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R&AL-aTIME MUL,TE-FUNCTIONAL ECG SIGNAL PROCESSING SYSTEM, DSPE FOR THE
ECG SIGNAL PROCESS!NG SYSTEM AND METHOD THEREOF

Priority claim

[6001] The present application claims priority of Singaporean Patent Application No.

201304531-5, filed on 12 June 2013.
Field of The Invention

[0002] The present invention generally relates to electrocardiogram (ECG) signal processing
systems, and more particularly relates to an glectrocardiogram (ECG) signal processing system
for use in long-term cardiac status monitoting and classification, and/or remote and/or on-chip

cardiac monitoring and comprehensive diagnosis.
Background

[0003] Electrocardiogram (ECG) is a common medical investigat‘roh technique, which is widely
used in all healthcare for diagnosis and monitoring of numerous conditions from heart attacks to

electrolyte imbalances.

[0004] Long term ambulatory ECG monitoring is highly desired 1o detect, characterize and
document cardiac arrhythmias in clinical praoticé: It can also détect'periods When é user”s'hea'rt

is SUfféring from the effects of inadequate blood supply or myocardial ischaémia. Several
customized digita!. -ECG signal processors have been developed. However, many of these
mainly focus on the heart beat réte‘(HBR) calculation which is basicaily based on the R-R

interval information retrééved from QRS peak detections.



[0005] For clinical treatment, information on QRS peak detection is not sufficient for
comprehensive diagnosis. Clinical professionals also require other important features related to
P and T waves, as well as noise filtering and clean ECG reconstruction. Some conventional
devices have realized more comprehensive functions. For example, a multiple functional ECG
signat processing for wearable applications of long-term cardiac monitoring has been proposed
by X. Liu et al, as published on |[EEE Trans. Biomed. Eng., vol. 58, no. 2, pp. 380~389, Jan.
2011, which can perform noise suppression and baseline drifting removal to generate clean
ECG waveforms. However, due to the increasing complexity in the signai processing algorithms,
the consumptions on power and silicon areas are comparatively high for hardware

implementation.

[0008] Thus, there is a need in the art for a robust ECG processing system which is able to
provide clean ECG signal output with enhanced energy and area efficiency and reduced signal

processing power consumption.

{06007] Further, there is also a need in the art for the robust ECG processing system {o be able
to analyse comprehensive cardiac features, which include not only the QRS peak compiex, but

also P waves and T waves.

Summary

[0008] According to a first aspect of the present invention, there is provided an
elecirocardiogram (ECG) signal processing system, the ECG signal processing system
comprising an analog-to-digital converter (ADC) configured to convert an input analog ECG
signal into a digital ECG signal; a digital signal processing engine (DSPE) coupled to the ADC
to receive the digital ECG signal, the DSPE being configured fo decompose and reconstruct the
digital ECG signal; and a dynamic system clock source coupled to the ADC and the DSPE for

dynamic signal sampling, the dynamic system clock source dynamically switching between
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different frequencies, depending on a temporal resolution required to detect parameters of the

ECG signal, so as to clock the ADC and the DSPE at



a first frequency f; to detect one or more first parameters of the input analog ECG signal and at

a second frequency f; {o detect one or more second parameters of the input analog ECG signal.

[0009] According to a second aspect of the present invention, there is provided a digital signal
processing engine (DSPE) for electrocardiogram (ECG) signal processing, the digital signal
processing engine (DSPE) being coupled to a digital ECG signal input and comprising: a
wavelet transformation (WT) unit, the WT unit comprising a plurality of scales, wherein the WT
unit is adapted o decompose the digital ECG signal into a plurality of wavelets, each wavelet
being output from one of the scales; and a plurality of signal processing blocks, each of the
signal processing blocks coupled to one or more outputs of the scales and configured to receive
and process the one or more wavelets from the respective outputs, wherein the signal
processing blocks provide processing functions which differ from one another; wherein the WT
unit and the plurality of signal processing blocks are coupled to a dynamic system clock source
for dynamic signal sampling, the dynamic system clock source dynamically switching between
different frequencies, depending on a temporal resolution required to detect parameters of the
ECG signal, so as to clock the DSPE at a first frequency f; to detect one or more first
parameters of the input digital ECG signal and at a second frequency > to detect one or more

second parameters of the input digital ECG signal.

{0010] According to a third aspect of the present invention, there is provided a method for
processing an electrocardiogram (ECG) signal, the method comprising: providing a first device
configured to convert an input ECG analog signal into a ECG digital signal; providing a second
device coupled to the first device to receive the digital ECG signal, the second device being
configured to decompose and reconstruct the digital ECG signal; and providing a dynamic clock
source connected to the first and the second device, and dynamically switching the dynamic
clock source between different frequencies, depending on a temporal resolution required to

detect parameters of the ECG signal, so as fto clock the first and the second
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device at a first frequency f, to detect one or more first parameters of the input analog ECG
signal and at a second frequency f, to detect one or more second parameters of the input

analog ECG signal.
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Brief Description of Drawings

[0611} The aécompanying ﬁgures, where fike’ réferénce numerals refer to identical or
'functionalily similar elements throughout‘ the separate views and which together with the detailed-
‘ de;sg;ription below are incorporated in and form part of the specification, serve to_illustrate
varioz;zs émbodiments and to explain various principles and advantages in écoordance M{h a

present embodiment,

j0012] FIG. 1 depicts a block diagram of an electrocardiogram (ECG) signal processing systemn
comprising an analog-to-digital converter (ADC), a digital signal processing engine (DSF’E) and
a dynamic system clock source coupled to both the ADC and the DSPE in accordance with a

present embodiment.
{0013] FIG. 2 depicts a graph of the morphology of an ECG wave.

10014] FIG. 3 depicts a block diagram illustrating the adaptive operation clocking in accordance

‘ with a variation Qf the present embodiment.

[0015] FIG. 4 depicts a table that lists 3dB WT bandwidths (and their respectively correspdnding
scales) of ECG signal chéracterisﬁcs, i.e., QRS complex and P/T waves, at different sampling ‘
frequencies in accordance with the present embodiments and conventional ECG processing

systems,

0016} FIG. & depicts a graph illustrating an exemplary sample of vaeudo-downsampiing

wavelet transformation (WT) at Scale 3 in accordance with the present embodiments.

[0017] FIC. 6 depicts a graph ilfustrating adaptive threshold-based noise suppreésion for Scales

 1-3in accordance with the present embodiments.
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- [0018] FIG. 7 depicts a data storage struéture configured to realize run-length data compression,

preferably for Scales 1-3, in accordance with the present embodiments.

joo18] FIG. 8-depicts a flowchart of remote and/or on-chip cardiac features searching, l.e. P

wave, QRS complex and T wave analysis, in accordance with the present embodiments.

{0020] FIG. QA depicts a processing flow iilustrating the P wave identification and feature
“extraction in accordance with the present embodiments._ FiGS.IQB - 9C depict morphologies of
P wave, inciuding positive P wave (P+) and negative P wave (P-), in accordance with the

present embodiments.

[0021] FIG. 10A depicts a processing flow illustrating the QRS complex idéntificatibn and
feature extraction in accordance with the present embodiments. FIGS. 10B - 10C depict
morphologies of QRS complex, including positive QRS wave (QRS+) and negative QRS wave

(QRS-}, in accordance with the present embodiments.

