRieRryReIRNERIdhesagaived signal that

correlates with the transmitted signal. For these receiver implementations, for an incoming current r(t),
and an expelEQVHALhIYUES; the receiver can compute the integral over an integration period of r(t)*e(t).

25In some implemerratigssvét BaybeeRiFrsipie to MRS MRS COreRlddgTdsiptaringiaginear filter in
front of the peak detector, or in front of some other broadband detector. In some of these

implementatfkeE! 4TR&AIGR4RLiP TP R BHAUL L Y P ISSRAFY KT AVRRACIPIRTBERIAHOE &5 éem's frame

rate. he corfglatidatemer,a Wiesh iiRdabr dyoatfivaig qbt\alengeit iiaeda ankisye a maipwen bandwidth.
But with a filter, enera]l})/ 6ome 30fraction of the availaple int gratio% time is uaned WhiILe waiting for the
& it

filter to settlUREPLFREYEHGUE AEAGIBRRIOG ORMME i1 VEPSEHhdadnh &Lp0al HREV R grator

can be reset@biee NigastF2MeRimHubhisueentadipvhée dpdrtisrdtdhrenaptiblad vetadignaime.  The
calculation of the inﬁigral ?fn have_variomimpler%entations. F?r examgple, somgﬁjm Iefment tions can

include a sigfPEEYEst AR HATHUHEY cSDEHERRSHERBEINGMLLE BCELRT SRy QMR to
maintain therews@eahasiardntaliaige disstimmating dhai stefigia i ghamyenindizgo. By measuring that
char%% the SD-ADC can direcg}/ convert tfggg]urrent to ﬁl‘glf?é?l value, apd can maintain the row at low
impedance, as ma))rbﬁomﬁim@ TR PN ﬁﬁﬁ'ﬂé%e WS AHBRUNEB m?é{gﬂ%tion on typical
CMOS processetichivgdinsiectheySR-HNET e wiisleeseanasitoustapskidigianl agiceasspiber
implementations for calculating the integration period may use simpler switched capacitor circyits. For
exarmple, on R SR Ot e F S SRR SRS BB LB AP HER G SEREABRA S iter, in
which C the gppesitianceéroiorieakicapaciioss ot dxdmpie, trsistisiciesoff theswitehaeshieApaetor resistor with
a value of 1/(f*Cut), where Cut is the capacitor under test, and f is the switching frequency. By measuring
the time.conSEAHE BRI oF B BB B 0 B8 BD18 ¥ v oS b E For 10 reach
a cerigin voltagssigifitoicsourdeycap by il quistepysettdigplaggite D)r &dixedhimple, HrckooeRsenisay the
voltage after.that timeit can he possible to measure Cut. r similar implementations of, .
sitohe-cop Bl B! RERGR A ORI E PN Lk DY MR TReEEI A EX 205 (Ml the
switched caphetmichgesirci@itgesignificaan aesmirotdongydnthadenaintginsdioe iatiegsatng, capacitor at
constant voltage. Description ein,are proyided for implementations an . techniques involving a
capaciive toHEH LA A A A b e S R e e O with
signal at a receistenimileeretirsapgre?gd e firdgues jofir anc tpeddtived ou tir getrsigng | Padkdh dlvatvieas
transmitters |and receivelas, where the transmitters send out orthogonal
20 arge amplitude.
In other receiver implementations, the receiver architecture can be configured to look

only for the component of the received signal that correlates with the transmitted signal. For

these receiver implementations, for an incoming current r(t), and an expected current e(t), the

receiver can compute the integral over an integration period of r(t)*e(t).

25 In some implementations, it may be possible to approximate this correlation by

placing a linear filter in front of the peak detector, or in front of some other broadband

detector. In some of these implementations, a narrower filter may require a longer settling

time, which can impact the system’s frame rate. The correlation over a fixed interval may

also require a longer time to achieve a narrower bandwidth. But with a filter, generally some

30 fraction of the available integration time is unused while waiting for the filter to settle after
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25waveforms, and each receiver correlates against each transmitted waveform separately; (3) techniques
for locally improving the signal to noise ratio in a capacitive touch sensor by selective scanning; (4)
techniques for providing noise immunity in the transmitted waveform for the capacitive touch sensor; and
(5) techniques for designing analog front-end circuits for the capacitive touch sensing system. 30

Correlation withprelie 3 eseiv@iemenbevalalites boieasoasl énpipnae Madions gkeidegeitbreaReiein
involving a capacitive touch sensor that uses digital signal processing to correlate a transmitted waveform

with a signal &3eh PEMSER MR LesRerdsy. RIS Gl fuytlatse ol Bk avalablsd et iESevDO Sfrom

the analog front-endtgirealiLPatBe SENRONRTRhANA RS /AABLY @M pemenaiona Fante digiths coRverter
(ADC). The correlation of that discrete-time signal against the tfransmitted waveform can then computed

digitally, as tHRPEIREOLPRICIREGHHD A HERBCEHR BBIR-E1 | ANALTE WAL SE (RSt eived

sirslznals ThiS[EUﬁﬂr%BlmQﬁrﬁaiF&tl%tﬁth f@hﬁrmmnlﬁ}ehwwsdﬂmbﬁaw}m@j@?mam %%é@t@fﬁgyfﬁﬁfﬁ'“\b% by
choosing E[k] as O, -1, or +1, 10where the correlation may be calculate an adder and/or a subtractor.
This impIeméﬁ%ﬂFoW é&ﬁ%t%\ﬁﬂl?@%ﬁ%@l i Srr §ﬁ§d’%§9 &ﬂB@'FS?&%’R.‘@&%P%HTé‘?HEF%ion in

digi:al logic. digitihﬁm@aﬁtﬁﬁaﬁiQﬁﬂt&ﬁkﬁﬁh@@dﬁﬁghﬂb@ﬁbﬁ@@@ﬁﬂ@ perfeyoirtae werslaltm%n sohme
implementatjons, the received signal co e roughly the same as the transmitted 15signal so that this
eborvad Sig AP BTN £ AUTEAALS Sk L RA s , CIOCH S BERRRATE B pracice,

these implem@tatirswitshencpsacites amatigittiteditk] at least because of the characteristics of the
can D made from BIErSHRATET Ao APLAN LE SAEErAAR PBHPY BN PR Enductve
material. TheggtchadesiplecOnnyiiayerarelaiively, Brigsuelesiviceloesigiasiag. deulnaianoe nkake lines
g Y e R B b e T T ST ot
pattern pitchagarruie thierresistange ofithelpdifcheth cdpaditb misittacevitsavalld deltypically userkicw 1000
mm display, igotrhg)é%&%%?drrﬂﬁ err] es ,%H%%Csl %Osv(\;/letlclﬁir%r#gguency. By measuring the time constant
15 of that filter—for example, by applying a step to it, and measuring the time for it to reach a
certain voltage threshold, or by applying a step, letting it settle for a fixed time, and
measuring the voltage after that time—it can be possible to measure Cut. Other similar
implementations of switched-capacitor circuits, in which a constant current discharges the
integrating capacitor while the switched capacitor current charges it, involves a control loop
20 that maintains the integrating capacitor at constant voltage.
Descriptions herein are provided for implementations and (1) techniques involving a
capacitive touch sensor that uses digital signal processing to correlate a transmitted
waveform with a signal at a receiver in the sensor; (2) techniques for a capacitive touch
sensing matrix that has transmitters and receivers, where the transmitters send out orthogonal
25 waveforms, and each receiver correlates against each transmitted waveform separately; (3)
techniques for locally improving the signal to noise ratio in a capacitive touch sensor by
selective scanning; (4) techniques for providing noise immunity in the transmitted waveform
for the capacitive touch sensor; and (5) techniques for designing analog front-end circuits for
the capacitive touch sensing system.

30
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25squares, or -20k ohms in resistance. A thicker coating of ITO could decrease that resistance, as well as
increasing optical loss and haze At 30 ohms per square, a typical coating of ITO may not be acceptable
cosmetically for some implementations. Thinner coatings, with a sheet resistance in the hundreds of
ohms per square, for example, can be used in smaller screens, such as those on cell phones and other
portable devigsiselatihsiihig theresiveh screens 30are much shorter, so the total resistance is not as
large. The sensor also can have some capacitance, at least from each row to each column, and from

each row or columm Y H 3 ISHHH PlehaE! P BeRBLORS B S8 Eel HEtRE IRYBHVING GrfdRasHi¥ach to

estimate valygghesebriUERY8i GitaPERMAPHIESIRI 40 ddirenaRd & tiaRspiPlgaiterih selaeated by 0.5
mm from a ground plane by a material with dielectric 5constant around 3, then it may have a total

capacitance 3988y 2 [5ESHY R e RN At A& ERRIRRER LGRS I PRIMRIE B SRHPHAIREhan that

amoust, bUtmﬁnf'tmgé'ﬂﬁlBﬁtﬁérﬁaéh@@%@tﬁﬂﬂiﬁ%éﬁd@%@ﬁ@ﬁﬁ @@%H@I@@Usiﬁbgrpéﬁdlé@-iéu =RC can
be around 2 uys, corresponding to a -3 dB frequency of 80 kHz, when assuming each of these resistances

and capacitZHg4al S8MpAisE et ?L@WWIBFEE’&i%t,r@BmS&@t?été@fafﬁ%abmﬂﬂg et Yend to be
distributed, apslefeirbeanaHen boripirsmbigitatiputate alanNd e tHantdiiet hwpaxaayse, the capacitance

(or resistance) can. be non-uniform over the cell, but relatively constant per cell, and the cells can be small

compared tofROKSEEFIEh e REiethe s YRaE erbrecidetainalc aHEeSHA G PGt IRIR e fRhe total
length of thegliamphCasrdinadya ferNOIbGARRIBRCKNEE ARIMERGIR)Y dyeRotRMGIETUE do0the, $pngor can be

analyzed as a transmission line, with nZ;%Iigible inductance L and shunt conductance G, and the given R

and G0 Regaieied"%t EREEIBIPBARAYAREA! t KHETANARAA IR @RI SYPHRE e (WS to be attenuated

(i.e., smallerimpielitegeliandeciayegucerregiepiantly apirsenghifiedl oampanedricibig transmitted signal.
Implementatjoril)i are describeé%vyhg e the receiver can be configured to compensate for these effects.
20In some ifPRAPAEAAHGALN CigN tion can be performed by applying the expected phase shift (or

delay) to the expectif waxetensifikl ER ortelatranagsinst sheerelayetbrarsionmfdhasignal. The
the phse o SRR RS CUAES e oGP R ARIANSHIR HoAAUBH NG SHEATE 25 16 KPR Bnension (0.0,
adjusting it asgnallengheneniowseloedSigixpinalld 6 display inétnd sganstitenahesiynabthadligible. A
liple phae ShHE PR o SUARH e K T HIGPELEEE Pk L G EonBfon. The
correct phaseshifeoaasealsthbeltetetonistist okpiey saiathabik catiRiatng @usissibpthtionphase and
AT (g Y S bIe e SenSor Mt can be madd FeomiTbhg rows and
columns, which can be patterned from a transparent conductive material. These materials
20 may have a relatively large electrical resistance. For instance, trace lines made from indium
tin oxide (ITO) can have an acceptable maximum thickness corresponding to a sheet
resistance of around 50 ohms/square. A unit cell, for example, can be three or four squares,
and a typical pattern pitch can be, for example, around 5 mm. A 500 mm trace, as would be
typically used in a 1000 mm display, for example, may have around 100 cells, or 400
25 squares, or ~20k ohms in resistance. A thicker coating of ITO could decrease that resistance,
as well as increasing optical loss and haze. At 30 ohms per square, a typical coating of ITO
may not be acceptable cosmetically for some implementations. Thinner coatings, with a sheet
resistance in the hundreds of ohms per square, for example, can be used in smaller screens,
such as those on cell phones and other portable devices, for where the lines in such screens

30 are much shorter, so the total resistance is not as large.
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30then computing the correct phase shift phi = atan(corr g, corr i) from those correlations. In some
implementations, the expected phase shift may be calculated using the known resistance and
capacitance of the sensor, or the phase shift may be interpolated between a small number of
experimentally-measured phase shifts. FIG. 2 depicts a diagram of an example relating to the effects

of attenuation and pitaserilaicorbafeRive seInP a6aKi titice, IR getilening: ctloR WRameaFheMsHots of
several 5 signals based upon a voltage level over time, where the diagram is based upon a model 235

where one ceNHR0 SREN AV CRIHRITIFR XA B R s b Feblouived MR RERGIL bRy pical, for
example, if thesrRngProaeste &8 namARIJdOacntingh el e dH0g iz RireisHsM. -AR0Shawn, iiFIG. 2,

when the oriltq;inal transmitted si%?al 205 is sent across the sensor for a line_length of 10 cells, the

received sigh&FPREib L yeRpRHes BYsHin S HAA ALLOURLRLNE G A RRIANE A SAYIRal transmitted
signal205. \fdiemitareligingl tansmiigh signrabiilzipaenhactrsarie pensticqy@bkelipgatength of 100

cells, the received signal 230 is delayed/phase shifted 220 and has a larger attenuation 215 and smaller
pite RN SRRHALE A o SBe s L BRGSO
transmitted signphvd? JR)BHTTaACHRPIdIENEE OO DVEIA. ITRd@nainRiade rellsaiths: reeaed signal 225 is

15delayed/phase shifted and h I litude than the original t itted signal 205, th
received sigfASRITHIUNE fecalbeUegUr A e AR AU E A ALAERS EREHI = ingle

frequency, thepatieeiéecisafithseiREldinenmay be described as an attenuation and a phase shift. If the
waveform is more complexfor example, if a noise-like code is used to increase the bandwidth of the
Eome 20anc e T G DB S AR At O BT D AN e ey
componentsrofigheysigifaheandistitanstoetoed differaatlyn@ndoihextiapkiotmatipacipmtecbio the signal can

b lex. This t f ti b deled, d iricall lied to th
expectoct e ERARPELHTE A QLA R Sl M AN 68 IBURAED 15 A AP i (..

