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Fig. 2A
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WEARABLE SPORTS MONITORING
EQUIPMENT FOR MEASURING HEART
RATE OR MUSCULAR ACTIVITY AND
RELATING METHOD

FIELD OF THE INVENTION

[0001] The invention relates to a wearable electronic
devices and systems for monitoring sports performances. In
particular, the invention relates to an improved solution for
determining heart rate or muscular activity of a person during
a performance using electrocardiographic (ECG) or elec-
tromyographic (EMG) measurements during a performance.

BACKGROUND OF THE INVENTION

[0002] Heart rate sensors are commonly used for monitor-
ing and characterizing sports performances. Most commonly,
they are based on electric measurement of heart activity using
electrodes placed on the skin of a person, i.e. using an ECG
measurement. Heart rate can be determined by detecting indi-
vidual heartbeats from the ECG signal and counting their
frequency. Heart rate as such is an important characteristic
parameter of the performance but it can also be used to esti-
mate for example energy consumption of the person. This is
also very common in existing sports monitoring devices and
systems.

[0003] There are devices, which contain both a heartbeat or
muscular activity sensor and an acceleration sensor. For
example, in US 2005/0177059, an acceleration sensor is used
for improving the accuracy of estimation of energy consump-
tion or determination of pace of running by simultaneous
measurement of muscular activity and acceleration. In one
embodiment, the moment of foot coming off the ground is
determined using the acceleration sensor.

[0004] Heart rate sensors are sensitive not only to the actual
heartbeat signal but also noise and fluctuations coming from
other sources. One source of error is that the contact imped-
ance between the measurement electrodes and skin varies
depending on the quality of contact, which can vary during an
exercise due to stepping or other movements during the per-
formance. Another source of error comprises electric poten-
tial changes on the surface of the skin or at the measurement
equipment due to other sources than heart activity. For
example, if static electricity is accumulated close to the con-
tact area of the measurement electrodes or at the material of
the heart rate measurement device itself, it may be seen as an
artifact in the signal measured. Such accumulation may occur
for example if the clothes of the person rub against the mea-
surement equipment due to stepping or other movements. The
abovementioned errors are emphasized if the input imped-
ance of the measurement electronics is not infinite (as would
usually be in an ideal case) but relatively low, as the case
typically is with electronic measurement equipment. Both
errors are also more likely to take place in the beginning of a
performance when the skin, contacts and clothes are typically
dry.

[0005] Similar problems are encountered with muscular
activity EMG measurements, which often have even lower
signal levels and are therefore prone to influence of measure-
ment artifacts of the abovementioned kinds.

[0006] U.S. Pat. No. 7,797,039 discloses one method for
recognizing and measuring heartbeat in physical training
using sensors integrated into an outfit of a person. The method
comprises measuring the ECG signal at the waist or level
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below the waist using wearable sensors. The accuracy of the
method is improved by processing and examining signals
received from the heart with to or more different ways, which
improved reliability of calculation and decreases the impact
of noises. For example, the same ECG signal may be con-
ducted to two different channels in which different signal
filters are used and then the filtered signals are summed to
reduce noise. In another example, two different but simulta-
neous ECG signals are used. In still another example, an ECG
signal and movement signal are collected simultaneously and
used to reduce muscle and movement induced noise in dif-
ferent channels. The intention is to filter out the contribution
of signals coming from muscle activity or passive muscle
shaking, which contribution may be strong compared with
ECG signals, because the whole measurement is carried out at
the waist level or below that, i.e. relatively far from the heart.
The method requires simultaneous measurement of both
ECG and EMG signals or the ECG signal at several different
locations and is suitable for improving data quality in situa-
tions where the ECG and EMG sensors stay in place and in
reliable contact with skin all the time, which canindeed be the
case when tight outfit with integrated sensors is used. The
method is, however, relatively computation-intensive and
requires therefore a lot of processor and battery power. There
are no powerful methods known that would specifically
address the abovementioned problems relating to undesired
effects of varying impedance between the measurement elec-
trodes and skin or electric potential changes on the surface of
the skin or at the measurement equipment. In particular, there
are no computationally lightweight method that would allow
improving heartbeat or muscular activity measurements
essentially real-time.

[0007] Thus, there is a need for improved heartbeat and
muscular activity measurement solutions.

SUMMARY OF THE INVENTION

[0008] It is an aim of the invention to provide a novel
measurement device or system that mitigates the undesired
effects of at least some sources of error in real-time sports
performance monitoring. It is also an aim to provide a novel
method for this purpose.

[0009] The invention is based on the observation that often
the most prominent sources of error are related to rhythmic
movements of the person being monitored. In particular,
static electricity is generated due to friction between the skin
and/or heart rate or muscle activity measurement equipment
and clothes of the user that move according to the rhythm of
the performance, such as gait in running or walking. The
accumulated charge causes potential changes in the vicinity
of the measurement electrodes or is directly discharged to the
measurement electronics, causing a distortion in the signal.
Also the contact pressure and/or area thus contact impedance
between the electrodes typically varies according to the same
rhythm. To mitigate these sources of error, the invention uti-
lizes individual heartbeat or muscle activity event-based mea-
surement combined with data obtained from a motion sensor
positioned so as to reflect movement of the person and there-
fore also the movement of the heartbeat or muscle activity
sensor carried by the person.

