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1
EKG BASED HEART RATE MONITOR

FIELD OF THE INVENTION

The invention pertains to the field of pulse monitors, and.
more particularly, to the field of pulse monitors that use
EKG signals to detect the pulse rate.

BACKGROUND ART

In the prior art, two basic types of pulse rate monitors
exist. The first type uses visible or infrared radiation which
is projected through the skin to detect from radiation
reflected from or penetrated through capillaries under the
skin, pulsations of blood flow. Typically. these devices come
in the form of a digital watch such as Casio or Timex with
a photodetector on the face of the watch or as a desktop unit
or unit that clips to a belt with a clip connected to base unit,
the clip for attaching to a fingertip or earlobe. Visible or
infrared light passing through the skin is detected by the
photodetector and gives an indication of pulsations in blood
flow in capillaries. From these pulsations, the pulse rate is
calculated.

Numerous examples of this type pulse monitor exist as
they are commonly found on fitness equipment such as
treadmills, stationary bicycles and stairmasters. Another
example of this type system is a pulse rate monitor wrist
watch made by Casio. This watch reads both blood pressure
and pulse. The watch has two sensors on top of the watch.
The sensor on the lower left of the face of the watch is a
photosensor which is to be covered with the wearer’s right
index finger. The other sensor is to be covered by the right
middle finger and is an electrode to pick up the EKG signals.
The bottom plate of the watch body serves as the other
electrode.

There are several disadvantages to the photosensor/flow
pulsation detectors. First, the finger position on the photo-
sensor must be stable. Also, the force pressing the finger or
ear lobe to the photodetector must be nominal. If the force
is too high, the blood flow will be cut off. and no detection
of blood flow pulsations can occur. If the force is too low,
then any slight motion between the body and the sensor may
cause inaccurate readings. Also, the reliability of the read-
ings depends upon the ambient illumination (unless a sepa-
rate photodiode supplies light for transmission through the
skin) and upon the wavelength. Further, the flow pulse in a
capillary looks like a sinusoidal waveform in shape. This
makes it difficult to distinguish legitimate flow pulse signals
from sinusoidally shaped noise waveforms. A digital watch
employing these principles manufactured by Timex has been
discontinued because of poor performance.

The second type of pulse rate monitor is the EKG type.
These type pulse monitors work by picking up an EKG
signal from the heart muscle itself and calculating the pulse
rate from the EKG signal. One example of this type system
is a pulse rate monitor wrist watch made by Casio. This
watch reads both blood pressure and pulse. The watch has
two sensors on top of the watch. The sensor on the lower left
of the face of the watch is a photosensor which is to be
covered with the wearer’s right index finger and which
detects fluctuations in light passing through the finger from
ambient sources to determine when blood flow pulses occur.
The sensor on the lower right of the face is one of two
sensors for an EKG signal. The bottom surface of the watch
is the other sensor for picking up the EKG signal. To use this
watch to read blood pressure and pulse, the user must first
use another independent instrument to measure blood pres-
sure and pulse in an at-rest condition. These readings are
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then input to the watch. After inputting this data, the watch
takes about 10-20 heartbeats with the user’s fingers in
contact with the two contacts on the face of the watch.
During these 10-20 heartbeats. the watch learns the timing
between the EKG signals picked up by the EKG contacts
and the cormresponding blood flow pulses in an at-rest con-
dition. This timing serves as a reference for determination of
blood pressure. The operative principle is determination by
the watch of the timing between the EKG signal that causes
the left ventricle to pump blood to the resulting pulse of
blood flow detected by the photodetector in the capillaries of
the wearer’s fingertip.

A drawback of this design is that the timing between the
EKG pulse and the blood flow pulse changes with fitness
level as the aerobic effect takes over and new blood flow
paths are formed in the body. As a result, the manufacturer
recommends that the basic at-rest data read from an inde-
pendent instrument be updated every three months. This is
inconvenient unless the owner of the watch also owns
independent instruments to measure blood pressure and
pulse rate. Further, the watch is incapable of measuring only
pulse rate without also measuring blood pressure. Another
example of EKG type system are products that use chest
straps with electrodes properly oriented on the chest strap
that pick up the EKG signal directly from the heart muscle.
The EKG signal is mixed with a carrier and transmitted to
a counting unit worn, for example. on a belt clip or as a
digital watch. The mixer and transmitter are located on the
chest strap, and transmission is by frequency modulation or
any other type of modulation of the carrier by the EKG
signal. Batteries are required for both the receiver and
transmitter. This approach is costly and inconvenient to the
user.

Another example of an EKG type pulse monitor is found
in U.S. Pat. No. 4,425,921 to Fujisaki et al. This system uses
a chest strap having three EKG type contacts arranged in a
line that extends across the front chest area of the wearer.
These contacts must make good electrical contact with the
chest of the wearer. The strap must be placed so that the
center contact makes contact with the chest directly over the
heart. The two remaining contacts then contact the chest on
either side of the heart. This can be a problem for female
athletes depending upon the relative position of their hearts
to their left breasts. Further. it is inconvenient for female
athletes to put the chest strap on and remove it in public.

The three EKG contacts are coupled to a differential
amplifier which uses common mode rejection to help
remove common mode noise picked up by both contacts on
either side of the center contact. The differential amplifier 26
is coupled to a waveform shaping filter 27. The output of the
filter is applied to a comparator, and the output of the
comparator is coupled to a microcomputer which counts the
two intervals between every three heartbeats and calculates
therefrom the pulse rate. The microcomputer supposedly
executes various calculations. comparisons and judgments
of an unspecified nature in accordance with an undisclosed
program to avoid the effects of noise or to ignore an
abpormally abrupt fluctuation in heart rate. The heart rate so
calculated is then displayed.

The Fujisaki et al. device also discloses using a fingertip
clip to detect blood flow pulses as a backup sensor front end
for the microcomputer. A switch alternately connects the
fingertip sensor or the EKG probes to the microcomputer.

An alternative approach to EKG type pulse monitors is
represented by U.S. Pat. No. 4,625.733. In this reference. a
pulse rate monitor is taught which measures heartbeat and
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ECG signals and then sends the data from a separate
transmitter to a receiver located elsewhere on the body by a
form of telemetry. The particular form of telemetry used is
through electromagnetic fields. The EKG pickup picks up
signals using two input termipals and these signals are
amplified by a power amplifier which drives a magnetic coil
with current that varies with the EKG signal. A remote
receiver picks up these magnetic variations through mag-
netic coils coupled to a preamplifier and a signal amplifier.
A microcomputer then analyzes the received signal and

4

user’s current heart rate. That running average is used as an
aid in making the arbitration selection among the candidates
in the array of the most likely BKG signal.

Another example of the type of an EKG pulse rate
monitoring machine of the type described above is found in
U.S. Pat. No. 5,243,993 which is also owned by Life Fitness.
In this patent autocorrelation and signal indication apparatus
are also used. The signal indication routines however scan
the output of the autocorrelator for the presence of periodic
signals using different search criteria such as peak and

derives a pulse count therefrom. 10 waveform detection to generate a candidate heart rate.

An interesting example of a more sophisticated approach In the prior art, it is known to place the contacts for an
to EKG type pulse monitors is exemplified by U.S. Pat. No. EKG type pulse monitor on the handles of exercise equip-
5.365.934 owned by Life Fitness. One of the major problems ment. For example, U.S. Pat. No. 4319.581 teaches placing
in isolating a heart rate signal using an EKG signal is 15 three electrical contacts for a pulse monitor on the handle-
separating out the true EKG signal from the noise. All EKG grips of a bicycle such that when the user is exercising, one
probes pick up noise some of which is from the environment hand makes contact with two of the contacts, and the other
and some of which is generated by the body itself. In  hand makes contact with the third contact.
particular, there is 60 Hertz noise which is picked up from U.S. Pat. No. 4,938,228 to Righter is an example of a
power lines and adjacent AC powered circuitry, and there is 20 wrist worn EKG type heart rate monitor that probably
also so-called EMG noise. EMG noise is noise generated by represents closer prior art to the claimed invention than the
the electrical signals that control contractions of muscles other art discussed herein or known to the applicant. This
such as leg muscles of an athlete who is running or working device is intended to be mounted remotely from the heart
out on a stairmaster machine. Another kind of noise is and not use any electrode gel to improve contact to the skin
caused by loose contact between the electrodes and the skin 25 and to find the EKG signal despite the low signal to noise
which changes the impedance of this contact erratically. ratio which results when the electrodes are not chest

EMG noise is particularly troublesome in EKG pulse mounted and do not use electrode gel to improve electrical
monitors because its frequency is in the same range as the contact to the skin and when the user is exercising. In the
frequency as the sought after EKG signal. Therefore, special approach taught by this patent, the sensed signal is modified
signal processing must be accomplished to separate EMG 30 and the characteristics of a first portion of the signal are
noise from the desired EKG signal. One type of signal  learned. A second portion of the signal is then matched with
processing methodology that has been tried in the prior art the learned characteristics to produce a matched signal. The
is autocorrelation as exemplified in U.S. Pat. No. 5.365.934. heart rate is then calculated from the matched signal. The
In this patent. the EKG signal is sensed by probes which are characteristics of the first portion of the matched signal are
typically mounted on the handles of exercise equipment 35 learned by correlating the first portion of the matched signal
which the user grabs while exercising. The signals sensed by with a prestored biological data to produce a correlated
these probes. which contain the EKG signal, are passed signal. A parametric screen and adaptive threshold are used
through an autocorrelator which performs a correlation to examine the correlated signal to determine whether it
calculation between a piece of the signal represented by one ~ represents a ORS complex. If a ORS complex is recognized
buffer’s worth of digital samples and an adjacent portion of 40 (ORS is a term of art referring to the three peaks of an EKG
the signal in time represented by another set of samples. signal), an interval judge examines the timing between
Signal indication logic monitors the output of the autocor-  recognitions of ORS complexes to see if these intervals are
relator for the presence of a periodic signal and generates a  consistent with what the user’s heart rate should be. The
synthetic candidate heart rate signal that has the same interval judge outputs a counter output which represents the
frequency as the periodic signal in the output of the auto- 45 average interval time. A momentum machine smooths and
correlator. The difficulty with this approach is that the EMG  averages the rate information and outputs it to a display.
signals are also periodic and will cause peaks in the auto- Righter also teaches a performance predictor to tell the
correlator output that do not represent periodic EKG signal. user how good or bad the machine will work on that user
In one embodiment, the signal indication logic has logic based upon the signal quality determined by the firmware.
which detects a pulse in the autocorrelation signal which has 50 Also, the center frequency in both the hardware and software
a waveform characteristic of a heartbeat. One way this is filters is 12 Hertz with a bandwidth of 6 Hertz. The applicant
done is to pass the output of the autocorrelation function believes this performance can be achieved only with a
through a filtering function which filters out all signals recursive filter with non-integer coefficients. In a digital
except those that meet particular filter criteria. Typical filter filter, use of floating point coefficients (non-integers) slows
criteria are: (1) pulse height of greater than a predetermined 55 down calculation time and may require a special digital
threshold; (2) pulse width between 14-18 autocorrelation signal processor chip to handle floating point calculations
buffer samples; (3) pulse shape that is a local peak between the microprocessor cannot handle thereby further compli-
and in close proximity to two local minimums; and (4) a cating the circuitry and increasing the expense. Also. the
pulse shape that has substantial vertical symmetry. Multiple Righter machine uses a non-linear threshold calculation
candidate signals frequently result from this autocorrelation 60 equation which is more complex than is necessary to get the
process. A digital signal processor stores the candidate job done. Further, the Righter template match operation is
signals in a candidate signal array wherein each candidate is based upon autocorrelation with multiplications and addi-
represented by its peak-to-trough pulse height and its fre- tions rather than simpler and faster logical operations. The
quency in beats per minute. An arbitration function then Righter machine uses two microcontrollers, one for digital
selects the most likely EKG signal from among the candi- ¢5 signal processor (DSP) operations and one for implementing

dates. A running average of the last few heart rates selected
from previous candidate arrays is kept as an indicator of the

the user interface. This is more complicated than it needs to
be if simpler filters were used.
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Other examples of prior art pulse monitors are: U.S. Pat.
Nos. 3,212,496 to Preston entitled “Molecular Physiological
Monitoring System”; 4,038,976 to Hardy et al. entitled
“Pulse Indicator™; 3,949,388 to Fuller entitied “Physiologi-
cal Sensor and Transmitter” and 3,218,638 to Honig entitled
“Wireless Passive Biological Telemetry System”.

The class of products described above are generally used
by health conscious people while working out. Because of
the drawbacks of the two approaches described above, there
has arisen a need for a reliable pulse monitor that is small
and can be worn on the wrist or attached to exercise
equipment and requires no electrode gel or moisture or chest
strap and which can accurately find the EKG signal despite
low signal to noise ratio.

DISCLOSURE OF THE INVENTION

The teachings of the invention contemplate of class of
EKG based heart rate monitors which may be in wrist watch
form or in a form for use on exercise machines and outdoor

10

15
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FIG. 2 is an illustration of a typical application of the
invention on a treadmill, rowing machine etc.

FIG. 3 is an illustration of a typical application of the
invention on a stationary bicycle or an actual outdoor
bicycle.

FIG. 4 is an illustration of a typical application of the
invention on a telemetric chest band embodiment.

FIG. 5 is a block diagram of the preferred embodiment of
the electronics of the invention.

FIGS. 6(A)-6(a) are an illustration of some of the wave-
forms involved in illustrating some of the issues dealt with
by the teachings of the invention.

FIG. 7 is an overview flow chart of the software archi-
tecture according to the teachings of the invention.

FIG. 8 is a graph of the filter response of a digital low pass
filter used in the preferred embodiment of the invention.

FIG. 9 is a graph of the filter response of a digital
bandpass filter used in the preferred embodiment of the

bikes or with chest straps in ambulatory, telemetric situa- 20 invention.
tions such as neonatal care or with hospitalized heart FIG. 10 is a graph of the total filter response resulting
patients. The apparatus of the preferred embodiment of the from combining the effects of the digital low pass filter and
invention comprise at least three electrodes which pick up  he digital bandpass filter.
EKG and EMG signals from the subject. These electrodes FIG. 11 is a more detailed flow diagram of the enhance-
are coupled to an analog differential amplifier that cancels 23 ¢t sional ng of the right b er 0 in FIG. 7
out common mode noise and amplifies the differential ment sigh . pr oc.essmg ? ¢ right branch in T
signals. The preferred gain level for the differential amplifier FIG. 12. is an illustration 9f the waveforms that illustrate
is from 5—10. the operation of the processing of FIG. 11.

The output of the differential amplifier is, in the preferred 0 FIG. 13 represents the mathematical expression which

embodiment at least, passed through an analog bandpass
filter having a passband from 540 Hertz so as to suppress
high frequency noise and 60/50 cycle hum picked up from
the power lines. In the preferred embodiment. the passband
filter is comprised of two separate hardware filters: a low
pass filter with a first order rolloff and a corner frequency
between 25-40 Hertz; and a high pass filter with a second
order rolloff with a corner frequency of from 5-15 Hertz.
The order of these two filters in terms of which filter filters
the signals from the differential amplifier first. is not impoz-
tant. A separate hardware amplifier coupled to the output of
the passband filter provides gain to the output signal from
the hardware filter. The passband filter may also be active
filter with its own gain in some embodiments, but such
active filters can have oscillation problems where the gain is

35

completely specifies the digital signal processing which
implements the recursive low pass filter step of block 90 in
FIG. 7 with a notch at 60 Hertz.

FIG. 14 represents the mathematical expression which
completely specifies the digital signal processing which
implements the recursive bandpass filter step of block 90 in
FIG. 7 with a notch at 60 Hertz.

