El ect rocardi ogram Si gnal Processi ng System Technical Field 510011
Various enbodi nents relate to an el ectrocardi ogram si gnal processing
system Background 10021 El ectrocardi ogram (ECG is the electrical
representation of the contractile activity 10 of the heart over tine,
whi ch can be easily recorded using non-invasive el ectrodes on the
chest or linbs. ECG indicates the overall rhythmof the heart and
weaknesses in different EpatrdbcardibgrhieSihedPtoceasiglSysteand can neasur e
and di agnose abnormal rhythns of the heart. 10031 An ECG signal can
be represented by a cyclic occurrence of patterns with different
frequency content (QRS conpl exes eEhies Fewaves). The different types
of 15n0ise and interference can alrso be Séparated into different
frequency bands. 10041 Several well-docunented signal processing
algorltr1 Xi ent
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wavel et transformtion. vavelet transforn1(VW) are nathenatlcal
functions that separate a signal int dlfferent frequency bands.
20[ 0051 It is possible to apply dif#ekgronnds; ynal processing on
di fferent sub-bands to realize different functions. In known systens,
for each of the different functions, a different S|%nal processi ng
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fromgne [get heks possible to apply different signal processing on different sub-bands to realize

different functions. In known systems, for each of the different functions, a different

signal processing algorithm is used to separate the ECG signal into its different frequency

bands. This leads to an increase in the system size.

[006] If many types of ECG signal processing can be integrated into one ASIC chip, the
25  chip size can be quite small. There is thus a need to provide a compact ECG signal

processing system which would be suitable for long-term monitoring

Summary

30  [007] According to an embodiment, an electrocardiogram signal processing system is

provided. The electrocardiogram signal processing system includes: a wavelet



[008] In the context of various enbodinments, the term

"el ectrocardi ogram si gnal processing systent nmay nean an application
specific integrated circuitry (ASIC) entirely 10 fabricated on a
single chip, in the context of sem conductor technol ogy. The ASIC may
have one or nore devices that provide processing functions such as
AND, NAND, or OR logic using transistors, resistors, capacitors,

i nduct or sraasdrhhinlunkeompesihg afphirhléy ofieuptits etk oetpeniidScomyct&Ei\oae

any purpose, .for exanpl e serving to perfarm wavel et transfornmafion.
157 000] | 19 SPHERIE A1 ies oF FeF (LS Bl SERAEOn BRI grHFS il g
transf or mRft @RcGatdiodBY: sTERANnA ARY bE FatIaLk, et §8vAQ bR WaNR! Jt

transfornmati on, which are mathematical functions that separate a
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scal es. For instance, 30for the first to the fourth scales, signal
processi MENHOEBRON. wher e each provi des noi se suppression, QRS
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For the fitth to the six scales, a signal processing b]iocﬁ t hat
provi des nkst emeonpr dssiconcanfiguisd pr querided. wawelett Hensfexmatioh, twhicheare

ei ght scal i ghal processing. bl ocks,. r.e _each provjdes data.
o ess iR Bar s B S hdfeaL el o Eisahf nRh S hERS, 1 biious
cont ext aGinbédimenus afBiomhdi wasles trahdfrnition) the GidnaDisr édompByed MB@Na tdiadf
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that are “SIClnBYh APV EES SatinRea [RRTIXE FoquesRy bad- out put of the
vavel gt to0)s 1R iERbhRR: dfVatiotMRAlRhS, BRI 6P scale” may mean a port or signal

path reserved to transmit signals of a designated bandwidth. In various embodiments,
each scale may have a different bandwidth, wherein the wavelet output to one of the
scales is derived from the wavelet output to an earlier scale. There may be at least eight
scales, the scales having 3 dB bandwidths of around 250 to 500 Hz; 72 to 234 Hz; 32 to
25 108 Hz; 16to 54 Hz; 8 to 26 Hz; 4 to 13 Hz; 2 to 6.5 Hz; and 1 to 3.25 Hz each, when the
sampling rate of the input signal is 1 kHz.
[011] In various embodiments, having the signal processing blocks configured to
provide processing functions which differ from one another allows the electrocardiogram
signal processing system to perform multiple functions on different scales. For instance,
30 for the first to the fourth scales, signal processing blocks, where each provides noise

suppression, QRS detection and HBR (heart beat rate) classification may be provided.



[13] In various enbodi ments, the wavel et transformation unit may
include a plurality of low pass filters and a plurality of high pass
filters. The low pass filter for the first scale may be given by the
expression 10/D, 1(k)= -81 {8(k + 2)+ 38(k +1)+ 38(k)+ (5(k -1)} and
the high pass filter for the first scale nay be given by the
expression //DJ (k)= 2{5(k +1)- 8(0 , wherein 8(k) is the Kronecker
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uni t and saalpBRY®5 ghiealby shesexprfistion | n vari ous enbodi ments, havi ng each
si gnal processing bl ock couplled to a respective output of the wavel et
transformation unit all éygkeadh(tsignad(ipilacsédiral Hlock to receive
out put® of wavel ets having a r8especti ve scale. [17] In various
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wavel et transforming unit em taifg 2dkel oupled to the first
three scal es and wherein the suppressed high frequency noi se f@cl)l sin
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15 of by ®) and hﬂv‘(k).
[014] In various embodiments, the low pass filters and the high pass filters have a
cascaded arrangement, wherein an output of at least one of the low pass filters is coupled
to an input of at least one of the high pass filters.
[015] In various embodiments, the wavelet transformation unit may include a first
20 memory array to achieve delay, the first memory array coupled to the last low pass filter
of the cascaded chain of high pass filters and low pass filters.
[016] In various embodiments, the signal processing blocks may include at least one
wavelet denoising unit, an electrocardiogram signal reconstruction block, a data
compression block, a baseline drift removal unit, a QRS detection unit and a HBR
25  analysis unit. In various embodiments, having each signal processing block coupled to a
respective output of the wavelet transformation unit allows each signal processing block
to receive output of wavelets having a respective scale.
[017] In various embodiments, the wavelet denoising unit may suppress high frequency

noise and may be coupled to one of the respective outputs of the wavelet transforming



5 signal fromthe plurality of wavelets fromthe first to the eighth
scal es. Conpared to the ECG signal input into the wavel et
transformation unit, the reconstructed ECG signal is cleaner in that
it has been processed to renove noi se and baseline drifting. In

vari ous enbodi ments, the el ectrocardi ogram signal reconstruction

bl ock further may include a first reconstruction block for the fifth
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signal. [22] In various enbodi nents, the second reconstruction bl ock
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d |
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may output signals belonging to the low-pass filtered components of the first to the
seventh scales. The output of the first to the third reconstruction blocks may be a
25  reconstructed electrocardiogram signal.
[022] In various embodiments, the second reconstruction block may be coupled to an
output of one of the at least one wavelet denoising unit to receive denoised wavelets
belonging to the first to the third scales.
[023] In various embodiments, the data compression block may receive wavelets of the
30  fifth to the eighth scales, wherein an output of the data compression block is coupled to

the input of the first reconstruction block.



10261 In various enbodi nents, the baseline drift renoval block may be
realized by an adaptive cascaded filter arrangenent, the cascaded
filter arrangenent conprising at |east one filter stage. In various
enbodi ments, the adaptive cascaded filter arrangenent may 10
automatically switch off filter stages unnecessary for performng
baseline drift renoval. The unnecessary filter stages may be those
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[30] I'n the drawings, Iike reference characters generally refer to
t he sane [p28]t dn various embodiments, the QRS detection unit may be realized using any of a

Field Programmable Gate Armray (FPGA), Application Specific Integrated Circuits
(ASIC) or be implemented by software. In various embodiments, the wavelet summation
unit may include an adder; and the QRS peaks may be detected using a subtractor and
25  multiplexer. The adaptive threshold value may be derived from a standard deviation of a
number of sampled summed wavelets.
[029] In various embodiments, the HBR analysis unit may be coupled to an output of
the QRS detection unit. In various embodiments, the HBR analysis unit may include a
counter; two multiplication modules; an adder and a delay block. In various
30 embodiments, the HBR analysis unit may be realized by a Field Programmable Gate
Array (FPGA), Application Specific Integrated Circuits (ASIC) or be implemented by



to throughout the different views. The draw ngs are not necessarily
to scal e, enphasis instead generally being placed upon illustrating
the principles of the invention. In the follow ng description,
various emnbodi nents of the invention are described with reference to
the follow ng draw ngs, in which: [31] Figure 1 shows the
architecture of an el ectrocardi ogram si gnal processing system 15
built ac Cseftdrhﬂ&g If Oarfuie e&fﬂibdldieﬁﬁn?e HBR anaﬂ}&&]ur?ﬁirgay e aﬂapfd)gnsprﬁtﬂlbﬁ‘ QR?
regi ster architecture. 33], Fi sho i agr n1o a
menory arfi<ay. Intervals Lfssﬂ] OIr.agéqr@faﬁl PHONEIon Yge 731@ @aﬁ'ﬁ o gisd
filterinGieorithm mdy3Bt Hab@Ub® semiVprRiddk ATKS ?e@l@hﬁ@ﬂv@lfs *8i6hted with a
conpr essi on scheneé for data conpression 20 and deconpression. 1036
Fi gure 6 fhigeiing riagtes thméorgg‘eng fastarodetepmindeg drepogibdrod Hreviowsr QRS8R
Fi gur 1§mRMﬁ ﬁl&kﬁqkrﬁbﬁ_ ; f a baseline drift renpval unit.
[ 38] 'gure S goryf im i npl emented by a noi se suppression
bl ock. [39] Figure 9 shows the algorithminplenented by a QRS
detection unit. 25[040] F|gUf-_1OA sho a bl ock diagram of a
prediction schene used by EZriebBescription;of theDyawings)1) "Fj gure 10B shows
a die photo of a fabricated electrocardlogran15|gnal processi ng
system accordi ng to an enbodi nent. [42] Figure 11 shows, according
to an entd8#MImdmtthe diawiags hlullteetftf@rp@ceoehaaacmm tesperally aefenigdhenamarrts
n0|s oSu g or it d
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[ 43] Fi gunseatiZoentrailg bamgkplmedtupom 1lﬂumlata@thb| mgac@hasa:lfgbef itvemiaxs eth thy

vari ous odi nents. of an.el ec cardl am signal proce stem
o] O o PO el SRt nn, Shaisreenp et g e in 2 Bsoreinlrs
si gnal preaRssilaging MsdwBn26Cokigh:Ng to an embodi nent.

[031] Figure 1 shows the architecture of an electrocardiogram signal processing system

15  built according to one embodiment.

[032] Figure 2 shows shift register architecture.

[033] Figure 3 shows a block diagram of a memory array.

[034] Figure 4 shows a spectrum of compression filtering.

[035] Figure 5 shows a block diagram of the compression scheme for data compression
20  and decompression.

[036] Figure 6 illustrates the spectrum of WT decomposition filters.

[037] Figure 7 shows a block diagram of a baseline drift removal unit.

[038] Figure 8 shows the algorithm implemented by a noise suppression block.

[039] Figure 9 shows the algorithm implemented by a QRS detection unit.
25  [040] Figure 10A shows a block diagram of a prediction scheme used by a HBR

analysis unit.

[041] Figure 10B shows a die photo of a fabricated electrocardiogram signal processing

system according to an embodiment.

[042] Figure 11 shows, according to an embodiment, the architecture of a filter
30 arrangement and noise suppression block, along with the algorithm implemented by a

QRS detection unit, of an electrocardiogram signal processing system.



51045] Figure 14 shows dyadi c wavel et transformati on architecture
usabl e by an el ectrocardi ogram si gnal processing systemaccording to
various enbodi nents. [46] Figure 15 shows a die photo of a
fabricated el ectrocardi ogram si gnal processing system according to an
enbodi ment. [47] Figure 16 illustrates neasurenent results of the
chip of Figure 10B. 10 [048] Figures 17A to 17D show the perfornmance
of the COR®M3joMHuex etskevorardiitetthe chplpmeiitidy gur gddthm & bli gatioas18
shows a tgg)lg . Su rispn o?ﬁ_ai ned. QRS detection results of the chip
of Fi gur &mpgdiments o ["‘Bﬁiec GRS SERBWEOFEEPE FBEM t s, using Agil ent
Logi c A”gbdlﬂe'Piqué 1585 wiel Qi 504 fbrkhed Gi%b@ocﬁfdifgrﬂﬁrs?gn%ﬁgrocés@i%k
Figure 20 shows the performance of the chip of Figure 15.7 1052]

Fi gure 2Bystiowscarding to esambalimedi ng Agil ent Logi c Anal yzer, of QRS
?et eCtS! Ogﬂ%ﬁgr B Ql?e Clhll Qhé)\;rs E:fy%jlg ewlée'let28‘£§s%'cﬂrlmlaﬁgn [%?aﬁ{eEtBI’eI nga‘tllg 50%] a;[he
ol I owi n taited descri ptron rerers to e acconpanyi ng draw ngs

t hat showlechycardiygrain siglaligioté@ting systapecdokding thetadibiseritdireoadi ment s

i n which invention may .be practiced. These enbodi nents are |
oscri bodofdl 1T b SRk BRlS S SEFien ) ledn oGyt SiEve P PR siag
to pr aCtisﬁﬁeﬁﬂa@@d‘r&[ﬁgm&tpanb(ﬁrﬂgﬁ_ enbodi ments nmay be utilized and
structural, logical, and electrical changes may be made wi t hout

depar t i nd04H oMiguie | & glypleates medsaremgnaigsulisof terdinedfigus 1€Bbodi nent s

t \ . .
combi fed in TRbesl 1 ALY PO Xn Y Ut EtFmate G RIS OB UBe Gl e
30[ 054] Thipaefiiigare Lhi gh power & area efficiency, enbodi nents of an

el ect rocqogeam 5) gDl PrREeSS] g, SYSem URgrUareL el LEARSiAL N
of Figure 13.
[050] Figure 19 shows test results, using Agilent Logic Analyzer, of QRS detection for
15 the chip of Figure 13. '
[051] Figure 20 shows the performance of the chip of Figure 15.
[052] Figure 21 shows test results, using Agilent Logic Analyzer, of QRS detection for

the chip of Figure 15.

20 Detailed Description

[053] The following detailed description refers to the accompanying drawings that
show, by way of illustration, specific details and embodiments in which the invention
may be practiced. These embodiments are described in sufficient detail to enable those

25  skilled in the art to practice the invention. Other embodiments may be utilized and
structural, logical, and electrical changes may be made without departing from the scope
of the invention. The various embodiments are not necessarily mutually exclusive, as
some embodiments can be combined with one or more other embodiments to form new
embodiments.

30 [054] To achieve high power & area efficiency, embodiments of an electrocardiogram

signal processing system use wavelet transform (WT) algorithm to integrate multiple



functions. Enbodi nents of the el ectrocardi ogram signal processing
system provi de a dedi cated power & area efficient non-downsanpling W&
ASI C i npl enentation structure. WI separates i ncom ng noisy ECG
signals into different scales with different bandw dth. Consequently,
hi gh frequency noise is suppressed by a de-noising block on the

out puts of non-downsanpling W deconposition (NDWMD) scales 1 to 3. A
real -t i newadiapd. i \E&a%eﬂlﬁ ef theadlednoomrlliogmes sighd fteecsndhs agktddd\Wd¥ide a
outputs to acq iret eaks. The HB ictl

i on and .
cl assi fi cdéfhi%tﬁ PV @%FF‘ 1§y ngn- HPﬁEﬁa&PE Bg@dé&;é UPpIEROSRPIN TvGRe-
The arti fW’@'s@ﬂarQ@ssi%Eélﬂﬁg%'blsWEO@ 31%\/\7'_91'11@5&?1@1(3%’ scalcR 388l diffsreftrdahdwidth.
renmoval bl ock on t he outputs of D scal es to 8. After renpvin

hi gh-fr e(ﬁ!-‘é'ﬁw sshdmeperremoise anshppiessell by deaofsingflesicgn l@a@étpm

drift, gpﬁ%j a ng
W r econs r uctl orﬁwgﬁjﬁ@ﬁmgﬁf Kﬁ% s&%aegqc%yrr%ruﬁln%a %é,g h
other in QR&&izedtroﬂ@m:karﬁes th¢ B&hoﬂéecgNDéV’ﬂD shipus to haquae el QRStpHa{kB dhean
ebod merTER PGl G R DH Bp radictioes Fscatch BidciC"™®

el ectroc al"}félaﬁﬁtc@dpb%eﬂm@hnﬁﬁ ﬁ.@?ﬁdsﬂaﬁ b'i%%a@éﬂr&%fﬁ%ﬂmbﬁ HeeHki dnethy outputs
fabricated on a single chip 56] An overview of the

el ect r ocaft ailb‘gmﬁcglpgﬁm 8. pﬁﬁére@momglgéi}@r%?ﬁuzw noisegempengngind the low-
sign a%%gha{cgr' %Qsefh]ﬁg)nhnﬁndth YLt B B*cpvélgr?ap $ 2Pl bS fé:'c&‘lshﬁét%&eg%EgG

signals to'the ectrotardi ogramsi gna rocessi ng system1

wi th fi=Thokétrwisampliag§VT at@nstiveos {NDVPORE alooki Al tatks may chremunicate
mai nt ai ned i n g&a glnlfl‘é scales Si to S8 to avoid the issues of

ti me- shi PEHGRATEL R 814 esol uti on degradation, as reported in
J. P. Marps3)eFigure 1 Ahe®d @ha architedth¥s ,ani%leetrod?xﬂﬁb@'am%ﬁl@al:pmb@ﬂlﬂ@@ystérﬁ\
wavel et - based ECG del i neator: evaluation on standard dat abases,"” IEEE

Trans. BilOReWlE arcordige e onp i omwnt 510 the emhodigient sy Figptsok, th
Ho f
e TSR TS g sy i . o

optim ze chgx dwar e i npl enentation, a ded| cated NDWI' ASI C

i npl enent on, structur

orar mudBati G fePilyof s B8 SRt S ERrort ik syl g dpln "
based Fl FA kighdledcqsibitius fiwheenbyirdag piseidesd-bits digRalidpe BLIG anzﬂé (DﬁtikthﬂAEng
fi=1 kHz. Subsequently, 4 si ngl e- port statlc random acgess negories

( SRAML- 4)elseHgeasdiogramsign! Bomcassme wsiemel (0uykh A BPPHpH e Thepamse

respofse sofibRlg fatd iy bk ARIntRAE RUAikRIA: et Wara Sqefﬁcﬁ’gpt@%%idQHe EEEe% of
(DHPFs) and reconst ruction HPFs (RHPFs). SRAM 1-4 are designed for

scal es 5-tgniliftiog and tIDHREporal gedobgion-degRAPTY, as cepborded 51 8 IRHPEEInez Kd
o 2 st (e R HEL R o (BB} pli PROUAR s BCRPEERELS,

of SRAM i's Ui me-divisi’on rult1pl exini eration ¢
f2 is 32 e¢hinatidiudr standard dathlesds "CIRAR Taks.| Ripmediedl I’B@A@&mg,tm 5ndo. 4,

reads with quent.i eci fic address d scale b 55cale

frequencyPP- S S ?9841 et SFARRIng FisrnuBiberolepley %'ﬁ? ugHgumbe foqtaps
mul tigl i CatwandwReass &ilicss (1@1%? r-8d }hggﬁays‘ &Rk TiPbEs)A @@%hﬁﬁzenpg%@re
for the SRAM generates contro nal's and control s afirs

mul ti pl exXewlexmoxtation @éfrde@tedsNBH\éT SI¢ omplgmentarien strusgup &US&M Fepprates| s
a second I M.g}(g f

for the ogltzi ﬁt&?\% @/ﬁ%l ere a@@a OF{}L&%%Q%SI@Q% sﬁehﬁ uar1 gﬁl;ftsé‘#@
for the nms\eddﬂmg[ﬁtqnlstmgtuid)nvw beoaeldsemdf thdwepélamcgecmuhﬁMng)ﬁ—dekHys
and smal | _ nunber . of non-zero filter coefficients

W st r uctSPEGIEnty Aiingle-Berg S@iarandem; %C?Sawmomaﬁ%‘éﬁgﬁ SrPaY B Hed o
be i nger t,esik e hidd MighbeP Yt fifige MullRGeHoAGEFER Y QldrQapstdd@ buffers between

el ectrocardi ogram si gnal processing system 100 may result in 55% area

reduct i orfepwmpositinmy B oRHIPEshiand reegfistuetionh HPEY EHRks). uPRAM Srd5ae




10581 The plurality of signal processing bl ocks 150 includes a noise
suppression block 110 (having at | east one wavel et denoising unit),
an el ectrocardi ogram si gnal reconstruction block 116, a data
conpression block 106, a baseline drift renmoval unit 20 108, a QRS
detection unit 112 and a HBR (heart beat rate) analysis unit 114.
Each signal processing block (110, 116, 106, 108, 112 and 114) is
coupl ed tdesignédefop@cdlésvR-SODLPEY arf DHRBs, wealed B4 RHAAS fsodless-80RHPAS, tand