[0010] The invention thus provides wearable electronic
equipment for measuring heart rate or muscular activity of a
person, the equipment comprising at least one heartbeat or
muscular activity sensor, such as an electronic electrocardio-
graphic (ECG) or electromyographic (EMG) sensor, for pro-
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viding a heartbeat or muscular activity signal and processing
means for deriving heartbeat data or muscular activity data
from the heartbeat or muscular activity signal. In addition,
there are provided processing means for detecting from the
heartbeat or muscular activity signal first events correspond-
ing to individual heartbeats or muscle activations, respec-
tively, and from the motion signal second events correspond-
ing to movement changes stronger than a predefined
threshold. In other words, the processing means are able to
trigger events based on the raw signals, if predefined charac-
teristic features, such as R-peaks in a heartbeat signal or high
accelerations in the motion signal, are found. The processing
means are further programmed to form a first time series of
said first events (the series thus forming form a “first event
signal”), and to determine the heartbeat or muscular activity
parameter using the first time series. In addition, the process-
ing means are programmed to omit from said first time series
those first events that coincide with and/or take place at the
same frequency as the second events. In other words, the
processing means is programmed to include in the first time
series such first events that are asynchronous, i.e., take place
at different points of time, and/or take place at a different
frequency than the second events. Two basic embodiments for
carrying out this selective process, i.e. event triggering pre-
vention and common-frequency filtering, are discussed in
detail later.

[0011] The invention also provides a corresponding
method.
[0012] More specifically, the invention is characterized by

what is stated in the independent claims.

[0013] The invention provides considerable advantages.
Most notably, the invention solves the problem of generation
of movement-induced repeating errors in a heartbeat signal.
The heartbeat or muscular activity signal may contain a con-
tribution by changing contact impedance between the mea-
surement electrodes and the skin of the person due to the
movement of the measurement device. The term contact
impedance should be understood broadly, depending on the
measurement technique (e.g. electrical impedance in the case
of electrical measurement, optical impedance in the case of
optical measurement and mechanical impedance in the case
of mechanical measurement). Alternatively or in addition to
that, in particular in the case of electrical measurement, the
signal may contain a contribution by potential changes in the
vicinity of the measurement device due to accumulation of
static electricity, for example due to friction between the
measurement device and clothes of the person. The invention
is effective against both types of errors in the signal, these
errors typically has the largest undesired effect on the moni-
toring and provides an elegant and powerful solution for
removing this effect. In particular at the beginning of an
exercise, when the measurement electrodes of the measure-
ment device and also the skin are dry and both the contacting
problem and static electricity phenomena referred to above
are significantly present. When there is more sweat present,
the situation typically stabilizes and error signal decreases as
the contact impedance decreases and static electricity is not
accumulates since electric potential differences are evened
outas the clothing, measurement equipment and skin become
“grounded”.

[0014] The invention is applicable in particular for elec-
tronic heartbeat muscle activity monitoring but can be used
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also in connection with other measurements techniques, since
many, if not all, of them are sensitive to the same or similar
kinds of motion artifacts.

[0015] As concerns muscular activity measurements, the
invention is most effective when measuring repeating, rela-
tively constant-frequency activity, such as cadence-related or
other activation sequences of muscles.

[0016] The dependent claims are directed to selected
embodiments of the invention.

[0017] There are two principal embodiments for carrying
out said omitting of first events. In the first one, the equipment
is configured to disregard periods of the heartbeat or muscular
activity signal that coincide with the second events (e.g. high
acceleration events) when forming said first time series. Thus,
even if a first event would be detected during a second event,
it will not be represented in the first time series of events.
Alternatively the whole detection can be “switched off” dur-
ing those periods. As a result, the first event signal comprises
a (potentially) incomplete collection of heartbeat or muscle
activity events. There is, however, enough data to derive for
example the heart rate reliably. To “complete” the first event
signal, the processing means can be further programmed to
perform a Discrete Fourier Transform (DFT) of the first time
series and to determine said heartbeat or muscular activity
parameter using the output of the DFT. The transformed
signal will reveal the true frequency of events even though
some of them would have been disregarded because of too
high simultaneous acceleration, because the DFT sees a
longer time span of events.

[0018] The second principal embodiment comprises the
processing means being programmed to form a second time
series of the second events detected (i.e., to form a “second
event signal”) and removing frequency components of the
first time series (“first event signal”) that are common with at
least one frequency component of the second time series. This
common-frequency filtering embodiment requires more
computation than the event triggering-preventing embodi-
ment described above but ensures that constant-frequency
motion-based artifacts do not affect the measurement result.
[0019] Although working well also as such, the event trig-
gering-preventing method and common-frequency filtering
methods can also be used in parallel or successively so as to
minimize the possibility of false events being recorded.
[0020] The processing means may be programmed to carry
out the removing by performing a Discrete Fourier Transform
(DFT) of the first time series, performing a Discrete Fourier
Transform (DFT) of the second time series, and reducing
common frequency components of the first and second time
series from the first time series.