FIG. 15 represents the mathematical expression which
completely specifies the digital signal processing which
implements the differentiation step 96 in Figure 11.

FIG. 16 represents the mathematical expression which
completely specifies the digital signal processing which
implements the moving average step 100 in FIG. 11.

FIGS. 17(A) and 17(B) represent the logic template used

set too high. However, with that caveat, active filters are still 45 in the cross-correlation process by logic operations and
preferred bécause t.hc; rolloff chara ctén'stics can be more shows how input signals are sliced at 4 or 5 different levels
precisely controlled and made steeper than passive compo- to generate data to be compared against the logic template.
nents thereby providing more selectivity. FIG. 18 is a drawing illustrating how digital data resulting
After filtering to remove some low and high frequency from the cross-correlation by logic template comparison
50 symbolized by FIG. 17 defines an output pulse when the

components, an analog amplifier having a gain preferably
from 100-1000 is used to boost the signal level prior to
conversion to digital format. The gain selected depends upon
the gain selected for the differential amplifier and the gain of
the active filters comprising the bandpass filter.

input pulse has the same approximate shape as the logic
template.

FIG. 19 is a flow chart of one alternative embodiment for
the post-processing module 109 in FIG. 7.

The output of this amplifier is fed to an analog-to-digital 3 FIG. 20is a flow <':hart of another a.ltemaxivc embodiment
converter having a sample rate of 180 Hertz or some other for the post-processing module 109 in FIG. 7.
multiple of 60 Hertz in the preferred embodiment. FIG. 21 is a flow <_:hart of another a_lternative embodiment
Next. the signal is subjected to digital signal processing for the post-processing module 109 in FIG. 7. )
steps to filter out noise components above and below the 60 FIG. 22 is an overview flow chart of the processing of the
EKG frequency band. emphasize the EKG signals against ~ POst processing module 109 in FIG. 7.
the noise and isolate the EKG based pulse rate. FIG. 23, comprised of FIGS. 23(A) and 23(B). is a
detailed flow chart of the preferred embodiment for the
BRIEF DESCRIPTION OF THE DRAWINGS learning process represented by block 148 of FIG. 22.
FIG. 1 shows a typical application in a digital wrist watch 65  FIG. 24, comprised of FIGS. 24(A) and 24(B). is a

for the EKG type heart rate monitor according to the
teachings of the invention.

detailed flow chart of the preferred embodiment for the heart
rate arbitrator process represented by block 150 of FIG. 22.
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FIG. 25 is a flow chart for a process of using the measure
heart rate to control the load resisting movements by the user
in an exercise or outdoor bike.

FIG. 26 is a flow chart of an alternative embodiment for
the process of FIG. 24(A) to provide for an automatic gain
control function which changes the scaling or gain factors in
the running average calculation.

FIG. 27 is a drawing of an alternative form for the
contacts on the handlebars of an outdoor bike or exercise

8

power down mode, and heart rate counting mode can be
continuously active.

Ancther application for the invention is symbolized in
FIG. 3 which depicts the handlebars 34 of an outdoor bike
or an exercise bike with two grips 36 and 38 which are
grasped by the user. Each grip has at least one electrical
contact in the form of a conductive band or metal contact
either on the front or back of the handle. In the embodiment
shown in FIG. 3, two electrical contacts 40 and 41 are shown
on handle 36, and two electrical contacts 42 and 44 are

bike etc. 10 shown on handle 38. To use this embodiment, the user

FIG. 28 is a cross-section of a detachable button contact simply grips the handles, Heart rate mode is continuously
and its mating receiver. active if the bike is continuously connected to power or is

FIG. 29 ia a side view of a snap-ring mount for the entered automatically from power down mode if a real
detachable button type contact. is bicycle or a bike not connected to power is used as the

FIG. 30A is a top view of outdoor bike rider gloves with exercise vehicle. In the preferred embodiment, the handle-
built in buttons electrodes that snap into receiver electrodes bars have two electrodes on each side. the electrodes running
mounted on a bike handlebars. circumferentially around the grip.

FIG. 30B is a top view of outdoor bike rider gloves with In some embodiments, an on/off switch controlling the
built in buttons electrodes that snap into receiver electrodes 2o heart rate mode is used. In automatic modes, the micropro-
mounted on a bike handlebars. cessor (not shown) automatically times out and shuts down

the pulse counting mode after either a predetermined time of
BEST MODE OF CARRYING OUT THE no contact between the electrical contacts and the user or
INVENTION after a predetermined time of continuous pulse counting. In

Referring to FIG. 1. there is shown a typical application »s the latter case, a pushbutton switch may be provided to allow
in a digital wrist watch for the EKG type heart rate monitor the user to force the machine to enter the pulse counting
according to the teachings of the invention. The digital ~ mode on demand. In another embodiment, the machine may
watch 10 includes a display such as LCD display 12 which ~ cycle between a predetermined interval of pulse counting, an
is used to display the time. and when the pulse monitor mode  interval of showing the time and another interval showing
is selected, displays the user’s heart rate. In some 3p calories burned etc.
embodiments, a separate display can be used to show the FIG. 4 represents another class of embodiments which use
pulse rate with the time simultaneously displayed in display chest straps such as chest strap 46. The strap uses three
12. The digital watch embodiment uses a three contact electrical contacts 48, 50 and 52 which contact the chest of
approach to help eliminate noise. Two electrical contacts 14 the user when the strap is worn. In one embodiment, the
and 16 are placed on the front of the watch for the user to 35 electrical signals sensed by these contacts are coupled to a
place his or her fingers on when the pulse mode is entered. transmitter 54. The transmitter will do the signal processing
A third electrical contact is located on the back side of the  described below to detect each heart beat and generate a
watch and is indicated in phantom at 18. The three contacts  pulse for each heart beat. This pulse will be modulated onto
are connected to a differential amplifier inside the watch so ~ an RF carrier and transmitted to a wrist display unit 56.
that common mode noise is suppressed. The circuitry and 40 Typically, the wrist display unit will have enough intelli-
software described below is incorporated into the watch 10 gence to account for missed beats in the form of an arbitrator
so that the unit is stand alone. which typically will check the interval between subsequent

Another application for the invention is symbolized by ~ heart beats as compared to the interval between heart beats
FIG. 2. This figure represents the control panel of a before the missed beat to determine if the heart rate has
treadmill, exercise bike or stairmaster. and has four electrical 45 substantially changed. The results will be displayed. Also. if
contacts 20, 21. 22 and 24 on the front panel thereof along a0 extra beat is received unexpectedly during a refractory
with a display 26 for speed. a display 28 for miles traversed period between beats of the previously received string of
and a display 30 for grade as appropriate for the particular ~ beats. the wrist unit will have enough intelligence to ignore
machine into which the invention is incorporated. Contact the extra beat as an artifact. Arbitration criteria may be used
20 and 22 are connected together by a conductor 32 50 as to 50 in some embodiments in eliminating extra beats such as a
make three total electrical contacts. In an alternative  Tule that the heart rate cannot change by more than 12.5%
embodiment, the electrodes may be placed on handlebars or ~ between adjacent beats. If an extra pulse occurs at a time
gripping rails normally clung to by the user during exercise which cause this maximum ]mut' of heart rate change to. be
as opposed to locating the electrodes on the control panel. To exceed. the pulse will be ignored. In alternative
use this embodiment, the user places his or her fingers or 55 embodiments. the processing done by the wrist display unit
palms on the two pairs of contacts while exercising and the 56 described above can be relocated to the chest strap unit
user’s heart rate is counted. Typically, the heart rate counting ~ and only data encoding the pulse rate will be transmitted to
circuitry of the invention will automatically leave a sleep  the wrist display unit. For medical applications, the tech-
mode or power down mode (in battery operated nology described herein can be used with extra circuitry and
embodiments) and enter a pulse counting mode whenever a 6o Software to sound an alarm if the pulse rate gets too low. too
user places a portion of his or her body into contact with the ~ high or exhibits irregularity such as missed beats or extra
contacts. Either a proximity switch or some circuitry such as beats.

a comparator to measure analog voltage drop between the The embodiments symbolized by FIG. 4 include telem-
contacts and ground or some other reference will be used to etric chest strap monitors for athletes, telemetric neonatal
sense when heart rate monitoring is desired. In machines 65 monitors and telemetric ambulatory heart rate monitors.

such as treadmills or any AC powered machine which is
constantly coupled to power. there is no need for sleep or

Referring to FIG. §, there is shown a block diagram of the
preferred embodiment for circuitry to implement the teach-
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ings of the invention. Block 58 represents the electrical
contacts of any of the embodiments discussed above. Block
60 is a differential amplifier or instrumentation amplifier that
is coupled via bus 62 to the contacts. The differential
amplifier amplifies the analog signals on the three conduc-
tors of bus 62. The common input on bus 62 is coupled to
analog ground and the two remaining conductors are
coupled to the plus and minus inputs of the differential
amplifier. The differential amplifier serves to provide gain
and to simultaneously eliminate common mode noise in the
signal such 60/50 Hertz hum etc. The gain of the differential
amplifier is set at a relatively low figure of 5-10 to prevent
saturation of the operational amplifiers therein by the low
frequencies that are still in the analog signal.

Next, the output of the amplifier is filtered by an active
analog bandpass filter 64. Active filters using RC compo-
nents in operational amplifier circuits are used to implement
the bandpass filter. The passband of this filter is centered on
some frequency between 5 and 20 Hertz, preferably 10-15
Hertz, and has a passband of approximately 5-40 Hertz. The
purpose of this bandpass filter is to remove high frequencies
from the analog signal to prevent aliasing. The low fre-
quency corner of the passband also eliminates DC compo-
nents and any low frequency drift of the baseline caused by
respiration muscle contractions or other muscle contractions
such as typically occur when the user is exercising. The gain
of the bandpass filter is preferably set at 1.5 at the center
frequency, but that gain figure is not critical. A passive
bandpass filter could be used, but generally is not preferred
since it requires too many components and the rolloff is not
sharp enough. In the preferred embodiment, the passband
filter is comprised of two separate hardware filters: a low
pass filter with a first order rolloff and a comer frequency
between 25-40 Hertz; and a high pass filter with a second
order rolloff with a corner frequency of from 5-15 Hertz.
The order in which these two filters filter the incoming signal
from the differential amplifier is not important. The reason
these two filters have different order rolloffs is to allow the
differentiator to emphasize the high frequency components
in the signal in a manner described below. In other words,
the steeper rolloff on the low frequency corner provides
better selectivity. while the less steep rolloff on the high
frequency corner allows more high frequency component to
reach the differentiator such that the differentiator will
generate bigger slope numbers because of the sharp peaks in
the signal represented by the data reaching the differentiator
because of the higher content of high frequency components
in the analog signals reaching the analog-to-digital con-
verter. These sharper corners cause the differentiation opera-
tion in the digital signal processing portions of the circuit to
be described below to generate higher peaks. These higher
peaks are filtered out by the moving average function, but in
the process, the average rises thercby causing the EKG
signals to stand out better against the background noise.

Next, the analog signal is amplified in amplifier 66 which
has a gain of 100-1000 so that the overall gain is about
1000-10.000.

Next, the analog output of the amplifier 66 is applied to
the input of an analog-to-digital converter (hereafter AD
converter) 68. which. in the preferred embodiment is inte-
grated onto the microcontroller integrated circuit. The ana-
log signal is converted to 8-bit digital samples at a sampling
rate of 180 Hertz. or some other multiple of 60 Hertz
preferably. Other sampling rates can also be used so long as
the high frequency components of the real signal from the
electrodes have been filtered out prior to the real signal
reaching the analog-to-digital converter. If these high fre-
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quency components have not been filtered out. alias signals
will appear in the EKG frequency range resulting from
beating of the sampling rate with the high frequency com-
ponents. This is why use of an analog bandpass filter in front
of the analog-to-digital converter is preferred. Different
numbers of bits in each sample could be used as well as a
higher or lower sampling rate, but 180 Hertz is preferred to
make the digital filtering easier since the 180 Hertz sampling
rate is a multiple of the 60 Hertz frequency of a common
source of noise. Further, the coefficients for the digital signal
processing stages described below are set for a sample rate
of 180 samples per second. so if other sample rates are used.
the coefficients must be optimized again. In some
embodiments, the AD converter is part of a microcontroller
integrated circuit 70. The AD converter should be able to
operate on a 3 volt supply or some supply voltage easily
achievable with batteries and, for size considerations in
some embodiments, preferably has a serial format output
data stream if the AD converter is not integrated onboard the
microcontroller.

The digital data stream from the AD converter is input to
the microcontroller 70 for further signal processing to be
described below. The microcontroller is preferably a 4-bit or
8-bit machine such as a Samsung KS57C2408 or Hitachi
H8/3812 or equivalent. These microcontrollers have
on-board amalog-to-digital converter, dual clocks. LCD
drive and buzzer drives. There is no need for an on-board
DSP or a separate DSP since the digital filter coefficients are
integers which substantially simplifies and speeds up pro-
cessing in the software filtering modules. The microcontrol-
ler is also coupled to a number of user interface peripherals
represented by block 72. The user interface peripherals
include LCD displays, mode control switches, buzzer(s).
sensors for monitoring track/wheel speed or as part of an
automatic feedback loop which will cause more drag on the
wheelftrack when the heart rate drops below a target range,
and output ports to which different resistors may be con-
nected to change the gain of the operational amplifiers,
output signals to implement automatic load variation in
embodiments where the drag on the belt/wheel is automati-
cally varied in accordance with the user’s heart rate. such as
circuitry to change the gears on a mountain bike to a lower
gear or higher gear automatically based upon the user’s heart
rate, and alarm units to give users audible alarms when
something is not working or needs adjustment. The micro-
controller has its own clock 74 which can be shut down
along with the microcontroller in power down mode so that
a digital clock chip which has its own clock is not disabled
during power down mode of the microprocessor.

In some embodiments, a separate digital clock integrated
circuit 76 with its own clock 78 serves to keep track of the
time/date etc. and control the display thereof. In alternative
embodiments, the digital clock chip can be any digital clock
chip where display 80 displays only time and date so long as
the clock chip has an interface to the microcontroller 70 to
receive heart rate data. However. in the preferred
embodiment, digital clock IC 76 is incorporated into the
microcontroller and receives for display data encoding the
heart rate reading, calories burned. speed. distance covered.
exercise time etc. via the conductors of bus 82 for display on
LCD display 80.

There follows a discussion of the digital signal processing
implemented by the firmware which controls operations of
the microcontroller 70. However, to better understand the
approach used. the characteristics of a typical EKG signal
and an EKG signal with noise will first be discussed.
Referring to FIG. 6. there is shown a number of waveforms
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on time lines (A) through (G). Time line (A) shows a typical
EKG signal, which is sometimes referred to as a QRS
complex. An EKG signal is comprised of a first small
positive peak designated as P on time line (A). followed by
a negative peak designated Q. After the negative Q peak. a
very large positive peak immediately follows which is
designated as R on time line (A). The R peak is immediately
followed by a negative S peak which is immediately fol-
lowed by a smaller positive T peak. The slope of the R peak
is symmetrical on both sides and has a unique characteristic
value.

Time line (B) shows a EKG signal superimposed with 60
Hertz line interference. Time line (C) shows the result of
passing the signal of time line (B) through a second order
Butterworth lowpass filter. The signal on time line (C) still
exhibits some 60 Hertz noise. Time line (E) represents and
EKG signal superimposed upon a low frequency noise
sources such as respiration EMG or exercise EMG signals.
Time line (F) shows the result of passing the signal of time
line (B) through a second order Butterworth high pass filter
showing distortion of the signal from the action of the filter.
Time line (D) shows the signal resulting from passing the
noisy signal of time line (B) through an integer coefficient
low pass filter such as is used in the invention. Time line (G)
shows the signal resulting from passing the signal of time
line (E) through an integer coefficient high pass filter such as
is used in the invention. Both low and high pass integer
coeflicient filters are used in the invention to eliminate both
60 Hertz noise and low frequency noise.