delay) and abiesmaliooraparétbattictian irgtieothealiineas tikering @ffecitancatgndsmbigatipn thereof. The
non-sinusoldI VA e 8 BB e s Bl BETPS TG FJPRE i the analog
domai or invidleedjgitelctlaniafor the serisoseanehinrzpleredtasionantheissysteinenaittbeegtigitilive to the delay
along the Rcl:nltglﬂ%?ance L and shunt conductance G, and the given R and C. Regardless of the approach
taken to the analysis, the signal on the line tends to be attenuated (i.e., smaller amplitude) and
delayed (or, equivalently, phase-shifted) compared to the transmitted signal. Implementations
are described where the receiver can be configured to compensate for these effects.
20 In some implementations, compensation can be performed by applying the expected
phase shift (or delay) to the expected waveform E[Kk], and correlating against the delayed
version of the signal. The correct delay may be different for every intersection in the matrix,
though the error introduced by adjusting the phase only along the sensor’s longer dimension,
and neglecting effects of the shorter dimension (e.g., adjusting it only along the rows, for a
25 typical 16:9 display in landscape format) may be negligible. A correct phase shift may be
determined experimentally, for example, by measuring the correlation with multiple phase
shifts, and choosing the phase shift that increases and maximizes this correlation. The
correct phase shift may also be determined experimentally by correlating against both in-
phase and quadrature (e.g., shifted ninety degrees) versions of the transmitted signal, and
30 then computing the correct phase shift phi = atan(corr_q, corr_i) from those correlations. In

some implementations, the expected phase shift may be calculated using the known
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300nly because it performs phase-coherent demodulation in its receiver. A non-coherent receiver (e.g., a
peak detector, or a system that computed correlations against both in-phase and quadrature versions of
the signal and returned sqrt(corr g*2 + con i*2), or some approximation to that function) may not have a
requirement for this correction. But coherent demodulation can be used to decrease the received noise

power by a fagiefaptdvind 2N At Hae diRise AOMeshait sFA e Phaserforiareehmamadulation can
help to improve the 5SNR. In_ some implementations, if the sensor is driven from only two edges (e.qg.,

one edge for T B3RP RS SrReEmsa M ReasAmdRHEMN e R*C product can be determined by the
resistance and capge@aperpetsundidgretopbihedingte Asking toghedfiroaos afdhadibrsnghere the

worst case can be the end of each trace farthest from the_contacts for which the 10total resistance and

total capacitBAe¥ AHLP L rCALRPAHR CREL HARAVEYNG Jihe A IASENRERKEBIS HleR¥Habr can be
drivensfrom gl iedeesipen ssragheeReE draetznasinelcar deampavae ddseaupsn earedehess the

sensor is driven from only two edges. A worst-case total resistance for these implementations, for
oo, o BRI e G AR 2P PO RS GA e oL S RBE Bl B W LONAHS e of
half the totaltigneth for deliweléeristersadoraltes R58 shipa@itd eoiRdg) lhd RDO. Kieseagiance may

b h d for th impl tations. So by driving the li f both ends, instead of just d,
(e o ConSAIAR B Iacbln ) BREIGeY Hoh AR s APt ey

frequency ofitheltingtivyithe setorias fiessived sighal 110 ingderyedrisiion shfedanticiasdiondnegenerating
e e A T R
Qxample of astliét_nltl'tio%@@ ighglg@jig@r@agsmimﬁe_rﬁm@mog 1m@$||@pméir@gwg@_rgidpgicz$q idrive voltages across
320, and coM VR S0 SRR G A O AT b ahit
registers, suctigisashifinspgistersigrdl 208 gicctit irckides dignspitersveashhrariginal loagsmigedvoltage
ine 320, A <SALRL DS ELHCIEr B TEAERETS TAETRLRIE 6 R0 i S s R adtser
chaing are pdeldgied! phidbetbie fseiae ddgic drymitHed46h i3rod s thinath 8 Ottigiv b witanss fiodd vignadioesstep.
the received signal 210 and the received signal 230.
If the transmit waveform includes energy at a single frequency, then the effect of the
RC line may be described as an attenuation and a phase shift. If the waveform is more
complex—for example, if a noise-like code is used to increase the bandwidth of the signal,
20 and improve the system’s electromagnetic compatibility (EMC)—then the different
frequency components of the signal can be transformed differently, and the transformation
applied to the signal can be more complex. This transformation can be modeled, or
measured empirically, and applied to the expected waveform as well. For example, the
transformation can be modeled to have a phase shift (e.g., delay) and attenuation at a
25 particular frequency, a linear filtering effect, or any combination thereof. The transformation
can be applied to a sinusoidal waveform for the expected correlation signal or a non-
sinusoidal waveform for the expected correlation signal. The correlation signal may be in the
analog domain or in the digital domain.
In some implementations, the system may be sensitive to the delay along the RC lines
30 only because it performs phase-coherent demodulation in its receiver. A non-coherent

receiver (e.g., a peak detector, or a system that computed correlations against both in-phase
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In FIG. 3, the circuit is symmetrical, and the trace lines can optionally be split 360 in the middle. With the
symmetry, the circuits on either side are identical, and the voltages on either side of the split can be
equal, and the current may not flow across that point, regardless of whether or not it is split. An error in
the drive circuit, for example, could result in current 5flow if the traces were left connected, and the two

ends were dgiygqusdeRRRSIE MR L ERigrBI SRRt IPMBESEHGAIrguit Mmedrbeanltedyie happen, and
the resistance of the trace line can be large enogﬁh so that the current can be limited to a safe value in

any case. If BRERXIBAIRELQ R LnRtiopkmay ARERAE A fieHHFEmEL & TBLS SOFRHPRr SHIF R trace,
then a portiofepiddabtiaeeating weadddgceask thihedsned hosyasieltsonneeiedr e amingh a

10single open-circuit defect, the full length of the trace line would remain connected, though one of the
lines could BEFhHERISREL TSR BRSO ARasonGaPEFE: femafidatien feAdsty We'ﬁéq{ﬂ?f‘%tkﬁhere the

defectsoccurgpgkIn practice, the decision of whether to split the lines or not can be arbitrary for this type of

symmetrical implementation. Implementations can also be employed to correlate against a different
waveform (e.g.. 154 CHRVEHTBRAEEITP R Lh i SFSaR S AR AW LSRR i GieR 8% the RC

lines. Some foiplRMERtatanDtaBdgefelate wilomespartiaiaWEp e wavefosmpesiateitaneausithe FIG. 4

depicts a diagram of an example of a circujt including transmitters and recejvers to drjve voltages and
sonse curter TS RREE AT SaEHRITE B S8 GRS LA e U ST SOLIE TR0 on both the

column and yavrditestiniist ddie circhiét the@riPhbsaeal least fngdsansmitier dihtaon eschiiewhe7 and at

least one receiver 405 on each column 409. Specijfically, the circuit 400 has two transmitters 403, 413 on
o Ao ST BN SRR AL S DAL Tk 30 o PSR NBN LAt of e coront
400, the curiefgléinentaaossnitieseisaroan be deweivedmnll utegipeirmanaivers. RCthméower half of the

circuit 400, the current from transnklrtter 20 can ereﬁ}eqi]ved onl %ythe lower 25transistors. On the
receiver's si&BP?F?é“ir%?Eebﬁr{SqEC§8| a ﬁﬁ%\’é,%{ﬁ& %EB?RH% f‘é%?cﬁ%l?g AN Sa'n'%e processed
separately. Tiisstroptenaedltedsinanlevisr tiveséranpimitienatiorde fexelitachsienoliaoequsly tiasdemer as their

R e T G N ey
implementatiao eegistors of value R/2 in parallel, or (R/2)/2 = R/4. The capacitance may be unchanged
for these implementations. So by driving the lines from both ends, instead of just one end,
the time constant can be reduced by a factor of four, and there can be an increase for the
cutoff frequency of the line by the factor of four.
In one implementation, this configuration for generating the factor of four can be
20 achieved by connecting the two ends of the trace with a conductive (e.g., copper) wire, and
routing that trace all the way around the sensor.
FIG. 3 depicts a diagram of an example of a circuit 300 including transmitters having
corresponding control logic to drive voltages across lines of the matrix. The circuit 300
includes identical copies of the same circuit on either end of the lines 320, and control logic
25 to drive them with identical waveforms. D flip flops are arranged into shift registers, such as
shift register 350. The circuit includes transmitters each having a long, high-voltage shift
register, with one output per column, and a high voltage (HV) driver 330 to drive the
respective ITO line 320. A separate shift register 350 connects to each side of the matrix,
and the two shift register chains are provided with the same logic inputs 340, 345, so that

30 their outputs follow in lock step.
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also double the frame rate, given the same integration time, or can double the integration time given the
same frame rate. FIG. 5 depicts a diagram of an example of a three-dimensional (3D) mesh plot 500
of measured capacitance 520 with respect to locations 510 across the matrix along the surface of 5the
touch sensor. In the 3D mesh plot 500, the z-axis represents the measured baseline capacitance, and the

x-axis and y-axis reprefeng pesitpogiinsthgninriricalend the sacéanes tinaprioraIsepsep! \isonithe
received signal strength is correlated for every intersectiqn in the plot 500, the received signal strength

falls off alond tHRIRHG IMELJNaRY TRETRY Hife GHieY oRNHERSSId: dreidrich AP thitie Vel BeEs,YBbnential
fall off in thedwgieaivrid oitinalsplietaribd 6534 @ISR h\a Rasiiay sitaltwaerastanaaponofdha désdrace

lines. The plot 500 jncludes variations in the measured capacitance, which may be due to noise or to

some other HeMASHRIPVARESHS R th& \AELEh RN BHYEAUITEE (05X AQLLS RS RiCW SR forms

Techniques fo¢/ imm@mﬁjébﬁw@ﬂﬁlmdm&ﬁ%ﬁ@ftﬁeqmmfdﬁ%ﬂmmit&v%.haS
transmitters and receivers, where the transmitters ¢ ﬁnd out ortho%oEal waveforms, and each receiver

can correlatCYGRISEEAA TREENREEWATAS HF Wa i happefy, &esiAnghatitlsdrare
measuremeiinis dakes laf g erriyedsipaathsttengii,cas penigliatettagairshanexpasiechyeaveiaem, which

is proportional to the ca acita‘nce in the matrix. T_Eg? |%nal-to-no'se raticiﬁof that measurement can be a

function of tHEFREFANEHE M EN(AR RPEREIETY PaHYRemUS URFER AR T HeAfe T RiBher

signal-to-noigertiiiost tesoare implengaiaiions. thetexeitabiamyvaueiefiremattos, eittogenalitheach
other and transrilitted simultaneously 3,? in other }nhplemen tions, the excitation Wavefor@ilsncan be
tBe 4

orthotfonal té'a%rPB‘?Hé‘i',r%'R/&’éﬁe&& SENEHY ATAHE MATE A LRMYALA SBa) . GANS8Hd iR HRentations, a
way to impraye fetsidrkteonhise ration oty cepadiity etRatoarehisegsanis teincieasalthdgaiggration

random norsiF I AOALTETRy B GAE Fhot ELHe Pk dPAR e GPHE D GBS bs with
the integratiootticae bthasbiaarpéon thiidgpl bledwaerttisahéniplenamtaBNR. Other implementations can be
e that can et A o T A B o b A s R AR Rl AR r S s vision.
15 a different phase) for each intersection, according to the expected delay down the RC lines.
Some implementations can correlate with respect to multiple waveforms simultaneously.
FIG. 4 depicts a diagram of an example of a circuit including transmitters and
receivers to drive voltages and sense currents across lines of the matrix. FIG. 4 shows a
symmetrical design for a circuit 400 in both the column and row directions. The circuit 400
20 has at least one transmitter 403 on each row 407 and at least one receiver 405 on each
column 409. Specifically, the circuit 400 has two transmitters 403, 413 on each row 407 and
at least one receiver 405 or 419 on each line 409 or 429. In the upper half of the circuit 400,
the current from transmitter 410 can be received only by the upper receivers. In the lower
half of the circuit 400, the current from transmitter 420 can be received only by the lower
25 transistors.
On the receiver’s side, the trace line is split at the middle, and the output of each
half’s receiver can be processed separately. This implementation allows two transmitters to
be excited simultaneously, as long as their columns are on opposite sides of the split, since
they will be handled by different sets of receivers. As a result, all the columns can be

30 scanned at twice the speed, except for those very close to the split. This implementation can
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FIGS. 6A and 6B depict diagrams of examples of waveforms for transmitters. FIG. 6A has waveforms with
excitation involving time-division multiplexing, and FIG. 6B has waveforms with excitation involving code
division multiplexing. For instance, FIG. 6A shows transmitters 625, 630, 635, 640 where the transmitters
have waveforms 620 that are 5time divided with respect to one another (e.g., time division multiplexing).

For example;|@psoniéan&fAmasate\AveioHe SesIRieg dtloR titne locdh A lllewherRdgrtiaage versus

time plot 615 _shows that the digital value 1 represents a voltage above OV, the digital value - 1 has a
voltage belof S\ SHMGiTAAV5 IR represents OV. Transmitter 625 has a waveform sequence [1

-1,0,0,0, 0, 0, 0], rppsHudpicBIddias averrieanssie weAaa k- Sinfsrbihal (3D) Gnddh pRA SEmsmMitter 640
has a waveform sequence [0, O, O, O, Qf 0, 1, -1]. For this implementation, at any time, only one of these
waveforms i{§RBHEEr Bcf[’ﬁtcﬁwééoa% BIETBG A locatipng S B aghin e APl RIS ¢ 8BS, 690

wheresthe tramsoiftarsehge wavefenmadi G I aler thagionah wihisaRatktBUIBE Ri3eliMer, but where at
any given time, 15multiple transmitters may be transmitting .a non-zero volta}(ge (e.q., codfﬁ division
muItipIexing)C.aﬁé?'%ﬁ’lﬁfé‘; {%ﬁﬁgﬁﬁt% Qbaﬁ%%rSRRP&SB?&H%\'%%%@ & BifiIx glong e suriace ofy \yhere

the voltage \tresaadimenstnt GGhaspwecteaidheigigitairvadiie it conttaentfraeipaaabedM thee digital
value -1 has a voltage below OV, and the digital val represents OV. Transmitter 675 has a waveform
etence (171G SDONG reqened Bk e A Bt AT i GRS G ety The 10 11 1]
and transmits@0&Bbwagar insate!Thaetuenset-dxdondntibl faHloflin theyeividbsighah Jamshester-coded
Hadamard sequence is shown.in FIG. 6B, the sequence is not limited to this type of sequence. In general,
iy oo A SESS e PRAIER GHEP e TR R R e DR DR O IAES secmonos
could be useghtiatinasiinaie messuitedtaysticanteyetiyslmey badier i sy detdadraerogine bandwidth of
the signal. In imégllemeptati.ons similar to FIG, 6B, transmitters send out orthogonal waveforms, and each

receiver, instB4 %’f'ﬁ%rf’&rﬁ%ﬂqjﬂg{ et (—!-Yation, correlates against each transmitted waveform
separately. The orthogonal waveforms generally may be generated in any number of implementations.

