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SUMMARY

A long-range and long-life telemetry system for heart rate and multiple
body temperatures from free—ranging animals has been designed. This system
includes an implantable transmitter, external receiver-retransmitter collar,
and a microprocessor-controlled demodulator. The size of the implant is
suitable for animals with body welghts of a few kilograms or more; further
size reduction of the implant is possible. The ECG is sensed by electrodes
designed for internal telemetry and lto reduce movement artifacts. The R-wave
characteristics are then specificallly selected to trigger a short radio
frequency (RF) pulse. Temperatures lare sensed at desired locations by
thermistors and then, based on a heartbeat counter, transmitted inter-
mittently via pulse interval modulation. This modulation scheme includes
first and last calibration intervald for a reference by ratios with the
temperature intervals to achieve go?d accuracy even over long periocds. Pulse
duration and pulse sequencing are used to discriminate between heart rate
and temperature pulses as well as RF interference. The implanted tramsmitter
might be used alone for experiments|on animals that frequent particular
locations within a large territory;|on animals in virtually any laboratory
situation; or on animals in moderate—sized enclosures, such as those in a
zoological garden. The implanted transmitter is otherwise interfaced with
the receiver-retransmitter collar tQat employs commercial tracking equipment
to achieve the long-range transmission. Peak energy is consumed only during
the short RF pulses so that average current drain of either transmitter is
in the range of tenths of milliamperes. The RF pulses from either trans-
mitter are processed by the microprocessor controlled demodulator for the
characteristics of pulse durations, intervals, and sequence. The output
provides analog beat-~to-beat heart rate and periodically updated tempera-
tures as well as digital display. Heart rates to several hundred beats per
minute (BPM) and body temperatures within a xange of zero to 50° C with
0.1° C in resolution of change or better seem feasible. The objective of the
design was to achieve a high degree of experimental flexibility and overall
high quality in performance. The system was tested in prstotype form on a
dog.
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INTRODUCTION

This report presents the design details and rationale of an experi-
mentally versatile, long-range, long-life, telemetry data-acquisition system
for heart rate and multiple body temperatures. The design comprises an
implantable transmitter for short to medium range, a receiver/retransmitter
collar to be worn by the animal for long-range transmission, and a micro-
processor—controlled demodulator with a signal conditioner interface circuit.
The other receivers and equipment that were used, including the collar
transmitter, were obtained commercially.

The parameters of heart rate and temperatures were selected for this
design for two major reasons. First, they have a low data rate requirement
so that signal-modulation is-compatible with the same principles of operation
of the small, long-range, long-life, telemetry tracking systems.
Specifically, the radio frequency (RF) pulses can be infrequent and several
milliseconds long as well as frequency-stable. These pulse characteristics
allow narrow—band reception and pulse width discrimination in order to
achieve the effective long transmission range at low power costs. Tracking
systems have long been available and widely used (refs. 1,2).

Second, these parameters are substantially influenced, either directly
or indirectly, by both the autonomic and tentral nervous systems, by the
endocrine system, and by metabolism. Heant rate and temperatures,
particularly in combinations, can therefope inherently serve to index many
and various interactive responses of animals to their environments. These
responses would include changes in actiwity, emotions, health, energy
allocations, behavioral patterns, and biological rhythms. Illustrative
examples have been presented elsewhere (e.)g., refs. 3-5).

These parameters also require animalfinstrumentation techniques that
are acceptable and not too difficult to q%e in a diversity of studies and
environmental situations. That is, compgred to the data of a txacking
signal only, the gain of information from physiological data about the
responses of an animal can far-outweigh the added costs_in the necessary
initial procedural efforts of animal instrumentation.