Referring to FIG. 7. there is shown a fiow diagram of the
main processing carried out by microcontroller 7¢ on the
digital samples received from the AD converter 68. The
digital filtering which results in the signals on time lines (D)
and (G) in FIG. 6 is represented by the digital filtering block
90. The function of this block is to remove high and low
frequency noise from the digital samples.

The digital filtering steps represented by block 90
comprises, in the preferred embodiment. a first step of low
pass filtering the incoming digital data with a low pass filter
having a notch at 60 Hertz and then passing the resulting
filtered data through a bandpass filter which amplifies the
signals in a frequency range from 10-40 Hertz and has a
notch at 60 Hertz. The reason a low pass filtering step is used
prior to passing the data through the low pass filter is to
remove remaining high frequency components in the incom-
ing data prior to passing the signals through the bandpass
filter for amplification and further filtering.

FIG. 8 represents the frequency response of the preferred
embodiment for the digital low pass filter implemented by
the preferred embodiment of the digital filtering step 90 in
FIG. 7. This digital filtering is achieved by implementing a
recursive filter having integer coefficients to simplify and
speed up the calculations required to implement the filter.
However, any digital or analog filter that implements a
frequency response roughly equivalent to the frequency
response of FIG. 8 will suffice for purposes of practicing the
invention. e.g.. non-recursive, recursive with different inte-
ger coefficients or floating point coefficients. separate DSP
etc.. analog or any combination of the above. In fact. the low
pass filtering step can be ecliminated altogether in some
embodiments. The purpose of the low pass digital filter is to
remove 60 Hertz noise and to enhance signal to noise ratio.

FIG. 9 represents the frequency response of the preferred
embodiment of the bandpass filter implemented as the
second stage of digital filtering represented by block 90 in
the preferred embodiment. This digital filtering frequency
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response is achieved by implementing a recursive filter
having integer coefficients to simplify and speed up the
calculations required to implement the filter. However, any
digital filter that implements a frequency response roughly
equivalent to the frequency response of FIG. 9 will suffice
for purposes of practicing the invention, e.g.. non-recursive,
recursive with different integer coefficients or floating point
coefficients, separate DSP etc. or any combination of the
above. The bandpass filter function could also be done using
an analog filter. One purpose of the bandpass filter is to
reduce low and high frequency EMG signals caused by
exercise. respiration and muscle tremor in addition to further
reducing 60 Hertz hum noise. Some of the above mentioned
EMG signals lie outside the passband and are therefore
attenuated. EMG and other noise signals in the passband are
removed by a learning, adaptive threshold detect operation
and further uses rules of reason implemented in the software
to arbitrate whether pulses which exceed the adaptive
threshold are true heart beats or are artifacts or noise.

The low pass filtering step can be eliminated in some
alternative embodiments since the bandpass filter also
removes the high frequencies. However, the low pass filter
is preferred because if it is not present, there is less effective
filtering out of 50 Hertz noise which is only an issue if the
invention is to be used in any European or other country
where 50 Hertz power is used. In those markets. the presence
of the low pass filter improves performance for the follow-
ing reason. Note that the rolloff 91 of the low pass filter at
the high frequency corner is 2nd order. Note also that the
rolloff 93 of the bandpass filter transfer function at the high
frequency corner is also 2nd order. The combined filter
response/transfer function implemented by block 90 is
shown in FIG. 10. The combination of the 2nd order rolloff
91 of the low pass filter and the 2nd order rolloff 93 of the
bandpass filter resuits in a 4th order rolloff 95 in the overall
filter response which has virtually no gain at the 50 Hertz
frequency thereby effectively removing 50 Hertz noise. Note
also that although the bandpass filter has a 2nd order rolloff
97 at the low frequency corner, the low pass filter has no
rolloff at the low frequency. Therefore, the resulting rolioff
at the low frequency corner of the overall frequency
response is only 2nd order. This is too much rolloff on the
low frequency corner would destroy some of the sought after
data.

Returning to the consideration of the overall digital signal
processing represented by FIG. 7. after digital filtering is
performed, two different processes are performed to find the
EKG signal in the filtered data. In the preferred embodiment,
only the enhancement signal processing represented by
biock 92 is performed. In the best embodiment. template
matching or cross-correlation is also used to provide alter-
native results which can be cross-checked against the results
of the enhancement signal processing.

Referring to FIG. 11, there is shown a flow chart of the
basic operations that are performed in the enhancement
signal processing block 92. The first step is differentiation.
represented by block 96. The reason this differentiation
operation is performed is because the filtering process
removed some of the information content of the EKG signal.
but there is still a fairly high spectral content of high
frequency Fourier components of the EKG signal caused by
the Q. R and S peaks which is within the passband of both
the analog and the digital filters. To enhance this component.
the differentiation process is performed on the armray of
sample data to find the slopes of all peaks in the data. The
incoming filtered data has a signal waveform which can look
like the waveform at time line A in FIG. 12. The differen-
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tiation process receives this waveform and outputs a wave-
form that looks like the signal on time line B in FIG. 12.

The slopes of the two sides of each peak in the signal on
time line A are successively positive and then negative.
Because a moving average (an integration step) is to be
calculated to smooth out the output of the emhancement
signal processing output and to improve the signal to noise
ratio. negative peaks are undesirable because they tend to
cancel positive peaks and make the signal to noise ratio
worse. To get rid of the negative peaks and possibly improve
the signal to noise ratio, in the preferred embodiment, a
squaring operation represented by block 98 is performed.
The squaring operation outputs a waveform like that shown
on time line C of FIG. 12. Note that all negative peaks are
converted to positive peaks.

Because squaring requires multiplication, and because
multiplication is slow and consumes too much computing
resource, the preferred embodiment is to substitute a look up
table containing the squares of all values likely to be found
in the input signal to avoid the processing necessary in
multiplication. This is much faster than actually performing
the multiplication. In an alternative embodiment, an “abso-
lute value” step can be performed for block 98. This absolute
value operation receives both positive and negative peaks
and outputs a signal which is all positive peaks, each
representing the absolute value of the magnitude of a
corresponding positive or negative peak. Squaring is pre-
ferring since this has the effect of multiplying the size of the
peaks in the signal thereby enhancing the signal to noise
ratio.

Finally, a moving average is computed as represented by
block 100. The purpose of calculating this moving average
is to smooth out any sharp spike-like peaks in the output of
the squaring operation or absolute value step. The moving
average computation is like an integration which calculates
the area under each peak in the output from the squaring or
absolute value step. The moving average step also increases
the signal to noise ratio by taking each pair of peaks in the
signal output by block 98 and summing the area under each
curve. This enhances the amplitude of the resulting single
peak which results from each pair of adjacent peaks in the
signal on time line C. For example. peak 102 results in the
output of the moving average step from the integration or
filtering of the pair of peaks 104 and 106 that arrived from
the squaring step. The moving average is calculated by
taking a predetermined number of sequential samples and
adding their values and then dividing the sum by the number
of samples so added. The individual samples in each moving
average can be weighted in some embodiments. This process
is carried out continuously for each contiguous group of
samples.

FIG. 13 represents the mathematical expression which
completely specifies the digital signal processing which
implements the recursive low pass filter step of block 90 in
FIG. 7 with a notch at 60 Hertz. The Y terms represent
previous outputs such that Y, , represents the most recent
previous output while Y,_, represents the second most
recent previous output. The X terms represent recent data,
except that the result of a previous stage’s calculation, e.g.,
Y, in FIG. 13 becomes raw data point X,, for the next stage,
e.g.. X, in FIG. 14 is actually the result Y, from the
calculation process represented by FIG. 13. For example X,
represents the most recent data while X, _, represent the
fourth most recent data and so on. Note how the coefficients
of the recursive filter specification represented by FIG. 13
are all integers thereby greatly speeding up and simplifying
the calculation. There are many different combination of

10

15

20

25

30

35

45

55

65

14

coefficients which can result in acceptable filter transfer
functions. There may even be other filter specifications with
more points or different subscripts which result in acceptable
filter responses. FIG. 13 only represents one acceptable
example, and any alternative that results in a similar range
of frequencies in the passband as shown in FIG. 8. and
relatively similar gain levels will be acceptable. The factor
14 in the equation of FIG. 13 is a normalization factor based
upon the gain of the filter.

FIG. 14 represents the mathematical expression which
completely specifies the digital signal processing which
implements the recursive bandpass filter step of block 90 in
FIG. 7 with a notch at 60 Hertz. The same can be said about
other possible alternatives to the filter specification of FIG.
14 as was said about FIG. 13. The factor Y12 in the equation
of FIG. 14 is a normalization factor based upon the gain of
the filter.

FIG. 15 represents the mathematical expression which
completely specifies the digital signal processing which
implements the differentiation step 96 in FIG. 11. Many
other combinations of weighting coefficients, numbers of
sample points and possibly even different subscripts exist.
For example, the denominator 4 in FIG. 15 is chosen so as
to make the result of the differentiation process larger such
that the input data to the squaring process is larger. This
results in greater dynamic range. However, other denomi-
nator factors exist which can be used without departing from
the invention defined in the claims. Any such combination
that result in a filter characteristic that has the same relative
range of frequencies within the first major loop of the
transfer function where most of the useful work gets done
will be acceptable to practice the invention. For example.
different numbers of sample points with a different divisor
will also work to practice the invention.

FIG. 16 represents the mathematical expression which
completely specifies the digital signal processing which
implements the moving average step 100 in FIG. 11. The
moving average function has the effect of amplifying the low
frequency components. The number of points selected for
the “window” over which the moving average is calculated
is important in that it defines where the first notch is in the
transfer function which has the characteristic of defining
how high the amplitude is of the resulting moving average
peak. Eight points were selected in the preferred embodi-
ment to enhance the signal-to -noise ratio by raising the
amplitude of the peak that results from each peak pair in the
signal from the squaring or absolute value operation of block
98 in FIG. 11. Other values for signal-to -noise ratio would
also work. but perhaps not as well. For example. 16 points
would smooth the output more, but the amplitude of the peak
is lower. A number of points fewer than 8 may result in a
sharper peak with more adjacent noise thereby resulting in
lower signal to noise ratio. The Y64 factor in front of the
summation is a scaling factor which can be used as a digital
gain control factor. In some embodiments, the adaptive
learning process will be used to affect this digital gain
control factor based upon characteristics found in the sample
data.

Referring again to FIG. 7. in an alternative embodiment.
a second type of signal processing of the digital data after
digital filtering is carried out as a cross check against the
results of the enhancement signal processing or as an
alternative thereto. The alternative or additional processing
is symbolized by block 108 and involves template matching
in the preferred embodiment or cross-correlation where
adequate processing power is available to do the multipli-
cations involved in the cross-correlation calculation. Tem-
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plate matched filtering is preferred since it is much faster and
involves no multiplication since simple exclusive-or logic
operations are used. The template matched filtering is basi-
cally a crude but fast way of performing rudimentary
cross-correlation to determine the degree of likeness
between two waveforms. The way it is done is as follows.

Referring to FIG. 17. comprised of FIGS. 17(A) and
17(B) there is shown the manner in which input data is
compared to a template in memory to determine the degree
of similarity in an input waveform to a reference waveform.
Specifically, FIG. 17(A) shows a 5x9 bit array in memory
that contains a pattern of logic 1 arranged in a shape which
emulates the shape of the R pulse in 2 QRS EKG waveform.
The array is comprised of five rows, each of which has nine
bits therein. Row 1, shown at 110 contains only a single
logic 1 in the middle position of the row shown at 112
representing the peak of the R waveform and all other bit
positions store logic Os. Row 2, shown at 114, contains three
logic 1s at 116, 118 and 120 and all other bit positions or
logic 0s. Each successively higher numbered row in the five
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each corresponding bit position of the real data. A number of
logic 1s is output for each slice that corresponds to the
number of *“hits”, i.e.. coresponding bit positions in the
template and the real data that are both logic 1s.

The above described template matching process is done
“on-the-fly” with a fixed time delay. That is, it is performed
continuously on the input data as each new batch of 16
sample points arrives. The fixed time delay represents the
latency time while 16 new sample points of real data arrive.

The number of logic 1s output for each slice is converted
to an amplitude to generate an output signal like that shown
in FIG. 18. To generate the output waveform of FIG. 18. the
number of hit on the baseline slice, i.e.. the lowest slice is
converted to the amplitude 124 at time T, and output to the
post processing module 109 in FIG. 7 as digital data
representing the amplitude at 124 of a result waveform.
Then the number of hits on the next slice up is converted to
digital data representing the amplitude at 126 of the result
waveform at time T2 and output to the post processing

row array contains a greater number of bits simulating the 2 module 109 in FIG. 7. This process is continued for all
triangular or Christmas tree shaped R pulse. Nine bits were slices, and the process is rcpcafed for cacp successive batch
chosen for the size of the array rows since typical R peaks of ew data samples on a continuous bfms in embodiments
in QRS waveforms span about S0 to 100 milliseconds and using the template matching form of signal enhancement.
nine data points result every 50 milliseconds at the sampling ,5  The waveform of FIG. 18 represents a significant number
rate of 180 Hertz used in the preferred embodiment. If a ~  of hits meaning that the shape of the template matches well
faster sampling rate is used, more data points are used at to the shape of the peak in the sample data representing the
every level of the template which results in more accuracy. actual signal sensed during a particular time interval. This
FIG. 17(B) shows a typical peak represented by the digital means that there is a l.ligh grobabil_ity that the resulting
data that is output from the digital filtering step. In one 3, Waveform of FIG. 18 will be judged in the post processing
embodiment, the input pulse is “sliced” horizontally at five =~ module 107 to represent an actual heartbeat and not an
different levels from the peak to the base of the signal. as artifact.
symbolized by the horizontal lines shown at 122. The The processes of block 108 and 92 in FIG. 7 have the
process of slicing the input signals involves determining the effect of removing artifacts and noise and enhancing the
peak amplitude of each incoming peak and dividing that 35 peaks in the incoming data which are likely to be actual QRS
amplitude by the number of levels of slicing to be per- EKG waveforms. In the process of block 92. the differen-
formed. In the preferred embodiment, only 4 slices are used ~ tiation step of block 96 in FIG. 11 tends fo remove or
and the array of FIG. 17(A) is 4x9 since a 5 layer slice and suppress EMG peaks and enhance EKG peaks because the
a 5x9 matrix does not offer any noticeable advantage overa  EKG peaks have steeper slopes and sharper tips than typical
4 layer slice and a 4x9 matrix. Once the peak amplitude has 4 EMG waveforms. This results in larger numbers being
been divided by the number of slices to be used, the slices output from the differentiator for EKG signals that have been
are taken across the peak separated by the degree of ampli- differentiated than for EMG signals. This fact translates to
tude derived from this process of determining how far apart higher peaks in both the positive and negative amplitudes in
each slice must be to fit the required number of slices into  the signals on time line B of FIG. 12 representing the
the size of the peak. The template matching process is not 45 differentiator results from differentiating EKG QRS wave-
amplitude sensitive. It is the shape of each peak compared ~ forms than result from differentiation of typical EMG pulses.
to the shape of the template which determines the amplitude This further suppresses EMG noise and enhances the signal
of the peak in the digital data representing the signal at the  to noise ratio.
output of the “cross-correlation” template matching process. The template matching or cross-correlation process of
However many slices.are used, each slice is converted to 5o block 108 removes artifacts by virtue of suppressing peaks
a “byte” of 9 bits, each bit representing a timeslot. The that do not have the shape of the template. The template is
timeslots of this byte have logic 1s in timeslots representing designed to simulate closely the shape of the QRS waveform
points (corresponding to sample points) that are inside the in a typical EKG waveform. In some embodiments, the
“envelope” of the peak. i.e., the cross-hatched area under the shape of the template will be adjusted “on-the-fly” after
peak. and all timeslots representing points in time outside ss actual EKG signals are isolated for this particular user so as

the envelope have logic Os therein, i.e., timeslots represent-
ing locations outside the cross-hatched area. The process of
converting each slice to a byte of data is performed on the
fly as each new batch of data arrives by a suitably pro-
grammed microprocessor. As the phrase “on the fly” is used
herein, a 16 sample window is used as the raw data, and as
each new sample arrives, the window is shifted by one
sample.

