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FIG. 1

(57) Abstract: An electrocardiogram (ECG) signal processing system is provided. The ECG signal processing system comprises an
analog-to-digital converter (ADC) configured to convert an input analog ECG signal into a digital ECG signal, and a digital signal
processing engine (DSPE) coupled to the ADC to receive the digital ECG signal. The DSPE is configured to decompose and recon -
struct the digital ECG signal. A dynamic system clock source is coupled to the ADC and the DSPE for dynamic signal sampling, the
dynamic system clock source clocking the ADC and the DSPE at a first frequency f1 to detect one or more first parameters of the in-
put analog ECG signal and at a second frequency {2 to detect one or more second parameters of the input analog ECG signal.
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REAL-TIME MULTI-FUNCTIONAL ECG SIGNAL PROCESSING SYSTEM, DSPE FOR THEY
ECG SIGNAL PROCESSING SYSTEM, AND METHOD THEREOF

Priority claim

_ [0001] 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 refates to an electrocardiogram (ECG) signal processing system
for use in long-term cardiac status monitoring and classification, and/or remote and/or on-chip

cardiac monitoring and comprehensive diagnosis.
Background

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

electrolyte imbaiances.

[0004] Long term ambulatory ECG monitoring is highly desired to detect, characterize and
document cardiac arrhythmias in clinical practlce It can also detect penods when a user's heart,
is suffenng from the effects of inadequate blood supply or myocardial ischaemia. Several
customized dlgltal ECG signal processors have been developed. However, many of these
mainly focus on the heart beat réte (HBR) calculation which is basically based on the R-R

interval information retrieved from QRS peak detections.
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[0005) For ciinical treatment; information on QRS peak detection is not suffic}ient for
comprehensive diagnosis. Clinical professionals aiso reqﬁire other important features relatéd to
Pand T waves, as well as noise filtering and clean ECG reconstruction. ‘Some éonventional
devices have realized more comprehensive fﬁnctions. For example, a multiple functional ECG
signal processing for wearable applications of long-term cardiac monitoring has 'bee;'l proposed
by X. Liu et al, as published on IEEE 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 Waveformé. However, due to the increasing complexity in the signal processing algorithms,
the consumptions on power -and silicon areas are comparatively high for hardware

implementation.

[0006] 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.

[0007] F.ur’ther, 'there is aléo a need in the art for the robust ECG processi'ng éystem 1o be able
to analyse combrehensive cardiac features, which include not only the QRS peak complex, but
also P waves and T waves. | |
Summéry

[0008] According to a first aspect of the prgs_ent inventjcv)n, thére lS prdvided an
electfocardiogram (ECG) signal processing system, the ECG éignal procéssing system
‘compr\ising an analog-to-digital converter (ADC) configljred to convert an input analog ECG
signal i‘nto a digital ECG signal; a digital signal processing engine (DSPE) 'coqp;éd to the ADC
to receive the digital ECG signal, the DSPE being configured to decompose andv reconstruct t'he
digital ECG signal; and a dynaﬁic system clock source Coupled to the ADC and the DSPE for .

dynamic si‘gnal sampling, the qynamic system clock source cfockihg the ADC and the DSPE at
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a first frequency f, to detect one or more first parameters of the input gnalog ECG signal and at

a second frequency f, to detect one or more second parameters of the input analog ECG signal.

' [0009] According toa second aépect of the pré,sent fnvention, ‘there is provided,‘adig.ital signal
processing engine (DSPE) for electrocardiogram (ECG) signal processing, the digital signal
pfocessing engine (DSPE) being coupled to a digital ECG signal input. and comprising: a
wavelet transformation (WT) unit, the' WT unit comprising a pluralify 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 scales; and a piura‘lity of signal processing blocks, each of the
signal proceséing blocks coupled to one or more outputs of the scales and conﬁgtjred to receive
and process the‘one or more wavelets from the respective outputs, wherein the signal
processing blocks provide processing‘fuhctions which differ from one.another; wherein the WT
unit and thve plurality of signal processing blocks are coUpled to a dynamic ‘system‘clock source
. for dynamic signal sampiing,' the ‘dynamic system clock source clocking 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 f, to detect one or more second parameters of the input digital ECG signal.

[0010] According to a th'ird‘ aspect of the present invention, there is provided a method for
processing an eleﬁtrqcardiogram (ECG) signal, the method comprising: providing a first ‘devi‘ce‘
configured to converf an input ECG 'anaiog signal into.a ECG digital signal; providing a sécond
device coupled to the first device to receive the digital ECG signal, the second de;/ice being
con'figyred to'decompo"sé and réconstr_ug:t the digital ECG signal; an'd broviding a dyhamic clock'
source connected to the first and the Second device, wherein.vthe dynamic clock source clocking
the ﬁrst and the second device at a first freq‘uency 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 sécond

parameters of the input analog ECG signal.

~
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Brief Description of Drawings

[0611] The aécompanying figures, where like réferénce‘ numerals rtefer to identical or
fﬁnctionaily similar elements throughout the separate views and which together with the detailed-
' deégription below are incorporated in and form part of the specification, serve to illustrate
varioﬁs embodiments and to ekplain various principles and advantages in éccordance With a

present embodiment.