102, which al ows each si ssi ng .bl oc to recgei t of
wavel et s A6 He &C?lggﬁg&q% s(gg‘lg ge) Rt VEldc Eloﬁﬁéilm’p?rg%%‘g&uﬁé‘me‘
bl ock ( llo@ml%&@nule@@mg%r)mlan@ng opdAtiod SlocORf ik Burigds. t Dulifg Sh¥ @1RRA

process the wavel fromthe 25 respective output. Each signal
processi rcgclblczfa’k gl SRAM gvritasognd rp w&hzecaln@naiﬁnf)clfﬁfr @i;ir@sesmd scale by

processi ”sg%} WAL ”éncﬂ Whid lfsiq ed 19 fiy Lor %gg*s 81\% ) t%)ﬁg tion

el ectrocar |ogran1 f proces Ag system 0 pe %or ' e
funct i onanatuld iseeq:hlﬂeﬂebmte SCHDEE Sicohiteo] B8odukeofor tesiRakiiegenaraies eontrol
suppr essi on, det ctlon d HBR sification [ erf med .on
the fir stSI@GlS%g CPB‘E‘R ¥R f gggnﬁgplg:fert o ﬁ‘?JFCttSF%‘a]F@‘%/’hB&@ sdng
scal es, d3hRols ANRCESE RIMigIB%r MURQrtB%@ﬁdlfi%%nt Exﬁlﬁtqﬂﬁ;‘éﬁéﬁ H’ac&cﬁ’s fhiethe

ei ght scales dat a conpressi on and baseline renoval may be provided.
By havi ng)uﬁéaéhofsdlgﬁ@m sqstesc ddemey-tapasrructiis used forithe non-ggwnsampliagd

L14) R OUvgenaafid berfllaBt AfsRRE @&{}&térom ! RdoRle? JiURGH: A0 S

per formabl e Fom t he sane generic ou e wavel e
t ransf or rmeffmmntsn Bmcdﬁﬁmow bage® T Eumd:ﬂnens sietpddr| and smi:Her mﬂmhemﬁ no

t ransf or it. 102 and the Iurallt of signal 5 process

bl ocks 19568 5P brotdoait o i Bef ety piedt EPunchBr Rt eart e
102 deconpaseprodéssingRytteml WoahaelRelt 065, HrQOfcaitdn Vet cdivéntidaPshift
different scales with different bandw dth. The quadratic spline

wavel et fTEgigler kased §rugByeml |y used for ECG signal anal ysis. [ 61]
Th | t | i f

(Droiy sl BRG] MphPplRERT Ry BoR, L8 et Braba
DHOut S4, tRinelotrEaionDiHd 102 85d a Plud)it Bt m@lﬂﬁ)mo@&,sm@lb@u:kS@ﬁO DHOut S7,

DLOut S7; 3, . DLOut S8 th ted t

respect | WS nd o alertl pr el hBERS s pERAETE hESs iboEswiom ek

shown i n HOQWiEink atakhstobnd heavelal @ﬁmﬁﬁngt Qmﬁﬁ ERY elb@ratafl@dghar®! signal
signal path reserved to transmt signals, of a desjgnated, bandw dt h,

151062] TReORNARPIeGkahkds Grini FoAPIETHGn ook {1Q0, fibpekine SRft Py aph
an input ke Qk@%&@h&gﬁﬁm pz &3l Héﬁ%héameaea&%na%mﬁi ﬁ,t EabPSERA

in the enbodi ment shown in Figure 1, ‘a signa a particul ar
f r equencyprocessg blegk Kl l\ﬁ}a\leﬁ e1t06be08nglb|11Cbilt4)tlﬁ)C@-IPé€doth & leepesited @SplSl oft o

S8. There,are t ast, al gﬁ Ies gaV|n

bandui at A B SindbangRRn BB 2 pReE YRRy SO RSl ik Fpive

54 Hz; 8 ihputf vrineles havidela 28ptitive Acdle. &hbs,Hach aipdallproeessing lddk (ew;h

when the ) ¢'n rate of put signgl is 1 kHz. These ei gh cal

representllgirT & 1B, Phbab il iy comtiediedioo oo RgpeESS R o

bandwsdt h‘espective output. Each signal processing block (110, 116, 106, 108, 112 and 114)
provides processing functions which differ from one another, allowing the
electrocardiogram signal processing system 100 to perform multiple functions on the
different scales S1 to S8. For instance, noise suppression, QRS detection and HBR
classification may be performed on the first to the fourth scales S1 to S4. For the fifth to

30  the six scales, data compression may be performed. For the seventh to the eight scales,

data compression and baseline removal may be provided. By having each signal



1063] In the enbodi nent shown in Figure 1, the wavel et transformation
unit 102 includes a filter arrangenent 164. The filter arrangenent
164 includes a plurality of low 25 pass filters (154DLPF_SI,
156DLPF_S2, 158DLPF 53, 160DLPF_54) and a plurality of high pass
filters (154DHPF_SI, 156DHPF_52, 158DHPF 53, 160DHPF_S4). Each high
and |l ow pass filter pair (154DHPF_S1, 154DLPF_S1; 156DHPF_S2,

156 DL PF_$2ocetSBDHRIck S3.10,1 58I 106, 8§88, a1 addQD#HPhroSdde 4 GRIMLPH Hdpesaing

arranged j n cascade t ages, whereby the input to each, high apd | qw
pass fil t%?ctwai metfpg? TinUpnh e %?qr@eﬂﬁﬁ@%zﬁ%ﬁani%mw%w tam {hgim

t he out pupavefet kherdmiass: fod ter ( 154DLPF S1) of an earlier high
and | ow pass filter pair (154DHPF S1 and 154DLPF_Sl1). The out put

(DI - 1001, [08H0 Further, depiiban the3vaypio trestprofatiomuniiel 08 agh thaplrlity pepignal
( 154DHPF

Q?BH ,. , 160DHPF_S4) are connected to the
scal es Si_pﬂ)cc?sé 3 Pglfsflﬁlgslségﬁlﬁgg&l e wavel et output to the scales S2,
S3 and S406¢ déei veaveldatomrankfermaicel etmioutlpit deoomposear lanerinpeial eglskil,
S2 and S3_ respectively, ein_each of 5the scales 51 . has a
differ entel%a'ﬁgqxﬁlasw %@@ﬁffﬁ e ﬂ%@ﬁb&_&ﬁ%@ﬁ%ﬁ dgf?ra%m%ﬁwﬁlwﬁ%u?ée qiadalg
wavel et  tshRASHOFR EhLRAoN N dorth DBy @ed for BTG HigRS afalggEOry array 104
coupled to the filter annngenent 164. The nmenory array 104 includes

several riBor yTharwansleé eptiermygtioggmit02gacludps Splugaldy Wi ogputse {BRlousS],
produgi n ut:pu f i fhe n t SGy . UteS7; .
brout ) 2T on 0% Pr IS ae PBL bl BB DrOPSD, PhEou: 37 Broniee}
The fir stDHz¥6r PLaS6aDiha®htDMESBEDHS,SEoDpl£8) b thehmtpuasits chmwcefpdss a
filter 160DLPE S4 of. t he cascaded ai n of high s filters d | ow
bass 111 O ERi S REa e S 10 P dpE gy st iy Figtre £
158DHPF_S3ch d6@PlsbfesSSL toa8¥m P BEHBEt o4 sighhl Fesspddd totabmR sightlstof e

filter arrangenent 164, the nenory array 104 has a cascaded
arranger’réﬁ’élgn%\?@gy’“ﬂhe i nput 15 to each nenory an-angenent (for

LA L B 4 o Lo e U P A
DHOut S7  avbebfroBidingi88) sifmad b2 o meswbofywaretanPemen irsthWEm86dimaRt S&wn\iR
ST 209 s £ RIFE Gy bURSPLED S ol e bR BB S
t he waveleileos! puUSS.t OTidNe @@thusedt 1&eedight Sdaleh the Ohle@hdlifg/3 dB bandwidths
respectively, wherein each of the scales S5 to 58 has a different
bandwi dt Pt atound 250 to 500 Hz; 72 to 234 Hz; 32 to 108 Hz; 16 to 54 Hz; 8 to 26 Hz; 4 to 13
20 Hz; 2 to 6.5 Hz; and 1 to 3.25 Hz each, when the sampling rate of input signal is 1 kHz.
These eight scales represent different characteristics of an ECG signal in different
bandwidth.
[063] In the embodiment shown in Figure 1, the wavelet transformation unit 102
includes a filter arrangement 164. The filter arrangement 164 includes a plurality of low
25 pass filters (154DLPF_S1, 156DLPF_S2, 158DLPF_S3, 160DLPF_S$4) and a plurality of
high pass filters (154DHPF_S1, 156DHPF S2, 158DHPF _S3, 160DHPF_S4). Each high
and low pass filter pair (154DHPF S1, 154DLPF S1: 156DHPF S2, 156DLPF _S2;
158DHPF_S3, 158DLPF_S3; and 160DHPF_S4, 160DLPE_S4) are arranged in cascaded
stages, whereby the input to each high and low pass filter pair (for instance
30 156DHPF S2 and 156DLPF S2) is from the output of the low pass filter (

154DLPF S1) of an earlier high and low pass filter pair (154DHPF S1 and

10



| Real -tinme wavelet transformation unit and el ectrocardi ogram si gnal
reconstruction block; and data conpression and deconpressi on bl ock

A) Real -tinme wavel et transformation unit and el ectrocardi ogram si gnal
25reconstruction bl ock 10651 As shown in Figure 1, an ECG signal 152
is input into the wavelet transformation unit 102. Finite inpul se
response (FIR) filters may be used for the plurality of |ow pass
filters (USWBLPESSHDL PFheSdutpuk Y0P RF1, 335,538 DEHRES 5Dy S4 1 6Ol MAE high pasd
the plurality of high pass filters 154DHPE Sl , 156DHPF 52, 158DHPE S3
30 anle%ﬁQFﬂ:(_léﬁpH?ﬁeS]odtSB]aHgngfz’ tAEREPF, §% dPADHER I BoGitsdnt oed®
for remyngs §he $LAUNBRAGYNG thEREvEORFut rt(ﬁﬂl}[e‘%ﬁﬁgst €4 1980 d HAVeN & ved

the down-sanpling procedure involves tine-shifting for the signa
r epr esentfemh dre, wawstEt ooyt tesart ¢rslicrenploSd) S2 esdBatresprctively mdiewginy edchtof

coef fi.ci ept & WORR SSRhES, JiRELEARGyw iy 2vOl d time-shifting and
resol ution dbgra atron 1 ssues, e sare sanpling rate in all scales
i s appli q064] nn tecdegiapashbwann Figupal | the faivelsc ghesformatitre univtl P21aBo of

g T TN I AL oM
101 - k)104)indiedRecdr¥eh¥moMh BB edm&itd §iD ShSWINSs, oWtogt aef WALBE, {dcpm
scale n-1,k) and 1/4"(k) aré
producing output of high frequency (DHowSS5, DHyuS6, DHowS7, DHuS8) and low
10  frequency (DLoySS, DLowS6, DLwS7, DLy S8). The first memory arrangement WT S5
is coupled to the last low pass filter 160DLPF_S4 of the cascaded chain of high pass
filters and low pass filters (154DHPF_S1, 154DLPF_S1; 156DHPF S2, 156DLPF S2;
158DHPF_S3, 158DLPF_S3; and 160DHPF_S4, 160DLPF S4). Similar to the filter
arrangement 164, the memory array 104 has a cascaded arrangement, whereby the input
15 to each memory arrangement (for instance WT S6) is the low frequency output of an
earlier memory arrangement (WT S5). The high frequency output (DHowS5, DHeyS6,
DH,:S7 and, DH,S8) from the memory arrangements WT S5, WT S6, WT S7 and WT
S8 are connected to the scales S5 to S8. In this manner, the wavelet output to the scales

S5, 86, S7 and S8 is derived from the wavelet output to an earlier scale S4, S5, S6 and S7
20  respectively, wherein each of the scales S5 to S8 has a different bandwidth.

I Real-time wavelet transformation unit and electrocardiogram signal

reconstruction block; and data compression and decompression block

A) Real-time wavelet transformation unit and electrocardiogram signal
25  reconstruction block

[065] As shown in Figure 1, an ECG signal 152 is input into the wavelet transformation

unit 102. Finite impulse response (FIR) filters may be used for the plurality of low pass

filters (LPF) 154DLPF_S1, 156DLPF_S2, 158DLPF S3 and 160DLPF_S4; and the

plurality of high pass filters 154DHPF S1, 156DHPF_S2, 158DHPF_S3
30 and160DHPF_S4. The outputs of these filters can be down-sampled for removing the

redundancy of the signal representation. However, the down-sampling procedure

11



the coefficients of DLPF and DHPF of scale n, respectively. For the
first scale SI, 11 (k) 10and h91(k) are given by /DI (k)= -81 (5(k +
2) + 38(k + 1) + 38(k)+ (gk -1)1(3) IiD (k)= 2{5(k +1)- (5(k))(4)
k) k) wherein 6(k) is the Kronecker delta function. For scale n>l,(
1D, okand h D, n(are n-1 obtained by insetting L - 1 zeros between
each of the non-zero coefficients of 1,1(k) 15and IID1l (k). [066] In

t he el ectinvatedsdinngshafiing ifanthk sigaalorpicsdititionnak] @dkcel tee teAipoiah v&OREon
wavel et trzgsforn1(l¥%),can reconstruct the sigHaj fromdifferept.
scal es. ThdhS Wewhtcrelicienls Mhsgoicpleh HicEaRF- bEo dEPI0 VisRe-By it and pespfufion

(k) w+l _%G:Qraﬁzat%@?ﬁ&f:ﬁ(e §an193€1fé¥31i3£1‘até"4ﬁeglﬁsc‘ﬁfes il dpblied. Rin th¥& He Igls_iltggr)l

hit,"(k) are the outputs, coefficients of reconstruction LPF

and coef fiapi RRLGION, EAIRTS bEEch BP0 I PRyt 6t ahddRomposition HPF
respectively. F%b)scale 1, 4,1(k) and hR 1(k) are expressed by \1 (

IR 1 (k) = (DBfPF) *:D) ave 3RGE by 1) +3800+ 8(k -1)1(6) hR (k)= _
-0.00781258(k” + 2)- 0.0546858(k +1)- 0.1718758(k) + 0.1718758(k -i)+
0.0546858(k - 2)+ 0.00381)258(k,kB),(i~k) (1)

x,.(f)=;hu,,,(k)y,,-l (i-k) @)

respectively, where st ) is the output of DLPF from scale n-1, Toa (k) and oa () are
the coefficients of DLPF and DHPF of scale », respectively. For the first scale S1, [ﬂ!‘(k)

10 and hDJ(k) are given by

lm(k)=%{5(k+2)+35(k+1)+35(k)+5(k—1)} 3)
i, ()= 2{6 (ke +1)- 6(k)} 4)

wherein §(k) is the Kronecker delta function. For scale m>1, [Ds"(k) and hDs"(k) are

obtained by inserting 2" ~1 zeros between each of the non-zero coefficients of o (k)
15 and hD"(k).

[066] In the electrocardiogram signal reconstruction block 116, an inverse wavelet
transform (IWT) can reconstruct the signal from different scales. The reconstruction

algorithm can be derived by

W, (’) = ;lR,n (k)wnﬂ (i - k) + ; g, (k)xm (f - k) (5)

20  where w,(i), IR,n(k) and h, (k) are the outputs, coefficients of reconstruction LPF

(RLPF) and coefficients of reconstruction HPF (RHPF) at scale », respectively. For scale

1, Iz, (k) and hy, (k) are expressed by

I (k)= % {8k +2)+36(k +1)+35(k)+ 5k —1)} (6)

12



(7) respectively. For scales n>, /R ,,(k) and hR ,, (k) are obtained
by inserting 2' -1 zeros between each of the non-zero coefficients of
Lim (k) and hR I (k). The real-tinme wavel et transformoccurring in
vari ous enbodi ments does not need to consider border problens, 5
since the ECG signal 152 continuously inputs, so that only the
initial several reconstructed ECG signal sanples suffer distortion.

][ 67] h_Fr ﬁm eﬁmf)'&on@?imsa(kﬁi}-»d@hsm(i?{;?o.mtmaa%':be ogsalra \léed t haEi)
or higher scale I a syan S

i ncrease. For exa -ﬂil%é%‘ﬁé@-fbg%ﬁé‘“za E{?&ygbtsg S of /,",s(k),

hD, 8(k), /R s(k), and hR 8(k) becones 385, 129, 385, and 641 10
respect i wedpyctiveher Biracaes thbrig, (b lahd g, (&) hregibtdisddbyainserting 2”1 ot zeros
non- downsanpl i ng wavel et transformation | owpass and hi gh-pass
filterindetwiesgpchpbthe desaaoenchiipienivoEGEkdiagd e (52 The mealftimeswawsded| e
51 is first obtained, followed by the second scale 52, until t Nt h
scal e i s_t’fainﬁ%myocawaaﬁ%a?ﬂ%%ie OB OB BRI AL IR cogﬁémqrﬁiﬁrmrfgﬁ? 1
is the eighthhcate 3BnalOn sk heotRNbisRy Mn%ﬁtﬁcgd‘sthﬁtu%llyoﬂqe' $nifi?l several
performed starting fromthe Nth (being the eighth in"the enbodi nent

shown i n rrgogeirester) EGQ gignal samples seiéer distariiolm (being the seventh in the
enbodi ne ho | i 1), scal fina he first. s e \
[69] horfBr ! Farh Pt Ee t2 B s Ll bt Splenfedr i Tor BN 2l
deconposiWirdWgnhe neabdasifnapstofdrPFstane Hitlsaycrbat wdhen eoditipe nihag »e8} fhut
of the first scale Sl framtheg,20 PF befor.e bein oces by the
RHPE f or TERROST 55 S apd5ion B> relbar@d Gtk oPeoer ahtep, 3, il

ot her, hand, the; delay between ohtai ni out nut of eighth scale S8
£t om Pne oEerELF oYl SFEE DML BLE' Bl HiBihisrtosh 16 R RbPofife.
S8 for racoskt trisfirmatiorsloshpdst eisd higHpesaflerieg, t here are different

pr ocessi el.ays for differen ales. 25[070] For_ ASIC )

i npl enenﬂﬁffﬁorﬁ%#ﬂ AeeamPeTie thg &ﬁlf?? s Glcé_g%i tﬁa, Irifetcaifs S} o 4 ebtipter
may be i %ﬂlmi)ﬁ%@%@m dald €9 Shtfrde NP QU[Cis AN Whtdhddl which in the

i npl emrented by shift register architecture 200 having shift registers

202, 204 enbodmzgng steag: inkigure ddsvitiermpghth sealeaSS 10n gt eomrarya Faconfgugtionis g

h ) _ . ) C )
R e T R
t r ansf or rsaile,aherHBE VAU (HeRigsthe sdventhumiierendiodibednayte watiu [Riguve 1) sthlgeand

especi al | or, hi gher ales. Further, to synchroni ze the DHPF
out put's zﬁ/na[lﬁgw flgtrfﬁ?lesitonstructi on block 116 (see Figure 1) for

di f f er entjosgal@Ssefdre Nt &oMEIE healtinfceFh @@ tHRkfoSmARMEbdsed Bcomposition
i npl emented, especially for the |lower |evel. For 5exanple, the

required a@@rggpnp@pctipﬁ,e%/@d&lag ptyegng obtgiging output of the first scale S1 from the
20 DHPF before being processed by the RHPF for the first scale S1 for reconstruction is

longest. On the other hand, the delay between obtaining output of the eighth scale S8
from the DHPF before being processed by the RHPF for the first scale S8 for
reconstruction is shortest. Therefore, there are different processing delays for different
scales.

25 [070] For ASIC implementation of real-time signal processing, delays in a FIR filter
may be implemented by shift registers. Figure 2 shows DLPF implemented by shift
register architecture 200 having shift registers 202, 204, 206 and 208. When new input
data 210 enters, all data in a present register (for instance 202} is shifted to the next

register (for instance 204).
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[ 72] Using Chartered 0.18 pmtechnol ogy, one register occupies about
60 pn2. On the contrary, the SRAMunit has conparatively sinpler
structure. To realize the |large delay required by enbodi nents of the
present invention, a |large nunber of shift registers are needed, thus
using the architecture shown in Figure 2 would take up a | arge area.
10 [073] In the interest of achieving a nore conpact device, del ay

nmay al so [pe1]i mk elﬂﬂmberdsdmplmi\n@e&t afahforn@iHid A MBI CARISL PRty nunTAM .
[074] Uscfpe? Si ng rt SRAM wi th the sane technol ogy to build 720x20
units an aé(ﬁ.vw aégeeésmcw ¥ donpigher; ssglgs- Bﬁghedewawelﬁomfﬂﬁ@ea@@%ge

area for QiGilithe h%nél%ébn@t?@ﬁbn%m 118 Figde TY 60 cﬁff@xjehtesrcalfebaar}ﬁgg

of the register. conpari son between u3|n? ft registers
and SRAMmumbgrc kf esstordaingty hiage pr by idpldmiseiedvespediaib) CE\ﬁb¢ yowdroetkel.cyigire

of fl . dat a red in fo xanpl e 202) will shift to
the néxt erx%%f I:‘?ttg‘r ?%155318&% gPl%hescgth ?6 nsition of register input

w || congong cmmgamlaatnevsalwlsmgheqmmgy, 088 pagital deyupidyaibotithd® aifai tn o
shifting registers _is Ion On the 20 contrary, an_SRAM need only
wite theOBEE § dﬁ‘?tt aatwlgp%rﬁ% X FIEper SERCtEPC @ realige ﬁ@elﬁrgﬁdelaand

then readefiliRadat éinlfHdiméHts 69%%ése§ﬁ%9érftioﬁ &ha@@é‘n&ﬁﬁér%f shitefefisRELare
power consunpti on by t SRAM i's nuch |ower than the shift registers.

