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(57) ABSTRACT

A device for monitoring heart rate or blood oxygen level
during exercise is disclosed having sensors and emitters,
wherein the sensors are used to monitor transmission from
each of the emitters in turn. This provides a possibility that
a smaller device can be provided since less sensors and
emitters can be used while obtaining more number of
observations. In some embodiments, the repeated use of
sensors with different emitters introduces redundancy into
the device so that the device is more robust and may function
even in the event that one or two of the emitters and sensors
have broken down.
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1
DEVICE AND METHOD SUITABLE FOR
MONITORING ARTERIAL BLOOD IN A
BODY PART

FIELD OF THE INVENTION

The current invention relates to a device suitable for
monitoring arterial blood in a body part. In particular, the
current invention relates to a device suitable for monitoring
arterial blood in a body part for determining heart rate or
oxygen level during exercise.

BACKGROUND OF THE INVENTION

A type of heart rate monitors measures heartbeat based on
the absorption or transmission of infrared light projected
through a limb or digit of a person, or animal. The heart rate
monitor typically comprises an emitter and a sensor. The
emitter emits infrared light into the limb towards the sensor.
Skin, tissues, venous blood and arterial blood absorb and
reflect parts of this infrared light. However, the volume of
arterial blood periodically increases and decreases with
heartbeat. This causes the absorption and reflection of the
infrared light to fluctuate with the heartbeat, which is
detected by the sensors as periodic fluctuations of infrared
transmission. This can be distinguished from the relatively
constant effects of skin, tissue and venous blood on infrared
light transmission.

There are generally two methods of measuring infrared
light projected into a limb. In the first method, the emitter
and the sensor are placed on somewhat opposite sides of the
limb, while avoiding any bone within the limb, so that the
infrared is transmitted from the emitter to the sensor through
the limb. In the other method, the emitter and the sensor are
placed somewhat on the same side of the limb, so that a
portion of the infrared light from the emitter projected into
the limb is dispersed by the layers of tissues in the limb to
arrive at the sensor.

Unfortunately, the accuracy of such heart rate monitors is
affected by wearer’s movements which introduce noise into
the infrared transmission detected by the sensor. This is due
in part to relative dislocation of the emitter and the sensor as
the wearer moves, and in part to the flexing of the limb
during movements which increase or decrease the transmis-
sion path length between the emitter and the sensor. That is,
the skin and soft tissues of the limb is capable of wobbling
and affecting the length of the transmission path.

A heart rate monitor in the form of an arm band arranged
with three pairs of emitter and sensor has been proposed.
The pairs are positioned on the arm band in such a way that
noise caused by movements of the wearer of the arm band
and detected by the three sensors are observed in different
directions and angles, and are therefore mutually out-of-
phase. In this way, the three pairs of emitter and sensor
provide three sets of observations which can be used to
remove noise components without requiring any external
sensors to create a motion reference, as is required in many
other earlier heart rate monitors of similar technology.
However, this heart rate monitor requires three independent
observations which have to be obtained by the same number
of emitter and sensor pairs; a single pair of emitter and
sensor is not enough for provide a sufficient number of
independent observations. Unfortunately, the three emitter
and sensor pairs compromise the robustness of the heart rate
monitor, as the heart rate monitor will fail to work as soon
as any one of the three sensors or three emitters fails to work.
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Also, manufacture and repair of this heart rate monitor is
costly since so many emitters and sensors are required.

Accordingly, it is proposed to provide a heart rate monitor
which is at least as accurate in determining heart rate with
more robust resistance to malfunction, and preferably pro-
viding the possibility of using less hardware while achieving
the same or better performance.

SUMMARY OF THE INVENTION

In a first aspect, the invention proposes a device suitable
for monitoring arterial blood in a body part, the device being
suitable for wearing on the body part, and the device
comprising: a plurality of light emitters at least one sensor,
the plurality of light emitters arranged such that light from
the plurality of light emitters is capable of passing through
the body part to arrive at the least one sensor, wherein: the
plurality of light emitters emit light in consecutive order to
be detected by the at least one sensor.

The device can be used as a heart rate monitor. Alterna-
tively, the device can be used as part of an oximeter.

The invention provides an advantageous possibility that
only one sensor is required to obtain a plurality of signal
observations by detecting transmissions from different emit-
ters. This reduces the number of sensors required to obtain
an equal number of observations. This also reduces the
amount of hardware and allows the device to be made
smaller, lighter and cheaper.

In a certain embodiment, the at least one sensor is a
plurality of sensors. The plurality of sensors and the plurality
of emitters are capable of being defined as a plurality of
sensor and emitter pairs, wherein the emitter in a first pair of
sensor and emitter is capable of emitting to the sensors of at
least two other pairs, and the sensor in the first pair is
capable of detecting light from the emitter in each of the at
least two other pairs.

Optionally, two sensors are used to obtain at least four
observations of light transmissions or, as the case may be,
just three observations may be selected for use out of the
four observations. This allows that the number of sensors
used is less than the equivalent number of observations
obtainable, effectively reducing the amount of hardware
required for obtaining that number of observations. As the
skilled man knows, having a plurality of observations is
useful for minimising noise to signal ratio.