Each byte of real data generated in this fashion is matched
by an exclusive-or matching operation carried out either in
serial or parallel format by a suitably programmed micro-
processor to compare each bit position of the template to

65

to more closely match the shape of the QRS waveform of
this particular user. Suppressing of EMG waveforms and
other noise and artifacts occurs because these spurious
signals do not have the same shape as the template and
therefore result in lower correlation peaks in the output data
of the template matching process.

After enhancement of the digital data and removal of as
many artifacts as possible in the enhancement process. either
by the process of block 92 or block 108 in FIG. 7, the
resulting digital data is analyzed to determine the user’s
current heart rate. This is done by post-processing heart rate
determination module 109 in FIG. 7. The process repre-
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sented by block 109 could be any one of a large number of
different types of discrimination or arbitration routines to
decide which of the pulses in the filtered, enhanced data
from either path 110 or path 112 in FIG. 7 represent actual
heart beats and to calculate the heart rate therefrom. One
possible embodiment for the process of block 109 is shown
in FIG. 19. In this embodiment, a threshold detect process
116 is performed where a threshold amplitude level is
compared to the amplitudes of all peaks in the incoming
data. The threshold may be fixed or variable, and, if variable,
it may be either adaptive or user programmable. The thresh-
old level is selected such that only EKG pulses will usually
have sufficient amplitude to exceed the threshold. If the
threshold is adaptive, a learning process to determine the
heart rate and then set up a window around the expected time
of each EKG pulse can be employed to isolate EKG pulses
from noise and learn their average amplitude. Once the
average amplitude of EKG pulses is learned, the threshold is
set at a level approximately 50% of the average amplitude or
some other amplitude level which prevents most noise peaks
from exceeding the threshold. If the threshold is user
programmable, the user may vary the threshold until a heart
rate is displayed which corresponds to a pulse count the user
takes manually and then the threshold may be set perma-
nently at that level or left variable such that it can be adjusted
during each use.

Block 118 represents the process of counting peaks that
exceed the threshold over some predetermined interval and
calculating the heart rate from the count by dividing the
count by the number of seconds in the interval and multi-
plying by 60 seconds/minute. In block 120. the calculated
heart rate is displayed.

FIG. 20 represents another alternative embodiment for the
post-processing heart rate determination process represented
by block 109. The process starts out with a process of
comparing each incoming pulse to a threshold level estab-
lished relative to the average EKG pulse amplitude so as to
screen out many artifacts but low enough so as to not miss
EKG pulses. as symbolized by block 122. The process of
block 124 is performed next wherein the pulses which
exceed the threshold are subjected to a pattern analysis
wherein evidence of periodicity in the pattern of pulses
which exceed the threshold is examined. Once a candidate
period is found, a preliminary heart rate is calculated from
this period and rules of reason are applied to the preliminary
heart rate. The rules of reason can be based upon any known
factors that are true of all human heart rates. For example,
a human heart rate will always be between 30 and 220 beats
per minute and will never change by more than 12.5% in the
interval between adjacent beats. If the preliminary heart beat
calculated from the pattern analysis fails any rule of reason
test. the preliminary heart rate is rejected and a new pattern
analysis on a new set of data is performed. After a prelimi-
nary heart rate is found which satisfies the rule of reason test,
the timing of a window is calculated, said window timed to
open during a predetermined interval during which each new
EKG pulse is expected to occur. After the window is set up.
spurious pulses between the times when the window is open
are eliminated from the data.

Next, in step 126, pulses which exceed the threshold and
occur during the window times are counted. Then. in step
128. the heart rate is calculated and the rule of reason tests
are applied again to see if the new heart rate makes physical
sense. If not, the new heart rate is rejected and the process
starts over with a new pattern analysis. If the new heart rate
is plausible, the position of the window is adjusted further
and the threshold level may be adjusted if too many spurious
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pulses are being found and eliminated between times when
the window is open. Finally, the new heart rate is displayed
in step 130.

Referring to FIG. 21, there is shown another alternative
embodiment for the post-processing heart rate determination
of block 109 in FIG. 7. Step 132 represents the process of
sampling the data output by the data enhancement process
(es) of blocks 92 and/or 108 of FIG. 7 and testing the pulses
in the data using a threshold comparision. Test 134 deter-
mines whether any three consecutive pulses seem to be
periodic and represent a reasonable heart rate within the
physical limits from 30 to 220 beats per minute. If not,
processing returns to block 132 to do more sampling of new
data and threshold comparison. If three consecutive beats are
found which seem to represent a reasonable heart rate, the
process of block 136 is performed to set a new logic
template for use in the logical operation cross correlation
operation described with reference to FIGS. 17 and 18.

After the new template is established, the process of block
138 is performed to again sample the new enhanced digital
sample data generated by the process(es) of blocks 108
and/or 92 using the new logic template. Next, the test of
block 140 is performed to determine if any new beats that
appear to be periodic are detected using the new logic
template. If not, processing returns to step 138 to sample
more new data for analysis by test 140. If a new series of
periodic beats (or, in some embodiments, a single beat using
the new template) was detected using the new template. a
test 142 is performed to determine if the period of the new
string of beats or the new beat relative to the last of the three
consecutive beats previously detected is approximately
equal to the interval previously determiined. If not. the test
144 is performed to determine if an interval approximately
5 heartbeats long has passed. If not. processing returns to
block 138 to resample the data generated with the new
template. If 5 heartbeats have passed using the new template
and no new beat has been detected, the template is deemed
to be defective or input data is not valid caused by loose
contacts etc., and processing returns to block 132 to start the
learning process again. If test 142 determines that a new
heart beat has been detected. the period of the new heart beat
is averaged with the period of the previously determined
heart beat., and displayed in block 146.

Referring to FIG. 22, there is shown an overview of the
preferred embodiment for the post-processing heart rate
determination module represented by block 109 in FIG. 7.
The process starts out by attempting to learn the character-
istics of this particular user’s EKG signal, as symbolized by
block 148. The details of this process will be described in
more detail below.

Next, after the characteristics of this user’s EKG signal
have been learned, the process of block 150 is performed to
determine which pulses in the input stream of digital data
represent actual EKG signals. The input data to the process
of block 148 can come from either path 112 or path 110 in
FIG. 7. In alternative embodiments, one path or the other
may be used in accordance with which processing, i.e..
block 92 or block 108 in FIG. 7. is providing better signal-
to-noise ratios. Switching between paths in such an embodi-
ment is controlled by a quality arbitrator process which is
not shown herein but which can be any process which yields
the best signal- to-noise ratio data. The details of the heart
beat arbitrator will be described in more detail below.

Next. the test of block 152 is performed to determine if
5-10 seconds has elapsed without a beat having been
detected. If not, processing vectors back to the process of
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block 150. If no beat has been detected in 5-10 seconds, the
test 154 is performed to determine if the user is still
requesting heart rate readings. Typically, the user requests
heart rate readings by placing the unit in heart rate mode by
pressing a button on the unit or by placing his body in
contact with the sensors. If heart rate readings are still
requested, processing vectors back to the learning process of
block 148 to relearn the characteristics of this user’s EKG
waveform. If the user is no longer requesting heart rate
readings. the process of block 156 is performed to power
down the microcontroller and resume the digital watch
function. This conserves battery power.

FIG. 23. comprised of FIGS. 23(A) and 23(B). there is a
shown a detailed flow chart of the preferred embodiment of
the learning process represented by block 148 in FIG. 22.
Usually the incoming stream of data includes artifacts.
typically resulting from EMG signals. loose contact between
body and sensor that are much larger in amplitude than the
desired EKG pulses despite the filtering and enhancement
operations that have preceded the learning process. EMG
signals often have the same approximate frequency as the
EKG signal when a user is exercising thereby making the
filtering process more difficult. Therefore, it is desirable to
learn the characteristics of the desired EKG signals so as to
be able to better distinguish between EKG signals and EMG
signals and other artifacts. The first step in this process.
represented by block 158 is to skip the first few seconds (1-2
second of data) of sample data as that data is deemed to be
unreliable when the contact between body and electrodes is
first made and impedance values may be varying substan-
tially enough to invalidate the resulting sample data. Next,
step 160 is performed to record the maximum output ampli-
tude V., of any pulse in the data resulting from processing
by either the enhancement signal processing block 92 in
FIG. 7 or the template matching process of block 108 of
FIG. 7.

Next. test 162 is performed to determine if V. is greater
than a default variable MIN and less than a default variable
MAX, If it is, the processing proceeds to step 164. If not
processing returns to block 164 to start the learning process
over again.

Step 164 sets the level of a discrimination threshold to ¥4
V. and then examines more incoming data using this
discrimination threshold to find the next valid V,, within
1.5 seconds of setting the new threshold. It will always be
true that the next heart beat will occur within 1.5 seconds of
the time the discrimination threshold is set. If a new heart
beat is found within the next 1.5 seconds, the first heart rate
period is recorded as variable RR1.

Next, test 166 is performed to determine if the first heart
rate period recorded as RR1 is reasonable, i.e.. between 45
and 200 beats per minute or between 240 to 50 sampling
periods. If the variable RR1 is not between these limits,
processing returns to block 160 to start the learning process
all over again. If RR1 is found to be within reason, step 168
is performed to idle for 250 milliseconds before starting to
examine the incoming data for the next EKG pulse. This 250
milliseconds represents a latency period during which the
occurrence of another EKG pulse would be impossible.

After waiting the first latency period and then starting
again to look for an EKG pulse, test 170 is performed to
determine if a valid EKG signal has been found. If it has. the
period between this new EKG pulse and the preceding EKG
pulse is recorded as a variable RR2, as symbolized by block
172. Then. to make sure that the new heart rate does not
violate a rule of reason that the new heart rate cannot differ
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from the old heart rate by more than 12.5% in adjacent heart
beats, test 174 is performed. Test 174 determines if the
absolute value of RR2 minus RR1, quantity divided by the
value of RR1 is less than 12.5%. If it is. then it is determined
that a valid heart rate has been found and the characteristics
of the pulses in the input data which have been assumed to
be EKG signals are, in fact, EKG signals an array of whose
characteristics are to be recorded at the conclusion of the
learning process. To accomplish this learning, block 176 is
performed where the values of an array of different variable
parameters are set for use by the heart rate arbitrator module
represented by block 150 in FIG. 22. The variable param-
eters recorded in block 176 include: setting a variable BK
equal to the average background noise; setting a variable
Min_ Threshold equal to (V,,,,—BK)>%+BK; setting a vari-
able Step_Threshold equal to (V. —BK)x'4; setting a
variable Start_ Threshold equal to V,.; setting a variable
RR equal to (RR1+RR2)/2; setting a refractory period
variable RP equal to RR/2; and setting a variable Step__
Refractory_ Period equal to RR/8.

Returning to the consideration of test 170, if it is deter-
mined there that no new, valid EKG pulse has been found
after the latency period, the step 178 is performed to
accumulate and average the “background noise¢” and record
the average as the variable BK. Then test 180 is performed
to determine if 1.5 seconds has elapsed. If not. processing
returns to test 170 and it is determined if a new, valid heart
beat has been found yet. If 1.5 seconds has elapsed. and no
new, valid EKG signal has been detected. processing is
vectored to block 182 where processing is vectored back to
block 160 to restart the learning process again.

Returning to the consideration of test 174, if it is deter-
mined that the change between RR1 and RR2 exceeded
12.5%, step 184 is performed where the value of RR1 is
overwritten with the value of RR2 and the process of
examining the incoming data for a new EKG signal to
establish a new value for RR2 is started. The fact that an
artifact was detected as assumed to be an EKG signal which
resulted in an impossible variation in the period is assumed
to have resulted from having a threshold which is set too
high. Therefore, the value of V. isreset to V, /2 in block
186. Then another latency period of 250 milliseconds is
observed during which incoming data is igmored. and.
thereafter. processing returns to test 170. That concludes the
learning process.

Referring to FIG. 24, comprised of FIGS. 24(A) and
24(B). there is shown a flow chart of the preferred embodi-
ment for the heart rate arbitrator block 150 in FIG. 22. The
purpose of the heart rate arbitrator is to determine which of
the pulses in the incoming data are EKG pulses. The process
starts with block 190 where the value of the maximum
amplitude Y in any pulse in the incoming data from the
moving averager is determined and is recorded. If that pulse
was within the refractory period, as tested by test 192, then
the value for its maximum amplitade Y is ignored as
symbolized by path 194. If the pulse was not within the
refractory period, test 196 is performed to determine if the
Y value of the pulse being processed is greater than the
threshold currently being used for pulse discrimination. This
threshold value is adaptive and is changed at steps to be
described below under certain conditions.

If test 196 determines that the Y value of the pulse
curently being processed is not greater than the threshold
value, branch 198 is taken because it is likely that the
adaptive threshold will have to be decreased because a
legitimate EKG pulse was missed. Processing along branch
198 includes starting a timer at block 200 and testing in
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block 200 whether 5 seconds has elapsed. If it has, process-
ing is vectored by block 202 back to the start of the learning
process at block 160 in FIG. 23(A) to relearn the charac-
teristics of this user’s EKG waveform. If test 200 concludes
that 5 seconds has not elapsed, then the process of block 204
is performed to accumulate and average the background
noise from the sample values outside the refractory period
(adding the sample values after the refractory period before
the next Y value comes along and divide by the number of
samples so accumulated) so as to be able to update the value
of the variable BK if necessary. This process is symbolized
by block 204.

Next, test 206 determines whether a sufficient amount of
time has passed to warrant decreasing the threshold. The
amount of time to wait can be a default value or it can be
adaptive. If an insufficient amount of time has passed,
processing returns to block 190 to record a new Y. as
symbolized by path 208. If a sufficient amount of time has
passed to warrant decreasing the adaptive threshold, block
210 is performed to decrease the threshold by an amount
equal to the Step__Threshold variable set in block 176 of the
learning process.

Test 212 is performed after the threshold is lowered to
determine if the adaptive threshold is still greater than the
variable Min_ Threshold set in block 176 of the learning
process. If not, processing returns to block 190 to record a
new V, . If the adaptive threshold is less than Min__
Threshold, step 214 is performed to adjust the adaptive
threshold to the value of Min_ Threshold. and then process-
ing returns to block 190 to record a new Y value. Anytime
processing returns to block 190, the input data is being
scanned for a new peak and is tested in test 196 to see if it
exceeds the current value for the adaptive threshold. If no
pulses are seen, the adaptive threshold keeps decreasing
down to the value of Min_ Threshold until branch 216 is
taken out of test 196 indicating that a new pulse has a Y
value that exceeds the threshold.