[77] A shiepdeds dyh vsing thﬁ@ét!nsteqt@rebhwmlrdﬁm 2rwadd tadse sphlagsEtup and
hol d | at
no {ege[g’/ﬂtlo IR fhgante?&q 61_*“4 é\:m %&Qg”%ﬁntﬁa?{ £91c£eﬁ?1ta§‘ ?yon o o,

i nser ween shi reg |s ers resu
a | ar ger impementedtbyalstg stmughlz&rdommc.earssmnﬁ)uyn{ﬂRM). [ 78] Tinme has al so

to be ex ed._on f.l ooi pl routin vvhe Iarg ) r_.of .
Fogt st o S0 Ul tmelinbe SrARMAR dhe s ndloit I Butlt TB205nis amg
requi r enegting theCREhSHfARD phAh QoRdidERicAN the RQEHPE ﬁ‘i‘eh IfdrQJn8 %hltﬁ@b'ﬁlg RBout
Thus, the SREAM provi des a conparatively sinpler structure

Accor di ngH, Ehighis wheh umller thay that efjtheegister) | al t hough the nunber of
taps fsor [b‘%(js @ngkngg&ftl??%}vg%{?%gnyyhﬁp b st!ﬁ@r&%r Skﬂg}ﬂ ft% rhcinieiré"defapeis

nunber of n-zero coe rirant for erent scales
B = 4 forpraitgd lmhav.1 R "(k) , 2 for h," (k) , and 6 for hR "(k),

mt hormat {041 GFeBatrasrela ol uthgorE PR RIS O S Mol Sifdeg
st g G, 3, i e e ks o o
comparatively high power, especially when the chain of shifting registers is long On the
20  contrary, an SRAM need only write the data into a unit at a specific clock cycle and keep
it, and then read the data out at another specific clock cycle. Therefore, power
consumption by the SRAM is much Jower than the shift registers.
[077] A shift register needs to build clock tree to solve setup and hold time violation,
and thus a large number of buffers need to be inserted between shift registers. These
25  buffers result not only in a larger area, but also higher power consumption.
[078] Time has also to be expanded on floorplan and routing when a large number of
registers are used. Since, SRAM are already integrated, there is no requirement to
consider how to place and perform internal routing. Thus, the SRAM provides a
comparatively simpler structure.

30 [079] According to equations (3), (4), (6) and (7), although the number of taps for HPFs

and LPFs are huge, which is larger than 2"" -1 the number of non-zero coefficient B is
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5 (6), and (7). Therefore, the non-downsanpling W & IW filters have
"sparse" structures. For the scales S1 to 54 of W. deconposition,
the total nunber of filter taps is not significantly |large, therefore
the shift register architecture 200 may be used to inplenent the
filter arrangenment 164, where the operation clock is the sanpling
rate of input signal A 10[080] For the scales 55 to S8 (see Figure

1), since_the total.nunber ofyfjil.ter @aps,is(gomparat kel r gg, (k)
SRAM nay 'BEREES" g‘lﬁ@leé‘éﬁ?a{)af' & hi# fory g’g(ltks?% st 0 érgoéllﬁze ’t‘ﬁ‘é érfgﬁu?ﬂr ed
del ay. Faphigitak@uite sthig daheint HOMTEGatiesdatel oy @ R HARRUBhYopsdtibhen
into SRAM wi th continuous address The data inside SRAM are read out

wit h spedn¢lpding g adicadon tndudditipnmeadetodisesxgeyiesh on thendata fpby preeesser.
and addi t 0 ' : - r
and add, oy ASKOBUELAOE ARIPIBIE o BE ot DTS LRGSO
menor Yy ar(Epyartio§7)h EheslGRAMeanoado82Gnphug Ny Toke IWT rfiltees diave |“spapwei t

SRAM units 316. JThe nenor r 4.incl udes first | ti.plexer .
o2, o scBrares A i e Su 350 HH seoRpdaish ol P oE B Bheize
Si m | ar | yhot tsh@ifdagCy Nagar theRiranthsisitakedi@aonshilddtiré @00 bhog e Lied ab

t he el ectrocardi ogram 20 signal processing system 100 (see Figure 1)
uses t he BakEeaf ﬁﬁifil@éﬁﬂ’?@egﬁbﬂl\hé)% Whefegtie epgatighep@piy thigampling rate of
el ectrocar di ogr nysi gnhal reconstruction block 116 has a SRAM array
350 havi ABPWAEY®r 'more singl e-port SRAM units 366. The

el ect {0Ccq080]0FoRMS sARR! ST RCHNBeE USEureoN ) DdiReKihd ¥6tal REhbEST Mrc ithpilis
mul tiplexer 372, a second nultiplexer 374, a switch 378 and a control
modul e 37emp2Bfivdyp Jargs. (SRANMoney ebesedd dnstend ofl iibrpaisieisito reabite the rEoGed

si gnal , HelksC lfc!}esc@gimlt]ﬁéq th %togl an%é gHu#re 'cgntfirjxuotIslgA%ﬁ%Eqg{oySIeAﬂ/la?('itllf04
needs to operate at a’higher operation Trequency A ri'ng orie clock
cycl e 302oofinudus cidédreskat Ehes darplissi@0SRAM raireddngutdaith sheafic adtipsdes to

DLOut S4 of the last |.ow ﬁl?lsls. dlter %6 cELPF_S4 of the filter

an- ange gl OTR ePERIIER g BHPYICangR 28R BH of the | ow pass out put

DI 0" 55 DU@8L)SEiduaé SO sh&es kil BUEIE didordni O @8 B0@ar hedy Qperat inenwieldthe

menory array 104 itsel f8 is witten in through the switch 328.
transformation unit 102 (see Figure 1). The memory array 104 has a SRAM array 320
having one or more single-port SRAM units 316. The memory array 104 includes a first
multiplexer 322, a second multiplexer 324, a switch 328 and a control module 326.
Similarly, the electrocardiogram signal reconstruction block 116 of the electrocardiogram

20  signal processing system 100 (see Figure 1) uses the same architecture shown in Figure 3,

whereby the electrocardiogram signal reconstruction block 116 has a SRAM array 350
having one or more single-port SRAM units 366. The electrocardiogram signal
reconstruction block 116 includes a first multiplexer 372, a second multiplexer 374, a

switch 378 and a control module 376.

25  [082] First considering the decomposition of an ECG signal, since the sampling rate of
input is h , the memory array 104 needs to operate at a higher operation frequency fa,

During one clock cycle 302 of J , one data sample 304 (containing data from output
DLouS4 of the last low pass filter 160DLPF_S4 of the filter arrangement 164 [see Figure
1], or any one of the low-pass output DLy, S5 ~ DL, S7 [also see Figure 1] from an

30 earlier operation of the memory array 104 itself) is written in through the switch 328,
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Data in the SRAM array 320 is al so read out through the switch 328,
containing four data sanples, in accordance wth equation (3), for
cal cul ating the output of DLPF (being the output DLOutS5, DLOut S6,
DLout S7 and DLOut S8; al so see Figure 1) and two data sanples, in
accordance with equation (4), for calculating the output of DHPF,
usi ng operation 5clock f2. For each scale S5 to S8, the address 310

for writimgs Bah@SRAM ¥Ghy 820518 lafsb iredd, ous Gurdulpatihd HetchriR8] conedidin@ i daa
be sequentially witten into the SRAM arra)i§320 The addresses 31

for readisAgPiatIA 25¢wdancs &V ityeanaons@.ror rgculaiing thnevigrt ¢lePbik ona
each addrg %gygt b@gmgse@iomgs ISL,247 ;Lnd D, 9 afsls'@ée ﬁlgglgcigtaﬁg Wird tiatgtsmlﬁegnt

del ay can read out nul'ti pl'i catlon perf

mul ti pl i datacenmdanse ovigh @m@tlmsl(ﬁcémt tedculatingethe ofitpunpé DHRF, 16inRl @Rration
about two ti r?s of that of DHPF according to equations (3) and (4),

t he ndnbetockf2mdipwegchustialesSs to S8g thel addeess BED fop traiting alpts istydbicrittingise h

can satisfy Otg?c_)}y't'_pu?(')d: Fat ﬁ@ﬂcﬂ"'ﬁg se%lﬂzgtlsl 3 §HBTRESRANE %%{3 a3 (e%Qy

bot h HPF "an same sc¢ ccor |ng o equati 1) "and
(2), the adéfesdes o dorf resdihe tina BkdPhls@ogtlioHRHting aad thd diffettatayawedn each
non-zero coefficient for DHPF are same as that of the middle two non-
15 zero cdéfefs for eendifenis PR, st\gstithendpta ith differentsiziayl ees barread entrmad

e noudniiRialiPg g b e b AR L il kP PR g, B

sanpl @s DELPHIE a6@ thoenied of that af DmPataecdﬂﬂBE to Jdiﬁﬁ@fsqspanmmhmnnber
share the sane i nput _as DLPF (be D2 and put data

for both 9HIEMeL dlnéﬂﬁze%ht"sﬂlﬁrtéta{ s §§PeLP£d arlo%atwfwaﬁhBLBEtaad
and thus @fpy 48 tﬁ&%ne%ﬁélﬁm?fcag 8t @hﬁ%ﬁ&h%aﬁﬂﬁe 8984 sé?l‘i’é sJaQ:rn

cal cul ating out puts of oth DLPF and the four outputs of DHPF

form ng %@&bﬁ%@é éq%a@&s ié,%e‘&ﬁ%ﬁ'dﬁlta %PE&H%EP%CM(PDP@FQQ%W‘)G
i nput data 354 HPF and RL are different according to equation

(5), two ase e delays SRap-agereppetiicisnt {pr SHEPTSRARME Asifat of the middle two non-

15 zero coefficient for DLPF. Assuming that data samples are termed D1~D4, according to
equation (3), data samples D1, D2, D3, and D4 are needed to calculate DLPF, while
according to equation (4), data samples D2, D3 are needed to calculate DHPF.
Therefore, DHPF can share the same input as DLPF (being D2 and D3), i.e. the input
data for both DLPF and DHPF can share the same address for reading data, and thus only

20  four sets of data samples need to be read out for calculating outputs of both DLPF and
DHPF, the four outputs of DHPF forming scales S5 to S8.

[083] For wavelet reconstruction since the input data 354 for RHPF and RLPF are
different according to equation (5), two separate SRAM arrays (only one SRAM array
350 is shown in Figure 3) with different number of memory units are necessary for RHPF

25 and RLPF, respectively. For scale #, the input data of RLPF memory is from the
reconstructed data at scale nt1, and the input data of RHPF memory is from the DHPF
output of decomposition block at scale n+1. For every reconstructed data output, four
data samples from RLPF SRAM [in accordance with equation (6)] and six data samples
from RHPF SRAM [in accordance with equation (7)] are read out to calculate outputs of
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350 is shown in Figure 3) with different nunber of nmenory units are
necessary for RHPF 25 and RLPF, respectively. For scale n, the input
data of RLPF nenory is fromthe reconstructed data at scale n+l, and
the input data of RHPF nmenory is fromthe DHPF out put of
deconposition block at scale n+l. For every reconstructed data

out put, four data sanples from RLPF SRAM [i n accordance with equation
(6)] and MHIPF ddtRHBRARp&SiIvER O ThRHRRySRAMEd fracoasttarias anECE @eiagtakon
(7)] are read out to calculate outputs of RLPF and RHPF respectively.
The del ay@eriignss @@He’f%{PP’E%@E‘ﬁ@rﬂﬂf'cf%M HRYECG signal, as nenti oned

above, arngs4yr QlYSjt(gig%f lﬁ)ﬁng R&o W@SMX@ array[s 8¢ Healinstig It o -t%la&\@ﬁd

separate SRAM arrays to realize the DHPF out put delay and the del ay

i nsi de RuRFdelasipeide RErespectvelpl cesiGRANRAM ayray such anthetIRAMRANY 360 ay
350 5.sho i n Eiqure; 3,, but hawing.a,sufficient|y. | e _nunber

ani t 5 300 i Behbegart nanitha i L bt L s AR5 BB, T
car ef ul | \ni¢ihlosesss taddiest Bé@hbetth bk kerePHFchosinu tredliet dyth (A DHPFeougsit ay
i nsi de RHPF. Thut?l, the I/O contr051 pai | _of the si n%l e S_RAiM array has
conpar at i9¢Epyandapg delagiinsids REPEn d et difpl @<contrelaageit thy gasle g eray
using a $,0gh8paEAMIANLBY GRRIE 8RS8 I rarf HobRvEORLingla BASIE
resulting in reduced hardware l1l0area. [85] Returning to wavel et
deconposiYRAIM, artay denrredvse thevwslkertaid/Graesenl poft, sdtingin reducqalrardaard
har d\/\{%reagraea, the SRAM array 320 integrates four single port SRAM
316 units ?bget her. For the scales S5 to 88 DLPF inpl enentation, for
exanpl e, [68B)pHRengnihgus waegat demposiging tpiitheSkRAMeuthe hamBdtofUAD ngntrol

Chartered 0.1 t echnol o jves area 15, of about 1 ne.
However - PeBnE RB Ao o g TS eaies oir SRS et SR Hgits
105814 prfgetidi Hor iBANGRS ¥ 0SS DIFH DpISNSHIRicA! B exahBR] dddBting four

integrated SRAM array 320 works as follows. Different data sequences
need to Bepapte single-pait SRANbuERANGAsIEG Clrpgrednld pmdecchanery giyes ar archor
each seq i r i if f . es
S5 on Hraoa T b, KD B Badn R A hB e BhiTERY
uni ts f orabetdl0s814ymhwhichre@ucas elnfdsi 34% hdrdwdrerea.

[086] The integrated SRAM array 320 works as follows. Different data sequences need

to be written into the SRAM array 320, and the sampling rate for each sequence is I,
Memory units are allocated to the different scales S5 to S8 in a sequential manner.

20  Assuming the number of required units for scales n, nt+l, nt+2 are Pn, el Pn+2,

respectively, the memory addresses that allocated to them are 0~(& "1), B ~B By =)

)~(P;, +hatlg _l) respectively. The addresses for writing and reading are

»

and (R' +£

n+l

sequential and scale by scale. For DHPF, for example, the memory operation is writing

data of scale », reading data 1 of scale n, reading data 2 of scale », writing data of scale
25  ntl, reading data 1 of scale n+1, reading data 2 of scale n+1, ...., in sequence. In Figure

3, the first multiplexer 322 selects the data 304 that will be written into the SRAM array

320 from different data sequences 330. The control module 326 can generate chip enable

(CEN) and write enable (WEN) signals; and memory access address 310.

[087] As multiplication modules are normally complex and occupy large areas, it is an

30 objective of various embodiments to use fewer multiplication modules. According to
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respectively, the nenory addresses that allocated to themare 13-(i:
-1),-(1),, +4+1-1), and (ii:+44-1)-(g P: H 1g+2-1) respectively. The
addresses for witing and reading are sequential and scal e by scal e.
For DHPF, for exanple, the nenory operation is witing data of scale
n, reading data 1 of scale n, reading data 2 of scale n, witing data
of scale 25 n+l, reading data 1 of scale n+l, reading data 2 of scale
n+l, ... .equatlons.gQ)€Mcad (b)) ittdag be @bskrvddnRatfthe siltiplititionl ope@tion 2: DLPF,

selects t at that will be itten into the SRAM arra .
from di ffﬂﬁ%ﬁtanaé}i%%s@%é%%%%?m@“g@ﬁt@ [PA¢iBe QPE2tis- 53%1“3'1%% in

generate chin enable (CEN) and wite enable (VEN) si | s;. and nmenory

Sccess. addh £Ds TTpaton ook st M higher SBFRHGR FERHEAT oL atan T ey

conpl ex FRUGHEGEHRY rhAhule 382 88 Sequifed | Br Ahe 3B tc@RHtRC BRUWG Ghray 83408 the

enbodi ments to use fewer nultiplication nodul'es. Accordi ng.to
1

equat iSongliffgrant scqlgy Shied8; @)s shpwn dRighee b ibheetecand mptplexeyd24 is applied for
Lti ol i catl RIS . i d

by si 1t o ik ABEIA kel B0l efors Sicp R dnt <Lr o 16 WRICGTRALE

mul ti pl i cad exantlypsons, shedtardwaee stghee caper fatthanifpléggdency A, Therefore,

only one tiplicati.o du 12 is .required for.one. i r.at
SRan o' A5 g GG HERTRES Wi deimpReifi 6T e afes EneEmg L B 452
Fi gure 3,infoheght @XPIowphts ifihexales 3240 IS8 2aBRhE B PFVutHe Fa Gl S8, These
different nultiplication factors. Since non-zero coefficients for

di f f elentninsc 51284 spaaencga denrgseab differeni eclapciprisics ot £G& gianak in diferent
further SJaH%J/i.dfﬂ.ed- [88] Thus, the eight scales WI deconposition

separates the 1 ncom ng ECG signal 152 into eight DHPF outputs from
scal es S1084 SBeahdvaodreoDbfitiguipliecdshusonl ssh@8es aTtbssed D Wik arel are

signal se ne represent diff nt. charact er.i st of ECQG sign in
i 71 or encUHGPE RN 3hby oA Seuel o i B, BoGRTEF udtRon
schenes atacthas @ith@nargd nuiabé oidelagdiaridaddngalf oimbee 6f sevisaeqdffidightd\MThe
Non- downsanpling WI' has a "sparse” FIR structure, with a | arge nunber
of delsay SR @ArasnEAV3s0Usan aferatap-Fruencyodf fvhizhehi sne FhisodlneSRANY
array 320/ 350 has an operating frequency f2 which, in one enbodi nent,
may only be 32 times higher than the sampling frequency /1. In contrast, using a normal FIR

structure which has a large number of both delays and non-zero coefficients, the
operating frequency of the FIR structure would need to be at an impractically (around
hundreds of times) larger value than the sampling frequency.

20 [090] When choosing whether to use a single-port SRAM or a double-port SRAM to
realise the memory array 320, the number of scales that the memory array 320 processes
is a factor. The number of scales that can be processed by an integrated SRAM is, in
turn, limited by the following factors.

[091] The first factor is the number of /O ports that the memory can provide. A single-

25  port SRAM occupies much smaller area as compared with a dual-port one. However, the
dual-port memory can perform reading and writing operation at same time, whereas the

single-port one can only perform either reading or writing operation during one clock
cycle of f Therefore, the maximum number of times for reading and writing during

one clock cycle of A using single-port SRAM is less than that using dual-port memory,
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only be 32 tinmes higher than the sanpling frequency A In contrast,
using a normal FIR structure which has a | arge nunber of both del ays
and non-zero coefficients, the operating frequency of the FIR
structure would need to be at an inpractically (around hundreds of
times) larger value than the sanpling frequency. 20 [090] Wen
choosi ng whether to use a single-port SRAM or a doubl e-port SRAM to

real i se tresltiiihthat dermykiBd, pebhitted uoiber dcad@alsig sidpdd-pdrh SRABNBI4ss
array 320 prgcesses is a factor. The nunber of scales that can be
pr ocessedbanthafpsingduglpaE3R&MaM i s, in turn, linmted by the fol | owi ng

factors. [091] The first factor is the nunper of 1/Q ports_that t
menory ca[h”ﬁr (L{&IF gecond fz?tﬂrgaséfae %IO%NE%FQEM% ﬁP%‘é“‘?fE&lﬁ"l% HafYeary 2}3 ea
as conpared with a dual -port qne. However, t dual - port nenor n
Dor £ or m B8 i 5%t B PG R ST OR T et tha Pt (RAGPRIREST HE The
si ngl 8- PQigheP IR B8R4 tRNMY¥raR8E FalMoQhl h@ftmfg%ﬁ@ﬁaﬂ&a S B JetfoRBePPndtonen
during one clock cycle of f2. Therefore, the maxi mnum nunber of tines

for r?adicﬁtﬁ:k@EiQveiﬁ,irE@ltﬂigrihﬂﬁ)r@ﬂﬁle@k&@lﬁarﬂi@o&bﬂﬁd@o%&ﬂ{eﬂg singl e-port
SRAM is |less than that using dual-port nenory resulting in that the

maxi mum g893h e dhird fastor ipthe swmbes of aqmsre perili@enss far oSy Asgiyging

t han t ha L 1 £ i jcO
et veen tha® Ao SR - BILIERAN for b . HIE SSEANSale 6] Rlsplyrh BEmb L Ir
can supporilesawring fingls-gopl SRgMr adaeluef-parh BR Al odn datacidaedi by egudtions e
5 hi gher t@g%ratio. tIhe nore the reading and witing operation can be
per f o med™d TP FPSHER ock cycle of f , resulting in nore scal es that

can be conbi ned together. [93] e tthird factor is the nunber of
non-zero coefficients for M%%Wﬁ' Assuning there are M non-z&9o
coefficients for the FIR filtef e) ch scal e, the maxi num nunber of
scal es using single-port SRAM and dual - port SRAM can be cal cul ated by
equations (8) 1l0and (9), respe tifyelly. f 9
N ®)

where | x| is the operation choosing the maximum integer that is not larger than x.

