1 A Method Of Measuring An Artefact Removed Photoplethysmographic (PPG) Signal And A
Measurement System 5 FIELD OF INVENTION The present invention relates broadly to a method
of measuring an artefact removed photoplethysmographic (PPG) signal and a measurement system.
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measurement of oxygen saturation in blood) can obtain and measure the optical absorption contrast
between blood and other anatomical constituents. In contrast to the other constituents, pulsating
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signs. Vital signs can include blood oxygen saturation (Sp02), heart rate (HR} and heart
rate variation (HRV). Photopiythesmographic measurement is based on the knowledge
that haemoglobin and oxy-haemoglobin absorb varying degrees of light at different
wavelengths. A dual-waveiength illumination (i.e. using a wavelength of about 600nm of
a red light source and a wavelength of about 900nm of an infrared light source) of
arterial blood can result in an absorption contrast based on the proportion of
haemoglobin that is chemically combined with oxygen. Pulse oximeters (for
measurement of oxygen saturation in blood) can obtain and measure the opfical
absorption contrast between blood and other anatomical constituents. in contrast o the
other constituents, pulsating arterial blood typically induce dynamics into the absorption
characteristics of well-perfused peripheral sites. Well-perfused sites refer to areas where
the biood oxygen saturation level is high. The dynamics referred to are termed as
photoplethysmographic (PPG) signals or blood volume pulses (BVP). SpO2 can be
derived from the absorption contrast from dual wavelength illumination. HR and HRV

can be derived from PPG signals.

However, a significant factor limiting both practical accuracy and general
applicability of pulse oximetry is poor PPG signal-to-noise ratio (SNR) that is typically
caused by low-perfusion states or artefacts/artefact corruption. Artefact corruption arises
mostly from voluntary or involuntary subject movement (i.e. motion artefact) and typically



5 where a subject is moving. These are discussed in Goldman et. al., signal extraction pulse oximetry,
Journal of Clinical Monitoring and Computing, 16, 475-483, 2000 and Sokwoo et. al., Artifact-resistant
powerefficient design of finger-ring plethysmographic sensors, IEEE Transactions on Biomedical
Engineering, 48(7), 795-805, 2001. One typical method is based on an independent measure of
motion. For example, one or 10 more transducers (e.g., accelerometer or optical sensors) are
employed to record the user's motion. By assuming that the (motion) artefact is a linear addition to the
PPG signal obtained, the original signal can be regonstructed from the corrupted signal. The
reconstruction is discussed in PCT publications WO 96/12435 and WO 94/03102. 15Another approach
to improvel8atuitaci i BB A PRERElE PUIEE MTISHYcEhstdRteaRgeatian e dusiite 8te saturation
transform @@Fahhisraigaisthon isradieriseetect Spftdusing low perfusion and during motion using
an adaptive filter, based on a model derived from the Beer-Lambert law. The law is discussed in
Goldman et. al. and in US Patent no. 5,632,272. A number of studies have shown that DST has a
significantly 20 IWeFEdifYR paes AerantwartsIde PR e T aRe than e BHEERMEItE chniques.
Refer © Yaeng-8hergoiken etnwdvidy Biiceatddtiomndiasistaidvethed falr, \MgasbblerButise Oximeter,
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plurality of H%t&&t%%ét?'m BSesRNlumination; RtARIngRd egﬁtswgrﬂactté aHBBG signals, each pair
comprising one PPG signal from the first set andgone PPG signal from the second set and for each
pair, %mp@ﬁ?@%\ﬁ“ the relationships of PPG signals (inclusive of noise) obtained from red and

infrared red light sources, a coefficient is chosen from the energy spectrum of the
adaptive filter outputs by scanning through a range of possible coefficients. Local
maximums in the obtained energy spectrum can then provide corresponding saturation
(SpO:. and SvO,) values.
30

The method using DTS recognised that, given that the human anatomy has
different lavers of constituents, when perturbation such as external force or human
movement occurs, each iayer may be affected by the perturbation differently when



30artefact reference signal to obtain a candidate PPG signal; and choosing one of the candidate PPG
signals as the artefact removed PPG signal. 4 The step of computing an artefact reference signal
may comprise using a vector subspace approach whereby, for the pairs of PPG signals, artefact
reference signals between 0- are considered for further computation. 2 5The considered artefact
reference signals may be separated into a plurality of subspaces, wherein from each of said plurality of
subspaces, a selected artefact reference signal may be applied to a filter with one of said one PPG
signal from the first set and one PPG signal from the second set to determine a subspace for analysis.
10 The step of choosing one of the candidate PPG S|gnals may comprise using one or more

parameterS¥ B8RP R S CIHEEaEBPEeigRaSNg DTS sonsideisiietidsn) &t an
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PPG sign IEE%D ;llfgﬁ %fa@hm%&{%%%mm@%%&rm@ﬁﬁw of two separated segments of each
S

candidate ignal. 20The method may further comprise applying a force at the plurality of
detectors such that signal amplitudes of the first set of PPG signals and/or the second set of PPG
signalg are maxinKugwever, thelihetioethsidglz/Tcanyprisers dneputingpeanardéplhedtEmignaieasurement

25using W%x%f%énﬁo%uﬂsnmﬁn%qp@'a t, deteuninehetierdhr sienal eamﬁg«&ewmax'mum

The computing an area under curve measurement may comprise sampling each waveform and
filtering ea@MSERHRNR HfoPHiRBr IR SUbiEs Gh s W‘?ﬁ?ﬁ@‘éﬁﬂ% 9955 SAWIRUIRN of
absolute valuesmtthe fiteréd samplesand, in a free environment, where the subject of the

measurement is an active individual, the extent of movement of the subject is typically

10  increased. This typically results in increased motion artefacts which are significantly
difficult fo remove from obtained PPG signals using current methods. This fypically,
leads to diminished accuracy in the measured parameters e.g. Sp0O;, HR and HRV
obtained from the PPG signals.

15 Hence, in view of the above, there exists a need for a method of measuring an
artefact removed photoplethysmographic (PPG) signal and a measurement system
that seek to address at least one of the above probiems.

20 SUMMARY

in accordance with a first aspect of the present invention, there is provided a

method of measuring an artefact removed photoplethysmographic (PPG) signal, the

25  method comprising obtaining a first set of PPG signals from a piurality of detectors at

respective measurement sites using a first ilumination; obtaining a second set of

PPG signals from the plurality of detectors using a second iliumination; obtaining at

least two pairs of PPG signals, each pair comprising one PPG signal from the first

set and one PPG signal from the second set, and for each pair, computing an

30 artefact reference signal to obtain a candidate PPG signal; and choosing one of the
candidate PPG signals as the artefact removed PPG signal.



The method may further comprise providing the first and second illumination using a light emitting
diode. The light emitting diode may be positioned such that motion artefacts are 5Sminimized in
the first set of PPG signals and/or the second set of PPG signals. The first illumination may be red
light and the second illumination may be infrared red light. 10In accordance with a second aspect of
the present invention, there is provided a measurement system for measuring an artefact removed
photoplethysmographic (PPG) signal, the system comprising a measurement device comprising a
plurality of detectors at respective measurement sites for obtaining a first set of PPG signals using a
first ilumination and for obtaining a second set of 15 PPG signals using a second illumination; a

computation unit @F%Etﬁml%%W@&%’f‘ﬂNBrbéﬁ‘@f@wa@@@?%@‘%ﬁ’ﬁéﬂr%?ﬁﬁﬁglﬁﬁ'aﬂeaPPG signal
from the firsbsrl- andaned Bpogralinersthefsetandset cAmPhsiooaiputatitac niféreimg: capable of,
for each pair, computing an artefact reference signal to obtain a candidate PPG signal; and the
computaﬂomgmaté:wmfe efectmasieg:drier dirther candidiateRPG 20signals as the artefact
removed PPG signal. Forzcomputlng an artefact reference signal, the computation unit may be
capable of using a vector subspace approach whereby, for the pairs of PPG signals, 7Z" artefact

reference signals ﬂ?é%%ﬁ&c@ereq%ﬁé@@ﬁg@r%%égr fHHber-COMPURIORa R L hio a FIOFIRE YECTOr

subspace approach, the computation unit may separate the considered artefact reference signals into

a plurality @F%B%ﬁ%ey@ﬁ%"?rgﬁf%ﬁa‘ffb@a?&‘ﬁlﬁ WP IS UBERRASE SR EEIRPIRRGSIT Gt selects a
selected artefacinedasignetrsignbt aneisgpties fiteseitcmtartafidt seteRTGe Iyl tondfidter with one
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subspace for ana lysis. 6 For choosing one of the candidate PPG signals, the computation unit
may be caﬁéﬁ - ‘using one or more parameters to compare the candidate PPG signals. The
parameéters may comprise an averaged standard deviation of maximum

The step of choosing one of the candidate PPG signals may comprise using
one or more parameters to compare the candidate PPG signals.

The parameters may comprise an averaged standard deviation of maximum

15 peak points and minimum peak points of each candidate PPG signal.

The parameters may comprise a cross-correlation of two separated

segments of each candidate PPG signal.

20 The method may further comprise applying a force at the plurality of
detectors such thai signal amplitudes of the first set of PPG signals and/or the

second set of PPG signals are maximum.

The method may comptrise computing an area under curve measurement
25  using waveforms of the PPG signals to determine whether the signal amplitudes are

maximum.

The computing an area under curve measurement may comprise sampling
each waveform and filtering each sample, further wherein the area under curve

30 measurement is a summation of absolute values of the fillered sampies.



5peak points and minimum peak points of each candidate PPG signal. The parameters may
comprise a cross-correlation of two separated segments of each candidate PPG signal. 10The system
may further comprise a force application means for applying a force at the plurality of detectors such
that signal amplitudes of the first set of PPG signals and/or the second set of PPG signals are

maximum. The computation unit may be capable of computing an area under curve
15measurement using waveforms of the PPG signals to determine whether the signal amplitudes are
maximum. For the computing an area under agirve measurement, the computation unit may

sample each waveform and may filter each sample, and further the 20 computation unit may compute
the area under cufV¥ MELQF ENRHEEY SEMRTSFORBYidReoinRe sl R seFrRnHitdrainaliviles.

The systemugnayuigheseatimgrigiedsn automatic sizing component to automatically size the
measurement device for application to a subject, the 25automatic sizing component functioning as the
force application means. The system may further comprise a light emitting diode for providing the

first and second illUtRiAERbEHTECTiRHR SARttiAG otiEaRes Becholiabreel Sl cRTRECHGIGN artefacts
are migimizeuhinitae firshsdiraf oPG BiyBalg asid/andite feceadoset wft PPEPSigrigisais? The first
illumination may be red light and the second illumination may be infrared red light. The
measurement device and the computation unit ma%ﬁeach comprise a Swireless transceiver to facilitate

communication usii§ Wik e eEPRNTAICERdIHrHBEGNd the second illumination may be
infrared red light.

10 in accordance with a second aspect of the present invention, there is
provided a measurement system for measuring an artefact removed
photoplethysmographic (PPG) signal, the system comprising a measurement device
comprising a plurality of detectors at respective measurement sites for obtaining a
first set of PPG signals using a first llumination and for obfaining a second set of

15  PPG signals using a second illumination; a computation unit for obtaining at least
two pairs of PPG signals, each pair comprising one PPG signal from the first set and
one PPG signal from the second set, and the computation unit being capabig of, for
each pair, computing an artefact reference signal to obtain a candidate PPG signal;
and the computation unit being capable of choosing one of the candidate PPG

20 signals as the artefact removed PPG signal.

For computing an artefact reference signal, the computafion unit may be
capable of using a vector subspace approach whereby, for the pairs of PPG signals,

artefact reference signals between 0,.,325 are considered for further computation.

25
For the vector subspace approach, the computation unit may separate the
considered artefact reference signals into a plurality of subspaces, and from each of
said piurality of subspaces, the computation unit selects a selected ariefact
reference signal and applies the selected artefact reference signal to a filter with one
30 of said one PPG signal from the first set and one PPG signal from the second set fo
determine a subspace for analysis.



