
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.
10 BACKGROUND       Photoplythesmography has been used as a non-invasive measurement of vital
signs. Vital signs can include blood oxygen saturation (Sp02), heart rate (HR) and heart 15  rate
variation (HRV). Photoplythesmographic measurement is based on the knowledge that haemoglobin
and oxy-haemoglobin absorb varying degrees of light at different wavelengths. A dual-wavelength
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 20  haemoglobin that is chemically combined with oxygen. Pulse oximeters (for
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
arterial blood typically induce dynamics into the absorption characteristics of well-perfused peripheral
sites. Well-perfused sites refer to areas where 25  the blood oxygen saturation level is high. The
dynamics referred to are termed as photoplethysmographic (PPG) signals or blood volume pulses
(BVP). Sp02 can be derived from the absorption contrast from dual wavelength illumination. HR and
HRV can be derived from PPG signals. 30However, 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  2 leads to interpretation
errors for pulse oximetry. The interpretation errors constitute a significant proportion of clinical false
alarm conditions. There have been attempts made to improve the accuracy of a pulse oximeter 



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 reconstructed from the corrupted signal. The
reconstruction is discussed in PCT publications WO 96/12435 and WO 94/03102. 15Another approach
to improve accuracy is an implementation of a motion-resistant algorithm termed as discrete saturation
transform (DST). This algorithm is able to detect Sp02 during 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 lower failure rate and a lower false positive alarm rate than conventional techniques.
Refer to Yong-Sheng Van et. al., An Efficient Motion-Resistant Method for Wearable Pulse Oximeter,
IEEE Transactions on Information Technology in Biomedicine, 12(3), 399-405, 2008. As discussed in
US Patent no. 5,632,272, the Sp02 measurement model based on DST includes measuring the true
PPG signal and the artefact signal.  25 Based on 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 (Sp02 and Sv02) values. 30
The method using DTS recognised that, given that the human anatomy has different layers of
constituents, when perturbation such as external force or human movement occurs, each layer may be
affected by the perturbation differently when  3 compared to other layers. The method using DTS
considers the different layers of constituents and different behaviours at perturbation that cause the
secondary signal component, i.e., motion artefact, at the measured PPG signal. 5However, the
method using DST only allows the measurement of the PPG signal in a controlled environment e.g. in
a hospital ward/operating theatre. In these controlled environments, the patient is the subject of the
measurement, and undergoes only minor movements. On the other hand, 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 to remove from obtained PPG signals using current methods. This typically, leads to
diminished accuracy in the measured parameters e.g. Sp02, HR and HRV obtained from the PPG
signals. 15Hence, 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 problems. 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 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 illumination; 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 



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 signals may comprise using one or more
parameters to compare the candidate PPG signals.              The parameters may comprise an
averaged standard deviation of maximum 15peak 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. 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
signals are maximum.           The method may comprise computing an area under curve measurement
25using 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 30measurement is a summation of
absolute values of the filtered samples.  5 



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 5minimized 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 illumination and for obtaining 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 capable 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 20signals as the artefact
removed PPG signal.        For computing 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 between 0-- - are considered for further computation. 2 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 plurality of subspaces, the computation unit selects a
selected artefact reference signal and applies the selected artefact reference signal to a filter with one
30of said one PPG signal from the first set and one PPG signal from the second set to determine a
subspace for analysis.  6        For choosing one of the candidate PPG signals, the computation unit
may be capable of using one or more parameters to compare the candidate PPG signals.             The
parameters may comprise an averaged standard deviation of maximum 



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 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 filtered samples.
The system may further comprise an 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 illumination. 30The 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.  7       The first
illumination may be red light and the second illumination may be infrared red light.          The
measurement device and the computation unit may each comprise a 5wireless transceiver to facilitate
communication using a wireless communication protocol. 