[0012] FIG. 1 depicts a block diagram of én electrocardiogram (ECG) signal processing system
comprising an analog-to-digital converter (ADC), a digital signal processing engine (DSPE) 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.f

[0014] FIG. 3 depicts a biock diagram illustrating the adaptive operation clocking in accordance

| with a variation of the present embodiment.

[0015] FIG. 4 depicts a table that lists 3dB WT bandwidths (and their respectively correspdnding
scales) of ECG signal chéracteristics, 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. 5 depicts a graph illustrating an exemplary sample of P‘seudo-downsampling

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

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

_ 1-3 in 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.

[0019] FIG. 8 depicts a flowchart of remote and/or on-chip cardiac features searching, i.e. P

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

[0020] FIG. 9A depicts a processing flow illustrating the P wave identification and feature
“extraction in accordance with the present embodiments. FIGS.‘QB — 9C depict morphologies of
P wave, including 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 identification 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 processing 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 results of ECG
" reconstruction outputs in accordance with the present embodiments as shown in FIG. 1and FIG.

3.

[0024] FIG. 13 depicts a graph illustrating combined stimulation results of ECG reconstruction
outputs of the non-downsampling WT & IWT scheme, the proposed 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'iHUStreting stimulation results of ECG reconstfucti'on in
accordance with the present embodiments, both had the proposed interference/noise
suppression and baseline drifting removal carried on. Scale 2 WT outputs before and after noise -

suppression are also depicted. .

[0026] FIG. 15 depicts a plurality of stimulation results of the proposed cardiac feature's
extraction in accordance with the embediments shown in FIGs 8-11, including indicators of P

wave, QRS complex and T waves.

[0027] 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 dimensions of
some of the elements in the block diagrams or flowcharts may be exaggerated in respect to

otherelements to help to improve understanding of the present embodiments.
Detailed Description

[0028] The following defailed description is merely exemblary in nature and is not infended to
‘limit the invention or the application and uses of the inventio.n. 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 embodiment to. present a novel
real-time multi-functional ECG preeessing system, whese architecture is herein proven to
achieve high energy and area efficieney. SeVeral novel embodime_nts are provided fo achieve
high energy efficiency. "and satisfying performance of on-chip .ECG/eerdia_c analysis ar_\d~ ’
diagnosis. An adaptive system opefation clocking is proVided for the overall system, including
both ADC and digitakl signal processing module, for example, the digital signal proceesing
engine (DSPE). Pseudo-downsam‘plinghWT & IWT and adaptive etoring are also provided to
achieve lower computational power ‘and,required storage units. Further, run—length'compreesion

with noise suppression is proposed fo further reduce the required number of storage' units
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without significant information distortion. ’Lastly, on-chfp low-complexity signal processing
schemes are provided to perform more critical cardiac feature extractions, benefiting long-term
cardiac monitoring and clinical treatment, the cardiac feature extractions in accorda‘nbe with the -

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

[0029] Referring to FIG. 1, a block diagram 100 of an ECG signal processing system in

accordance with a present embodiment is depicted.
. {

[0030] An analog-to-digital converter (ADC) 110 and a digital signal processing engine (DSPE)
114 are illustrated fn the ECG signal processing system. The ADC 110 acquires analog ECG
signals and converts the acquired analog ECG signals into the digi‘talv domain, which
subsequently flows into thé DSPE 114. The DSPE decomposes the digitized ECG signals
through a plurality of decomposition high pass filters (DHPFs) and decomposition low pass
filters (DLPFs), such fhat the digitized ECG signals turn into -a plurality of filter baﬁk scales. Th‘e
outputs of these DHPFs ahd DLPFs converge at a signal proceséing.block, for example, a clean
ECG reconstructioh block 122, to rechstruct/synthesise clean ECG signals; Preferably, prior to
the clean ECG construction block 122, at least a noise suppression block 112 and at Ieéét a
~ baseline drifting rerﬁoval block 118 are coupled to the outputs of the DHPFs and DLPFs, so as

to conduct high frequency noise suppression and artificial baseline dri'ft removal to the outputs.

[0031] In the present émbodiment as shown in FIG. 1, a P/QRS/T features extraction-block 116
is proposed to perform important cardiac features extraction. The P/QRS/T features extraction
block 116 is preferably coupled to at least one output of the plurality of the DHPFs and DLPFs.
Aninterval calculatidn block 120 is also provided 'to receive and calculate the signals stfeami'ng
from. the P/QRS/T- ‘features extraction block 116, and thén output the indiCators of PIQRS/T

waves, which will be shown in Fig. 15.
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[0032] A_ dynamic syslem clock souree 124 is connected to bo_th the ADC ,110vand the'DSPE
114, as shown in Fig. 1, to control the ECG signal processing system to sample at dynamic
system freq-uehcies. The . dynamic system elock sol.ere 124 switches between different
frequencies with eertain duty cycles, depending 'on tlle 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 sampli'ng rate.