In accordance with a third aspect of the present invention, there is provided a computer readable data
storage medium having stored thereon computer code means 10for instructing a processor of a
measurement system for measuring an artefact removed photoplethysmographic (PPG) signal to
execute a method of the first aspect. BRIEF DESCRIPTION OF THE DRAWINGS 15

Embodiments of the invention will be better understood and readily apparent to one of ordinary skill in
the art from the following written description, by way of example only, and in conjunction with the
drawings, in which: 20Figure 1(a) is a picture of a gneasurement device in an example embodiment.
Figure 1(b) is a schematic front view o Figure 1(a). Figure 1(c) s a schematic side view of Figure 1(a).
25 Figure 1(d) shg%@%WW%FQWﬁ’é@%r%?ﬁ%ﬁﬁﬂ‘@xﬁcéhﬁquﬁ%ai@.””’t "BRYUPE 2(a) shows
a schematiezisapryefseivievhela fingenpaakigivie Aloahmws tschemadie dorsadigieaisof a finger.
Figure 3(a) is a schematic top view of Figure 1(b). 8 Figure 3(b) is a schematic bottom view of Figure
1(b). Figure 4 shows timing signals for switching a light emitting diode into a red or infrared red

light source in an Ex@mpIR e ditAR OB PTiseFRiURE B30 SHRBARIHCGMMIPR ShB\RHg ‘Eikteen pairs
of red and pwdexrpdined=photapleilysreagnaghic (PR4EhsignaisHte @PExanmie embodiment.

The parameters may comprise a cross-correlation of two separated

segments of each candidate PPG signal.

10 The system may further comprise a force application means for applying a
force at the plurality of detectors such that signal amplitudes of the first set of PPG
gignals and/or the second set of PP signals are maximum.

The computation unit may be capable of computing an area under curve
15  measurement using waveforms of the PPG signals to determine whether the signal

amplitudes are maximum.

For the computing an area under curve measurement, the computation unit
may sample each waveform and may filter each sample, and further the
20  computation unit may compute the area under curve measurement as a summation

of absolute values of the fillered samples.

The system may further comprise an automatic sizing component f{o
automatically size the measurement device for application to a subject, the
25 automatic sizing component functioning as the force application means.

The system may further comprise a light emitting diode for providing the first

and second illumination.

30 The light emitting diode may be positioned such that motion artefacts are
minimized in the first set of PPG signals and/or the second set of PPG signals.



Figure 6(a) is a graph showing a pair of red PPG signal and infrared red PPG 10signal including an
artefact in an example embodiment. Figure 6(b) is a graph showing a noise/artefact reference
signal extracted from Figure 6(a) using a ratioopt. 15Figure 7 schematically illustrates a binary search
approach for obtaining ratioop, in a vector subspace in an example embodiment. Figure 8(a) is a
diagram showing an artefact signal ARO 125 being applied into an adaptive filter in an example
embodiment. 20 Figure 8(b) is a diagram showing an artefact signal AR0.35 being applied into an
adaptive filter in an example embodiment. +igure 9(a) shows an artefact-removed PPG signal
PP0035 in an example 25embodiment. Figure 9(b) shows an artefact-removed PPG signal

PPGO0.125 in an eXmpie dHBUARRINM30ME U 19 8hanR g“@r&%%r@fé{ﬁgﬁg?%m%’eﬁﬁrgted

segments infadrexasapigrembodiment. 9 Figure 11 is a graph illustrating a PPG signal variation
under applied pressure in an example embodiment. Figure 12(a) is a waveform of a measured
optimum PPG signal in an example 5embodiment. Figure 12(b) is a graph showing the area under the

waveform of Figufd'@ {gasurementigayicd A9 88 SAPRURENING PRI SHBYIFE Aheasurement
site in an 1Rexampleandddement faciiitaftig ueenbIishabisrs creimgaticadine s trapezuidabtide
computat!o&(g%c%@a under the curve. 15Figure 14(a) is a schematic diagram illustrating a light weight
computation

In accordance with a third aspect of the present invention, there is provided a

computer readable data storage medium having stored thereon computer code means

10 for instructing a processor of a measurement system for measuring an artefact
removed photoplethysmographic (PPG) signal to execute a method of the first aspect.

BRIEF DESCRIPTION OF THE DRAWINGS
15

Embodiments of the invention will be betier understood and readily apparent
to one of ordinary skill in the art from the following written description, by way of
example only, and in conjunction with the drawings, in which:

20 Figure 1(a) is a picture of a measurement device in an example embodiment.

Figure 1(b} is a schematic front view of Figure 1(a).

Figure 1(c) is a schematic side view of Figure 1(a).

25
Figure 1(d) shows a laid-open view of a measurement device of Figure 1(a).
Figure 2(a) shows a schematic transverse view of a finger.

30 Figure 2(b) shows a schematic dorsal view of a finger.

Figure 3(a) is a schematic top view of Figure 1(b).



method to compute area under a curve in an example embodiment. Figure 14(b) shows a PPG signal
curve in an example embodiment. 20Figure 15(a) is a picture showing a sensor housing in an example
embodiment. Figure 15(b) shows a flexi force sensor used in an example embodiment. Figure
16(a) is a schematic diagram showing a measurement system in an 25 example embodiment.

Figure 16(b) is a picture showing a subject wearing a sensor unit and a mobile computation unit in an
example embodiment. 30Figure 17 is a flowchart illustrating steps for using a measurement system in
an example embodiment 10 Figure 18(a) shaws a fourteen photo-detector (PD) array wrapped
around a finger in an example embodiment. Figure 18(bq shows a fourteen PD array wrapped

around a finger i EXaMRpie BEMETAHRRRIOM SYRPEMBYEL! fraph showing a PPG signal and an
electrocardiogram (ECG) signal in an example embodiment. 10Figure 20(a) shows a PPG signal

obtained from a sugiee! MGG AR BIAIRGMIWIBRNLRIBHICRIO)RD YiRaBarelact

removed PPG sgn in an example embodiment. 15Figure 21 shows Peak to peak intervals (PtP) and
R peak to tRE3eXI¢e Jeblicrite NS redypR RO YFFY - signals of Figure 19. Figure 22 shows

PtP argl RtR intervals of a second minimum error pair in an example embodiment.
Figure 5 is a schematic drawing showing sixteen pairs of red and infrared red
photoplethysmographic (PPG) signals in an example embodiment.

Figure 6(a) is a graph showing a pair of red PPG signal and infrared red PPG
10 signal including an artefact in an exampte embodiment.

Figure 6(b) is a graph showing a noise/artefact reference signal extracted from

Figure 6(a) using a ratiogp.

15 Figure 7 schematically illustrates a binary search approach for obtaining ratio, in

a vector subspace in an example embodiment.

Figure 8(a) is a diagram showing an artefact signal AR, «2s being applied into
an adaptive filter in an example embodiment.
20
Figure 8(b) is a diagram showing an artefact signal ARy 25 being applied into
an adaptive filter in an example embodiment.

Figure 9(a) shows an artefact-removed PPG signal PPGg;s in an example
25  embodiment.

Figure 9(b) shows an artefact-removed PPG signal PPGo s in an example

embodiment.

30 Figure 10 shows a cross-correlation of two separated segments in an example

embodiment.



20 Figure 23 shows a picture of a nine-PD array in an example embodiment. Figure 24 shows a
picture of a fourteen-PD array in an example embodiment. 25Figure 25(a) shows infrared red (IR) PPG
signals obtained from a nine-PD array in an example embodiment. Figure 25(b) shows
schematically a nine-PD array attached to a finger in an example embodiment. 30 11 DETAILED
DESCRIPTION The inventors have recognised that measurement locations/sites (e.g. using 5
photo-detectors) experience different perturbations, resulting in measured photoplethysmographic
(PPG) signals having different amounts of artefacts. In an example embodiment, by using an array of
photo-detectors, it can be observed that while PPG signals obtained from one measurement site
contain significant i#ifory hrﬂéfa’i‘:tﬁf%‘%Hﬁ@%b%ﬁ?@@aﬁ@ﬁﬁe@ﬁ??ﬁ@a@%e?ﬁ’@lf‘éi may have
lesser motipizdiad @fantexampleustheudiorenthe inventors have recognised that the pressure applied
at a measurement site and the positioning of the illumination source for PPG measurement e.g. a light
emitting diode (LED) can also contribute to minimising motion artefacts in a 15measured PPG signal.
Therefore, in the fo9BRINg(@ESAPHBYE B O H GRS HrRShARIBHE BREh HYRRbID AR $emoval in a
PPG signakniifwiivvensteps are motion artefact minimization (e.g. by using a photo-detector (PD) array,
andlor by applying optimum pressure and/or 20positioning of a LED on a finger), and motion artefact
removal using an adaptive filter. Furthermore, the inventors have re(i‘g)'%nised that by increasing

the number of PDEGEBB(RAtIREERY SHREEIShaRIGE therE SRR WayRiorEtals ‘A aitidfthm comprising a

vector subspace approach is also provided to reduce a significant amount of data 25processing.
Figure 12(c) is a graph showing applied pressure on a measurement site in an

10 example embodiment.

Figure 13 shows schematically the trapezoidal rule computation for area under

the curve.

15 Figure 14(a) is a schematic diagram illustrating a light weight computation
method to compute area under a curve in an example embodiment.

Figure 14(b) shows a PPG signal curve in an example embodiment.
20 Figure 15(a) is a picture showing a sensor housing in an example embodiment.
Figure 15(b) shows a flexi force sensor used in an example embodiment.

Figure 16(a) is a schematic diagram showing a measurement system in an

25  example embodiment.

Figure 16(b) is a picture showing a subject wearing a sensor unit and a mobile

computation unit in an exampie embodiment.

30 Figure 17 is a flowchart illustrating steps for using a measurement system in an

exampie embodiment.



Some portions of the description which follows are explicitly or implicitly presented in terms of
algorithms and functional or symbolic representations of operations on data within a computer
memory. These algorithmic descriptions and 30 functional or symbolic representations are the means
used by those skilled in the data processing arts to convey most effectively the substance of their work
to others skilled in the art. An algorithm is here, and generally, conceived to be a self-consistent
sequence of steps leading to a desired result. The steps are those requiring physical manipulations 12
of physical quantities, such as electrical, magnetic;gr optical signals capable of being stored,
transferred, combined, compared, and otherwise manipulated. Unless specifically stated
otherwise, and as™BpardBrsiriie folloMiRS, iPRAIPIHE S réR IR At TRRARSh SIRHPR Bresent
specificatiophgdispuaswasngtiigingdgirastsuch as "scanning”, "calculating”, "determining"”, "replacing”,
"generating”, "initializing", "outputting", or the like, refer to the action and processes of a computer
system, or similar electronic device, that manipulates and transforms data represented as physical
quantities within tFgeEm BRbPRY¥ERTIHILBINEP PARY SIHARIRF RSHSER B ES D RPSREAMRIfuantities
within the cgnneudigizsystem or other information storage, transmission or display devices. The
present specification also discloses apparatus for performing the operations of the methods. Such
apparatus may be specially constructed for the required purposes, 15 or may comprise a general
purpose computifgeRice & Btﬁé?ﬂﬂeW%I&tﬁ)\%éﬁl setivafy cﬁ”ré‘é%ﬁ’i‘fﬂjﬁfg@%?rﬁ Eohiputer program
stored in thedgevieenlheralgodthiasiardidisplays presented herein are not inherently related to any
particular computer or other apparatus. Various general purpose machines may be used with
programs in accordance with the teachings herein. Alternatively, the construction of more specialized
20appAratus to pérdiin 8% etfrsua et b aietehShitRFad apbopHARS! WhigWaIERON 8% present
specificatiogxatapi¢apiitiyraisicloses a computer program, in that it would be apparent to the person
skilled in the art that the individual steps of the method described herein may be put into effect by
computer code. The 25 computer program is not intended to be limited to any particular programming
language and impTéiHENA{RIFIRRRR. FHFAChEASHRE FREPONR IR RIS ORI B IIgPRAIMERY languages
and coding thereof may be used to implement the teachings of the disclosure contained herein.

Moreqyer, the COrBpyer ryAM saptnisnerl i s CLin AR AEUAe sanire! fou. There are

many other variants of the computer prog hich 30can use different control flows without
departing fiBiaNEIS SRR BBISC N hERFERIHIUIR G any computer readable medium. The
computer readable medium may include storage devices such as magnetic or optical disks, memory
chips, or other storage, deyiggs, Ruisable Joraperiacing, with, a general RHHaRse cQmpRHingsAevice. The

computer readable medium may also include a hard-wired medium such as exemplified in the
example embodiment.

20
Figure 23 shows a picture of a nine-PD array in an exampie embodiment.
Figure 24 shows a picture of a fourteen-PD array in an example embodiment.
25 Figure 25(a) shows infrared red (IR) PPG signals obtained from a nine-PD array

in an example embodiment.

Figure 25(b) shows schematically a nine-PD array attached to a finger in an
example embodiment.
30
Figure 26 is a schematic flowchart for illustrating a method of measuring an

artefact removed photoplethysmographic (PPG) signal in an example embodiment.