[094] 1t will be appreciated that shift registers are also usable to realise the
15  decomposition and reconstruction of the ECG signal. However, by using SRAM to
facilitate the WT decomposition and reconstruction, area of about 50% can be saved as
compared to using conventional shift registers.
[095] Returning to Figure 1, the electrocardiogram signal reconstruction block 116
processes wavelets belonging to the first to the eighth scales (S1 to S8) and reconstructs
20 an ECG signal from the plurality of wavelets from the first to the eighth scales.
Compared to the ECG signal input into the wavelet transformation unit, the reconstructed
ECG signal is cleaner in that it has been processed to remove noise. In the embodiment
shown in Figure 1, the electrocardiogram signal reconstruction block 116 includes a first
reconstruction block 118 for the fifth to the eighth scales S5 to S8; a second
25  reconstruction block 120 for the first to the fourth scales S1 to S4; and a third
reconstruction block 122 for the first to the eighth scales S1 to S8. It will be appreciated
that the three reconstruction blocks 118, 120 and 122 may be implementable by memory

arrays, such as the memory array architecture shown in Figure 3, wherein SRAM is used.

19



Ns - 2 [ (m+1) f2 f m_ where LHis the operation choosing the
maxi mum i nteger that is not larger than x. [94] It wll be

appreci ated that shift registers are also usable to realise the 15
deconposition and reconstruction of the ECG signal. However, by using
SRAM to facilitate the WI deconposition and reconstruction, area of
about 50% can be saved as conpared to using conventional shift

regi st er HowdvdR]in Rabthenkmfodimetd gisk ehdwn)t the frseacogtactbinobloam]$s,gnal
reconstructiaon block 116 process ‘f@@dﬁel et s bel angi Tg to the first _to

the ei ghtSfeatdareansiragtionplegly 120, an g repopstrusgon Slgekd 22 P s shifh

the plur q'laélgt&sqg VMR @ctla%/ fIQutth& dnidodimd® (RSh&HPNIHR H6ak&Rstruction
Conmpared to the ECG signal input into the wavel et t'ransformation

unit, t héﬂfwé(cblr?ﬁs theusscon! E@@s@uqn‘aﬂ blpek ¢2Q amk the; third ha:tonﬁtuch@;s blpekri22
pr Oce%sed o n{c?urggvgotﬂml'ﬁﬁ re teI‘shgnda q‘H&lq | msn aﬁé ht%"\@chller%fe '{;11'1 . {s%

el ect rocardi i ogram si gna onst ructton b 61 ncl u
r econst r uedcnetudibo dlock 188 bﬁmputs h?nd’hrdrﬁibdtsbgnbhe)emnimg ko s‘mahgt;pa&?) filtexeB8;

d 25 ck 120 for the first to the faurth
Ccal oo SICoPgORS Shbebri e PERbCt R AREbn b S 120y wdUhsty
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20  between both a portion of the output from the wavelet transformation unit 102 and the
baseline drift removal unit 108; and the electrocardiogram signal reconstruction block
116. The data compression block 106 receives wavelets of the fifth to the eighth scales
S5 to S8, wherein an output of the data compression block 106 is coupled to the input of
the first reconstruction block 118.

25 [097] To minimize the area of storage units, the data compression block 106 utilizes a
data compression algorithm, based on the properties of WT decomposition for the WT
scales 5~8 DHPF. In various embodiments, the data compression algorithm is
computational efficient.

[098] From Figure 4, it can be observed that the DHPF outputs of discrete WT for

30 scales S5 to S8 suppress most of the high-frequency components. Therefore, a

conclusion may be drawn that the variations between successive samples are much

20



RLOut S4, RLOut S5, RLOut S6 and RLOulS7). The output of the first to
the third reconstruction blocks (118, 120 and 122) nmay be a
reconstructed el ectrocardi ogram signal. The second reconstruction

bl ock 120 is coupled to an output of one of the at |east 15one
wavel et denoising unit 110 to receive denoi sed wavel ets belonging to
the first to the third scales S1 to S3. B) Data conpression and
deconpr esgialier (he9@le VAdues v@\ampI6s. FTe Whifindize tHemidded of RIAPIES StbRRe AhRgkK
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the variations in scale S5 are largest. As a result, c(i) in Eq. (10) for scales S5 and S6

may be much larger than that for scales S7 and S8. Therefore, the second-order
differentiator instead of first-order differentiator can be adopted for scales S5 and S6 to
15 further reduce the amplitude of variations, as given by
eli)=[d(e)-a(i-1)]-[d(~1)-a(-2)]
=d(i)-2d{i-1)+d(i -2) (12)
and its corresponding z domain transform function is

Fz(z)=1—22_' +z72 (13)

20 The frequency response of £ and 2 is shown in Figure 4. It can be observed that
although the proposed differentiator amplifies the components in high-frequency domain
slightly, it significantly suppresses the amplitude of components in low-frequency
domain. The compressed data is then sequentially written into the SRAM array 320 (see
Figure 3) and thus the requirement of storage units is reduced.

25  [0100] Returning to Figure 3, in the electrocardiogram signal reconstruction block 116,
the stored data needs to be decompressed, and an inverse operation is used. According to
equations (11) and (13), the reconstruction filter for scales S7 to S8 is

Giz)= = -~
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5where 4) and '(t) are the data sanples before and after conpression,
respectively. Equation (10) may al so be thought of as a first-order
differentiator with the transformfunction 10991 Consi deri ng DHPF

out put of scales 55 to S8, it can be observed that the passband 10
of scale S8 is the | owest whereas the passband of scale S5 is the

hi ghest. Therefore, conparing different scales, the anplitudes of
vari at i ongd ithe B€alsudtdndiler fretdl®Hs o \8ees eas the variations in scale

55 are largest. As a result, c(i) in Eq. (10) for scales 55 and S6
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3, in the el ectrocardi ogram si % reconstruction block 116, th

st ored dettherrfdecd sompensatesipel a@ewe af thewtheafilttraver se operati on | s
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scal es 8TommpreS&ion and decompression. The data compression and decompression includes a
data compression portion 502 and a data de-compression portion 504. It can be observed
that the hardware cost of this scheme is comparatively low. For both the first-order
compression 502a and de-compression 504a, each has only one delay unit (506, 510) and
15 one addition unit (508, 512) respectively. For both the second-order compression 502b
and de-compression 504b, each has two delay units (514, 516; 524, 526), two addition
units (520, 522; 530, 532), as well as one multiplication unit (518; 528). However, the
multiplication factor of the multiplication unit is 2, which can be implemented by left
shifting the data by 1 bit and padding zero on the least significant bit (LSB). Therefore, in
20  another embodiment, which uses a shift register, there is no need to use a multiplication
circuit. Referring to Figure 3, it will be appreciated that (although not shown) data
decompression is performed at the output of the SRAM array 350 before the data enters

the multiplication module 312.

25 11 Baseline drift removal unit
[0103] As shown in Figure 1, the baseline drift removal unit 108 acts as an interface
between both a portion of the output from the wavelet transformation unit 102 and a
portion of the data compression block 106. The baseline drift removal unit 108 is
coupled to a respective output of the wavelet transforming unit 102 emitting wavelets

30  belonging to the seventh and the eighth scales S7 and S8. High-pass filters (not shown)
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[01011 From equations (14) and (15), it can be observed that the
reconstruction filters are first-order and second-order integrators.
They may be infinite inpulse filters (IIR) with 5poles on the unit
circle, resulting in instability. However, cascading Fi and Gl= 1, 2,
t he pol es and zeros conpensate each other, and thus the conplete
systemis stable. Thus, the data conpression block 106 may be
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[0106] Figure 6 illustrates the spectrum of WT decomposition filters. As mentioned
above, the eight scales WT decomposition (performed by the filter arrangement 164 and
the memory array 104 described with respect to Figure 2 and 3 respectively) separates the
25  incoming ECG signal into eight DHPF outputs from scales S1 to S8 and one DLPF
output for scale S8. From Figure 6, it is observed that the DC components and the
dominant lowest frequency component are resident in the DLPF output of scale S8. At
the same time, the DHPF output of each scale also may contain certain low-frequency

components. However, attenuation decreases as the scale increases.
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5 frequency and attenuation may be adjusted to minimze the | oss of
useful ECG information, but would affect the perfornmance of baseline
drift renoval. Thus, when using high-pass filters with specific
cut-of f frequency and stop-band attenuation, a bal ance has to be
struck between baseline drift renoval and ECG signal distortion.

[ 0104] Various enbodi nents, while providing a conputational efficient
and | ow qosi7] Ifis stsbeiseeriyal thBedisioarall theplCedoiipoatnto And Badelisdriftifefall in
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scale S8. FromFigure 6, it is observed that the conponents and
t he domi ridgen HCShwigrals.r equency conponent are resident in the DLPF
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separated into two steps. 101081 In the first step, > DLPF out put
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remai n begfaystoishe FePuchuidputical OR filtadseays be adicad8d, aimewhizh thé Qiut-d£
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with |indBaugsed siop-band alghtien 8 Hige 25456 Fizri@d; SR eseetitedy i s

conpagsat iﬂﬁk&o@%ﬁhly@@@%td WinB 3N EE NeanRSERBedt e basel i ne
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same time. If the baseline drifting is not severe, 20 dB attenuation may not be necessary.

Control modules 706, each implementing an adaptive filtering scheme, which can

30 automatically adjust the number of stages that are to be activated to meet the requirement

in different conditions, may be used to minimize the operation power.
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necessary to introduce additional filters to suppress the baseline
removal . Two high-pass filters (represented as nuneral 166 in Figure
1) may be applied on the DHPF outputs of scales S7 and S8 (i.e.
DHOut S7 and DHOut S8 shown in Figure 1) respectively. Since nost of
the DC and | owfrequency conponents have al ready been renpved in the
first step, the 20 stop-band attenuation requirenent of these
hi gh- pas ihters can he rel are resulting in c aratively .l
conput at b Bl BEsby™a Runk S Rl FATRRETRL S by ¥
use a chebyehiay fdrinuld R filter because of its flat pass-band response
and smal | nunber of sections. Four such identical IR filters nmay be
cascaded, in which thep cdt f|2 frequency and stop-band attenuation of
the IIRfilter are 0.7 HZ4nd"5;dB,25espectively. 25Therefore, (16)
totally 20 dB of stop-band attenuation can be achi eved. [0110] Frgure
7 shows |.ock Qi 0 ;Fﬁ ' rift ﬁn’ﬁFV| Sinj t t 1S
not neceg))\s'}gegé;it%qfée\?mgé@ﬁ&o% a tl(%?l%?ﬂﬁ:%aql Sgrl-tgtagée ’l dfillsetpé(aofer%nce
filters arteanganienith diifutadl stdge ; amhstaga 4180 hikarishiBatbasdtitioaaldilict bpergred, s
not severe, 20 attenuatiqn_may _not _be necessary. trol nodul e
706, " ohorinl i RHERCHIAG | SSHBRERY & 5 (e Agah e Eap erpreipton. 1
30aut omath&aktht Adialist hés!&ﬁorf}llhfﬂaﬁaibil@t oS baGRSe el ala e sta@edIGrp@Ethhy A4ed
to meet the requirenent in different conditions, may be used to
m ni m ze Tohacegsetrat imsh dinelock gooree 13re Thishedi niseylting 18t igkpé scompiutatipyal
meet the j I - ulated by the follow ng formula
p, 1st/ Lcroﬁ'&lwéftﬁlggdlb%\%%cgﬁ lgggecﬁg#g'the nunber of out put sanpl es
t akenioi nt[01 8 dountnymern dheScgmpusatiohd cdifplexitgnibe séeond etdee etatittizan /etyimtion
out put of . stage | d stage_.4. i=0 neans.that no additional filter
oper at es,(lé)ﬁa%f‘ﬁﬁereﬂgﬁ@bvutﬁﬁét%%ﬁf%%%ﬁ 16 ®AURy 8 are directly used for
clean ECG reconstruction. If t{he ouytput of stage i has enough
capability of baseline rerrm[&lfzﬂﬁ,é stages _larger than i are not
necessary and their clock sourte are |dt¥féd, resulting in total (17)
conput ati onal conplexity and power consunption reducing. i 0112] To
m ni m ze PR dbmpistsmallonthan ¢ oprsifieditirgsholddetsunioeribyr demparatar ¢isitd 02 n
equat i on deh) odTR¥ R6aE DA cRpahilsh frblethuelt fffsndt ht Shibir rldled' S 1
151 reference numeral 708 in Figure 7) of stage i is the final output of the filter arrangement

704, and the clock sources of all the stages larger than i can be latched. The adaptive

filtering scheme, implemented by the control modules 706, requires that all the filter

stages 704 operate periodically for calculating 4 and comparison. After the number of
stages is determined, the clock of the unnecessary filter stages 704 will be latched until
20  the next comparison period comes. For instance, at stage 4 of Scale 7, the clock of all the
unnecessary stages are latched, as shown in Figure 7. Latching of the filters in the filter
arrangement 704 occurs as follows. The comparator circuit 702 sends each of a plurality
of reset signals 710 to the respective filter of the filter arrangement 704 that is to be
activated/de-activated. Each of the reset signals 710 is processed, along with a clock
25  signal 714, by a logic array 712. The output of the logic array 712 then activates/de-
activates the respective filter of the filter arrangement 704. In this manner, the control

module 706 automatically chooses the minimum number of HPF in the filter stages 704

25



i=0,1,2,3(17) [0113] If 4 is smaller than a specified threshold,
determ ned by a conparator circuit 702 of the control nodule 706, the
conpari son procedure is finished. The output (indicated as 15
reference nuneral 708 in Figure 7) of stage i is the final output of
the filter arrangement 704, and the clock sources of all the stages
l'arger than i can be latched. The adaptive filtering schene,

i mpl ementreghildy ih leffGamtscelaribdot findfowdremdihiaimizb e B of heflitc@r
stages 704 operate perlodlcally for calculating 4 and conparison.

Af ter t hEORUARESS- of stages is determned, the clock of the
unnecessapyy 4 'T!lqhserthétlﬁagélﬁae@{‘ﬂ %&bva‘?%l&&t @G@%dgﬁbé 'r?a%‘%ed ) a%‘%%f%%ive

conpari son period cones. I nstance, at sta :
cI ock of ca*dadelﬁltamnenmt yo%ﬁlagmcalﬁé filltest m@gt;mas 7§h@mpmingiaghqm

. Latchin f the filters ter arr ang
o Fove. oFR&Tenaii: asroaptive bt e bl ipa SRR I oy AR i Gyt
reset si gifipfilter éth@ed ihnkbdRsai R peiforveng bastkiie dft iehfbvﬁll. I'Ithe funRdceaafefitent
704 that is to be activated/ de-activated.  Each eset signals

710 i s presssaybe Gghigragy than g fieniageis Whé‘ihgth%lfhﬂﬂ%ce wh%mfakgi alugof ay
712. The tHéJhHélI stfe dnfiSnl &ﬂ;slﬁ vauk &Y tﬂell%rgemt&%gxqé ?rﬁz{lﬂe‘?@l%' wﬁe@ﬁea he

respective filter of the filter arrangenent his manner, the
control rogstodd. 70 bas@lmmduftmcyalcthmbwsts pmentedltmﬁeﬁ@ﬁtmd S8FCWIPE7i n

t he fllter qu red \n.di ffere Qr.. savd n
pover Cand iR aees e TG eeb b e FRRllma S aRE o sl A, e

t he bgsgl&]f?h]leHEFleIow enmavals lbﬂg@ﬁﬁlaﬂ.f}l&t ﬁﬁycahes% PD]?cII}PZa&olshbwnam Faghapt) the
cascade ilt arrangenent 704, the cas Ilter arrangenent 704
conprisiﬁ&ﬂQFgﬁgﬁ%¥%§SS %m&?iﬁéﬁsgPﬁ gﬁﬁféhaptlve cascaded filter
arrangenment 704 may automatically smntch off filter stages
unnecessary for performng baseline drift renoval . The unnecessary
filter stI&IgEglsm;pmgswwdyeck,aﬂgemvettlhmhaldfbaSpéQIb& defection wiii, end dHER
dlfferenc%ﬁkgs%mﬁ out put value of the filter stage and an out put
val ue of ¥ ﬁargest filter stage is smaller than a specified

t hr eshol dA) Néise duppedssioa blisdki t renoval unit 108 is connected to scal es

S7 and S S7 .10 and WI S8 qof Figure 7 respecti y | n one
orbod: mord I AR e T bR e SO ess8h TR Hoib 5 pefice
| arger t havdehatpofonSraheousiut BRMhe was BleVharisibrinh @ &hibL02the arp@ﬁwnroqrd
filter stages o? scale 7 is less than that of scal e 8. Noi se

suppr essitbhinpridehe dersforadiosian e reopusetog iy bt cYarinys emb@dlmaﬁta
HBR %a”%sé( Wa§elgt.ql'atnsf%‘}m o thiffe- ﬁ%@%ﬁoc Erll T}'l%bsb Lifedad Qéé%l%#ls Sahmvdr?mg

Figur'e 1, the noi se suppression acts as aninterfa
blomedical signal. One advantage wavelet transform provides lies in its multlscale

information analysis which can used to characterize a signal.
[0116] Various embodiments provide a real time QRS detection ASIC based on sum of
denoised outputs of DHPF. The QRS detection unit 112 is coupled to the output of the at
25  least one wavelet denoising unit 110 and the output of the wavelet transforming unit 102
emitting wavelets belonging to the fourth scale. To exploit wavelet inter-scale
dependencies, various embodiments multiply adjacent outputs of DHPF to enhance edge
structures while weakening noise. Thereafter, a threshold may be calculated and imposed
on the products, instead of on the outputs of DHPF, to identify the important features.
30 [0117] To enhance QRS detection, signal preprocessing to reduce noise reduction is

preferred. Figure 8 shows the algorithm implemented by the noise suppression block
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between a portion of the output fromthe wavel et transformati on unit
102 and a portion of the input to the el ectrocardi ogram si gnal
reconstruction block 116. Various enbodi nents 20 use wavel et
transformfor time-frequency analysis, since an ECG signal is a

ti me-varying bionmedi cal signal. One advantage wavel et transform
provides lies inits nmultiscale information anal ysis which can used

t o char acitier iBzR{lg, the @hkithnh @dshiies VAL h6iss yRdathali®alug viaivelt chetpats fnthilk
time QRS detection ASIC based on m of denaqi sed outputs of DHPF. The
QRS det edfEevalyf iOPtP}_%zCOPEa“bE‘BHer?JfS @6 aptal Bt semperenis &yoeking afyanage

one vavelglicAeRticsiR@rHidn tkhleARhvEREsAIE Yo a@jacélﬁ%um}{@f &t n}[urlltiplied

transformng unit 102 emtting wavel ets belonging to the four _
scal e. Tdo explidy tsignéficetiiefeahmeseands dlvte mhigse Adervefters an\agaptigsthreshold is
enbodi_nment l.tigl dj t t put.s . of PF 1 0. enhanc. e
Str uctar ety o e 3G RS Mol P Y PERERS  rpee e
cal cul at eferandofi rosedshoid-bived palgetitains and Nehedd Ofiersoald epaudegidss Af
DHPF, to identify the inportant featurgz@}30[0117] To enhance QRS

d

det ect i oRign$fi@RAloupul RIFODSIPF a@efﬁ@ieﬁtec{ @/an gk Si@edtHRUCHT A9 dofresponding
preferred. Figure shows ths al gorithminpl enmented by the noise
|

suppr essi F&%&%duus%@w iggl.eta{g%}?#g%gﬂam G@ssunes that noise

yi el ds snal | -val'ue wavel et outplts | ar ge-val ue outputs contain
nmost |y of[014$} Tae elgalittBOHovanp dieme 8 hasBhe fallommg kaverat age of
dependency i nformati on between wavel et scal es, two adj acent subbands
are ltiplied to anplify significant features and dil ute noi se.

Ther eaf t er, l.afmn 80&Aphé v&piith be DIAFDL digital dipuc BCG stghabtifl td stpRI ekl (4 he
products, instead of the wavelet coefficients, to nerge the nerits of
the threshol dlbaskd HEGBMPERM and wavel et interscal e dependencies. A
significant outgut of DHPF coeffiq}gﬁt tx" ()}de is identified if its
cor r espondi g IS4, thamultisealg Rrogycddyct ds pamyéedas( s greater than a
threshold tn . [0118] e algarighm shown in Figure 8 has the

fol | owi ng features: 1[6"-(9_%@3}026)ht he outputs of DHPF of digital (18)

i nput ECG signal up to scale levels 4 (n =1, 2, 3, 4) are conp%}%?.
2. 115804, 3.hén R06,tthesthadsbolds bdmetpreset By éadoudaimgubestaaiard deviation of U7V

for every window with a specified number of samples,

t, =std{U ()},n=123 (19)

where std{-} is the operation of calculating the standard deviation, and the

number of samples is 1024.