‘Reviews and reference lists of the state of the art of physiological
telemetry have been presented periodically (refs. 2,6-8). Pulse-interval
modulation (PIM) in the.telemetry designs for heart rate or temperatures
is not uncommon (refs. 9-14). At least one design-effort also has been able
to obtain heart rates at long range with implanfted and external relay
transmitters (refs. 15,16). A temperature channel has recently been added
to that system (Long, Department of- Engineering, University of Wyoming,
personal communication). Also, statements for the justification of studies
that require physiological data from free-ranging animals and for the needs
of associated research.and development were prepared as a report from a
NASA-sponsored 1973 Santa Cruz Summer Study and a subsequent Program Plan on
Wildlife -Monitoring (ref. 17). In short, the technical feasibility of a
research approach and the iustification for it have been demonstrated.



From the practical experimental point of view, however, the critical
factor is the achievement of the gquality of performance required to realize
sampling procedures in experimental designs that are inherent in the idea of
the use of indices. That is (except in the simpler applications), indices
based on physiological parameters, such as heart rate and body temperatures,
to assess animal responses will often reqiire more or less continuous
records over time in order to note relative changes. These changes can then
be related to the experimental context and to the stimuli that give rise to
the responses. Thus, large volumes of data are generated, and a high degree
of automated data processing is virtually mandatory.

The system to be described here offers a heart rate and multiple body
temperature capability but, in addition, has a number of features and
advantages to improve signal quality and to increase experimental flexi-
bility. The specific details of the circuits presented here represent a
prototype that was designed, constructed, and tested in a Labrador dog at
the Ames Research Center. A descriptive overview of the performance
characteristics and design problems is presented first.

This work was initiated under the support umbrella of The National

Research Coudncil's Resident Reseainch Associate Program and was continued, in
part, through a grant (NSG 2293).

OVERVLEW

The implantable tramsmitter generates a radio frequency (RF) pulse of
several milliseconds duration forleach heartbeat. These pulses are
triggered from the specifically selected biopotential R-wave characteristics
of the electrocardiogram (ECG). Tests with the prototype show that the
R-wave detection is highly reliable. A crystal controlled oscillator is
used to achieve the narrow-band, high-power density, dnd frequency-stable
RF pulses.

Periodically, the transmitter's operation changes as determined by a
heartbeat counter. This is set to be every 50 heartbeats in the prototype.
A series of PIM temperature RF pulses are then transmitted within an
approximate 1-2-sec window. This temperature pulse series is at the same RF
as that for the heartbeats, but the pulse durations are approximately
doubled. The modulation scheme includes a two-point interval calibration
that helps to achieve continued accuracy over time with good measurement
resolution over a wide temperature range.

These RF signal characteristics are then received either directly at
short to medium range or after relay through the collar for long range. 1In
either case, the received signals are appropriately conditioned by an inter-
face circuitry and then processed by the microprocessor. The interface
circuitry is adapted to condition a tone-burst output, in order to make it
compatible with commercial tracking receivers and field tape recorders that
might be used for temporary data storage. The microprocessor then sorts the
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pulses according to their widths and to the programmed data treatment for
the other signal characteristics to give digital or analog outputs.

Since temperature variations occur slowly, the periodic cycle for trans-—
mission of data avoids unnecessary redundancy and conserves power both for
transmission and for civcuit operation. Also, the rates of change in
temperature data are often correlated with heart rates so that sampling
redundancy inherently increases with heart rate. The R-waves are still
detected and counted by the implanted transmitter so that no information on
the number of heartbeats is lost during temperature transmission. Because
the temperature window is short, only a little heartbeat-to-beat information
is lost.

On the other hand, the transmission of each heartbeat does not involve
unnecessary redundancy. That is, animals that weigh only a few kilograms
spend most of their time resting or engaged in moderate activity; their
heart rates are then slow and match approximately a convenient pulse rate
for location and tracking. The transmitter's duty cycle is still low so
that further power reduction through reduced transmission rates is not
really necessary. Operation time from several months to more than a year
can be achieved, even within a small animgl. Also, many experiments will
require combinations between average hearty rates for periods of time and
beat-to-beat changes at other times. Such) decisions about these formats are
better made when processing the data. 1In jthis regard, the temperature cycle
can be flagged opticnally to obtain averages.