[0021] Inboth embodiments, the first (and/or second) time
series 1s(/are) preferably formed as binary series where one
bit value represents detected events and the other bit value
non-existence of such occurrence. For such binary series, the
DFT computation operations are extremely efficient.

[0022] The datato be derived may comprise e.g. heart rate,
heartbeat interval, energy consumption, or muscle activation
rate, strengths or timings, or any other quantity derivable from
the heartbeat or muscle activation signal.

[0023] The invention can be used also in connection with
other sensor types than electronic ECG/EMG sensors.
[0024] According to one embodiment, the method of the
invention comprises measuring a heartbeat or muscular activ-
ity signal using a measurement device with a sensor head
positionable against the skin of the person (and therefore
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being susceptible to motion artifacts) and deriving at least one
parameter depicting heartbeat or muscular activity from the
heart or muscular activity signal. Movement of at least one
part of the measurement device is simultaneously measured
using an acceleration sensor for providing a motion signal.
Before deriving the at least one parameter depicting heartbeat
or muscular activity, the heartbeat or muscular activity data is
processed so as to form a time series of heartbeat or muscular
activity events so that those heartbeat or muscular activity
events that coincide with and/or take place at the same ftre-
quency as strong acceleration events, are omitted, i.e. not
being marked as events in the time series.

[0025] Preferably, the heartbeat or muscular activity sensor
and the motion sensor are located in the same device unit,
such as a heart rate belt or smart garment. This ensures that the
motion signal corresponds to actual movement of the heart-
beat or muscular activity sensor. It is however possible that
the sensors are located in different device units potentially
located on different body parts, because their rhythmic move-
ments are typically not independent and therefore sufficient
information for removing rhythmic artifacts can be obtained.
[0026] The processing means may comprise a processing
unit located in a single device unit or two or more separate
processing units of different device units, depending on the
overall equipment architecture. Examples of architecture
include a single device unit being a heart rate measurement
module that is part of or is attachable to a garment, or a
wrist-worn unit comprising integrated sensors, or a distrib-
uted device model having two or more device units in wireless
communication link with each other.

[0027] Theprocessing unit(s) referred herein and contained
in the one or more device units may comprise a data processor
of any kind, in particular a microcontroller or a microproces-
sor together with potentially required related components,
such as memory components (e.g. RAM, ROM) and input/
output circuits functionally connected thereto. In the distrib-
uted device model, two or more processing units located in
two or more device units and programmed to carry out dif-
ferent parts of the present method together form the process-
ing means.

[0028] According to one embodiment, the same device unit
where at least one of the sensors, preferably both sensors, is
contained in, also comprises the at least part of the processing
means, in particular a signal analysis unit capable of making
the necessary detection of characteristic features, i.e., feature
indicative of heartbeat events, muscle activation events and/
or high acceleration events. This device unit can in particular
be a heart rate belt or smart shirt or a removable computing
and communication unit designed therefor. Particularly pre-
ferredis the inclusion of at least the event-detection part of the
processing means to the same device unit which contains or is
attachable to ECG or EMG sensors. To allow for cleaning of
motion-induced artifacts from the signal at the measurement
site, also the part of the processing means capable of omitting
ECG or EMG events that take place during high acceleration
and/or at the same frequency as the acceleration events can be
included in the same device unit.

[0029] According to one embodiment, the wearable elec-
tronic equipment comprises a pair of ECG electrodes posi-
tionable against the chest of the person for providing the ECG
signal, typically laminated within a fabric structure.

[0030] According to one embodiment, the ECG or EMG
electrodes are connected to a measurement electronics having
an input impedance less than 50 kOhm, in particular less than
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25 kOhm. Such solutions are popular and suitable for heart-
beat detection but suffer from influences of outside sources of
error, which the present invention, however, mitigates.
[0031] According to alternative embodiments, the heart-
beat sensor comprises an optical sensor, a pressure sensor or
an acceleration sensor. Thus, instead of electrically detectable
cardiographic response, the sensor may be sensitive for
exampleto optically detectable cardiovascular changes due to
heartbeats, cardiovascular pressure changes due to heartbeats
or cardiovascular-induced motion detectable on the surface of
skin.

[0032] The location of the heartbeat sensor during the per-
formance may be chest, waist, neck, wrist, upper arm or
auricle, to mention some examples.

[0033] According to one embodiment, the motion sensor
comprises an acceleration sensor providing an acceleration
signal as the motion signal.

[0034] According to one embodiment, the device contain-
ing the heartbeat or muscular activity sensor is provided with
a communication unit for communicating the heart rate or
muscular activity data to another device containing at least
part of the processing means. The acceleration can be mea-
sured in either of the devices.

[0035] According to one embodiment, the heartbeat or
muscular activity signal measurement, movement measure-
ment, and signal processing steps are all carried out in a heart
rate belt or muscular activity belt, or in a heart rate measure-
ment module attachable to a heart rate belt or to a smart
garment having a mounting zone for such a module.