20
4. In 808, the outputs of DHPF T (1) are denoised based on the threshold s
x i), Uli)=¢
b, (e = { 0( ) o 8 L =123
> n n (20)
5. In 810, the noise-suppressed {x" (i)}df-’ are fed into the electrocardiogram signal
reconstruction block 116 for clean ECG reconstruction.
25

B) Adaptive threshold based QRS detection unit
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(1) =x(i). ;0(i)(18) 153. In 806, the thresholds tn are preset by
cal cul ating the standard deviation of Un for every window with a
speci fi ed nunber of sanples, t" = std{Un =1,2,3 (19) where stdis
the operation of calculating the standard devi ati on, and the nunber
of sanples is 1024. 20 4. In 808, the outputs of DHPF x(i) are

denoi sed based on the threshold tn {x" (i)} de 1110,' U0) <t",n =1

"23 f E} i )[Ojl.lﬂ))As(leG)vnSn Filg‘illaloﬂ‘lethE ﬂaécsmnsmﬁplrle&s&@lvbl elsﬁxﬁlﬂl) ﬁ@;lﬁthamlemfeed
into the electro m Si truct n (o] 16_for clean
ECG r ecorf¥PRERS{diockoH U ls&wagﬁﬁwﬁ Heyingpleraentesey é@@cﬁ HeFtiani t
[0119] Aspghewn in Figure 1, the QRS detection unit 112 receives

I nput fromthe noise suppression bl ock 110. Figure 9 shows the

al gor i t hj R EBNEAQRY deRBiSRFIRNESE Qa1 (82 20c fed into a summation

5  system, where the denoised outputs of DHPF are summed point-by-point to emphasize

the QRS complex while suppressing the noise. The summation Sy () can be defined as
S, @) = @) + Il +x,00) o
In 904, to make the decision for detecting QRS peaks, an adaptive threshold-based
scheme is applied to the feature waveform generated from the summation stage. The
10 thresholding scheme can be formulated as:

, S.()=
owly=fl 0%

03 Sp (I) < ;VQRS (22)

where @ggs indicates the position of QRS peaks and yqrs denotes the adaptive threshold.
The adaptive threshold ygrs can be calculated as follows. The instant standard deviation

¢ S,0)

is calculated for every window with a specified number of samples, and is
15  denoted by G (k), where % denotes the kth window. The number of samples per window

may be 1024, The standard deviation Oy (k) is updated in every window according to the

instant standard deviation s (k)

G (k)=A-G,(k)+(1-1)-0,(k) (23)

where A is referred to as the “forgetting factor” with 0 < A < 1. Finally, the adaptive
20  threshold may be given by
yQRS = C'Es(k) (24)

where ¢ is an adjustable constant. According to equations (23) and (24), it can be seen

that each new value of the threshold is determined from the prior and current values of

the threshold itself. Tn 906, A QRS peak is detected if the featured signal (i.e., °»¢)
25  exceeds the threshold. The value of the threshold is then updated each time when a new

window of ECG signal comes. Thus from 902 to 906, a wavelet summation unit of the

28



[0120] In 902, for QRS detection, the denoised signals Ixn Ode are
fed into a summati on 5 system where the denoi sed out puts of DHPF are
summed poi nt-by-point to enphasize the QRS conpl ex whil e suppressing
the noise. The sunmation S P(i) can be defined as S
p(1)=1x2Ke{x3()1":c4(i)(21) In 904, to make the decision for
detecting QRS peaks, an adaptive threshol d-based schenme is applied to

the featu vef orm, erated fromthe s I qn stage., The

1001 U osHORBeRe e T Lt iRl My Gt et o TS T wavele
i ndi cat esich&iSinp Amitt 110N s Fighe H%K&h@ﬂqv&%dﬁ?ﬂ@ﬁ@déﬂ@raﬁﬁ@ﬁﬁih%%nit
t hreshol d. The ada&tlve threshold 7 can be cal cul ated as fol lows.

The i nst d¥E, sheisiaBSdesaka picotptestedsphn thej symngdcynvplasy excsed ey adgptive
wi ndow V“L&Es%l@Qﬁﬁéfied nunber of sanples, and is 15 denoted by as
(0, where enot es the kth wi ndow. The nunber of sanples per w ndow
may be 1024. The standard deviation rrs(k) is updated in every w ndow

according.t.o the instant standgrd deyiation as 00 53(k) = . s(k)+ (1-
A) o- s( k) ?%@?e%&%ﬁ%?teiq’ e‘?‘ e g‘eglafsd%{%fgmflhe "forgetting factor with
01. Fi nal[by21ytAresiashapii F%u?@l,t HeeHBR! hdlRYs Bt Ail¥ aBcddes iR Foii QRS

J

, (k) (24) where c s an adjustable constant. According to equations
(23) and detestion pit Eq pe seen that each new val ue of the threshold is

o 506, AL IS B AARe A O KoL KB R PESAR A
exceels tused b tlesORE deteThen vt UE2. oThe QBStpeake dhedtly refedththe hepd bt date
each ti o phen, g nev i adow of ECCus! 8NRl oS TR T 203 Yor
example, normally HBR larger than 90 bpm or less than 60 bpm may indicate tachycardia
or bradycardia, respectively. However, some patients naturally have somewhat faster or
slower HBR in normal status, and thus simply setting a hard decision threshold would not
15  be accurate. Various embodiments use a more accurate classification for the individual
status of different patients.
[0123] Figure 10A shows a block diagram of a prediction scheme used by the HBR
analysis unit 114. The HBR analysis unit 114 uses an adaptive prediction scheme which
uses a forward prediction algorithm to track the change of HBR and to further predict
20  symptoms of patients.
{0124] The HBR analysis unit 114 includes a heart beat interval counter 1002 coupled to
two multiplication modules: a first multiplication module 1004 and a second
multiplication module 1008. The first multiplication module 1004 is coupled to a
feedback arrangement 1006. The feedback arrangement 1006 includes the second
25  multiplication module 1008, a delay unit 1010 and a summation unit 1012. The HBR
analysis unit 114 may be realized by a Field Programmable Gate Array (FPGA),
Application Specific Integrated Circuits (ASIC) or be implemented by software.
[0125] The HBR analysis unit 114 predicts QRS peak intervals based on a forward
prediction algorithm. The forward prediction algorithm may be based on summing

30 previous QRS peak intervals weighted with a forgetting factor, the forgetting factor
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QRS detection unit 112 suns denoi sed wavelets Ix Ql

n "de fromthe at |east one wavel et denoising unit 110 (see Figure 1)
and the wavelets fromthe wavelet transform ng unit 102, wherein QRS
peaks are detected when the summed wavel ets exceed an adaptive
threshold value. 5 C) Heart Beat Rate Prediction & C assification
[0121] As shown in Figure 1, the HBR analysis unit 114 receives input
from QRS dder@iing theumirhbel 1of. preGid@s? [QREN pealRBtepedK inctudde tfoc HBR hyalydie

real -time adaptive S peak detectign gorit 10 used by the QRS
detect i orfeiirdefabon ﬁ@%%@%ﬁﬂ%aﬁwﬁwmfgﬁ%@ the heart beat
rate (HB d thus its ange, i od indi or, for classifyin
pot ent i aﬁh}ﬁiﬁsswysagwﬁq%?wé@%%? HHBIW?J&FF?}*‘)Héﬁnﬂ%ﬁ»wt R
bpm or !Qﬁ%}ﬁﬂ‘é&&k@ﬁwﬁ@ﬂﬁ!@meidﬂ%u@ﬁ e tfaBYAAdrfingerRént 10B6YYGA LE 0Biained
respectively. wever, sone patients naturally have sonmewhat faster

or sléweraHBR in nornmal status, and thus sinply setting a hard

deci sion threshold would not A5 be accurate. Various enbodi nents use
a nmore accurate classifigdt)-om ¥@z-th)e individual status of different
patients. 101231 Figure 10A shows a bl ock di agram of a predictiogs)
schenme used by the HBR analysis unit 114. The HBR anal ysis unit 114
uses an adaps MVE the ete of Gaps Hmb etke isdhe adp weightsa Ther pyedickid dgorithinost

algorithmto_ track the change of HBR an further predict
20synpt orFﬁ“"HPnp{g?)i Taft e inp tec{ﬂrveaﬁ'sfﬁpghéﬁygﬁa as gl 1 FIeurG s WhsdYa

heart beafs thiit & & d613YRHhE mulPPZ a6 Rleelqhifedt WorgMéktidePhdr &4k @Bst, the
nmodul es: a first multiplication nodule 1004 and a second

mul ti19l i choyorgershml reayllgo®proRireated ad simplifisdp| Vasious embediciants implements
coupl ed to f eed rr t 21006, .. The a te- 1006
el udes % AELERE Ve HANRATEY, i Hendkh s GRERARE 1305 SORETRY e
and a sunmmmtipladatiomiioddle1004)gienlBR anal ysis unit 114 nmay be realized

by a Field Programab Gat.e, Array ([EPGA),, Application Specific
Integrated Circuits (k%?k)ijg[""bl&r%{ﬁﬁﬁﬁﬁébt ed by software. [0125](26he
HBR anal ysis unjit 114 predjcts S. peak interval s based on a forward
predi ct | OWI&? golﬁﬂﬂ%%a"gw gPhal ICBrl%gf%EhF%ﬁ“Taﬁ%rtPtlhﬁ?‘PPé‘glrﬁéqB%f?é‘d
on su¥M nN9e), the following is obtained

Te(n) = A[ATe(n - 2)+ (1 - )T (n - 2)]+ (1- 2)T(n - 1)
=A
= ATe(0)+ A7 (1= A)T(0)+ 22 (L= A)T() +A +A{L-A(n—2)+ (1= )T (2 ~1) @7)

Te(0)=0 w,=2"1-4) w,_ =41-1)

Assuming , and defining the tap weights "=

=)

20 , equation (27) can be represented by

Te(n)= iw,.T(n—k)
k=l (28)

which is exactly the forward prediction in Eq. (25) by setting # =7

[0127] In various embodiments, the value 4 dominates the sensitivity of the proposed

prediction algorithm, which is a measure of the memory of the previous input data. The

25  larger the forgetting factor 4, the longer the memory of the previous input, resulting in a
long-term prediction with slower prediction change. Even when HBR of the patient varies

rapidly within a certain time duration, the long-term prediction can still be able to obtain
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30 previous QRS peak intervals weighted with a forgetting factor, the
forgetting factor determ ning the nunber of previous QRS peak

i ntervals included for HBR anal ysis. Further detail on the forward
prediction algorithmis as foll ows. [0126] Assuming the nth
detected QRS peak interval is T(n), then the updated prediction of
QRS peak interval (i.e. the output of the feedback arrangenent 1006)
can be ohhastaisld abasgelelMwithdkiladgd perthpbaticnl (TR6 Jongheme phictiod B iadidee

of taps and wk is the tap melqhts The predlctlon a%%prithn1of

equat i on tfosyerpgs HER ?f}rtbpé% PiitdB apspmparatively lpngobseryaipn viadayhapd Gen
Figure 2,..phe lilfé)%nﬁ/ltélﬁlp@haﬁée g0id &r dle la@é{a%enﬁBMfth sk %ﬁgdt% Iﬁgtgn’c HBR

required. To reduce hardware cost, above al gorithm nmay be
appr oxi maagetiemd heiefnué,i dactods caiau&edbs‘ lewgstydin mbsersatiompdseaeaseline reference

recursiv schene (realised back. arr e t 100 and.t he
first mullpf pPAERt lﬁwwakﬁt@u 3 bafe ghGaR By 1S SpRe Rrpeetng p G0 ) S
-1) (26)  shortdthiBE &e&ohﬁoﬂ A€ pk p AR AR GedAGicOMh, a IMBLGErL §rehﬁﬁ§n W"tﬁ']a gt
close to 1. Expanding equation 15(26), the follow ng Is obtained

e(n) = . ppadietion( cﬁmnge} This) shoglytprm _prnglquo@rpan bp) used te trapk the oyt meceyt jor
2) T(0) + rapla c'hgr]ﬁe of ﬁBT{, A&g&lcatﬁ%‘nwﬁet@e)r the pagén-{ is uillaexgc%@ abn&m’af Qargﬁl‘,:
status, The long-term and short term prediction can work together. If the two observations
10 are overlapped, the short-term observation will vary around the long-term observation.
The long-term observation may be treated as the baseline, indicating the trend of HBR
drift under normal status. The upper and lower thresholds may be specified according to
this baseline, respectively. If the short-term observation exceeds the specific upper
threshold, a tachycardia can be discriminated. If the short-term observation exceeds the
15  specific lower threshold, on the other hand, a bradycardia can be discriminated. Such a
classification scheme is more accurate than that using hard decision threshold, because
the baseline of individual status for different patients is taken into consideration. In
various embodiments, the recursive forward prediction algorithm implemented by the
feedback arrangement 1006 and the first multiplication module 1004 may be used to track
20  the trend of HBR change long-term and short-term prediction by setting A= 0.998 and
0.875 respectively. The long-term prediction serves as a baseline reference indicating the
long-term change trend of the average HBR. The short-term prediction tracks the rapid
change of HBR and filters occasional changes caused by strong emotions or exercise.
Setting an appropriate threshold based on long-term prediction and observing the short-
25 term prediction, more accurate arrhythmias classification for the individual status of
different patients can be achieved.
[0128] Figure 10A also shows the HBR analysis unit 114 coupled to an output of the
QRS detection unit 112. The QRS detection unit 112 is coupled to the noise suppression
block 110.
30 [0129] The DHPF outputs 1016 for adjacent scales (from scales S1 to S4) are multiplied
to obtain U, 1018 to amplify significant features and dilute noise. The threshold of
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Assum ngand defining the tap weights Wx) wn-1= An 2(1-2), = (I - A
20, equation (27) can be represented by T e(n) = E wi T(n- k) k=1(28)
which is exactly the forward prediction in Eq. (25) by setting M=
it. [0127] In various enbodi nents, the value 2 dom nates the
sensitivity of the proposed prediction algorithm which is a neasure
of the menory of the previous input data. The 25 larger the

forgetti ngndigigg @ is2alchiagd| forg e didiRlariedaiayion fof the 0ps.eMieconissel suppifessed
resulting in a long-termprediction with_slower prediction change.
Even Meﬁ)%%ws 20315 et intpathp slechragrrdipgrany $isfiah IecoRERICHPH bwﬁélﬁ
dur at i on,of Head PG k&SRR Phd ORSCRRcRbE Lihit 182 ARbRalk® R htioh

stabl e average HBR w thout |arge perturbation. The long-term

predi cti df2¢ad thade-oatsed DHEPEavepuige 10BR fvin stadespdd e B8 dnd RHPF output
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changs. 1 P54 EReRRTE AELRSM TR hind SnaPlnd Fop i Slins ot

vari at i onvacling aibatien idaplied o cpdatdite thibiidld png-theadapahs tirssablidaircais a
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%F‘gé"f’

hand, thd04taihigh 1g plc i g S%a&éererdegl,atl%ef ShdP3er The QRPedrisaion

the previgys) ionpidl, b RaHkdd ﬁ‘ﬁn% Bnf TP Feld SLeBrRhAdbIet GAP AM—:I)P (FﬁPAﬂ
predi ction change. This short-term prediction can be used to track

t he nost AmediesttionoPpacijsi hiegnated £iwhitHRRSIG) neli batmplgmanied thar saffyare. In
patient i LOQI N b I rdi tus, e long-term
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are over ladiqgred30;tané tishQRS peaismolisatewatad aRingial subvator cirtait (repredeated as

| ong-term ppservation.. The |.ong-term ervation. reat ed, as

t e basel nuSioh NGO ioNAhs 1T TEEHAE FORD e PR [ nit Mevied.
The upperabaid thOWRIptiv iRSINBlddSaiRY, B8y BPReH P HORCE ARG dbRafidt 8f a
basel ine, respectively. If the short-term observation exceeds the
speci f i c nypyer ofsampled spgmed waxelpcar di a can be discrinnated. If the

shortyt er[%%i %?éu‘é@gﬂrng ghcﬁ%scé"‘ Sf%%htotbe%fjtﬁe EB@&&JJ&%@’Q’S@E%‘S;&%S systéin

t he ot her ycardia ‘can be discrimn

cl assi f i dé@DiodFigehénfabiisaterbneng@.d 8inat EMORtechimds gy along Wit ¢velecofsthen
t hreshol d,. becayse. t he_basel i ne of i.ndivi dual, statu or differen
pat | ent s PP PERURIOH o THO REPRBr o ek R st et ¢ FeEA
recur si vealbonnaietheiisiebe flogPerdl GAIhirRay hseBReENMoe dvdtyanipligf #RADRRK?

arrangenent 1006 and the_first nultiplication nodule 1004 may be used

to track skt greciednty of reprocndiviier| Bifgdicetish dnd28hormmt draitiding 48k
predift i QpuBYgS&lt ih&gnc%g afld PSR AR, QirB {ali P IBE Kbl ﬁlée)hoRg Dfird. ARGehREM

predi ction serves as a baseline reference 1ndicating t ong-term
change t rfiemdthefintringic avegraige algBmhmTinel thé oorresperdimgudedibiatet VB struetatlestht he

idch f HBR fi ' | «&h d, b
crmbt i ons B rpir b eutPat bl WE R ERUE AT M IR SRS BT "

| ong-term prediction and observing the short- 25 term prediction,
nore accurate anthythm as classification for the individual status of
differ entIVpggchﬂpgr%%aB}esggﬁli ByRsgssing system using dyadic wavelet transform

25  multiscale-product based QRS complex detection algorithm (DYWT-MP-QRS)
[0131] Figure 11 shows, according to an embodiment, the architecture of the filter
arrangement 164, along with the algorithm implemented by the QRS detection unit 112,
of the electrocardiogram signal processing system 100 of Figure 1.

[0132] The QRS detection algorithm used by the QRS detection unit 112 is based on

30 wavelet multiscale product and a simple decision algorithm. Since wavelet multiscale

product and rescaled power of the wavelet multiscale product are considered to achieve
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[0128] Figure 10A also shows the HBR analysis unit 114 coupled to an
out put of the QRS detection unit 112. The QRS detection unit 112 is
coupl ed to the noi se suppression block 110. 30[0129] The DHPF out puts
1016 for adjacent scales (fromscales Si to S4) are nmultiplied to
obtain Un 1018 to anplify significant features and dilute noise. The
threshold of denoising t. is calculated fromthe standard devi ation
of U 10lddod Heecti@i s@usiipps dsddon RigoFition bpst onlél? 2mplitedé esmpaiison tih@

electrocardlog iignal reconstruction block 116 for c
reconst r iEPPISrhrepiRld arRay Bat @eR!PYH riere fi?@éb&hi’aﬂsﬂ%wﬁn W?qt@ﬁ
Sp 1020 QT]reEﬁb@d di8adr0bi1§ tto PE10MERHT SorkPé & ‘Rﬁbxﬁﬁ%&&&nﬁwmé}l sk g
DHPF out put Df | Out S4” t o enphasi ze the QRS conpl ex | e suppreSS| ng
noi se. Aﬁh@@la?gbdsi gtescaleg drigj 4/ &0 pbta@kﬁhﬁgoqug@|S¢tt¢fmnil@iuappm7@ma t ecrapddice
t he t@resréa?g At of the adaptive threshold circuit 1026, which is

te

cal cul'a omthe standard deviation of Sp 1020. The QRS detection
unit 112 [6#38] bes sheahiia #kuis il hgfoadigcrefe-temd-sighals, %@Dyﬁmme(m@sﬁmay

FPGA) , j.catjon. Speci.fic Int d g it.s (AS|.C
ol enent O W55 08 indel gt g pegiira SeR |97 SRk comBHoLA b S12
i ncl udes MaAVRIded. ZHIARBGHAMCBLAhARRignaR BHE MuldLAR edad 19 fREs.

peaks may be detected Using a subtractor circuit (represented as a
" " sj gn HaffgincAndmsingnd Machisp dpteHigsnemu vl di4, pD3IZY0-AR 1882t Apkaskegcale

1032.,,As value tp may be
derlved f?%%?é stangggéﬁ%gé$§t?ﬁﬁﬂﬁéﬁﬁy E%ﬁﬁﬁﬁ%? sanpled sumed

wavel ets. 15[ 0130] Figure hOMB a 010 t he

el ectrocardi ogram si gnal dko? ng syg’§n1lobrb ﬁlgure 1, (29)
fabricated using 0.18 gm CMOS tecHnoIogy, along with several of the
chip specifications. The nenmpimy=of t dire Share the sanme cl
source with the EA ADC in fﬂg ach|§F?10n #??%% end, which may use 32
kHz for oveisany tmgcommt@nloﬂél‘ﬁmchmiio@%a@r albBand)S/Anf RRGUEAGY arc
di vider. The die size_is_1. 5 m®2 including 48k 20 standard cel

i nst ancedmakenentedpfhstIR; filFP“’( %ﬁfallws 140 kbits menory units. Benefited
fromthe intrinsic integrated al gorithmand the correspondi ng

dedi cat ed WI' structure, the tot/] fegwe gsUNPA 00/ 4f, whol e chi |B3i)s
only 29 AWwith 1V power supply (25C) . Al El éctrocar di ogr am si gnal
processi ng system usi ng dyadic mavelet transform 25

mul tiscal e- product based QRS cg@ ézs r1§m orithm 3
(DYWI- MP- QRS) [0131] Figure 11 § 8 E;Cc% ng to an enbodi nent, Rhe

architecture of the filter arrangenent 164, along with the al orithm
i mpl enent¥iFrhyi aesi GRS lavepatstand diighpass Togfficigntst rrepestisely rand arel wgevsh

21 Gori ¢ hrr e By Y S, Sl fich of gl o BRI (R S "

mul ti scalBram: cﬂduatn Andysis malrﬁ»ldm:hdmchmlbganaé gaili 1hnpp. S 1@@'132%9@2 etThe

nultiscale oduct seal ed r.,.of the wavel e | tis

orodid - arPegheRdar B VS T8 S RyE e saet Fabb R du Bheger dervativs
deci si on g¥l goghbdim ﬂ@@ﬁ% qa QkbidngMihé Uﬂﬁct%h”ps%él SONMAIGt 2 aﬁﬁ rml hong,
threshold may be enpﬁgy where no search-back is use

det ect i on CGhafagisgation alsnirgmrguifiecaleatdegs ATERE Tawtp Rptan tf’élaléﬁkﬁvﬁlild
syst ens Wil G LS W%ggaﬂf e, W8I, qﬁf‘%di%o%zsf‘g@bﬁﬁhelnw HH69 Rh b inkd freted

| ocati on set of across 't
as the derivatives of local smooth (average) of f; at scale j (S. Mallat and W. L. Hwang,

25  “Singularity detection and processing with wavelets,” JEEE Trans. Inform. Theory, vol.
38, pp. 617-643, Feb. 1992). Hence, if £; has some singular points, W/f{n) will appear as
modulus maxima at these locations. The amplitude of noise modulus maxima will

decrease from small scale to large scales while the amplitude of signal modulus maxima
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5scales. [0133] As shown in Figure 11, for discrete-tine signals, the
Dyadi ¢ Wavel et Transform (DYW) of a discrete signal (i.e. the ECG
signal 152) Siff (j = 1) is conputed as in S. Mallat, and S. Zhong,
"Characterization of signals fromnultiscal e edges,"” |EEE Trans
Pattern Anal ysis and Machine Intelligence, vol. 14, pp. 710-732,
1992. At each scale 10 |level 2j, DYW deconposes Stif(n) into Wf(n)
and S | f (wa)l. 1ncr&as‘é&ﬂoni sl sealesTio 1&ge sdalds ihinhe va@let Jonmainl (R, Malth(, 2 J.
(n)= S f (n)*j ﬁ 430) where * is the convaol ution operator and
| ow pass %anﬁ %F‘?t%%a ighehwpiepss Zem mupfsisedie mdges wiltFEFITRN Peidsa
as fol | ovgna c]ysls dnd(Mheiine ZotelligdnetNvol. 24,1ppl 320- 7B§ZIQgQ? ég Mall@tnﬂ'ldgw qu e
| ow- pass an h-pass coeffficients, respectively and are depl oyed
fromsS. Nwvang “Smdlasty Zpigeiipn aigh grozesséng wathi wnvedﬁts i1§F&| Sraps.omform.

mul tiscal S n [

I nt el |%I geﬂl;iﬁlcgg'g%3 E?)ﬁrég 665%5&939 I%kﬁ%g r§ Scal %gfki‘ucﬁssgﬂdepce &
DYWI i n \adicated aerrbf@fbnnmanﬁmemlslrﬂmaemglas mhehaipemstan@ed&ihcdethe vildulue s
of a snooth_fugctlon ggiégspllne function, see S. Nhlk?m# and S.