[0033] Quadratlc spline wavelet transform (WT) is conventionally used and presently adopted in
the present embodiment for signal decomposition and reconstruction. Four types of WT filters
are ueed‘to decompose the ECG signalslae a ‘plurallty of wavelets or to reeonstruct the wavelets
back into ECG signals. That is,> decempositlon high pass filter (DHPF) and decomposition low
pass filter (DLPF) as described above, reconstruction high pass fiter (RHPF), and
reconstruction low pass filter (RLPF) (RHPF and PLPF are 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 features
extraction. Preferably, the DHPF 'outputs of the middle scales, for example, the fourth scale, are
used for cardiac features (.P/QRS/T ) extraction. On the other hand_,’ the DHPF and DLPF outputs
- of higher scales, for example, the fifth {o the sixth scales, are’preferably adopted for baselihe N

drifting removal.

[0034] As shdwn_ in Fig. 1, the ECG signal processing system outputs extracted cardiac features
from interval calculation block 120 and reconstructed clean ECG waveforms from clean ECG

recohstruction block 122.

[0035] Referring to Fig. 2, a graph 200 illustrates the merphology’ 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, and T
wave are aroun‘d 1_0 - 60 Hz 4 -15Hz, and 4 - 15 Hz, respectivelyj Conventional ECG signal
processing uses constant sampling ‘rate's/fre(juencies_ which. satisfy the Nyquist sampling
theorem for a QRS complex for sampling ECG waveformé. Such constant operation frequency
has also 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 aro.un'd
23%, while P and T waves require a lower 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

samplings (i.e., the same as that used on QRS Complex 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 illustrating an ECG
" signal processing system which comprises the adaptivé operation clocking in accordance with

the variation of the present embodiment.

' [0037] Similar to the ADC 110 of Fig. 1, an ADC 310 is provided to feceive analog ECG signals
and convert‘ them into digital ECG siginals. The ADC 310 is preferably a successive
approximation (SAR) for low power consumption and low design complexity. The digitalized
ECG signalis flow into a wavelet transformation (WT) unit 312 which sequentially decomposes
the ECG sﬂignals into a plurality of wavelet scales. In the present embpodiment as showﬁ in Fig. 3, -
the WT unit decomposes the‘digitalizedr ECG signals intb 6 cas/caded’ wavelet scales and
outputs the 6 cascaded wavelet scales into a DSPE 314. Thev DSPE~314 comprises at Ie.aét a
cleah ECG reconstruction block, a noise suppression blbck and a cardiac feature extraction
bl»ock, and but'puts clean ECG signals and cardiac features. At the output of .the DSPE 314, an
oufput buffer 316 is provided to synchronize the DSPE output at a re-sampling rateA provided by

an output clock generator 318 that is derived from the adaptive system _cldck (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.

[0033] A muitiplexer 320 is introduced into the preseritv embodiment shown in Fig. 3 to provide
the adaptive system clock by way of switching between a first frequency f1 and a second
frequency f2. iri the cresent embodiment, f1 is a _high frequency while 12 is a low frequency. The
output of the mtiltiplexer 320 is utilized for the overall system, including the sub-modules in ADC
310 and DSPE 314. The muitiplexer 320 is controlled by a comparator 322 comparing inputs
between the DHPF'outpu_t of Scale 2 (DHPF_S2).and an adaptive threstiold value THf from a
threshold calculator 324. If the value of DHPF_S2 is Iarger than THf, the system operates at the
fast frequency f.1,'to‘ perform QRS related signal processing. After a certain pre-defined period,
the systeni operation frequency goes back to the low frequency f2. The adaptive threshold value
THf is calculated by the threshold calculator 324 from the noise suppression module of the

DSPE 314.

[0039] Some ADC architectures with adaptive sampling rate or adaptive resolution may have
been used in the state »of the art. For exaniple, one adaptive sampling ADC has_been utilized for
ECG signal acquisition. Such conventional adaptive sampiirtgs are -basically to provide an
analog circuit module to sense the rate of cha.nge of the input signals by using a switched
capacitor (SC) differentiator, and compare the rate with a threshold voltage to select different
sampling rates.v However, since the differentiator amplifies 'high frequericyccmporrents, the’
outputs of the . comparator have a higher chance to be :deteriorated by high frequency
’interierence. In ccritrast, in accordance with the present embodiment, it is DHPF_S2 that is
used as the comparator input. By doing so, high frequency interference is greatly reduced as

most of such-interference falls in DHPF_S1.
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[0040] Meanwhile, DHPF_S2 also has leés influence of artificial baseline drifting as most of
such drifting take place in higher scales, such as Scales 5-6. The conventional switched
| capacitor structure consumes a comparatively larger area, especially for low frequency signals
(e.g., ECG signalé). However, since the WT 312 and bomparatér 322 of the present
embodiment are implemented in the digital 'domain, and the DHPF outputs are inherently
utilized for the further digital sighal processing (e.g., hoise s‘uppreséion, QRS detection, etc.),
there is almost no significant area and power cbnsumption overhead in the ECG processing
systems in accordance with the present ’embodiments. In addition, another issue presented by
conventional adaptive sampling is that the comparator and threshold generation mociules are}
désigned 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 clockihg is
applied to the complete ECG processing system, including both ADC 110, 310 and DSPE 114,