[0036] In a distributed model, the heartbeat or muscular
activity signal measurement steps are carried out in a heart
rate belt, smart garment or heart rate measurement module
attachable to a heart rate belt or a smart garment with a
mounting zone for such module, and at least part of signal
processing is carried out in another device wirelessly com-
municating with the heart rate belt or heart rate measurement
module.

DEFINITIONS

[0037] The term “wearable equipment” covers all mobile
devices and multi-device systems, which are designed or can
otherwise to be attached to one or more body parts directly or
via a piece of clothing, including various kinds of shirts,
Jackets, pants and shoes, for example, or wearable accessory,
such as an arm holder for a wearable mobile phone. Single
wearable devices include in particular wrist-worn computers,
mobile phones, heart rate belts, smart garments and sensor
units of various kinds, such as ECG and EMG measurement
modules, satellite positioning units, acceleration measure-
ment units (foot and arm “pods”), providing some or all of the
functionalities as herein described. In other words, the inven-
tion covers individual self-contained units providing the nec-
essary functionalities of the invention and as well as systems
formed of a plurality of separate units capable of communi-
cating with each other so as to form an operational entity
providing said functionalities.

[0038] Unless otherwise mentioned, references to a “heart
rate belt” and “smart garment” include the option that the belt
or garment contains, in addition to an integral heartbeat sen-
sor, an integral computing and communication unit (herein-
after: processing unit) and the option that the computing and
communication unit is mountable to the belt or garment as a
releasable module in functional connection with the heartbeat
sensor. The other way round, the term “module” may equally



US 2016/0143592 Al

refer to an integral module in a heart rate belt or smart garment
oraremovable module functionally connectable with a belt or
garment.

[0039] Theterm “R-peak” refers to the middlemost wave of
the so-called QRS complex formed by three graphical deflec-
tions seen on a typical electrocardiogram caused by depolar-
ization of the right and left ventricles of the human heart. The
concept of R-peak, as well as algorithms for detection
thereof, is known to those skilled in the art and publicly
available.

[0040] Next, embodiments and advantages of the invention
are described in more detail with reference to the attached
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0041] FIG. 1A illustrates a runner taking rhythmic steps.
[0042] FIG. 1B shows schematic graph of the formation of
a measured ECG signal by heartbeat-induced signal and
cadence-influenced noise.

[0043] FIG. 1C depicts as a graph a combined signal of two
different frequencies in time domain.

[0044] FIG. 1D shows the amplitude response of the Fou-
riertransformation of the combined signal of FIG. 1C and one
of the signals separately.

[0045] FIG. 2A shows a heartbeat measurement system
according to one embodiment of the invention.

[0046] FIG. 2B shows a muscular activity measurement
system according to another embodiment of the invention.
[0047] FIGS. 3A and 3B show a flow charts of the present
method according to two principal embodiments of the inven-
tion, i.e. with the capability for event-based common-fre-
quency filtering and event triggering-preventing, respec-
tively.

[0048] FIGS.4A and 4B show more detailed flow charts of
the present method simplified to heartbeat measurement,
according to the principal embodiments of the invention.
[0049] FIGS. 5A and 5B show exemplary systems, which
can be used to implement the invention.

DETAILED DESCRIPTION OF EMBODIMENTS

[0050] FIG. 1A illustrates one preferred field of use of the
invention, i.e. running, and FIG. 1B related ECG signal for-
mation. In an ideal case, the heartbeat of the runner 100
produces a clean ECG signal with easily detectable heartbeat
waveforms 120 as illustrated by the uppermost graph of FIG.
1B. However, in practice, there is always random noise 135
present, as well as systematic noise, i.e., artifacts 130 induced
by the movement 110 of the runner 100. In the case of rhyth-
mic cadence, the artifacts are typically repeated periodically,
following the more or less constant rhythm of the movement.
The random noise 135 and artifacts 130 are illustrated by the
middle graph of FIG. 1B. Thus, the real measured signal
contains the sum of the real heartbeat signal and the noise and
artifact signals, which is illustrated by the lowermost graph of
FIG. 1B. From this sum signal, it is much more difficult to
detect the heartbeats robustly than from the ideal ECG signal.
[0051] FIGS. 1C and 1D illustrate the problem in more
detail using a theoretical example. FIG. 1C comprises a signal
which is generated by summing two oscillating signals hav-
ing different frequencies, say an artificial acceleration signal
and artificial heartbeat signal. The upper curve of FIG. 1D
shows a Fourier transformation of the signal of FIG. 1C, that
is, the combined amplitude of frequency components of the

May 26, 2016

artificial acceleration and heartbeat signals. It can be seen that
there are two peaks close to each other, but one cannot say
which one of the peaks is due to heartbeat and which one due
to acceleration. The lower curve of FIG. 1D shows the Fourier
transformation of the acceleration signal alone. It can be seen
that the second peak of the combined amplitude corresponds
to the acceleration peak, whereby the first peak must be the
heartbeat peak. Mathematically speaking, a simple subtrac-
tion of the acceleration peak from the combined peak brings
up the heartbeat peak alone. As this is, however, computation
intensive to do for raw signals, the method is herein describes
an event triggering-based method yielding essentially the
same result with much lower computational power needed.
Alternatively, ignoring potentially motion-influenced peaks
and using statistical deduction, again in the event space, can
be used to determine the heart rate as also explained later in
more detail. First, exemplary equipment architecture models
are presented.