Zhong, " GREXHR femmatd; barﬁc rimf &t the SAMEGIMS WpBesses figdrodulysppgxima

Trans. P%hﬁﬁd?edbﬁﬁhbfﬁéss @%ﬁﬁ?ﬁgkﬁ\ﬂnéc@feeﬂrwﬂ:@ REehe HRL k stdle sBRrences in
710-732, 1992) e DYWr (n) can be interpreted as the derivatives

of |ocal wavelstfionpaivertimejndet]: t at scale] (S. Mallat and WL Haang,

X
10 & =1 wusi=123 (33)
J=l

The power of X is rescaled in step 1104 to that of W4f{n) by x and y to get a new

normalized detection signal §; and it can be defined as in equation (34)

2 - \/Z &K (34)
v

N N
15 2= 00, f)- Wy f(m)); and y =Y EX(m)-EX ().
n=1

n=l

where

Since the wavelet coefficients corresponding to the signal are enhanced in the new

detection signal ;, the local maxima (minima) in { can be accurately identified by

applying a simple scheme of thresholding for the decision making stage.

[0134] To perform the decision making for detecting QRS complexes, in 1108 an
20  interval-dependent threshold scheme is applied to the new detection signal. Assume a

detection threshold is y and is calculated in each interval between two consecutive QRS

intervals and updated once for every interval. To determine vy, the standard deviation of {;

N _
crw(f)af%;(x,- w32 x =) (35)

25  where N is the number of samples. The standard deviation oy(j) is updated every N =

is computed in equation (35):

1024 samples and the mean value of {; is almost zero per every 1024 samples. Therefore,

equation (35) can be simplified as:
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25 "Singularity detection and processing with wavel ets," | EEE Trans.
Inform Theory, vol. 38, pp. 617-643, Feb. 1992). Hence, ifft has
sone singular points, W2l f(n) wll appear as nodul us maxi ma at these
| ocations. The anplitude of noise nodulus maxinma will decrease from
smal| scale to large scales while the anplitude of signal nodul us
maxima wll increase fromsmall scales to |arge scales in the

wavel et domain (S. Mallat, and S. Zhgng, "Characterization of signals
frommultiscal e edges,"” | EEE TreaNs= @nhxAnd)ysi s and Machi ne (36)
99R) ,

Intelligence, vol. 14, pp. 710-732, (S. Mmallat and W L.

Hwang, " Singul ari et.ect.i O nd processing with wavelets," |EEE
Trans. |n?rbd?5ﬁ{“mg§ﬁéf%eg%’&19? ol pp. 617- 643, Feb. 1992).
Therefore, multiscal e-product sequer;@cq(-,-" MHpdicated as referencegy
nuneral 1102 in Figure 11) sharpens and enhances the nodul us maxi ma

dom nat edvlizyc seataat edges:danddaist tHeehsealdd tyiinposd ppr &S Feen tchampatidul i s

maxi ma domi.nated b oi ses. Considerin | tjscal roduct .of the
first 5K sl?aﬁéﬁ%gﬂa?fﬁw@éghw AP TormanRd t {1 Paad § Fassectivebees; - 1
W; f 5 j =1,2,3(33) The power of 61( ifs rée;ejal ed in step 1104 to
that of Wf(n) by x and wto get a @winorr‘rﬁl i zed detection sign@sg)ct
and it can be defined as in equation (38) ¢3t<¥(34) where 15Z = E (W4
f (0) (W4 f(n)): and Vf = E e (n). e (n). n=1n=1 Since the wave| et
coef fi ci dAI3S! dirtbs pestes tﬁ%j cPRiaR ihf'sﬁlfa ﬁé&’\ DRl PRIFISa ARRRPISHANE his aﬁ@waLle
det ecti on, 8RR gobd dbR&idnCealradipXi M (M nima) in ct can be accurately
identified by applying a sinplée schene of tlu-esholding for the

deci si on [t36] Pgwst ageopdridddiio &eCperf of ywhhe @Bchsivairchimidcngitd,giis the
detecting QRS conpl exes, in 1108 an 20 interval -dependent threshold
schen¥® i Sregppncyedl isghe ad sapciiarcecadofposis diratupplaselipge. Soaenadtlyolow-
t hreshol g, a0 b ed 1 i pt eryal X
consecut iRos R T Rt e b o PhE T /L T s o be
det er m necdyced theoughaatghartitnidearthitactwal @hd circuittechmmmas.ed i n equati on

St andar o WEVE SR I TRb ST o) RLAOR, ‘eRi 68 HRd TREYe
nmean val ugpffitasde (i.8. al 0Dt Fizg@ic0 2080w fthiteck@R4mPRRhESy ad BRHATAT Sed
equati on (%5) can be S|hpI|?|ed as:

15 by various embodiments of an electrocardiogram signal processing system 1200.

[0138] The electrocardiogram signal processing system 1200 includes a wavelet
transformation unit 1202, a delay block 1204, a multiscale product block 1206, a
threshold generation block 1208, a rescaling block 1210, a decision logic unit 1212, a
RAM block 1214 and an address generator block 1216.

20  [0139] In the embodiment shown in Figure 12, the wavelet transformation unit 1202 uses
DYWT as described with reference to Figure 11. As shown in Figure 11, the DYWT
may be implemented with FIR filters H), H>, Hs, Hi, Gi, G2, G3, G4 and the transfer
functions of the low-pass and high-pass filters at scale level j = 1 can be expressed as

Hy(2)=hy+ 1z +lyz2 + 27" (39)

25 Gi(z)=g¢ + 227 (40)

Since the coefficients are symmetric (i.e., hg = hs, h; = hy and gg = -g;)(as per Y. Xu et.

al., “Wavelet transform domain filters: A spatially selective noise filtration technique,”
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and setting the detection threshold as 2° =c¢ .[cl"(37) wher e
constant ¢ is used to adjust the threshold y inposed on 6. From
conparison in 51106, the threshold schene can then be fornmulated in
1110 and 1112 respectively as =1 C y (38) 1.0<y [0135] t is the
vector that contains the site of R peak points. The constant c is
adj ustabl e to achi eve good detection accuracy. [0136] Power is
proporti dREAE Tran® Médical ilnkging, volh22,eppa 323-38 he2(98), tthd inagbacsd i Multipliers

is the 10 frequency, i.s the d cap C|tance, and VDD is the
supply vorvdy eé{ésﬁgga%ﬁtﬁy,trapﬁjﬁfgaﬁ@ns 79Mal design focuses on

reducing a, C., VDD, and f Thesg N 1he -r\educed t hrou
algorithmc, architectural and CI rcw {L? +% %elslez )0137] Var i ou%h)
enbodi ment s reduce desi gn conpl exi t the effective
capacitance (i.e. a CL). Figure 12%(1%\1\? glfc% ecture inplenenti n&

an al gor 'Shﬁ”H%‘th@@éia ﬂr@ﬁb’to\’léﬁrgﬁbbsaxﬁﬂh%ﬂf»% @i‘lt@rs%e 8 s&hE 6 &R 8Ll I%Qélaﬂﬁb
si gnal procesmg&lsyst em 1 he el ectrocardi ogram si gnal

processi nymbyspledglay glomenis |caru§1§r%fomd)@eah@nedtt® ansingeiei hordwag cost2dRe a
del bl
elay bl g’%&b ﬁf%cg?(asi%gff s&{lé Fe%l Pplregs%gﬁgcaﬁ %?g&as @oetfﬁélglﬁpg}eqnserted

gener at i a resca eci si'on
1212, a RAivdeh oek ndi2zeko ane:fﬁamntadlﬂmes\&l Qemanﬁbm rof hbwedro :baéfﬁmeﬁ@ aidnl

I n the enpodi nent in Figure 1 vel et t nsfornation unit
1505 s CARTYARE o sl W deen S Bl e R et
Fi gur® 1k eddiQefdY¥Wid 83Yy BembRP hRIREeRdd W LhindsRwfiih thBraSchifectufd2 DYNBT

H4, d, &, G, A and the transfer functions of the | ow pass and
hi gh- pas $cdl¢ lqvek btcaﬂ (obelpd ag myagral 124 81in Fagyrgy b2 )agipivos dl@omuléplicafiony 32 ++

h2z' + h%ﬁaﬁ%&? )4 subtraction and 47 delay elements.

[0140] The delay block 1204 may have 11 D flip-flops (i.e., 11 clock cycles) to align
three high-pass outputs (i.e. the outputs from the filters G1, G2, G3 of Figure 11) to

15 produce the multiscale product signal & (indicated as reference numeral 1102 in Figure
11). The product signal &X is first squared and then the squared products summed for
every 1024 samples to obtain the scaling factor y of the rescaling block 1210, which is
updated for each of the 1024 samples. The same process may be applied to calculate the
scaling factor y of the rescaling block 1210. The scaling factor ¢ is divided by the scaling

20  factor v, the result square root and multipled with &* to get the final detection signal .
The final detected signal is stored into the RAM block 1214 for a few cycles until the
threshold value &, is generated. Techniques may be employed to reduce the memory size
and write address is therefore one clock cycle delayed by the read address.
[0141] The threshold generation block 1208 calculates the dynamic threshold v as in

25  equation (37) by multiplying the standard deviation of {; and constant ¢. The procedure
of generating the QRS detection threshold y may be as follows. The 8 bit ¢; is squared and
accumulated 1024 times, and the summation is stored in a register. The QRS detection
threshold y is generated by dividing the summation by 1024 (right-shift 10 bits), square-
rooting to get the dynamic deviation 0,(j), then multiplying 0,(j} with constant ¢ to get

. 30 final y. By monitoring the difference of y and ¢, the R-peak can be detected.
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25 (z) = go + (40) Since the coefficients are symetric (i.e., ho =
h3, hl = h2 and go = -gi)(as per Y. Xu et. al., "Wavelet transform
domain filters: A spatially selective noise filtration technique,”

| EEE Trans Medi cal | maging, vol. 22, pp. 323-331, 2003), the nunber
of multipliers may be reduced into half. The transfer finictions
becone: HI (z)= hO(1+1)h1l(z-1 z-2)(41) (z) = go (1 -(42) 5Since the
dat ia [ Ian[01|42t]> Pﬁlgw\e panﬁﬁoxam?l dff gllftrtcp@ls hef élbdtﬁibSrdﬁfgﬁanﬁ h%nslmfgcaﬁiﬂgaydgem
scale | eve en er el ay el ements can therefore be shared to
mi ni mi ze 112%fa??&F%fs\sgv%ngcggﬁﬂel‘e#&Y%WB&MP%&?%%‘%YW th scale |evel

i ncr easeqoPEY #uske (4 Lhowtd dFRROF 06! iGIRRLSoARRhKRARE 1260 REHLEE) of WO
non-zero coefficients. However the nunbers of non-zero coefficients

remai n t eéecwagasdiggramasignal pipedssing Kstene gesording iouvebiews anbadihertpl i cat i ons
and addi t} h e eyel ..and | L eent s._ar

i ncr egsedb%@] ?ﬁj? i %ﬁls%.te%a\lfn%hmt% ﬁi gstearagﬁ@t{éec %?cél,%nD ﬁgﬁlai%%seggelrélw%ef% 4
(1 abel ed mdtisvdrearaducl 2dBa simphd dpuisnladoritiagubinesthd vanelkt mpltiseadd prodsct

12 addi ti ons, ubtraction and 47 del el enents. [0140]. The del a
bl ock 12@#d ﬁ%ﬁﬁ‘ipgwirloftﬁh? Prasugy 36?)§°r(sild%g‘?d, tolagE’EV‘B&Q‘gdc%%T%‘g? agQragy; én

three hi glaciRias S1goHkRN based orfan AiSlitQ4E BothSarfsb®® b REnIE tiredhsldlg m&hod G3
of Figure 11) to 15 produce the nultiscale product signal etic

(i ndi cat edn &5 ¢mpleyesh vdieriprgwasearchoirack nis Fisgdir Withthis Frakitegivsel uatly one
si gnal, 6 1.8 fI auar t he. 0, r
o2y OBl EShROHIE S, RS ORSS Yoh Ao REP UGS BUTTR e
bl ock 12ZXReshafidsch scaesupldat BHtof @dnaie alhloodticniset dD2oddunphedmaTherossatie

process may be applied to calculate the scaling factor x of the
reseal i ng® ‘Fso?ke %ﬁ%t.%mr‘l‘?@' gec%]ln?’ﬂ?jufagéf g%lloysi s divided by the scaling
20 factor wthe result square rootf and nultipled with 61( to get the

final detection signal ct Wzﬁlflif@)ﬁzz'lsydtét?)?b@ﬁdﬂa%l is stored i3
the RAM bl ock 1214 for a few cycl®s until the threshold value ct is

generated. Techni ques may be egpl d o redyce t nory size
wite address is therefore onegg*fjg%'ﬁ_ésly’cfl(g)edgi’éied&’ g;Et he read msj
address [Q141} Thg .t ion.b t es.:;h
dyna%%c t rlee;_hoi!;dfhf/3 %%ﬁlﬂﬁbggg g%ﬁogf%n gnﬁz\g% ggsyﬁnu t?ﬂ@%ﬁg ?Eleléms ass
st andar d sdebandt#¢in)of Tie St enh$tAm ac inflenpracwdhlipeatphgenEiRafiltay

the QRS detection r.eshol d may be as fal,lows. . The bi IS
squared &S el rera Hs AR a%are_t e RYRR et e %Y@?fgﬂw fa
regi st er firdit@d&RSridaives bf D¥mddik asiebtl(a)eubk spERefuates, bichdk WedinB g [S1e
summat i on bY 1024 (right-shift 10 bits), square-rooting to get the
dynami ¢ dddllahtand . £hodg. “Ghasaterization sif ignals drom pyulfiscle cagrst MEECT s
get 3QF T naled ARYy SRR thidGigdhdel G518 DE SpOT1073N Ho8), WereBy R
0o B qanten ed@/ys igthdef \Dp 1o621), WhereBy RRAt
may appear as modulus maxima at these locations if S;’f{n) (i.e., an ECG signal 1402 in
this case) has some singular points. The amplitude of noise modulus maxima may
decrease from small scale to large scales in the wavelet domain (S. Mallat, and S. Zhong,
“Characterization of signals from multiscale edges,” IEEE Trans. Pattern Analysis and
25 Machine Intelligence, vol. 14, pp. 710-732, 1992). Therefore, multiscale-product A
sharpens and enhances the modulus maxima dominated by scale edges and at the same

time suppresses the modulus maxima dominated by noise. The multiscale product of the

first x scales in wavelet domain at time index ¢

& =W, fnkj=123 (45)
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[0142] Figure 13 shows a die photo of the el ectrocardi ogram si gnal
processi ng system 1200 fabricated using Chartered 0.18 tun CMOS
technol ogy. 101431 Figure 14 shows dyadi c wavel et transformation
architecture 1400 usabl e by an el ectrocardi ogram si gnal processing
system according to various enbodi nents. 5 101441 The architecture
1400 uses a (RS detection algorithm based on wavel et nultiscale
product ang pawer 6PEL idestatddon thatgdrbythand (Bito cetainhensvavenedizelifdtesionl e
product and ﬁe | ed power of the product are considered to achieve
good deté&??gﬁ ?%Egﬁécy, a decision al gorithm based on an anplitude
conparison to a sinple threshol ding netjgod can be enpl oyed, wherein
no search back is used. Wth this aﬁbhgzgéfure, only one 10 det et on
threshol d needs to be cal cul ated, whil &¥other known systens may use
four threghal ds at scales 21 to 24 to obtain the |ocation set of
"modul us maxi ma" across the scales. The algorithm my be summari zed

as follows: =4 o (n* G: j<=,0, k2 3(43) S2"1 f (n) = f
(n)* A 1;%r2’&;k5’9;%(11£7)4§4\)\ﬂ1§E’%Z;é {te’ convol uti on operator and
| ow pass subband S lif(n) and a hi gh-pass subband Wf(n). The , Sif(n)
and W211([0)45hSéncke rthed eaeshtt eckffititits comespondifipoahddighdl aictephancsd ncthe hbnei r
coefficients.are s tric.in nature. .The wayel et. used for [

be 1115t CBGueT Hend outia/be 19sr! BB EE b gR (S SoBrure: Hi el
functi on bysgplimds dimfle@BindbiiRestdidih@for tRTciSion ki stage.