5 Internet system, or wireless medium such as exemplified in the GSM mobile telephone system. The
computer program when loaded and executed on such a general-purpose computing device effectively
results in an apparatus that implements the steps of the preferred method. 10The invention may also
be implemented as hardware modules. More patrticular, in the hardware sense, a module is a
functional hardware unit designed for use with other components or modules. For example, a module
may be implemented using discrete electronic components, or it can form a portion of an entire
electronic circuit such as an Application Specific Igtegrated Circuit (ASIC). Numerous other
possibilities 15exist. Those skilled in the art will appreciate that the system can also be implemented
as a combination of hardware and software modules. Figure 1(a) is a picture of a measurement
device in anErAmMEe pEbogipednl he measurement device 102 is attached to e.g. an index finger
104. In the example 20embodiment, the measurement device 102 comprises a photo-detector (PD)
array having four PDs. Figure 1(b) is a schematic front view of Figure 1(a). Figure 1(c) is a
schematic side videoERIIRE 1tayerigeremsey ShalvaearitRBseh (Aedl BT(REeM 88 Surl®itnt device 25
102. Insusesrib naagdremesksienses10imevgiappedraioundre firgarit@4. MD1essisatisposed on
top of the finger 104, PD2 10 .isgj s%% tone.si rEn r ith 0,disposed on the
other side 8?%?%[)]%%?} esrnio@f%%% E?gil irgaciiél)sqﬁgge 08n t % {o%t%ﬁjna%%t#g f?r%%%%%d&%ﬁllumination
source, i.e SXAED emacdingidh dye s Rt iR Prralodelertes affe i Rsabssnrstdfftally on the
top of the fipgier apdVeinsar HIRBARr Feisposednsedsiantially dhe thersidesafthesfingestiéigure 3(a) is

B oo e B EIGNR M EIOUTS hberp SReali-PRelAl iew BLEHIAGD). From e

position of fhe arra IS positioned to capture PPG data e arteries e.g. 202 (Figure
2) andPD21eRCED3 112 and PD4 110 are respectively positioned to capture data from the capillaries
bed 302. The inventors have recognised that arteries e.g. 202 (Figure 2) can provide better PPG

signals while the illaries e.qg, from t apillari i ide.b [ ferepce signals,
i.e. PPG signals v%ﬁ%ﬂeénrqgsrr%o?géﬁg]ggte%r%ygr%cgég%ﬁg %%\%?rﬁlgr?gqr%o |ong Eatﬂgf?&égg %EI ngthe example

embodimeMERSETBRGIS-Stacne ibarerdiam it hrcetieationtsaHEeeop Sidh CReaREraIR
perturbationsy, resighinghimimeaisuecd BF G signatsdoavingte to minimising motion artefacts in a

15  measured PPG signal.

Therefore, in the following description, there are two broad steps taken in motion
artefact removal in a PPG signal. The two steps are motion artefact minimization (e.g. by
using a photo-detector (PD) array, and/or by applying optimum pressure andfor

20  positioning of a LED on a finger), and motion artefact removal using an adaptive filter.

Furthermore, the inventors have recognised that by increasing the number of
PDs, computations ara correspondingly increased. Therefore, an algorithm comprising a
vector subspace approach is also provided to reduce a significant amount of data

25  processing.

Some portions of the description which follows are explicitly or implicitly
presented in terms of algorithms and functionat or symbolic representations of
operations on data within a computer memory. These algorithmic descriptions and

30 functional or symbolic representations are the means used by those skilled in the data
processing arts to convey most effectively the substance of their work to others skilled in
the art. An algorithm is here, and generally, conceived to be a self-consistent sequence
of steps ieading to a desired result. The steps are those requiring physical manipulations



15 different amounts of artefacts. By using an array of photo-detectors, it can be observed that while
PPG signals obtained from one measurement site contain significant motion artefacts, PPG signals
obtained at a different measurement site may have lesser motion artefacts. 20The following
description describes motion artefact removal. In the example embodiment, the LED 114 of Figure
1 can provide a red light source or an infrared red light source. 25Figure 4 shows respective timing
signals for switching the LED 114 of Figure 1 into a red or infrared red light source in the example
embodiment. At condition A 402, at a first time intgrval 404, a high signal is sent to switch the LED 114
(Figure 1) to become a red LED. At condition B 406, at the next time interval 408, a high signal is sent
to switch tHé PEYSeal AueRjlics 1546 RE SIREHRiInfFag e LR CT RSN  trRRAIR RIS 39 404 and
408 make dpeueieyadeerdd chbbihkd, (fdgueed) isna eickhghtsaangriatd infrared PPG signals are
collected during the time the LED 114 (Figure 1) is an infrared red light source. Therefore, in one
cycle, there are altogether four red PPG and four infrared red PPG signals collected. Using the red

and infrared red sgRadialytpighrbemies a5 rT2reersebiioPd s NG 3Bk Bbtained for
motiorsartefpstaaasey alat throbigiare thépeesshespatifictaw]isshesiing wiktéenteaisssatheth and infrared

red PPG si inthe e > embod] - 50 %EFQ:‘? s the. g ed Pﬁlgfé@' al detected
by PO1 106%&3]!3]}% 1) arﬁ ?I&?%ﬁg 4 de%g){‘lje(?ﬁ1 Eﬂﬁ}ﬁrai redﬁng s%lé]r{\%ﬂgﬁo%’eteétéd by P02 108

(Figure 1). R¥BEWendidsaHkseifop & dihactetetittB9Ie69eE 08 GfiteUSs RYSES8 Rnotes the
red PPG sighdkdetectedibyid0: 108t (FRigupe!dleRad Itadfootesctite reptd2PGesignatidetested by P03

112 (Figure 4 g BA.514 deonigs e e RRG Snal drieciasay ROAHHFIUEE I IR! 502 forms

four pairs of red and infre PG signals with R1 506, R2 508, R3 510 and R4 512. Similarly, IR2
504 1HforfYaiBese IR B ST PUPR STV FO6 PPERIBIRsSIRTRIR 1 EBE ES8BE'R3 510 and
R4 512. Withs ey imsuideérared red PPG signals, sixteen pairs of red and infrared red PPG signals can

be obtained. In motion artefact removal, an artefact reference (AR) is extracted using equation
20(1), where R is a red PPG signal and IR is an infrared red PPG signal from a pair. Artefact reference

(AR) = R - ratio R{T)® PrEsETatirritriohaien derierss arBaakk Pt @ Tl qunssit ARSI RMvhich the
artefact 25eprponethtis takeh ipieeconsderabospddiaivatimssstied/foctieutateced coopdisag.to equation

(2). ra%o ) %F" M%ylggnm%se a general purpose computing device or other device selectively
activated or reconfigured by a computer program stored in the device. The algorithms
and displays presented herein are not inherently related to any particular computer or
other apparatus. Various general purpose machines may be used with programs in
accordance with the teachings herein. Alternatively, the construction of more specialized

20  apparatus to perform the required method steps may be appropriate.

in addition, the preseni specification also implicitly discloses a computer

program, in that it would be apparent to the person skilied in the art that the individual
steps of the method described herein may be put into effect by computer code. The
25  computer program is not intended to be limited to any particular programming language
and implementation thereof. It will be appreciated that a variety of programming
languages and coding thereof may be used to implement the teachings of the disclosure
contained herein. Moreover, the computer pragram is not intended {o be limited to any
particular contro! flow. There are many other variants of the computer program, which

30 can use different control flows without departing from the spirit or scope of the invention.

Furthermore, one or more of the sieps of the computer program may be
performed in parailel rather than sequentially. Such a computer program may be stored



where N, and N2 are non-arterial signals e.g. motion artefacts or noise. 16 =R+IVI 2 = IR N2 Si - ratio
*52 =R+ N -ratio * IR - ratio * N2 at ratio op" R = ratio op, * IR so AROp, = S, - ratio op, * S2 =AT
1-ratio op, * N2 N-S N; ratio, - Pr A', - S2 N; ratioopt= Nf N2 At equation (3), if the ratio is the correct
ratio (ratiap,), desired signals of red PPG and infrared red PPG are cancelled and only the undesired
signal component remains. 5 Thus, in the example embodiment, if the correct ratio can be
chosen, the AR signal has only the undesired signal component and can be used as a reference signal
10to remove artefacts from PPG signals. Figure 6(a) is a graph showing a pair of red PPG signal
and infrared red PPG signal including an artefact in the example embodiment. Figure 6(b) is a graph

showing a ABiSEMrFeraBHIRTERSISEEISIRaIENY dXFacRaePHEh ERRRR B @PHLMy PaYol¥'HTe 15graphs
of Figures &{graadiéh)care saniplis desgndisann phetilyy tibky, grephsy chips, detesthenisgthgeratiap, at

each pair of R and |35 a00RAIANG AR, & G Qhibds.considripruRLisriorAplsfo 1 in steps
of 0.01. There{‘ore,st Iere can F‘Be 100 gﬁgsiblegr%tios%gﬁ EOO .osgﬁeﬁiR sighals_._Fotsl6 pairs of R
and IR PP(afifkigsmedium may also include a hard-wired medium such as exemplified in the

5 internet system, or wireless medium such as exemplified in the GSM mobile telephone
system. The computer program when loaded and executed on such a general-purpose
computing device effectively results in an apparatus that impiements the steps of the
preferred method.

10 The invention may also be implemented as hardware moduies. More particular,
in the hardware sense, 2 moduie is a functional hardware unit designed for use with
other components or modules. For example, a module may be implemented using
discrete electronic components, or it can form a portion of an entire electronic circuit
such as an Application Specific Integrated Circuit (ASIC). Numerous other possibilities

15  exist. Those skilled in the art will appreciate that the system can also be implemented

as a combination of hardware and software modules.

Figure 1(a) is a picture of a measurement device in an example embodiment.

The measurement davice 102 is attached fo e.g. an index finger 104. In the example

20 embodiment, the measurement device 102 comprises a phofo-detector (PD) array
having four PDs,

Figure 1(b) is a schematic front view of Figure 1(a). Figure 1(c) is a schematic
side view of Figure 1(a). Figure 1(d) shows a laid-open view of the measurement device
25  102. in use, the measurement device 102 is wrapped around the finger 104. PD1 106 is
disposed on top of the finger 104, PD2 108 is disposed at one side of the finger 104 with
PD4 110 disposed on the other side of the finger 104, and PD3 112 is disposed on the
bottom of the finger 104, An illumination source, i.e. an LED 114, is disposed adjacent
the PD2 108.
30
Figure 2(a) shows a schematic transverse view of a finger. Figure 2(b) shows
a schematic dorsal view of a finger. It is shown schematically that arteries e.g. 202



20 there are 16 pairs x 100 = 1600 artefact reference (AR) signals. It has been recognised that a
significant amount of computation is needed analyze all 1600 AR signals. In such a scenario, a vector
subspace approach is used. With this approach, noise can be separated from the signals. 17 ci =
acos(AR', IR)(4) In equation (4), AR is an artefact reference signal and a column vector. Therefore,
AR'= [al, as, a3"...., an]. IR is an infrared red PPG signal and a column vector, i.e. IR' = [yi, Y2, Y3,34 5
If AR and IR have a high correlation, the angle is small and for an independent rc signal, the angle is
-7 With that concept, only an AR signal between O;-, - is 2 considered. Thereafter, a binary search
approach is used to choose the optimum ratio (ratiocipt) 10 Figure 7 schematically illustrates a
binary searei¢ ajirozeh subsiaitialiinca veettnosoibisateder thacexaintpk ®rabédiractspByedpplying

equation (13, theseals 0rtefactdefesaners, i-e. AR0.0.01il = R - ratio3:0.01:1* IR. A subspace
angle 0 is measured between each AR signal and IR signal. There are approximately 50 AR signals

that fall into the 150-- vector space. Table 1 below tabulates the 50 AR signals in the considered
vector 2 space. AR@ure 3(a) is a schematic top view of Figure 1(b). Figure 3(b) is a schematic

5 bottom view of Figure 1(b). From the position of the PD array, PD1 106 is positioned
to capture PPG daia from the arteries e.g. 202 (Figure 2) and PD2 108, RFD3 112
and PD4 110 are respectively positioned to capture data from the capiliaries bed
302. The inventors have recognised that arteries e.g. 202 (Figure 2} can provide better
PPG signals while the capillaries e.g. from the capillaries bed 302provide betier noise

10 reference signals, i.e. PPG signals which are more affected by noise and containing

motion artefacts.

in the example embodiment, the photo-detectors at the different measurement

sites experience different perturbafions, resulling in measured PPG signals having

15  different amounts of artefacts. By using an array of photo-detectors, it can be observed

that while PPG signals obtained from one measurement site contain significant motion

artefacts, PPQ sighals obtained at a different measurement site may have lesser motion
artefacts.