Next, step 218 is performed to determine the validity of
the new candidate heart beat pulse found in test 196. The
processing of step 218 is detailed in the flow chart of FIG.
24(B) to be discussed below. If the validity check of block
218 finds no good beat, test 220 is performed to determine
if 4 seconds has elapsed with no good beat being found. In
other words test 220 starts a timer the first time path 222 is
taken, and loops back to block 190 via path 224 to look for
a new pulse. If the paths 216 and 222 and 224 are taken for
4 consecutive seconds with no good beat being found, path
226 is taken to block 228 where processing is vectored back
to stage 1.i.e., block 160 in FIG. 23(A) to restart the learning
process.

If the heart beat validity check of block 218 finds a beat
which is of marginal quality but not good enough to update
the RR variable, processing is vectored back via path 230
and 232 to block 190 to look for another pulse in new data.
Path 230 is taken when an EKG beat was not found when
expected. i.e., after the latency period. but a2 new EKG beat
is still to be looked for using the same adaptive threshold and
latency period.

If the heart beat validity check of block 218 finds a beat
which is good, path 234 is taken to test 236 where the Y
value of the pulse is set as the new V,, . value and to
determine if the new V,_ is greater than the default variable
MAX. If it is. the peak is probably an artifact that occurs in
the window during which EKG pulses are expected. In such
a case, processing is vectored via path 238 to the processing
of block 240 so as to skip the processing of block 244. In
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block 240. the current RR value is stored for the new beat
which has been found or for what whatever pulse cause the
test of block 236 to return a yes response and cause path 238
to be traversed. In some alternative embodiments. process-
ing will be vectored along path 238 to point 242 and thence
via path 232 to block 190.

If the test of block 236 determines that the new V,,,, value
is less than the default variable MAX, the beat is probably
a good beat. and the path 237 is taken to the processing of
block 244. The processing of block 244 stores the new V..
value and the most recent BK background noise level point
in a ring buffer for later computation of new averages for
both these values. Then the processing of block 240 is
performed to store the current RR value for the new beat. If
path 237 was taken out of test 236 through the processes of
block 244 and 240, processing is vectored on path 241 to the
processing of block 243.

The processing of block 243 calculates a new average
V,... and a new average BK value based upon the 8-12
values currently residing in the ring buffer. These new
averages and the new RR value stored in block 240 are used
to calculate the values of the adaptive learning parameters
defined by the equations listed in block 176.

If. on the other hand. the heart beat validity check process
of block 218 results in a conclusion that the beat currently
being process is classified as only “OK”, then path 230 is
taken to the processing of block 245. Block 245 calculates
anew average V,,... and a new average BK value based upon
the 8-12 values currently residing in the ring buffer without
the addition of the new V,, and BK values resulting from
the new OK beat. These V,,, and BK averages thus
calculated and the currently existing RR value are used to
recalculate the values of the adaptive learning parameters
defined by the equations listed in block 176. After the
processing of either block 243 or 245, processing is vectored
by path 232 to block 190 to start processing of the next beat.

Referring to FIG. 24(B), there is shown a flow chart of the
processing that is carried out in block 218 of FIG. 24(A) to
determine if the pulse found after the current value for the
refractory period RP, i.e.. during the window when the next
EKG pulse is expected, is a valid EKG pulse or not. The
processing of FIG. 24(B) is reached only after learning has
been successfully accomplished and all the parameters of
block 176 in FIG. 23(B) have been set and a new pulse has
been found outside the refractory period which hasa V.
value which is greater than the current value for the adaptive
threshold.

The first step in the validity checking process is deter-
mining whether the heart rate interval RR for the new beat
is smaller than the average heart rate interval. To accomplish
this first test, the processing of test 250 is performed to set
the value of a variable New_RR at the heart rate interval for
the new beat and compare New__RR to an average heart rate
interval Avg_RR computed in block 240 on a previous pass
through the processing of that block. If New__RR is less than
Avg_RR. path 252 is taken to test 254 where it is deter-
mined if [(Avg_RR) minus (New__RR)] is less than (Avg
RR)/8. If it is. then path 234 is taken to test 236 in FIG.
24(A). If not, path 222 is taken to test 220 in FIG. 24(A). In
other words, test 254 calls the new pulse a good beat if the
difference between New_RR and Avg_ RR is less than
one-eighth the Avg RR, and, if not, calls it a bad beat on
grounds that the pulse rate has changed too drastically from
the average. This an implementation of a rule of reason
which rejects any alleged EKG pulse if its timing represents
a heart rate which changed by more than 12.5% of the
average heart rate from the last EKG pulse.
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Returning to the consideration of test 259, if the new heart
rate New_ RR is greater than the average heart rate Avg
RR. indicating the heart is slowing down. then a rule of
reason analysis is performed to determine if the slow down
is a reasonable amount. To perform part of this analysis, test

24

be set automatically according to aerobic effect target range
data based upon the age and weight of the user. The age and
weight data may be entered as configuration data when the
exercise machine is set up or, preferably, entered interac-
tively each time the user logs on for an exercise session.

5

256 ascertains the integer portion of the ratio (New__RR/ Alternatively. the upper threshold can be a programmable
Avg_RR). If the integer portion of this ratio is 1, path 258 number which is interactively under the user’s control and
is taken to test 260. Test 260 determines whether the which can be changed at any time. If test 300 determines that
difference between New_RR and Avg RR is less than the measured heart rate is greater than the upper threshold,
(Avg_RR)Y/S. If it is, path 234 is taken to test 236 in FIG. o the process of block 302 is performed to send a signal to an
24(A). If not path 260 is taken to test 262 where it is automatic transmission or transducer to cause mechanical or
determined if the difference between Avg RR and the electrical changes in the exercise machine to decrease the
remainder of the ratio [(New__RR)/(Avg_RR)] is less than load. Thereafter processing vectors back to test 300.
one-eighth of Avg_RR. If it is, then the beat is determined If test 300 determines that the measured heart rate is
to be an “OK” beat, and path 230 is taken to point 242 in 5 below the upper threshold, test 304 is performed to deter-
FIG. 24(A) to return to block 199 to start looking for a new mine if the measured heart rate is below a change load lower
beat using the same adaptive threshold level and other threshold. The change load lower threshold can be set
learned parameters as were used on the last pass through the automatically according to acrobic effect target range data
processing of FIG. 24(A). If the difference between Avg based upon the age and weight of the user. The age and
RR and the remainder of the ratio [(New_RR)/(Avg_RR)] ,, weight data may be entered as configuration data when the
is not less than one-eighth of Avg RR. then the pulse is exercise machine is set up or, preferably, entered interac-
deemed to be an artifact. and path 222 is taken to test 220 tively each time the user logs on for an exercise session.
in FIG. 24(A). Alternatively, the upper threshold can be a programmable

Returning to the consideration of test 256. if the new heart ~ number which is interactively under the user’s control and
rate established by the new candidate peak is found in test 25 Which can be changed at any time. If test 304 determines that
256 to be more than twice as slow as the average heart rate, the measure heart rate is below the lower threshold. the
path 264 is taken to test 266 where it is determined whether process of block 306 is performed to send a signal to an
or not this fact resulted simply from missing one EKG pulse. automatic transmission or transducer to cause mechanical or
More precisely, test 266 determines if the remainder of the electrical changes in the exercise machine to increase the
ratio [(New_RR)/(Avg_RR)] is less than one-eighth of 3p load. Thereafter processing vectors back to test 300. If test
Avg RR. If it is, then the vastly slower heart rate is 304 determines that the measured heart rate is above the
probably caused by a missed EKG pulse, and path 230 is lower threshold. processing vectors to test 300 to start the
taken to point 242 in FIG. 24(A) to return to block 190 to monitoring process over again.
begin looking for a new pulse. In alternative equivalent Referring to FIG. 26, there is shown an automatic digital
embodiments, path 230 leads to block 210 in FIG. 24(A) 35 gain control embodiment in the form of an alternative
rather than point 242 so as to decrease the threshold and start embodiment for block 214 in FIG. 24(A). In this automatic
again looking for a new peak. If test 266 finds that the gain control embodiment, processing is as described with
remainder of the ratio [(New_RR)/(Avg_ RR)] is greater reference to FIGS. 7. 22 and 23(A) and (B) and 24(A) and
than one-eighth of Avg RR. then path 268 is taken to test (B) except that the processing of block 214 in FIG. 24(A) is
270. Test 270 determines whether the difference between 40 replaced with the processing of FIG. 26. In the automatic
Avg RR and the remainder of the ratio [(New__RR)/(Avg__ gain control embodiment, if the test 212 determines that the
RR)] is less than one-eighth of Avg RR. If it is, the slower threshold is less than the minimum threshold. If it is, then the
heart rate is assumed to have been caused by a missed EKG gain control number 64 in the equation of FIG. 16 is changed
pulse. and path 230 is taken to the OK beat processing steps to a smaller number to increase the amplitude of the running
242 (or block 210 in alternative embodiments) as described 45 average. Then the threshold is set equal to the value of the
above. If the difference between Avg__RR and the remainder variable Min_ Threshold set by the learning process. and
of the ratio [(New_RR)/(Avg_RR)] is not less than one- processing continues as previously described.
eighth of AvgRR. the new peak is deemed to be an artifact. Referring to FIG. 27, there is shown an alternative
and path 222 is taken to test 220 in FIG. 24(A). embodiment for an electrode arrangement on the handlebars

Referring to FIG. 25, there is shown a flow chart of a 50 of an outdoor bike. an exercise bike etc. In this arrangement,
process that is implemented in some embodiments to auto- the handlebar grips 300 and 302 each have two removable
matically change the load of an exercise machine based on snap-in electrodes and receivers mounted thereon, of which.
a determination of the heart rate of the exerciser so as to button 304 is typical. FIG. 28 shows. in cross section. the
safely maintain the heart rate within predetermined safe configuration of the removable button electrodes. Each
limits. The process is linked to the process for determining 55 electrode such as electrode 304 is comprised of a conductive
the heart rate of the user either as part of it or linked by virtue button 306 with a rounded surface 308 on top and a snap-in
of shared data. Specifically, the process of FIG. 25 can be a projection 310 on the bottom. The snap-in portion 310 is
subroutine or a separate program execution of which can be received in a well 312 of a receiver portion 314 which also
enabled or disabled by the user or which can be enabled all is made of a conductive material and which is coupled to a
the time. Either the subroutine or separate program commu- 60 wire 316 that is coupled to the electronics of the heart rate
nicates with the heart rate enabling program by shared monitor. The snap-in button configuration for the electrodes
memory. i.e., the load variation program knows where the 304 is only one embodiment which is preferred for use when
calculated heart rate data is stored and can access that riders use the type of gloves shown in FIGS. 30A and 30B.
memory or register. The first step in the automatic load For riders who ride bare handed. the snap-in button con-
variation program is symbolized by block 300. This test 65 figuration can be eliminated and the buttons 306 can be

reads the calculated heart rate and compares it to a change
load upper threshold. The change load upper threshold can

permanently affixed to the receiver 314 or the electrode can
be formed as one piece with the same curved top surface
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308. In some embodiments, the entire receiver portion 314
is electrically conductive, whereas in other embodiments,
only a portion of the receiver portion in physical contact
with the removable button portion is conductive. and this
portion is electrically connected to wire 316 such that
electrical continuity from the users palm to said heart rate
monitor is achieved and maintained.

Referring to FIG. 29, there is shown a side view of a snap
ring mount for mounting the electrodes of the type shown in

5

26

having a first order rolloff characteristic with a corner
frequency between 25 and 40 Hertz, and a high pass
analog filter having a second order rolloff characteristic
with a corner frequency between 5 and 15 Hertz;

an amplifier coupled to receive the output of said band-
pass filter(s);

an analog-to-digital converter coupled to receive the
output signal of said amplifier and convert said output
signal to a plurality of digital samples;

FIG. 28 or of a single unit construction to the handlebars of 10 8 computer coupled to receive said digital samples and
bikes or other exercise machines. This type mount uses a progr.a.mme.d to process said digital samples by digitally
spring steel or plastic ring 318 which has a diameter slightly filtering said samples to suppress frequencies below
smaller than the diameter of the handlebar to which the about 5-15 Hertz and to suppress frequencies of about
electrode is to be attached. The ring 318 has an opening 320 25-40 Hertz and above to generate filtered data. and
which is large enough relative to the flexibility of the ring 15 programmed to process said filtered data so as to
318 to allow the ring to be expanded temporarily so as to slip suppress artifacts while enhancing or at least not sup-
it over the circular form of the handlebars. Preferably. the pressing R peaks in QRS waveforms in EKG signals
relative diameters of the ring 318 in the resting state versus picked up by said electrical contact and encoded in said
the diameter of the handlebar to which it is to be attached fitered data to generate enhanced data. and pro-
and the spring constant and coefficient of friction of the ring 20 grammed to process said enhanced data to find R peaks
will be sufficient to prevent the ring from spinning on the therein which have a heart rate period which is w_1thm
handlebar after it is attached. At the top center of the ring a range from about 40 to about 220 beats per minute
318. the button electrode and its receiver 314 are affixed to and which is not changing by more than about 12.5%
the ring. More precisely, the receiver 314 is affixed to the between adjacent beats, and programmed to learn the
ring 318. and the button electrode is snapped into the 25 background noise characteristics of the enhanced data
receiver is some embodiments or permanently affixed to the and the maximum amplitude and heart rate period
receiver in other embodiments. characteristics of said R peaks so located in said
Referring to FIG. 30A and 30B. there are shown, cnhaqccd d‘ata‘an'd pr ogrammed to se.t the l?vel of an
respectively, a top view and a bottom view of special agap tlvte filts.cnnuna;lon f:hreshc.)‘ljd uhs 1ng ts al.d t}earned
outdoor bike rider gloves with built-in snap-in button elec- 30 lc arafiicns s, 2l ed ta cr Sifld §a a'riac Zﬁs 1t(1:sl dazc
trodes. In these gloves, two metal strips electrodes 322 and l(e)i;nt: .fﬁ;;)t%; :,mcI;ln & d(;tl:: se S:;k:’ inp n‘;ew iflsco(;nino
324 are affixed to the inside surface of each glove. These hanced data which P blv R peaks i Ré

metal strip electrodes make electrical contact with the hands emhance which are possio’ly = p inaQ R
of the rider. Electrically connected to and physically compl.c);( and subject sald.candxd.ate peak.s to a plurality
attached to these metal strip electrodes are two snap-in 35 of validity tests to determine which candidate peaks are
button electrodes 306A and 306B. These snap-in electrodes probably actual R peaks anl;i [g ogra;nmed to comt;:utg

have their curved surfaces facing the palms of the rider’s an averz.igg maxmlu;rn amplitu ?o:n an alv cr:;igc c;a
hands and have their snap-in projections 310 facing away rat:kgctgo and a r‘;: :Et;ry pert fgr ap urth ty o ulR
from the rider’s palm. In use. the rider aligns these snap-in p: 1 at pa S; said vahdity .tCSts‘ an tﬁufe ¢ results
projections 310 with receiver portions 314 mounted on the 40 ofat ca;t. sat t}? veragf n;axu:lnuxélaamp ;ul computa-
grips of the handlebars of the bike or other exercise machine. tion to adjust the level of sai adaptive scnm%nauon
In some embodiments. the handle grips of the bike will be threshold and sgld refractory per}od. and to f:ontmue to
movable within a certain range of rotations and sliding compute a running average maJ.ur(;mm amphtuii and a
axially along the handlebar so as to not require the rider to running average heart rate period and new e a(fto_ry
keep his or her hands in one place on the handlebars. 43 periods for eacl-g new R peak that passes said thd'lty
Although the invention has been described in terms of the Lests on an Ongoing b:.ms. and for outputting for dlsl?lay
. . : N heart rate data encoding at least said head rate period,
preferred and alternative embodiments described herein, said validity tests to which candidate peaks are sub-
hma(;flfvirhenz.gsnst:fiwa:: :ﬁcﬁg:&t: It]t‘:ax?cé;;]s bait‘:'lr:;mg jected including at least a test to determine whether the
implemer}t the teachings of the invention. All such alterna- %0 gzl‘:ldig:taenpng rlc)sg(;:nt‘: hI;c;;el;:: f;n;?wlzc;mp:;
::sp:rg?t;c:tg{:;n?:p;tﬁgggi;;c included within the change from the average head rate period previously
What is claimed is: d‘;et‘:m"“ed’l q e said head rate data from said