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 measurement 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) shows a laid-open view of a measurement device of Figure 1(a).       Figure 2(a) shows
a schematic transverse view of a finger. 30Figure 2(b) shows a schematic dorsal view of 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 example embodiment. 5       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 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.             Figure 9(a) shows an artefact-removed PPG signal
PP0035 in an example 25embodiment.        Figure 9(b) shows an artefact-removed PPG signal
PPG0.125 in an example embodiment. 30Figure 10 shows a cross-correlation of two separated
segments in an example embodiment.  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 Figure 12(a).             Figure 12(c) is a graph showing applied pressure on a measurement
site in an 10example embodiment.        Figure 13 shows schematically the trapezoidal rule
computation for area under the curve. 15Figure 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. 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) shows a fourteen photo-detector (PD) array wrapped
around a finger in an example embodiment.             Figure 18(b) shows a fourteen PD array wrapped
around a finger in an example 5embodiment.        Figure 19 is a graph showing a PPG signal and an
electrocardiogram (ECG) signal in an example embodiment. 10Figure 20(a) shows a PPG signal
obtained from a subject while walking in an example embodiment. Figure 20(b) shows an artefact
removed PPG signal in an example embodiment. 15Figure 21 shows Peak to peak intervals (PtP) and
R peak to the next R peak intervals (RtR) intervals of the signals of Figure 19.        Figure 22 shows
PtP and RtR intervals of a second minimum error pair 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 motion artefacts, PPG signals obtained at a different measurement site may have
lesser motion 10artefacts.        Furthermore, the 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 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,
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 recognised that by increasing
the number of PDs, computations are correspondingly increased. Therefore, an algorithm comprising a
vector subspace approach is also provided to reduce a significant amount of data 25processing. 



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 or optical signals capable of being stored,
transferred, combined, compared, and otherwise manipulated.             Unless specifically stated
otherwise, and as apparent from the following, it will be 5appreciated that throughout the present
specification, discussions utilizing terms such 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 the computer system into other data similarly represented as physical 10quantities
within the computer system 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 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
20apparatus to perform the required method steps may be appropriate.        In addition, the present
specification also implicitly discloses 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 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 program is not intended to be limited to any particular control flow. There are
many other variants of the computer program, which 30can use different control flows without
departing from the spirit or scope of the invention.  13 on any computer readable medium. The
computer readable medium may include storage devices such as magnetic or optical disks, memory
chips, or other storage devices suitable for interfacing with a general purpose computing device. The
computer readable medium 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 implements the steps of the preferred method. 10The invention may also
be implemented as hardware modules. More particular, 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 Integrated 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 an example embodiment. The 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 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  14 are disposed substantially on the
top of the finger and veins e.g. 204 are disposed substantially by the sides of the finger. Figure 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, P01 106 is positioned to capture PPG data from the arteries e.g. 202 (Figure
2) and PD2 108, PD3 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 capillaries e.g. from the capillaries bed 302provide better noise 10reference 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
perturbations, resulting 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, 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 interval 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 the LED 114 (Figure 1) to become an infrared red LED. The two time intervals 30 404 and
408 make up one cycle.  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 5be obtained for
motion artefact removal.        Figure 5 is a schematic drawing showing sixteen pairs of red and infrared
red PPG signals in the example embodiment. IR1 502 denotes the infrared red PPG signal detected
by P01 106 (Figure 1) and IR2 504 denotes the infrared red PPG signal 10 detected by P02 108
(Figure 1). R1 506 denotes the red PPG signal detected by P01 106 (Figure 1); R2 508 denotes the
red PPG signal detected by P02 108 (Figure 1); R3 510 denotes the red PPG signal detected by P03
112 (Figure 1); and R4 512 denotes the red PPG signal detected by PO4 110 (Figure 1). IRI 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, 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(1)    The ratio is the optical density ratio related to oxygen saturation in which the
artefact 25component is taken into consideration. The ratio is shown calculated according to equation
(2). ratio - R+ N1  IR+ N2 



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 AR0p, = 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 noise/artefact reference signal 604 extracted from Figure 6(a) using ratioco. The 15graphs
of Figures 6(a) and (b) are amplitude and sample (by time) graphs.       In determining the ratiap, 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 steps
of 0.01. Therefore, there can be 100 possible ratios and 100 possible AR signals. For 16 pairs of R
and IR PPG signals, 



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 0-- - is 2 considered. Thereafter, a binary search
approach is used to choose the optimum ratio (ratiocipt) 10        Figure 7 schematically illustrates a
binary search approach for ratiow, in a vector subspace in the example embodiment. By applying
equation (1), there are 100 artefact references, i.e. AR0.0.01i1 = 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. ARO 