Figure 1 illustrates the various ways| to interface the equipment for
experiment flexibility. -

i

Temperature Modulation

The modulation scheme for temperatures is illustrated in figure 2. The
scheme involves ratios with the calibration values that are based on fixed
resistors within the transmitter's circuitry. The fixed resistors determine
the first and last intervals of the series of temperature pulses. The
intermediate intervals of the series are assigned sequentially to the
respective thermistors; there could be several thermistors if desired, but
only two are used in the prototype design. The interval between the 50th
heartbeat that triggers the series and the first temperature pulse is also
determined by the same calibration resistor. After the last temperature
pulse, a brief delay is insured before the next transmitted heart pulse is
permitted so that pulse separation always occurs. The fixed-calibration
resistors are selected to correspond to the highest and lowest resistances
of the thermistors used and the range of temperatures anticipated in
experiments.. A measured temperature interval is therefore a percentage of
the range defined by the calibration intervals and is then related to the
known thermistor temperature curves.

L3

The ability to define limits for acceptance in demodulation of the
pulse durations, intervals, and sequence characteristics helps guard against



error. In addition, however, it allows the absence of error to be
recognized automatically. That is, the microprocessor will not update
unless conditions are met, and this fact can be known in an automated way.
This is important when a telemetry system is used near the limits of its
capabilities. Under such conditions, the feature of doubling the tempera-
ture pulses also inherently yields a periodic stronger signal. This-flag,
at least, helps to maintain the record of average heart rates when the noise
interference for good beat-to-beat information is too great.

Because the relationship between the fixed resistors and thermistors is
proportional, changes in circuit characteristics and power levels over time
minimally influence accuracy. Because all the information for the PIM is
transmitted in a short period of time, the variation in detection of the
leading edges of the pulses ("jitter") within the pulse series -should be
slight. The degree of jitter from one pulse series to the next is of little
concern. For example, a temperature range of 50° C with 0.1° C measurement
resolution seems feasible within an average time requisement of less than
0.5 sec per temperature channel. The average from sample redundancy should
improve this resolutiomn. {

RrWage Detection

The quality of performance offthis and similar heart-rate telemetry
systems depends first on the reliapility of the R-wave detection indepéndent
of the animal's activity. Body moywements and the choice of electrode
locations may cause variations of agmplitudes, waveforms, and polarity of the
ECG signals. There may be large aFd rapid changes in the regularity and
frequency of heatbeats, and unwanted signals from various sources may cause
false triggering. The idea of a chronic implant within a healthy and
free-ranging animal must be kept " mind when trying to achieve an optimum
degree of success to correct for these problems. The implant must be
packaged adequately, and appropriate surgical procedures must be followed
in addition to giving considerations to both sensor and circuit design.
Simplicity and economy are desired for any solution, but not at the expense
of experimental objectives and performance requirements. The optimum also
will not be identical for different species or, for that matter, for
different experiments with the same species. The direction taken here
allows design and procedural wvariations to be made easily and noninter-
actively.

A reasonably good first approach when the transmitter is implanted is
to locate the electrodes subcutaneously on the thoracic region. The R-wave
amplitudes tend to be greater when one electrode is referenced to the other
located near the apex of the heart and relative to the heart's electrical
axis. Amplitudes within the ranges of several tenths of a millivolt to
several millivolts will often be obtained, but this depends on the species
as well as on electrode location.