[0052] FIG. 2A shows a system with a wearable computer
220 as a data storage and/or visualization device and a heart
rate belt 210 as a data-collecting device. The heart rate belt
comprises an ECG sensor and an electronic module that reads
and pre-processes the signal provided by the ECG sensor to at
least detect heartbeat events therein. An acceleration sensor
and its pre-processing capacity is provided either in the heart
rate belt 210 or the wearable computer 220, or both. The heart
rate belt 210 is in wireless communication with the wearable
computer.

[0053] Alternatively to a heart rate belt 210, a smart gar-
ment 230 can be used, providing the same functionality as the
heart rate belt 210 discussed above.

[0054] In a still further embodiment, there is provided an
additional unit in the system, such as a sensor unit attached to
a shoe 240 of the sportsman. The additional sensor unit may
comprise an acceleration sensor providing the acceleration
signal and an optional pre-processor to detect acceleration
events and to convert the acceleration signal in event-based
form, and is in wireless communication with the heart rate
belt 210 or smart garment 230 and/or the wearable computer
220 to provide the acceleration signal or data derived there-
from for further processing or use.

[0055] Itshould be noted that the wearable computer can be
replaced with any other wearable device, such as another
wearable sports tracking unit or mobile phone capable of
communicating with other components of the system.
[0056] Wireless communication of data between separate
devices of a multi-device equipment takes place advantage of
a wireless radio-frequency transmitter-receiver or trans-
ceiver-transceiver pair. The wireless communication protocol
can be one used for communication between computers, and/
or between any remote sensors, such as a Bluetooth LE or the
proprietary ANT+ protocol. These are using direct-sequence
spread spectrum (DSSS) modulation techniques and an adap-
tive isochronous network configuration, respectively.
Enabling descriptions of necessary hardware for various
implementations for wireless links are available e.g. from the
Texas Instrument®’s handbook “Wireless Connectivity”
which includes IC circuits and related hardware configura-
tions for protocols working in sub-1- and 2.4-GHz frequency
bands, such as ANT™, Bluetooth®, Bluetooth® low energy,
RFID/NFC, PurePath™ Wireless audio, ZigBee®, IEEE 802.
15.4, ZigBee RFACE, 6LoWPAN, Wi-Fi®.

[0057] FIG. 2B shows an embodiment of the invention
aimed at muscle activity monitoring, in this example leg
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muscle activity monitoring. It comprises basically the same
components as the ECG embodiment of FIG. 2A with the
ECG signal measuring item (belt 210/smart garment 230)
replaced by an EMG signal measuring item 260, in this case
pants equipped with EMG electrodes 262A-D connected to
an EMG signal processing and communication module 264.
The module 264 is capable of pre-processing the signal to find
muscle activation events of a predefined kind, and forming a
wireless communication link with the wearable computer
220. In this embodiment too, the acceleration sensor may be
located in the module 264, wearable computer 220 or as a
separate device for example attached to the 240.

[0058] Remaining computing operations necessary for the
suppression of the motion-induced frequency or frequencies
from the pre-processed event-based heartbeat or muscular
activity signal can be carried out in the wearable computer
220 or other mobile device to which the necessary data has
been transferred. If all necessary measurements are carried
out by the signal measuring item 210, 230, 260, computing
can be carried out in a processing unit of that item too. This
provides benefits in the form of reduced battery consumption
of the wearable computer (if present) and reduced data trans-
mission between the devices.

[0059] FIG. 3A shows one exemplary flow schematic for
present method using event-based common-frequency filter-
ing. The heartbeat or muscular activity raw signal is measured
in step 300 from a suitable location of the body of the person
using a suitable sensor. In step 301, heartbeats or muscular
activations are detected from the raw signal and recorded as
events. A corresponding event-based time series, i.e. ECG/
EMG event signal is formed accordingly. In step 302, it is
checked whether rhythmic filtering feature of the system has
been activated. If not, the heartbeats or muscular activities are
detected in step 312B based on the raw signal using a suitable
algorithm, which are known per se. [f the filtering is set active,
motion signal is measured in step 304 to assist in the filtering
process. Motion events fulfilling predefined criteria with
respect to e.g. strength of acceleration, are detected in step
305, and a corresponding motion event signal is formed. A
discrete Fourier transform (DFT) of the motion event signal is
computed in step 306, preferably using a suitable fast Fourier
transformation algorithm. The same is carried out for the
heartbeat or muscular activity signal in step 308. If the event
signals are of binary form, these operations are extremely
efficient as they utilize only summing operations. The DFT of
the motion event signal indicates the frequencies at which
there may be motion-induced artifacts present in the heartbeat
or muscular activity signal. Some or all of these frequencies
are then suppressed from the heartbeat or muscular activity
signal, preferably in the frequency domain, to provide a fil-
tered heartbeat or muscular activity signal in step 310. The
desired heartbeat or muscular activity parameter, such as
heart rate or cadence, is then determined using the filtered
event signal in step 312A. In step 314, the results of the
determination are then utilized in further computations to
characterize the sports performance or the person and/or
stored in a memory of the system and/or visualized.