[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  c1]       AR0.125 



[cll, cls, c13,cl4,ds,  cin] First analyzed AR signal      AR0.22 [el, es, e3, e, es,  en]  AR0.23 [fi, fz, f3,
ti,fsi    



AR3.24 [911 92, 93, 94, 95  9,1]  AR0.23 [hl,h2,h3,1-14,his,  hn]  AR0.26 [11512113,14,15  in]   i
AR0,27 Ell, J2J3, .14, is,  %in]  



18    AR0.35 [kl, kz, k3, k4, k5, ,kr1]Second analyzed AR signal    AR0,47 [II,12,13,14,15,  'In]  AR0.48
[1/11, rn2, rn3, r114, rT15 nl] AR0,49 



[111, nz, n3, n4, n5, n]  Table 1 The vector space is separated into two subspaces, Sgreen [from 0 to
0.24] and Sbue [from 0.25 to 0.49]. AR0 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 AR0 35 are selected from the two subspaces as these signals are approximately at
the centre of their respective subspaces. AR0.125 and AR0 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 embodiment. 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
signal is used for artefact removal. The 15output is an output PPG signal PPG 125 806.        Figure
8(b) is a diagram showing an artefact signal AR0.35 being applied into an adaptive 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 PPGa.33 20812,        In the binary search approach, the output
PPG signals (with artefacts removed), PP00.125 and PPG0.35 are checked with measured
parameters such as, but not limited to, minimum standard deviation (STD), i.e. the averaged standard
deviation of maximum 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.  19       Figure 9(a) shows an artefact-removed PPG signal PPG0,35 in the example
embodiment. Figure 9(b) shows an artefact-removed PPG signal PPG0,125 in the example
embodiment. From Figure 9(b), a standard deviation 902 of the maximum peak 5points is obtained. A
standard deviation 904 of the minimum peak points is also obtained. 



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.
PPG0.125 806 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 PPG0,35 812) has no motion artefact, the correlation is high.        In the example
embodiment, one of the two parameters i.e. minimum standard deviation and cross-correlation of two
separated segments, can be used. If PPGo 125 has a lower STD as compared to PPG035 from Figure
9, then the Sgr"n subspace [from 0 to 200.24] is considered for the next step.       That is, referring to
graph 704 of Figure 7, the Swear, subspace [from 0 to 0.24] is further divided into two subspaces 706,
708. There are 25 AR signals remaining. A third analysis signal is selected from a first subspace 706
of the Sgregn subspace [e.g. from 0 25 to 0.12] with the third analysis signal approximately at the
centre of the first subspace 706. A fourth analysis signal is selected from a second subspace 708 of
the Sgreen subspace [e.g. from 0.13 to 0.24] with the fourth analysis signal approximately 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, a 30 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
706,708 of the Swear, subspace is considered for the next iterative step.  20        For the next iterative
step, at graph 710, the selected first/second subspace of the Sgr"n subspace is further divided into two
subspaces 712,714. There are about 13 AR signals remaining. A fifth analysis signal is selected from
the subspace 712 and a sixth analysis 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. Thereafter, a comparison process e.g. shown in Figures 9(a) and (b) or Figures 10(a)
and (b) are carried out. Thus, a subspace 712,714 is considered for the next iterative step at graph
712 with seventh and eighth analysis 10  signals. The iterations continue until a final two analysis
signals are left, for analysis to obtain 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 provided, and thus, providing 15an optimum AR signal.        In this way, the best artefact
removed PPG signal with respect to an optimum AR signal and ratioop, is selected for each pair of R
and IR PPG signals. With the vector subspace binary search approach, the number of analyzed AR
signals for one pair of R 20and IR PPG signals can be reduced approximately to 12 AR signals (i.e.
first analyzed AR signal, second analyzed AR signal, , twelfth analyzed AR signal) instead of analyzing
all 100 AR signals. For example, from about 50 AR signals, 2 AR signals are analysed. Thereafter,
from about 25 AR signals, another 2 AR signals are analysed. Thereafter, from about 13 AR signals,
another 2 AR signals are analysed. Thereafter, 25 from about 7 AR signals, another 2 AR signals are
analysed. 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 signals. 



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 (HR, 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 experimentally obtained. ' STD R1' R2 R3 R4 IR1 0.0049650.005491 0.004182 0.005014 



I IR2 I 0.005604 0.005078 0.005198 0.005427 1R3 0.006414 0.006335 I 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. 