“[0022] FIG. 11A depicts a processiﬁg flow illustrating the T wave identification and feature
extraction in accordance with the present embodiments. FIGS. 11B — 11F depict morphologies
of T.wave, including upwards T wave, downwards T wave, positive T wave (T+), negative T

wave (T-)}, and biphasic T wave (T+/-, T-/+), in accordance with the present embodiments.

[0023] FIG. 12 depicts signaling patterns illustrating separate stimulation resuits of ECG
reconstruction outputs in accordarce with the present embodiments as shown in FIG. 1 and FIG.

3.

[0024] FIG. 13 depicts a graph illustrating combined stimulation results of ECG reconstruction
outputs of the non-downsampling WT‘ & IWT scheme, the prdposed Pseudo-downsampling WT
& IWT with adaptive storing scheme, and downsampling WT & IWT scheme in accordance with

the present embodifnents.
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[0025] FIG. 14 depicts signaling patterns'iilustraﬁng stimulation results of ECG feconstfucti_on in
accordance with the present embodiments, both had the proposed interferenceinoise
suppression and baseline drifting removal carried on. Scale 2 WT outputs before and affer noise -

suppression are also depicted. .

[0026] FIG. 15 depicts a plurality of stimulation resuits of the proposed cardiac featurebs
extraction in accordance with the embodiments shown in FiGs 8-11, including indicators of P

wave, QRS compiex and T waves.

[6027] Skilled artisans will appreciate that elements in the figures are illustrated for simplicity
and clarity and have not necessarily been depicted to scale. For example, the dimedsions of
some of the elements in the block diagrams or flowcharts may be exaggerated in respect to

other elements to help to improve understanding of the present embodiments.
Detailed Description

[0028] The following de;(aiied description is merely exemblary in nature and is_ not irftended to
‘limit the inyehtion or the application and uses of the inventidn. Furthermore, there is no intention
to be bound by any theory presented in the preceding background of the present invention or
the following detailed description. It is an intent of the present embodimen_t {o present a novel
real-ime muli-functionat ECG bré(;essing system, whése arc_hitecture is herein proven {0
achieve high énergy and area efﬁcienc;y. SeVeraf novel e_r'nbodime.nts‘ are provided {o achieve
; hégh energy efﬁciencx-(— ‘and satisfying performance of o‘n-ch_ip 'ECG/éérdia; analysis and ‘
diagnosis. An adaptive system opefation clocking is pro#ided for the overall system, including
both ADC and digitéi signal processing module, for example, the digital signal proceésing
lengine (DSPE). Pseudo-downsam'plinghWT & IWT and adapfive étoring are also provided to
achieve lower compé;tationai power -and required storage units. Further, mn-length‘compreésion

with noise suppréssion is probos‘ed fo fqrthef reduce the required number of storage' units
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without significant information distortion. Lastly, on»chib low-complexity signal processing
schemes are provided to perform more critical cardiac feature extractions, benefiting long-term
cardiac ronitoring and clinical treatment, the cardiac feature extractions in accordance with the -

present embodiment comprising QRS complex, P waves and T waves.

[0028] Referring to FIG. 1, a block diagram 100 of an ECG signal processing system in

accordance with a present embodiment is depicted.
i

[0030] An analog-to-digital converter (ADC) 110 and a digital signal processing engine (DSPE)
114 are iflustrated inn the ECG signal processing system. The ADC 110 acquires analog ECG
signals and converts the acquired analog ECG signals into the digital domain, which
subsequently flows into thé DSPE 114, The DSPE decomposes the digitized ECG signals
through a plurality of decomposition high pass filte‘rs‘(DHPFs) and decomposition low pass
filters (DLPFs), such fhat the digitized ECG signals turn into la plurality of filter bar;k scales. ThAe
outputs of these DHPFs ahd DLPFs converge at a signal process'ingAbiock, for example, a clean
ECG reconstractioh block 122, to recqnstructISynthesise clean ECG signals. Preferably, priof o
the clean ECG construction block 122, at least a noise suppression biock 112 and at teéét a
~ baseline drifting rerﬁova! block 118 are coupled to the outputs of the DMPFs and DLPFs, so as

to conduct high frequency noise suppression and artificial base}g'né drift removal to the outputs.

{0031] In the present émbodimeni as shown in FIG. 1, a P/IQRS/T features exf{action-biock 116
is pfoposed o perform importaht cardiac features '-extraction.' The P/QRS/T features extraction
block 116 is preferably coupled to at least one outbut of the plurality of the DHPFS and DLPFs.
Aninterval caiculaﬁdn biock 120 is also provided Ato receive and calculate the signals streaming
from the P/QRS/T. features extraction block 116, and then output the indicators of PIQRS/T .

wa\}es, which will be shown in Fig. 15.
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[0032] A‘ dynamic systeni clock sourde 124 is connected to pofch the ADC 110‘and the DSPE
114, as shown in Fig. 1, to control the ECG signal processing system 10 sample at dynamic
system frequehcies. ;Fhe: dynamic system é(ock soﬁrée 124 switches between different
frequencies with E:eﬁain duty cycles, depending -on the required temporal resolutions, According
to the characteristics of ECG signals, the present embodiment applies 500Hz as the maximum

. sampling rate and 250 Hz as the minimum samplfng rate.

{0033] ngdraﬁc spline wavelet transform {WT) is conventionally used and presently adopted in
the present embodiment for signal decomposition and reconstruction. Four types of WT fifters
are uéed 1o decompose the ECG signais as a -biurality of wavelets or to reconstruct the wavelets
back into ECG signe;!s. That is; decomposition high pass fitter (DHPF) and decomposition low
pass filter (DLPF) as described above, reconstruction high pass filler (RHPF), and
recohstruction low pass filter (RLPF) (RHPF and PLPF ére not shown in Fig. 1). Six pairs of
DHPF and DLPF are employed, as shown in Fig. 1, to obtain six scales WT in accordance with
the present embodiment. As shown in Fig. 1, the DHPF outputs of lower scales, for example,
the first to the fourth scales, are preferably used for noise suppression and cardiac feafures
extraction. Preferably, the DHPF outputs of the middie _scakes, for example, the fourth scale, are
used for cardiac features fP/QRSﬂ‘ ) extraction. On the other hand.,' the DHPF and DLPF outputs
- of higher scales, for exar:nple, the fifth to the sixth scales, are'preferabiy adopted for baseii-ne'. ‘

drifting removali.

-{0034} As shdwn in Fig. 1, the ECG signal processing system oulputs exiracted cardiac features
from interval calculation block 120 and reconstructed clean ECG waveforms from clean ECG

recoﬁstrucﬁon block 122.

[0035] Referring to Fig. 2, a graph 200 illustrates the marphology of ECG waveforms, with a

single ECG waveform shown in the R-R interval 202 . As shown in Fig. 2, the most significant
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characteristics of an EQG wavéform, are the QRS complex 204, the P wave 206 aﬁd the T wave
208. In the frequency domain, theoretically, the bandwidth of QRS complex, P wave, a'nd T
wave are around 1‘0 - 60 Hz, 4 - 15 Hz, and 4 ~ 15 Hz, respectivelyf Conventional ECG signal
processing uses constant sampling ‘rates/frec'zuencies which. satisfy the Nyquist sampﬁng
theorem for a QRS complex for sampling ECG waveformé. Such constant operation frequency
has a{so been adopted for both ADC and DSPE. However, a person skilled in the art would
observe that;he QRS complex requires a higher sampling rate with a low duty cycle around
23%, while P and T waves require a Jower sampling rate with a higher duty cycle. Hence it is not
"necessary and considerably power-wasting to apply high frequency on P wave and T wave

sémplings (i.e., the same as that used on QRS Compiex sampling).