"Characterization of signals fromnultiscal e edges," |IEEE Trans. 20

Patt er n AMHY Jiosreslarm Kaasipp sakingdpr dgesting QRpeomplexes g intergl-gegendent

1992] ), M ad I LigR.at :
ocat Pond HERRY stcrd naTe BARE' oOfhe TRAY iR WERIE A S fotcction,
si ngul ar tieshold is Thandaiwplaldulpdesl of cabi Bxerval chetweenntuo nenspewfivd QRS aed
fromsmall ,scale to | arge. scal,es. in, the wavel et donain (S. | | at

bnd s, oeAR R ofss for P P ot B s Sl e Labih ob i) e

| EEE Tr ansmptRtiaer n Anal ysis and 25 Machine Intelligence, vol. 14,
pp. 710-732, 1992). Therefore, mnultiscal e-product e sharpens and

enhances the nodul us maxi ma dom|n by .scal e gdges and at the
time suppresses the nDduIdﬂzﬁﬁi'ﬁggggthavédngﬁnoise. The nultii@ﬁle
product of the first x scales ih wavel et domain at tinme index t etK

=Wt {5 (Yhierd N3 thé, nuath?) of sainplebNBhPstitardlevitioniod ) B8 BE Bptiated dvbrg,iN of
by x and v_to obtain a _new normalized detection signal ct defined as:
= 1024 samples and the mean value {; is almost zero per every 1024 samples. Therefore,

the equation (47) may be simplified as:

o= [ =6 0) 9)

The detection threshold may be set as
20 y=c-[o(g)]- (49)
where constant ¢ is used to adjust the threshold y imposed on ¢; and threshold scheme can
then be formulated as
s
$ is the vector that contains the site of R peak points. The constant ¢ is adjustable to

25  achieve good detection accuracy.
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where 5= W f (n) Wv f (n) , 0=4) and w=Ee e n=1n=1 [0145] Since
the wavel et coefficients corresponding to the signal are enhanced in
the new detection signal ct and the local maxima (mnim) in ct can
thus be accurately identified by applying a sinple schene of

t hreshol ding for the decision nmaking stage. [0146] To perform

deci sion meking for detecting QRS conpl exes, an interval -dependent 10
t hr eshol dosthanelermyitifie tlep plgbethm outlined mewthd edgaationan(43} gndbo), Aswilve a
detection threshold %E" and is caIcTIat%g éﬂ e?ch i nterval between
two cons&CHISTRECHS RRUSHSE St LorsoTrEwledly Ty eritrein AEFS Q0™ GOTIRIRHeR ne

y, the stapgas dstRuat AN a0hb1BBYn DG & MAli88rR8Y afflctNwer %ﬁ&@mini%é

where N is the nunber of sanples. The standard devi ation (ct) may

be updat d@wesfieijvaly the pbppaithyn agn kosimplamantrd arerdla Wieves atshit¢ourg) npst

;?;rgl Igfer égi/@g )Th%%gélpﬁﬁm? |0§§n alEQS{h%I e ﬁlga%upegqgtsg\pe?al(#a@s. R n?eeasure

of complexity is the instruction or operation count. One dominate power consumption in
digital CMOS circuits is the switching power dissipation which is given by

F, =aC, Vi fu (1)

switchin
The switching power dissipation depends on four parameters. The switching activity
10  factor o, the load capacitance Cy, the supply voltage Vpp and the clock frequency for. To
minimize power consumption, known systems use low power techniques at both
architecture level and logic level have been applied. Typically, the decisions made at the
highest levels (architecture and system) will have a dramatic impact on power than those
made at a lower level (e.g. gate or circuit). Specifically, they include sharing hardware
15  resources, and clockless datapath of the functional unit.
[0149] Returning to Figure 14, various embodiments provide a low power consumption
device by implementing the algorithm outlined by the equations (43) to (50) as follows.
[0150] In Figure 14, various embodiments efficiently implement DYWT through low-
pass (H|, H,, H; and Hy) and high-pass (G), G2, Ga, G4) filters independently using
20 folding technique which take advantage of coefficient symmetry to reduce the number of
multiplications per output sample. Since the data input to high-pass (G, Gz, Gi, G4) and
low-pass (H), H2, H; and Hj) filters are the same at each scale level, the delay elements D
can be shared to minimize the hardware cost. The number of delay elements D is
increased every level by [2VV -1] since the number of zero coefficients are added
25  between two non-zero coefficients (S. Mallat, and S. Zhong, “Characterization of signals
from multiscale edges,” JEEFE Trans. Pattern Analysis and Machine Intelligence, vol. 14,
pp. 710-732, 1992). The total hardware cost of DY WT up to level 4 with this architecture
is 12 multiplications, 16 additions and 45 delay elements. In order to further optimize the
hardware complexity and power consumption, the coefficient multiplier may be replaced

30 by a small number of add/subtract-shift operations.
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The detection threshold may be set as 20r=c-EO-(4-)1(49) where
constant ¢ is used to adjust the threshold y inposed on 4 and
threshol d schene can then be fornulated as 10< y(50) it. is the
vector that contains the site of R peak points. The constant c is

adj ust abl e to 25achi eve good detection accuracy. [0147] Inplenenting
the algorithmoutlined by the equations (43) to (50), involves

consi der i [0g5 1N Athe QidhypdsS SaedBeise it sasle (Bl 1o Riahy 3t(hat Ialifmg avF fnjadnblont
power con urrptl on, g\ﬂi‘ gl SO _issues such as a%?l | abl e concurrency that
i ndi r ect ( anpw e mylinied fgeet teenhamcn JrprsipnerwrssiWhileyveakening Bifs Afm
can be i BRBY,

conpl exi [Hgécg%@gtﬁﬁgflgg}eﬁoﬁwggn bg %gghélg%%ﬁsogvezp%%dwﬁﬁt e
measur e gfordinstl agiectjon signahé:. The tasqadmgd‘apt@rx @p;bWanayolw umiawﬁ everyel 024

dom nate po ion_i.n di |ts Swhtc
power%dl Sgl @E"tg SO?h f(l:%el icgcugll%e ﬁaﬁs% ernhal— e &ES ‘S? Lgblasy lb*ILhe
swi t chi ng;nﬁpl\a/efghdslﬁﬁi 10&tits0 rﬂ"}ﬂmﬁ@ﬂ dﬁqe Qlﬂwfdbtﬁ’ctmﬁﬁ;@ﬁﬂtée bfy bEhpdated Ecdiiyng
activity 10 factor a, the |oad, cap ce t he supply voltag VDD
and t he ci0&%ganpleg ardhegmpared w&hrﬁl%ﬁ’msﬁz@ﬂ Pfeedﬁé‘éﬁ%a? % 1oRHgRAT R

syst ens gk.| ow power techniques at both architecture level and |ogic
| evel have been qul ied. Typically, the decisions made at the highest
| evel s (e{ﬂbfh”ﬁ] tlde ttaneghodth geneyativn sjagochlbulhtey thead yoemirathrasheldpyaastin gauationer
t han eyel i I eMit

speci P1 Py BY dnle P Wgalg Sl o6 43k Boftad e bt g of i
cI ocl dessnuldplégaiasih eichtd“lbelfand mbmmadatedj iritd a speiA9]6- tFRetelgrsmr rgthbat fat@yr e

vari ous enbodi rovi de a | ow. power co VI ce .hy
i rrpl en‘entqvﬁﬁleot"hlé‘s%ﬂ F’lcf’ s Itb%wcﬂ?‘?%ere‘adg‘fla%ﬁéy ?B%") (‘@g 1055
fol | ows. b[u%1 W\%lalé Pooihg s Setldstaniard (Iélv&ﬁat@ma@ i T‘E@{raﬁu@f)f g’,(ié @Iﬂfale)ﬂ at every
i npl enment hr ough | ow-pass (Hi, d H4) and hi gh-pass

(G, 02, 1§24 saoples.| Tféﬁr @Rﬁndﬁéqséﬂ@éhfpwl%|lﬁ@vzé@at%bmrwgﬂmlwamoqﬂént c.
whi chy it t f
ot oot AL BERARLGHEN | SUIEK Ykl RSPUESANE MRS o
(G, 02, differefot)betwetnl @\mqbarsmd(dﬂleck Hi% MSB affthe Habtridtdrt et ao éocta’reethe

t h the d I ts, D b h d t
e o SBRRoRER Y b YOS B Sh T Oy Pl LGRS e

mcreased_; e¥&kls p.evel by [2") -1] si nce t he nunmber of zero
coefficients are added 25 between two non-zero coefficients (S.

Mal | at, dAEP3E Figredg, showha die Petp pARp slecapcailig@ams signad propgrsing evgica,
edge

P i s S U L A e AL b R G
with thi Charteteilt Seminoadicgor] Manufadupirige ekachmrdogyl 6(CHIRINt |(b}rﬁs fand CAB08S
del ay el etméglzo In order to further optim ze the hardware conplexity
and power*C8RGfpti on, the coefficient nultiplier nmay be replaced 30
by a small nunber of add/subtract-shift oper ati ons.

V Advantages of various embodiments
25  [0154] Various embodiments allow long-term monitoring and ahalysis of
electrocardiogram (ECQG) signals, which is useful for patients who suffer cardio-vascular
diseases, so that the doctors can continuously monitor their cardio status in real-time.
Various embodiments provide a real-time integrated multi-functional digital ECG signal
processing ASIC with minimized area and ultra-low power. This chip of various
30 embodiments can analyze a digitalized ECG signal in a sensor node. Combined with a

wireless transceiver (not shown), only the necessary and important analyzed cardio
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[ 0151] The hi gh-pass coefficients at scale levels 1, 2 and 3 (i.e.,
W21f (n), We2f(n) and W22 f(n)) may be nultiplied together to enhance

i nportant features while weakeni ng noi se. As discussed earlier, the
power of 61( may be resealed to that of Wjf by x and if to get a new
normal i zed detection signal ct. The resealing factor x and Iv may be
updat ed every 1024 5 sanples so that divider circuitry which has the

hi gher hanfdwastenCas twikdRslh araneplt a6 @ealthtarsi spiptchisgiid Bk file dddsdr dosle
Therefore, the new detection signal C may be updated every 1024
sanpl es AR SEapERIEEE WnERistoe datirale 4B ORI FERIIWHORo | dentify t he

| ocationy @fssiﬁ ﬁ‘?unc{tgﬁéZ]VaHBﬁs LRttt gf‘d%%{eafa' A1 %@Qﬁtegﬁakéauh%ﬁés
the dynamc threshold 7 as in equation 10 (49) by nultiplying

st andar d igeleeniation cthdnearde ECRs signal plocqshmg&%rldl enalyseh hwhogh ean jrealize
mul tiplied theahpt er accunul ated into a_s i.al

egi sber ThEAATRaMho BN o FA SRy Bbfe SnBBRGHSY R Sitbnie
regi ster thgsibld/baied QRS désedon; rz)ghﬂapsIhe EC@.ﬁ'flﬁbhlﬂia)sehr&(ﬂnﬁﬂiﬁg fe@ivAING).t O
get a standard devi atlon of . C...The v%l ue of C.is updated at ever}/
1024 sanpteastimeFBEprsdigieond clasgficationedn Beal-timg dean B G ggcapstigtion. All the

mul ti pl yigereROSFABhsA- 0111-5113 Aatifad v@Jveléﬁ lfABs fBmhTh déo‘nﬂhﬁ CPamR: Al Mous @
subtractor circuit nay be used to calculate the fference between Ot

and y andmbadinkentshean yBRess natlpalysE6Grsagnatss beualgpuatherdio-oredical sigrals such

posi ti ons . 1-E - | se i ndj ing the position of

t he %fe tloe\%ﬁ%ﬁa]@g%%g%@b %gfe?%%ﬁmg?ﬁhﬁg?@f’s shows a die photo
of an eI QOIS@GMWa}graﬁmsﬁtgnﬂl thy eadgige Ngnaicat eif) vaziduh @vibiodinidnes take

dyadi ¢ wavel et transformatio ch ure 140Q of Fiqure 14,

Ebr T car QAT CHE AR S o EAEEH N APAEes: FHCTELAIE: ofyreh

(CHRT) O.fl&t@M MBS shaeh Q@&tﬂgﬂ% inhAevaRt-a88811OTBaa bR R SBPat) FEMTS

25[ 0154] Vari ous enbodi ment s | ow | ong-term noni toring and anal ysi s

of el ect rV@fsalilScﬁﬂ@i@damr(tB@G)’l@ iadhaedveare ofificient W dpsemnppsifiesy andde¢ausirectiph o
suf f efs C%EI ; m\@grgyﬁt%ond's&%%es VariBu { Qﬁl%o&%%ngoﬁ);pw %&W £ORk L Q4R Y

noni t or o status I'n rea ments provide
a real -tifferingt @gmgmedi witlh tthe fomentionshlschings wsihg BGS shifig medistps oeadsisng

embod e a7 S S5 S8 Sl gnal in a Sensor node.
Conbi ned [g4137) PRwet EECRES The BTIT SibiA hrdddQingShdV¥Alysio BEhendeNRedBE 0H5RK Y
and inportant_ anal yzed cardio
embodiments is intrinsic integrated and realizes multiple functions based on the generic
20  WT algorithm. This reusable signal processing scheme is power efficient. The proposed
SRAM based WT decomposition and reconstruction ASIC implementation can uses less
power as compared with the conventional scheme using shift registers. Clock gating also
further reduces the power consumption.
[0158] Suitable for long-term monitoring: The ASIC implementation scheme provided by
25  various embodiments allow for long-term cardiac monitoring. The hardware size is quite
small, and multiple functions can be realized. Therefore, various embodiments provide
an electrocardiogram signal processing system that is very convenient and comfortable
for patients to use.
Previous known systems realize different functions using different types of signal

30  processing algorithms. However, the electrocardiogram signal processing system of

various embodiments use one generic WT signal processing platform to realize multiple
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information are wirelessly transmt to healthcare equi pnents, and
thus the sensor node can greatly reduce transm ssion data rate and
power consunption. [0155] Multi-functional: Various enbodi nents
provide a real-tinme integrated ASIC i npl ementati on schenme for ECG
signal processing and analysis, which can realize 5 nmultiple
functions: 1). Real-tinme high-frequency noi se suppression and

adapt i ve fuldtiegfiol aliaseembdomeat @edvidian d)ea/pbda@pifictenEGon-dbvhiangiliak
baseline drifting renoval; 3). Real-tjnme HBR predjction/ .

cl assi fi Hfi4HC sEycturdar perfarming geasriEld signabporsssiae; Grablapf replising the

functi onspAGEinD 28Eh1ORinkAghs! Ntrinsic wavel et transform al gorithm
Furt her, various enbodi nents can process not only ECG signals, but

al so ot her bi Vhedredl dstagrraimpression scheas: eMadousoembeghadnigrpiige 2
(EEQ) '3 elcgﬁ{[g{é@{po/gag regtfcri]é/nt (daE&{C(;,)omgLﬁegsl' 161S ]scﬁr_?htinge V\a%é ot | fe! Pﬁfkg‘g ies ?A% mh?MS

mul tiple I"ons vari ous odr e e advantage o

properti efataofonypressibhesckéme @an bhapplasddyaie DHPFeasmnitabl ewlaf s-Sawtthout
function can be shared, resulting in hardware efficient. Based. on the
proper t y GFOrign. Vi AR SOBRISEIP S glepm@ogaémalemmﬁavgwmaﬂp Tetenthr

deconposizhi @BesHM nERGO DS flllibliOffion eirAsC | Mpl enent ati on schene.
Various enbodi nents apply SRAMto realize FIR filtering. Conpared

wi t h t he 2conv &Nt ibesrd] baseline i fiismayaltshkenads iFotlowingi W edesompagitiany garious
enbodj,me r : % 57] . Powar

cr 11 et reRE R Ao BB A Roy B b R0 ek EE gt of
vari ous eniedi mnthscansainanthe i mast Gignificanr latvellccamnly eahponests.nih tanhreatic

functions, based on the generic.20 W' Lthm. This reusabl e signal
br ocesel 5 SORSHEe S Fraes et wionshPh RNt oot TeRysiges O
deconposiHPOR ndflsdi @ IOl Ind PolvePantiShizihiP Rl RER LS M RBUFBOGUSRSmAIRHS
power as conpared wth the conventional schene using shift reg‘lrsters.

C ock gatd ng dideptiveyperer-cifisigne denpisingp ange rQRS ndgigadion o gorfthmes gY arious

Sui t all e -ter D kg ' ti

orovi Hed BoPguRi dE Rt A Bea FeR (RS qERLE TRLLE, LARLNENE e

nmoni t or i ngavelEhewuhacdeandyss zaheins toueiipeess high frequedeymidisd pldesviudatoiseds

can be realize efore, vari enbodi nents provi de an

el ectr oc&P&uﬁgﬁﬁﬁ@@r@“B‘H%%é??@séﬂ?"gﬁem that is very convenient

and conf art ablHBHE Qfredidtidre8hd dRsiAsRionPidiving Ufor kiReWwugl sta@iRBofl datdrae

different functions usi ng different types of signal 30 Ero_cessi_ ng
H@f Bew

al gori t histientoWeayigs eprbadisneats prwided HEdr aridistigRatnd chedlenting wng am

of vay g;agaﬁumfgg%@m alg BB eTvoS A e ibr R ac RELC GRS PRI AR ™
long-term and short-term HBR prediction. The dual-threshold can be set according to the
long-term HBR prediction to classify tachycardia and bradycardia. The classification
scheme used by various embodiments is more accurate than known systems that use a
fixed decision threshold, because the baseline of individual status for different patients is

25 taken into consideration.

VI Test and experiment results

[0159] Figures 16A to 16D illustrate measurement results of the chip of Figure 10B. The

original noisy ECG signals is generated by adding additive white Gaussian noise
30 (AWGN) with SNR=5dB and artificial baseline on the acquired smooth ECG with 1 kHz

sampling rate. The baseline was generated by combining three sine waves with
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functions. Various enbodi ments provide an areal/ power efficient

non- downsanpling WI ASIC structure for perform ng generic W si gnal
processi ng, capable of realising the following nmultiple functions:

1. W based data conpression schene: Various enbodi nents provide a 5
conput ati onal efficient data conpression schene based on the
properties of WI. This data conpressi on schenme can be applied on the
DHPF out mtigeeriescHI 003 alid 8. 7\ peatiteldli Bicomtasared cldng BEG ds oy @sEgns

h be i npl ted in hard .effjci I dd t
o e G, SIS R DB SO IR L 34 813 RS PP RO VAR

scheme:  RplohawiReliMbn A RRARE ih FourdkaldCoMR 159 éspﬁee@l&eli@nt s use a W
based baseline drift renoval schene to renove DLPF out’put of scal e 8,

whi ch corlfHithFigures Wsto Kilymhaw siznwlationwesulte gfithoire opipe iatlab, ofAfigure
aut omat | & 3dGCEBHOR SENETRORLCKAIAN WISLART, AbIE NN oS 1nst
requi red, "and how many Sstages o I's necessary, for saving power
and m ni riezhmgdo.; Cembidg:. MA Ussbdcted tEGIRistrafeothaadbhemess3of thel dptettee dealing

power - ef fi ci ent noj si.ng.and S. detectiop algorithm Various 15

enbodi ment! ‘E}B%‘“%P%‘é?’-b@?%e A : shbream B BB BRRETEER A b

Uti || Z€S dofiadtBHEI(PUCTIbid htldes ANAUKSORSSARAMBIL). THEPIESSs Mok the
(0]

frequency noi se and sum denoi sed out puts of | accurately detect
QRS peak gerformaneprl the it T eqramexaddedoraddhe ¢hipof BigurcBedrelipgwith different

i ndi vj,dug). &t ' t Lent ' ' i
N R M
al gori t hrfvenfrvonlali Edraraetidnsj A&t (Higge f BR)oddfeeeme maphdlegied, ol Fdhtrai 1IYC)

| ong-term and sh?rt-t(F:Q;n HBR?IBJ edi ction. The dual -threshold can be
set accorBf At #81ahant Gighe & A BBV 8818 ti on to classify tachycardia

and br adyopd1diragurd N8 sikdvwaSEbIE T S@hin@Rses ©BRIMRd UHESI A&t bA IEsAUS of the chip of
enbodi nents is nore accurate than known systens that use a fixed

deci si on HigradAdrdts aneend sall-hpw seprdinghesipg ECHald gerifs availabls fiogy the
o . . . . g
I TTefsentypakire %&bf%légﬁﬁgs%&dsgisoh{éf? nﬁécﬂx?t%%} :69?13151%%6 Rﬁﬁt @H«g database

experiment results Figures 16Ato 1 at e neasurenent
resul t s cbntahe 48Hiah-lefur Féoguliegs] 68h dfHengh i660,000 sangplesy WhxB lsisgnBdwing s

ted b di ditive whi G i I, . (A i th
AN p aREPaPon S Pl 80 E, RIS DR S B e G b Toere
sanpl i ng Yeadtenarll Derabrted aRcussdso geslesatiad phiyoreandd off Mg dhiy 6RFiguRels.

waves W th ... i : .
The sensitivity and positive predictivity of the chip of Figure 13 is computed by

TP
20 %) = 52
S0 = 15w (52)

TP
P(%) = 53
PO = P 3)

where TP is the number of true positives detections which means correctly detected beats.
False positive (FP) is the number of false positives detection and false Negative (FN) is
the number of missed (not detected) beats. The sensitivity Se reports the percentage of
25  true beats that were correctly detected by the algorithm used by the chip of Figure 13,
The positive predicitivty +P reports the percentage of beat detections which were in real
true beats. Table I summarizes the accuracy analysis of the proposed QRS detection
algorithm for each half-hour ECG recording in the database. Record 105 was more noisy
than the others; Record 108 had unusually high and sharp P waves; Record 203 had a

30  great number of QRS complexes with multiform ventricular arrhythmia; records 207 and
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frequencies 0.1, 0.5 and 0.7, respectively. The neasured clean ECG i s
shown in Figure 16A; the actual QRS interval is shown in Figure 16B,
and the long-ternishort-term QRS intervals prediction are illustrated
in Figures 16C and 16D respectively. 101601 Figures 17A to 17D show
sinmulation results of the chip, using Matlab, of Figure 5 13 to ECG
excerpts fromthe MT-BIH Arrhyt hm a dat abase of Massachusetts Inst.
Technol 0.208Cadhruldfpem pemasied eaitéahldraohtrhdtiohs aferdetve 2200kl seeaial odn-

t he detec deal i W fh nuscul ar, noi.se, basel |ne dering, X
differ entéﬁ%wvﬁﬁeso‘ffﬁg P IRk T heales e REPIGHD piedy
and changesydstobike f4hRz PP RAAE Yrift BRE aFtiffiid. 8 A0RWn! 16 aReF Al IRAGS
of the QRS conpl ex detector of the chip of Flgure 13 dealing with

di f f er enttha phigjoiddguse 1Aiosld analyzerspgsiad begfymermbelgeaiss.flor insRnes, peematye
l. b j . [ .cont t PVC.. .