1. A heart rate monitor for sensing EKG signals and a display coupled to receive said heas ‘ratef ta om sak
displaying a heart rate based upon the frequency of occur- 5 computer and to disp I:Y a head rate mdxca.ufm encoc_led
rence of ORS complexes in said EKG waveform. compris- in said hcaq rate (_‘lata and further.compr.lsmg 2 wrist-
ing: watf:h housing said heart rate mpmtqr. sa}d wristwatch
. . . having a face a back, and wherein said said at least two
at least two electrical contacts for r?akmg electrical electrical contacts comprise three electrical contacts
contact with different areas of a user’s body: 60 and wherein at least two of said three electrical contacts
an amplifier coupled to said at least two electrical contacts are on said face of said wristwatch and wherein at least
for amplifying any signals picked up by said contacts one of said three electrical contact is on said back of

and suppressing any common mode noise; said wristwatch.

a plurality of bandpass filters coupled to receive the 2. A heart rate monitor for semsing EKG signals and
output of said amplifier. each bandpass filter having a 65 displaying a heart rate based upon the frequency of occur-

passband from approximately 5 to 40 Hertz, each said
bandpass filter comprising a low pass analog filter

rence of QRS complexes in said EKG waveform. compris-
ing:
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at least two electrical contacts for making electrical
contact with different areas of a user’s body;

an amplifier coupled to said at least two electrical contacts
for amplifying any signals picked up by said contacts
and suppressing any common mode noise;

a plurality of bandpass filters coupled to receive the
output of said amplifier. each bandpass filter having 2
passband from approximately 5 to 40 Hertz, each said
bandpass filter comprising a low pass analog filter
having a first order rolloff characteristic with a corner

10

28

front surface and wherein said at least two electrical
contacts comprise three electrical contacts and wherein
at least two of said three electrical contacts are located
on said exercise machine in a position which can be
easily reached by one hand of a user who is using said
exercise machine to exercise and at least one of said
three electrical contacts is located on said exercise
machine in a position which can be easily reached by
the other hand of said user.

3. A head rate monitor for sensing EKG signals and

frequency between 25 and 40 Hertz. and a high pass
analog filter having a second order rolloff characteristic
with a corner frequency between 5 and 15 Hertz;

displaying a heart rate based upon the frequency of occur-
rence of QRS complexes in said EKG waveform. compris-
ing:

an amplifier coupled to receive the output of said band-
pass filter(s);

an analog-to-digital converter coupled to receive the
output signal of said amplifier and convert said output
signal to a plurality of digital samples;

a computer coupled to receive said digital samples and
programmed to process said digital samples by digitally
filtering said samples to suppress frequencies below
about 5-15 Hertz and to suppress frequencies of about
25-40 Hertz and above to generate filtered data. and
programmed to process said filtered data so as to
suppress artifacts while enhancing or at least not sup-
pressing R peaks in QRS waveforms in EKG signals
picked up by said electrical contact and encoded in said
filtered data to generate enhanced data. and pro-
grammed to process said enhanced data to find R peaks
therein which have a heart rate period which is within
a range from about 40 to about 220 beats per minute
and which is not changing by more than about 12.5%
between adjacent beats, and programmed to learn the
background noise characteristics of the enhanced data
and the maximum amplitude and heart rate period
characteristics of said R peaks so located in said
enhanced data and programmed to set the level of an
adaptive discrimination threshold using said learned
characteristics. and. after said characteristics are
learned, programmed to use said adaptive threshold to
locate further candidate peaks in new incoming
enhanced data which are possibly R peaks in a QRS
complex and subject said candidate peaks to a plurality
of validity tests to determine which candidate peaks are
probably actual R peaks and programmed to compute
an average maximum amplitude and an average heart
rate period and a refractory period for a plurality of R
peaks that pass said validity tests, and to use the results
of at least said average maximum amplitude computa-
tion to adjust the level of said adaptive discrimination
threshold and said refractory period. and to continue to
compute a running average maximum amplitude and a
running average heart rate period and new refractory
periods for each new R peak that passes said validity
tests on an ongoing basis, and for outputting for display
heart rate data encoding at least said heart rate period.
said validity tests to which candidate peaks are sub-
jected including at least a test to determine whether the
new heart rate period which is defined by a new

" candidate peak represents more than a predetermined
change from the average heart rate period previously
determined;

a display coupled to receive said heart rate data from said
computer and to display a heart rate indication encoded
in said heart rate data

and further comprising an exercise machine housing said
heart rate monitor and having a control panel having a
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at least two electrical contacts for making electrical
contact with different areas of a user’s body;

an amplifier coupled to said at least two electrical contacts
for amplifying any signals picked up by said contacts
and suppressing any common mode noise;

a plurality of bandpass filters coupled to receive the
output of said amplifier, each bandpass filter having a
passband from approximately 5 to 40 Hertz, each said
bandpass filter comprising a low pass analog filter
having a first order rolloff characteristic with a corner
frequency between 25 and 40 Hertz, and a high pass
analog filter having a second order rolloff characteristic
with a corner frequency between 5 and 15 Hertz;

an amplifier coupled to receive the output of said band-
pass filter(s);

an analog-to-digital converter coupled to receive the
output signal of said amplifier and convert said output
signal to a plurality of digital samples;

a computer coupled to receive said digital samples and
programmed to process said digital samples by digitally
filtering said samples to suppress frequencies below
about 5-15 Hertz and to suppress frequencies of about
25-40 Hertz and above to generate filtered data, and
programmed to process said filtered data so as to
suppress artifacts while enhancing or at least not sup-
pressing R peaks in QRS waveforms in EKG signals
picked up by said electrical contact and encoded in said
filtered data to generate enhanced data, and pro-
grammed to process said enhanced data to find R peaks
therein which have a heart rate period which is within
a range from about 40 to about 220 beats per minute
and which is not changing by more than about 12.5%
between adjacent beats, and programmed to learn the
background noise characteristics of the enhanced data
and the maximum amplitude and heart rate period
characteristics of said R peaks so located in said
enhanced data and programmed to sct the level of an
adaptive discrimination threshold using said learned
characteristics, and. after said characteristics are
learned. programmed to use said adaptive threshold to
locate further candidate peaks in new incoming
enhanced data which are possibly R peaks in a QRS
complex and subject said candidate peaks to at plurality
of validity tests to determine which candidate peaks are
probably actual R peaks and programmed to compute
an average maximum amplitude and an average heart
rate period and a refractory period for a plurality of R
peaks that pass said validity tests, and to use the results
of at least said average maximum amplitude computa-
tion to adjust the level of said adaptive discrimination
threshold and said refractory period. and to continue to
compute a running average maximum amplitude and a
running average head rate period and new refractory
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periods for each new R peak that passes said validity

tests on an ongoing basis, and for outputting for display

head rate data encoding at least said heart rate period.
said validity tests to which candidate peaks are sub-
jected including at least a test to determine whether the

.new heart rate period which is defined by a new

candidate peak represents more than a predetermined

change from the average heart rate period previously
determined;

a display coupled to receive said heart rate data from said
computer and to display a heart rate indication encoded
in said heart rate data

and further comprising an exercise machine housing said
heart rate monitor and having a handlebar which is
normally grasped by two hands of a user using said
exercise machine to exercise during said exercise and
wherein said at least two electrical contacts comprise
three electrical contacts at least two of said three
electrical contacts being located at a position on said
handlebar which is normally in contact with one hand
of a user who is using said machine to exercise and at
least one of said three electrical contacts located at a
position on said handle which is normally in contact
with the other hand of a user who is using said machine
to exercise.

4. A heart rate monitor comprising:

a chest strap having a first surface which contacts the
chest of a user. said first surface having at least three
electrical contacts thereon and wherein said at least
three electrical contacts are mounted on said first
surface of said chest strap so as to contact the check of
said user,

and said chest strap further comprising a heart rate
processing unit including a radio frequency transmitter,
said heart rate processing unit comprising:

a differential amplifier coupled to said at least three
electrical contacts for amplifying any signals picked
up by said contacts and suppressing any common
mode noise;

an analog bandpass filter coupled to receive the output
of said differential amplifier and having a passband
from approximately 5 to 40 Hertz; an amplifier
coupled to receive the output of said bandpass filter;

an analog-to-digital converter coupled to receive the
output signal of said amplifier and convert said
output signal to a plurality of digital samples. said
analog-to-digital converter having a sampling rate
which is a multiple of 60 Hertz;

a computer coupled to receive said digital samples and
programmed to process said digital samples by digi-
tally filtering said samples to suppress frequencies
below about 5—10 Hertz and to suppress frequencies
about 40-60 Hertz and above to generate filtered
data. and programmed to process said filtered data so
as to suppress artifacts while enhancing or at least
not suppressing R peaks in QRS waveforms in EKG
signals picked up by said electrical contact and
encoded in said filtered data to generate enhanced
data. and programmed to process said enhanced data
to find R peaks therein which have a heart rate period
which is within a range from about 40 to about 220
beats per minute and which is not changing by more
than about 12.5% between adjacent beats, and pro-
grammed to learn the background noise characteris-
tics of the enhanced data and the maximum ampli-
tude and heart rate period characteristics of said R
peaks so located in said enhanced data and pro-
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grammed to set the level of an adaptive discrimina-
tion threshold using at least said learned maximum
amplitude characteristics. and, after said character-
istics are learned, programmed to use said adaptive
threshold to locate further candidate peaks in new
incoming enhanced data which are possibly R peaks
in a QRS complex and subject said candidate peaks
to a plurality of validity tests to determine which
candidate peaks are probably actual R peaks and
programmed to perform computations to determine
an average maximum amplitude and an average heart
rate period and a refractory period for a plurality of
R peaks that pass said validity tests. and to use the
results of at least said average maximum amplitude
computations to adjust the level of said adaptive
discrimination threshold and said refractory period,
and to continue to compute a running average maxi-
mum amplitude and a running average heart rate
period and new refractory periods for each new R
peak that passes said validity tests on an ongoing
basis, and for outputting for display heart rate data
encoding at least said heart rate period, said validity
tests to which candidate peaks are subjected includ-
ing at least tests to determine whether the new heart
rate period which is defined by new candidate peaks
represents more than a predetermined change from
the average heart rate period previously determined;

and wherein said radio frequency transmitter on said chest
strap is coupled to receive said heart rate information
from said computer and modulate said heart rate infor-
mation onto a radio frequency carrier and transmit said
carrier;
and further comprising a display unit including a radio

frequency receiver for receiving said radio frequency
carrier transmitted by said radio frequency transmit-
ter on said chest strap and demodulating said carrier
to derive said heart rate information and displaying
said heart rate information.

5. An apparatus for determining heart rate from electrical

signals generated within a body, comprising:

at least three electrical contacts for detecting said electri-
cal signal .s when placed in contact with said body;

a differential amplifier having a gain of from approxi-
mately 5-10 coupled to said electrical contacts for
amplifying any signals detected by said electrical con-
tact means and suppressing any common mode noise;

an analog bandpass filter coupled to receive the output of
said differential amplifier and having a passband from
approximately 5 to 40 Hertz. said bandpass filter com-
prising a low pass analog active filter having a first
order rolloff characteristic with a corner frequency
between 25 and 40 Hertz, and a high pass analog active
filter having a second order rolloff characteristic with a
corner frequency between S and 15 Hertz;

an analog-to-digital converter coupled to receive an ana-
log output signal from said analog passband filter and
convert said analog signal to a plurality of digital
samples using a sample rate that is a multiple of the
powerline Ac voltage frequency;

a digital filter for receiving said digital samples and
suppressing noise signals that have a frequency of 60
Hertz and further suppressing signals that have fre-
quencies below about 5-15 Hertz and above about
25-40 Hertz to generate filtered data. said digital filter
being a recursive filter having integer coefficients so as
to speed up the digital filtering process;
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an enhancement signal processor to receive said filtered
data and maintain or increase the amplitude of signals
therein that have predetermined characteristics of QRS
complexes in human heartbeat signals so as to generate
enhanced digital data;

a post-processing heart rate determination signal proces-
sor means for analyzing said enhanced digital data and
determining the heart rate therefrom;

a display for displaying said heart rate determined by said
post-processing heart rate determination signal proces-

32

an electrical contact means including at least three elec-
trical contacts for detecting said electrical signals when
placed in contact with said body;

a differential amplifier having a gain of from approxi-
mately 5-10 coupled to said electrical contact means
for amplifying any signals detected by said electrical
contact means and suppressing any common mode
noise;

an analog bandpass filter coupled to receive the output of
said differential amplifier and having a passband from

SOr means. 10 approximately 5 to 40 Hertz, said bandpass filter com-

6. The apparatus of claim 5 wherein said enhancement prising a low pass analog active filter having a first

signal processor comprises: order rolloff characteristic with a corner frequency

a differentiator for determining the slope of peaks in said between 25 and 40 Hertz, and a high pass analog active
filtered data and generating a slope signal which defines | filter having a second order rolloff characteristic with a
the magnitude and sign of the slopes of each portion of corner frequency between 5 and 15 Hertz;
each said peak; an analog-to-digital converter coupled to receive an ana-

a squaring processor for squaring the results from said log output signal from said analog passband filter and
differentiator by looking up said results in a lookup convert said analog signal to a plurality of digital
table giving the squares of possible values that could be sample_s using a sample rate that is a multiple of the
output from said differentiator; powerline Ac voltage frequency;

a moving average processor for computing a moving a digital filter for receiving said digital samples and
average of said positive values only signal and output- ;-}lgrlt);e:uﬂggf:;;ls:r S;ﬁgglrist:ifgh‘si;:n:l::retg:tel;g\,/:fﬁio
:;?;g:;ngvgiﬁ; signal which defines said mov- s quencies below about 5-15 Hertz anq ab_os:e about

7. The apparatus of claim § wherein said enhancement 55._40 Hertz to gi;llaaﬁaﬁ{terefi data, sautiﬁdx.g tal filter

signal processor comprises: eing a recursive filter having integer coefficients so as
.. . . . to speed up the digital filtering process;

means for slicing each peak in said filtered data into a , . ;

. . p : : an enhancement signal processor to receive said filtered
plurality of slices, each slice taken at a different ampli- data and maintain or i th litude of sienal
tude level with the highest amplitude slice taken at or 3 . D or increase (he amputuce ot signa's

. - therein that have predetermined characteristics of QRS
near the peak amplitude of said peak and the lowest 1 inh heartbeat signal o
amplitude slice taken somewhere at or above the base- complexes in juman at signals 50 as fo generate
line of the peak, and wherein each slice is comprised of enhanced digital data;