The frequency spectrum for the ECG is 0.1 - 100 Hz. Empirical
examination with the use of filters will indicate that. dominant frequency



components of R-waves occur at about 20 Hz. This is somewhat dependent on
heart size and rates. Filtering above that frequency substantially reduces
the electromyogram (EMG) in which the frequency components begin at about
30 to 50 Hz. The amplitudes of the EMG tend predominantly to be less than a
few tenths of a millivolt unless a major muscle mass is involved. Skeletal
muscle is anatomically unlike that which produces the behavior of an
electrical syncytium in cardiac muscle. A strong electrical axis between
highly coordinated polarized and depolarized regions over--a long distance,
as from the heart, does not occur. Location of electréodes away from muscle
is therefore beneficial. Cosreor Lo

Low-frequency signals within a few hertz, such as those caused by
respiratory movements, are filtered also. But amplitude changes in the
signals of. successive heartbeats can be substantial because of the in-
fluence of thoracic changes on the electrical axis. Changes in body position,
which shift tissues and organs, also influence the electrical axis. Beat-to-
beat changes in amplitudes in excess of 407 tend to be very rare and are
usually much less if care is taken; however, amplitude changes over time are
of course greater. It is Important, therefore, to select electrode
locations to reduce this variation as welqras to maximize R-wave amplitude.
Signal polarity changes are controlled by srectifying the signals. Auto-
matically adjusting thresholds help to compensate for amplitude wvariations
and to maximize noise discrimination whenever possible.

There is a variety of other signal deLection problems. Excessively
large potentials, which can oceur, can overdrive the amplifier; discon-
tinuous signals can cause ringing oscillation within circuits; and
accentuated T-waves may occur with respectl in part, to electrode placement
and cause double triggering. . T-waves can usually be controlled to be less
than 50% of the R-waves. P—waves tend to be much smaller but do_ precede
the R-wave. Fortunately, the wave forms of the ECG tend to keep a degree of
amplitude proportionality so that automatically adjusting thresholds have
considerable benefit. Triggering from RF feedback within the circuit or
through external leads requires appropriate preventive measures, such as
filtering and packaging. Spikes from stress at lead connections can occur
if proper care is not taken. Lead movements can induce potential
differences at the transmitter's input when the leads are separated and
when there is a high impedance. This problem is reduced when the trransmitter
is inside the animal's body but might be heightened by a strong RF field
during signal outputs. Changes of the transmembrane potentials of cells. due
to pressures of electrodes, and as different from activation potentials,
might occur also.

In practice, many of the unwanted noise artifacts occur in the form of
spike bursts rather than single SplkeS. A few of the spikes in a burst will
have higher amplltudes than most of the others. Although these spikes are
often close together, their amplitudes may_ exceed a triggering threshold,
Rapid retriggering might occur unless limited. , Nevertheless, such limits
must not exceed requirements for maximum heart rates. Maximum heart rates
of animals that weigh more than 1 or 2 kg rarely exceed an upper limit of as
much as 8/sec. This allows 125 msec as a minimum limit, for retriggering



and that limit could be extended if maximum rates are lower. This minimum
limit for retriggering also helps to traverse the intervals of rectified
waveform complexes and might be extended to overlap T-waves. Electrode
movement artifacts can be a major problem because their signal amplitudes
and frequenecy components range widely and overlap those of R-waves.
Appropriate electrode design and implant procedures are critical here, and
some suggestions will be made shortly.

In effect, the circuit design for the detection of R-waves places a
window for signal characteristics among those anticipated after appropriate
animal instrumentation procedures are followed. Sharp high- and low-pass
filtering limits the frequency components above and below about 20 Hz. A
limit om the accepted rate of change of slope of an incoming signal is also
used. Amplifier gain control during RF pulses helps reduce feedback in
addition to filtering. Full-wave rectification reduces polarity reversal
problems and is combined with limits on retriggering rates. An absolute
minimum amplitude threshold is set at about *0.3 mV to keep above low-level
signals and noise. Minimum R-wave amplitudes therefore must exceed this
level. 1In addition, the triggering threshold automatically and pro-
portionally adjusts itself above this minimum to accommodate beat-to-beat
amplitude variations and anticipated .durations of rectified waveform
complexes, such as noise bursts. Precautions are taken to ensure rapid
recovery in performance of the circuits, should unusual input signals occur

Again, the design is flexible so that adjustment in the specifications
for performance requirements are largely noninteractive. The design is
complex, but makes efficient use of available low-powered integrated
circuits for construction. Also, ,the advantages that can be gained, if
R-wave detection is accomplished geliably by the implanted transmitter,
substantially covershadow the subsequent problems and limitations asscciated
with complex waveform transmission of the ECG when only heart rate
ultimately is required.