For exampleCéelenditidedhogotinievaliddéd) comiessmitaydeefdanserated by taking successive cyclic shifts
of a maximum-lengi i S0is{e" RIRASG SRR MRIFDEN B2 AN IR YOIV SiRReg ALgRries that
may be used in code division
15 that has transmitters and receivers, where the transmitters can send out orthogonal
waveforms, and each receiver can correlate against each transmitted waveform separately.
In some implementations, a measurement is taken of a received signal strength, as
correlated against an expected waveform, which is proportional to the capacitance in the
matrix. The signal-to-noise ratio of that measurement can be a function of the integration
20 time, where the longer integration times can be used to achieve higher signal-to-noise ratios.
In some implementations, the excitation waveforms can be orthogonal to each other and
transmitted simultaneously, and in other implementations, the excitation waveforms can be
orthogonal to each other, as well as to noise, and transmitted simultaneously.
In some implementations, a way to improve the signal to noise ratio in the capacitive
25 touch sensor is to increase the integration time. The received signal energy can increase
linearly with that time, while the energy received due to random noise increases only as the
square root. Because the frame rate of the system also scales with the integration time, this
can be a tradeoff between frame rate and SNR. Other implementations can be made that can

activate multiple transmitters simultaneously, using code division instead of time division.
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multiple access (CDMA), or orthogonal pure tones (e.g., unmodulated carriers at a single constant
frequency) may be generated and demodulated efficiently with a Fast Fourier Transform (FFT), as in
orthogonal frequency-division multiplexing (OFDM). One of the main reasons to transmit on multiple
columns simultaneously is to 5increase the total transmitted energy, and thus improve the SNR by

increasing the signgl EyebAdHteaBRIESIGRITRINATIONBLAAPES b ARNETEFNRIToP HaRshoRaWhRIdess

important, reason is to utilize a broadhand code word, which may be used in the presence of narrowband

additive nois2 A ASIWAYRIGEIHWHE 5@'&‘[‘!‘?@8\’1%\’5‘\%#'5% dMisien g Rledngi AR BR %o T of
10code 1(t)*grderdfdsvidin Mtatr@mmWRﬁﬁg%@ab/dm@mmﬂaltw@mbom@rr Reftats (Fec. At integral for

some shorter time is not necessarily zero). T is can mean that a veré@/rlef touch, or motlon of the user's

finger during IR¥ i HEGRIHGIR"DEAB O hrP Ran LA IRIB ACERASIRHIHS PRIGNGVSIRENE Gda4N B ietively

raising the syaterigingisRitoaspEbiIEHRCH GG FEYNE MOt/ BTN icaItipRshe) l%@@@ﬂﬁptl{ne increases,
and as the number, of simultaneous codes 15increases. This can 52}5—:&}%”)/ limit the integration time,

which can lifRNHBUBCEAMER hAYSE Bt SHAHARGAEBUS doded: it SHRotE YPHRELEEHDed

transmISSlort‘m@fmmm&mmfﬁéomhﬁgmpl@m@art@iysdmam@mg@@me@w,oms dhgtarangneission can
occur on a small numper of olumns SI éﬁ% nstead of transmittin #] on on(ﬁ%ﬁne column at a time

(e.g., a 20tradiSraY RS HE %Wn?\/” QIP SERHE TR MYhs SRR RN Y., a naive
CDMA System)/d?orrﬁxaqn@i@eltiher@ a5endo, @Iurnmmﬁh@mammiaanamﬁsmgéqmaecm epdriven in

T R e e R I o g o= e
transmitting prptaheatsiioallar mymives, ahdp b os Resenulensossiy ntezeiegsationtnsriad is kept short
enough that érr]t?méjgso%ré?. finger is roughly

FIG. 6B shows transmitters 675, 680, 685, 690 where the transmitters have
waveforms 670 that are orthogonal with respect to one another, but where at any given time,

15 multiple transmitters may be transmitting a non-zero voltage (e.g., code division
multiplexing). For example, transmitter 690 has a waveform sequence of [1, -1, -1, 1, -1, 1,
1, -1], where the voltage versus time plot 665 shows that the digital value 1 represents a
voltage above 0V, the digital value -1 has a voltage below 0V, and the digital value 0
represents OV. Transmitter 675 has a waveform sequence [1,-1,1,-1,1, -1, 1, -1],

20 transmitter 680 has a waveform sequence [-1, 1, 1, -1, -1, 1, 1, -1], and transmitter 685 has a
waveform sequence [-1, 1, -1, 1, 1, -1, 1, -1]. Even though a Manchester-coded Hadamard
sequence is shown in FIG. 6B, the sequence is not limited to this type of sequence. In
general, any orthogonal sequence may be used. In some implementations, for example, the
orthogonal sequence could be used to modulate more than just a single cycle of carrier in

25 order to narrow the bandwidth of the signal.

In implementations similar to FIG. 6B, transmitters send out orthogonal waveforms,
and each receiver, instead of performing just one correlation, correlates against each
transmitted waveform separately. The orthogonal waveforms generally may be generated in
any number of implementations. For example, (almost) orthogonal noise-like codes may be

30 generated by taking successive cyclic shifts of a maximum-length shift register sequence.

Some implementations may involve classes of codes that may be used in code division
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stationary over that period, and the spurious correlation does not occur. The time-divided waveforms
for this technique can be orthogonal over any interval, for example, and not just for the full period of the
waveforms. This can mean that motion of the user's finger during the measurement can behave as
expected by just weighting each 30received waveform according to the amount of time that the user's

finger was ahI@RUAL R LTEMRN)TNSIR6gHND Pl BRENEDE., SRMRIIMREREARYang figietermining
the orthogonal excitation waveforms can involve selectini; a first frequency for modulation, generating a

pseudo-noisEPBEBIEHEBUSRSY Y R e RS E AR, Ulatey s1ticiRRH %A SRt E PLIdo-noise

sequence, amehRESHAIWFT R aiim bethof eivall e Qlidhey cavisibRianHMi graing (O k). frequency with the
5pseudo-noise sequence. The first frequen(:é can be ener_allé/ around 100 kHz, and wherein the number
I

of carrier signals is Y Ahi A NERSRHP AL AN CHTHBISSRIHMNS YOHHANSAYSHAS R sensor is

presest at a ipareaye fROeRDtianomntieenenoiesdiereiapiRies the SRzoniatrefseatkesyeacy of an LCD,
or the frequeb(ray HOf ogse@t?ion,of a cold-cathode fl oresc%]g} bz& klight), then all of the excitation waveforms
e .

may be desi ROSEAM 3t BYRIRBisE IR T OORW RHRSERAEAG, the

generation ofeasoiaielo | ihat isrostRaanaloveermnavitiseighaney nardspsntoofaileasbanth the
modulation freaﬁl[e%r%gioand the base pseudo-noise code. In some implementations, if electrical noise

from a sourc%]I tife sensor is present at a narrow range of frequencies, but the exact frequencies
are unknown, then aie thetecnirRR cGirsomiaygbraneasUnedulpdriog @xciteitontamubfasms may e chosen

Do daforminghORor GRSy BB Ao e A AR S UF CURC D SRBR VI, and
measuring thetegrertarmspaiebeosignahiniis s imeosssad liozére)eteiveds nidais tneaswsbeirf rayhhe
repeated, for example, at an interyal corfesponding to the rate at which 20the unknown frequency is
expctec to 8F AR AR Ko IEEhY AT AUerGE At (e LS BUNGUp AT AT e rate at
which the unknpowndegusidey, isfRxspectedlisiehangestem’s noise floor. This effect can become
more significant as the integration time increases, and as the number of simultaneous codes
15 increases. This can practically limit the integration time, which can limit the acceptable
number of simultaneous codes.
Implementations of the described transmission technique can therefore be applied
partially. In some implementations, the transmission can occur on a small number of
columns simultaneously, instead of transmitting on only one column at a time (e.g., a
20 traditional time-division-only system), or on all of the columns simultaneously (e.g., a naive
CDMA system). For example, if there are 90 columns in the matrix, then those columns can
be driven in pairs, and the frames can be divided into 45 integration times. In another
example, the columns can be driven in triples (e.g., three at a time), and the frame can be
divided into 30 integration times. By transmitting on only a smaller number of columns
25 simultaneously, the integration period is kept short enough that the user’s finger is roughly
stationary over that period, and the spurious correlation does not occur.
The time-divided waveforms for this technique can be orthogonal over any interval,
for example, and not just for the full period of the waveforms. This can mean that motion of
the user’s finger during the measurement can behave as expected by just weighting each
30 received waveform according to the amount of time that the user’s finger was at or around a

corresponding location of the sensor.
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Locally improving signal to noise Techniques and implementations are described for locally
improving the signal to 25noise ratio in a capacitive touch sensor by selective scanning. In some
applications, it can be useful to know not just when the user is touching the sensor, but also when the
user is about to touch the sensor (e.g., when the user is holding their finger within a few millimeters of the

sensor, but not toudvig ihpiavéRetivnaRiliveterfRia thiseongbien aemelmesdpieiiadio as a

"hover" condition. Techniques are described to measure the "hover" using only the standard

differential cEPYAMESUECHY & Uksh FRAUBRE Vel MATLLAHSR, BRRATRL A% RERHHS TRISHERAENSS maintaining
an appropriaie{liginRe fitetMequENGL Gi1seaing AANMICR (R DfoRHIRdIpSEI@S e sl éABRDARAIlY averaging

the output correlations to produce a lower-speed, lower-naqise signal for 5 the "hover” condition.

Techniques FATURY I VORI ATANF LS AL ﬁeﬁ?r&?rcgﬂ%'l\ﬁw&%%ﬁ?’? fizshireayRace WithtBekermel the size

of the £xpecireu@sponescmnesampdeti wheegthe disein Hauekvag yheonairboo kel Esgiioandpspduce a
spot of about IOmm in diameter, for xan?gle. As the r'ffsl:fer mov?s theé[ fin%er avv_aé/éjrom the matrix, the
intensity of tH4t YY8PR5A &éHﬂ@&é@,”Beli‘t'ﬁq S8R i dREx R e s UG AIBL S L Fatial

resolution cajuiiaceepiatie ikoprbSihisexamme rangd bereean freqidivideclvniguenir iprove the noise
performancegbg selecting ¢ rﬁain transE}it elements for ?dditionali tegratjon tiirne. r example, there can
o &Fﬁh 0\ Goer ¢

be an initial 05 VHEHE iAB P SRR TR aHRIRE L OPE &Y Uhe eI NS ve a
threshold cofidiiescént BgtRrENY, ierhaver eaneidiatienduagdiones thagsealddignedtiicbeayreidtiseshold
15may be very close to the noise floor, which.may trigger a false actuation. To avoid, tri rin% the false
actudion. coR MRS BUISEIBEAFPEIES  Hh RSP AR RER AU TN HRERIPR R WEKEIRTEAR & averaged
with the origireh sigisaladsmreveoibefriguendp maisddosrithoneckasidathshél imlinapmvidpnersurement is

still above th%geoveh%hreshol , then the measurement can be reported, otherwise, the measurement can
be rejected. ttﬁea e Biﬂgk%g(?q)ee significantly degraded as long as only a small fraction of the

columns are touchdd sorheuapgehaingative) ifiglectiicabnoise inemimgdaroe vilatidosheketsoiisre are fewer
receivers than rows, the receivers caE<

ca be usecEST LA BA TOLR RS U i arab TR LD e or &
complete schrdoeratistmagibeviibasnred,caplditeNRiondvadfams radg.dé vimseh e gpoiseilyiar fan
example, to a(r:naent(g ee %?ti%eggﬁg??ont%trrﬁgas?@r%g noise sources. The frequencies of the noise may be
determined, for example, by holding most or all of the transmitters at constant output voltage,
and measuring the spectrum of the signal that is incoming to the receivers. This
measurement may be repeated, for example, at an interval corresponding to the rate at which
20 the unknown frequency is expected to change, or run continuously, and averaged with a time

constant corresponding to the rate at which the unknown frequency is expected to change.