[0060] According to one embodiment, the filtering is car-
ried out in the frequency domain by subtracting the amplitude
of the Fourier transformation of the motion signal from the
Fourier transformation of the measured heartbeat or muscular
activity signal.

[0061] FIG. 3B illustrates the present method with motion
event-based ECG/EMG event disregarding (triggering-pre-
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venting) algorithm. Again, the heartbeat or muscular activity
raw signal is measured in step 350 as described above. In step
351, heartbeats or muscular activations are detected from the
raw signal and recorded as events (the detection algorithm
however now taking input from step 355 explained below in
order to disregard some of the potential ECG/EMG events if
there is too significant motion interference). A corresponding
event-based time series. i.e. ECG/EMG event signal is
formed accordingly.

[0062] Instep 352, it is checked whether the event trigger-
ing-preveting filtering feature of the system has been acti-
vated. If not, the heartbeats or muscular activities are detected
in step 352B as above. If the filtering is set active, motion
signal is measured in step 354 to assist in the filtering process.
Motion events fulfilling predefined criteria with respect to
e.g. strength of acceleration, are detected in step 355 and
information on such events is sent as input to step 351, where
the simultaneousness of motion event causes a potential
ECG/EMG event not to be recorded in the ECG/EMG event
signal. The desired heartbeat or muscular activity parameter,
such as heart rate or cadence, is then determined using the
filtered event signal in step 362A and used/displayed/stored
in step 364. For displaying, there may be provided a display in
a device unit part of the equipment. Storage preferably takes
place in a memory element in a device unit part of the equip-
ment or a separate unit in wireless communication with the
equipment.

[0063] Using the method of FIG. 3B, the filtering can be
carried out by completely ignoring periods of the heartbeat or
muscular activity signal that take place during periods of high
acceleration. In other words, during acceleration peaks, the
processing unit need not carry out heartbeat or muscular
activity detection or at least disregard any events potentially
detected. There may, for example, be provided a threshold
acceleration level above which heartbeat or muscular activity
is not being detected or detected activities are rejected as
being potentially contributed by the acceleration. This results
in an incomplete series ofheartbeats, but the heartbeats in this
series being correct with higher probability than those with-
out this kind of filtering. Then, using a statistical method, one
can deduct the average heartbeat interval and therefore the
heart rate. For example, if heartbeats are detected from the
filtered signal ataverage intervals T,, T,=2T, (and potentially
T,=3T, etc. . . .), it can be concluded that the heartbeat
interval is T (and T,, T etc. are due to heartbeats “skipped”
because of high acceleration). A Discrete Fourier Transform
is again a useful statistical tool to find the heartbeat interval,
because it is unsensitive to occasionally missing heartbeat
events and thus is able to find the basic heart rate frequency.
[0064] Thesteps of the FIGS. 3A and 3B can naturally take
place in any suitable order, which may deviate from the one
illustrated. Moreover, if the present signal cleaning method is
set to take place by default, steps 302/352 and 312B/362B are
not needed.

[0065] Typical further uses of the heartbeat parameter
include energy consumption estimation and training effect
estimation. Muscular activity parameter can be used for
example for detailed physical training analysis and perfor-
mance optimization.

[0066] In one preferred embodiment, the event signals
referred to above are in binary form, i.e. comprising only a
series of zeros and ones, the location of the values in the
binary stream corresponding to the moments of time of the
detected events.
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[0067] FIG. 4A shows a flow chart of exemplary embodi-
ment utilizing event triggering-preventing in the case of
heartbeat measurement. The method starts by measuring
ECG signal and motion signal in steps 400 and 404, respec-
tively. In step 410, the ECG signal is analyzed to as to detect
R-peaks in the electronic QRS-complexes detected by the
heartbeat sensor. Besides the ECG signal, the motion signal is
taken as input to the detection algorithm. An R-peak is set to
trigger a heartbeat event only if there are no significant events
in the motion signal. By significant event is typically meant
that the acceleration stays below a predefined threshold level.
The passed heartbeat events are represented as a binary time
series for example with “1” representing a heartbeat event at
apredefined point of time and “0” representing non-existence
of a heartbeat event, in step 412. In optional step 414, the
binary series is Fourier-transformed using a binary DFT algo-
rithm. In one embodiment, step 414 is performed only ifthere
is significant amount of noise in the binary series, detected by
time-domain statistics. Using the time series or its frequency-
domain representation, the desired heartbeat parameter can
be determined.