314,

[0042] Referring to FIG. 4, a tabble 400 is depictedthat lists 3dB WT bandwidths (and their
respéctively correspondi‘ng‘ scales) of ECG signal characteristics, -,i.e.f, QRS comple;(' and P/T
waQes_, at different sampling frequencies in the preseﬁt embddiments and cc)n\)éntional 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. 47 showing their
cdrrésponding WT band'width, it can be observed that if the sampling rate is 500Hz, the
dominant components of QRS peak will fall at Scale 4. If the sampling rate is 250Hz, thve

dominant bomponents‘of P and T waves will also fall at Scale 4. Therefore, in 'the‘ ‘present
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erhbodiments, according to the compérator’s’ output, the system operation frequency is »
configured to switch betwéen 500 Hz and 250 Hz. The high frequency 1, 500 Hz, is adopted to
detect QRS related characteristics and associated featufes; whereas the low frequency 2, 250 -
Hz, is adopted for P and T. waves related characteristicé identification and features extraction.
Since the cardiac duty cycle of the QRS complex is approximately 23%, by using the provided
dynamic system clocking, the power consumption of the overall.._systemn'can be significantly

reduced by around 38%, compared to conventional systems.

-[0042] Non-downsampling WT (NDWT) is conventionally selecte.d for ECG signal
decomposition and reconstruction, as it prevails downsampling WT (DWT). that makes the signal
representation time-yariant and reduces the temporal resolution of the wa\)élet coefficients with
scales increasing. -However, the NDWT -has a major éhortcomihg—huge data storage

requirements.

[0043] According to the NDWT, in the decomposition part, Ip (k) and hp (k) are denoted as the
coefficients of DLPF and DHPF of scale ;. For scale 1, Ios(k) and hp,1(k) are expressed by the

following Equations 1 and 2,

Ip (k)= (1/8)- {80k + 2)+ 36k + 1)+ 36(k)+ 8(k ~ 1)} RS
k)= 20606+ 1)- 5(6) | o

reépectiVely. For scales | » 4, Ipj(k) and hp (k) are obtained by inserting 2"'-1 zeros between each

of the Lcoefﬁcievnts of Ip.1(k) and hp 4(k).

_[0044] In the reconstruction part, Iz (k) and hg(k) are denoted as coefficients of RLPF and .
RHPF of scale j, respectively. For scale 1, Ig4(k) and hR,{(k) are expressed by the following

Equations 3 and 4,
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zRJ(k) = (/8)- {5(k + 2)+ 38(k +I1)+ 36(k)+ 8(k —1)} - (3)

hp, (k)= —0.00781255(k + 2) - 0.0546855(k + 1) ~ 0.1718756(k )+ 0.1718755(k ~1)
+0.0546856(k = 2)+0.00781256(k ~3) _ ' - (4)

respectively. For scales | 1, Irj(k) and hg;(k) are obtained by ihserting 21 zeros between each '

of the coefficients of IR;1(k) and hg 4(k).

[0045] Froh Eduations 1 —4, it can be observed that there are a huge number of delays in ECG
decomposition, especially for higher scale NDWT. Considering the ECG -r'econstruction, there is
also a 1huge number of processing delays for diﬁeré‘nt scales that 'néed to be synchronized
before they are fed into the reconstruction block. For example, the total storage units required
for 8 scales NDWT based decomposition and‘ reconstruction is around 140k bits. This huge

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

{o046] In order to revduce the requiréd storage size, a novel pseudo-downsampling 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 Scale 3 is depicted in accordance with the present embodimen‘ts is

depicted.

[0047] In the provided PDWT and PUWT scheme,' xi(i) and y(i) are denoted as outputs of DHPF

of Scale j (DHPF_Sj) and DLPF of Scale j (DLPF;Sj), respectively. Conventionally, all x(i) and

yj(i) need to be stored. In the provided PDWT and PUWT scheme, similar as downé.émpling WT,
DHPF and DLPF outputs in every 2'-1 samples will firstly be stored. As shown in Fig. 5, y5(0) -.

512, ya(4) 514, y4(8) 516, yx(12) 518 ... will be stored_ in storage units. The storage units could

" be éhift-registers or SRAMs.
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[0048] Besides DHPF and DLPF outputé in every 2"'-1 samples, an average increment ij(k)

between yj(i) and y,-(i+21") will also be calculated and stored in storage units. The average

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

)=ty (k1)< y e 2 2 (5)

where k =0,1,2,... Therefore, the DHPF outputs between yj(k*zj‘l) can be approximated by

interpolating the average increment Ay, (k). as expressed by the following Equation 6:
y'j(k”"Zj'1 +h)=yj(k)+n*ij(k) ‘ (6)

where n=1, 2, ..., 241, By virtue of the PDWT and PUWT scheme, the required storage units

*nJ-l )
can be significantly reduced, as only Y f(k 2 ) and A, (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 schen]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

approximately obtained. To alleviate the distortion, a compensation mechanism is also
proposed in accordance with the present embodiment. In the compensation mechanism, the

- actual values of ¥y; (k*zf“ +n) are compared with a pre-defined threshold T, 510:-

T, =axy,[k*2" +n) | (7)

yj(k*‘2j'l+n)v

where a is a ~comparisoh’l'factor. If the absolute value of is -smaller than the

absolute value of T,, Equation 6 will be.use'd to approximate : otherwise the actual
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.(l_c*2~f_l+n)

‘value of VI will be saved-in the storage units and will be used for the further

processing.