Locally improving signal to noise
Techniques and implementations are described for locally improving the signal to
25 noise ratio in a capacitive touch sensor by selective scanning.
In some applications, it can be useful to know not just when the user is touching the
sensor, but also when the user is about to touch the sensor (e.g., when the user is holding
their finger within a few millimeters of the sensor, but not touching it). Having the ability to

detect this condition is sometimes referred to as a “hover” condition.
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integration time, and then re-scan only those columns in which touches may have been present,
according to the initial scan. It would also be possible, for example, to scan those columns in which
touches were present in the previous frame with long integration times, and scan the rest of the matrix
with a shorter integration time, or even less than once per 30frame (e.g., in an interlace pattern). From

these approaches, thernitjabsaveadrridiave metslirdiincieasedlaiensylPincadraieaaatelaipngy on

subsequent frames. FIGS. 7A and 7B depict diagrams of examples of timing diagrams for frames

and subfran@P2EN@%Ee7 KU RXFBPLA IR AEChRIBHRSCRY IVANYE MBROVANE e biousie X AHAIRG,
including pedpepinep?i seafanfdhaaoplctaeRsesUBhiIfiaTIAGE: Raierarderd 1 20tHRleHage, with full frames

at about 30 Hz and subframes at about 120 Hz) while scanning 5those columns that had touches last

frame at full §TRATAAVRIAGIRNEF AUPHEEOLS YRS BIAERE RS RREGBLIMETTiPISe SN TR shows

a diagsam ofig-@xesp & Allit SeaT &haigoas Jar auRNiey 6If 39 ki oKy alianamn g Loyveibh ol sy bdeames 720,
725, 730, 735 having a subframe frequency of 120Hz. FIG. 7A shows that there are 16 columns per

frame with fOIARDRIMKREHRIE R FEIRE hAd RS 1B GBRCHRELSBPHRSmECTHE TR HNeEne KSehbws an

interlace pattgiishiviththertetekese useFHten P dews soisfalissntaltamekpame el Fecamaipliae Agan

frequency of 30Hz for a frame 765 with fouy subframes 770, 775, 780, 785 having a subframe frequenc
of 120115 FIEE SEE SIS ES TR GRS P RO B0 AT VRER RS AR s TR e four”

subframes pgyfspore. diraceacainifdfeassd sbakesdatriatedapatiaiiesslwith aaopehdoepalb@fiol 54, where
columns 3, 4 and 5 are always scanned for enhancing latency. In some implementations, the latency of

the sgzgtem rHH@%@'Q ¥ind 120Hz once the user has touched it. FIG. 8A depicts a flow diagram of an
example of a methath&t@in seatharftetiiraqesabtirempensaie hikedprihovindheynetbaihg toragnnterlaced

4:1, wh first set of selecti I d and col d fl tl
touched et G LEEGTAGAEbPALILRTOR QSRTAN A1 SR AP P ol I Sl A AP BLATHL o a
currently tougheaddisi ieetaethosthavebresrssameing aolsIrenard @, 8) arg805)e andrssiaiding columns

f the " ly toyched" list (810). Th I 1,5,9, .. (815 I f th
ountently G TRBIOREL A0S oS oA AR CHBATLER Al 3 NBVEOTrerbal o SRR Aea) B8 imns from
the "aerrentlyntgusheelidoé8 30 e ecisafioed, vamdH neay ealygans ), atiyatio@35) ateiscaiygerdngnd

columns inolE42 So AL o 8 T N i RGBT ALS L A LEoted molude

every fourth eslimoaheiwamnagetimithQtio eaginandatatednpndveahetagieiciiveots dionnisostcludes columns

f:rglﬁ‘n?nt?] ;”t’hggﬁdmgt%%‘? B L s Rl S B A Y RV P HIE RS R gy een column 1 to
measurement can be reported, otherwise, the measurement can be rejected. The frame rate

20 may not be significantly degraded as long as only a small fraction of the columns are touched
or hovered at a given time. In some other implementations where there are fewer receivers
than rows, the receivers can also be time-multiplexed by selecting row.

Other techniques can be used even just for touch, for example, for the condition that

the screen size is too large for a complete scan to return data with an acceptable SNR and

25 frame rate. It would be possible, for example, to scan the entire screen with a short
integration time, and then re-scan only those columns in which touches may have been
present, according to the initial scan. It would also be possible, for example, to scan those
columns in which touches were present in the previous frame with long integration times,
and scan the rest of the matrix with a shorter integration time, or even less than once per

30 frame (e.g., in an interlace pattern). From these approaches, the initial touch can have a

slightly increased latency, but a decreased latency on subsequent frames.
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third set of selective columns includes columns from 0O to n, and where the columns that are selected
include every fourth column between column 2 to column n; and the fourth set of selective columns
includes columns from 0 to n, and where the columns that are selected include every fourth column
between column 3 to column n. FIG. 8B depicts a flow diagram of an example of a method 850 to scan a

single 5column of thecEneRantERAeHIGd RPNy OIVemATABNITAIAIING WRiRaA F6tiHarABiLNN
simultaneously (855), clearin\%gr"currently touched" bit for this column (860), and then performing another

method 880 SHHIRMESNiFone Y aRE e QR RE LSS S TRIRYHaME RY 8418w in the column

(either sequesiidivi@niidinaray@RrbhairRatsials cMH-aRIY RMRBNTIA MVl acisihec 88§, fargeading out
measurements for row i Sﬁ 10the measurement is below the baseline, setting the "currently

oo b RS A T Aes AEDRHAR LA T ER A AN o2 B B SRS ol

scanszand thaiseessivadssigndsdasachesthst iereemiinesheNRieamd exttighiestaantheShtefar a single
scan. Transmit wavefor desig%lfgcﬁé_ oise immunity 15Techniques and implementations are described for

providing nofSESHIR YRR 49 itted waveform for the capacitive touch sensing matrix.  If the

touch sensor is used @@ oEhBRSMIATRMAOST lPeRhADIE GPa toan dhe daminajibroy tFesoHaGses likely to
be derived frﬁm the LCD oCPerati . For exgagm le, an LCD Ean_have round 1000x1000 pixels, can run
e

around 100 fAME< W UBIOHESUNERRRS Aale’aTine Dokt AR AT HHLE L sAReREY & hdliia (100
frames/s)*(1900. e shisam ear #2P:Q00 lieeslanpi Pepfiimde Wik fuun bsluinieprotiopialadandefae displays,

such as for flat-screen televisions and large monitors. This can be close to the excitation frequency of the
capaihive oV S AT RIS e R TIER A PABISEM S0 ALCBF s
impk)llementlatior;]s, tha@x?&amw' frecienemn csaheceiptied auc&nthemﬁﬂgzifﬁxﬂmﬁ]m@hncg@vmfaﬂ@
orthogonal tq the 's_line-scan freque el ation peri or which the LCD's J]ine-scan
otuomoy in R S G b TATHES L o L S BT OHE 7 oo

transmitted WSeBhisathanthedLdadeld catoeinsipenframe with four columns per subframe and four

subframes per frame. The scan in FIG. 7B shows an interlace pattern with a touch in column

15 4, where columns 3, 4 and 5 are always scanned for enhancing latency. In some
implementations, the latency of the system may be around 120Hz once the user has touched
it.

FIG. 8A depicts a flow diagram of an example of a method 810 to scan a full frame of
the sensor. FIG. 8A shows the method 810 as interlaced 4:1, where a first set of selective

20 columns are scanned and columns are scanned from a currently touched list, and a second set
of selective columns are scanned and other columns are scanned from a currently touched
list. The method involves scanning columns 0, 4, 8, ... (805), and scanning columns from
the “currently touched” list (810). Then, columns 1, 5, 9, .. (815) are scanned, columns from
the “currently touched” list (820) are scanned, then columns 2, 6, 10, ...(825) are scanned,

25 columns from the “currently touched” list (830) are scanned, and then columns 3, 6, 11, ...
(835) are scanned, and columns from the “currently touched” list (840) are scanned. In this
method 810, the first set of selective columns includes columns from 0 to n, where n is an
integer, and the columns that are selected include every fourth column between column 0 to
column n; a second set of selective columns includes columns from 0 to n, and where the

30 columns that are selected include every fourth column between column 1 to column n; the

third set of selective columns includes columns from 0 to n, and where the columns that are
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a frequency pair can be selected using the same or a similar process as used to select a frequency pair
for orthogonal frequency shift keying (OFSK). For example, the frequencies f 30and 2f can be orthogonal
over a period 1/f, regardless of their relative phases. If the LCD has a line-scan frequency of 100 kHz,
then the scan of the matrix can be conducted at either 50 kHz or 200 kHz, and the integration period can

be selected ggawitiplgdelRdReTolPtNeALAR Benidan BeisR ROW D IR AiRepeRRdRUHaNeY gyould then
be entirely rejected. Mare complex waveforms can be designed in the frequency domain and then

Fourier-tranSRIFATRG, G WHRS IR MG sFAl RS JLon g Sriftth W hEreARe Pl Bys ARPHATRSHESHRLe response
(FIR) filter coréfidenigeforraupdricklamiRaneacyIRaRPBI6 coliem e correlation occurs in the digital

domain, it may reject the noise_é)F?I% if the digital Q:rgnals are an a proximate%accurate_representation of

the analog current fntGtAB FASWCH thE NHHagANH ) REPERAR I8 PRI SN BSR@ @ ase and all of

the nojse may eiberigiesiashr! oragdiess el A RGohlsaitHating it eodditnlm ethe Adhémpan be chosen
so that the converter does not saturate with the maximum gr highest expected noise level and the

maximum or HIYHESESRA Faves clearag i ecHtfatthniokrhedtdibieg Hisy AvBIvdSa%bimy dM5dtch filter in the

receive pathgef@ieshdhe aigenieesnessy, Whishcan igietithepraingy surhif thaiexsitaiion waveform still has
energy around that frequency, then that component of the transmitted sjgnal be rejected 15by the
Cecever ThiCEREN gk SAE kR TE TR SELEOTR NG AR BRI b TP RRAE uthzect

Some alternatiyenisaglementations veahskesignetefbiaratiiteousiposd Feacificaily towayscay, eadnponent at
the noise frequency, which can allow the system to make full use &f its transmi ower while rejecting

smitted
the nifise. FOPSITEAETBALH 1SS HE L BRIEN TS HB B E fretIL i%ORﬁ]E)Wan\t avaKLSoWEn 20is
generally thggzye Treararliétls sEphstanganain FIOSCA At WBMag hastanuie stack adtiesinstant

timings, independent of the timing of the input signal, and can resample the input signal to run within its
s A T Sl R Dt
necessary to reject some other narrowband noise source from the environment, then the implementations

may involve selecting the transmit 25waveform adaptively, according to the spectrum of the noise
measured on.the receivers. In sog}%%jmgemeruations thr.fsholds for a detecting a touch can be selected
0]k

adaptively, acrtﬂﬂfﬁ'ﬁ'é (o ﬂ{gb P(h'@ol’éSéWg&"Hé ge, so that if the ambient noise is high, then the
thresimwld to detect Treehoigriascand e phereatadraradetdestikbébd dod fanvidgueniviged fatea ttyuictiivan be
reduced. transmitted waveform for the capacitive touch sensing matrix.

If the touch sensor is used and/or implemented on top of an LCD, then the dominant
source of noise is likely to be derived from the LCD operation. For example, an LCD can
have around 1000x1000 pixels, can run around 100 frames per second, and can have a line
20 scan frequency that is therefore around (100 frames/s)*(1000 lines/frame) =100,000 lines/s,

or 100 kHz. This can be quite noticeable for large displays, such as for flat-screen televisions

and large monitors. This can be close to the excitation frequency of the capacitive touch

sensor, and may therefore be considered as in-band “noise.” In some of these

implementations, the excitation frequency can be selected such that the excitation waveform
25 is orthogonal to the LCD’s line-scan frequency over the integration period, for which the

LCD’s line-scan frequency includes the signal that is the dominant source of “noise.”

In some implementations, if the transmitted waveform is an unmodulated carrier, then

a frequency pair can be selected using the same or a similar process as used to select a

frequency pair for orthogonal frequency shift keying (OFSK). For example, the frequencies f

30 and 2f can be orthogonal over a period 1/f, regardless of their relative phases. If the LCD has
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30FIG. 9 depicts a diagram of an example of "noise" at an output of an analog front end of the system
before demodulation is performed. The diagram 900 includes an example of a voltage waveform 915 of
the voltage noise versus time. The voltage waveform 915 includes at least two additive components: a
stochastic component 920 corresponding to random noise sources, and a deterministic component 930

corresponding it iR e sdnelieInied Igie shelientiengyofline AiagnatarPl donalesingisentaien from a
simulated example. 5FIG. 10 depicts a diagram of an example of noise after demadulation is performed

with a good KEIEOfiGRGKER SRR NGRRILO R PRSI DG Sie HBB aShBIWE IRIG Al eHORNh 204 b the

received noige. VEXSUR s §oling it StHhereqyeioyWdlldaHeamberifirapispiotdd ity agcesaipiko an
ADC output, since its relative value (i.e., the SNR) is considered here. The noise ari#iears with no visible

deterministid\QYGERURS, SAHPS ARE ARSI LIS EIERF % CoTRaiP e SRUBS FEUIREAMIL 6T The magnitude

of the foise isigiRll (Bing BievaHdafpintmhisaotieaohoasiatefiiiy pulsercipaisanFIGIGilprolves noise
taken from an example of measur d:}ata. FIG. 11 depicts a diaggra@}_of an examp&l;e of noise after
demodulatiofPE ERS TRCA TR L R TS o RS ERBAN PR AR G shows a

waveform 1bmibpfitheayaepivetheatise\wigus thandigitag yohxis atthe aypusipnaely A6ciyatethe same
arbitrary units as in FIG. 10. The noise in the waveform 1115 involves at least two addifive components: a

stochastic coPPBIRBIHEN PLLRO ARRIRP U FEFH dRO R EPLH e ARG saiesi FRSFEABRBdReRt 1110,
which is duetpstig Ialiessdthoszeniad rfresthéresise Aty elotis: ke eiic Taemadsiaiendbe magnitude of

the noise in FIG. 11 is larger (e.g., arou 0 2Qcoynts RMS) than in FIG. 10, The diagram 1100 involves
s atcen AT s St AL e 0 BN SO 18 B e A b reiation
of noise freqienasagaimssraxgiiasion retienciolet baninteg ratiomperiodhijhestitgraneds00 shows a

sinc-like waveform 1215 of the chi?ss-correlation bethien the noise an (chitati%n fre uenciehs over an 25

integration period, ﬂ@ree%%rdm Tepasians fBF“fH@VQ %%pé%ﬁgt?o'ﬁoﬂs LR LG LeeSE B s 1210
of the wavefajerihbholdeefiequisoyf timaisiagrajedtandesisenbumidlizedxoitaticr ueaoéfon® vtilehathe noise

and exc_itation fre _uenci s aree ua_ll. In the waveform 1215, the noise frequency.is 135kHz, and the
teoration PRSI B UYL ILE T SRR L BOF R PANEBHS e AR S HEH I R e LoD
panels, a burst it beosidbanthiose dieartiee heremtsciseditoanmalivlsslwenpbtieatiofl tiagigriane. For
e, o Bt S R o R o PR SR e SRR By 0 s of thx
8.3 ms
specifically to have no component at the noise frequency, which can allow the system to
make full use of its transmitted power while rejecting the noise.
For this approach, it can be useful if the noise frequency is known in advance, which
20 is generally the case for an LCD. For instance, an LCD can run with a constant pixel clock
and constant timings, independent of the timing of the input signal, and can resample the
input signal to run within its internal timebase. But if the noise frequency was unknown in
advance for some reason, or if it became necessary to reject some other narrowband noise
source from the environment, then the implementations may involve selecting the transmit
25 waveform adaptively, according to the spectrum of the noise measured on the receivers. In
some implementations, thresholds for a detecting a touch can be selected adaptively,
according to the magnitude of the received noise, so that if the ambient noise is high, then the
threshold to detect the touch can be increased, and the likelihood for triggering a false touch
can be reduced.
30 FIG. 9 depicts a diagram of an example of “noise” at an output of an analog front end

of the system before demodulation is performed. The diagram 900 includes an example of a
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frame. This noise may appear in the measured capacitance image as a particularly noisy set of columns

since the frame is time-divided by column. These noisy columns can move within the capacitance image,
for example, at the beat frequency between the LCD's frame rate and the capacitive touch sensor's frame
rate. If the LCD and touch sensor are frequency 5locked, then the noisy columns can be stationary. If the