More preferably, three sensors are used to obtain at least
three observations of light transmissions. Typically, three
sensors can be used with two emitter to provide six obser-
vations. Therefore, in the event that anyone of the three
sensors fails to work, there will still be at least two sensors
working with the two emitters to provide four observations.
The four observations may all be used to monitor heart rate
but it is possible, as a matter of choice, that only three out
of the four observations may be used. In other words, if not
more than three or four observations are required to produce
a stable monitoring of heart rate, the use of three sensors
with two emitters provides redundancy of three or two
observations respectively without requiring additional hard-
ware. This provides back up or redundant observations in the
event one of the sensors fails to work. In another situation,
one emitter may fail to work but the device may still monitor
heart rate based on three data observations obtained from the
remaining three sensors and one emitter.

Monitoring heart rate based on four observations of data
is already superior to most prior art devices, which typically
use three observations only. Furthermore, the prior art
provides that each sensor is dedicated to only one emitter
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and three sensor and emitter pairs are used to provide only
three observations; the number of observations is the same
as the number of sensors. In other words, there is no
redundancy of observations in such prior art.

In one embodiment, the device is a circular support
capable of being attached to the body part, the at least one
sensor is a plurality of sensors, the plurality of sensors being
evenly distributed about the circular support. This avoids
exposing all the plurality of sensors to ambient light from
any one direction at the same time; the distribution about a
circular support prevents strong ambient light coming from
one direction and striking on a sensor from striking the other
sensors t00. Coupled with the advantage of redundant obser-
vations, particularly where the device comprises at least
three sensors coupled with at least two emitters taking turns
to emit light, this provides the possibility that the device is
able to monitor heart rate with sufficient number of data
observations even when the ambient light has crippled one
of the sensors. The capacity to avoid breakdown when one
of the sensors fail to work provides a possible advantage of
lowering hardware cost by reducing the light detection range
required for each sensor. Preferably, the circular support is
in the form of a ring wearable on finger.

In a more specific preferred embodiment, the device
comprise three of the at least one sensor are arranged to
detect light transmission from three light emitters, each of
the three sensors is arranged to detect light transmission
from at least two of the light emitters so as to detect at least
six observations of light transmissions by the three sensors,
the device comprises a support capable of being attached to
the body part, the support having a curved surface, the
plurality of sensors is distributed along the curvature of the
curved surface of the support so as to reduce the likelihood
of uniform exposure of the plurality of sensors to ambient
light from any one direction at the same time, the device is
configured to monitor arterial blood in a body part using
only four observations such that two of the at least six
observations are redundant observations, and the device is
configured to disregard the two observations of any of the
sensors which the device detects as failing to work properly
due to saturation by ambient light while regarding the four
observations of the remaining working sensors to monitor
arterial blood.

Preferably, the plurality of sensors is arranged in mutually
different positions. Optionally, different positions refers to
different mutual distances from the at least one light emitter.
Alternatively, different positions refers to different direc-
tions to the at least one light emitter. Having different
directions or distances promotes diversity in noise data,
increasing the likelihood that noise sensed by each sensor is
different from or is out of phase with those detected by the
other sensors. This allows noise to be eliminated more
easily. In contrast, heartbeat signals detectable by all the
sensors are synchronous and in-phase, and may be extracted
from the noise.

In a second aspect, the invention proposes a method of
obtaining observations of light transmission to monitor
arterial blood in a body part, comprising the steps of:
providing at least one sensor at a side of the body part;
providing a first emitter and second emitter at different sides
of the body part such that light emitted from the first emitter
and second emitter transmits through the body part to arrive
at the at least one sensor; causing the first emitter and second
emitter to emit light one after the other, and the at least one
sensor to detect light from the first emitter and second
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emitter in accordance to the order in which the first emitter
and second emitter emit light to obtain a first observation
and a second observation.

Preferably the method comprises the farther steps of:
providing a further sensor at a further side of the body part;
and causing the further sensor to detect light from either the
first emitter or the second emitter to obtain a third observa-
tion. Preferably, the method also comprises the further step
of: causing the further sensor to detect light from either the
first emitter or the second emitter to obtain a fourth obser-
vation.

Preferably, the method comprises the further steps of:
determining any one of the sensors or emitters as failing to
work properly; disregarding the observations made with the
one of the sensors or emitters failing to work properly and
regarding the readings of the remaining working sensors to
monitor arterial blood. Typically, the sensor fails to work
properly due to saturation by over exposure to ambient light.

The ability to disregard any of the sensor or emitter which
fails to work properly provides the device with adaptability
to different ambient conditions.

BRIEF DESCRIPTION OF THE DRAWINGS

It will be convenient to further describe the present
invention with respect to the accompanying drawings that
illustrate possible arrangements of the invention, in which
like integers refer to like parts. Other embodiments of the
invention are possible, and consequently the particularity of
the accompanying drawings is not to be understood as
superseding the generality of the preceding description of
the invention.

FIG. 1 is an illustration of a first embodiment of the
invention;

FIG. 2 is a schematic diagram of the internal arrangement
of the embodiment of FIG. 1;

FIG. 3 is a schematic diagram of the internal arrangement
of the embodiment of FIG. 1;

FIG. 4 is a chart showing noise signals which can be
treated by the embodiment of FIG. 1;

FIG. 5 is a diagram explaining the effects of noise
components which can be treated by the embodiment of
FIG. 1;

FIG. 6 is a chart showing heart rate and noise motions
which can be treated by the embodiment of FIG. 1;

FIG. 7 further explains the noise component discussed for
FIG. 5;

FIG. 8 shows a second embodiment to the invention;
FIG. 9 further shows the second embodiment of FIG. 8;
FIG. 10 further shows the second embodiment of FIG. 8;
FIG. 11 further shows the second embodiment of FIG. 8;
FIG. 12 explains the workings of the embodiment of FIG.
8;
FIG. 13 explains an advantage in the embodiment of FIG.
8;

FIG. 14 shows yet a further embodiment of the invention;

FIG. 15 shows yet a further embodiment of the invention;

FIG. 16 further shows the second embodiment of FIG. 15;

FIG. 17 shows yet a further embodiment of the invention;

FIG. 18 shows yet a further embodiment of the invention;

FIG. 19 shows yet a further embodiment of the invention;
and

FIG. 20 shows yet a further embodiment of the invention.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

FIG. 1 shows a first embodiment 100, comprising a ring
102 which is a heart rate monitor. The ring can be worn on
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the finger of a person whose heart rate is to be monitored
during exercise. The finger is not illustrated in the drawing.