[0050] For example, as shown in Fig. '5, two significant actual values SAV1 520 and SAV2 522
are depicted to represent PDWT outputs which exceed T4 510, and thus only these 2 PDWT

outputs SAV1 and SAV2 will be stored along with yj’(k * 2!’“>),-'for example, y3(0) 512, y3(4) 514,

ya(8) 516, y3(12) ‘51.8, in the storage units; whereas other PDWT outputs 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 SAV2‘ 522 illustrated in Fig. 5, can be maintained
for further signal processing. Thus, the distortions on PDWT' cén be improved with a reduced
amount of additional‘étorage.’ For the lower scales of NDWT, because the value of 2°'-1 is not
so large, the requ‘ired number of storége units is accordingly also not so large, thus the provided
PDWT may seem less necesséry, 80 that can be omiﬁed 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 DHPF_ outputs of higher scales correspond to lower frequency
signal components, the number of éignificant wavelet outputs is comparatively small, and thus
the required additional storage uni'ts‘ is‘c_:omparatively low. fhe number of additional storage
units depends on fhé value of a. The propOSéd PDWT can be adopted for both tHe-deIays in FIR
ﬁ|tering and' fhe synchro’nizatioh delays between DHPF  and 'RHPF. For hardware
implementation, total lreqqired storage éan be reduced by 40%, based on the present
experiments ‘that deploy 6 scales WT for decomposition and reconstruction and use ﬁ‘6 bits

inputs and outputs for WT of each scale.
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[0052] Referring to Fig. 6, a graph 600 illustrating adaptive threshold-based noise suppression
as shown in Fig. 1 for Scale 1610, Scale 2 6i2 and Scale 3 614 in accordance with the present
embodiments is deplcted Under the adaptlve threshold based noise suppressnon 616, the
DHPF outputs smaller than an adaptlve threshold is basncally forced to zero. Therefore, after ;
noise suppression, the DHPF outputs of Scales 1-3 will comprise domlnated portions of zeros
ahd iny small portions of continuous non-zero values, as shown in Fig. 6 lnspired by this fact,
a run-length data eompression 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, id accordance with the present embodiments. The
non-zero data will be stofed in the storage units, for example in address n 710, n+1 712, n+4
718 and n+5 720. Once continuous zeroes are detected, a flag of writing 0 Will be written into
storage units, for example in address n+2 714. Following that, a counter starts to count ihe
number of zeros. Only after detecting the next non-zero data, the counted number of zeros is
written into 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 ﬂeg of writing 0 is‘
red out, the continuous “0"s will be fed into RHPF according to the detected number of
continuous zeroes. Under the run-length data compression scheme, data compression is
naturally combined with the threshold based noise suppression to- funher reduce the required
number of storage units for synchronlza’uon delays Further, there is no further mformatlon

dlstortlon on top of noise suppression.

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

comprehensive on¥'chip cardiac analysis and diagnosis capabilities. Many papers have already .
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introduced the ECG éignal processing téchniques, and some of ‘them have discussed. the on-
chip signal processing. These éxisting on-chip ECG signal processing methods mainly focus on
» féature extractions of QRS peaks>to ‘derivé the heart beat »rate (HBR). However, for clinical
diagnosis and treatment, infc_)rmétion on QRS peak detection alone is_‘no_t sufficient, as clihic_al
professionals also require other imporiaﬁt features that relate to P and T Waves to complete
cardiac analysis and dfagnosis. Due to the increasing complexity in signal processing algorithms,
the consumed power and silicon areas increase significantly for corresponding hardware
implementétion: In accordance with the present embodiments, a robust ECG signal processing
system has been described above that have a plurality of low complexity blocks to reduce
power consumption and silicon area. The robust ECG signal processing system of the present
embodiments can be on-chip and perform ECG signal processing including noise suppression,

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

[0055] Furthermoare, the robust ECG signhal processing system in.accordance with the bresent
bem_bodiments can perform ECG/cardiac features analysis that at least can realize the following
functions: P 'and T waves peak detection; - morphologies of P/QRS/T wéves identification,
including positive (+), negative (-), biphasic (+/- or -/+), only upwards, énd only downwards; and

the PR interval and RT interval cal'culation.

[0056] in the following description, in order to further substantially reduce power and area
consumption, a sequential cardiac féatures-analysis méthod is proposed to minimize the
operation clock fféquency and maximélly 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 pr_ocedures of onset/peak/end point detection and morphblogy'»
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.

[0058] As ‘shown in Fig. 8, the DSPE in accordance with the present embodiment that
comprises P/QRS/T features extraction blobk starts with steb 810 “Search P wave”. If there are
no points of interest appearing, the DSPE stays at this step. Once the ECG processing system
overall operates in high frequency, i.e., DHPF_S2 is Iatrger than THf, the DSPE starts to search
| QRS complex. During step 812 “Search QRS”, similarly, if there are no points of interest
appearing, the DSPE stays at this step. Once QRS complex is identified, 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 ‘wave"’ 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 i_nterest vappearing after 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, there are detailed procedures. for
each morphology identification and features extraction, which constitute a second level of the -
sequential cavrdiac features anélysis. The detailed procedures for each morphology identification
and features extractiovn of P wa_ve: QRS complex ana T wave .are shown in Figs. 9-11.