LCD and tougdiiagesrivererphessdpaieds taga nbrdaeasigtietdhase DeiggeNdURRs FroBEreleattied, and
measurement can be halted during that time. This may slightly decrease the available integration time,

but may impRolREthIUR GHAAKE CHROB LA Aiasti & RRIRNIERT T4 GRE BHRSdi N Ik E B9 BRI cting
directly to theolfeBssapixal dlRek afstisWoehenkaataD (8reessttaisnabige PEDSidnRsoHtihasflQtechnique

for phase locking is notﬁoss_ible, then the sKstem can be phased locked by looking at the measured data,

and identifyiffgIHE R EAE- AR TaTIR W ON e} AR'SE LGB QM A ey atE XAt fame rate to place the
highest-noise colurmns inghepsiesitediQr ipiaFtapQSEon] el bis teehiieH 8 e Reidnay éerdiavei a

connection to the LCD m?dule. Some imFIe_mentations m%]ér nsmit multiple ortho onaé excitation

waveforms M ALARERFIREY R Pl AXSIELIA) YaMETeERhnlqEeuad ATt Y0TCBAN FbAKRGRIEE 181N

implementatigfiraneseive ciistovenpesinll Phehesicttienwvieetiarme B thogenil devihamaisidrequency.
The noise frequegmmar%/ be known in advance eﬁ}gd the excjtation wavefarms may b desigg ed to be
W07

orthogonal t8%H4 Bt QLR HBGEIRS deltFe Rl & ot R MRS ERIS L ehgTend Roise
frequency mayisecappeasiiigth wsingsible aékeathietis, sadttire, axditpijenarvaveiasimongwbeeelected, such

as being adaptively selected. Excitation voltage . | The system's noise performance generally can be
R = e R N R o AN S Rt
techniques adedmBoxe tRVESS NRercigeing 1000 6RiNEagainstdken dasre chaxaagirdovmeasorsn, where
the valid reca%ved energy is extracted from the signal, and choosing a waveform orthogonal to the noise

to decrease F¥total received noise. Another technique to improve SNR can be to increase the transmit
power. For instance|gnall dapasitiiagranhofensananiplg ofaroisodifer diagooalatista ge)foamaperated at a

standard logic.yolt % .0., around 3.3 V, or slightly high [I? d 30lgrger touch screens (e. round 15"
or larger ciatilol HRARL BN B LRELHR ERRI Mo LRAAIb B A G e el wit
voltage, sonyf thiplerbivetations canustpreyeTtieySINR b thaviagefosysianbtikahahesates avifitrarynaximum
transmit voltage of ZO(h\é f@é e)[i mple. Thig can in reas&%diatep emis‘fioni, Whi(g(i? can be mitigated, for
example, byL' Fti%sg”f'he leW raté ot 125t'8 %&‘{"%{F@% a{ﬂM& YiR FarshRA élr’w\{ﬁ with a noise-like
(e.g., widebawnd)pundatsT hisadnsiseonpeast toereypwadinid tougidtme nsiss, doutdéstand a
deterministic component 1110, which is due to the aliased horizontal refresh frequency of the
LCD after demodulation. The magnitude of the noise in FIG. 11 is larger (e.g., around 20
20 counts RMS) than in FIG. 10. The diagram 1100 involves noise taken from an example of
measured data.
FIG. 12 depicts a diagram of an example of a correlation of noise frequency against
excitation frequency over an integration period. The diagram 1200 shows a sinc-like
waveform 1215 of the cross-correlation between the noise and excitation frequencies over an
25 integration period, where the optimal choices for the good excitation frequencies occur at the
nulls 1210 of the waveform 1215. The y-axis of the diagram has been normalized to a value
of one when the noise and excitation frequencies are equal. In the waveform 1215, the noise
frequency is 135kHz, and the integration period is 6 cycles of excitation frequency.
In some example implementations on some LCD panels, a burst of broadband noise
30 can be generated during a narrow slice of the full frame time. For instance, for one 557,

120Hz panel, the broadband noise may be generated during about 150 us of that 8.3 ms
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5current may be no more than tens of microamps, for example. This current can be much less than the
threshold of sensation, which can be around 10 mA at the frequencies of interest. Because the threshold
of sensation increases with frequency, as the sensation changes from tingling (due to interactions with the
nerves) to warmth (due to IA2*R heating in the flesh), the high frequency may even permit an increase of

the maximuraseentableorse any Hyisus mlBthedisared\deitisialbs ifaglengealmmis ssepred at a

time, and the user is tou_chintgeonly a small number of columns, then the average current is further

reduced. Thid A MESHNFSBS SrAPR IS HIG AN AP SATRRin G MSLJIAMM S AN ROBRR 519 sensor, then
the average witheitheaapgaeiBH&0 phijec foeakaeniiend: oaad freqiard BaheehniuesPRdrame

implementations are described for designing analog front-end circuits for a capacitive touch sensing
system.  FA6 234 e SRRA YR Bnai SERMdBFolhbiR K<PSREdLUrInFAsEhars tied ft-end
amplifier andgz ke Biaoméradisy 0ol ampiber bERedRargmIL 80 gowsdacioplsstoperapmiitier amplitude

response 1320 and a two-stage. amplifier amplitude response 1330..The 20first and second stage
ampifiors o PSHGH LR TR 2SR eY SROURECROR 06 e EoNPE Gearw BRIAAR PBperational
Egrr:lifieri, aﬁéltlélaiﬂ@riﬁgdﬂai ﬂm tm'rﬁ?mag%ﬁdifn@wé&r@ééfﬁ]bmﬂaﬁma%@aﬁﬁmﬁ%a%d mﬁvstance R=5

m. The single stage amplifier amplitude response 1 as undesired peakijn 10 in the gain,
which conreSBNR 6 U RE S5 TRE BOMRAE S b RIS PR IRE ] SHESL e SRR may ot
atter;npt to ta&@eabl {l%fdiﬁ&tmﬁhmpﬁemlgm mﬁmt}hibﬁﬁ?@u@@d& ey éﬂéb%,iUEkalgHaﬂ@.kﬁﬂhihhe |
amplifier stable with a_large capacitance to ground at the input. These jmplementatijons may take a sma
ransifhocaaRCTSH T HORE TR Brdth A0SR BT FUSL E0h QO S AR ot RN iprove
performanceat Theriisialrb@asia) pedadeeifan cantigheboseiRdaensmouaitsntedl §iatcsd it deyvice and
other noise of that firs; stage does not dominate, since that noise will be myltiplied by the.voltage gain of
the secona St T PInAE o 1SR B8 P Rl dHe R oD S P Gl stage. 1
expected to DhigatetgleQtey isMavarsHie senmndcsiogehtas BARIMGIWE. V/V, then the first stage can
have the device noise (and rlé)ise&{ra(i)m other noise sour ﬁi) inclllfin oise. C§§ﬁled from the power

supplies, for exam QM VBT RS9 A3 BB f éeaog SEEHA M’ﬁ%e Ep?wo-stage

front-gnd anypfigrangousty, for example, by using techniques similar to CDMA techniques. Such
implementations may be able to choose all of the excitation waveforms orthogonal to the
noise frequency. The noise frequency may be known in advance, and the excitation
waveforms may be designed to be orthogonal to that known frequency. If the noise
frequency is not known in advance, then the noise frequency may be measured using the
20 receivers, and the excitation waveforms may be selected, such as being adaptively selected.

Excitation voltage
The system’s noise performance generally can be determined, for instance, by the

signal to noise ratio at the receiver. As described above, various techniques can improve the
25 SNR including correlating against the correct expected waveform, where the valid received

energy is extracted from the signal, and choosing a waveform orthogonal to the noise to

decrease the total received noise. Another technigque to improve SNR can be to increase the

transmit power. For instance, small capacitive touch sensors (e.g., around 4” diagonal

distance) can operated at a standard logic voltage (e.g., around 3.3 V, or slightly higher), and
30 larger touch screens (e.g., around 15 or larger diagonal distances) can operate around 10-20

V, for example. Because the SNR can scale with voltage, some implementations can
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In the circuit 1400A, the first amplifier IC 1A has a reference voltage VREF on a non-inverting input
terminal 3, and an input INO at an inverting input terminal 2, with a first feedback capacitor Cf and a first
feedback resistor Rf connected between the inverting input 10terminal 2 and an output terminal 1 of the
amplifier IC1A. The output terminal 1 is connected in series to a capacitor Ca, which is serially connected

to resistor Rgn e earook RMPHEeL & ham ahaapktieEing e minahisrnaesied/sthe sfzoence
voltage VREF and an inverting terminal 6 connected to the resistor Ra. A second feedback capacitor Cb

and a secontf FEBRAPIEsiSY? B9 DAL AIUEH IR WMUSHRYiRp MIHIMAIY SR 50utput
terminal 7 ofiheirnanethesnlifiate 6ffst edgthieimplaiv@ntativ el friFsntAdcaghaciideanbigs-quality

pure analog front end, usirégplinear amplifiers. This_configuration can maintain the input voltage very close

to a constant'&5ed- aWPREANBIEPSRe JiHifeR A SCIRSIERTAARESUSFEHAGHIR 138 H59(, BYHRAbf the sensor
can be connggteditmiyeoipe bl thhRiseAe siam igraaniss diangimpledante aumahfieintwitdhegain being

determined by Rf and Cf, This amplifier 1400A may be regarded as an integrator, with gain (in units of
Vi) 1oy TR e T RO RO B AR SR ARG g B hosen to

:
place the tinBecqusstany IRFECHIRISHE sEhaatitei idtegiadinitp edgderioysianietagiatesdcibaget eomput. For

example, with an excitation frequency around 100 kHz, that time constant may he aroynd, (2.2 nF)*(2.2k)
a8 s, whitHO B (e A BN BT VS 1 BTG ot e AT G demaor
matrix, this apefiggidiauessy esseatielydatin avatrascdvigermairhtive duaapriile olieast indtigand the
sensor capacitance under test js Cut, then amplifier.IC 1A can output a voltage Vt*Cut/Cf, taking a
el o AU T FSHOMARG ERBAR TP SRR G B AL 156t SRR on car
be stable ang gingingeibesollesiomasttie avoidethgeutnrinBSithetheesenee@f Higsapasitanee to
ground at the input (as will gccur when the traces are long in large displays, for example, where values
mhay be i thE ARG T 15 T 45 P ML S A BT b EH L SBAREh be onosen
large enouglautrahticenomesits déteeeakistirand any coupled noise within the receiver circuit, are
insignificant compared to the total system noise. In some implementations, for example, the device and
other noiseé)‘{ arré)li%er Ig 1A 5can be the most important source of noise generated within the system,
ks &g

since that n 9% 8 & y the gain of amplifier IC 1B. In one example of a design, this may
corregpond to a cagachaipgeGihdfiamolaentt @i oS aeesdssomidedRionfdasqymoglasakanest-and arcoltage gain

Rb/Ra of arngg%éa .aﬁtﬁ%m&gﬁl%%@ﬁzgﬁé%ﬁ, the capacitor Ca can be chosen to produce a very low

gain around where noise coup om the user's finger may have amplitude 10ten or more times
as great as that of fRSsitfhdépiotsexaiagsten of an example of output responses from a one-stage front-

end amplifier and a two-stage front-end amplifier. The diagram 1300 shows a single-stage
amplifier amplitude response 1320 and a two-stage amplifier amplitude response 1330. The

20 first and second stage amplifiers are front-end amplifiers with a gain of around 1V/uA, using
10MHz gain* bandwidth operational amplifiers, and being loaded by a uniform RC line with
a total capacitance C=800 pF, and resistance R=5 kOhm. The single stage amplifier
amplitude response 1320 has undesired peaking 1310 in the gain, which correspond to
ringing in the time domain.

25 Some implementations of front-end amplifiers may not attempt to take all of the
transimpedance gain up front, because it may make it difficult to keep the amplifier stable
with a large capacitance to ground at the input. These implementations may take a small
transimpedance gain up front, and follow that small transimpedance gain with voltage gain to
improve performance. The initial transimpedance gain can be chosen large enough such that

30 the device and other noise of that first stage does not dominate, since that noise will be
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FIG. 14B depicts a flow diagram of an example for designing a front-end amplifier with appropriate values
of capacitance and resistance for stability. In the method of the flow diagram 1400, parameters include
the desired total gain G, in which the units can be in capacitance, and the total capacitance C1111 at the
input of the amplifier, which can be modeled 15as the capacitance of the ITO trace lines in the sensor.