Electrodes

Relatively small structures, such as wires, needles, and lead-loop
extensions of stainless steel are often suggested for chronically implanted
ECG electrodes (refs. 18-22). Stainless steel is a convenient metal to use
and is tolerated reasonably well by tissue; an alternative metal like silwve
is less durable and somewhat toxic (ref. 23). The small mass is advocated
to reduce inertia problems and, because the skin boundary encountered by
external electrodes is absent, the impedance of an internal stainless steel
electrode is relatively low even for small structures that have areas of
only a few square millimeters (refs. 19,20,24). Secure suturing, the
promotion of tissue imbedding, and an appropriate choice of locations where
body movements are minimal are often indicated procedures to reduce movemen
artifact problems. Neumen (ref. 22) recently illustrated that a multi-
stranded lead-loop extension is a typical design commonly used for internal
telemetry,



These electrode styles are not recommended here. A large distributed
area, smooth, thin, and inflexible stainless steel disc is a better yet still
simple design that is suitable for chronic subcutaneous implants in active
animals. An example that is compared with a lead-loop extension is
illustrated in figure 3. This particular construction involves a groove and
plurality of holes into which the lead is fitted with support tabs and spot
welded into place. Silicone RIV coats and supports the entire region of
connection and binds to itself across the heles in the disc as well as to the
disc. The RTV also is tapered to the lead to reduce flexture stress. The
four holes near the periphery allow the disc to be firmly sutured in place
so that lead movements do not dominate electrode movement, as is the case
with a small mass electrode.

Figure 4 shows the considerable difference in signal quality that can
occur between the disc and lead-loop extension electrodes that were
illustrated in figure 3 and when in vivo. For these records, the electrodes
had been implanted 1 week earlier in a dog; they were placed side by side
subcutanecusly in the lead II configuration across the sternum. The leads
passed transcutanecusly and were connected by clips to the recorder with one
pair for recording while other test pairs served for ground. Filters were
set at 1.0~100 Hz; the preamplifier input impedance was 200 kohms. The dog
was kept walking in a circle with side steps of the forelegs. The records
were made sequentially with disc electrodes in A, and them with lead loop
extensions in B. Rubbing-the skin directly over the electrodes produced
an even greater difference in signal qualigy.

Figure 5 illustrates in vitro recordsjfrom these two electrode styles
when one member of a pair in a 0.9% saline bath was rubbed between the
fingers in an attempt to simulate the ég_vivo condition. The records of the
potential changes of disc electrodes (A&C) "and lead loop extensions (B&D)
are labelled respectively. The records A&B show the direct current
potential changes; filters were set at 10-I00 Hz for the records in C&D. A
10 Mohm input impedance probe was used. Polarity of the disturbed
electrode is defiped by the potentiometer connections. In A, the negative
electrode was disturbed; in B, C, and D, the positive electrode was
disturbed. WNote that the artifacts are directed in sign opposite to that of
the disturbed electrode. This as well as the severity of the artifacts
depends on metal type; a steel electrode produced an opposite result.
Electrode polarity orientation when implanted can therefore hHelp differ-
entiate between R-waves and movement artifacts. Large pieces of copper,
silver, silver-silver chloride, and aluminum exhibited polarity changes
similar to stainless steel. The half cell of stainless steel was positivel
to all of these metals; aluminum was most negative. Magnitudes of artifacts
were least from silver and silver-silver chloride, but again, their use as for
chronic implant 1s not recommended. A few of the more exotic electrode
metals or materials might be preferred. However, comparative tests of
electrodes shpuld be based on an emphasis on resistance to perturbation as
well as on rate of recovery, and on tissue response and physical shape that
includes lead connections in order to relate theory to practice.