[0036] Referring to Fig. 3, a novel adaptive system clock is provided in accordance with a
variation of the present embodiment. Fig. 3 depicts a block diagram 300 iliustrating an ECG
" signal processing system which comprises the adaptivé operation clocking in accordance with

the variation of the present embodiment.

{0037] Siﬁitar to the ADC 110 of Fig. 1, an ADC 310 is provided to .receive anatog ECG signals |
and convert them into digital ECG sighals. The ADC 310 is preferably a successive
approximation (SAR) for low power consumption and low désign complexity. The digiiél—ized
ECG signéis flow into a wavelet transformation (WT) unit 312 which sequentiélly decomposes
the ECG sznais into a plurality of wavelet scales. In the present embodiment as showAn inFig. 3, - -
the WT unit"l'decomposes the_digitalized‘ECG signais info 6 caécaded Wavelet scales and
outputs the 6 cascaded wavelet sqéles into 2 DSPE 314. The DSPE \314 comprises at Iéagt a .
cieah ECG reconstruction Slock. a noise suppression biéck and a cardiac feature extraction
biock. and 6Utputs clean ECG signals and cardiac features. At the output of 'the DSPE 314, an
out%)ut buffer 316 is provided fo synchronize the DSPE outfput at a re-sampling ratel provided by

an outpg;t clock generator 318 that is. derived from the adaptive system clock (which will be
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discussed in the following description), to obtain the correct clean ECG waveform and extracted
features in the time domain. It is understood by a skilled person in the art that the use of the

. output buffer 316 could be omitted in various embodiments.

[0038] A multiplexer 320 is intrbd‘uced into the preseﬁt eﬁwbodiment shown in Fig. 3 to provide
the adaptive system clock by way of switching between a first frequency {1 and a second
frequency f2. lﬁ the bresent embodiment, 1 is & high frequency whiié 12 is a low frequency. The
output of the mpltiplexer 320 is utilized for the overall system, including the sub-modules m ADC
310 and DSPE 314. The multiplexer 320 is controlied by a comparator 322 comparing inputs
between the ~DHPF’ou'tpu't of Scale 2 (DHPF_S2) and an adaptive thr_esﬁold value THf from a
’rhreshold caiculator 324. If the vaiue of DHPF_S2 is iérgef than THI, the system operates at the
fast frequency f‘1.'to perform QRS related signal processing. After a certain pre-defined period,
~ the system operation frequency goes baék to the low frequency f2.'The adaptive threshpld value
THf is caic{ziate,d by the threshold calculator 324 from the noise suppreésion module of the

DSPE 314.

{0039] Some ADC architectures' with adaptive sampiing rate or adaptivé resolution may have
been used in the state Aof the art. For exarﬁp%e, one adaptive sampling ADC has been utilized for
ECG signal aéquisition. Such conventionél adapt‘we sampfiﬁgs are ‘basically to provide an
analog circuit moduié to sense the rate of chénge of the input signals by using a switched
capacitor éSC) differentiator, and compare the rate with a threshold voltage to seiec;t different
samp’ﬁng raies.' Howevex;, since the differériiiator ampiifies Ahig‘h frequer;cy.cqmpor;ents, the'
ouiputs of the . comparator have é higher chance to bé deteriorated by high frequency
“interference. In contrast, in accordance with the present embodiment, it is DHPF_S2 that is
used as the comparaior iﬁput. By doing so, high frequemy interference is greatiy‘reducéd as

most of such-interference falls in DHPF_S1.
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[0040] Meanwhile, DHPF_S2 also has less influence of artificial baseline drifting as most of
such drifting take place in higher scales, such as Scales 5-6. The conventional switched
| capaci;or structure consumes a comparatively larger area, especially for low frequency signals
{e.g., ECG signalé); However, since the W-T 312 and bomparatér 322 of the present
embodiment are implemented in the digital ‘domain, and the DHPF ouipuis are inherently
utilized for the further digital signal processing (e.g., noise sUppreséion, QRS detection, etc.),
there is almost no significant area and power consumption overhead in the ECG processing
systems in accordance with the present embodimer_ats. In addition, another issue presented by
conventional adaptive sampling is that the comparator and threshold generation moc;uies are.
designed in the analog domain which has higher chance to be disturbed by different types of
noise and interference. Such drawbacks of the prior art are also overcome by the digital

solution of the present embodiments.

{0041} If the adaptive clocking is applied for the ADC only whereas the DSPE maintains
~ constant clocking, the power consumption of the overall system cannot be significantly reduced.
in the present embodiments, as shown in Figs. 1 and 3, the adaptive 6berétion clocking is
applied to the complete ECG processing system; including both ADC 110, 310 and DSPE 114,

- 314.

[0042] Referring to FIG. 4, a taEie 400 is depicted’that lists 3dB WT bandwidths (and their
respéctiveiy correspondi‘ng' scales) of ECG signal characteristics, .i.e;. QRS comple;c and P/T
waQeé_, at different samp!ing frequencies in the preseﬁt embbdiments and cOn\;"eritionaI ECG
processing systems. As the important cardiac features. that the present embodiments target to
‘extract include QRS complex, _P wave and T wave, with reference to Fig. 4‘ showing their
corréspondinb WT bandWidth,_ it can be observed that if the 'sam,b!ing rate is 500Hz, the
dominant components of QRS peak will fall at Scale 4. if the sampling raie is QSOHZ, th‘e

dominant bomponentS‘of.P and T waves will also fall at Scale 4. Therefore, in 'the' ‘present
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en'ibodgmenfs, according to the E:ompéra;tor's' output, the system operation frequency is ‘
configured to switch betwéen 500 Hz and 250 Hz. The high frequency 1, 500 Hz, is adoptéd o
detect QRS related characteristics and asspciate‘d featﬁres; whereas the low frequency {2, 250
Hz, is adopted for P and T waves related characterisﬁcé identification and features extraction.
Since the cardiac duty cycle .of the QRS compiex is approximately 23%, by using the provided
dynamic system clocking, the power consumption of the overa!i.__system--'can be significantly

reduced by around 38%, compared to conventional systems.

{0042] Non-downsampling WT (NDWT) is conventionally selectéd for ECG signal
decomposition and reconstruction, as it prevails downsampling WT (DWT} that makes the signal
representation t':me~yariant and reduces the temporal resolution of the waQé%et coefficients with
scales incréasing. -However, the NDWT ‘has a major shortco#:ibg_huge data storage

requirements.

[00431 According fo the NDWT, in the decomposiﬁon part, Ip(K) and hpk) are denoted as the
coefficients of DLPF and DHPF of scale . For scale 1, Ip(k) and hp (k) are expressed by the

following Equations 1 and 2,

1p, (k)= (1/8) 6(k + £}+ 36(k + 1)+ 36(k )+ 5 ~ 1)} @

o= 25} @

reépectis}eiy. Forscales |» 1, Inj(k) and hp (k) are obtained by inserting 2"'-1 zeros between each

of the coeflicients of Ip (k) and hp 4(k}.