[0068] FIG. 4B shows in detail an exemplary common-
frequency filtering embodiment for heartbeat measurement.
The method again comprises simultaneously measuring the
ECG signal and motion signal in steps 450 and 454. From
both signals, relevant features, typically R-peaks and accel-
eration peaks, respectively, are detected and events triggered
in the case of positive findings, in steps 464 and 456. The
events are formed as binary time series in both cases in steps
466 and 458. The heartbeat and acceleration event binary
series are Fourier-transformed using a binary DFT algorithm
in steps 460 and 468. The Fourier-transformation of the accel-
eration series is used to remove a frequency or many frequen-
cies that are common in both series. As a result, a purified
heartbeat event signal is obtained, which can be used to deter-
mine the desired heartbeat parameter in step 470.

[0069] Itshould be noted that the signal filtering according
to the invention needs not be turned on for the whole time. It
may for example be used only in the beginning of an exercise
for a predefined period of time, when the motion artifacts
discussed above are most significant.

[0070] There are several Discrete Fourier Transform algo-
rithms available in the literature that can be used in connec-
tion with the invention. The time span of even time series that
the DFT algorithm “sees” can be suitably adjusted.

[0071] FIG.5A depicts one potential implementation of the
system in more detail. There is provided a heart rate belt 510
with a pair of ECG electrodes 513A, 513B connected to an
ECG signal pre-processor 514 (typically including at least an
A/D converter) contained in an integral or removable elec-
tronics module 512A. The heartbeat signal is wirelessly com-
municated to a wearable computer 520 via a radio transmitter
unit 518 in the belt 510 and radio receiver unit 524 in the
wearable computer. The receiver unit 524 is functionally con-
nected to a processing unit 522A. In addition, there is pro-
vided an acceleration sensor 528 in the wearable computer
functionally connected to the processing unit 522A.

[0072] The processing unit 522A is configured to perform
the filtering actions on the heartbeat signal provided by the
heart rate belt 510 based on the acceleration signal provided
by the acceleration sensor 528. The processing unit 522A is
also adapted to detect individual heartbeats from the filtered
signal and typically also further computations using the heart-
beat data.
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[0073] The system of FIG. SA is useable but it has to be
taken into account that the acceleration data does not directly
correspond with the motion of the ECG sensor. However,
since the motion of the hand correlates with the motion of the
chest during running, for example, the acceleration measured
this way can be used for the purposes of the invention.
[0074] FIG. 5B shows an embodiment mostly similar to
that of FIG. 5A but having an acceleration sensor 515 in the
electronics module 512B of the heart rate belt. This way the
acceleration signal directly corresponds with the motion of
the heart rate belt and this gives better information for filter-
ing purposes than the system of FIG. 5A. The processing umt
516B is configured to read the acceleration signal from the
acceleration sensor 515 and to perform the filtering opera-
tions described above directly in the heart rate belt.
[0075] It is to be understood that the embodiments of the
invention disclosed are not limited to the particular process
steps, units, components, devices, materials or products dis-
closed herein, but are extended to equivalents thereof as
would be recognized by those ordinarily skilled in the rel-
evant arts. It should also be understood that terminology
employed herein 1s used for the purpose of describing par-
ticular embodiments only and is not intended to be limiting.
[0076] Reference throughout this specification to “one
embodiment” or “an embodiment” means that a particular
feature, structure, or characteristic described in connection
with the embodiment is included in at least one embodiment
of the present invention. Thus, appearances of the phrases “in
one embodiment” or “in an embodiment” in various places
throughout this specification are not necessarily all referring
to the same embodiment.
[0077] As used herein, various embodiments and examples
of the present invention may be referred to herein along with
alternatives for the various components thereof. It is under-
stood that such embodiments, examples, and alteratives are
not to be construed as de facto equivalents of one another, but
are to be considered as separate and autonomous representa-
tions of the present invention.
[0078] Furthermore, the described features, structures, or
characteristics may be combined in any suitable manner in
one or more embodiments. In the description, numerous spe-
cific details are provided, such as examples of shapes and
dimensions etc., to provide a thorough understanding of
embodiments of the invention. One skilled in the relevant art
will recognize, however, that the invention can be practiced
without one or more of the specific details, or with other
methods, components, materials, etc. In other instances, well-
known structures, materials, or operations are not shown or
described in detail to avoid obscuring aspects of the invention.
[0079] While the forgoing examples are illustrative of the
principles of the present invention in one or more particular
applications, it will be apparent to those of ordinary skill in
the art that numerous modifications in form, usage and details
of implementation can be made without the exercise of inven-
tive faculty, and without departing from the principles and
concepts of the invention. Accordingly, it is not intended that
the invention be limited, except as by the claims set forth
below.

1. Wearable electronic equipment for determining a heart-
beat or muscular activity parameter of a person, comprising:

a heartbeat or muscular activity sensor for providing a

heartbeat or muscular activity signal, respectively,
amotion sensor for providing a motion signal correspond-
ing to movement of the person, and
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a processing means adapted to:

detect from the heartbeat or muscular activity signal first
events corresponding to individual heartbeats or
muscle activations, respectively,

detect from the motion signal second events correspond-
ing to movement changes which are stronger than a
predefined threshold,

form a first time series of said first events from only such
first events that are asynchronous with and/or take
place at a different frequency than the second events,
and

determine said heartbeat or muscular activity parameter
using the first time series.