The records in figures 4 and 5 show that at least an order of magnitude
of difference in the susceptibility to produce major spike-like disturbance
artifacts can be noted under either of the in vivo or in vitro conditions.
Even though the disc, by virtue of a larger area, should have a somewhat
lower impedance, the impedance of the lead extension with a calculated
peripheral area in excess of 10 mm? would not be expected to be high
(ref. 24). But the induced variance in half cell potential is obviously high
and occurs sharply for the lead extension when under nonstationary
conditions. Even the use of a 10-Molm input impedance probe in the in vitro
tests was not adequate to counter this difference,

Aside from the structural suitability for an implant, scme of the
advantages of the disc seem to derive from the fact that the design widely
and evenly distributes current flux and bridges large areas of tissue.
Localized regions of either disturbance or cellular activity therefore would
not dominate the entire electrode's behavior as would be the case with a
small structure. On the other hand, large size would not diminish the ECG
signal as expected if the biopotential were localized. Again, the ECG is
generated throughout the body because the heart behaves as an electrical
syncytium. Polarized and depolarized regions are created over a substantial
structural distance. Even a large electrode cannot easily traverse that
distance and thus tend to minimize its own net potential change relative to
a distantly located reference elec%rode.

—

A plurality of electrodes or g flattened tube that is open at one end
and insulated on the outside are alternative suggestions. A tube would
increase the distance from surrounding tissue and tend to isolate the
electrode interface from physical movements against tissue. A plurality of
electrodes would further distributé current flux and may offer some
advantage for minimizing amplitude fluctuations in R-waves as the heart's
electrical axis changes. Maximum amplitudes, however, might be reduced
because of the net potential difference across the separated parts of an
individual electrode. These suggestions are secondary options, the im-
plementation of which increases the procedural complexity; they may not be
necessary. Also, flexible stainless steel mesh cloth of large area has been
tried but was found unsuitable because of problems with lead connections
and suture locations that seem to produce spikes. Also, the base potential
difference produced by rubbing the mesh cloth when in vitro was sub-
stantially greater than that for the disc, but the spikes produced this way
were about the same. A small disc has been routinely used for small
animals and has been illustrated elsewhere (ref. 25). For example, good
quality records can be obtained from rats running on a treadmill; a larger
disc is better if animal size and skin thickness for revascularization after
implant permits.

RF Interference
Problems of RF noise interference and signal strength variations can,

of course, cause difficulties with reception. At the implant to collar
relay interface, a crystal-contkolled, commercial, tracking transmitter was



used. The transmitter was modified so as to be a complete slave to the
output of the collar receiver and its associated logic circuitry. The logic
circuitry delays the incoming pulse characteristics and then regenerates them
for retransmission. Thus, the strong retransmitted RF cannot normally
interfere with reception from the implant. The pulse width and intervals
are maintained through the relay but the RF is changed to that of the
retransmitter. The RF of both the implant and the collar transmitter are
selected to be nonharmonic to reduce possible interaction. This separation
is also convenient for experimental reasons. The use of different receiver
bands is helpful in any new experiment to check coupling requirements
between implant and collar. During experiments, the distance between the
animal and the investigator's receiver will vary. When that distance is
short, interference could occur if both transmitters had a similar frequency.

Because the implant produces a relatively strong RF signal, variations
in signal strength are less troublesome when an attempt is made to achieve
a good coupling with the collar receiver as the animal moves and changes
body positions. Also, the collar receiver sensitivity can be minimal and
less susceptible to extraneous RF interference. A wider receiver bandwidth
is more feasible, and the power requirements are reduced in that a passive
or only a slightly active gain need be employed. Thus, the size and weight
of the external collar is not greatly increased over that required for the
basic tracking condition.