[0059] ‘Fig‘ 9A shows a processing flow 900 for P wave identification and 'feature. extraction.
According to Figs. 9B — 9C, the morphologies of P wave includes positive P wave (P+) 960,
negative P wave (P-) 962, and biphasic P waves (P+/-, P-/#)'(not shown). DHPF_S4 can be
uéed as the éigna} inputs 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.

[0060] In ac'co)rdance with thé P wa\)é identiﬁcaﬁon éhd feature extraction., ;the DSPE starts with
the first step “None” 910, and then com.pares the input signal x with a pre-defined threshold
Tpr. If the input signél X is greater than THpp, it means that a positive peak of DHPF_S4 is to
be appeared, indibating that the slope 6f DLPF_S3 increases fast. Thus, the DSPE proceeds to

step “P_Peak1” 912.

- [0061] During the “P_Peak1” step 912, the zero crossing point is searched, whicH corresponds
to the"pé'_ak value of DLPF_S3. A counter coﬁtinuously éounts the number of samples. If the
zero-crossing pdint 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 will go back to step “None” 910 and comparé the input x with

THpp again.

[0062] .During “Zero1” 914, the input signal x is édmpared with a pre-defined threshold THpn.
The counter continuously counts the number of sampies. If the input signal is smaller than THpn,
it_means that a negative péak of DHPF_S4 is to be appeared, indicating the slope 6f'_DLPF__SS
_decreases fast. The DSPE thus proceedsr to “N_PeakZ” 916, and the counter is reset. On the -
other hand, if th»er}e are no points of interest, and the counter exceeds a pre;defined value d)pi, v

the DSPE will go back to “None” 910.

[0063] During “N_Peak2” 916, the zero crossing point is seérched, which corresponds to the
negative 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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6ther hand, if ihere are no points of interest, and the counter exceeds a pre-defined value, ®pd,
the DSPE confirms th'at, a positive P wave (P+) is detected. The DSPE will then -go ba¢i< to
“None” 910, and the fiist level of thé sequentiai cardiac features analysis as shown in Fig. _8 will

~goto the “Search QRS” step 812.

[0064] During “Zer63” 918, the input signél X is compared with a pre-defined threshold THpp.
The countei_c‘;ontindously counts the number of samples. If the input signal is greater than Tpr,
a positive ‘peak is to be appeared. Thtis, the DSPE switches back to “None” 910, and the
counter is reset. At the same time, the DSPE can confirm’t'hat the biphasic P wave (+/- Pi is
identified. On the other hand, if there are no points of interest detected, and the counter
exceeds a pre-defin‘ed value ®pd, the 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'ak1” 920, “Zero2” 922, "P_Peak2”

924, and “Zer64” 926, as shown at the bottom half portion of Fig. 9A.

[0066] The processing flow of. QRS complex identification and feature extraction is similar to P
‘wave identification and feature extraction. Referring to Fig. 1 OA, ai- graph 1000 represents the '
cor_résbénding procéssirig flow. For the QRS compiex, the‘ morphologies of positive QRS waveb
(QRS+) 1060 and negative QRS wave (QRS-) 1062 are distinguishea and depicted in Figs. 108
-10C. DHPF_84 is also adopted as the signai_ inputs because when searching QRS complex at

~ the first frequency f1 of 500Hz, the bandwidth of DHPF_S4 is around 8-27Hz, as shown in Fig. 4.

. [0067] The first status of VQRS 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 THgp. If the input signal is-
higher than THqp, it indicates that the slope of DLPF_S3 increases fast, and thus the sfatus

switches to “P_Peak1” 1012."

[0068] At “P_Peak1” step 1012, fhe zéro crossing point is searched, which corresponds to 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 “Zerot” 1014, and the éounter 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 THqp again.

[0069] At “Zero1” step 1014, the input signal is compared with a pre-defined threshold THqn.
The counter continuously counts the number of samples. If the input signal is lower than THqn,
it means that the slope 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 ®qz, the processing flow will go back to “None” 1010.

[0070] At “N_PeakZ” step1016, the counter continuously counts the number of samples. When
- the counter exceeds a pre-defined value ®qd, the system confirms that a positiVe 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.
[0071] Similar as the aforementioned procedure, the morphologies of a negative QRS (QRS-)
wave can be identified by detecting the status of “N_Peak1” 1 018, “Zero2" 1020, and “P_Peak2”

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

[0072] Referring to Fig. 11A, a'graph 1100 of the processing flow for T wave idehtification and |
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feature extraction is repfesented, which lS similar as the ones for P wayé anﬂ QRS complex. Fo’r-_ ,
‘ the T wave, the rf10rphologiés including upwards ‘T wave 1166, downwards T wave 1168,
positive T wave (T+) 1160; negative T wave (T-) 1162,5 a"nd'biphasic T wave (T+/-, T-/+) 1164
aré'.d,.epicted in Fig's‘11:B- —~11F. DHPF_S4 is égain adopted as the signal inputs, for similar

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

'[0073] The first status of the T wave identification and feature extraction is set as “None” 1‘110.
The input Signél is compared with a pre-defined threshold THtp. If the input signal is greater
than THtp, it indicates that the slope of DLPF_S3 increases fast, and thus the processing flow

switches to “P_Peak1” 1112.