{0044} In the reconstruction part, lz)(k) and hg (k) are denoted as coefficients of RLPF and
RHPF of scale j, respectively. For scale 1, Iz4(k) and hR,;{k) are éxpressed by e following

Equations 3 and 4,
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Ig (K ) (1/8)- {6(k + 2)+ 380k + 1)+ 35k }+ 6(k - 1)} : 3)

hip (k) =—0.00781256(k + 2)—0. 0546855(k +1) —0.1718755(k)+ 0. 1718755(k 1)
+0.0546856(k = 2)+ 0.00781258(k — 3) _ )

respectively. For scales ;- 4, Ir (k) and hgy(k) are obtained by inserting 21 zeros between each

of the coefficients of Ig «(k) and hg s(k).

[0045] Froﬁx &duations 1 — 4, it can be observed that there are a huge number of delays in ECG
decomposition, especially for higher scale NDWT Consrdermg the ECG reconstructuon there is
also a huge number of processmg delays for different scales that need to be synchronized
before they are fed into the reconstruction block. For example, the total storage units required
for 8 scales N_DWT based decomposition and‘ reconstruction is around 140k bits. This huge

number of storage units results in significant power and area consumption.

{0046] In order to reduce tﬁe required storage size, a novel pseudo~downsamp£ing- WT (PDWT)
and pseudo-upsampling WT (PUWT) scheme is provided in accordance with the present
embodiments, Referring to Fig. 5, an exemplary graph 500 of Pseudo-downsampling wavelet
| transformation (WT) at Scaie 3 ié depicted in accordance with the present embodiments is

depicted.

{8947} In the provided PDWT and PUWT scheme, xJ(l) and y}(l) are denoted as outputs of DHPF
of Scale i (DHPF S_g) and DLPF of Scale j (DLPF S;) respectively. Conventlonaiiy, aIi xj(l) and
y,(n yneed to be stored ln the provided PDWT and PUWT scheme, similar as downsamplsng WT, .
DHPF and DLPF outputs in every 2/'-1 samples wil firstly be stored. As shown in Fig. 5, ys(0) --
512, ya(4) 514, y4(8) 516. ya(12) 518 ... will be stored in storage units. The storage units could

" be shift-registers or SRAMs.
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{0048} Besides DHPF and DLPF outputé in every 27'-1 samples, an average increment ij(k)
between y(i) and y(i+27) will also be calculated and stored in storage units. . The average

increment Ay (k)is expressed by the following Equation 5:

| Ayf(k)zi:yj((k'f"l)*zj_!)-yj(k*2f~l)]/2j-1 (5)

where k =0,1,2,... Therefore, the DHPF outputs between y (x *2/~) can be approximated by

interpolating the average increment Ay, (k), as expressed by the following Equation 6:

yile*2 e n)=y (k) +n* by, () ®)
where n=1, 2, .., 21, By virtue of the PDWT and PUWT scheme, the required storage units - '

w =l .
can be significantly reduced, as only ‘ f‘(k 2 } and & J(k) need to be stored. For example,
operation in accordance with the present embodiment can reduce the number of storage units
for Scale 6 by approximately 95%, as compared with NDWT. In addition, issues of time-variant

in DWT can also be eliminated under this scﬁerr!e.

[0049] However, under the PDWT and PUWT scheme, there might be distortions on NDWT

outputs, because the wavelet DHPF and DLPF outputs between yj(k*zf“l). are only

approximateiy obtained. To alleviate the distortion, a compensation mechanism is also

proposed in accordance with the present embodiment. in the compensation mechanism, the

J

- actual vaiues of y (k*z’“‘ +n) are compared with a pre-defined threshold T, 510: -

7, =a><yj('k*2j"‘+n) A , 7

w2 )

where a is a ~comparison‘ffactor. if the absolute va%ué Qf is'smalier than the

y_,-(k* 2771 ‘-1- n)

absolute value of T4, Equation 8 will 5e.used {0 approximate ; otherwise the actual
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-(.(c*i’j"'-é-n)

value of 7/ will be saved:in the storage units and will be used for the further

processing.

[0050] For example, as shown in ‘Fig.‘ﬁ, two significant actual values SAV1 520 and SAV2 522
are depicted to represent PDWT outputs which exceed Ty 510, and thus only these 2 PDWT

outputs SAV1 and SAV2 will be stored along with yj‘(}c *2/ “1‘),‘ for exampie, y3(0) 512, ys(4) 514,

y3(8) 516, y5(12) 51'8, in the storage units; whereas other PDWT oulputs will be approximated

by Equation 6.

[0051] In vieW of the above description, under the PDWT and PUWT scheme, the significant
wavelet coefﬁcie‘nt_s, such as SAV1 520 and SAVZ. 522 illustrated in Fig. 5, can be maintained
for further signal processing. Thus, the distortions on F’DWT’ can be improved wéth a reduced
amount of additional storage. For the lower scales of NDWT; because the value of 21 is not
s0 large, the requfred number of storége units is accordingly also not so large, thus the provided
PDWT may seem less necesséry, 50 that can be omitied in various embodimeﬁts. However, for
higher scales, the value of 2"-1 becomes significant, thus the provided PDWT becomes more
desired. Since the DLPF and DHPFA outputs of higher scales correspond to lower frequency
signal cormponents, thé number of ;ignificant wavelet outputs is comparatively small, and thus
the required additional _storage unifs. is‘c_omparaﬁve!y low, ”i“he number of additional storage
units depends on the value of a. The proposed PDWT can be adopted for both the delays in FIR
fitering and | ihe synchronization delays betweeﬁ DHPF and RHPF. For hardware
implementation, {otal 'rquired storage’ éan be reduced by 40%, based on the present
experiments that deploy 6 scales WT for decomposition and reconstruction and uée 1 6 bits

inputs and oulputs for WT of each scale.



WO 2014/200438 PCTE/5G2014/000276

16

,[9052} Referring to Fig. 6, a graph 600 xtlustratmg adaptive threshold-based noise suppression
- as shown in Fig, 1 for Sca!e 1 610, Scale 2 612 and Scale 3 614 in accordance with the present
. embod:ments is depfcted Under the adaptwe thresho}d-based noise suppress:on 518, the )
DHPF outputs smaller than an adaptwe threshotd is basuca;iy forced to zero. Therefore, after ‘
noise suppression, the DHPF outputs of Scales 1-3 will comprise dommated portions of zeros
and only small portions of continuous non-zero values, as shown in Fig. 8 inspire& by this fact,
a run-length data bompression scheme is herein provided to cooperate with adaptive threshold-

based noise subpression, without further information distortion.,

[0053] Referring to Fig. 7, a data storage structure 700 is depicted to implement the run;length
data compression, preferably for Scales 1-3, iﬁ accordance with the present embodiments. The
non-zero data will be storéd in the storage gnits, for exambie in address n 710, n+1 712, n+4
718 and n+& 720. Once continuous zeroes are detected, a flag of writing 0 \‘:vili be written into
storage units, fér exampie in address n+2 714. Following that, 2 counter starts to count the
number of zeros. Only after détecting the next non-zero data, the counted number of zeros is
written info storage units, in for example address n+3 716, followed by the next non-zero data
stored in address n+4 718. Accordingly, at the input side of RHPF, once the ﬂég of writing O is.
red out, the continuous “0"s will be fed into RHPF according fo the detecied number of
continuous zerces. Under the run-length data compression scheme, data compression is
ﬂnaturaliy combmed with the threshold-based noise suppression to further reduce the required
number of storage units for synchromzatlon delays. Further, there is no further mformation

dlstor'tion on top of nosse suppression.