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
measurement, the PPG signal can be maintained at its 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 10mechanical 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 20curve. 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
25proposed as an alternative to compute the area under the curve.       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. The PPG signal
curve 1402  30 is sampled to provide samples Xi 1404. Each PPG signal sample Xi 1404 is filtered
using a band pass filter 1406 to 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  23 similar as using the trapezoidal rule, but is
based on the assumption that when the trapezium becomes infinitesimally small, the trapezium
becomes a single straight line. With this method, computational steps can be avoided. In addition, the
method is relatively simple and can minimize errors in computation. 



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 applied 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, the optimum pressure can be determined by means of a calibration 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 20the optimum
pressure/force. In an alternative example embodiment, the above-mentioned calibration phase may be
automated using an automatic sizing component such that the interior size of the housing 102 is
automatically 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 optimum 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 solenoid are in turn connected to the housing. The housing is made inflatable such
that 30the air pump and solenoid can pump air into or remove air from the housing to respectively
tighten or loosen the housing.  24        In another example embodiment, a low power wireless
transceiver using wireless communication protocol can be implemented at the measurement device.
The wireless communication protocol can be, for example, Bluetooth technology or ZigBee. 5Figure
16(a) is a schematic diagram showing a measurement system in an example embodiment. The
system 1602 comprises a wearable sensor unit 1604 and a wearable mobile computation unit 1606.
The wearable sensor unit 164 comprises a four PD array measurement element 1608, a low power
microcontroller 1610 and a wireless transceiver 1612. The computation unit 1606 comprises a wireless
transceiver 1614, a  10 processor 1616 and a feedback display 1618. The transceivers 1612, 1614
communicate using a wireless communication protocol 1620. The measured R and IR PPG signals
from the measurement element 1608 can be sent to the remote wearable mobile computation unit for
further processing. In the example embodiment, the transceiver 1612 at the sensor unit 1604 transmits
data to the computation unit 1606. 15 



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 an optimum 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 collected is filtered in a range of about 0.5Hz to about 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 PPG signals is performed. For a current pair of R and IR PPG  30 signals, at
step 1712, a subspace angle measurement is performed. At step 1714, artefact reference (AR) signals
in 0-90 degrees range in the vector subspace Sk are chosen. At step 1716, the subspace Sk is
separated into two regions Si and S2. A signal AR, is selected from Si and a signal AR, is selected
from 32. At step 1718, an  25 adaptive filter is used to filter the current IR PPG signal with AR, to
obtain artefact removed PPG signal PPG,. At step 1720, an adaptive filter is used to filter the current
IR PPG signal with AR, to obtain artefact removed PPG signal PPG,. At step 1722, a minimum
standard deviation STD, (or averaged standard deviation of the maximum  5 peak points and of the
minimum peak points) of PPG, is obtained. A minimum standard deviation STD, (or averaged standard
deviation of the maximum peak points and of the minimum peak points) of PPG, is also obtained. At
step 1724, it is determined whether STD, is less than STD,. If STD, is lesser, at step 1726, Si is
chosen as SK. Otherwise, if STD, is greater than STD,, at step 1728, 52 is chosen as SK. At step
1730, it is  10 determined whether the chosen Sk can be further reduced. It is appreciated that if the
number of remaining AR signals is less than or equal to three, the subspace Sk cannot be reduced
further. If yes, the processing loops back to step 1716. If not, the best artefact removed PPG signal of
the current pair of R and IR signals is obtained. At step 1734, after computation of the 16 pairs of R
and IR signals to provide 16 candidate PPG  15 signals, a selection of the best artefact removed PPG
signal from the 16 pairs is performed. At step 1736, vital signs estimation can be performed from the
selected PPG signal of step 1734. The vital signs can include heart rate HR, heart rate variation HRV,
respiration rate, artery age, Sp02 etc. 20For example, HR is obtained by counting the number of PPG
peaks at each time segment. If a segment is 15 seconds long, HR is the number of detected peaks
multiplied by 4 and resulted in number of peaks 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)  SpO, - 25raboop,[g Hb(A1R)- libo(211?)] g fibo(A72b(212) wheres Emandstmo are extinction
coefficients of R and IR wavelengths and 2,, and 2, are the wavelengths of the infrared and red light
sources respectively. In an example, extinction coefficients are em,= 820(Mol.cm)-1,6 Hh(2, R) =
10001 .CM)-1 H bac', R) = 100(Mot.cmY1 