The ring 102 is installed with two emitter-and-sensor 106
pairs. Therefore, there are two emitters 104 and two sensors
106 in total. A suitable housing 108 is attached to the ring
102 for containing a microprocessor and memory required
for operating the emitters 104 and sensors 106, and for
manipulating infrared signal data as detected by the sensors
106.

Typically, the emitters 104 are Light Emitting Diodes or
LEDs which emit light that is absorbable by blood, such as
infrared. In other embodiments however, any other suitable
frequency can be used including visible red, green or blue
light, or any combination thereof.

The two emitters 104 are provided in the ring 102 such
that they are at opposite sides of the wearer’s finger when the
ring 102 is worn. The two sensors 106 are also provided such
that they are at opposite sides of the finger when the ring is
worn but also to be at about 90 degrees to an imaginary line
drawn through the emitters 104. The positions of both
sensors 106 allows each sensor 106 to be capable of detect-
ing light projected into the finger by both emitters 104.

FIG. 2 is a schematic diagram of the arrangement of the
two emitters 104 and two sensors 106 in the ring 102. Due
to the small radius of the ring 102, light emitted by the
emitters 104 need not be projected directly at the sensors
106. Instead, the sensors 106 merely needs to detect infrared
light scattered through or reflected by tissues and blood in
the finger. Other ways of arranging the emitters 104 and the
sensors 106 are possible as long as each emitter 104 is
placed a distance away from both of the sensors 106, such
that a sufficiently long transmission path through the finger
is provided for absorption of infrared light by arterial blood.

The microprocessor operates the emitters 104 such that
they emit infrared light one after the other. Thus, both
sensors 106 first detect infrared light scattered through the
finger from one emitter 104, and then detect infrared light
scattered through the finger from the other emitter 104.

As illustrated in F1G. 2 and F1G. 3, transmission paths P11
and P12 are observed by sensors S1 and S2 respectively
when emitter L1 emits infrared light into the finger. The
infrared signals observed by both sensors S1 and S2 are then
recorded for processing by the microprocessor. Subse-
quently, the microprocessor instructs emitter L1 to stop
emitting infrared light and instructs emitter L2 to start
emitting infrared light. Both sensors S1 and S2 then detect
the infrared signals via transmission paths P21 and P22,
respectively.

Accordingly, four transmission paths through the finger
P11, P12, P21, P22 are monitored in this embodiment. Four
sets of data are observed using only two sensors 106 and two
emitters 104. In contrast, the prior art requires three emitters
and three sensors to obtain just three observations. Advan-
tageously, the present embodiment requires less hardware
while making a greater number of observations than devices
of the prior art.

Typically, the sensors can detect fluctuating infrared trans-
missions through the finger which are attributed to heartbeat.
Skin, tissue, venous blood, and the arterial blood are all
capable of absorbing infrared light. However, the volume of
arteries periodically increases and decreases with the pump-
ing of the heart, giving rise to these fluctuating transmis-
sions.

FIG. 4 explains how these fluctuating transmissions come
about. The vertical axis of the chart in FIG. 4 shows
absorption of the infrared light. Together, the troughs form
the base 302 of the waveform which is indicative of the
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amount of light absorbed by skin, tissues, venous blood,
which are relatively constant, and when artery blood volume
is smallest. The magnitude 300 between the troughs to the
peaks is attributed to an increase of infrared absorption when
the artery volume increases and is filled with blood.

However, the infrared transmission signals detected by
the sensor are subjected to noise when the wearer exercises.
For example, the wearer’s movements can cause continual
small physical displacements of emitter and sensor posi-
tions. Furthermore, the cross-sectional area of the finger, on
which the ring is worn varies easily when the finger is flexed
during exercise. All these movements vary the distance of
the transmission paths through the finger, which introduce
variations into the transmission signals as unwanted noise.

In practice, only transmission path changes in the plane
defined by the sensors 106 contribute noise. FIG. § illus-
trates the plane as an x-y plane. Muscle or tissue volume
changes in the g-axis perpendicular to the x-y plane are
relevant only if they cause the finger to expand or contract
in the x-y plane, or if any vertical movements cause the ring
102 to slip along the finger which effectively moves the x-y
plane along the finger length.

FIG. 6 is a chart showing how the heart rate of a wearer
is detected as a periodic signal and how the periodic heart
rate signal can be overwhelmed by noise due to movements
of the wearer. In about the first 10 seconds of the chart the
wearer stays stationary, and the signals representing heart
rate are low in peak-to-peak amplitude because volumetric
changes in the arteries tend to be relatively small. All
periodic fluctuations in the infrared transmission signal can
be attributed to arterial pulsation, and one set of observation
obtained using one emitter and one sensor may even be
enough to monitor the heart rate. The DC component in
these 10 seconds is largely contributed by tissues, venous
blood and other stable components in the wearer’s finger,
while the AC component is contributed by heartbeat.