P pri . T

a plurality of timeslots, each timeslot storing a digital a post-processing heart rate determination signal proces-
data bit, said digital data bits each representing a 15 sor means for analyzing said enhanced digital data and
different time at the amplitude level represented by said c.ietcrmlmng- the h.eart “:‘tc therefrom; . .
slice, some of said data bits being in a first logic state a display for displaying said heart rate determined by said
and some of said data bits being in a second state, said post-processing heart rate determination signal proces-
data bits in said first logic state representing points sor means; and wherein said enhancement signal pro-
inside the envelope of a peak in a signal defined by said 40 CeSsor COmprises:
filtered data from said digital filter and said data bits in a differentiator for determining the slope of peaks in said
said second logic state representing points outside the filtered data and generating a slope signal which defines
envelope of a peak in a signal defined by said filtered the magnitude and sign of the slopes of each portion of
data from said digital filter; each said peak;

means for matching the data written into the timeslots of 45 @ squaring processor for squaring the results from said
each slice on a bit for bit basis to corresponding bits differentiator by looking up said results in a lookup
stored in a logic template having one row for every table giving the squares of Possible values that could be
slice and the same number of bits in each row as there output from said differentiator;
are timeslots in each slice, and wherein the data in said a moving average processor for computing a moving
logic template defines the shape of an ideal QRS s0 average of said positive values only signal and output-
complex of a human heartbeat with data bits in a first ting a moving average signal which defines said mov-
logic state at all points inside an envelope defining the ing average over time;
shape of said ideal QRS waveform and data bits in a and wherein said moving average processor is a computer
second logic state at all points outside the envelope. programmed to compute said moving average in a
said matching being performed using a logical 355 plurality of iterations and outputting said Y, iterations
exclusive-or matching operation between each bit in a as a stream of digital data samples with the most recent
timeslot in a slice through a peak in the filtered data and digital data sample representing the moving average
a corresponding bit in a row of said logic template and represented by Y, and wherein each Y, iteration output
outputting a logic 1 for each match as the data from one in said moving average data stream is calculated by
slice is processed; and 60 summing the 8 most recent data samples in said stream

means for counting the number of logic is generated by of data samples representing said filtered data and
said means for matching as each slice is processed and dividing the sum by 64.
generating enhanced digital data which defines the 9. An apparatus for determining heart rate from electrical
number of logic is generated while processing data  signals generated within a body. comprising:
from all slices from each peak so processed. 65  an electrical contact means including at least three elec-

8. An apparatus for determining heart rate from electrical
signals generated within a body, comprising:

trical contacts for detecting said electrical signals when
placed in contact with said body;
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a differential amplifier having a gain of from approxi-
mately 5-10 coupled to said electrical contact means
for amplifying any signals detected by said electrical
contact means and suppressing any common mode

34

10. An apparatus for determining heart rate from electrical

signals generated within a body. comprising:

at least three electrical contacts for detecting said electri-
cal signals when placed in contact with said body;

noise; s a differential amplifier coupled to said at least three
an analog bandpass filter coupled to receive the output of electrical contacts for amplifying any signals detected
said differential amplifier and having a passband from by said at least three electrical contacts and suppressing
approximately 5 to 40 Hertz, said bandpass filter com- any common mode noise;
prising a low pass analog active filter having a first an analog bandpass filter coupled to receive the output of
order rolloff characteristic with a corner frequency ., said differential amplifier and having a passband from
between 25 and 40 Hertz. and a high pass analog active approximately 5 to 40 Hertz, said bandpass filter com-
filter having a second order rolloff characteristic with a prising a low pass analog filter having a first order
corner frequency between S and 15 Hertz; rolloff characteristic with a corner frequency between
an analog-to-digital converter coupled to receive an ana- 25 and 40 Hertz, and a high pass analog filter having a
log output signal from said analog passband filter and |4 second order rolloff characteristic with a corner fre-
convert said analog signal to a plurality of digital quency between 5 and 15 Hertz;
samples using a sample rate that is a multiple of the an analog-to-digital converter coupled to receive an ana-
powerline Ac voltage frequency; log output §ignal from _sa.id analog passb;md ﬁltcr’ q.nd
a digital filter for receiving said digital samples and convert said analog signal to a plurality of digital
suppressing noise signals that have a frequency of 60 4 samples; . o
Hertz and further suppressing signals that have fre- a digital filter for receiving said digital samples and
quencies below about 5-15 Hertz and above about s‘;ﬂ’vp;ﬁf;:i r(l:mssie ;;lgn;izl that h:rvess ﬁfeqsl;?;lcys?fnt:l:
25-40 Hertz to generate filtered data, said digital filter P gna further suppressing sig
being a recursive filter having integer coefficients so as that have frequencies below about 5-15 Hertz a'fd
g L . 8 1nteg above about 2540 Hertz to generate filtered data. said
to speed up the.chg] tal filtering pr ocess: . 25 digital filter being a recursive filter having integer
an enhancement signal processor to receive said filtered coefficients so as to speed up the digital filtering
data and maintain or increase the amplitude of signals process;
therein that.have predcternﬁned.characteﬁstics of QRS an enhancement signal processor to receive said filtered
complexes in human heartbeat signals so as to generate data and maintain or increase the amplitude of signals
enhanced d{gltal data; o 30 therein that have predetermined characteristics of QRS
a post-processing heart rate determination signal proces- complexes in human heartbeat signals so as to generate
sor means for analyzing said enhanced digital data and enhanced digital data;
Qctcrrmmng' the h.eart r:.ate therefrom; ) R a post-processing heart rate determination signal proces-
a display for displaying said heart rate determined by said sor for analyzing said enhanced digital data and deter-
post-processing heart rate determination signal proces- 33 mining the heart rate therefrom;
SOI means; ar}d vv"herem said enhancement signal pro- a display for displaying said heart rate determined by said
Cessor Comprises: L L. post-processing heart rate determination signal proces-
a differentiator for determining the slope of peaks in said sor.
filtered data and generating a slope signal which defines 11. An apparatus for determining heart rate from electrical
the magptude and sign of the slopes of each portion of 40 signals generated within a body, comprising:
each .sald peak; . . at least three electrical contacts for detecting said electri-
a squaring processor f01: squaring the result.s from said cal signals when placed in contact with said body;
dﬂferel}t{ator by looking up and results in a lookup a differential amplifier coupled to said at least three
table giving the squares of possible values that could be electrical contacts for amplifying any signals detected
output from said differentiator; 43 . . : :
. ’ . . by said at least three electrical contacts and suppressing
a moving average processor for computing a moving any common mode noise;
average of _szu@ positive yalues or}ly signal and'output- an analog bandpass filter coupled to receive the output of
Fmg a moving average signal which defines said mov- said differential amplifier and having a passband from
ing avex:agc .ove‘r tl.me;' i L 50 approximately 5 to 40 Hertz. said bandpass filter com-
and wherein said differentiator is a digital signal processor prising a low pass analog filter having a first order
programmed to compute the mathematical expression rolloff characteristic with a corner frequency between
Y,/4. 25 and 40 Hertz, and a high pass analog filter having a
where second order rolloff characteristic with a corner fre-
Y ,=represents slope at any particular sample time N, 55 quency between 5 and 15 Hertz;
2X,gepresents twice the amplitude of the most recent an analog-to-digital converter coupled to receive an ana-
digital data sample from the output of the previous log output signal from said analog passband filter and
filter, convert said analog signal to a plurality of digital
X, _,=represents the amplitude of the next most recent samples;
digital data sample from the output of the previous ¢  a digital filter for receiving said digital samples and
filter. suppressing noise signals that have a frequency of the
X, _y=tepresents the amplitude of the third most recent powerline Ac signal and further suppressing signals
digital data sample in the stream from the output of the that have frequencies below about 5-15 Hertz and
previous filter, and above about 25—40 Hertz to generate filtered data, said
2X,_,=represents twice the amplitude of the fourth most 65 digital filter being a recursive filter having integer

recent digital data sample from the output of the
previous filter.

coefficients so as to speed up the digital filtering
process;
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an enhancement signal processor to receive said filtered
data and maintain or increase the amplitude of signals
therein that have predetermined characteristics of QRS
complexes in human heartbeat signals so as to generate

36

prising a low pass analog filter having a first order
rolloff characteristic with a corner frequency between
25 and 40 Hertz, and a high pass analog filter having a
second order rolloff characteristic with a corner fre-

enhanced digital data; 5 quency between 5 and 15 hertz;

a post-processing heart rate determination signal proces- an analog-to-digital converter coupled to receive an ana-
sor for analyzing said enhanced digital data and deter- log output signal from said analog passband filter and
mining the heart rate therefrom; convert said analog signal to a plurality of digital

a display for displaying said heart rate determined by said samples;
post-processing heart rate determination signal °  a digital filter for receiving said digital samples and
processor. and suppressing noise signals that have a frequency of the

wherein said digital filter includes a recursive low pass powerline Ac signal and further suppressing signals
filter with a notch at 60 hertz and specified by the that have frequencies below about 5-15 hertz and
equation: above about 25-40 Hertz to generate filtered data. said

15 digital filter being a recursive filter having integer

Y. =" ¥,y =Yy o+ X,~2X, 5+X, 6) coefficients so as to speed up the digital filtering
process;

wh;re. cesents the output digital sample on each iteratio an ;lnhanc:mcnt signal processol‘:-h to rccclive said ﬁltcr:ld

r ICP e A . ta and maintain or increase the amplitude of signals

Y,_, and Y, _, represents previous outpats such that Y,,_, 2 therein that have predetermined characteristics of QRS
represents the most recent previous output while Y,, complexes in human heartbeat signals so as to generate
represents the second most recent previous output, enhanced digital data;

and wherein a post—proccssing hearf rate detcnuil}a!:ion signal proces-

X terms such as X, X, 5 and X, _, represent recent 1aw s sor for analyzing said enhanced digital data and deter-
data inputs such that X, represents the most recent raw mining the heart rate therefrom;
data input, X, represents the 3rd most recent raw data a display for displaying said heart rate determined by said
input and X,, , represents the 6th most recent raw data post-processing heart rate determination signal proces-
input. sor; and

12. The apparatus of claim 11 wherein said digital filter 35 wherein said digital filter includes a recursive low pass

includes a recursive bandpass filter with a notch at 60 Hertz filter with a notch at 60 heriz and specified by the
and specified by the equation: equation:

Y=Y (2¥, 1 =3Y, 242, 5=, o+X,-2X, o+X, 12) Y, =% (2, Y, o+X,—2X, +X, o)
where. 35 where,

Y, represents the output digital sample on each iteration, Y, represents the output digital sample on each iteration,
and Y, ; and Y, _, represent previous outputs such that Y,,_,

Y, ;.- Y, Y, s and Y, , represent previous outputs represents &e most 1"1ecent previous output while Y,,_,

i represents the second most recent previous output.,’
f)l\llf;l)lu:ll ::hi};nil'::p::;:g:ngl eﬂl?‘:ztc:sdccfx:ogi‘;:?;i 40 andc\I:'hcrein x terms such as X, , and Xli 6 representtprecent
previous output. Y,,_, represents the fourth most recent raw data inputs such that X, represents the most recent
previous output and wherein raw c!ata input, X,,_5 represents the 3rd most recent raw

X terms such as X,,. X, and X,,_,, represent recent raw g:ta input and X, ¢ represents the 6th most recent raw
data inputs, except that the result of a previous stage’s ta input;

4 . o4 ar s . :
calculation, e.g., Y, in claim 13, becomes raw data 5 and wherein said digital filter includes a recursive band-
point X,, for the equation given in this claim such that pass filter with notch at 60 Hertz and specified by the
X, represents the most recent raw data input and is the equation:
most recent output sample from the low pass filter
defined by claim 13 assuming the low pass filtering Y=V (28, -3Y 542V, 5 Yo b X, 2K o+ i)
process of claim 13 occurs before the bandpass filtering where,
process of this claim. and X,,_¢ represents the 6th most Y represents the output digital sample on each iteration,
recent data input from the previous stage and X,_,» and
represents the 12th most recent raw data input from the Y,, and Y,,_, represent previous outputs such that repre-
previous stage. o .55 sents the most recent previous output while Y, _, rep-

_13. An apparatus for determining heart rate from electrical resents the second most recent previous output, Y,_,

signals genf:rated within a b‘°dy~ comprising: represents the third most recent previous output, and

an t::il‘;’:ltnc.anltacc:ntfac’c dI:tCanﬁsn mch.l;hlig :rti lilaSt' tllra;:e CEC- Y, -4 represents the fourth most recent previous output
contacts for detecting said electrical signals when and wherein

placed in contact with said body; 60 X terms such as X, X, ; and X,,_,, represent recent raw

a differential amplifier coupled to said electrical contact data inputs, except that the result of a previous stage’s
means for amplifying any signals detected by said calculation, becomes raw data point X, such that X,
electrical contact means and suppressing any common represents the most recent raw data input and is the
mode noise; most recent output sample from the low pass filter, and

an analog bandpass filter coupled to receive the output of 65 X,,_g represents the 6th most recent data input from the

said differential amplifier and having a passband from
approximately 5 to 40 Hertz. said bandpass filter com-

previous stage and X,_;, represents the 12th most
recent raw data input from the previous stage;
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and wherein said enhancement signal processor com-
prises:

a differentiator for determining the slope of peaks in said
filtered data and generating a slope signal which defines

38

that have frequencies below about 5-15 Hertz and
above about 25-40 Hertz to generate filtered data, said
digital filter being a recursive filter having integer
coefficients so as to speed up the digital filtering

the magnitude and sign of the slopes on each portion of 3 process;
each said peak; an enhancement signal processor to receive said filtered

a squaring processor for squaring said slope signal from data and maintain or increase the amplitude of signals
said differentiator by looking up said results in a lookup therein that have predetermined characteristics of QRS
table giving the squares of possible values that could be complexes in human heartbeat signals so as to generate
output from said differentiator; 10 enhanced digital data;

a moving average processor for computing a moving a post-processing heart rate determination signal proces-
average of said positive values only signal and output- sor for analyzing said enhanced digital data and deter-
ting a moving average signal which defines said mov- mining the heart rate therefrom;
ing average over time. a display for displaying said heart rate determined by said

14. The apparatus of claim 13 wherein said differentiator 15 post-processing heart rate determination signal proces-
comprises a digital signal processor which computes the sor
mathematical expression Y,=/4, and wherein said apparatus is coupled to an exercise
where machine having a mechanism which can change the

Y,=represents slope at any particular sample time N, load on the exerciser in response to electrical signals.