{0054] To reduce workloads of medical professionals and to save power consumption of ECG
device, it is highly recommended that the ECG recording system is equipped with -

comprehensive onébhib cardiac analysis and diagnosis capabilities. Many papers have already
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introduced the ECG signal processing téchnicjues, and some of 'them have discussed the on-
chip signal processing. These éxis{ing on-chip ECG signal processing methods mainly focus on
feature extracfibns of QRS peak's‘to ‘dérive the heart beat _r'ate (HBR). However, for clinical
diagﬁosis and treatment, infgr%nation on QRS peék detection alone is_-nqt sufficient, as c!ihica!
professionals also require other importaﬁt features that relaie fo P amj T \/;/aves fo complete
cardiac analysis and diagnosﬁs. Due fo the increasing complexity in signal processing algorithms,
the consumed power and silicon areas increase signiﬁcénﬂy for corresponding hard@are
impiefnentétionl In accordance with the present embodiments, a robust ECG signal processing
system has been described above that have a plurality of fow complexity blocks to reduce
power consumption and silicon area. The robust ECG signal processing system of the preseht
embodiments can be on-chip and perform ECG signal processing including noise suppression,

artificial baseline rerrioval, clean ECG reconstruction, and heart beat rate (HBR) detection.

[0055] Furthermore, the robust ECG signal processing system in.accordance w:ith the bresent
embodiments can perform ECG/cardiac features analysis that at least can realize the following
functions: P and T waves peak detection;  morphologies of ‘P/QRlS!T wa-ves identification,
including positive (+), negative (-}, bipﬁasic (+/— or -/+), only upwards, énd only downwards; and

the PR interval and RT interval caiAcuiation.

[0056] In the following description, in order to further substantially reduce power and area
consumption, a #equential cardiac features - analysis méthod is proposed to minimize the
operation clock frequency and maximally reuse the hardware resource to reduce the required

silicon area.

{0057] Referring to Fig. 8, at least by virtue of the facts that P wave, QRS complex, and T wave

oceur sequentially in an ECG/cardiac signal, and that their analysis procedures appear similar
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because of the similar procedures of onset/peak/end point detection and morphbtogy'-
identification, a flowchart 800 of a processing flow of on-chip ECG features searching in
_ accordance with the present embodiment is depicted, which constitutes a first level of the

sequential cardiac features analysis.

{00581 As shown in Fig. 8, the DSPE in accordance with the present embodiment that
comprises P/QRS/T features extraction block starts with step 810 "Search P wave’. lf there are
no poénts of interest appearing, the DSPE stays at this step. Once the ECG processing system
overall operates in high frequency, i.e., DHPF_S52 is Ea{ger than THI, the DSPE starts to search
QRS complex. Duriné step 812 "Seérch QRS", similarly, if there are no points of interest
appearing, the DSPE stays at this step. Once QRS complex is identiﬁéd, the DSPE starts with
step 814'io search T wave; otherwise it will go back to the “search P wave” step 810 if there are
no points of interest appearing after certain pre-defined number of samples. During step
“Search T Vwave"’ 814, similarly, If there are no points of interest appeéring, the DSPE stays at
this step. Once T wave is identified or there are no points of §nterest appearing afier certain pre-
-defined number of samples, the system will be reset 816 and go back to the “Search P wave”
:step 810 to search the next P wave. At each step of Fig. 8, theré are detailed procedures for
each morphoiogy identification and features extraction, which constifute a second levet of the -
sequential caArdiac features anéiysis. The detailed procedures for each morphology identification

and features exiraction of P wave: QRS complex and T wave are shown in Figs. 8-11.

[o0s59] ~F~"ig. BA shows a processing flow 900 for P wave identification and ‘featurev extraction.
According to Figs. 9B ~ 9C, the'morphoiogies of P wave includes positive P wave {P+) 960,
negative P wave (P-) 962, and biphasic P waves (P+/-, F’-/+)'(not shown). DHP’F_“S4 can be
uéed as the éigna§ inpute in the} present embodiment, because in comparison with DHPF

outputs of other scales, it contains less high frequency noise as well as reduced baseline drifting,
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and contains major components of the P wave when the present embodiment samples at the

second frequency {2 of 250 Hz.

fooe0] in acicérdénce with the P wa{/é identification énd feature extraction, the DSPE starts with
the first siep “None” 910, and then combares the input signal x witﬁ a pre-defined threshold
THpp. If the input signal x is greater than THpp, it means that a positive peak of DHPF_S4 is fo
be appeared, ind‘zbating that the slope 6f DLPF_S3 increases fast. Thus, the DSPE proceeds to

step “P_Peak1” 912.

. [00861] During the "P_Peak1” step 912, the zero crossing point is searched, whicﬁ correspondé
o the"péak value of DLPF_S3. A counter coﬁtinuousiy éounts the number of sampies. If the
Zerop-crossing péint is detected, the DSPE proceeds to step “Zero1” 914, and the counter is
reset. On' the other hand, if there are no points of interest, and the counter exceeds a pre-
~ defined value ®pp, the DSPE w;;if go back to step “None” 810 and comparé the input x with

THpp again.

f0062] During “Zerc1” 814, the input signal x is édmpared with a pre-defined threshold THpn.
The counter confinuously counts the number of samples. If the input signal is émaflef than THpn,
it'means that a negative péak of DHPF_S4 is to be appeared, indicating the slope cﬁ‘_DLPF_SS
Adecreas»es fast. The DSPE thus proceeds o ‘N_Peak2" 916, and the counter is reset. On the - |
other hand, if there are no points of interest, and the counter exceeds a pre-defined value <bp§:,.

the DSPE will go back to “None” 910.

[0063] During "N_Peak2” 916, the zero crossing point is séarched, which corresponds to the
negjaﬁve peak value of DLPF_S3. A counter continuously counts the number of samples. If the

zero crossing point is detected, the DSPE goes to “Zero3” 918, and the counter is reset. On the
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bther hand, if Ehere are no points of interest, and the counter exceeds a pre-deﬁned value, Opd,
the DSPE confirms thét. a positive P wave (P+) is detected. The DSPE will‘ then 'go babk to
“None” 910, and the first level of thé sequential cardiac features analysis as shown in Fig. '8 will

go to the “Search GRS” step 812.

~ {0064] During “ZerbS” 918, the input signéi x is compared with a pre-defined threshold THpp.
The countef”conﬁnuously counts thé-number of samples. if the input signat is greater than Tpr,
a positive ‘peal'( is to be appeared. Thﬁs, the DSPE switches back to “None” 810, and the
counter is reset. At the same time, the DSPE can conﬁrmﬁ’chat the biphasic P wave (+/- P) is
identified. On the other hand, if there are no points of interest detected, and the counter
exceeds a p.re~deﬁn'ed vaiue ®pd, thé DSPE confirms that a positive P wave (P+) is detected.
The DSPE will then go back to “None” 910, and the first level of the sequential cardiac features

analysis as shown in Fig. 8 will go to “Search QRS" step 812.