At 15 seconds in the chart, however, when the wearer
starts to run, jump and or move his finger, the movements
easily overshadow the heart rate signals with noise. That is,
the AC component now include noise and fluctuates much
higher and lower about the DC level and overshadows the
AC component contributed by the heartbeat.

The amount of light emitted by one of the emitters 104
and detected at any one of the sensors 106 can be approxi-
mately modelled as follows:

mO=LIo@) (1+yhb () (1+N O +NAD+2(7)

where:
m(t) is the signal received at any one of the IR sensors
106
L is constant gain of the IR sensor
Ly(t) is the transmitted signal to the IR emitter
hb(t) is the heart rate signal
v is coupling coeflicients of the heart rate signal hb(t)
N,(t) is slow varying noise in the detected signals
N/1) is are typical additive thermal noise in the detected
signals, and
(1) is noise signals due to movement caused by flexing
of the body part.
If Ny(0=0, N0)=0, z(t)=0, the infrared signals are pro-
portional to periodic pumping of arterial blood by the heart,
ie.

m(H)=L1g(t) (1+yhE(0)

If there is no noise in the infrared signals, the peaks in the
waveform can be directly counted to obtain the heart rate of
the wearer. However, if there is a lot of noise from wearer
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movement and z(t) becomes significant, then the infrared
signals have to be mathematically treated to extract the heart
rate signal from the noisy signal.

FIG. 7 illustrates how movement signals z(t) in the; x-y
plane defined by the location of the sensors 106 can be
re-written as:

z(t)=e[h(H)cos(0)+v(7)sin(0)]

where

h(t) is the movement signal caused by flexing the finger
in the wearer’s horizontal direction;

v(t) is movement signal caused by flexing the finger in
the wearer’s relative vertical direction;

the direction of sensor k is 6 from the horizontal
direction; and

¢ is the coupling coeflicient for the movement signal to
the sensor.

Movements affecting the infrared signals are mathemati-
cally determined for their effects within the x-y plane only.
The x-y plane is defined by the sensors 106 and need not
necessarily be ‘horizontal® or parallel to the ground.

In this embodiment, the four observations obtained from
the two sensors 106 can be modelled as follows:

1ty (=L oy (V7A@ (LN 1 (D+N7 (D42, (8) (1

mo(O)=Lolop () 1+ b)) (1+N oo (D) +Np (D)+25(2))
m3(0=Laloz((1+73hb(1))(1+N (D) +Na (D+23(2)

maO=LaloaO) A+ D@ IHN 4 (O +Na (4 24(0))
Where:
m(t), my(t), ms(t), my(t) are the signal received at the 4
sensors 106 respectively
L,, L,, Ls, L, are constant gain of each IR sensors 106
151 (D), Ins(D), Ih5(t), Io4(t) are the transmitted signal to the
IR LED emitters 104 respectively
hb(t) is the heart rate signal
Y15 Yas V35 V4 are coupling coefficients of the heart rate
signal hb(t)
N_, (1), N_,(t), N_5(t), N_,(t) are slow varying noise in the
detected signals
Na(t), Nu(t), Ny(t), No(D) are typical additive thermal
noise in the detected signals, and
7, (1), 75(1), Z5(t), z4(1) are noise signals due to movement.
The movement noise signals z, (1), Z,(t), Z;(t), z,(t) can be
re-written as:

z(B=e(h(Dcos(0, +v(E)sin(74,))

where

h(t) is the movement signal in the horizontal;

v(t) is movement signal in the relative vertical direc-
tion;

the direction of sensor 106k is 6, from the horizontal
direction; and

g, are coupling coeflicients for the movement signal to
the sensors 106.

Assuming that both vy, &, are much smaller than 1, the
infrared signals at each sensor can be represented as being
composed of both DC and AC components, (m,,,(t), m .,
(0):

When the wearer first puts on the ring 102, he is requested
by the microprocessor via a display (not shown) in the
housing 108 to stay stationary without moving. At this stage,
the infrared signals detected by the sensors 106 can be
attributed to heart rate only. The raw data from each of the
sensors 106 is firstly treated with a simple Finite Input
Response (FIR) low pass filter to remove all high frequency
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signals. Subsequently, the slow drifting DC offset is
removed using a filter or a moving window to extract the DC
offset and subtract it from the signals. At this stage, if the
microprocessor detects that the infrared signals read by the
different sensors 106 differ greatly in amplitude, the gain of
each of the four sensors 106 is adjusted until the difference
in the amplitudes of the transmission signals fall within a
pre-determined deviation. By this, the gain of each of the
sensors are normalised, and equations (1) to (4) can then be
approximated as:

Mo (OFDO+N (+N 7 (142, () (1b)

(=D +N O)+N o (1)+2,'(2) (2b)
M3 (FRDO+N 3 (O+N 3 (11425 '(7) (3b)
oD +N ' (O+N (042, (1) (4b)

where N'(1), N'5(1), z/(t) are scaled versions of the

original noise signals.

After normalisation, the ring, 102 can now be used to
monitor heart rate. When there is no movement or a very
small amount of movements, the deviation of the amplitudes
of signals detected by the sensors remains at the normalised
level. The maximum signal to noise ratio (SNR) of the heart
rate signal can be obtained by adding up the normalised AC
component input signal, i.e.