X, =represents twice the amplitude of the most recent and further comprising means for comparing said heart
digital data sample from the output of the previous rate measured by said heart rate measurement apparatus
filter. to upper and lower thresholds of said heart rate at which

) . the degree of load upon the exerciser should be

X,,_.l--_repr esents the amplitude of the next most recent cha.ngeﬁr so as to maintaﬁl the heart rate of the exerciser

gigl tal data sample from the output of the previous 25 within a predetermined range. and if the measured heart
ter, . , rate is below the lower threshold. for generating a

X,,_.3=.rt:lprcscnts the amplitude of the third most recent signal and transmitting said signal to said mechanism
digit: dat;lsample in the stream from the output of the 50 as to cause said mechanism to increase the load on
previous filter. anq . 30 said user, and, if the heart rate measured by the heart

2X,,_q=tepresents twice the amplitude of the fourth most rate measurement apparatus is above the upper
recent digital data sample from the output of the threshold, generating a signal and transmitting said
previous filter. . . . . signal to said transmission so as to cause said trans-

15. The apparatus of ‘c]zum 14 wherein said moving mission to lower the load on said user.
average processor comprises a computer ngf{m_lmed to a5 17. A method of detecting a heartbeat rate among
compute said moving average as a stream of digital data > ypwanted signals such as EMG signals and Ac hum, com-
samples with the most recent digital data sample represent- prising:
ing the moving average represented by Yy and wherein each sensing analog signals from a body using electrodes in
Y, in said moving average data stream is calculated by contact with the skin of the body;
summing the 8 most recent data samples in said stream of amolifying said anatog signals whilej cancelling common
data ;amé)jes representing said filtered data and dividing the rﬁtﬁ? ngois e thereingtoggcncrate amplified agnalo g sig-
sum by 64. nals:

16. A heart rate measurement apparatus for determinin, L L R . .
heart rate from electrical signals gg:; ated within a bod f filtering out noise in said amplified analog signals having
comprising: * frequencies below and above the frequency range in

I g: . , 45 which the desired heartbeat rate will lie to generate a
an electrical contact means including at least three elec- filtered signal;

trical contacts for detecting said electrical signals when . ; . , -

placed in contact with said body; corsl;rtcnrll;llréi the filtered signal to a plurality of digital

a differential amplifier coupled to said electrical contact digi o .

g . . gitally filtering the digital samples to remove further
means for amplifying any signals d.ctected by said 50 remnants of frequencies above and below the range of
elt(::imcal. c?ntact means and suppressing any common frequencies in which said heartbeat will lie and to
moce noise; . suppress powerline hum at approximately 50—60 hertz

an analog bandpass filter coupled to receive the output of so as to generate filtered digital samples;
said differential a.mgllﬁer and having a passband from digitally processing said filtered digital samples to
appl:oxnnalte]y 5 to 40 Hertz. said bandpass filter com- g4 enhance heartbeat peaks in the signals represented by
prising a low pass analog filter having a first order said filtered digital samples to generate enhanced digi-
rolloff characteristic with a corner frequency between tal samples;

25 and 40 Hertz, and a high pass analog filter having a . : . .
VPSR processing said enhanced digital samples to determine
second order rolloff characteristic with a corner fre- said heartbeat rate:
quency bet“‘/ef.:n 5 and 15 Hertz; ) 60 and wherein the step of digitally filtering the digital
an ana]og-to-d*gﬁal convcrtt.:r coupled to receive an ana- samples comprises the step of recursively filtering the
log output signal from said analog passband filter and sample data derived from the signals sensed from said
conv?rt ‘sald analog signal to a plurality of digital body according to the following recursive filter
sz}@ es; . . specifications. for recursively low pass filtering accord-
a digital filter for receiving said digital samples and 65 ing to the equation:

suppressing noise signals that have a frequency of the
powerline Ac signal and further suppressing signals

Y=t QY ¥, X, ~2X, 34X, &)
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where,

Y represents the output digital sample on each iteration,

Y,_, and Y,_, represent previous outputs such that Y,
represents the most recent previous output while Y, »
represents the second most recent previous output.

and wherein

x terms such as X, X,,_, and X _ represent recent raw
data inputs such that X, represents the most recent raw
data input. X,, 4 represents the 4th most recent raw data

40

for recursively low pass filtering according to the equa-
tion:

Y, =% @Y, Y, »+X.-2X, 44X, 6)

Y represents the output digital sample on each iteration.

Y,_, and Y,_, represent previous outputs such that Y, |
represents the most recent previous output while Y,, ,
represents the second most recent previous output,

dX ts the 8th most recent raw data iput, 0 Whereln
x d n—g Tepresents the Sth most recent raw cata tnput. x terms such as X, X,,_; and X, represent recent raw
ively b flteri ding to th tion: data inputs such that X represents the most recent raw
recursively bandpass filtering according to the equation: data input. X,,_, represents the 3rd most recent raw data
input and X, , represents the 6th most recent raw data
Y=Y (2Y,_~3Y, ;+2¥, Y, X —2X, - n6 . )
W @A Y WYt Ko 2t Koi2) 15 input. and recursively bandpass filtering according to
where, the equation:
Y, represents the output digital sample of the bandpass
filtering step on each iteration. and Yoz (Wpy=3¥n s~ Yo gt XX, oXo12)
Y,_, and Y, _, represent previous output digital samples -
of the bandpass filtering step such that Y,,_, represents 0 Y,,ﬁll'tegiisgm;se ﬂi(::nocuatgl titg;igzlns:.t:gle of the bandpass
the most recent previous output while Y,,_, represents v 4y P t L ¢ digital 1
the second most recent previous output,Y,,_; represents "—% ;1“ b "54 repr ﬁelicn. pret\:ous (;xuxut Y gital samp :S
the third most recent previous output, and Y, _, repre- ?h ¢ Dandpass IIering step suc hﬂa Y"-‘ Tepresens
sents the fourth most recent previous output ¢ most recent previous output whi'e 1, represents
d wherei 25 the second most recent previous output, Y, , represents
:nt w cr:::h 25 X.. X._. and X, ., represent recent the thit;ld r;xost recent previous output. and Y,_, repre-
erms . Aps —12 sents the fourth most recent previous output
sample inputs suc?l as ;amples dcln'ived from the raw or and wherein s P
analog filtered data or digital sample results of a X te
- y . L. rms such as X,,, X,. X,, 5 and X_,, represent recent
prvious stge’scallaion uh e o st 0 e ot 5 e e rom e v
» e ” analog filter ta or digital sample results of a
lr bcones sanple X, ot oo s previosage's el such s e gl o pss
s pests e G s e s om e ST 58, 4P o b e e
revious stage an _12 represents the most " . . .
Fcccnt raw dita input fro;; thcl:) previous stage. » filter step defined by the equation given herein, and
18. A method of detecting a heartbeat rate among X"‘ﬁ. represents the 6th most recent data input from the
unwanted signals such as EMG signals and Ac hum, com- previous stage and X,._,, represents the 12th most
prising: g g recent raw data input from the previous stage
. d . id digi . .
sensing analog signals from a body using electrodes in 40 anpriv::lse.rcm said process of digitally enhancing com
contact with the skin of the body; ; ) differentiate th 1
amplifying said analog signals while cancelling common usmgt; cto;rnp ater %r ogram? e(:)l;o dp eregltt:ate:t ;stamp-es
: . . ) output from said recursive bandpass filter to determine
macjdc noise therein to generate amplified analog sig- the slope of peaks encoded in said digital sample data,
hals; and outputting differentiator digital samples encoding
filtering out noise in said amplified analog signals having 45 the results of said differentiating operation;
frequencies below and above the freq.ucncy range in using a computer programmed to square the amplitude of
which the desi;ed heartbeat rate will lie to generate a signals encoded in said differentiator digital samples by
filtered signal; ) ) » looking up the squares in a lookup table so as to
converting the filtered signal to a plurality of digital s generate squared digital samples; and

samples;

digitally filtering the digital samples to remove further
remnants of frequencies above and below the range of
frequencies in which said heartbeat will lie and to
suppress powerline hum at approximately 50-60 Hertz

using a computer programmed to compute the moving
average of said squared digital samples.
19. The process of claim 18 wherein said step of using a
computer to calculate said moving average comprises:
using a computer programmed to calculate a moving

so as to generate filtered digital samples; » average of said squared digital samples according to the
digitally processing said filtered digital samples to mathematical expression by adding a plurality of digital
enhance heartbeat peaks in the signals represented by samples and dividing the total by the number of
said filtered digital samples to generate enhanced digi- samples so added or dividing by some other selected
tal samples; 60 scaling factor.
processing said enhanced digital samples to determine 20. A method of detecting a heartbeat rate among
said heartbeat rate; and unwanted signals such as EMG signals and Ac hum. com-
wherein the step of digitally filtering the digital samples prising:
comprises the step of recursively filtering the sample sensing signals from a body using electrodes in contact
data derived from the signals sensed from said body 65 with the skin of the body;

according to the following recursive filter
specifications,

amplifying said signals while cancelling common mode
noise therein;
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filtering out noise below and above the frequency range in
which the desired heartbeat rate will lie to generate a
filtered analog signal;

converting the filtered analog signal to a plurality of

42

2) using a computer to subject pulses which exceed said
threshold to pattern analysis to determine if the
pulses are likely to be periodic;

3) for pulses which appear to be periodic, using a

digital samples; 5 computer to ca‘lculate a candidate heart rate there-
digitally filtering the digital samples to remove further from and applying rules of reason that are true for all
remnants of frequencies above and below the range of human heart rates to said candidate heart rate to
frequencies in which said heartbeat will lie and to determine the confidence level that said candidate
suppress powerline hum at approximately 50-60 Hertz heart rate is likely to be a valid heart rate;
50 as to generate filtered digital samples: 10 4yif t.he candidate heart ratfa fails any rul.e of reason test,
. . . . : . using a computer to reject the candidate heart rate
processing said filtered digital samples to determine said and start over at step 1);
heartbeaf rate; . .. 5) for any candidate heart rate which passes all rule of
and wherein the step of processing the filtered digital reason tests. using a computer to determine the
samplcs' comprises &,le steps of: . . 15 approximate expected time of arrival of the next
comparing the amplitudes o,f peaks in the signal rep- EKG complex pulse and set up a window of time
resented by the filtered digital samples to a prede- around said expected arrival time of each new EKG
termined threshold selected such that pulses in EKG complex pulse;
oomp}excs arc.usually the only pulses which have 6) using a computer to count only pulses that arrive
sufficient amplitude to exceed the threshold; during said windows and which exceed said thresh-
counting the peaks that exceed said predetermined old;
thres{mld over a known time interval; and 7) using a computer to calculate a new heart rate from
cal@la@ng the heart rate from the count and the known the pulses detected in step 6) and applying one or
time interval. , .. more rules of reason to the new calculated heart rate
21. The method of claim 20 further comprising the steps to determine a level of confidence that the new
of: calculated heart rate is a human heart rate;
using a computer to learn the approximate time when to 8) if the new calculated heart rate fails any rule of
expect each EKG complex to arrive and setting up a reason, using a computer to reject it and start pro-
window around the expected time of arrival of each cessing over at step 1);
EIFG c_omplex so as to ignore signals received outside ag 9) if the new calculated heart rate passes all rules of
said window; reason, using a computer to adjust the position of
using a computer to learn the average amplitude of pulses said window and the level of said threshold. if
inside said windows; necessary. based on the new calculated heart rate and
using a computer to use said average amplitude to calcu- the average amplitude of said pulses that exceed said
late said predetermined threshold as some percentage 335 threshold during said windows so as to improve the
of said average amplitude and using said threshold to accuracy of calculation of said heart rate; and
further discriminate between EKG complexes received 10) periodically recalculating said heart rate, adjusting
during said window and other pulses received during the position of said windows and said threshold level
said window. and displaying the calculated heart rate.
22. A method of detecting a heartbeat rate among 40 23. A method of detecting a heartbeat rate among

unwanted signals such as EMG signals and Ac hum, com-
prising:

sensing signals from a body using electrodes in contact
with the skin of the body;

amplifying said signals while cancelling common mode
noise therein:

filtering out noise below and above the frequency range in
which the desired heartbeat rate will lie to generate a
filtered analog signal;

converting the filtered analog signal to a plurality of
digital samples;

digitally filtering the digital samples to remove further
remnants of frequencies above and below the range of
frequencies in which said heartbeat will lie and to
suppress powerline hum at approximately 50-60 Hertz
so as to generate filtered digital samples; processing
said filtered digital samples to determine said heartbeat
rate:

and wherein the step of processing the filtered digital
samples comprises:

1) using a computer to set a threshold level relative to
the average amplitude of EKG complex pulses such
that EKG complex pulses can be discriminated from
other signals by comparison of incoming signals
with said threshold and using a computer to compare
incoming pulses to said threshold;
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unwanted signals such as EMG signals and Ac hum. com-
prising:

A) sensing signals from a body using electrodes in contact
with the skin of the body;

B) amplifying said signals while cancelling common
mode noise therein;

C) filtering out noise below and above the frequency
range in which the desired heartbeat rate will lie to
generate a filtered analog signal;

D) converting the filtered analog signal to a plurality of
digital samples;

E) digitally filtering the digital samples to remove further
remnants of frequencies above and below the range of
frequencies in which said heartbeat will lie and to
suppress powerline hum at approximately 50-60 Hertz
50 as to generate filtered digital samples:

F) processing said filtered digital samples to determine
said heartbeat rate; and wherein the step of processing
the filtered digital samples comprises:

1) using a computer to enhance said filtered digital
samples to improve the contrast between EKG com-
plexes and noise or other artifact signals and gener-
ate enhanced digital samples;

2) using a computer to compare pulses represented by
said enhanced digital samples to a threshold and
determine from puises which exceed said threshold
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in amplitude whether any three consecutive pulses
secem to be periodic and represent a reasonable
human heart rate within a range from about 30 beats
per minute to about 220 beats per minute;

3) if three consecutive pulses are found which appear to
be periodic and represent a possible human heart
rate, using a computer to calculate from the shape
and amplitude of said three consecutive pulses in
EKG complexes a logic template comprising a two

w

4

7) if the new heart rate is sufficiently close to the old
heart rate to generate a sufficiently high level of
confidence that the new heart rate is valid, using a
computer to average the new heart rate with the old
heart rate and display the result.

24. A method of detecting a heartbeat rate among

unwanted signals such as EMG signals and Ac hum, com-
prising:

A) sensing signals from a body using electrodes in contact

dimensional array of logic 1’s and (’s which repre- 10 ; ,

sent the shape and amplitude of the three consecutive with the skin of the body;

pulses. said logic template for use in said enhancing B) amplifying said signals while cancelling common
step by cross-correlation of the shapes and ampli- mode noise therein;

tudes of new pulses in said filtered digital samples O) filtering out noise below and above the frequency
with said logic template and using said results of said 15 range in which the desired heartbeat rate will lie to
cr%stsl;conelaugﬁ atsh said enhat;ce;d cg)g:ta‘lil s;amp_les generate a filtered analog signal;

and then repeating the process of step 2) to determine . . .

if any new pulse or pulses in EKG complexes are D) con verting the filtered analog signal to a plurality of
detected using the new logic template to enhance the digital samples;

digital data, said new pulsc or pulses appearing tobe 20  E) digitally filtering the digital samples to remove further
periodic among themselves or relative to the three remnants of frequencies above and below the range of
consecutive beats previously detected; frequencies in which said heartbeat will lie and to

4) using a computer to determine the heart rate of the suppress powerline hum at approximately 50-60 Hertz
new pulse in EKG complexes detected using the new so as to generate filtered digital samples;
logic t_emplatc relative to thf: three comsecutive 25 ) processing said filtered digital samples to determine
pulses in EKG complexes previously detected or the said heartbeat rate; and wherein the step of processing
heart rate reprcsen.tcd by the string of EKG pulses the filtered digital samples comprises the steps:
newly detected using the new logic template, and 1) usin, g

. g a computer to learn and record the character:
comparing the new heart rate to the heart rate of the istics of the EKG complex signals being processed;
three consecutive pulses in EKG complexes previ- 30 2) usi I;lpm 1 g ed ch € proce %
ously detected. and determining if the new heart rate using a computer and the carned © aracteristcs o
is sufficiently close to the old heart rate to physically the EKG complex signals being processed to ana-
make sense since a human heart rate cannot change lyzing incoming filtered digital data samples to select
faster than a predetermined rate; I_‘:KG complexes therefrom;

5) if the new heart rate does not make sense relative to 35 3) if 5-10 seconds have elapsed without a new heart-
the old heart rate, using a computer to reject the new beat pulse in an EKG complex being detected, using
heart rate and return to step 1) to start screening new a computer to determine if a signal has been received
incoming data using the new logic template; from a user indicating heart rate calculation is still

6) if 5 intervals pass when new pulses in EKG com- desired;
plexes would be expected to arrive based upon the 40 4) if not. discontinuing the process of attempting to

newly calculated heart rate, but no pulse appears in
the enhanced digital sample data that exceed the
threshold in any of these 5 intervals, using a com-
puter to reject the new logic template and returning
to step A;

determine a heart rate; and
5) if so, repeating steps A through E and steps 1)
through 5).
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