20 The foliowing description describes motion artefact removal.

in the example embodiment, the LED 114 of Figure 1 can provide a red light

source or an infrared red light source.

25 Figure 4 shows respective timing signais for switching the LED 114 of Figure 1
info a red or infrared red light source in the exampie embodiment. At condition A 402, at
a first time interval 404, a high signal is sent to switch the LED 114 (Figure 1) fo become
a red LED. At condition B 406, at the next time interval 408, a high signal is sent fo
switch the LED 114 (Figure 1) to become an infrared red LED. The two time intervals
30 404 and 408 make up one cycle.

Thus, each PD1 to PD4, numerals 106,108,11C,112 (Figure 1) measures red (R)
and infrared red (IR) PPG signals. Red PPG signals are collected during the fime the



[Si, a2, a3, aa, a5 an] where n is the length of the signal. AR0.01 [bl, bs, b3, b, bs, bn] AIR0.32 [cl,
cz, c3, c4, cs cl] ARO0.125

15
LED 114 (Figure 1) is a red light source and infrared PPG signals are collected during
the time the LED 114 (Figure 1) is an infrared red light source. Therefore, in one cycle,
there are altogether four red PPG and four infrared red PPG signals collected. Using the
red and infrared red PPG signals, sixteen pairs of red and infrared red PPG signals can
5 be obtained for motion ariefact removai.

Figure 5 is a schematic drawing showing sixteen pairs of red and infrared red
PPG signals in the example embodiment. IR1 502 denoctes the infrared red PPG signal
detected by PD1 106 (Figure 1) and IR2 504 denotes the infrared red PPG signal
10  detected by PD2 108 (Figure 1). R1 506 denotes the red PPG signal detected by PD1
106 (Figure 1); R2 508 denotes the red PPG signal detected by PD2 108 (Figure 1), R3
510 denotes the red PPG signal detected by PD3 112 (Figure 1); and R4 512 denotes
tha rad PPG signal detected by PD4 110 (Figure 1). IR1 502 forms four pairs of red and
infrared red PPG signals with R1 506, R2 508, R3 510 and R4 512. Similarly, IR2 504
15 forms another four pairs of red and infrared red PPG signals with R1 506, R2 508, R3
510 and R4 512. With the four infrared red PPG signals, sixieen pairs of red and infrared

red PPG signals can be obtained.

In motion artefact removal, an artefact reference (AR) is extracted using equation
20 (1), where R is a red PPG signal and IR is an infrared red PPG signal from a pair.

Artefact reference (AR} = R —ratio * IR (1
The ratio is the optical density ratic related to oxygen saturation in which the artefact

25 component is taken into consideration. The ratio is shown calculated according to
equation (2}.

()

where N; and N, are non-arterial signais e.g. motion artefacts or noise.

30 By letting S, be a red PPG signal with a noise signal N. and S, be an infrared red
PPG signal with a noise signal No, and using equation (1), the following is obiained.



[cll, cls, c13,cl4,ds, cin] First analyzed AR signal  ARO0.22 [el, es, €3, e, es, en] ARO0.23 [fi, fz, 3,
ti,fsi

18
S, =R+ N,
§,=IR+N,
S, —ratio* S, =R+ N, —ratio* IR —ratio* N,
at ratio,, ,R =ratio,, * IR

= O _patio *8. =N .—rafioc . * N
so AR, =S8, —ratio,, *S, =N ~ratio,, * N,

; Nl _ SI N1I
FAito ,, = - e
g N, =5, N,
. N,
ratiGop: = —]\—fL {3)

At equation (3), if the ratio is the correct ratio (ratioey), desired signals of red PFG and
infrared red PPG are cancelled and only the undesired signal component remains.

Thus, in the example embodiment, if the correct ratio can be chosen, the AR
signal has only the undesired signal component and can be used as a reference signal

16 to remove artefacts from PPG signals.

Figure 6(a) is a graph showing a pair of red PPG signal and infrared red PFG
signal including an artefact in the example embediment. Figure 6(b) is a graph showing
a noise/artefact reference signal 604 extracted from Figure 6(a) using ratiogy. The
15  graphs of Figures 6(a) and (b) are amplitude and sample (by time) graphs.

In determining the ratio,, at each pair of R and IR, a range of the ratio, e.g.,

0:0.01:1, is considered, that is, from zero to 1 in sieps of 0.01. Therefore, there can be

100 possible ratios and 100 possible AR signais. For 16 pairs of R and IR PPG signals,

20 there are 18 pairs x 100 = 1600 artefact reference (AR) signals. It has been recognised
that a significant amount of computation is needed anaiyze all 1600 AR signals. In such

a scenario, a vector subspace approach is used. With this approach, noise can be

separated from the signals.

25 A subspace angie @ is measured between an AR signal and an IR PPG signal
using the equation (4).



AR3.24 [911 92, 93, 94, 95 9,1] ARO0.23 [hl,h2,h3,1-14,his, hn] AR0.26 [11512113,14,15 in]

ARO0,27 Ell, J2J3, .14, is, %in]

10

15

17
¢ = acos(AR', IR} (4)
In equation (4), AR is an artefact reference signal and a column vector. Therefore, AR =

{84, 8z, 8s,...., 8. IR is an infrared red PPG signat and a column vector, i.e. IR =[y,, v,

If AR and IR have a high correlation, the angle is small and for an independent

signal, the angle is %. With that concept, only an AR signal between O~% is

considered. Thereafter, a binary search approach is used to choose the optimum ratio

(ratiogpy)

Figure 7 schematically illustrates a binary search approach for ratiog: in a vector
subspace in the example embodiment. By applying equation (1), there are 100 artefact
references, i.e. ARgoor = R = ratiogeer * IR. A subspace angle @ is measured between
each AR signal and IR signal. There are approximately 50 AR signals that fall into the

O~~§»vec’cor space. Table 1 below tabulates the 50 AR signals in the considered vector

space.

AR, (&1, Bz, 83, 84, Bsrerenn. .2,) where n is the length of the signal.
ARD.D‘E [b1, bg, b3, b4, b5, ....... ,bn]

ARggr | [C4, G2 Ca, Ca, Csponennn .Cnl

ARG 125 | Idy, da, Gy, ds, ds,...... Nel| First analyzed AR signal
ARG'QQ [81, Sa, B3, B4, Bs,....... ,en]

ARO.23 [f'h f2s f3a f4l f51 """" 'fnl

ARgzs | [95) G2, G5, G4 Pseennne Gl

ARgas | [y, hz, hs, hg, D, i}

ARCF.26 [11! EZI i3! i4l i5! """" !EFE]

ARG.Z? U1: j2= }3= j‘n j5! """" rjnl




18 ARO0.35 [kl kz, k3, k4, k5, ,kr1]Second analyzed AR signal

[1/11, rn2, rn3, r114, rT15 nl] ARO,49

10

15

20

25

18
ARgas | [y, Ka, ks, Ka, Ksyeoo.... Kol Second analyzed AR signal
ARD.47 [§1v 123 l31 l49 ‘5! ------ :in}
ARgas | IMy, My, My, My, Ms,ee. Mg
AROAQ [m, Ny, 5, Mg, Ns,.on.. .. ,ﬁn]
Table 1

The vector space is separated into two subspaces, Sgee, [from 0 to 0.24] and S, [from
0.25 to 0.49]. AR5 and AR, 35 are selected from the two subspaces as a first analysis
signal and a second analysis signal respectively. This is schematically shown at graph
702. ARg12s and ARga: are selected from the two subspaces as these signals are
approximately at the centre of their respective subspaces. AR5 and ARgs: are then
appliad as artefact reference signals info an adaptive filter (AF).

Figure 8(a) is a diagram showing an artefact signal AR, 125 being applied into
an adaptive filter in the example embodiment. The corresponding IR PPG signal 802
is also applied fo the adaptive filter 804. it has been recognised that IR signals
contain lesser artefact components as compared to R signals. Compare Figure 6,
Thus, in the example embodiment, the IR signal is used for artefact removal. The
output is an output PPG signal PPGg 125 806.

Figure 8(b) is a diagram showing an artefact signal ARgss being applied into
an adaplive filter in the example embodiment. The corresponding IR PPG signal 808
is also applied to the adaptive filter 810. The output is an output PPG signal PPGy 35
812.

in the binary search approach, the output PPG signais (with artefacts removed),
PPG, 12 and PPGqas are checked with measured parameters such as, bui not limited to,
minimum standard deviation {(STD), i.e. the averaged standard deviation of maximum
peak points and minimum peak points or cross-correlation of two separated segments,
e.g. a ten-second output PPG signal is separated into two five-second segments and

cross-correlatad.

ARO0,47 [11,12,13,14,15, 'In] ARO0.48




[111, nz, n3, n4, n5, n] Table 1 The vector space is separated into two subspaces, Sgreen [from O to
0.24] and Sbue [from 0.25 to 0.49]. ARO 125 and AR3.35 are selected from the two subspaces as a
first analysis 5 signal and a second analysis signal respectively. This is schematically shown at graph
702. AR5,125 and ARO 35 are selected from the two subspaces as these signals are approximately at
the centre of their respective subspaces. AR0.125 and ARO as are then applied as artefact reference
signals into an adaptive filter (AF). 10Figure 8(a) is a diagram showing an artefact signal AR 125 being
applied into an adaptive filter in the example embaqgdiment. The corresponding IR PPG signal 802 is
also applied to the adaptive filter 804. It has been recognised that IR signals contain lesser artefact
components as compared to R signals. Compare Figure 6. Thus, in the example embodiment, the IR

Z'(%r)‘a| IS gsed for @L@ﬁf’@%(@”&%ﬁ)ﬁ E?ealréﬁlé%@%mecplﬂip@ %’lﬁﬁ%ﬁ'??@@ EPE %@e?ﬁﬁwpleth'zlgure
is a diagram_showing an act signa ein | o an e filter in the
example erﬁ%'gaﬁ%?ﬂ &€or r%ELé;HS iR F%ﬁg&?%‘fg 7%65 %ﬁlség &ifed to#ﬁé%aépapnve filter 810.
The outputésamptrignthRP@HidrialrFPGEe 38008 sRindard patiatibin8fy sétremapproagieake output
PPG signalscimithiarigtasisdremastha Pl kderardy BCOS Tanehe gk WihtoeasHird

parameters Etjch s, but not limited to, minimum standard deviation (STD), i.e. the averaged standard
deviation o ARTUM 25 peak points and minimum peak points or cross-correlation of two separated
segments, e.g. a ten-second output PPG signal is separated into two five-second segments and

cross-correlated. @§ure 16'@}1@1&@»%@@@3@4@&%@@%@5&%@ Sigha-BPeamadpthe example
embodime?pg%ure ? b) hows an arte moy d PP {%nal PPGO,125 in %he exam le

a
embodime | ur %(%33'3 ‘Ef.:m'aaré)t 'd& N atl oﬁrﬁ eaﬁ%anﬂpﬁﬁﬁwmpeaﬁ%cpomtgls obtained. A

stand&®d dé@u@ﬁ@hmmﬁmwﬁﬂﬁmpﬁwmmgrmﬂ%mﬁiﬁeﬁ an output PPG signal in
the example embodiment whereby there are more artefacts than Figure 10(a). Each

figure shows two segments of an output PPG signal (e.g. PPGg 425 806 or PPGg 35 812)

overlaid over each other. If artefacts are totaliy removed, the overlaid two segments are

determined {o have perfect correlation. That is, if the output PPG signal (e.g. PPGo1zs
15 BOB or PPGyas 812) has no motion artefact, the correiation is high.

in the examplie embodiment, one of the two parameters i.e. minimum standard
deviation and cross-correlation of two separated segments, can be used. If PPG; 155 has
a lower STD as compared o PPGgas from Figure 9, then the Sy.e, subspace [from 0 to
20  0.24}is considered for the next step.

That is, referring to graph 704 of Figure 7, the Sg.en subspace [from 0 to 0.24] is
further divided info two subspaces 708, 708. There are 25 AR signals remaining. A third
analysis signal is selected from a first subspace 706 of the Sy.., subspace je.g. from 0

25  to 0.121 with the third analysis signal approximately at the cenire of the first subspace
706. A fourth analysis signal is selected from a second subspace 708 of the Sgeen
subspace [e.g. from 0.13 to 0.24] with the fourth analysis signal approximaiely at the
centre of the second subspace 708. The adaptive filtering process e.g. shown in Figures
8(a) and (b) is again carried out with the third and fourth analysis signals. Thereafter, 2

3¢ comparison process e.g. shown in Figures 9(a) and (b) or Figures 10(a) and {b) are
carried out. Thus, a first/second subspace 708,708 of the S;een subspace is considered
for the next Herative step.