YOO 2 O+ 31 00 (0)

Effectively, the noise will be reduced as the signal is
accentuated by the summation of the independent observa-
tions of each sensor.

However, when the wearer exercises, noise signals z,'(t),
z,'(t), z;'(t), z,'(t) dominate the signals detected by the
sensors 106. The noise can then be treated by finding the
column vector W=[w,w,w,w,]” where

}”/ﬁ?vr M;
and
Mgcl [O]macl [1] ------ Mgcl [K - 1]
M= Maeo [O]mac?. [1] ------ macZ[K - l]
T a0l l] ... Maea[K — 1]
Maea0lmaet[1] ... ... Maet[K = 1]
and
J=DIOW(L]. . . yIK-1]]

and ¥ is a linear, combination of input signal which maxi-
mizes:

o TasT
W' sy W
T "
wH B
mm

where

R . is the cross correlation matrix of the 4 signals from
movement.

§=[s,5,5,5,]” is the corresponding gain of the heart rate
signal, in this case when all the 4 input channels are
normalized

s=[1 11 1] and B, -MM"-0%s7, where o® is the

variance of the heart rate signal.

As R, is positively defined, it can be written that

R o~ RV2R V2
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and it can be written that

a=Rww

and
w=R7w0

Accordingly, the problem to be solved becomes:

The expression is maximum when:
=R

SRR e)-R s

where R =MM7-o%8s7

To remove movement noise, the four sets of observations
obtained from the two sensors 106 are used. If the four
signals detected in the four transmission paths are synchro-
nous and in-phase, and if the amplitudes of all the foursig-
nals differ only within a signal standard deviation of o, it
may be taken that heartbeat signals dominate the infrared
signals with little noise. The signals can simply be added up
and the peaks in the signal waveform counted to determine
heart rate.

On the other hand, if noise dominates the infrared signals,
the infrared signals will not be in phase and the amplitudes
of all the four signals will differ beyond the standard
deviation o. In this case, to extract the heart rate signal, the
correlation index across the four signals is calculated. That
is, the covariance matrix of the signals calculated:

R, M-,

As mentioned earlier 0°$3” was obtained by calculating
the standard deviation of the four input signals when there
was no wearer movement. The four input signals are then
normalised to standard deviations of o, and 6°8” becomes

2=

e
e
e
e

The vector can be calculated, where
w=R 13

where

w is a 4x1 column vector y=#"M

y[n] is a linear combination of the 4 input signals

At 5=[1 1 1 1]7 all four channels would be normalized.

The above mathematical treatment normalises the signals
received by the sensor such that the combined signals have
the lowest total energy. Having the lowest total energy
implies that the total amount of noise has been adjusted to
be at the lowest and least influential.

Furthermore, the independent observations of transmis-
sion signals due to heartbeat will be in phase with each other,
differing only by a scaling factor. Therefore, if the infrared
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signals are summed up with some specific weight, the noise
signals can be minimized and hence increasing the signal to
noise ratio.

Typically, the wearer’s movements can be quite periodic
when he is performing a repetitive exercise such as running.
Nevertheless, these periodic exetcise movements do not
impart an identical and periodic rioise to the sensor readings.
This is because the several transmission paths through the
finger between each pair of emitter and sensor are different,
and it may be expected that unique noise is imposed on each
sensor by the different local layers of wobbly tissue and
other bodily components, even if the wearer’s movements is
periodic and applied to the device 100 as a whole. Accord-
ingly, summation of the infrared signals detected by the
different sensors will not add up to accentuate any identical
periodic noise signals.

To further improve signal to noise ratio, it is desirable to
have more independent observations to increase observation
diversity. FIG. 8 shows a second embodiment to this effect.
FIG. 9 to FIG. 11 are schematics diagrams of the second
embodiment of FIG. 8. The second embodiment comprises
a ring 102 installed with three emitter-and-sensor pairs,
instead of two. Each emitter 104 is placed immediately next
to one of the sensors 106 and away from the other two
sensors 106. In this way, each emitter 104 is able to project
light to the two sensors 106 across the ring 102 and through
the finger. Likewise, the sensor 106 immediately next to an
emitter 104 is able to receive light from the two emitters 104
across the ring 102.

In operation, the emitters L1, 1.2, L3 are switched on in
consecutive order, one after another. When emitter L1 is ON,
both sensors S1 and S2 detect light from emitter L1 in
respective transmission paths P11 and P12. When L2 is ON,
sensors S2 and S3 detect light from emitter L2 in respective
transmission paths P22 and P23. When L3 is ON, sensors S1
and S3 detect light from emitter L.2 in respective transmis-
sion paths P31 and P33.

As with the first embodiment, in order to remove noise
from wearer movements, the amplitudes of the six observa-
tions are normalized by calculating their variance or stan-
dard deviation. The detected signals are modelled as fol-
lows:

My @=L o1 O+ 20O 14N (D+Na (D42,(1)) (1a)

1) =Lolop ()11 O)I+N SO+ Np () +25(7) (22)
3 (O=Lalo3 (V1Y) LN (+N3 (0+23(0) (3a)
()L aloa )11 b (D) 1+ Na(D1+Na () +24(2) (42)

ms@=LslosO)(1+yskb(D) (14N s(D+Ns(D+25(1)) (5a)

me()=Lelos () 1+YshD ) (14N 6(D)+Ng 0 +26(1) (62)

Where;
m(t), my(t), my(t), my(t), ms(t), my(t) are the signal
received at the 6 sensors 106 respectively
To1 (0 Ta(t), Tns (D), Toa(t), Ins (), Ips(t) are the transmit-
ted signal to the IR LED emitters 104 respectively
Ly, Ly, Ls, Ly, Ls, Lg are constant gain of each IR
sensors 106
hb(t) is the heart rate signal
Vs Y25 V3» Vas Vs Yo are coupling coefficients of the heart
rate signal hb(t)
Nsl(t)> st(t)> NsS(O? Ns4(t)> NsSO)? Ns6(t) are SlO\V
varying noise in the detected signals
Nj (1), Np(t), Ng(t), Na(), Njs(t), Ny(1) are typical
additive thermal noise in the detected signals, and
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7, (1), 7,(1), Z5(1), 74(0), z5(1), z5(1) are noise signals due
to movement,

The subsequent mafeematical treatment for six sensors
106 is the same as that described for the first embodiment.