[0065] Similar as the aforementioned procedure, the morphologies of a negative P wave (P-)
and its biphasic -/+ P can be identified by detecting “N_Pe‘akf’ 820, “Zero2" 922, "'P_Peak2"

924, and “Zeré4" 928, as shown at the bottom half portion of Fig. 9A.

[0066] The processing flow cf- QRS complex identification and feature extraction is simifar to P
.wave identification and feature extraction. Referring to Fig. 105, a graph 1000 represents the 1 :
corrésbdnding procéss%ﬁg flow. For the QRS complex, thel morpho%oé;ies of positive QRS wave‘
(QRS+) 1060 and negative QRS wave (QRS-) 1062 are distinguished and depicted in Figs. 10B
-10C. DHPF_S4 is also adopted as the signai‘ inputs because when searching QRS compilex at

~ the first frequency 1 of 500Hz, the bandwidth of DHPF_S4 is around 8-27Hz, as shown in Fig. 4.

. [DO67] The first status of QRS complex identification and featuré ‘éxtraction is set as “None”
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1010, and the input signal is compared with a pre-defined threshold THqp. If the input signal is
higher than THqp, it indicates that the slope of DLPF_S3 increases fast, and thus the sfatus

switches o "P_Peak1” 1012.-

[008B] At “P_Peak1" step 1012, the z610 crossing point is searched, which cotresponds io the
peak value of DLPF_S3. A counter continuously counts the number of samples. If the zero
- crossing point is detected, the DSPE goes to “Zero?” 1014, and the lcounter is reset. On the
other hand, if there are no points of interest, and the counter exceeds a pre-defined value ®gp,

the DSPE will go back to "None” 1010 and compare the input signal with THgp again.

[0068] At “Zero1” step 1014, the input signal is compared with a pre-defined threshold THgn.
“The counter continuously counts the number of sampies. If the input signal is lower than THgn,
it means that the siope of DLPF_S3 decreases fast. The status then switches' to “N_Peak2”
1016, and the counter is reset. On the other hand, If there are no points of interest, and the

counter exceeds a pre-defined value gz, the processing flow will go back to “None” 1010.

[0076] At "N_Feak?‘ step1018, the counter continuously counts the number of samples. When
- the counter exceeds a pre-defined value ®qd, the system confirms that a positfv'e QRS complex
(QRS+) is detected. The processing fiow will go back to “None” 1010, and the on-chip ECG

features searching flow as shown in Fig. 8 will go to “Search T.wave” step 814.
{60713 Similar as the aforementioned procedure, the morphofogies of a negative QRS (QRS-)
wave can be identified by detecting the status of “NmPeak’I” 1018, “Zero2” 1020, and “‘P_Peak2"

1022, as shown at the bottom half portion of Fig. 10A.

10072] Referring to Fig. 11A, a'graph 1100 of the processing flow for T wave identification and
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feature extraction is represented, which us similar as the ones for P wave and QRS complex. For-
‘ the T wave, the morphologues including upwards. ' T wave 1166 downwards T wave 1168,
positive T wave (T+) 1160, negative T wave (T-) 1162,AaAnd biphasic T wave (T+/-, T-/+) 1164
aré“débicted in Fig‘sﬁs ~11F. DHPF_S4 is again addptea as the signal inputs, for similar

reasons as described above for the P wave identification and feature extraction.

{6873] The first status of the T wave identification and feature extraction is set as “None” ‘!"f 10.
The input éignél is compared with a pre-defined threshoid THip. If the input signal is greater
than THip, it indicates that the slope of DLPF_S3 increases fast, and thus the processing flow

switches 10 *P_Peak1” 1112,

{0074] At “P_Peak1” step 1112, the zero crossing‘ point is searched, which corresponds to the
‘peak value of: DLPF_S3. A coun.fer continuously counts the number of samples.. If the peéig is
detected, the précessing flow goes to “Zero?” 1114, and the counter is reset. On the other hand,
| if there are no points of interest, and the counter exceeds a ‘pre-deﬁned- value otp, the

" processing flow will go back to “None” 1110 and compare input signal with THip again.

[0075] At “Zero1” step 1114, ‘the‘ input signal is compared with a pre-defined threshold THtn.
The counter continuously counts the number of samples. If the input signal is lower than THitn, :it'
means that the siOpe of DLPF 83 decreases fast. The status switches to "N PeakZ” 11 16 and
‘the counter is resef. On the other hand if there are no pomts of interest, and {he counter

exceeds a pre-defined value otd, it is conﬁrmgd that the upwards T wave is identified. The
; processing flow will go back to “None” 1110, and the proces‘éing of T wave identification and

‘ fea_ture extraction ié ;omp?eted.

[0076] At "N_Peak2” step 1116, the DSPE searches the zero»croséing'poiint, and the counter
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continuously counts the number of samp'les. If the zero-crossing point is found, the processing
flow goes to “Zeros3"” 1118. On the other hand, when the counter exéeeds a pré-deﬁned value |
®td, it is confirmed that a posit'ivé T wave (T+) 1160 is detected. The processing flow will-go -

back to “None” 1110, the processing of T wave identification and feature extraction is completed.

[00'??] At “Zero3” step 1118, the inpuit signal compareé with a pre-defined threshold THtp.. The
. counter éontinuous#y counts the number of samples. If the input signai is higher than THitp, 'ii is
confirmed that ‘thelbiphasic {+/-y T wave 1164 is identified. On the other hand, if there are no
points of interest, and the counter exceeds a pre-deﬁned value ¢id, the DSPE confirms that a
positive T wavé' 1160 is detected. The processing flow will go back to “None” 1110 , thé

processing of T wave identification and feature extraction is completed.

[0078] Similar as the aforementioned procedure, the morphologies of negative T (T-) 1162 and
biph'asic -1+ T 1164 can be identified by detecting the status of “N_Peak1” 1120, “Zero2” 1122,

“P_Peak2” 1124, and “Zero4” 1126, as shown at the bottom half portionof Fig. 11A.

{GGZQ} it can be observed from Figs. 9-11 that the proposed ECG features idenﬁﬁcation and
extraction for P/QQS/T waves in accordance With the present embodiment have similar a_naiysis
procedures. Specifically, all the state machines can be represented by at most 9 statuses, and
. the statuses transactfons are similar with séme conditions and different'outputs. Fur,therméré,
svince' thé anaiysis of P, QRS, and T aré in sequence in the presenf embodiment, most of fhe
resource for these statuses transactions can be shared. which is highly recommended for low
| power hardware im'piementation. in the present embodiment,_ pipeline structure is adopted ‘for
the distriéution of the P QRS and T analysis, so that the required Highest operation frequency is .-

the same as the input sampling rate.
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{0080] Some existing on-chip ECG prbcessors are based on software, .programming, as
disclosed in “A Wearable BSN-based ECG-recording System Using Micromachined Eiectrodé
. for Continuous Arrhythmia Monitoring"- by D. G. Guo, et al, on Proc. IEEE 5th Infernational ‘
Wo}ks-hop on Wearable énd Imélantab!e Body Sensor Netwarks, June 2008, pp. 41-44; and in
“An ultra low energy biomedical signal processing system 6perating at near-threshold” by J.
Hulzink, et al, on IEEE Transactions on Biomedical Circuits and Systems, Dec. 2011, vol. 5, pp.
546 - 554. . They have more flexibilities to achieve multiple functions, but have lower energy
efficiency due to the software operation in sequence. On the other hand, some of the research
- present the appiicatiomspeciﬁé ECG processing ASIC. Due to high computational complexity,
the functions that they can achieve are limited, and host of them mainly focus on the QRS
~ detection and heart ﬁeat rate {HBR) calcuiation. As discussed above, in cardiac monitoring and
clinical treatments, critical information related to P and T waves are also required. Therea"ore,
the present on-chip ECG procéssing s‘ystem in accordance witﬁ the presént erﬁbodimgnts
outperforms other existing schemes in terms of both high energy efficiency and comprehensive

functions.