Other paramatgtipinelugeiboqijtadian freneercont(Gthgeceveetapaplientxdal adieadhrAEaxplation

signal, e.g., pseudo-noise sequence), and the expected total system noise In, which may be coupled from

the LCD, in (FFREEH KuHERURHE AARare rRRdrslad G0 Bk BRRAFIJ G ROHAA B0 ™M & MetdBd RS olves

choosing a GégsinpaiGdiRda Hntetalonaut capaeiaries §tage2tdd AR tandesheostng Rinarasise the same
impedance maﬁqnitude as Cf at the f_requency of interest, e,g., Rf = 1/(2*pi*f*Cf) (1425). The method

! l )
involves chobB8 &ﬁ‘?éﬂB'?@k?ﬁ#’écﬁ?aM& B@;WQIQB'?H&%% /?Q?é@? Hane ﬁHHEHeByfﬂ‘i@’fﬁg}Pé?&&‘@'éain,

e.g., GG (1436 amehgesigning the first stage with total voltage noise Vr, (integrated over the system
bandwidth) such that 111/(2*pi*f*G) >> (Rb/RatVn (1435). The method also involves choosing Ca for
2about 5001 atte UGS BRI GO AL AT e 2 8 BRSBTS R B (CHAE Then, the

method invo|wqae:bi®aﬁmammhal1;mttalcﬁ)@hﬁétqmaxiﬁas@t rbfeifersse ihsitgrPARIENSS £hor-1 /(Rbi 1 Or (1
041)*2*pi) (1445). . Some of the described emﬂodiments of the sub{'ect _%itrg:r and the operations can
be 30implentBYEEN M BRSO ohi G ALLIIRHUINR Lo SOYEFLSHRRYS SN e Wk aiRfare, including

the structurefe¢lisalse:phanitbiCIped Aormiso feadishtRaEsHIOICRE abRMdieal @BiRcen Ihehvdrinagi@isof one or
one 9 more EETIREREABRLR AHICUT 1 BITElo ohaRe FTOLIEG o o el Sagram FLg dbtions, encoded
on computercshagedriresttles foreepaciionday wiith fostiral i eoppecalino eisidriaRoTReIagAPParatus.
e S N B Ao o B L e e
generated taehoastang@maiis ninacsthissiwrésisuitaale Aegrived fpppsakisfrcRyeChiom By a data
b & pest o BRI SO oaP N A AR MO EL AT Sbisor. may b
part af receivetputrensiindtersf cansponahisnplitier IOUR:
The implementation of FIG. 14A can include a high-quality pure analog front end,
using linear amplifiers. This configuration can maintain the input voltage very close to a
constant value, and can tolerate significant capacitance to ground. In FIG. 14A, a row of the
sensor can be connected to the input INO. This design may be a transimpedance amplifier
20 with the gain being determined by Rf and Cf. This amplifier 1400A may be regarded as an
integrator, with gain (in units of V/A) 1/(s*Cf), where s = j*2*pi*f is the frequency of the
input signal. The resistor Rf may be chosen to place the time constant Rf*Cf faster than the
integration period, to stop integrator drift on the input. For example, with an excitation
frequency around 100 kHz, that time constant may be around (2.2 nF)*(2.2k) = 4.8 us, which
25 is faster than the period of 10 us. In combination with the capacitor in the sensor matrix, this
configuration can essentially form a voltage divider, so if the transmit voltage is Vt, and the
sensor capacitance under test is Cut, then amplifier IC1A can output a voltage Vt*Cut/Cf.
By taking a smaller transimpedance gain, and following that with voltage gain, the
closed-loop transfer function can be stable and ringing or oscillation can be avoided, even in
30 the presence of large capacitance to ground at the input (as will occur when the traces are

long in large displays, for example, where values may be in the hundreds of pF). In some
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associated with the sensor or the receivers and/or transmitters, or any combination thereof. A computer
storage medium can be, or be included in, a computer-readable storage device, a computer-readable
storage substrate, a random or serial access memory array or device, or a combination of one or more of
them. Moreover, while a computer storage medium is not a 15propagated signal, a computer storage

medium canjlpRrfekRR A, desiiiatPipkRAPRBLIRE PEAYtAMIRSHOSIPRSRNERUGH iRaBthe
artificially-generatedEropagated signal. The computer storage medium can also be, or be included in,

one or more YEHR RIPRSERAPEHRD BRE SRUBlerRRfRE TN HRATERS ¥ & TGI8 1901 1LE8Age devices).

The operaticirlarsdiethdndhibsypreifisgiien can be implemented as operations 20performed by a data
processing apparatus on data stored on one or more computer-readable storage devices or received from

other sources.  VAPRSUE HYSPAR0GLONG e REEXATRIE A ARYAS AL PHREL ARG BEETRHES S Hoed as a
"data proceasdr?_%@ﬂmrﬁil ;f_,t:‘;rﬁmﬂtum’@@Ll@wevgmgé@gaﬁ?%@é;wrmmm%&%Wﬁm,rﬂa@@ﬁ@plrtzr, a
system on a chip, or multiple gnes, or combinations, of the foregol . e apparatus can Include

o acial puroB B L B R AT MRSk Hrold OGRSl o i AaEfgapont 1
(application-geepHifantearaierhediguit. I he, apnarakesraest alearindwleordatidonvoltagedysire, code that
creates an execution environment for the computer. program in question, e.g., code that copstitutes
orocessor RO ASIEED SR ApIEER RS o camSiSiara San B chiosrn Gyuiatiice

cross-platforefuRtimeRbsanmnenti2a IBeidurliseashpled Gomeanbinalion &fong tamoamlithem. The
apparatus and execution environment can realize varjous different computing model infrastructures, such
b Sl tpierme

as web servf@@sqrdm%ﬂ'f%?f éélg{ﬁﬂt[i?ﬁgtgﬂd) fructures. A computer program (also
known as a programriGofamdepredtavioovaplication aaekainpledodepsignihg afridiereit ampfifien of

anguages, HONERERTRHGo R ARG e T BRRaSer G i FIBLRCH O B0 Gl
component, glagramting X ipgrametentiesludbttse idebiedavtas gdm Goamphighgrenwiioruaebe ik computer
D e A5 A RPN A e 2 e B RN SR o of
10dogumentys ithacapgitafice d¢ thed®O tathdipsodniahe sempoesiheoparametéiplincldedinated
excitation frequency f (or a center frequency for a broadband excitation signal, e.g., pseudo-
noise sequence), and the expected total system noise I,, which may be coupled from the
LCD, in units of current, and can be referred to the analog front-end input.
The method involves choosing a C; comparable to the total input capacitance Ci,
20 (1420), and choosing R¢ around the same impedance magnitude as Cs at the frequency of
interest, e.g., Re = 1/(2*pi*f*Cy) (1425). The method involves choosing a ratio Ry/R; that is
equal to the desired/target gain divided by the first-stage gain, e.g., C#/G (1430), and
designing the first stage with total voltage noise V, (integrated over the system bandwidth)
such that I,/(2*pi*f*G) >> (Ry/Ra)*V, (1435). The method also involves choosing C, for
25 about 500:1 attenuation at 60 Hz, so that capacitance C, = 1/((R;*500)*(60 Hz)*2*pi)
(1440). Then, the method involves choosing Cy, for about 10:1 attenuation at 10*f, so that
capacitance C, = 1/((Rp/10)*(10*f)*2*pi) (1445).

Some of the described embodiments of the subject matter and the operations can be
30 implemented in digital electronic circuitry, or in computer software, firmware, or hardware,

including the structures disclosed in this specification and their structural equivalents, or in
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files (e.g., files that store one or more modules, sub-programs, or portions of code). A computer program
can be deployed to be executed on one computer or on multiple computers that are located at one site or
distributed across multiple sites and interconnected by a communication network. 15The processes and
logic flows described in this specification can be performed by one or more programmable processors

executing ongPbIRATEreUTBHEST RHREs Mt PEFREBH RGENE D PhOBEHRItA tnafeNiasc Bt anghgenerating
output. The processes and logic flows can also be performed by, and apparatus can also be implemented

as, special pHEOUEAIICAT EGitFIPIEHENteH BROIK BFPYS SYMRHISRIIRIANS d fay6r4MREIC

(application-fRekifés gPBMRBAEBredeaiinstrubtioase serstsyisAeTRLtBEsRIagH st Rind fepmputer
program include, hy way of example, both general and specialf)ggrpose microprocessors, and any one or

more procesSSUHPRRY 19hLHMERLNERRBGN Bk FBFA Ry OCPFHBEARRE Wi  LUNRANGHN &idhs and data

from & read-giutiate M grogAFRIMEaTtA6ESsaBeRIdted bAthh Afigisiafgri@ieirmentpaiacdScomputer
are a processohé‘j;r performir}ﬁ actions in ccordg{r?g:e with instructions and one or 5j%re memory devices
[ @Eﬂir

for storing inS4Ri6 s ArHaGAIA ERIEAAR S L LB ABHGA A SeRamaansi el RIdR coupled to

receive datagsaenagidiansisyoddtddomatidiotts DAt sFIorccRsRIsoregae[iRedos sterngcddtn e.9.,
magnetic, m %%%ci-o tical disks, or oggcal disEs. However, a comPuter need not have such devices.

Moreover, a "R55 HEGHMHBE Rt CAFHRAT SR APRAPIUS RO HtEREIABREI b &8Ynal digital

assistant (PDépadt BTahiecnsdiormsyisice Rliaysda aygrmetonseleeyos prifiakinsigrage Wavieale.o., a
universal serial bus (USB) flash drive), to nag}g just a few. Devices suitable for st rin@1 computer program

instritions SHCTAMRTHTAESAI FBASOPHORIVEESINE T ERTI) HHiEa P ARG MR U BEelREES, including by

way of exampig samicaitiihtosentemarhdeviedsre ghdoPikivhitiés BMy aomibiratisnenemyfdevices;
magnetic disks, e.g., internal hard disks or removabﬁp%@isks; magneto-opticgl disks; and CD-ROM and

DVD-ROM i8R e 508 UM URHCATePf St EAPIBE 10 SRUBR KL e e HETBD FRMESH special
purpose logicopisutiérreadable poraide dbstiateractiodonitr sevize boeasbatimenytarpdyioe seljesomatter

described in this specification can be implemented on a computer having a display device, e.g., a CRT
(oathodis ray AT B0 CE CHETETERELE) ISPy KT Gor MEH B SRR TS RSP s oL
15 propagated signal, a computer storage medium can be a source or destination of computer
program instructions encoded in an artificially-generated propagated signal. The computer
storage medium can also be, or be included in, one or more separate physical components or
media (e.g., multiple CDs, disks, or other storage devices).
The operations described in this specification can be implemented as operations
20 performed by a data processing apparatus on data stored on one or more computer-readable
storage devices or received from other sources.
Various apparatuses, devices, and machines for processing data, may be used as a
“data processing apparatus,” including by way of example a programmable processor, a
computer, a system on a chip, or multiple ones, or combinations, of the foregoing. The
25 apparatus can include special purpose logic circuitry, e.g., an FPGA (field programmable
gate array) or an ASIC (application-specific integrated circuit). The apparatus can also
include, in addition to hardware, code that creates an execution environment for the computer
program in question, e.g., code that constitutes processor firmware, a protocol stack, a
database management system, an operating system, a cross-platform runtime environment, a

30 virtual machine, or a combination of one or more of them. The apparatus and execution
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10user and a keyboard and a pointing device, e.g., a mouse or a trackball, by which the user can provide
input to the computer. Other kinds of devices can be used to provide for interaction with a user as well; for
example, feedback provided to the user can be any form of sensory feedback, e.g., visual feedback,
auditory feedback, or tactile feedback; and input from the user can be received in any form, including

acoustic, speggitoRmatiteni ARiizd v adslit omtferdRGIMPURIGGABJBIRRGEIIRILR SQIdAYASQRIING
documents to and receiving documents from a device that is used by the user; for example, by sending

web pages tSF6ED BISURLESFOMRELRG Aid A KRB HIRISIIERSE Yo T uests received from the web

browser.  While thissneaiSicptinee (AR0 kmoanyasRasdigr amp meatatisfelaihgheatahould not be
construed as limitations on the scope of any inventions or of what may be claimed, but 20rather as

descriptions & HRafIrEeh e REW BRI AP L FRED AR AL BRI LRS- AYFe FIOHL 8 SATR Rhflires that

are describephiey tréseanasiicgiornitHigtceie st iesaraRiv MmO ANENtacas @dpohedimpleynented in
combination in a single embodiment. Conversely, various fe ér?:es that are cli%e%cribed in the context of a

single embofifEAPEY 18R 88 FSRAGAINBRRIGIFAM RtiBTR SRAH HinTBMROSE AL SURIOWING AL ufbble
subcombinatigier i suRaNRIf@ltheug Ratpemgaw Pertesaibedahaveras agtnongaitdieed

combinations and even hﬂ%iallg{illglmeqifs such, one or more features from a claimed coggbia%tion canin
a

some cases 1 EREERPRGMA USSR o HRECIAM SN FRdiBHARAHBR A tiEd
subcombinatiglioo i aleyrahacukepBkjnahesr more schidisdvhilenepriatianguate depicted in the

drawings in g particular. order, this. 30should not tﬁe understood as requiring that such operations be
porfolfhed iGFBEoUAG SHALS LRGP SR REEATARd: COPRIaT af MO SH AUAE S50 AR e
performed, téilasigayefitisstiabieresnsrimorsiattiglesusabtpragants Wiiiasikiog afdgriallal processing
may be advanba%geous. Moreover tfg sg(&?@tion of varioys system comgonents in the embodiments
described atsSUP USRI HSIB e RETRR OB 1RG4 S0 O QBASPIISHSH AIPE MR SHLPHIESit should
be understoachthad tbeatielsar iredipsagrantrimmydarenss A skstiassandintgeaaiatgdpyintegrated
together in a sin%Ie sof%ware rodlyct or packaged into multiple
communication network.
15 The processes and logic flows described in this specification can be performed by one
or more programmable processors executing one or more computer programs to perform
actions by operating on input data and generating output. The processes and logic flows can
also be performed by, and apparatus can also be implemented as, special purpose logic
circuitry, e.g., an FPGA (field programmable gate array) or an ASIC (application-specific
20 integrated circuit).
Processors suitable for the execution of a computer program include, by way of
example, both general and special purpose microprocessors, and any one or more processors
of any kind of digital computer. Generally, a processor will receive instructions and data
from a read-only memory or a random access memory or both. The essential elements of a
25 computer are a processor for performing actions in accordance with instructions and one or
more memory devices for storing instructions and data. Generally, a computer will also
include, or be operatively coupled to receive data from or transfer data to, or both, one or
more mass storage devices for storing data, e.g., magnetic, magneto-optical disks, or optical
disks. However, a computer need not have such devices. Moreover, a computer can be
30 embedded in another device, e.g., a mobile telephone, a personal digital assistant (PDA), a

mobile audio or video player, a game console, or a portable storage device (e.g., a universal
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software products. Thus, particular embodiments of the subject matter have been described. Other
embodiments are within the scope of the following claims. In some cases, the actions recited in the claims
can be performed in a different order and still achieve desirable results. In 10addition, the processes
depicted in the accompanying figures do not necessarily require the particular order shown, or sequential

order, to achjeng @asifaBie)rassHtarile cesalicRR RestatDasicayUtiiapia ek PRy edrifrecessing may
be useful. What is claimed is: 1.A method performed by a data processing apparatus associated with a

sensor 5havif§&fbMSEHA AR Aok 1BEI0BAY fiodEes i &10R: YO M tRRRSTIE R AIIREWN both the

front end inteegicesanitRdirs) I3catgRPEkansRSATIccatitRe i AReNbIP SR decarmrORtpled with a
second location on at least the one trace line, the method com riSi%%éiW%l accessing a signal at the front

end interfacé b IR ARR M135A SPETAARCIEUIEST BERNGHS Ut e in H?é‘érﬂé,s'i%ﬂfafﬁgﬁ.\fﬁhﬁ the

accessed sighedsfratgtectEnERideKto dhe BthorRtigniana leasvomskef theetprsectistesiad the sensor to
promote transmission of the accessed sjgnal alon? the trace Iine,c?rrespggjjé%?tq the first location to

which the adPESENY SHIE FYRRIFERNIESP Xy AR IRFA RS e U RASIAH RN iSESWHYing the sensor

with the transmittedrsignalidt fupiregasioh thamaaisks termdduntcatasistrRnepjcapasttanaestmecanstant by
two when 15ﬁom ared tg a time co.nst&nt deri(ied from drivinﬁﬁthe searagor with the transmitted signal at

one edge; MU AR AR IEBIEHES RN A PR BRI & @f%‘%‘ﬂ?ﬁgﬁ%@ Rdiver coupled
with the secoeidnogatigntabéhertiace linguid trgsearsspla)arastiessesk anppngMiiethaiitedo the