[0074] At “P_Peak1” step 1112, the zero. crossing point is séarched, which corresponds to the
»;.)eak value of" DLPF_S3. A counter continuously counts the number of samples.‘_ If the peélg is
detected, the processing flow vgoes to “Zero1” 1114, and the counter i‘s 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 THtp again.

[0075] At “Zero1” step 1114, 'thevin‘put signal is compared with a pre-defined threshold THtn.
The counter continuously counts the number of samples. If the binput signal is lower than THtn, it
méans fhat the slope of DLPF_S3 decreases fast. The status switches to ‘N_Peak2" 1116, and
the counter is reset; On the othér hand, if there are no points of in_t'erest,v and the cbﬁntér _
exceeds a pre-deﬁnéd value ®td, it is conﬁrrhed that the upwards T wave is ideﬁtified. The
~ processing flow will go back to “None” 1110, and the processing of T wave identification and

. feature extraction is completed.

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

back to “None” 111 0, the processing of T wave identification and feature extraction is completed.

[0077] At “Zero3” step 1118, the input signal compareé with a pre-defined threshold THtp. The
~ counter éontinuously counts the number of samples. If the input signal is higher than THitp, .it is
confirmed that Vthevbiphasic (+/-) T wave 1164 is identified. On the other hand, if there are no
points of interest, and the counter exceeds a pre-defined value ®td, the DSPE confirms that a
positive T wavé' 1160 is detected. The processing flow will go back to “None” 1110 , the

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 -/[+ 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 portion of Fig. 11A.

[007_.9] It can be observed from Figs. 9-11 that the proposed ECG features identification and
extraction for P/QRS/T waves in accordancé With the present embodiment have similar analysis
procedures. Specifically, all the state machines can be represented by at most 9 statuses, and
. the statuses ,transacti'ons are similar with same conditions and different outputs. ‘Furthermore,
s».ince‘ thé analysis of P, QRS, and T are in sequence in the presenf émbodiment, most of the
resource for these statuses transactions can be shared, which is highly recommended for low
power hardware implementation. in the present embodiment,_ pipeline structure is adop_ted for
the distribution 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 s’oftware_.programming, as
disclosed in “A Wearable BSN-based ECG-recording System Using Micromachined Electrode
_ for Continuous Arrhythmia Monitoring™ by D. G. Guo, et al, on Proc. IEEE 5th I‘nterna'tionall
Wofksﬁop on Wearable ahd blmp//antable Body Sensor Networks, June 2008, pp. 41-44; and in
“An ultra low energy biomedical signal processing system 6perating afc 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 application-speciﬁé 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 beat rate (HBR) calculation. As discussed above, in cardiac monitoring and
clinical treatments, critical information related to P and T waves are also required. Therefore,
the present on-chip ECG processing s.ystem in accordance with the presént enﬁbodiments
outperforms othér existing schemes in terms of both high energy efficiency and comprehensive

functions.

[0081] It should be emphasized that dynamic system operation frequencies between 250 Hz
and 500 Hz are adopted in the herein described present embodiment. Therefore, in order to
reduce the hardwarevcomplexity, although only DHPF_S4 is used for all the processing, the
actual sigha‘l components used for P/T analysis and QRS apalysis 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 suppresswn is preferably applied to the DHPF

outputs of Scale 1-3 of the present embodlments
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[0083] Referriﬁg to Fig. 12, a graph 1200 illustrating stimulation results of ECG reconstrdction'
outpUts using adaptiye system operatioh ciock .With or without re-sampl_ing is present. in more
~ details, Fig. 12 presents the input ECG signal 1202, the reconstruction ECG output without re-
sampling 1204, and the ECG reconstruction‘ output with re-sampling 1206. In order to verify 'tﬁe
functilonality and compare the reconstruction signals with original input, only the WT
decorﬁpositio‘n followéd by WT reconstruction is performed, without interference suppression
and béselihe drifting removal. It éan 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 theré will be distortion
in the shape of the ECG r_econstruction output 1204. However, by virtue of the providedv
synchronization output buffer 316 with output sampling clock generator 318 (as shown in.Fig. 3),
the .correct ECG reconstruction output 1206 can be obtained as shown in Fig. 12, which

matches the ofiginal ECG input signal 1202 very well.

[0084] Referriné fo Fig.. 13, a graph 1300 is present illustrating combined stimulation results of
ECG. reconstruction output of the "non-downsampling WT & IWT (NDWT & NDIWT) scheme
1302, the p_roposed pseudo—dOWnsarhpling WT & IWT (PDWT & PDIWT) and adaptive storing
scheme‘ 1304, and the downsampling WT & IWT (DWT & DIWT) scheme 1306, respectively. It
should be noted that the reconstruction outpuf of NDWT & NDIWT 1302 is the optimal result
because it is close ’_to' the original ECG inputs. According to 'Fig. 13, it can be observed that the
-. provided PDWT schemé can obtain suboptimal résults 1304 as compared with NDWT & NDIWT
scheme. On the other haﬁd, it can be observed that the output of the DWT & DIWT scheme |

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

[0085] Referring to-Fig. 14, a graph 1400 is depicted to illustrate stimulation results of clean

ECG reconstruction 1404, had both the proposed interference/noise suppression and baseline
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._drifting removal carried on in accordancé with the pr_ésent embodiments. Scale 2 WT outputs,
before 1406 and aftér 1408 hbise suppression, are also depicted. It can be observed fhat the
ECG input signal 1402 and the Scale 2 WT .output 1406 are distorted by high frequency noise
avs well as low frequency baseline dfi‘fting.- lt.can‘also be observed from the stimulation results
1404 and'1408. that the recohstructed ECG signal and dé—noised Scale 2 WT output are clean

after noise suppression and baseline drifting removal.