Figure 10(a) shows a cross-correlation of two separated segments of an output PPG signal in the
example embodiment whereby there are minimum artefacts. Figure 10 10(b) shows a cross-correlation
of two separated segments of an output PPG signal in the example embodiment whereby there are
more artefacts than Figure 10(a). Each figure shows two segments of an output PPG signal (e.g.
PPGO0.125 806 or PPG0.35 812) overlaid over each other. If artefacts are totally removed, the overlaid
two segments are determined to have perfect correlation. That is, if the output PPG signal (e.g. PPP, .
-0,125 1580601 PPGO0,35 812) has no motion artejgct, the correlation is high. In the example
embodiment, one of the two parameters i.e. minimum standard deviation and cross-correlation of two
separated segmefhts, tbambe usezlivé PRG @ll@sbtas Hohe s8EDedsficsiippanst] soBREO36 from Figure

9, then the,Sgrsn subspace Ifrom thio RREAlinaarsidpieddor e naxt §ighe are hghIS; Jeferring to
graph 704 of Figure 7, the Swear, subspace [from O to O.%%?léfurther divided intq two %[lijpaceS 706,

708. There'tre> S AR EMGARIG iy 2 XTRiteIARIS g MLNEEEaTERT £ HrdSBspace 706
of the SgregjrtlsHnshaceJgrg! firosal6cRE! thodh 12k withsireehTrttatied\idis sightilcappioambisty at the

centre of tf@gﬁra&%@ﬁ%)%srzsaﬁwa%e{gg{%@@@hﬁsoﬂm lesened fipua.eepond subspace 708 of

the Sgreen subspace [e.g. from 0.13 to 0.24] with the fourth analysis si%nal a,}g roximately at the

centre of tHSERUEHHSIBI PLREPFD8 STRRONAAPINEYRR AR BrIBLS S PP RIBIIRTPRIgIFE S8 (a) and (b)
is again cafiftbceoutsivith ahabir dignalfolUntheafialy sissigrads o nereedtes, ca S eOMpAIGSOEE process e.g.

shown in Figyyes,8(q)andrtiglisHawean0(@) and faraee &arripdlout ThuspRdirstseeqnd subspace
706,708 of the Swear, subspace is considered for theegnf%%nlte_ratlve st%lo. For the next iterative
f

20 |
step, at graf I She s e HrSRMG RFR DA Y8 PRV IB B S AT YESided into two
subspidicessidrz g1 he hieretare abolnuESuAR signallsve mrahisig. sfidth amsasitisosignalygssielected from
the subspagg; ik 2 2Bg#haktARLRISS signal is selected from the subspace 714, the fifth and the sixth
analysis 5 signals being approximately at the centre of their respective subspaces 712, 714. The
adaptive filtering process e.g. shown in Figures 8(a) and (b) is again carried out with the fifth and sixth
analysis signals. Tiheteafteasedcomiparsmverisssssieny. hrovireiy Figiresoie)aahdi¢hivelFigures 10(a)

and (b) are gayired RulyddiiSs a s BRRAGS e LSRRG RAJAL NG NS KRG WEaR at graph

712 wijth seventh and eighth analysis 10 signals. The iterations continue until a final two analysis
signal®are IBRASPURANSREFbbtain an optimum AR signal. That is, based on the above
description, the binary search approach iteratively reduces the vector space until no further subspace

can be zrg‘g%ed; W%@#ﬁ%y%@é’%%‘@a@t@%’&?@ﬁ? ZEU‘HAHR%%_ ' l-dwith rHR3ARIS Way, cﬁbﬁnﬁlﬁﬁtﬂffaqt -
removed PPG sjgnal with respect to an optimum / na oop, is selected for each pair o

anc T PP S TGN s SEAEPARLFAED BfaR) SoBrth B SoaRRA NUMIEBE GFaRblysed AR
signals for ewespadedfiICmatiRaPPGIdig e sicabeicf atatedhpproidnaiaédy twed 2akRfsynals (i.e.
first apglyzgd AR signaksetordrnabuedAR SienamatNeliin analyzer-AR: signal dngipad of analyzing
all 100 AR signals. For example, Irom ?ggut,SO 'iA‘R s&pa@, 2 A%f% sgn% are apal sted. Thereatter,
from aboutfgg RS 3n ARRY P AR Sighai€ e NN Se 8 FHETEafter, IR allSit*ts AR signals,
another 2 ARaiginalsardAdlysiec: T Hareafwmps fromaioott? AR signads 2atfdisiengisAResignals are
analysed. TheieafteryfiganfbouldARRigRaInrRRAUASE 2B g nalsratgAnalvre hnbijgabove

analaysed AR sigpals_ are each selected from the midpoint of a respective subspace. Thereafter, the
romaining 3 K Sta A € A G 1o A& ST AR Gl LR 15 R Lighats, nstead
of 10@5are fsomalybed!féridaciopaiir, ehRiEd IRFPI ey Ardsanalysed. Thereafter, from about 4

AR signals, another 2 AR signals are analysed. The above analaysed AR signals are

each selected from the midpoint of a respective subspace. Thereafter, the remaining 2

AR signals are analysed to find the optimum AR signal. Thus, only 12 AR signals,

instead of 100, are analysed for each pair of R and IR PPG signhals.

30
Therefore, for all 16 pairs of R and IR PPG signals of Figure 5, the number of
analyzed AR signals can be reduced from 1600 AR signals (ie. 16 pairs x 100 AR



30 21 signals = 1600 AR signals) to approximately 192 AR signals(i.e. 16 pairs x 12 AR signals = 192
AR signals). For each pair of R and IR PPG signal, the optimum AR signal is used to obtain a
5candidate PPG signal. Therefore, for 16 pairs of R and IR PPG signals, 16 candidate PPG signals
are obtained. From the 16 pairs of R and IR PPG signals of Figure 5, a best artefact removed PPG
output signal is then chosen from the resultant 16 candidate PPG signals. In the 10 example
embodiment, this is obtained by using the STD parameter where the output signal with a minimum
STD is selected as the best signal. All vital signs (JZ_IIR’ HRV, Sp02) are then computed using the
selected signal. Table 2 below tabulates the STD of an exemplary 16 pairs of R and IR PPG
15signals esipeaisre i@y dbtaineld) (SHDrRATREIR R ARG D94 0650 [B054012A60:14/8#0.005014

= 192 AR signals).

For each pair of R and IR PPG signal, the optimum AR signal is used to obfain a
5 candidate PPG signal. Therefore, for 16 pairs of R and IR PPG signals, 16 candidate
PPG signals are obtained.

From the 16 pairs of R and IR PPG signals of Figure 5, a best artefact removed

PPG output signal is then chosen from the resultant 16 candidate PPG signals. in the

10 exampie embodiment, this is obtained by using the STD parameter where the output

signal with a minimum STD is selecied as the best signal. All vital signs (HR, HRV,
Sp02) are then compuied using the selected signal.

Table 2 below tabuiates the STD of an exemplary 16 pairs of R and IR PPG

15  signais experimentaliy obtained.

STD M1 Rz R3 R4

IR1 0.0040865 0.005481 0.004182 0.005014

IRZ 0.005604 0.005G78 0.005198 0.005427

iIR3 0.006414 0.006335 0.006624 0.006798

R4 0.008238 0.006474 0.0086242 0.004723
Table 2

Thus, the output signal with the minimum STD of 0.004182 is selected as the
20 best signal.

Having considered usage of a PD array to assist in artefact removal, the
inventors have aiso recognised that adding pressure to a measurement site via one
or more of the pholodetectors of the array can improve measurements.

25

Figure 11 is a graph 1102 illustrating a PPG signal variation under applied
pressure in an example embodiment. A photodetector is used to measure a PPG
signal. The plot 1106 denotes the area under the PPG signal waveform. The plot



| IR2 1 0.005604 0.005078 0.005198 0.005427 1R3 0.006414 0.006335 | 1R4 0.006024 0.006799
0.0062380.006474 0.006242 0.004723 Table 2 Thus, the output signal with the minimum STD
of 0.004182 is selected as the 20best signal. Having considered usage of a PD array to assist in
artefact removal, the inventors have also recognised that adding pressure to a measurement site via
one or more of the photodetectors of the array can improve measurements.

22
1108 denotes the applied pressure. The graph 1102 shows that when applied
pressure on the measurement site by the photodetector during the PPG measurement is
increased, the amplitude of the PPG signal is increased. it can be observed that under a
certain pressure, the amplitude of the PPG signal reaches its maximum 1104 and
5 beyond that pressure, the amplitude of the obtained PPG signal decreases again. The
pressurefforce at that certain point is cailed the optimum pressurefforce and if that force
is maintained during PPG measurement, the PPG signal can be maintained at iis
optimum condition. To apply pressure on the measurement sites, any kind
force/pressure mechanism can be used such as, but not limited to, air pressure, or

10 mechanical ways of tightening the LED and PD housings.

Figure 12(a) is a waveform of a measured optimum PPG signal in an example
embodiment. Figure 12(b) is a graph showing the area under the waveform of Figure
12(a). Figure 12(c) is a graph showing the applied pressure on the measurement site.

15 From Figure 12(b), the maximum area under the curve at 1202 is identified and the
corresponding pressure at 1204 is also identified. The pressure at 1204 is the optimum
pressure/force to be maintained during PPG measurement.

As described, the amplitude of the PPG signal is measured using area under the
20  curve. Area under the curve can be computed using the trapezoidal rule. The trapezoidal
rule computation for area under the curve is shown schematically in Figure 13.

The inventors have recognized that by using the trapezoidal rule, a significant
number of computation steps would be required. Therefore, a light weight method is
25  proposed as an alternative to compute the area under the curve.

Figure 14(a) is a schematic diagram illustrating a flight weight computation

method to compute area under 2 curve in an example embodiment. Figure 14(b)
shows a PPG signal curve in an example embodiment. The PPG signal curve 1402

30 is sampled to provide sampies X; 1404. Each PPG signal sample X, 1404 is filtered
using a band pass filter 1406 {0 e.g. remove DC components of the signal. The
approximate area under the curve of the PPG signal curve 1402 is computed using

a summation 1408 of the absolute values of the samples. This method is conceptually



25 Figure 11 is a graph 1102 illustrating a PPG signal variation under applied pressure in an
example embodiment. A photodetector is used to measure a PPG signal. The plot 1106 denotes the
area under the PPG signal waveform. The plot 22 1108 denotes the applied pressure. The graph
1102 shows that when applied pressure on the measurement site by the photodetector during the PPG
measurement is increased, the amplitude of the PPG signal is increased. It can be observed that
under a certain pressure, the amplitude of the PPG signal reaches its maximum 1104 and 5 beyond
that pressure, the amplitude of the obtained PPG signal decreases again. The pressure/force at that
certain point is called the optimum pressure/force and if that force is maintained during PPG
measuremeintjlshe$ R gidireltcanedmedal aivitaibet] iat haseptinuiinecasslitiohion drapplyrgrdssure on the

measuremﬁ%&ﬁ@ﬁ»}h%%mlag fmﬁ@égfﬁﬁﬁd@ﬁﬁ%ﬁg@&ﬁg@gﬁmeﬁ%@% S zhﬁ@.t_ed to, air
pressure, qr 10mechanical ways of tightening the an ousings, igure 12(a) is a
waveform & iﬁ’rﬁ@ﬁs@ﬁ‘éa"gptﬁ‘%ﬂm’ﬁg %ijﬁ%ﬁncgﬂ g)?aﬁ*’ﬁl’@%#%ﬁ?%éqﬁpﬁgﬁr@ﬁ}fb% i%’ a graph
showing thesiativalysidey¢lsdvearefonimafeRigare i 2@ pFgiire. 12(c) is a graph showing the applied
pressuge on the measurement site. 15 From Figure 12(b), the maximum area under the curve at 1202
is identified and the corres ondin%)res%lre a}t 1204 is algéa%identifirf?d. Th?ineSS re at 1204 is the
optimum pressurdfRSPEETS BHRSMYTREY A0RME PRESTHERRIFENBATE ©2mRE §RRSHEE the amplitude
of the PPGositnaiiisone is apptiegshygraamaintiirtehi @ Gruseas sy ehotottte doe musiecantb® computed

using the tiapezaidabiuleeidaer iapsgaidalrule computation for area under the curve is shown
schematically in Figure 13. The inventors have recognized that by using the trapezoidal rule, a

significant number of computation steps would be required. Therefore, a light weight method is
25praifbsed as arriglterridiokiscaconpistebiwiagenagnder tleestogve. an erigule saodisanichematic

dia% raam illtﬁ&gﬂ%@}fmwéﬁwhéﬁqg}%@mqmm i compuie éﬁ%i&ﬂf(}_@%ﬁ?@%@%@g e>_<amrlvle
embodime igure 14(b) shows a | signal curve in ample embadiment.. The signa
curve 1402q ﬁ%“sg%‘ﬁg‘gﬁsgp%\)?dé E?Mﬁ%egs‘"fghl%ﬂf @a@ﬁ%@%‘%ﬁ% éna%%'&res%feﬁd Ss filtered
using a bamdyséirgs fii2rte 406 ncegaaiyedsasbrgoitentwositee Hignisl. PirredproXiEnate area
under the cyive ot heBRGusioRatSYVaddRAdaromaripd BsingasiomimalancA4R o the absolute

e G T e

ecomes Inite S e trapezium
becomes apsasglestatigist disteciadthsing thecitiod seompdfiforaiostiepertieh iheasutidedt Iaddition, the

method is rglatiely ieRiR-aneh GRN dBIBIRFE SO HRS IMBWANRELon phase where at each
step, the area under the curve can be computed. Refer to Figure 12(b). The interior size
of the housing 102 which produces the maximum area under the curve is selected for

20  the optimum pressurefforce.

in an aiternative example embodiment, the above-mentioned calibration phase may be
automated using an aufomatic sizing component such that the interior size of the
housing 102 is automnatically adjusted to tighten in a step wise manner until all possible
25  sizes are sampled. Thereafter, the optimum size is automatically determined to provide
the largest area under the curve. The housing 102 is then adjusted to the determined
opfimum size. An example of the automatic sizing component comprises a controller
coupled to the housing for controlling an air pump and a solenoid. The air pump and
solencid are in turn connected to the housing. The housing is made inflatable such that
30 the air pump and solenoid can pump air into or remove air from the housing fo

respectively tighten or loosen the housing.