30, time, (4)= 260(Mol.cm1  26 and and 2" are about 900nm and about 640nm respectively. 5Referring
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 1814, 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, 1824, when the LED 1806 is located at the side of the finger 1804, the
PPG signals are observed to have less 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. 25In an effort to validate a motion artefact 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 1902 showing the PPG signal 1904 and the ECG
signal 30  1906 in the example embodiment. Peak to peak intervals (PtP) e.g. 1908 from the PPG
signal 1904 and R peak to 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 



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 of %error values for each pair of R and IR PPG
15signal.  Sum of % error R1  R3 R4 IR1 857.6251861.3242218.0814 



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 



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 obtained 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), 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, 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 respect to the location 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 25obtained 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)) 30is preferred as it provides
the best performance over cost.  29 artefact reference (AR) signals to approximately 192 signals, i.e.
16 pairs x 12 AR signals = 192 AR signals. Figure 26 is a schematic flowchart 2600 for illustrating a
method of 5  measuring an artefact removed photoplethysmographic (PPG) signal in an example
embodiment. At step 2602, a first set of PPG signals is obtained from a plurality of detectors at
respective measurement sites using a first illumination. At step 2604, a second set of PPG signals is
obtained from the plurality of detectors using a second illumination. At step 2606, at least two pairs of
PPG signals are obtained, each pair 10  comprising one PPG signal from the first set and one PPG
signal from the second set. At step 2608, for each pair, an artefact reference signal is computed to
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 two step approach
is taken for PPG signal motion artefact removal. It has been recognised that measured PPG signals
contain desired components and undesired components (e.g. noise, motion artefact etc.). The two
step approach comprises artefact minimization and artefact removal. In the above described example
embodiments, a multi-photo detector (or 20  multi-PD array) is used. An optimum force can be applied
during PPG signal measurement. It has been recognised that a PPG signal obtained with optimum
force/pressure can provide distinct features/characteristics at desired components and can minimise
undesired PPG signal components. In the above described example embodiments, any type
force/pressure mechanism can be used to apply the 25  force/pressure such as, but not limited to, air
pressure, mechanical ways of tightening at the measurement site etc. Further, to improve accuracy,
the illumination source e.g. an LED can be optimally positioned and signal processing can be carried
out using adaptive filters. 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 artefact. In addition, 



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 invention as shown in the specific embodiments without
departing from the spirit or scope of the invention as broadly described. The present embodiments are,
therefore, to be considered in all respects to be illustrative and not restrictive.  31 CLAIMS 1.A method
of measuring an artefact removed photoplethysmographic (PPG) signal, 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 illumination; obtaining at least two pairs of PPG signals, each pair comprising one PPG
10signal 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. 



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 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. 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         6. The method as claimed in claim 4 or 5, wherein the parameters comprise a
cross-correlation of two separated segments of each candidate PPG signal. 5        7. The method as
claimed in any one of claims 1 to 6, further comprising 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. 108.The method as claimed in claim 7, comprising computing an area under curve
measurement using waveforms of the PPG signals to determine whether the signal amplitudes are
maximum. 9.The method as claimed in claim 8, wherein the computing an area 



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
1 to 11, wherein the first illumination is red light and 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 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;  33       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 capable of, for each pair,
computing an artefact reference signal to obtain a candidate PPG signal; and 5the computation unit
being capable of choosing one of the candidate PPG signals as the artefact removed PPG signal.
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 10approach whereby, for the pairs of PPG
signals, artefact reference signals between 



Tr 0- - 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 computation 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 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
parameters 30comprise a cross-correlation of two separated segments of each candidate PPG signal.
34         19. The system as claimed in any one of claims 13 to 18, further comprising 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. 5         20. The system as
claimed in claim 19, wherein the computation unit is capable of computing an area under curve
measurement using waveforms of the PPG signals to determine whether the signal amplitudes are
maximum. 1021.The system as claimed 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. 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.            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 25and/or the second set of PPG signals.         25. The system as claimed in any one of claims
13 to 24, wherein the first illumination is red light and the second illumination is infrared red light.
3026.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 protocol,  35 27A 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. 