10 user and a keyboard and a pointing device, e.g., a mouse or a trackball, by which the user can
provide input to the computer. Other kinds of devices can be used to provide for interaction
with a user as well; for example, feedback provided to the user can be any form of sensory
feedback, e.g., visual feedback, auditory feedback, or tactile feedback; and input from the
user can be received in any form, including acoustic, speech, or tactile input. In addition, a

15 computer can interact with a user by sending documents to and receiving documents from a
device that is used by the user; for example, by sending web pages to a web browser on a
user’s client device in response to requests received from the web browser.

While this specification contains many specific implementation details, these should
not be construed as limitations on the scope of any inventions or of what may be claimed, but

20 rather as descriptions of features specific to particular embodiments of particular inventions.
Certain features that are described in this specification in the context of separate
embodiments can also be implemented in combination in a single embodiment. Conversely,
various features that are described in the context of a single embodiment can also be
implemented in multiple embodiments separately or in any suitable subcombination.

25 Moreover, although features may be described above as acting in certain combinations and
even initially claimed as such, one or more features from a claimed combination can in some
cases be excised from the combination, and the claimed combination may be directed to a
subcombination or variation of a subcombination.

Similarly, while operations are depicted in the drawings in a particular order, this

30 should not be understood as requiring that such operations be performed in the particular

order shown or in sequential order, or that all illustrated operations be performed, to achieve
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20accessing a distance between the first location of transmitter and the second location of receiver along
the trace line used to transmit the accessed signal; determining, based on the accessed distance, a
transformation that the transmitted signal is expected to experience based on the transmission as a
function of the distance between the first and second locations; 25generating an expected correlation

signal basedyesiriigedetarminactéranafornmiaancesehinadiiarryarrefergisiiasisigmal aethe receiver of
the sensor; based on the expected correlation signal received, identifying information that can be

used to at le3AYPUHISAYScAHIERYEC 16 SERE" BN RIVIHAYR IHEIEERER b SR ROAURER to

experience krseghen 4heVERSNNISAR B eeattIRRSRNE Ry SABRBEpar dheeiPateaeelirataton signal
received, for at least part of the transformation that the transmitted sqi%nal is expected to experience based

on the transASdici o8 PRAIRFEIRGGGL RIS 9eSHHBRLIRrAAEaT) HRTR EBﬁé‘fﬂigY?Eqﬁﬁéﬁanrresponds to

correlgtion iferienaip peCipteeprendin@tiein arel sabre prautherpaikaskefelaimukipiherein the
expected correlation signal corresponds to correlation information corresponding to digital data. 4.

The method M4 PIOYHEL ein the transformation comprises a phase shift. 5. The method of

claim 4, wherein the iignptetinatioenivshiencasiiresjestientiatinive bedh deeribaih@tiadrclaim 1,
wherein the traEsformation comprises a Iinea][ filtefr(i)ﬂ% effect 7. The method of claim 1, wheraain the

transformatiA! gmﬁggsaaenvg HGQ‘?iB?Ppe of the wing claims. In some cases, the actions'recite

in the claims can be performed in a different order and still achieve desirable results. In
10 addition, the processes depicted in the accompanying figures do not necessarily require the
particular order shown, or sequential order, to achieve desirable results. In certain

implementations, multitasking and parallel processing may be useful.
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20and a delay. 8. The method of claim 1, wherein the transformation is applied to a sinusoidal
waveform for the expected correlation signal. 259.The method of claim 1, wherein the transformation is
applied to a non- sinusoidal waveform for the expected correlation signal. 10.The method of claim 1,
wherein the compensating comprises: computing a product of a waveform of the received
transmitted signal against a 30waveform of the expected correlation signal over an integration period,;
computing an integral of the product; the method further comprising providing the computation at an

output of the( ﬁcei\zer. ! . 1&..T_he method of claim 1, the method further comprising: 5modeling the
transformati nsmitted signal as a function of the distance between the transmitter and
the receiver in the matrix configéjration. 12. The method of claim 11, wherein modeling the

transformation comprising/MBEERIPETRIEAANY M8 RERRRINILARBRHYSLHRCHNEELYIFR SSBASEE and
capaciance [loig thedlistaaqatbgheeen [hetint aatespsond Iesabapsansmit@r IheeenA edelaim 11,

wherein determinin? the transformation that the transmitted signal is expected to experience comprises:

measuring al&&fOPeRLIBIRREGE R GG HRC O ARS SRR Bl LfosRdinet AR fJESEDISS: and
selecting oneduipleg Wit sfestaatdabeaiiomerset Iehdt ans taatienme) aepRtpyintatapriti@gransformation

that the transmitted signal is expected to experience. .
accessing a signal at the front end interface of the sensor, wherein the sensor
comprises trace lines in a matrix;

10 transmitting the accessed signal from the transmitter to the first location on at least
one of the trace lines of the sensor to promote transmission of the accessed signal along the
trace line corresponding to the first location to which the accessed signal is transmitted,
wherein the transmitting further comprises driving the sensor with the transmitted signal at
two edges of the matrix to reduce a resistance-capacitance time constant by two when

15 compared to a time constant derived from driving the sensor with the transmitted signal at
one edge;

receiving, at the receiver of the sensor and from the trace line through the receiver
coupled with the second location of the trace line of the sensor, the accessed and transmitted
signal;

20 accessing a distance between the first location of transmitter and the second location
of receiver along the trace line used to transmit the accessed signal;

determining, based on the accessed distance, a transformation that the transmitted
signal is expected to experience based on the transmission as a function of the distance
between the first and second locations;

25 generating an expected correlation signal based on the determined transformation;

receiving the expected correlation signal at the receiver of the sensor;
based on the expected correlation signal received, identifying information that can be
used to at least partially compensate for the transformation that the transmitted signal is

expected to experience based on the transmission; and
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14. The method of claim 13, wherein the transformation comprises a phase shift, and the set of
transformations comprises a set of phase shifts. 15. The method of claim 11, wherein the
transformation comprises a phase shift, wherein determining the transformation that the transmitted signal
is expected to experience comprises: measuring a respective phase shift along respective locations

along at least the opgnifRBealg; by apBISHNMOBRREMEIeasHERC RINAPREHIfE bRYSH leRsAghing the

distance relating to one of the measured phase shifts with the distance between the first and second
locations; arff the ERIMatiAR Baldhaianoalsree PRALeXRREEY IR MFLE0 SRR B ransmitted
signal is expgsteghisieyperience. 16. The method of claim 11, wherein the transformation comprises
a phase shift, wherein determining the transformation that the transmitted signal is expected to
experience comprises: measuring a respective phase shift along respective locations along at least

the ong trace line; 2. utiliFngrtiegadioteNapTRlON R Ehe tlReagis@ IR SIoNSI iR A RPFERIPOR the phase

shift that the trarésmitte,d g)l nal is ex%ected 0 eﬁerience at the i'second location at the receiver; and
assigning th&IHEERHAIE 81%%%%“5% ES0QARING L AR P9 9RB transmitted signal is expected to

experience. 17. The method of claim 11, wherein the transformation comprises a phase shift, wherein
determining the transformation th tg;e transmitted signal is expected to experience comprises:
correlating against &n in-ph %@9@% of & hd&'&@@?ﬂr@%ﬁ’é@&@é@%ﬁ@f' Q/\?ég/'éefi?ﬁ{ rSEQHECEéﬂsmitted
signal; and coreoaipdtintbthaitidraserslibiiuaighe dighshastad signal is expected to experience by
computing a function of an arctangent of the in-phase and quadrature-phase waveforms. 18. The
meth8Y of claim 1, wherein the transmitting further comprises driving the sensor with the transmitted
signal at multiple edges offthermaaity &9 cdince, & rerdianceraapaciancs dinptansiphavdwtifcompared to
a time constant derived from driving the sensor with the transmitted signal at one edge. 19. The
method of claim 18, wherein a number of multiple edges is four, wherein the resistance-capacitance time
constant is reducedsby fourhwhestieahudatechta, tvidivie ensiasfodaritied fuetmedoving ks sensor with a
transmitted waveform at one edge. 20. The method of claim 1, wherein the sensor comprises trace
lines formed MRk configuration with rows and columns, wherein at least one trace line in at least
one akthe rows or at least one of the columns is split to form two trace lines that are about half a length of
the one trace line, hereinl_ he sgrﬂ%og?zfe line Lorms a.firji stectiq:n of the trace line co resgpﬂ{jinr? to a first
part of the split trace line a o Qaaém) ’g\f%@'ﬂ' e fife s Bgﬁamarfgeﬁ'uae QEEHN %’é fof the
split trace lingffeond wherein a resistance-capacitance time constant for either the first or second split trace
lines is a function of a length of the first or second trace lines.

7. The method of claim 1, wherein the transformation comprises an attenuation
20 and a delay.
8. The method of claim 1, wherein the transformation is applied to a sinusoidal

waveform for the expected correlation signal.

25 9. The method of claim 1, wherein the transformation is applied to a non-

sinusoidal waveform for the expected correlation signal.

10.  The method of claim 1, wherein the compensating comprises:
computing a product of a waveform of the received transmitted signal against a
30 waveform of the expected correlation signal over an integration period,;

computing an integral of the product;
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21. The method of claim 1, wherein the sensor comprises a capacitive touch sensor. 22. A system
comprising: a sensor comprising: a front end interface; trace lines in a matrix configuration; 5at least one
trace line having a first location and a second location on the trace line; at least one transmitter
coupled with both the front end interface and the first location on at least one of the trace lines; and

a receiver coupled wihié&acerRANRIceAliSsPIY BEIORFRTBORSHIRERIBAGI HAWIRRIBTRR SYesRmEY IS

configured to: access a signal at the front end interface of the sensor; transmit the accessed signal
from the transmitter to the first location on at least one of the trace lines of the sensor to promote
transmission of the accesse® sigttaliddrtifeltrace line corresponding to the first location to which the
accessed 15signal is transmitted, wherein the transmitting further comprises driving the sensor with the
transmitted signal 2P RABEERRGLLIE LIheh SAMBASING: reduce a resistance-capacitance time constant by two

when gompared to @dieRepMstaahsierveddiiantae veegilee sansartwikifiatansmitadsignas at one
edge; rece|§ at the receiver of the senso ramefrom the tra e line throu hthe receiver coupled with the

second locaffbHaBFeREMEER MfelEinGRILe; ﬁéeﬁew‘ééad HOAFROSATHEWRRal: access a distance

between the first location of transmitter and the second location of receiver along the trace line used to

transmit the accessed sign
. g %e method of claim 11, wherein modeling the transformation comprising
modeling at least the one trace line as having a distributed resistance and capacitance along

the distance between the first and second locations.

13.  The method of claim 11, wherein determining the transformation that the
transmitted signal is expected to experience comprises:

measuring a set of transformations along the distance between the first and second
locations; and

selecting one of the transformations in the set of transformations that approximates

the transformation that the transmitted signal is expected to experience.

14.  The method of claim 13, wherein the transformation comprises a phase shift,

and the set of transformations comprises a set of phase shifts.

15.  The method of claim 11, wherein the transformation comprises a phase shift,
wherein determining the transformation that the transmitted signal is expected to experience
comprises:

measuring a respective phase shift along respective locations along at least the one
trace line;

selecting one of the measured phase shifts based on matching the distance relating to
one of the measured phase shifts with the distance between the first and second locations;
and

assigning the selected measured phase shift as the phase shift that the transmitted

signal is expected to experience.
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5determine, based on the accessed distance, a transformation that the transmitted signal is expected to
experience based on the transmission as a function of the distance between the first and second
locations; generate an expected correlation signal based on the determined transformation; 10receive
the expected correlation signal at the receiver of the sensor; based on the expected correlation signal

received, identify infgrmatipie thatitnope lired 10ahépanttRatHa broipianem satepieict @ prassipimation that
the transmitted signal is expected to experience based on the transmissjon; and compensate, by

applying the ¥XHEREE EITMSIRS e PERAHAI N SR NEHLR LT Rl ARS8 SRS Ehee

transmitted sigmptisegxpected to experience based on the transmission. 23.The system of claim 22,
wherein the expected correlation signal correspands to correlation information corresponding to an analog

signal. 20 24. TREASYERGR SEAEHAS PNAHTUM DS AERERIY & LPFaRAAGH AT LATeLIs s to

correlation infaeaati@n corresponding to digital data. 25. The system of claim 22, wherein the

transformation comprises a phase shift. 25 26. The system of clajm 22, wherein the trgnsformation
further comprises AMUMIBRIREA M PRAE ST GREEHA BRSNS (R EAPRRI A BBt prises a

linear 30filtestig eft@che transmitted signal is expected to experience at the second location at the
receiver; and
assigning the interpolated phase shift as the phase shift that the transmitted signal is

expected to experience.