[0081] It should be emphasized that dynamic system operation frequencies between 250 Hg
and 500 Hz are adopted in' the herein described present ’embodiment. Therefore, in order to
reduce the hardware complexity, although only DHPF_S4 is used for all the processing, the
actual sighai components used fof P/T analysis and QRS a_nalysis are different, as shown in Fig. '

4.

[0082] As described herein, the high frequency noise suppression and baseline drifting removal
‘are also included in the present embodiments. It would be appreciated to the skilled person in
the art that the adaptive threshold-based noise suppress:on is preferab!y apphed to the DHPF

3 outpu‘ts of Scale 1-3 of the present embodtments
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[0083] Referriﬁg to Fig. 12, a graph 1200 illustrating stimulation results of ECG ;econstrdction'
outp&ts using adaptive system operation clock with or without re-sampling is present. in more
" details, Fig. 12 presents the input ECG signal 1202, the‘ reconstrué:tion ECG outpu{ without re-
sampling 1204, and the ECG reconstruct‘ionh output with re-sar_npiéng 1206. In order to verify the
f'unoti_onaiity and compare the reccn_struction signals with original input, only the WT
decorﬁpositio‘n followéd by WT reconstruction is performed, without interference suppression
angd béseiiﬁe dr%ﬁing removal. it can be observed from Fig. 12‘ that if there is no re-sampling, the
adaptive system operation clock of the output signal is improper, and thus there will be distortibn
in the shape of the ECG reconstruction output 1204. However, by virtue of the proVided
synchronization 6utput buffer 316 with output sampiing clock generator 318 (as shown in Fig. 3),
the -correct ECG reconstruction output 1206 can beobtained as shown in Fig. 12, which

maiches the ofiginai ECG input signal 1202 very well.

[o084] Refer‘rinhg to Fig.‘ 13, a graph 1300 is present illustrating combined stimulation results of
‘ECG reconsiruction output of the non-downsampling WT & IWT (NDWT & NDIWT) scheme
1302, the groposed pséudo—doWnsanépling WT & IWT (PDWT & PDIWT) and adaptive storing
scheme‘ 1304, énd the downsamplfng WT & IWT (DWT & D!WT} scheme 13086, respectively. it
should be ﬁoted that the reconstruction outpuf of NDWT & NDIWT 1302 is the optimal resuit
because i is close ‘Ato\ the original ECG inputs. According to-'Fig. 13, it can be observed that the
», provided PDWT scheme can obtain suboptimal reslts 1304 és compared with NDWT & NDIWT
scheme. On the other haﬁd, it can be observed thaf: the output of the DWT & DIWT scheme

1306 is distorted and cannot obtain the correct ECG reconstruction output. - -

'{0085]»Referring fo Fig. 14, a graph 14b0 is depicted to"i!lustrate stimulation results of clean

ECG reconstruction 1404, had both the proposed interference/noise suppression and baseline
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: driftiné removal carried on in accordance with the present embodiments. Scale 2 WT outputs,
before 1406 and aftér 1408 ﬁoise suppression, are also depicted. It can be observed §hat the
ECG input signa!l 1402 and the Scale 2 WT .output 1406 are distorted by high' frequency noise
és well as low frequency baseline dfifting.' tt'can also be observed from the stimulation results
1404 and 1408 that the recoﬁstrﬁcted ECG signal and dé—noised Scate 2 WT oulput are clean

after noise suppression and baseline drifting removal.

[0086] Referring to Fig. 15, a graph 1500 of a plurality of stimulation results of the discussed
cardiac feature extraction of the ECG input 1502 is depicted in accordance with the
embodiments shown in FIGs 8-11, including indicators of P wave, QRS complex and T waves.
Extracted indicators of P wave 1504, QRS complex 1506 and T waves 1508 are presented in
Fig. 15. it can be observed that all these features are exiracied accurately. Therefore, more

cardiac features such as QT interval 1510 and PR interval 1512 can be accurately calculated.

[0087] As described herein, a real-time mulfi-functional ECG signal processing system with high-
“energy and area efficiency, a digital signal processing engine (DSPE) for the ECG signéi
processing system, and a method for processing ECG signals are provided in the present
inventipn. it achieves high energy-efficiency by adopting several innovétéve) techniques,
including adaptive system operation clocking for oVérall system, pseudo4d0wnsampiing WT & .
IWT, adaplive storihg, and run-iength‘ cognﬁ;reésion with noise suppression. Furthermore, low- -'
com;)iekity cardiac feétures anaiysis‘schemeé are proposed o -extract sufficient critical cardiac>
features for long-term cardiac monitoring and clinical treatment. In view of the above, the real-
time‘mufthfunctionaf ECG signal processing system with high energy and area efficiency, the
DSPE for the ECG signal processing system and the method for pro'cessing ECG signals are

highly suitable for wearable sensor applications of long-term cardio-vascular monitoring.
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Claims
We claim:

1. An electrocardiogram (ECG) signal processing system, the ECG signal processing system

comprising:

an analog-to-digital converter (ADC) configured o convert an input analog ECG signal into

a digital ECG signal;

a digital signal processing engine (DSPE) coupled to the ADC to receive the digital ECG
signal, the DSPE being configured to decompose and reconstruct the digital ECG signal; and

a dynamic system clock source coupled to the ADC and the DSPE for dynamic signal
sampling, the dynamic system clock source dynamically switching between different frequencies,
depending on a temporal resolution required to detect parameters of the ECG signal, so as to
clock the ADC and the DSPE at a first frequency f, to detect one or more first parameters of the
input analog ECG signal and at a second frequency f, to detect one or more second parameters

of the input analog ECG signal.