5 Returning to the subject of applying pressure/force, in the example embodiment, optimum force
is applied by manually tightening the sensor/photodetector housing or the measurement device 102
(Figure 1). 10Figure 15(a) is a picture showing a sensor housing in an example embodiment. Figure
15(b) shows a flexi force sensor used in an example embodiment. The housing 102 can be tightened
as it is provided with grips 1504 that allow the interior size of the housing 102 to be incrementally
adjusted. As the housing 102 is placed around a subject's finger 104 (Figure 1), adjusting the interior
size corresponds to a change in the 15 pressure ap lied on the various measurement sites by the
finger 104 (Figure 1). The pressure can be detected using the force sensor 1506. Prior to actual
measurement, théroptithamepeerse rerdaniibeoe telvni peddywinelanss todrescalibration piraksavhere at
each step, g AeaURSIPHIIR SHIME AR RRIERRELES: RETRIIR FgHER I AhkThRdWRERL Size of the

housing 102 which produces the maximum area under the curve is selected for 20the optimum
pressure/fofRETHERUNL AYAGE' 638 I PerXBBMM it SRRt R ARRONRS RS feeFE libration phase may be

automated using an automatic sizing component such that the interior size of the housing 102 is

automatically adjusigglto fahten in asiepidss b Al PessbiRAR SZ8R@F sampled.

Thereatfter, the o?tlmum size is automatically determined to provide the largest area under the curve.

The housingF62'R SR ABR et oS R (i FeERRGH Al eBPIR FRAERh P JPie®Bmatic sizing
componentvesmgds s bileaotrplléxttoupté d 66¢hEHsousingbiorseontroliig! 4 cermpueys aridua solenoid.

The air purpp apd FAIERQILAEILIFEROTERLISIHR TG AOMRINGAREIBP YSRGS MadRpllatable such

that 30the agré)ump and solﬁqoid can tpump air into or remove air from the housing to respectively

tighten or IGGSERAKY HE(8inge 28 MPULHH Ut P8R AP BRT0D ATITRISRS S RIRFBYRet Mitefess
transdéiverpusiegsmirel€sdé centmenibzdithagroispbgar BB impreméatedavee m@tsurgdnént device.

The wirelegs, CRMARIKICALAY BrpiRISLSRBRABUIRERXABRIGBIURISO T IBGRRgLEYHOR ZigBRe. SFigure

16(a) is a %B; matic diglr ram showing a me'jaﬁ?urement system in an example embodiment. The

system 16 RIS T A5 AR UETEs R0 4 A% S0 BS I i Rk oRaRREUNit 1606.
The wearabfetsiensorpniail® coinpeisdsrinéoupPteeriray riredsaremmnpielermbotibGods, dhew power

minOCQ”tf%'!ﬁsééé-Qrém@b%%@'@&%&r@&%@%@t%i&%%%@gﬁﬁrd{ﬁi%% ¢gpaprises a wireless
transceiver 1614, a 10 processor 1616 and a feedback display 1618. The transceivers 1612, 1614

commidnicate using a wireless communication protocol 1620. The measured R and IR PPG signals
from the measurefigne diéfnent1808resheingpttabihe reraotg trearatder midbilé®&oangutation unit for

further proGRssIBGHNGRAMRIecom ROMISRInE SABSSRIGRE 1612 BB REBRMoHAHAB04 transmits

data to the computatio it 1606. 15
t%e Sensor urﬂtq%&l is worn at the subject’s finger and the mobile cormputation unit 1606

is remote from the sensor unit 1604. The mobile computation unit 1606 can, for

20 example, be worn at 2 belf or an arm band,

Figure 17 is a flowchart 1700 iliustrating steps for using the measurement system

1802 in the example embodiment. The steps taken by the mobile computation unit is

from steps 1706 onwards. At step 1702, a calibration phase is carried out to determine

25 an optimum interior size of the sensor housing. At siep 1704, data coilection of red (R)
and infrared red (IR) PPG signals is performed. Al step 1706, the data coliected is
filtered in a range of about 0.5Hz to abowt 20 Hz using a band pass filter. At step 1708,

16 pairs of R and IR signals are formed. At step 1710, a binary search in a vector space

for each pair of R and IR FPG signals is performed. For a current pair of R and IR PPG

30 signals, at step 1712, a subspace angle measurement is performed. Af siep 1714,
artefact reference (AR) signals in 0~80 degrees range in the vector subspace Sk are
chosen. At step 1716, the subspace Sk is separated into two regions S1 and S2. A
signal AR, is selected from S1 and a signal AR, is selected from S2. At step 1718, an



Figure 16(b) is a picture showing a subject wearing the sensor unit 1604 and the mobile computation
unit 1606 in the example embodiment. In the example embodiment, the sensor unit 1604 is worn at the
subject's finger and the mobile computation unit 1606 is remote from the sensor unit 1604. The mobile
computation unit 1606 can, for 20example, be worn at a belt or an arm band. Figure 17 is a
flowchart 1700 illustrating steps for using the measurement system 1602 in the example embodiment.
The steps taken by the mobile computation unit is from steps 1706 onwards. At step 1702, a
calibration phase is carried out to determine 25 aasoptlmum interior size of the sensor housing. At
step 1704, data collection of red (R) and infrared red (IR) PPG signals is performed. At step 1706, the
data collecteigfdtdied in asathie Dfeabbat @iz 1R diiddt 20z wising . bantbisassifitEct At step

1708, 16 pairs LR Bod R sigppls ame g@’éﬂ’?ﬂzeo‘taﬁt%’ag)@@ﬂ@ep!@%@é@?@?ﬁ@s‘ﬂw@ YEekaE gpace for
each pair of R and IR PP signals. |sF§erformed For a cur&g }?? nd IR PPG élrg signals, at
{38y

step 1712, 3 SabsyRedh 2801 BHEIRD ABINEY. reta @ FBidféicd (AR) signals
in 0-90 degremsrangeaiidng dem@muﬁé*ﬁad@%aregeﬁos@nmtds@mafrqrﬁ ofhihsubspacenSk is

separajed {UaWeIRIAASSHANFIMAUA SinabARsiSeplasied Hiqmeal andih pignakARldsselected
from 32. At ste 1718E§n 25 adaptive f||t Iﬁféjsed to f||t the current IR PPG sg{gﬁ\%h AR, to

obtain arteféee{’ E¥oved PBE &R ﬁfjﬁf?@ RYFIo0 WE DpIvE meskieqe She current
IR PPG sigmalinvith: ARkt oobislinfdrittads @rovidiRRGASigeal PRE, it At dedghingd, ehaiheimum

standard d%%tgme?mfaégggmer%ﬁ@sr@é&g& Q@y@y@vg@;‘ é@?ag(?ﬁ%ﬁ@s %Z@{ﬁaw@@ ﬁmoclj oftth% .
minimum pg points [ aine mym standard de n eraged standar
deviation oPthe: iafl % By ¢ é%h %Lﬁzf é&& 55i ? %$Sd obtained. At
step 1924, fcieustedmiiethartibethenSeh Sis fassth antSTDedd@T D is kuwerjaiedteptl7 e Siis
chosen as ﬁhﬂ@ﬁ@fv&k&%dmém IRy RERAie A a4y a@iaﬂtﬁptﬂ%@th%?s@o%%@@@éaﬁﬁetm step
1730, itis Fl) fﬁ?rnynf tihert chosen Sk czgﬂn be further reducgg %’[IF% ed that if the
number of F&M& ﬁ% a\ VS tﬂ%\%%srs&fu RPFEE, RS R%a 83 reduced
further. If yesethe provwesiRgosigsdiacihe steprt 78, of R@nm@mmt@fabta@mb\ﬁéﬁiﬂpe signal of

the current pads cﬁ@%ﬁ@w&sﬂw@%?&deﬁ siRPR Gihaafter &emﬁ@tm@;&m@ Abcpairs of R
and IR &gnals% prowde 6 cangl?a e PPG égenals gj% tlon of he b réefact removed PPG
d. K

signal FromSAB2S ﬁaﬁg Gf§ l?é‘rf%r P eﬁ'ﬁﬂg I rga %e ffE&d from the
selected PR&Tsigreal éft step 17384 Wﬁ@r@mal@igmgfmmmwﬁeamcaf@m mhehesiectede variation HRV,

respiration §%¢ai%ﬁ%{f¥pﬁ%ﬁ@9@ @t &QE@E&%WE}Q& FBrisAbtainesbhy raunERgdAe mber of PPG
peaks at eac ment. If a se nt Is 15 seconds long, HR is the number of detected peaks

multiplied Hﬁ%'ﬁ?\ﬁ’?é t@(ﬁt?ﬁrﬁ%be? %8aks per minute. HRV is the standard deviation of those
detected peak values. Then, Sp02 is determined using the following equation. rati optS Hh(xIR)- 6

Hb4R)o SpO, - 25rahesprigibl HATRILE E?ﬁ’éaJék"c)&lu@qﬁh@éﬁ&%Q&M)o\fvhﬁt%éé%aé}déém@f@ extinction
coefficients of R and 4R wavelengths {5 gd 2 ar%we w velenrg% s of.t (gg mS ?r a{\d red light
10

sources re?ﬁgaﬁ%ly IR &t X5 'Isé | xt?%{cz CogﬁICIentS are Git’O(:i\/l érﬁ R) =
10001 CMQnggl’q;@lm&;bpﬁ:am@o@a@tqﬁnmwumber of peaks per minute. MRV is the standard

deviation of those detected peak values. Then, Sp0, is determined using the foliowing
equation,
SpO, = mtmqpr‘gﬁb(;"m)wgﬁb(')ve) _
25 © oratio,, &y, (/ﬂ“m )_ & hpo ()‘vm )} T E g (’:VR)\’_ E V"R)

wheres ande,, are extinction coefficients of R and IR wavelengths and 4 and A, are

the wavelengths of the infrared and red light sources respectively. In an example,

extinction coefficients are

& (A, ) = 820(Molem) ™ &, (A4, ) = 100(Mol.cm) ™ e, (2, } = 100(Mol.em)

30 L&y, (A, ) =260{Mol.em)”



30, time, (4)= 260(Mol.cm1 26 and and 2" are about 900nm and about 640nm respectively. SReferring
to Figure 1(c), it is described that the LED is positioned on the side of the finger 104. The following
description describes why it is desirable or preferred to position the LED on the side of the finger 104.
This optimized position can minimize motion artefacts. 10Figure 18(a) shows a fourteen PD array 1802
wrapped around a finger 1804 in an example embodiment. The LED 1806 is disposed on the top of the
finger 1804. The readings of photodetectors 4, 5 and 6 (numerals 1808, 1810, 1812 respectively) are
taken. The readings are respectively shown at 18]2%, 1816, 1818. 15Figure 18(b) shows the fourteen
PD array 1802 wrapped around the finger 1804 in"an example embodiment. The LED 1806 is
disposed on the side of the finger 1804. The readings of photodetectors 4, 5 and 6 (numerals 1808,
1810, 1812 respectively) are taken. The readings are respectively shown at 1820, 1822, 1824. 20As
shown in readings 1820, 1822, 1%(2)@ when the L%g 1806 is located at the side of the finger 1804, the
PPG signaf'dra 6hSefvalP AR 2HLY ﬁ’?@tl‘%%oﬁfr AW TN the LED 1806 is located on top of

the finger 1804. From readings 1814, 1816. 1818, significant motion artefacts can be observed at e.g.