17.  The method of claim 11, wherein the transformation comprises a phase shift,
wherein determining the transformation that the transmitted signal is expected to experience
comprises:

correlating against an in-phase version and a quadrature-phase version of a waveform
of the transmitted signal; and

computing the phase shift that the transmitted signal is expected to experience by

computing a function of an arctangent of the in-phase and quadrature-phase waveforms.

18.  The method of claim 1, wherein the transmitting further comprises driving the
sensor with the transmitted signal at multiple edges of the matrix to reduce a resistance-
capacitance time constant when compared to a time constant derived from driving the sensor

with the transmitted signal at one edge.

19.  The method of claim 18, wherein a number of multiple edges is four, wherein
the resistance-capacitance time constant is reduced by four when compared to the time

constant derived from driving the sensor with a transmitted waveform at one edge.
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28. The system of claim 22, wherein the transformation in the system comprises an attenuation and a
delay. 29. The system of claim 22, wherein the system is configured such that the 5transformation is
applied to a sinusoidal waveform for the expected correlation signal. 30. The system of claim 22,
wherein the system is configured such that the transformation is applied to a non-sinusoidal waveform for

the expected correlggion sigiandiigd dganystemet&iatre 2énshesrpribes e is eomieired such that
the compensating comprises: _computin% a product of a waveform of the received transmitted signal

against a walBiI U AR PR WIER QYPIHSRILGAS WOBEIhANeasHATSHBER RS HoAl beARh g% Phtegral of

the product; @aqolisioe systeik eInfiguotshins Rrovidinordne entpatatinRAthanpetbsuOhiNEreceiver.
32. The system of clajm 22, the system is congﬁured for modeling the transformation of the received

transmitted SFIFHT 95 BEIREHRF DI BSe MRGSHE B ERNERACH N dRERT R aher tHAMM L LRFeFaRetiBEmatrix

20configuratigfrespordfing teaSlieparobEa AR tiube 1Rie anadelingrihedsasionnatieadnitee system
comprises modeling %ﬁ least the one trace Iinehas having ahdistrib \E@{j resistance and capacitance along
A 4N Y

the distance IEHFREANRE 1R LM AFAREAAL RICARGRYT traCeslnesRaG IRHAbR KRsifteRSe: A system

is configuredifae detetantrisieihettansiatoatieso taapihe e ERtstRchAanalds expeaigth of expfiFignce by:
measuring a set of transformations along the distance between the first and second locations; and

selecting on@'cEHGHAGIHRStions in the set of transformations that approximates the transformation
that the transmitted signal is expected to experience.
21.  The method of claim 1, wherein the sensor comprises a capacitive touch

Sensor.

22. A system comprising:
a sensor comprising:
a front end interface;
trace lines in a matrix configuration;
5 at least one trace line having a first location and a second location on the trace
line;
at least one transmitter coupled with both the front end interface and the first
location on at least one of the trace lines; and
a receiver coupled with the second location on at least the one trace line;
10 wherein the system is configured to:
access a signal at the front end interface of the sensor;
transmit the accessed signal from the transmitter to the first location on at
least one of the trace lines of the sensor to promote transmission of the accessed
signal along the trace line corresponding to the first location to which the accessed
15 signal is transmitted, wherein the transmitting further comprises driving the sensor
with the transmitted signal at two edges of the matrix to reduce a resistance-
capacitance time constant by two when compared to a time constant derived from
driving the sensor with the transmitted signal at one edge;

receive, at the receiver of the sensor and from the trace line through the
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35. The system of claim 34, wherein the transformation comprises a phase shift, and the set of
transformations comprises a set of phase shifts. 36. The system of claim 22, wherein the
transformation comprises a phase shift, wherein the system is configured for determining the
transformation that the transmitted signal is expected to experience by: measuring a respective phase
shift along respectivg:ipgatiprOngtatHeastine Mattress iRetrace falesting oo el the speaseged phase
shifts based on matching the distance relating to one of the measured phase shifts with the distance
between the first atISUEBHARSHGA and ~  assigning the selected measured phase shift as the

phase shift that the transmjgteessignahitexparden it ioEINRAGEN of tr3ksn R SXisiant eésdaim 22, wherein
the transformation comprises a phase shift, wherein_the gg/qutem is co_nfilgured for determining the

transformation that '9@?%%%&?86’%%@#%194@5@%@?& xR ine acqessed $IABAL respective phase

shift afong respective locagigmalangakipastibecesst@artings:, a triiddnoalivpanitigeolation of the
measured phase shifts to_ai%;roxi ate the phase shift that the transmgted signal is expected to

experience at the sEEBHE HRCRIERCAI T EERLERAS EXRRITenceRases iy e ERISTLAR A Wi¥PLs the

phase shift that thett@apaitedsigaah thefpaciad decenpeieiions; 38. The system of claim 22, wherein
the transformation comprises a phase shift @/herein the séstigéé%gonﬁﬁured for defermining the

transformation that the tra#SMIREARIGHRAGE L LPEERYAR G the delgfinigshg against an

in-phase version anghestptaritidnre-phase version of a waveform of the transmitted signal; and

computing the phase shift that thgﬂtransmittgd signal isag\ﬁefte%to ex erie%ﬁ:é b%;%gom_puting a function of

ar;1 aﬂﬂanr?ent of the_in-ph%?&'glsiﬁi?g&ﬁtﬁﬂf §H(W _' ?ﬁf{f&e rec '3’5_( y{%_ _ éﬂ;of claim 31_, snﬁ

wherein the system is configiece chethat waoRdNi R Hdltheeed) ndaasidiMngnbdifoaensor with the

transmitted signal at multiple edges of the matrix to reduce a resistance-capacitance time constant when
. SO e $Puiith e i

compared to a time"BBRSHIRTLERIERRIRTHAA INRCBRAE AP WA HROIAHRR S Jhal AP SRR ge.

40. The system of cigimal 39 exyreraint@erponecobmedttiphaiedgasiaitoion;iherein the
resistance-capacitance time constant is redl&:.ed four Wh‘in cog}Rared to the time gptﬁns ant derived

from driving the sensor wifi? T rjf)l%laet%? & ?r??(B?gﬁ ) 1on 3¢gn chﬁ%‘? Bui %@m 22,
wherein the sensorpeenoptises drafsrinacis fahatebel fransnaitted ciiid usatipacredta@wseeisncediasads,
wherein at least one trace line in at least one of the rows or at least one of the columns is split to form two
trace lines that are %%ﬁﬁ%ﬁ%rﬁ'g'@ﬁﬂfh of the one trace line, wherein the split trace line forms a first
section of the trace line corresponding to a first part of the split trace line and a second section of the
trace line correspor;ﬁ%ngt %r%e sigondgﬁﬁr.t o%&e ﬁglit.tr ce line taad wh?r?in a.resistance-capacitance
time constant for eith@r the frsYor Sb8 ﬁ'gﬂ) A0tk (Fseé%?wg SR'6F'a |8H§{Hn 0L 77RO second
trace lines. to céreldtiesystemaifaiaionr@dontiecsto dheusaogaigianprises a capacitive touch sensor.

20
24.  The system of claim 22, wherein the expected correlation signal corresponds
to correlation information corresponding to digital data.
25.  The system of claim 22, wherein the transformation comprises a phase shift.
25
26.  The system of claim 22, wherein the transformation further comprises
attenuation.
27.  The system of claim 22, wherein the transformation comprises a linear
30 filtering effect.
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43. A system comprising: a sensor comprising: a front end interface; trace lines in a matrix configuration;
5at least one trace line having a first location and a second location on the trace line; at least one
transmitter coupled with both the front end interface and the first location on at least one of the trace lines;
and a receiver coupled with the second location on at least the one trace line; 10means for

accessing a signal ag the froptsgadrintartaamaAheHReaRAke trarfseANatoh iFpmRNem tsmeressed signal
from the transmitter to the first location on at least one of the trace lines of the sensor to promote

transmissiorfBEHRIURIALARG 3FFIA- along the trace line corresponding to the first location to which the
accessed signal is transmitted, wherein the transmitting further comprises driving the sensor with the
transmitted signal at two edges of the matrix to reduce a resistance-capacitance time constant by two

when compared to 2time EBRSYEIRTBAN G 4m WAETRL HHE D A B0 Yt Sgnal at one

edge;s  MeARSHPMARSINY PN ® resriveri ¢l tha\agosa Tentdrexpdtied el thighah the receiver
coupled with the second location of the trace line of the sensor, the accessed and transmitted signal;

means for accessing a distance between the first location of transmitter and the 10second location of

receiver along the tgace lineheispstdm GRoRMIT 2Devacsrers e signati is conkqnedeudetasmining, based on
the accessed dis ation that.the tr smitt%d signal is expected to e ?erience ased on
e S ali

Lat fo)
tho tranomi T R B AP R PR ST SR B HE AL I e G OLSRISHERON ST el for

generating an expected correlation signal based on the determined
10 31.  The system of claim 22, wherein the system is configured such that the
compensating comprises:
computing a product of a waveform of the received transmitted signal against a
waveform of the expected correlation signal over an integration period;
computing an integral of the product; and

15 the system is configured for providing the computation at an output of the receiver.

32.  The system of claim 22,
the system is configured for modeling the transformation of the received transmitted
signal as a function of the distance between the transmitter and the receiver in the matrix

20 configuration.

33.  The system of claim 22, wherein modeling the transformation in the system
comprises modeling at least the one trace line as having a distributed resistance and
capacitance along the distance between the first and second locations.

34.  The system of claim 22, wherein the system is configured for determining the
transformation that the transmitted signal is expected to experience by:

measuring a set of transformations along the distance between the first and second
locations; and

selecting one of the transformations in the set of transformations that approximates

the transformation that the transmitted signal is expected to experience.
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15transformation; means for receiving the expected correlation signal at the receiver of the sensor;

based on the expected correlation signal received, means for identifying information that can be used to
at least partially compensate for the transformation that the transmitted signal is expected to experience
based on the transmission; and 20means for compensating, by applying the expected correlation signal

received, for least pgyt of ‘-'hl@e%%t@fﬁfém@ﬂﬁmtmtmrﬁ'mrtﬁ@%ﬁﬂfémﬁﬁldﬁ @éfﬁ@@i‘-%é hopﬂéﬂ%iﬁﬁ?e based
on the transmission.

and the set of transformations comprises a set of phase shifts.

36.  The system of claim 22, wherein the transformation comprises a phase shift,
wherein the system is configured for determining the transformation that the transmitted
signal is expected to experience by:

measuring a respective phase shift along respective locations along at least the one
trace line;

selecting one of the measured phase shifts based on matching the distance relating to
one of the measured phase shifts with the distance between the first and second locations;
and

assigning the selected measured phase shift as the phase shift that the transmitted

signal is expected to experience.

37.  The system of claim 22, wherein the transformation comprises a phase shift,
wherein the system is configured for determining the transformation that the transmitted
signal is expected to experience by:

measuring a respective phase shift along respective locations along at least the one
trace line;

utilizing linear interpolation of the measured phase shifts to approximate the phase
shift that the transmitted signal is expected to experience at the second location at the
receiver; and

assigning the interpolated phase shift as the phase shift that the transmitted signal is

expected to experience.

38.  The system of claim 22, wherein the transformation comprises a phase shift,
wherein the system is configured for determining the transformation that the transmitted
signal is expected to experience by:

correlating against an in-phase version and a quadrature-phase version of a waveform
of the transmitted signal; and

computing the phase shift that the transmitted signal is expected to experience by

computing a function of an arctangent of the in-phase and quadrature-phase waveforms.
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39.  The system of claim 31, and wherein the system is configured such that the
transmitting further comprises driving the sensor with the transmitted signal at multiple edges
of the matrix to reduce a resistance-capacitance time constant when compared to a time

constant derived from driving the sensor with the transmitted signal at one edge.

40.  The system of claim 39, wherein a number of multiple edges is four, wherein
the resistance-capacitance time constant is reduced by four when compared to the time

constant derived from driving the sensor with the transmitted waveform at one edge.

41.  The system of claim 22, wherein the sensor comprises trace lines formed in a
matrix configuration with rows and columns, wherein at least one trace line in at least one of
the rows or at least one of the columns is split to form two trace lines that are about half a
length of the one trace line, wherein the split trace line forms a first section of the trace line
corresponding to a first part of the split trace line and a second section of the trace line
corresponding to the second part of the split trace line, and wherein a resistance-capacitance
time constant for either the first or second split trace lines is a function of a length of the first

or second trace lines.

42.  The system of claim 22, wherein the sensor comprises a capacitive touch

Ssensor.

43. A system comprising:
a sensor comprising:

a front end interface;

trace lines in a matrix configuration;

at least one trace line having a first location and a second location on the trace
line;

at least one transmitter coupled with both the front end interface and the first
location on at least one of the trace lines; and

a receiver coupled with the second location on at least the one trace line;
means for accessing a signal at the front end interface of the sensor;
means for transmitting the accessed signal from the transmitter to the first location on

at least one of the trace lines of the sensor to promote transmission of the accessed signal
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15

20

along the trace line corresponding to the first location to which the accessed signal is
transmitted, wherein the transmitting further comprises driving the sensor with the
transmitted signal at two edges of the matrix to reduce a resistance-capacitance time constant
by two when compared to a time constant derived from driving the sensor with the
transmitted signal at one edge;

means for receiving, at the receiver of the sensor and from the trace line through the
receiver coupled with the second location of the trace line of the sensor, the accessed and
transmitted signal;

means for accessing a distance between the first location of transmitter and the
second location of receiver along the trace line used to transmit the accessed signal;

means for determining, based on the accessed distance, a transformation that the
transmitted signal is expected to experience based on the transmission as a function of the
distance between the first and second locations;

means for generating an expected correlation signal based on the determined
transformation;

means for receiving the expected correlation signal at the receiver of the sensor;

based on the expected correlation signal received, means for identifying information
that can be used to at least partially compensate for the transformation that the transmitted
signal is expected to experience based on the transmission; and

means for compensating, by applying the expected correlation signal received, for
least part of the transformation that the transmitted signal is expected to experience based on

the transmission.
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