2. The wearable electronic equipment according to claim 1,
wherein the processing means is further adapted to disregard
periods of the heartbeat or muscular activity signal that coin-
cide with the second events when forming said first time
series.

3. The wearable electronic equipment according to claim 2,
wherein the processing means is further adapted to perform a
Discrete Fourier Transform (DFT) of the first time series and
to determine said heartbeat or muscular activity parameter
using the output of the DFT.

4. The wearable electronic equipment according to claim 1,
wherein the processing means is further adapted to:

form a temporary time series of all first events detected,

form a second time series ofall second events detected, and

remove frequency components of the temporary time
series that are common with at least one frequency com-
ponent of the second time series in order to form said
first time series.

5. The wearable electronic equipment according to claim 4,
wherein the processing means is further adapted to carry out
said removing frequency components by:

performing a Discrete Fourier Transform (DFT) of the first

time series,

performing a Discrete Fourier Transform (DFT) of the

second time series, and

reducing common frequency components of the first and

second time series from the first time series.

6. The wearable electronic equipment according to claim 4,
wherein at least the first and/or second time series is/are
formed as binary series where one bit value represents
detected events and the other bit value non-existence of such
events.

7. The wearable electronic equipment according to claim 1,
wherein the motion sensor is an acceleration sensor.

8. The wearable electronic equipment according to claim 1,
wherein the heartbeat or muscular activity sensor includes a
heartbeat sensor and the heartbeat or muscular activity
parameter includes at least average heart rate, average heart-
beat interval, one or more parameters derived therefrom or a
combination thereof.

9. The wearable electronic equipment according to claim 1,
wherein the heartbeat or muscular activity sensor includes a
muscular activity sensor and the heartbeat or muscular activ-
ity parameter includes cadence and/or one or more param-
eters derived therefrom.

10. The wearable electronic equipment according to claim
1, wherein the one or more heartbeat or muscular activity
sensors and the motion sensor are located in a single device
unit.

May 26, 2016

11. The wearable electronic equipment according to claim
10, wherein the single device unit further comprises at least
part of said processing means.

12. The wearable electronic equipment according to claim
1, wherein the processing means is located in a different
device unit than the heartbeat or muscular activity sensor
and/or the motion sensor.

13. The wearable electronic equipment according to claim
1, wherein the heartbeat or muscular activity sensor com-
prises electric ECG or EMG electrodes, respectively.

14. The wearable electronic equipment according to claim
13, wherein the ECG or EMG electrodes are connected to a
measurement circuit with input impedance of less than 50
kOhm.

15. The wearable electronic equipment according to claim
13, wherein the ECG or EMG electrodes are laminated onto a
fabric structure.

16. The wearable electronic equipment according to claim
1, wherein the heartbeat or muscular activity sensor includes
an optical sensor, pressure sensor or acceleration sensor.

17. (canceled)

18. The wearable electronic equipment according to claim
1, further comprising a wireless communication unit in a first
device unit comprising said heartbeat or muscular activity
sensor and a first part of the processing means and being
adapted to communicate said first events to a second device
unit containing a second part of the processing means through
said wireless communication unit.

19. A method of monitoring a physical performance of a
person comprising:

measuring a heartbeat or muscular activity signal using a

measurement device at least partly positionable against
the skin of the person,

measuring movement of at least one part of the measure-

ment device using a motion sensor for providing a
motion signal, and

detecting from the heartbeat or muscular activity signal

first events corresponding to individual heartbeats or
muscle activations, respectively,
detecting from the motion signal second events corre-
sponding to movement changes which are stronger than
a predefined threshold,

forming a first time series of such first events that are
asynchronous with and/or take place at a different fre-
quency as the second events, and

determining said heartbeat or muscular activity parameter

using the first time series.

20. The method according to claim 19, further comprising
disregarding periods of the heartbeat or muscular activity
signal that coincide with the second events when forming said
first time series.

21. The method according to claim 20, further comprising
performing a Discrete Fourier Transform (DFT) of the first
time series and determining said heartbeat or muscular activ-
ity parameter using the output of the DFT.

22. The method according to claim 19, further comprising:

forming a temporary time series of all first events detected,

forming a second time series of all second events detected,
and

removing frequency components of the temporary time

series that are common with at least one frequency com-
ponent of the second time series in order to form said
first time series.



US 2016/0143592 Al

23. The method according to claim 22, further comprising:

performing a Discrete Fourier Transform (DFT) of the first

time series,

performing a Discrete Fourier Transform (DFT) of the

second time series, and

reducing common frequency components of the first and

second time series from the first time series.

24. The method according to claim 22, wherein the first
and/or second time series is/are formed as binary series where
onebit value represents detected events and the other bit value
non-existence of such events.

25. The method according to claim 19, wherein the heart-
beat or muscular activity signal contains a contribution by
changing contact impedance between said measurement elec-
trodes and the skin of the person due to the movement of the
measurement device.

26. The method according to claim 19, wherein the heart or
muscular activity signal contains a contribution by potential
changes in the vicinity of the measurement device due to
accumulation of static electricity.

27. (canceled)
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