1826. 25In an effqit to valida ign.arte i ctrogardiagram (ECG)
signal |%s obtained gfgt r&g?ifﬁ%o%? 't‘ﬁé@fgte %%ﬁg%gﬁgg@%%éﬁgkﬁ%ﬁ 8e(gléc gllgga are
captured atftidi8aphe Bind eidellemaigesei RN 19 URsWIRY theSPIEraRIn AT 1Y6HPERE the ECG
signal 30 1RQGibn the exprgietembedionant Resk topeakiintprtimisePolie. 3Q0einimethe PPG
signal 1904m%%9n%8§§&§° the next R peak intervals (RtR) e.g. 1910 of the ECG signal 1906 are used
as parameters In validation. 27 To obtain the artefact removed PPG signal, a four PD array is
used in the example embodiment

10 Figure 18(a) shows a fourieen PD array 1802 wrapped around a finger 1804 in
an example embodiment. The LED 1808 is disposed on the top of the finger 1804. The
readings of photodetectors 4, 5 and 6 (numerals 1808, 1810, 1812 respectively) are
taken. The readings are respectively shown at 1814, 1816, 1818.

15 Figure 18(b) shows the fourteen PD array 1802 wrapped around the finger 1804
in an example embodiment. The LED 1808 is disposed on the side of the finger 1804.
The readings of photodetectors 4, 5 and 6 {(numerais 1808, 1810, 1812 respeciively) are
taken. The readings are respectively shown at 1820, 1822, 1824.

20 As shown in readings 1820, 1822, 1824, when the LED 1806 is located at the
side of the finger 1804, the PPG signals are observed to have iess motion artefacts than
when the LED 1806 is located on top of the finger 1804. From readings 1814, 1816,

1818, significant motion artefacts can be observed at e.g. 1826.

25 In an effort to validate & molion ariefact removed PPG signal, an
electrocardiogram (ECG) signal is obtained for the validation. The artefact removed PPG
signal and the ECG signal are captured at the same time.

Figure 19 is a graph 1802 showing the PPG signal 1804 and the ECG signal
30 1906 in the example embodiment. Peak to peak intervals (PtP) e.g. 1908 from the PPG
sighal 1904 and R peak to the next R peak intervals (RiR) e.q. 1910 of the ECG signal

1906 are used as parameters in validaiion.



Figure 20(a) shows a PPG signal obtained from a subject while walking in the 5example embodiment.
The PPG signal contains motion artefacts at e.g. region 2002. Figure 20(b) shows an artefact removed
PPG signal 2004 in the example embodiment. The best artefact removed PPG signal is observed at
e.g. PRI & R3 pair. Figure 21 shows the PtP and RtR intervals e.g. 1908, 1910 of Figure 19. The
10standard deviation of the RtR interval (SDRR) and that of the PtP interval (SDPP) are approximately
the same, i.e. about 0.97. The %error value for each PtP and RtR point is abs(RtR- computed as
%Error -*100. RtR Table 3 shows the summation %g%error values for each pair of R and IR PPG

15signal. Sum of % error R1 R3 R4 IR1 857.6251861.3242218.0814
To obtain the artefact removed PPG signal, a four PD array is used in the

example embodiment.

Figure 20(a) shows a PPG signal obtained from a subject while walking in the
5 example embodiment. The PPG signal contains motion artefacts at e.g. region 2002,
Figure 20(b) shows an artefact removed PPG signal 2004 in the example embodiment.

The hest artefact removed PPG signal is observed at e.g. IR1 & R3 pair.

Figure 21 shows the PiP and RtR intervals e.g. 1908, 1910 of Figure 19. The
10  standard deviation of the RIR interval (SDRR) and that of the PtP interval (SDPP) are
approximately the same, i.e. about 0.97. The %error value for each PtP and RiR point is

abs(RtR — PtP)
RtR

computed as Y%Error = *100.

Tabie 3 shows the summation of %error vatues for each pair of R and IR PPG
15 signal

i @
Sum of % R1 Re R3 Re |
siror
iR 857.6251 | 8g13p4z | 2180814 | 7648914
R 1364.032 | 1032250 | 128B.616 | 1094.086
R3 1610.903 | 1822743 © 1953.654 | 185785
R4 1375184 | 13069331 12014 9802152
Table 3

it can be observed that the minimum error happened at the IR1&R3 pair, iLe.
20 having an error vaiue of about 218. The second lowest error happened at the IR1&R4

pair.

Figure 22 shows the PP and RIR intervals of the second minimum error pair in

the example embodiment. The result can be used for comparison against Figure 21.



764.8914 IR2 1364.0321032.2591268.6181094.056 IR3 1610.9031822.743 1953.61851.95 1375.194
1392.331 1201.4 983 2152 Table 3 It can be observed that the minimum error happened at the
IR1&R3 pair, i.e. 20having an error value of about 218. The second lowest error happened at the
IR1&R4 pair. 28 That is, Figure 21 shows a very close correlation in the PtP and RtR curves of the
ECG and PPG data. Thus, it can be concluded that the data of Figure 21 has low errors. In contrast,
Figure 22 shows relatively more errors than Figure 21 as a lower correlation is achieved. 5

28
That is, Figure 21 shows a very close correlation in the PtP and RtR curves of the ECG
and PPG data. Thus, it can be concluded that the data of Figure 21 has low errors. in
conirast, Figure 22 shows relatively more errors than Figure 21 as a lower correlation is
achieved.

An advantage of using a PD array can be seen clearly by comparing Figure 22
and Figure 21. If a single PD is used, the result wauld be one of the pairs on a diagonal
of Table 3 (i.e. IR1&R1, IR2&R2, IR3&R3 or IR4&R4). The optimum result cccurring at
the IR1&R3 pair cannot be achieved by a single PD.

10

In alternative embodiments, the number of PDs may be varied. For example,
Figure 23 shows a picture of a nine-PD array and Figure 24 shows a picture of a
fourteen-PD array. With more PDs, a larger surface area of a finger can be covered, and
the accuracy of readings can be improved.

15

Figure 25(a) shows IR PPG signais obtained from a nine-PD array in an example
embodiment. Figure 25(b) shows schematically the nine-PD array 2502 attached 1o a
finger 2504. From Figure 25(a), PD1, PD2 and PD3 appear to produce good PPG
waveforms at numerals 2502, 2504, 2506 respectively. PD5 and PD6 produce good

20 noise reference signals at numerals 2510, 2512 respectively. PD4, PD8 on the other
hand produce some combination of both noise reference and PPG signals at numerals
2508, 2514 respectively. As can be observed, the magnitude of artefacts or noise varies
with respect to the iocation of a PD. Thus, by taking advantage of a PD array, an artefact
removed PPG signal can be obtained that is more optimum and accurate than that

25  obtained from using a single PD.

The inventors have recognised that by increasing the number of PDs, the amount
of computation and cost is increased as well. In consideration of the cost and the
computation, the inventors have recognised that a four-PD array (compare Figure 1(a))

30 is preferred as it provides the best performance over cost.

Furthermore, by using the algorithm based on vector subspace approach, the
number of analyzed data for a four-PD array is reduced from 16pairs x 100 = 1600



An advantage of using a PD array can be seen clearly by comparing Figure 22 and Figure 21. If a
single PD is used, the result would be one of the pairs on a diagonal of Table 3 (i.e. IR1&R1, IR2&R2,
IR3&R3 or IR4&R4). The optimum result occurring at the IR1&R3 pair cannot be achieved by a single
PD. 10 In alternative embodiments, the number of PDs may be varied. For example, Figure 23
shows a picture of a nine-PD array and Figure 24 shows a picture of a fourteen-PD array. With more
PDs, a larger surface area of a finger can be covered, and the accuracy of readings can be improved.
15 Figure 25(a) shows IR PPG signals obtain%j from a nine-PD array in an example embodiment.
Figure 25(b) shows schematically the nine-PD array 2502 attached to a finger 2504. From Figure
25(a), PDlaRifareidrid8an i@ astonpiodoucapgoatraR@ Wek efignals at auhteralss 2602, 2604, 2506
respectively,,PDS.ang PR feadidce good 20 noise reference signals at numerals 2510, 2512
respectively. PD4, PD9 on the other hand produce some combination of both noise reference and
PPG signals at numerals 2508, 2514 respectively. As can be observed, the magnitude of artefacts or
noise varies with Fegpeect16 the mcatienaita PDwWThag, BETakifyg advamtdige of anRitharrag] an artefact
removed PRE.signg cAnheakiaiged batdaingieqrimymand eeetraishan drk2arkiained from

using a single PD. The inventors hgve reco ng}}eéj‘l that increasln% he numper of PDs, the
[

amount of EGMRPBATERGH ARG EBst RS & LEetPhS WeTl 1 'EBASI IR RGN SF tHee SsPAR T & tomputation,
the inventoteteaies et ogriset whateefoueRS bsitdg (congparty figuweitgdpn3disgieefehed as it provides

the best pegforianes QVepePsiyndR atslashirfersnosd AR signaisiaapnoxinatelkdrsignals, i.e.
16 pairs x 12 AR signals = 192 AR signals. Figure 26 i ?ﬁhema ic flow%rtlart 2600 f%r illustrating a
method of SRR Hind o SR 2PRek e h BRI A EroUPAB B B Bt B Ekample
embothmestmpritig 2682F B @rsicsel GoPPiBesigsiadsiobtaire & fonsiansluitiitytbé deemmndrs at
respective QueaguUEeIPeRicHles UsiRg adivshilluRainalicMlRieR §RA s - SRERALSBI AtRiR @ signals is

obtained from{g@ lurality of detectors using a secaond illumipatio step 2606, at least two pairs of
PPG stgnale RSB R R EAE PO TED R i ] e PPUSEIg Er oARTA e SRt Brone PG
signal fromttiseasetarideasoovat $StE2498!for each pair, an artefact reference signal is computed to

g p g p
obtain a candidate PPG signal. At step 2610, one of the candidate PPG signals is chosen as the

artefact removed PPG signal. 15In the above described example embodiments, a twq step approach
stk for PP AT AANG T EAEAREE BIROVAR FIBR BRI Te BRI EAE A BRG aignal
contain degre8RGmgmaemstandanisdesiirethcvahgdohentes@ngeropuseddiien mersam et 5The two
step appro%@hggwﬁg yielaet BIRIRHAIOTHANd ANGIREY r@éﬁﬁﬁéﬁh‘erﬁ&th@gﬁ‘k}%{&‘eﬁj@ﬁ&ﬁmd example

bodi ts, |ti-photo detect 20 Iti-PD .used. An opt b lied
cring PP ORI ek, ToRa g GER o OGSt (AP P SURal BhNSed i optmum

force/pressimayan provicleidistindehsuhee stxhnpletaristiodiaeddsiradadimpie migienier dah minimise
undesifed RRf-signakegmponaets. inthesakrwe dassribed axarmpimambgdigientss agydype _
force/pressure mechanism ?b%n e used to qt_ﬁspé#@ae 65 f%ﬁ/%regslu(r}%guch as hbut rlitg;tljlhqnlted to, air
pressure, MERTAFRET Walls Wt ningP PR thdRRURment ste atc R atRgr M irRRIBVE accuracy,
the illumingimesoerede gran OB chsling rtmesipipratioitidaati digined sroceysints e be carried
out using agaptivmifitiess utfisskEDrasa keypastionsshak@ siie thatdpivengas e sitashgemponents in
the measured PPG S|%nal i.e. EJOSItI(?nIneg the LED for minimum motion arte&act. In a dltl?‘n,
embodiments, any type lorceipressures mechanism cah be use¢ 10 apbly the
25  force/pressure such as, but not iimited to, air pressure, mechanical ways of tightening at
the measurement site efc. Further, to improve accuracy, the Hiumination source e.g. an
LED can be optimaliy positioned and signal processing can be carried out using adaptive
fiiters. The LED can be positioned at a site that minimizes undesired components in the
measured PPG signal i.e. positioning the LED for minimum motion ariefact. in addition,
30 in the above described exampie embodiments, to reduce computation steps, a vector
sutbspace approach may be used. The vector subspace algorithm can be used to
choose/obtain a reference signal (from a plurality of candidate reference signals) with

optimum correlation between the reference signal and undesired components of the



30 in the above described example embodiments, to reduce computation steps, a vector subspace
approach may be used. The vector subspace algorithm can be used to choose/obtain a reference
signal (from a plurality of candidate reference signals) with optimum correlation between the reference
signal and undesired components of the 30 PPG signals. It has been recognised that optimum
correlation occurs when the reference signal represents the undesired components of the PPG
signals. It will be appreciated by a person skilled in the art that numerous variations 5 and/or
modifications may be made to the present inventign as shown in the specific embodiments without
departing from the spirit or scope of the invention as broadly described. The present embodiments are,
therefore, tBRse Sonsidldrbdsihedhrespenisetbthel tRismarerHpiatinn sestricien Be CisNS 1.A method
of measuriggan AriastiamovrsehaicRiekvmmewanbicBR{ghsignal, the method comprising,
5obtaining a first set of PPG signals from a plurality of detectors at respective measurement sites
using a first illumination; obtaining a second set of PPG signals from the plurality of detectors using
a second illuminatiost obtaémipigciaiehsvtwonssiey cPPG iBighalsictieh palonspYRIaBEe PPG
10signal fromythe fistiakiand pre BEGsianal frenpibasearasiant. fneHaneacneadsammputing an
artefact referet?(?f si%nal t hobgacig a éand'date tﬁPG signglgand cgfo %ni%v%%%o%f %@e&gg&i‘idate PPG
signals as FRE°SHGPERIS SOV BTG g™ the spintor scope y

described. The present embodiments are, therefore, fo be considered in all respects to

be iHustrative and not restrictive.