The similar kinds of noise problems that occur at the output of the
investigator's receiver are dealt with in the demodulation interface circuit
in three basic ways. First, sharp band-pass filtering selects the tone
burst generated by the incoming RF. Secord, the RF sensitivity gain of the
receiver is coupled to threshold detection; this involves a combination of
manually set and autotracking modes to accommodate signal strength varia-
tions. Third, since much of the remaining extraneous RF noise involves
short random pulses, pulse width discrimination of the received signals is
used to block this noise and to sort the heart rate from the temperature
pulses.

The tone bursts will not always be perfectly formed, particularly when
near the 1imits of range; that is, the individual sine waves may be
amplitude-modulated., A conversion to a square wave for pulse width dis-
crimination is used and the top of the square wave is sustained for a brief
period to stretch past a temporary attenuation. This period of pulse
stretching must be short, however, so that only severe random noise could
produce an output that is long enough to be accepted as a heartbeat.

Packaging and Implant Procedures

Some comments and suggestions about packaging and surgical implantation
procedures follow. The units should be hermetically sealed with appropriate
headers, such as glass to metal, for lead passage out of the unit in order
to prevent moisture penetration. The outer coat of the unit must be tissue
compatible — silicone RTIV can be used. Tissue, however, does not adhere to
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RTV and a layer of Dacron coarse-weave cloth will facilitate tissue
imbedding. This is strongly advised so that the unit can become firmly
anchored within the body where it was originally sutured. When the implant
is abdominal, some Dacron should be added to the leads where they will pass
through the muscle wall to run subcutaneously. Appropriate sutures should be
taken in that region to prevent slippage, to promote healing and reclosure of
the abdominal cavity, and to prevent lead flexure at that point from pressing
ocoutward against the skin. Revascularization of the overlying skin might
otherwise be dnhibited. .

Sensors located subcutaneously should be placed to the side of the skin
incision to facilitate revascularization of the skin. All such objects
should be sutured in place rather thamn left to float, in which case they may
be more easily rejected or change location. The electrodes in particular
must be well sutured for stability. An appropriate amount of lead slack is
necessary so that sensors will not be stressed when the animal extends its
body. Flexure stress at the lead/sensor junction is minimized also if the
lead path into the sensor is not curved. Again, in no case should the leads
or sensors exert an outward pressure against the overlying skin; even if
healing occurs initially, a constané outward pressure to the skin may later
cause rejection. A conservatively placed suture will usually alleviate
problems of pressure from lead flexure and help to guide the lead path.

Tight sutures around the leads or sharp angles, of course, cannot be
tolerated. The job of channeling subcutaneously is not difficult, even in
fairly large animals if appropriate tools are used (ref. 26).

A good flexible lead can be made with multistrand stainless steel wire,
silicone tubing, and self-leveling silicone RIV. In some cases, it is
adequate simply to insert the wire into a section of tubing and then inject
the tube with the RTV. Greater flexibility can be achieved by ceoiling the
wire within the tube. This can be done by coiling the wire around a piece
of small-diameter metal tubing which is then inserted into the silicone
tubing. The metal tube is then withdrawn. If necessary, the silicone tube
can be temporarily expanded by soaking it in xylene; the xylene later
evaporates and the silicone shrinks approximately to its original shape.

The common practice of using solder and solder flux to make con-
nections to leads can cause problems. Tissue toxicity responses and the
deterioration of the connection due to the battery potentials that arise
from the metal discontinuities and due to the flux chemistry are likely.
Spot welding, bolting, and crimping are better ways of making connections.
Coating these connections, with RTV, for example, adds protection, reduces
flexure stress, and offers an increased impedance boundary against electro-
chemical potentials.