FIG. 12 shows why although transmission paths P12 and
P33 are practically the same physical path but the noise
imposed onto the signals transmitted in paths P12 and P33
are not identical. This is because P12 and P33 are transmis-
sions in opposite directions although the transmission trans-
mits in virtually the same 802 between the two sesor S2 and
sensor S3. The random folds of skin on the finger and the
different tissues under the skin provide an asymmetrical
transmission path between sensor S2 and sensor S3. There-
fore, the angle of infrared light incident on the skin from
emitter L1 towards S2 is likely to be different from the ahgle
of infrared light incident on the skin from emitter L.3 towards
S3. Similarly, the extent of reflection and penetration of the
incident infrared light into the skin surface is different in the
two different directions, as indicated by the arrows in FIG.
12. Thus, noise signals imposed on the sensors S2 and S3
due to movement and flexing of the finger are not identical
in the different transmission directions. This explains why
using the same physical transmission path for two sensors in
different directions does not amount to replicating a same
signal. This also explains why the wearer’s periodic exercise
movements do not impose periodic ahd identical noise
signals on all the sensors even if wearer movements are
periodic, as the different transmission directions ensures that
the noise is unique in each sensor.

In both embodiments, the use of one sensor 106 with two
different emitters 104 increases the number of independent
observations made with each sensor. In the first embodi-
ment, only two emitters 104 and two sensors 106 are
required for obtaining four observations. In the second
embpdiment, three sensors 106 and three emitters 104
provide six observations. This is advantageous over the prior
art as less sensors or emitters is required for obtaining a
greater number of observations.

More advantageously, in the second embodiment, any one
of the emitters 104 or the sensors 106 may break down and
four observations are nevertheless obtainable. For example,
temporarily failure situations may happen when ambient
light shines directly into one of the sensors, saturating the
sensor 106. FIG. 13 shows the ring of the second embodi-
ment havihg three sensor and emitter pairs. Strong ambient
light represented by the block arrow shines onto sensor S1
but is blocked by the wearer’s finger over which the ring is
worn from shining onto 32 and S3. When the sensor S1 is
so exposed to ambient light, sensor S1 becomes saturated
and unusable for detecting infrared transmission signals.
However, as sensors S3 and S2 are blocked from the ambient
light, sensors S3 and S2 remain functional.

Thus, sensor S3 remains capable of reading infrared
transmission signals from .2 and L3, and sensor S2 remains
capable of reading infrared transmission signals from L1 and
L2. The microprocessor can detect that sensor S1 is satu-
rated and disregard the sensor S1, and use the remaining four
obsbrvatioris provided by sensors S2 and S3 to determine
the heart rate. As described L1 and [.2 takes turns to emit to
the sensors S2 and S3 to provide the four observations. In
contrast, an ambient light saturation of a sensor in a prior art
device which uses three sensors to detect light from three
respective, separate emitters will compromise the accuracy
of the device because one observation becomes unusable.

As a matter of choice, in the first embodiment, only three
observations may be used to monitor heart rate from the two
emitters 104 and two sensors 106, even though four obser-
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vations are obtainable. Similarly, in the second embodiment,
only three observations may be used even though the three
sensors 106 and three emitters 104 provide the possibility of
six observations, particularly where any two of such three
observations is obtained using the same sensor 106.

Accordingly, the embodiments described includes a
device suitable for monitoring arterial blood in a body part
100 comprising: a plurality of light emitters 104 at least one
sensor 106, the plurality of light emitters 104 arranged such
that light from the plurality of light emitters 104 is capable
of passing through a body part to arrive at the least one
sensor 106, wherein: the plurality of light emitters 104 emits
light in consecutive order to be detected by the at least one
sensor 106. The device for monitoring arterial blood 100 has
been described as a heart rate monitor.

Furthermore, the embodiments described includes a
device suitable for monitoring arterial blood in a body part
100 comprising at least one light emitter 104, aplurality of
sensors 106, the at least one light emitter 104 arranged such
that light from the at least one light emitter 104 is capable
of passing through the body part to arrive at the plurality of
sensors 106.

Furthermore, the embodiments described includes a
method of obtaining observations of light transmission to
monitor heart rate comprising the steps of: providing at least
two sensors 106 for detecting light, placing the two sensors
106 at different sides of a body part, providing a first light
emitter 104 at another side of the body part, such that light
emitted from emitter 104 transmits through the body part to
arrive at the at least two sensors 106, the transmission path
to one of the sensors 106 providing a first observation, and
the transmission path to the other of the sensors 106 pro-
viding a second observation.