2. The ECG signal processing system of claim 1, wherein the DSPE comprises:

a wavelet transformation (WT) unit, the WT unit comprising a plurality of scales, wherein
the WT unit is adapted to decompose the digital ECG signal into a plurality of wavelets, each

wavelet being output from one of the plurality of scales; and

a plurality of signal processing blocks, each of the signal processing blocks coupled o one

or more outputs of the plurality of scales and configured to receive and process the one or more
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wavelets from the respective outputs, wherein the signal processing blocks provide processing

functions which differ from one another.
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3. The ECG signal processing system of claim 2, wherein the ECG signal processing system is
configured to detect a QRS complex when f; is 500 Hz, and wherein the plurality of scales
comprises six scales, the plurality of scales having 3 dB bandwidths of around 125 to 250 AHz;
82.5%0 125 Hz, 1810585 H- 81027 Hz 416 13.5 Hz, and 2 {0 6L5 Hz for the first 1o the sixth

scales respectively, when the dynamic system clock source is clocking at the first frequency f,. -

4. The ECG signal processing system of claim 2, wherein the ECG signal processing system is
configured to detect P and T waves when f is 250 Hz, -and whérefn the plurality of scéles
comprises six scales, the plurality of scales having 3 dB bandwidths of around 62.5 to 125 Hz;
18 to 58.5 Hz; 8 to 27 Hz, 4 10 13.5 Hz; 2 to 6.5 Hz and 1 to 3.25Hz for the first to the sixth
scales respectively, when the dynamic system clock source is élocking at the second frequency

f,

5. The ECG signal processing system of claim 2, wherein the WT unit lcﬁomprise_s‘ a plur_élity of
low pass filters (LPF) and a plurality of high 'pass filters (HPF), and wherein the plﬁraiity of signal
brocessing blocks further comprises a baseline drifting s;emoval unit, the baseline drifting -
removal unit being coupled fo the respective outputs of the high pass filiers of the fifth aﬁdsixth

scaiés and the o&tpui of the low pass filter of the sixth scale. -

6. The ECG éi’g}—wai‘processing system of claim 5, wherein the dynamic éysiem clock soLzrce is
switched befwee.n fyand f, by a multiplexer, the mulliplexer being controlied by a comparison

between output of tﬂe high pass filter on the second scale and a threshold TH;, and wherein the



WO 20147200438 PCT/SG2014/606276

28

multiplexer switches to the first frequericy f, when the output 6f the -high pass filter on the"

second scale exceeds the threshold TH;

7. The ECG signa¥ prbcess&ng system of claim 5, wherein the plurality of signal processing
blocks comprise a card_iac features extraction block, ihe cardiac features exiraction block being
coupiéd to the odtput of the high pass filter of the fourtﬁ scale, G\iheféin the cardiaé features
extraction block is configured to output cardiac features, and wherein the cardiac features

extraction block is configured to

process a QRS complex extraction when the dynamic system clodk source is clocking the

ADC and the DSPE at the first frequency £, and to

process P wave extraction and T wave extraction when the dynamic system clock source

is clocking the ADC and the DSPE at the second frequency £,

. 8. The ECG signal processing system of claim 5, wherein the piuAraiity of signal proceslsing.
blocks comprise an ECG signal reconstruction block, and wherein the ECG signal
reconstruction block is; coupled to outputs of high pass filters of the first to- the fourth scales and
the outpuis ‘of the baseline drifting removal unit, wherein the ECG signal reconstruction block is
configured to synchrot;ize and oufput signals belonging to the high ‘pass filtered éoniponeﬁtg of .

the first to the sixdh scales and the low pass filtered component of the sbah scale.

9. The ECG signal processing‘system of claim 1, wherein the ADC is a successive

~ approximation (SAR) ADC. ‘ : o
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10. A digital signal processing engine (DSPE) for ECG signal processing, the DSPE being

coupled to a digital ECG signal input and comprising:

a wavelet transformation (WT) unit, the WT unit comprising a plurality of scales, wherein the
WT unit is adapted to decompose the digital ECG signal into a plurality of wavelets, each

wavelet being output from one of the plurality of scales; and

a plurality of signal processing blocks, each of the signal processing blocks coupled to one
or more outputs of the plurality of scales and configured to receive and process the one or more
wavelets from the respective outputs, wherein the signal processing blocks provide processing

functions which differ from one another;

wherein the WT unit and the plurality of signal processing blocks are coupled to a dynamic
system clock source for dynamic signal sampling, the dynamic system clock source dynamically
switching between different frequencies, depending on a temporal resolution required to detect
parameters of the ECG signal, so as fo clock the DSPE at a first frequency f; to detect one or
more first parameters of the input digital ECG sighal and at a second frequency f,to detect one

or more second parameters of the input digital ECG signal.

11. The DSPE of claim 10, wherein the plurality of scales comprises a plurality of cascaded
scales, each of the pluralily of cascaded scales having a different bandwidth, and wherein a
wavelet output from one of the cascaded scales is derived from a wavelet output from an earlier

one of the plurality of cascaded scales.
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12. The DSPE of claim 10, wherein the WT unit comprises a pluraiity of low pass filters (LPF)

and a plurality of high pass filters (HPF), and wherein the dynamic system clock source is

switched between f; and fa by a mﬁltipleker, the multiplexer being controlled by a comparison - -

be’éweeh an output of a high pass filter on a second one of the piuralitonf scales and a threshold
TH;, wherein the muttiplexer switches to the first frequency £, when the output of the high pass

filter on the second one of the plurality of scales exceeds the threshold TH;.

13, The DSPE of claim 12, wherein the plurality of signal processing blocks comprise at least

one noise suppression biock.

14. The DSPE of claim 13, wherein each of the at least one noisé suppression block comprises
at least one threshold-based de-nosing unit, each of the at least 5ne thresﬁo!d-based de;nos&ng
unit being coupled to one of the respective outputs of the WT unit emitting wa\_ielets coaipled to
the ﬁ‘rst three of the plurality of scales, and wherein the output of a high- pass filter smaller than

an adaptive threshold is forced to zero.

15. A method for processing an ECG signal, comprising:

‘providing a first device configured to convert an input ECG analog.signal info a ECG -

digital signal;

providing a second device coupled to the first device to receive the digital ECG signal, the

sécond device being configured to decompose and reconstruct the digital ECG signal; and
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providing a dynamic clock source connected to the first and the second device, and
dynamically switching the dynamic clock source between different frequencies, depending on a
temporal resolution required to detect parameters of the ECG signal, so as to clock the first and
the second devices at a first frequency f; to detect one or more first parameters of the input
analog ECG signal and at a second frequency £, to detect one or more second parameters of

the input analog ECG signal.

16. The method for processing the ECG signal of claim 15, wherein the method comprises

detecting a QRS complex when f;is 500 Hz.

17. The method for processing the ECG signal of claim 15, wherein the method comprises

detecting P and T waves when f; is 250 Hz.

18. The method for processing the ECG signal of claim 15, wherein the step of providing the

second device comprising:

providing a wavelet transformation (WT) unit, the WT unit comprising a plurality of scales,
wherein the WT unit is adapted to decompose the digital ECG signal into a plurality of wavelets,

each wavelet being output of one of the plurality of scales; and

providing a plurality of signal processing blocks, each of the signal processing blocks
coupled to one or more outputs of the plurality of scales and configured to receive and process
the one or more wavelets from the respective outputs, wherein the signal processing blocks

provide processing functions which differ from one another.
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19, The method for processing the ECG signal of claim 18, wherein the step of providing the
WT unit comprises providing a piura!ity of low pass filters (LPF)}, a pluraiity of i{ligh pass filters

~(HPF}, and at least one storage unit.

20. The method for p'rocessing the ECG signal of claim 1 9 wherein the step of prdviding the
pluraiity of signal processing blocks comprises extracting cardiac features by extracting QRS '
complex when the dynamic clock source being clocking the first and the second devices at the
first frequency f;, and extracting P wave and T wave when the dynamic ciock source being

clocking the first and the second devices at the second frequency £,