(P qure 3pyiefiet PRERSRAAR Reab)EORS el [riBR0ITBE HB8)er W pigigpess

and ( Fi guferdpoe)d thussholdaandnDV$Er nblis6dld prodyat schifie phaivses filbealetection,

summari ses _obtai ne %S detecti OH rbes_ults of the chip. of Fj]gure 3
for 48 of@EHYYhaP P NouTCIPEEST ditfl gt etiaieg  BEGPEAATF R d¥ITaVATY dbV e

from t he JhipliMdb/ Bl fdrclaflabagetioh pMEssaab 68 tdcsrd 1Rt suffERANAML Rondetected
Canbridge. MA. The dat abase contains 48 hal f-hour recordi n%s, each of

| engt h 656NDberts angtlysvermaprdsteriad BVETS kae dej spwdinide eat iogens:besaepitivag
rate f,s %@%’hg%k?%él%ll@ﬂed@ é&!uc‘il' cton?iﬁﬂgs *a{e%e E@attseﬁgd ﬁot%‘?(Qee‘aRﬁe detftion
benchmark parantters are used to evaluaté the performance of the chi p
of Fi gur ehitghold keek nsiherevistng semdh pask. tTheenopdeetitat (FN)theasfort feeord 0D

f Fi ' ted by TP 20Se(9-(52) .TP + FN + P(%.- TP(5
Op & 2p e 3 PRI ER vl Prog R b st e it e L s ke
nmeans corfugéi beatsdsiree QRS Hglitede dndlns@pRNSt hxecHabEd diasichle diviiERfursef

fal se positives detection and fal se Negative (FN) is the nunber of

ni ssed (rfdiusyader seendy eapdaptiypdusdnld gpveacly capbs gpdied i pider to improve
per cent a u rrac _Db.

al gor]i%t hrgnﬁ%gglgmﬁgnﬁie%caﬁﬁgbgftﬁé;? %a\re@flgé. Te[?g %g}s{i‘gﬁ%g%gs‘%di %gi'%lb/?/taflld+P
reports tiE9p8Ptemeragbtadfedbeat det ecti ons which were in real true

RN R A U AT R T S
Record 1QhipwfFigne a3 natalyort NCEH wiihet3oiih @18 padkager thelditua adulindhduaddoyd
Conpl oxesSSRTALIG POFHFFEHERHEul A T B9t FRFES 17 e 09 dEoBcher b
20 fabricated in accordance with various embodiments, is well-suited for real time
biomedical applications where power constraint is critical.
[0163] Figure 20 shows the performance of the chip of Figure 15, as implemented in
Matlab, to detect QRS complex having muscular noise. Individual detection parameters
were set to give optimal QRS complex detection performance in terms of minimum
25  number of missed and falsely detected QRS complexes.
[0164] For the chip of Figure 15, further simulation were carried out using 48 one and
half-hour recordings from ECG data records of the MIT-BIH database of Massachusetts
Inst. Technolo., Cambridge. MA. Two benchmark parameters were used to evaluate the

performance of detection algorithm used by the chip of Figure 15. The sensitivity and

30  positive predictivity of the beat detection algorithm were computed by

44



208 had nmultiform premature ventricul ar contractions and record 222
had several nonQRS waves wi th highly unusual norphol ogies. The

al gorithmused by the chip of Figure 13 was robust facing up to
baseline drift and artifacts. In addition, the algorithmused by the
chip of Figure 13 could anal yze speci al beat norphol ogi es, for
instance, premature 5 ventricular contractions with negative
QRS-waves (Figure 17B). However, thg rigi dpess of proposed thres@P d
and DYWI mul ti scal e product schene FGHUQaQﬁfalse det ecti on,
especially on PVC sequences and aben-ated atrial premature beat W th
very low anplitude. In particular, d ctiBh performance on r ecogsk)
208 suffered from nondetected (FN) beats#bEtly very nondet ect ed
PVCs hav [

P oy Sl ATPL WA RGEHT DB, R LD 8B bors
det ect i oA iy éshmbrobdrenfefalsebpsitivh ategectien nod Fédic thebawkber Téfemissed (not

nondet ect E eats on.recqrd 201 and 21 e to Io
DD+ Cuddeipeir b eI rarS s ca e ShER® hakbstiviet o<ty
beats. Sidagetc@Ry dENddridee. TR posdiRhsligdvitPy-PCBedEethe afdehtadd by beat
during course %ust a few seconds, an adaptive threshold a%%roach
can be apist EéQPS| Whishqsiere an i 1edlr By bestst Haieplhip ofeRmAducveBIEEY- 4 tand
equationgfgégé d (53), values of Se= 99.54% and +P=99. 89% wer e
obt ai ned g?pFlgure 19 shows results, using Agilent Logic

Anal yzer, [01165] ORsrel2t elpavsomstfresults hemghﬁkgﬂmf Légigmelyrs, oEQREdletatiGICRr

w01 & ribEetbar PREE S T Bo R e tthing 7 bby Shdng SREHBRARRG i
t he chi p,acddiiaieei G@thedalhcﬁusa(éﬁibbdiﬁ‘l’ﬁ:ﬁﬁ Wist bveMatital Sfoe nield it tisomedical

wel |l -suited for real tinme bionedical gplications wher e power
constralﬁPPh§m€?§Wh%%POWFGTB§F“ﬁFbﬁF€a 0 shows the performance of the
chip of ﬂsnljem%ﬁe th@ St iRbE ARBRH phifticMBill dRowid Sndlgsei5ledFith FRIBAR 0
havi ng nusc noi se. I ndividual detectlon paraneters were set to

gi ve opt |SMIﬁmbe@mn@xltdépveldthedmdp@t@drbmthoee plalledemihe gt thahvaniaws 25
nunbe m ssed and f tect S ¢ e 164 th
chi p Of I'Ehg 1505 11§0nnf (f ﬁe&%h é}aﬁﬁi at% th\%éca%newgggr)ut deft al“tm% Qrom lhe sggﬂ 8
and hal f -sheperofrthe ﬁwdnlitgﬁasfdeﬁﬁtcEEﬁtlﬁaippeﬂdedQT:ﬁiﬁs.dﬂ‘hetsbﬁpd\&fﬁhBirBentlon is
dat abase f Massachusetts Inst. Technolo., Camjridge. MA . T )
benchmar 14* %@@E& thie Prpepdiarpigse ah]a“t‘@“&?ﬁnq]d Fheithin B meaning
det ect | orhnalrqua ot BB v3&dy BY tHelReiG bR RdrefblitteBdeio bElkBbLERRSI tivity
and 30 positive predictivity of the beat detection algorithmwere
conput ed by
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TP (54) TP + FN TP (55) TI' + FP  where TP is the nunber of true
positive detections which nmeans correctly detected beats. FP is the
nunber of fal se positive detection and FN is the nunber of m ssed
(not 5 detected) beats. The sensitivity Se reports the percentage of
true beats that were correctly detected by the algorithm The
positive predictivity +P reports the percentage of beat detections
whi ch wer@.AmMkeal true beats. The chip can achi eve Se=99. 54% and
+P=99. 89% [0165] Figure 21 shows test results, using Agilent Logic

Anal yzer,] of QRS6&18&HI03Mn Q%na]rg Jc@%nfgh;'y?ceﬁfcoﬁbﬂhihg‘ 15. The results

of Figures 20 and 21 show tha e chip, fabricated in accordance
2ppl i cat i ons %h"’ia?%‘e*r%%‘e?"@éﬁ%‘??%. ST | P BPOL bR S T R
| nvent | O%ogl?e%te et%no € 0 "Ilurahty ofs scoles v‘% gelget%gr\ﬁagggt Wansr}oﬁlieallctlgﬁ%ncte to
adapted to transform an input electrocardiogram signal into a set of wavelets, each
wavelet being output to one of the scales;
a plurality of signal processing blocks, each of the signal processing blocks
coupled to a respective output of the wavelet transformation unit and configured to
10 receive and process the wavelet from the respective output, wherein the signal processing

blocks provide processing functions which differ from one another.

2. The system of claim 1, wherein each scale has a different bandwidth, wherein the

wavelet output to one of the scales is derived from the wavelet output to an earlier scale.
15

3. The system of claim 2, wherein the number of scales is at least eight, the scales

having 3 dB bandwidths of around 250 to 500 Hz; 72 to 234 Hz; 32 to 108 Hz; 16 to 54

Hz; 8 to 26 Hz; 4 to 13 Hz; 2 to 6.5 Hz; and 1 to 3.25 Hz for the first to the eighth scales

respectively, when the sampling rate of the mput signal is 1 kHz.

20
4. The system of any one of the preceding claims, wherein the wavelet
transformation unit comprises a plurality of low pass filters and a plurality of high pass

filters.

25 5. The system of claim 4, wherein the low pass filter for the first scale is given by

the expression
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specific enbodi nents, it should be understood by those skilled in the
art that various 15 changes in formand detail may be nmade therein

W t hout departing fromthe spirit and scope of the invention as
defined by the appended cl aims. The scope of the invention is thus

i ndi cated by the appended cl ains and all changes which come within

t he meani ng and range of equivalency of the claims are therefore

orocessi g syst em compr il ke 5P+ Er RSP on uni ¢ o

conprising a plurality of outputs each out put being 5 connected to
one of a : ansformation unit
i s adapt egh%@ﬂ#ﬁ as? Eg}tﬁﬁg%&?#ﬁ%@%‘?ls&%e%%g‘?@é’&!ﬁ%%toél gnal into a set
of wavel ets, each wavel et bein ﬁgggggktg_%&: of the scal es; a
plurality of signal processing™BlNaec é C t he signal processing
bl ocks coupled to a respective output of the wavel et transfornatlon
unit and £ rQ,
AR L GRS S e cER i S R b L S
proce55|q9 Qanctlons which differ fromone another. 2. The system of
cl ai ms1, néY ermoleainbd by adserting "3 —di defmrbetwech aadhw fthé powhao epeffitionts
wavel et output to one of the scales is derived fromthe wavel et
output to aplgprllgﬂkscale 3. The systemof claim2, wherein

t he nunb St es is at |east ei ght, the scales having 3 dB

bandw dt hs of around 250 to 500 Hz; 72 to 234 Hz; 32 to 108 Hz; 16 to
54 Hz; 8 to 26 Hz; 4 to 13 Hz; 2 to 6.5 Hz; and 1 to 3.25 Hz for the

first toghe aing @%ierﬁ%@lcﬁﬁni @%P?C&héféh){he meﬂhsi HRer® @H&){HeﬁﬂgHﬁeIsEﬁRf:rs
t he |nput signal is The system of any one of the precedlng

cl ai ms, %? ?btcié&r"b? éﬁf}aﬁ&éxﬁ% tt&/ éiL% Ed#:f’gf]é{%ést 8?@?{&1%?&” ggsg ﬂ#??sj sty

of Iom/pass ural ity o pass ers

Syt el Ol R R ST Bed BFe bAME RARSaLkR Tor the first scale is

7. The system of claims 4 to 6, wherein the wavelet transformation unit comprises a
first memory array to achieve delay, the first memory array coupled to the last low pass
filter of the cascaded chain of high pass filters and low pass filters.

15
8. The system of any one of the preceding claims, wherein the signal processing

blocks comprise at least one wavelet denoising unit to suppress high frequency noise.

9. The system of claim 8, wherein each of the at least one wavelet denoising unit is
20  coupled to one of the respective outputs of the wavelet transforming unit emitting
wavelets coupled to the first three scales and wherein the suppressed high frequency

noise falls in a range of above 32 Hz.
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1,,,(k)=1{8(k + 2)+3s(k + 1)+ 38(k)+ s(k -01 and the high pass filter
for the first scale is given by the expression hp 00= 2{8(k +1)- SW
, Wherein 5(k) is the Kronecker delta function and for scal e nunbers
n>l,00 and 51149, " (k) are obtained by inserting 212-1 -1 zeros

bet ween each of the non-zero coefficients of ID, ' (/') and 6. The
systemof clainms 4 or 5, wherein the low pass filters and the high
pass filters have a cascaded arrangenent, wherein an output of at

| east one of the Iom1pass filters is 10coupled to an input of at

| east onegof tine gy drlel $fEths -precéding teaimY StwRER the IspinBBprdcésOing.
wherein the mavelet tr onnation unit conprises a first nenory

array to ek @Mﬁpx‘i’s%'aﬂ)élechb&lﬁlbgéﬁl s‘i@ﬁpfe}fox%%@t)/ono&b’o@ ed to the |ast

| ow pass filter of the cascaded chain of high pass filters and | ow
pass filters. 15 8. The system of any one of the preceding clains,
wherein the signal processing bl ocks conprise at |east one mavelet

denoi s' n un| to su fre noi se yste

ol ai m's, s o RER BF S B ik R E SRS octmn i A et
20 coupl 0, one of the respectlve out puts of the wavel et

t ransf or %% fiwthher c@MPERSng wavel ets coupled to the first three scal es
and wherein the suppressed high frequency noise falls in a range of
above 32 Hza firspreseksdrustnroblpdelonhedifiice thscaighth sgplesim si gnal

reconstruction bl ock.
a second reconstruction block for the first to the fourth scales; and

a third reconstruction block for the first to the eighth scales.
10
12.  The system of claim 11, wherein the first reconstruction block, the second
reconstruction block and the third reconstruction block comprise shift registers to achieve

delay.

15 13.  The system of claim 11, wherein the first reconstruction block, the second
reconstruction block and the third reconstruction block comprise memory arrays to

achieve delay.

14.  The system of claim 13, wherein SRAM is used for the memory arrays.

20
15. The system of claims 11 to 14, wherein the first reconstruction block outputs
synchronized signals belonging to the high-pass filtered components of the fifth to the

eighth scales; the second reconstruction block outputs synchronized signals belonging to
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511. The system of claim 10, wherein the el ectrocardi ogram si gnal
reconstruction block further conprises a first reconstruction bl ock
for the fifth to the eighth scales; a second reconstruction block for
the first to the fourth scales; and a third reconstruction bl ock for
the first to the eighth scales. 10 12. The system of claim 11, wherein
the first reconstruction block, the second reconstruction bl ock and

the thirdh¢ eﬁ sk UGltdran cbﬂn?@rkenﬁ;oﬁpl’thé dirsthid the €glirti e3est Qnadcihe ehad
del ay. 1513. The system of claim 11, wherein the first reconstruction

bl ock, t heconerritidn bRER %ﬁipﬁf&%ﬁétn‘al’é HR|AEH1g 38 thellB®-Pakd ﬁl%réc?@d?ﬁb%héﬁ@ bt @@
bl ock conprise nmenmory arrays to achieve delay. 14. The system of

claim 13,5 used for the nenory arrays. 20 15. The
NGB El

syst em of ai s wherein the first reconstruction bl ock
out puts synchroni zed signals belonging to the high-pass filtered
conponents of the fifth to the ei ghth scal es; the second

oA LS b U T Ve B P AT B, M

the third reconstructjon block out put s S|gnals bel onging to the

| ow pass lf:@qnﬁ@%%nbb}%bﬁéﬁ@@naruoﬁwlwrpg%r ipgraphegbyent h scal es.

516. The systemof clains 11 to 15, wherein the output of the first to
the third

17. The system of claims 10 to 16, wherein the electrocardiogram signal
reconstruction block processes wavelets belonging to the first to the eighth scales.

10
18.  The system of claims 11 to 17, wherein the second reconstruction block is
coupled to an output of a wavelet denoising unit to receive denoised wavelets belonging

to the first to the third scales.

15 19.  Thesystem of claims 11 to 18, the system further comprising
a data compression block, the data compression block receiving wavelets of the
fifth to the eighth scales, wherein an output of the data compression block is coupled to

the input of the first reconstruction block.
20 20.  The system of claim 19, wherein the data compression block is realized using

finite-impulse~response filters and infinite-impulse-response filters, wherein either filter

compensates poles and zeros of the other filter.

49



reconstruction blocks is a reconstructed el ectrocardi ogram si gnal .

17. The systemof clainms 10 to 16, wherein the el ectrocardi ogram
signal reconstruction block processes wavel ets belonging to the first
to the eighth scales. 10 18. The systemof clains 11 to 17, wherein

t he second reconstruction block is coupled to an output of a wavel et
denoising unit to receive denoi sed wavel ets belonging to the first to
the thir@iscal®s.sydtohO%The sysbetherecelimie daihi, twvherdi, tht Remsl piloeelsing
further conprising a data conpression block, the data

conpr essiyggtkllcomlrise8 aeiavding diidiemsla vaft, hbsadelifid hriftt) ?erhm_l 8hi8Béupled to

scal es, wherein an output of the data conpression ock is coupled to

t he i nput I i : . : im
19, vher ah e e pa e AP IRRERE AU 0l cFitfy MU SLOREAL (iR
finite-inpulse-r n filters and infinite-inpul se-response
filters,qg %}e?ﬁﬁéggﬁgﬁsfﬁF%er conpensat es pol es and zeros of the
other filter. 21. The system of any one of the preceding clains,
wher ei’n t he si gnal processing bl ocks conprises a baseline drift
renoval unit, the baseline drift removal unit coupled to the.

respect i V& outihGeysem of elaiga ¢ bl veterein thedrastlive deliummeva plackiiswgaliged Sy eps
bel onging to the seventh and the eighth scales. 5 22. The system of
cl ai m 21, adaptieaiaspat erblibersaiangremeat.i the casesdsd diltebamaigeingntroeriptiziag ablgasin
adaptive cascaded filter arrangenent, the cascaded filter arrangenent
conpri si npedfitet gat one filter stage. 10 23. The system of claim 22,
wherein the adaptive cascaded filter arrangenent automatically
switches off filter stages unnecessary for perform ng baseline drift
removal . 24. The system of claim 23, wherein the unnecessary filter

stages arg. those Latdelortdam axf WHeRin $haGRapiveWbiscdleld et {fRLa068
in the output value of the filter stage and an out put 15val ue of the

| argest Tl dnihicsiiPdftdhSs if@ﬁ&ﬁ%gfeg%egesgﬂgffwﬂe%rm%g,g%ghgﬁig fenovhile

systemof clains 22 to 2 pti've cas er
arrangenment conprises chebyshev IR filters.

24.  The system of claim 23, wherein the unnecessary filter stages are those larger than
a filter stage in which the difference in the output value of the filter stage and an output

15 value of the largest filter stage is smaller than a specified threshold.

25.  The system of claims 22 to 24, wherein the adaptive cascaded filter arrangement

comprises chebyshev IR filters.

20 26.  The system of claims 8 to 25, wherein the signal processing blocks comprise a
QRS detection unit, the QRS detection unit coupled to the output of the at least one
wavelet denoising unit and the output of the wavelet transforming unit emitting wavelets

belonging to the fourth scale.
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2026. The system of clains 8 to 25, wherein the signal processing

bl ocks conprise a QRS detection unit, the QRS detection unit coupled
to the output of the at |east one wavel et denoising unit and the

out put of the wavelet transform ng unit emtting wavel ets bel ongi ng
to the fourth scale. 27. The system of claim 26, wherein the QRS
detection unit conprises a wavel et sunmation unit to sumthe
denoi sed wavelets fromthe at |east one wavel et denoising unit and
the wavel ets fromthe wavel et transformng unit, wherein 5 QRS peaks

are detecied WhgRydhif of MERER I WaHERli £ 1he GRS 8Q6L1RA uBHBpNRst hr eshol d
value. 28. The systemof claim 27 wherein the QRS detection unit is

realized using @/Q%/elé?fsluﬁnﬁgigh qlngrt%%mbde?gé?&c)@vaor15tg3(;f¥f{n\l}:vaa%g‘gt’ least one

Application Specific Integrate rcuirts

i mpl ement ed; e wavel et s tion unit rising_an adder:. and .
10t he s ik SEENE o P BBl el TPERE AR PR i fferein

The syste f clai 27 or, 28, wherein the adaptive threshql d val ue
o dors vadRS pesis Bredfeushfed thes s AT B b s WE oft,

wavel ets. 15 30. The systemof clainms 26 to 29, further conprising a
HBR anal ysis unit, the HBR analysis unit coupled to an output of the
RS detection unit. 31. The system of claim 30, wherein the HBR

anal ysi s 28ni t Thenpsies @f claim dunitherein thaddRS deieatioplunids reshzddl usingsny af a
adder and a del ay bl ock, wherein the HBR analysis unit is 20 realized
by a Fi elRelfr bgpgemeddle @at cAruy dFPGCRRGApplidytiph i Scifon Iifggrated | Circuits
Integrated Circuits (ASIC) or software inplenented. predict QRS peak
i nt er val JAlBEGE6r wiftward iplatfichtdd; @t Wivelud sahgatiod it caBpdigy &y addem 6l
claim 30, wherein the forward prediction algorithmis based on 5

summ g REEVRSYRakRR: BQadfed IR VabeaMEl SatRdiykid. a forgetting
factor, the forgetting factor determ ning the nunber of previous QRS

peak intervals included for HBR anal ysis.

29.  The system of claims 27 or 28, wherein the adaptive threshold value is derived

from a standard deviation of a number of sampled summed wavelets.

15 30.  The system of claims 26 to 29, further comprising a HBR analysis unit, the HBR

analysis unit coupled to an output of the QRS detection unit.

31.  The system of claim 30, wherein the HBR analysis unit comprises a counter; two
multiplication blocks; an adder and a delay block, wherein the HBR analysis unit is
20  realized by a Field Programmable Gate Amray (FPGA), Application Specific Integrated

Circuits (ASIC) or software implemented.
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32,  The system of claims 30 or 31, wherein the HBR analysis unit is adapted to

predict QRS peak intervals based on a forward prediction algorithm.

33.  The system of claim 30, wherein the forward prediction algorithm is based on
summing previous QRS peak intervals weighted with a forgetting factor, the forgetting
factor determining the number of previous QRS peak intervals included for HBR

analysis.
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