152.The method as claimed in claim 1, wherein the step of computing an artefact reference signal
comprises using a vector subspace approach whereby, for the pairs of PPG signals, artefact reference
signals between 0- -777 are considered for further computation. 203.The method as claimed in claim
2, wherein the considered artefact reference signals are separated into a plurality of subspaces,
further wherein from each of said plurality of subspaces, a selected artefact reference signal is applied
to a filter with one of said one PPG signal from the first set and one PPG signal from the second set to
determine a subspace for analysis. 25 4.The methgd as claimed in claim 3, wherein the step of
choosing one of the candidate PPG signals comprises using one or more parameters to compare the
candidate PRAiBI§nals. 305.The method as claimed in claim 4, wherein the parameters comprise an
averaged standard deviation of maximum peak points and minimum peak points of each candidate

PPG signal. 32 ethod.as claimed in claim. 4 or 5 wherei rameters comprise a
cross-correlation 3f two se@ﬁ%‘ egd %e&?ﬁgﬁ@%? eaé’cﬁ%%}% daﬁe P gfb‘?&\? %%ysmc}grfﬁié' ‘method as
claimed in &y rrgofickammethesig@ofupiifrGomprising applying a force at the plurality of detectors
such that signal aaaﬂqug%qfrm%é&ré? se@%?dﬂ@rﬁmmlg angdionthe seenstset pbHRGsignals are

maximum. 108.The me hod as clai mg ntc aim 7 comprising computing an area under curve
measurem&nt us! edﬂﬁav% Brma'0F fhé" aﬁ g’to determine whether the signal amplitudes are
maximum. 9.The atdgitces staenddsit cfaiti @, signeteifianetoemipuslity ahdsiegtors using a

second illumination;
obtaining at least fwo pairs of PPG signals, each pair comprising one PPG
10  signat from the first set and one PPG signal from the second set, and for each pair,
computing an artefact reference signal to obtain a candidate PPG signal; and
choosing one of the candidate PPG signals as the artefact removed PPG

signal.

15 2. The method as claimed in claim 1, wherein the step of compufing an

artefact reference signal comprises using a vector subspace approach whereby, for

the pairs of PPG signais, ariefact reference signals between O~§ are considered for

further computation.

20 3. The method as claimed in claim 2, wherein the considered artefact
reference signals are separated into a piurality of subspaces, further wherein from
each of said plurality of subspaces, a selected artefact reference signal is applied 1o
a filter with one of said one PPG signal from the first set and one PPG signal from

the second set to determine a subspace for analysis.

25
4, The method as claimed in claim 3, wherein the step of choosing one
of the candidate PPG signals comprises using one or more parameters to compare
the candidate PPG signals.
30 5. The method as claimed in claim 4, wherein the parameters comprise

an averaged standard deviation of maximum peak points and minimum peak points

of each candidate PPG signal.



15under curve measurement comprises sampling each waveform and filtering each sample, further
wherein the area under curve measurement is a summation of absolute values of the filtered samples.
10The method as claimed in any one of claims 1 to 9, further comprising 20providing the first and
second illumination using a light emitting diode. 11.The method as claimed in claim 10, wherein the
light emitting diode is positioned such that motion artefacts are minimized in the first set of PPG
signals and/or the second set of PPG signals. 25 12. The method as claimed in any one of claims
1to 11, wherein the first illumination is red light ang the second illumination is infrared red light.

13. A measurement system for measuring an artefact removed 30photoplethysmographic (PPG)
signal, the system comprising, a measurement device comprising a plurality of detectors at

respective meaSUéementﬁgemﬁ&PtggnIB@MM@@&%P%%@@%@W ahlirstdfmmination and for
obtaining a second set of PPG s%nals u a second illumination; aco f%fﬁr%%" unit for

obtaining atPSH¥IH G SRS BIBE GGG é’aéﬁﬁ%ﬁft% rﬁﬁﬁ@ﬁa%r? Eﬁ‘iﬁ‘ $ighd & first set and

one PPG sigmadifrom the second set, and the computation unit being capable of, for each pair,
compuging an artefact reference signal to obtain a candidate PPG signal' and 5the computation unit

being capable of choosing one of the ca didate PPG si s as the art emoved PPG signal.
e Tho systom a2 clam P ERIH £5 ARERRYARESTD G P el et PRbF CERI, o
computatioapghitrig edpsctﬂabthssﬂgramzeabds@@@aw@@ébptmmmwaem@@@w of PPG

signals, artgfack iatefeNse:RIUNAIS PERVESIbnd set of PPG signals are maximum,

10 8. The method as claimed in ciaim 7, comprising computing an ares
under curve measurement using waveforms of the PPG signais to determine

whether the signal amplitudes are maximum.

8. The method as claimed in claim 8, wherein the computing an area
15 under curve measurement comprises sampling each waveform and filtering each
sample, further wherein the area under curve measurement is a summation of

absolufe values of the filtered samples.

10. The method as claimed in any cne of claims 1 to 9, further comprising
20  providing the first and second illumination using a light emitting diode.

11.  The method as ciaimed in claim 10, wherein the light emitting dicde is
positioned such that motion artefacts are minimized in the first set of PPG signais
and/or the second set of PPG signais.

25

12.  The method as claimed in any one of claims 1 to 11, wherein the first

lumination is red light and the second iliumination is infrared red fight.

13. A  measurement system for measuring an artefact removed
30  photoplethysmographic (FPG) signal, the system comprising,
a measurement device comprising a plurality of detectors at respective
measurement sites for obtaining a first set of PPG signals using a first illumination
and for obtaining a second set of PPG signals using a second illumination,



Tr O- - are considered for further computation. 2 15. The system as claimed in claim 14, wherein
for the vector subspace approach, the computation unit separates the considered artefact reference
signals 15 into a plurality of subspaces, and from each of said plurality of subspaces, the computation
unit selects a selected artefact reference signal and applies the selected artefact reference signal to a
filter with one of said one PPG signal from the first set and one PPG signal from the second set to
determine a subspace for analysis 20 16. The system as claimed in claim 15, wherein for
choosing one of the candidate PPG signals, the cq putation unit is capable of using one or more
parameters to compare the candidate PPG signals. 2517.The system as claimed in claim 16, wherein
the parameters cennoriseutaiiav eyt okintird dblBatbivel PadRiviUNT pesikpimteashode@inimum peak
points of eachcABRIE YRR SigRl 481 he-SHaiesR Barlabmed reclalinal 6o IfeiBerpin the

parameters 30comprise a cros .-correJt tion of two separ ted segments of es%ch (:a%ng;g g% tPPG signal.
34 19.3%3'%?/ {?ﬁ%%‘lﬁ RS ?rb%ga&a 8§’|r%‘s o Pﬁjhﬁg{“ é%)urﬁ%?ismg a‘force
applicationrefetanséosiaplidrptafo eceamdinetplbrftpigfdetitdors such that signal amplitudes of the

filrst seﬁd of P|PG sigg@%%@!@&éﬂ?ﬁ&ﬁ%@%g%ﬁ&%ﬁ@fﬁi§safgedas@@frm@ -oéndadatgogme system as
claimed in claim 19, wherein the compu unit is capable of computing an area under curve
easurem ST RS LR ERSIRE B T SOt

|gﬁ%|§ to determine whether the signal amplitudes are
maximum. 1021.The system as claimed in claim 20, wherein for the computing an area

14.  The system as claimed in claim 13, wherein for computing an artefact
reference signal, the computation unit is capable of using a vector subspace
10  approach whereby, for the pairs of PPG signals, artefact reference signals between

0~% are considered for further computation.

15. The system as claimed in claim 14, wherein for the vector subspace

approach, the computation unit separaies the considered artefact reference signais

15  into a plurality of subspaces, and from each of said plurality of subspaces, the
computation unit selects a selected artefact reference signal and appiies the
selected ariefact reference signal {o a filier with one of said one PPG signal from the

first set and one PPG signal from the second set to determine a subspace for

analysis.
20
18.  The system as claimed in claim 15, wherein for choosing one of the
candidate PPG signals, the computation unit is capable of using one or more
parameters to compare the candidate PPG signais.
25 17. The system as claimed in claim 18, wherein the parameters comprise

an averaged standard deviation of maximum peak points and minimum peak points

of each candidate PPG signal.

18. The system as claimed in claim 16 or 17, wherein the parameiers
30 comprise a cross-correlation of two separated segments of each candidate PPG

signal.



under curve measurement, the computation unit samples each waveform and filters each sample, and
further the computation unit computes the area under curve measurement as a summation of absolute
values of the filtered samples. 1522.The system as claimed in any one of claims 19 to 21, further
comprising an automatic sizing component to automatically size the measurement device for
application to a subject, the automatic sizing component functioning as the force application means.
2023.The system as claimed in any one of claims 13 to 22, further comprising a light emitting diode for
providing the first and second illumination. 4. The system as claimed in claim 23, wherein the
light emitting diode is positioned such that motion artefacts are minimized in the first set of PPG
signals 25and/or tHe sectiml sgsiehPRS sigitagsl in app e gfseédivis thitteddn &mhehe of claims
13 to 24, whskeindig firstriliumipatianisred hgrapbinrsesend uminglienits ifaatessad light.
3026.The s%/ste as claimed ir‘g{a%on? f c}aigns 3]1%5?? Wher?in tk(lﬁ m%asurem%nt d[evfice and the
computatio uﬁﬂif C:Hg@&%%wg LR SIS tiRsERIVEr to Tadiftate Communica %r?rﬂsfeh% & wireless
communicdtic® pionetotrs3m2[mwomputer readable data storage medium having stored thereon
compuger code means for instructing a processor of a measurement system for measuring an artefact

removed photoplethysmagraphic (PPG) signal to execute a methad gf measuring an artefact removed
PPG signal as clal%r%'ed ir?%?alg sieﬁn as c?aﬁned in claim 5?9, Wherem 8’@ compu{g\%on um];r 13
capable of computing an area under curve measurement using waveforms of the

PPG signals to determine whether the signal amplitudes are maximum.

10 21,  The sysiem as ciaimed in claim 20, wherein for the computing an area
under curve measurement, the computation unit samples each waveform and filters
each sample, and further the computation unit computes the area under curve
measurement as a summation of absolute values of the filtered samples.

15 22.  The system as claimed in any one of claims 19 to 21, further
comprising an automatic sizing component o automatically size the measurement
device for application to a subject, the automatic sizing component functioning as

the force application means.

20 23. The system as claimed in any one of claims 13 to 22, further
comprising a light erﬁitﬁng diode for providing the first and second iiumination.

24.  The system as claimed in claim 23, wherein the light emitting diode is
positioned such that motion artefacts are minimized in the first set of PPG signals

25  and/or the second set of PPG signals.

25, The system as claimed in any one of ciaims 13 to 24, wherein the first

iflumination is red light and the second illumination is infrared red light.

30 28. The system as claimed in any one of claims 13 to 25, wherein the
measurement device and the computation unit each comprise a wireless transceiver

to facilitate communication using a wireless communication protocot.



35
27. A computer readable data storage medium having stored thereon
computer code means for instructing a processor of a measurement system for
measuring an artefact removed photoplethysmographic (PPG) signal to execute a

method of measuring an artefact removed PPG signal as claimed in claim 1.