T0086] 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 extracted 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 multi-functional ECG signal processing system with high
“energy and area efficiency, a digital signal processing engine (DSPE) for the ECG sighal
processing system, and a method for processing ECG signals are provided in the present
invention. 1t achieves high energy-efficiency by adopting several innovafive/ techniques, -
including adaptive system operation clocking for o‘ve'rall system, pseudo-downsampling WT & -
IWT, adaptive storing, and run-length.combreésion with noise suppression. Furthermore, l,ow-'.
complexity cardiac feétures analysis_schemeé are »proposed to Vextract sufficient critical ca‘rdiac‘
féatures for long-term cardiac monitoring and clinical treatment. in viéw of the above, the real-
time’mu|ti-functiona| ECG signal procéssing system with high energy and éréa 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 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 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 clocking the ADC and the DSPE at a ﬁrst frequency
fi to detect one or more first parametérs of thé input analog ECG signal and at a second

frequency £, to detect one or more second parameteré 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

wavélet being output from one of the piurality of séales; 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.
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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; i_s' 500 Hz, and wherein the plurality of scales
comprises six scales, the plurality of scales having 3 dB bandwidths of around 125 to 250 .Hz;
62.5 to 125 Hz; 18 to 58.5 Hz; 8 t0 27 Hz; 4 to 13.5 Hz; and 2 to 6..'5 Hz for the first to 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 ahd_T waves when £, is 250 Hz, -and whérein 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 to 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 c‘locking at the second frequency

fa.

5. The ECG'signaI processing system of claim 2, wherein the WT unit qomprises_a plur_ality of
low pass filters (LPF) and a plurality of high pass filters (HPF), and wherein the plufality of signal
‘processing \blockvs further comprises a baseline drifting removal unit, the baseline drifting -
removal unit being coupled to the respective outputs of the high pass filters of the fifth _ari_d_,sixth

scales and the oUtput of the low pass filter of the sixth scale. -

6. The ECG éfgﬁal.processing system of claim 5, wherein the dynamic éystem clock source is .
switched befween fyand f, by a multiplexer, the multiplexer being controlied by a comparison

~ between oUtput of t.H‘e high pass filter on the second scaie and a threshold TH;, and wherein the
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multipiexer switches to the first frequehcy fy when the output of the -high pass filter on the

second scale exceeds the threshold TH;

7. The ECG signai prbcessing éystem of claim 5, wherein the plurality of signalvpr(')ces'sing
blocks comprise a card‘iac features extraction block, the cardiac features extraction block being
coupl‘ed to the output of the high pass filter of the fourtH scale, Wheréin the cardiac 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 clock source is clocking the

ADC and the DSPE at the first frequency f;, 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 plubrality of signal processing.
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 tb.the fourth scales and
the outputs -of the baseline drifting removal unit, wherein the ECG signal reconstruction block is
configured to synchrorﬁze and output signals belonging to the ‘hig‘h .pass filtered bomponents of

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

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

, apprbximation (SAR) ADC. - : N .
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10. A dugltal signal processmg engine (DSPE) for ECG SIgnaI processmg, the DSPE being

coupled to a dlgltal ECG signal mput and compnsmg

a wavelet transformatlon (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 pluraiity of signal processing blocks are coupled to a dynamic
~ system clock source fcf dynamic signal sampling, the dynamic system clock source clocking the
DSPE at a first frequency f, to detect one or mcre first par‘arﬁeters of the input digital ECG signal
and at a second frequency f,to detect one or more second pa(ameters 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 plurality of cascaded scales having a different bandwidth, and wherein a
wavelet outpu-t 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 plqralify of low pass filters (LPF)
and a plurélity of high pass filters (HPF), and wherein the dynamic systerﬁ clock source is
switched between fy and f, by a multipleXer, the mulﬁplexer' being controlled by a comparison |
betweeh an output of a high pass filter on a second one of fhe plurality'of scales and a threshold
TH:, wherein the multiplexér switches to the first frequency fy 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 block.

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 6ne thresﬁold-based de;nosing
unit being coupled to one of the respective outputs of the WT unit emitting wavelefs coUpled 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:
Lprovid'ing a first device configured to convert an inpuf ECG analog,._signal intoa 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
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providing a dynamic clock source c'olnnected to the first and the second device, wherein
the dynamic clock source clocking fhe first and the second devices at a first frequency fito |
detect one or more first parameters of the ihput analog ECG signal and at a second frequency f, "

to detect one or more second parameters of the inpuf,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 proce_ssing the ECG signal of claim 15, wherejn 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 ébplurality of wavelets,

each wavelet being output of one 6f the plurality of scalles; 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 thé 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 providi_ng the
WT unit comprises providing a plurality of low pass filters (LPF), a plurality of high pass filters

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

20. The method for p‘roce'ssing 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 wavé and T wave when the dynamic clock source being

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