Furthermore, the embodiments described includes a
method of obtaining observations of light transmission to
monitor heart rate comprising the steps of: providing at least
two light emitters 104, providing a sensor 106 for detecting
light, placing the at least two emitters 104 at different
positions on a side of the body part, providing the sensor 104
on another side of the body part, such that light emitted from
the emitters 104 is capable of transmitting through the body
part to arrive at the sensor 106, and operating the emitters
104 one after another to obtain different observations at the
sensor 106.

While there has been described in the foregoing descrip-
tion preferred embodiments of the present invention, it will
be understood by those skilled in the technology concerned
that many variations or modifications in details of design,
construction or operation may be made without departing
from the scope of the present invention as claimed.

For example, although the sensors 106 have been
described to detect light from the emitters 104 transmitted
through the body part, it is possible that the sensors 106 can
be arranged in other embodiment to detect light from the
emitters 104 by reflection of dispersion from the body part.
In this case, the sensors 106 would be placed next to but a
distance away from the emitters 104.

FIG. 14 shows a further embodiment which is much
simpler, comprising only one emitter 104 and two sensors
106 placed across the emitter. Only two observations can be
made from the two sensors. This embodiment can be used in
situations where noise from movements is very unlikely,
such for monitoring the heart rate of an infant, but use of
only two sensors and one emitter instead of two sensors and
two emitters allow a much lighter, smaller, and cheaper
device 100.



US 10,314,499 B2

13

FIG. 15 and FIG. 16 illustrate yet another embodiment
showing how the emitters 104 can be placed adjacent each
other on one side of the ring 102 and the sensors 106 placed
adjacent each other but on the other side of the ring 102,
instead of the configuration in the first embodiment. FI1G. 15
shows emitter 1.2 lighting up first to transmit towards sensor
S1 and sensor 2, and FIG. 16 shows emitter L1 lighting up
subsequently to transmit towards sensor S1 and sensor S2.

In other embodiments, as shown in FIG. 17, a single
emitter 104 is used to project infrared light to be detected by
three or more sensors 106. This allows three observations to
be made with only one emitter 104 and three sensors 106,
instead of three emitter and three sensors as in the prior art.

FIG. 18 shows how three sensors 106 are used to provide
six observations with only two emitters 104. When the
emitters 104 emit in consecutive order, the sensors 106 are
able to detect six observations. This also provides the
advantage that if one of the sensors 106 fail to work, the
device 100 as a whole is still functional with two sensors 106
and two emitters 104 providing four observations, which is
superior to the use of three observations typical in prior art.
In the prior art, each sensor is dedicated to only one emitter
and there is therefore no redundancy of observations; the
number of observations is the same as the number of sensors
106. Alternatively, in a variation of this embodiment, three
emitters 104 and two sensors 106 may be used. In general,
use of less emitters 104 with more sensors 106 leads to faster
operation than more emitters 104 with less sensors 106, as
there is less need of time to wait for each emitter 104 to take
its turn.

Although the device 100 has been described as a ring 102,
the device may be provided in other forms such as an ear
plug 102a, as shown in FIG. 19. The earplug typically has
emitters 104 arranged on the surface of the ear plug to emit
light into the ear of the wearer. The tissues surrounding the
ear plug reflects the light back to the ear plug. The ear plug
also has sensors 106 arranged on the ear plug surface to
detect the reflected light. A drawing of an ear plug is shown
in FIG. 19 without illustrating the positions of the emitters
and sensors. By the term ear plug, the skilled reader should
note thatit includes any sufficiently stable attachment to the
ear that monitors arterial blood, including ear plug which are
insertable into the ear hole, or any attachment which can sit
just outside the ear hole in the outer ear such as ear phones
or any device that can clip to the ear in any way to read light
transmission or dispersion in any part of the ear.

Alternatively, the device 100 can be in the form of an arm
band 1025 instead of a ring 102, as shown in FIG. 20, in
which emitters and sensors are installed for projecting and
detecting infrared or other light into the arm of the wear for
monitoring heartbeat.

Although infrared light has been described in the embodi-
ments, other wavelengths are possible, as it has been found
that blood is capable of absorbing other wavelengths includ-
ing red, green and blue light.

The embodiments can be implemented in oximeters for
detecting oxygen level in blood, which operates by contrast-
ing the ratio of transmission of visible red light to transmis-
sion of infrared light. The ratio of the amount of absorbed
red light to the amount of absorbed infrared light indicates
the amount of oxygen in the blood. Therefore, in embodi-
ments having oximeters functions, there may be an emitter
emitting red light to the sensor, and an emitter emitting
infrared light to the same sensor which is capable of detect-
ing in both ranges of wavelengths. In this case, the red light
emitter and the infrared light emitter take turns to emit light.
Alternatively, the emitter is capable of emitting red light and
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infrared light at the same time, but a separate red light sensor
and a separate infrared light sensor detects the different
wavelengths selectively and at the same time. Alternatively,
the oximeters comprises a set of emitters and sensors as
described for emitting and sensing only in red light, and
comprises a separate set of emitters and sensors as described
for emitting and sensing only in infrared only.

Although a digital signal processing method has been
described for treating the infrared signals mathematically,
other processing methods or other mathematical treatment is
possible. Also an analogue treatment for removing the noise
instead of the digital ways described is also possible.

Tt should be-noted that the meabubg of a “pair’ of emitter
and sensor is merely functionally defined, and each pair of
emitter and sensor may be placed immediately next to each
other, such as emitter L1 and sensor S3, or emitter I.3 and
sensor S2 or emitter [.2 and sensor S1 of FI1G. 10. Alterna-
tively, in other configurations, any pair of emitter and sensor
may be placed apart from each other such as the configu-
ration in the embodiment of FIGS. 1, 2 and 3.

The invention claimed is:

1. A device suitable for monitoring arterial blood in a
body part of a person during exercise, the device suitable for
wearing on the body part, the device comprising:

at least two light emitters;

at least two sensors;

a support configured for attachment to the body part and
retaining the at least two light emitters and the at least
two sensors;

the at least two emitters configured to emit light of a same
frequency and in consecutive order;

wherein the emitter and detector are arranged with respect
to the support such that when operated light from each
of the at least two emitters arrives at each of the at least
two sensors in a direction different from that of light
from the other of the at least two light emitters to the
same sensor, and also in a direction different from that
of light from the same emitter to the other one of the at
least two sensors so as to detect at least three obser-
vations of light emissions in different directions by the
at least two sensors.

2. The device suitable for monitoring arterial blood in a
body part, as claimed in claim 1, wherein the device com-
prises a further sensor to provide at least three sensors each
configured to detect light emitted from more than one of the
at least two light emitters; and

the at least two light emitters emit light in consecutive
order, such that the at least three sensors detect at least
three observations of light emissions.

3. The device suitable for monitoring arterial blood in a

body part, as claimed in claim 2, wherein:

each of the at least three sensors is configured to detect
light transmission from at least two of the light emitters
so as to detect at least six observations of light emis-
sions;

the device includes a microprocessor configured to moni-
tor arterial blood in the body part using only four
observations such that two of the at least six observa-
tions are redundant observations; and

the microprocessor is configured to disregard two obser-
vations of any of the sensors that the device detects as
failing to work properly while regarding four remaining
observations of corresponding remaining working sen-
sors to monitor arterial blood.

4. The device suitable for monitoring arterial blood in a

body part, as claimed in claim 3,
the support having a curved surface; wherein
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the at least three sensors are distributed along the curva-
ture of the curved surface of the support so as to reduce
likelihood of uniform exposure of the at least three
sensors to ambient light from any one direction at a
same time.

5. The device suitable for monitoring arterial blood in a

body part, as claimed in claim 1, wherein:

the device includes a microprocessor configured to dis-

regard readings of any one sensor of the two sensors

5

that fails to work properly and configured to regard 10

readings of a remaining sensor as working properly.
6. The device suitable for monitoring arterial blood in a
body part, as claimed in claim 1,
the support having a curved surface; wherein
the at least two sensors are distributed along a curvature
of the curved surface of the support so as to reduce
likelihood of uniform exposure of the at least two
sensors to ambient light from any one direction at a
same time.
7. The device suitable for monitoring arterial blood in a
body part, as claimed in claim 6, wherein:
the support is a ring having the curved surface configured
for attachment to the body part.
8. The device suitable for monitoring arterial blood in a
body part, as claimed in claim 6, wherein:
the support is an arm band.
9. The device suitable for monitoring arterial blood in a
body part, as claimed in claim 6, wherein:
the support is an ear plug.
10. The device suitable for monitoring arterial blood in a
body part, as claimed in claim 1,
the device including a microprocessor configured to mea-
sure pulsation of arterial blood flow and compute a
heart rate.
11. The device suitable for monitoring arterial blood in a
body part, as claimed in claim 1, wherein
the device comprises an oximeter configured to detect
oxygen level in blood,
the at least two light emitters comprised in at least three
light emitters which include one or more light emitters
configured to emit red light and one or more light
emitters configured to emit infrared light and at least
two which emit light of a same frequency; and one or
more sensor of the at least two sensors is configured to
detect both red light and infrared light.
12. The device suitable for monitoring arterial blood in a
body part, as claimed in claim 1, wherein
the device comprises an oximeter for determining oxygen
level in blood;
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the at least two light emitters include light emitters
configured to emit infrared light, red light, or both
infrared light and red light;

the at least two sensors including at least one sensor for

detecting red light, and another at least one sensor for
detecting infrared light.

13. A method of obtaining observations of light transmis-
sion to monitor arterial blood in a body part of a person
during exercise, comprising:

providing at least two sensors on the body part;

providing a first emitter and a second emitter on the body

part, the first and second emitter capable of emitting
light in a same frequency;

operating the first emitter and the second emitter to emit

light one after the other in order;
detecting with one of the at least two sensors light from
the first emitter and the second emitter in the order that
the first emitter and the second emitter emit light to
obtain a first observation and a second observation, and

detecting with another one of the at least two sensors light
from the first emitter and the second emitter in the order
that the first emitter and the second emitter emit light to
obtain a third observation and a fourth observation,

wherein the first emitter and second emitter and the at
least two sensors are provided on the body part in an
arrangement such that light from each of the emitters
arrives at each of the at least two sensors in a direction
different from that of light from the other or others of
the emitters to the same sensor, and also in a direction
different from that of light from the same emitter to the
other one of the at least two sensors so as to detect at
least three observations of light emissions in different
directions by the at least two sensors.

14. The method of obtaining observations of light trans-
mission to monitor arterial blood in a body part, as claimed
in claim 13, further comprising:

determining any one of the sensors or emitters as failing

to work properly;

disregarding observations made with the any one of the

sensors or emitters failing to work properly; and
regarding the readings of remaining working sensors to
monitor arterial blood.

15. The method of obtaining observations of light trans-
mission to monitor arterial blood in a body part, as claimed
in claim 14, comprising:

determining that the sensor fails to work properly due to

saturation by ambient light.
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