The use 0f gas sterilization techniques, for example, with ethylene
oxide, is recommended. The gas penetrates the outer potting materials.
Zephiran chloride can then be used as a surface cleaning agent during im-
plantation to reduce the possibility of contamination. Because heat and
pressure are often used with gas sterilizatiom, care should be taken to
avoid damage to the potting materials or to the transmitter unit,.
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After the implant, closure of the skin might best be done with steel or
a monofilament suture. §ilk can act as a wick that might promote infection.
It is best to use permanent sutures for the implant and for abdominal
closure, however, rather than absorbable sutures. Antibiotics should be
generously used, and their direct application to the implant and surgical
area seems helpful in preventing initial infection problems. During surgery,
skin separation from the underlying tissue should be kept to a2 minimum; the
loss of wvascularization promotes subsequent edema and results in cold regions
that inhibit rapid healing. It is recommended that the animal’'s fur be
shaved sparingly and that a temporary bandage be applied for support and
warmth (the bandage should still allow exposure to the air). Talcum powder
along with the teopical antiseptic helps to-keep the area dry. Of course,
animal behavior after surgery and within the experimental situation
influences procedures. An implant under field conditions should be done
only after these things are known, particularly if the animal is to be
released immediately without a day or two of confinement for purposes of
observation.

IMPLANTABLE TRANSMITTER CIRCUITRY

Figure 6 is a block diagram of the implantable transmitter; figure 7
shows the entire circuit design. The major functional stages are indicated
by capital letters to correspond with waveform outputs of these stages as
shown in figures 8 and 9.

The RF bypassed irnput voltages to the R—wave detector stage are first
limited by a voltage follower whose "slew rate" is set at 1 mV/msec
(fig. 6)(:). This allows normal excursions of the QRS complex while greatly
reducing the magnitude of large-amplitude, sharp signals which might drive
the filter and amplifier circuitry into distortion (refs. 27,28). The next
stage is a six-pole, low-pass filter (ref. 29). It provides a 36 dB per
octave rolloff with a 3 dB point (70% amplitude) at 31 Hz . Its output is
connected to a two-pole, high-pass filter with a 3 dB point at 18 Hz and a
rolloff of 12 dB per octave (:). This filter circuitry provides a band-pass
centered near 26 Hz with a sharp rolloff at higher frequencies and a lesser
rolloff at lower frequencies. These filter characteristics select the
fundamental frequency compcnent of the R-wave while greatly attenuating
other components. An AC coupled amplifier with a gain of 56 is next C).
Gain was set to accommodate ECG amplitudes within a range of £5 mV. A
precision full-wave rectifier comverts the amplifier's output to an absolute
value so that all signals are then positive regardless of the polarity
of the input signal (:). Total gain is reduced to unity during RF trans-
mission as a further precaution against spurious responses; this circuit is
indicated later.

The remaining circuitry generates a constant—-amplitude, 5-msec—-wide
pulse each time an R-wave occurs. It does this by identifying the highest
peak in the rectified and filtered QRS complex by means of a peak pulse
detector (ref. 30). The detector follows the amplitude envelope of the
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rectified QRS complex and stores the maximum level om a capacitor (). As
long as the input signal is positive~going and greater than the stored
charge, this stage functions as a voltage follower. When the input
waveform reaches a point of inflection and starts negative, the stored
charge back-biases the diode decoupling the negative feedback loop. With the
feedback loop decoupled, the stage functions as a comparator. Thus, the
output swings into negative saturation since the inverting input is more
positive than the noninverting input. If subsequent peaks do not exceed the
stored charge, the output remains locked in negative saturation. Thereby,
the last negative output transition occurs dt the highest peak of a pulse
complex.

The detector's output is comnected to a biased CMOS line driver whose
output C) controls a retriggerable monostable device. Unless retriggered,
the monostable resets in 110 msec. But in the case where the peak detector
is responding to a cluster of pulses with intervals less than 110 msec, the
monostable may be retriggered several times, not resetting until 110 msec
from the detection of the highest pulse. The reset (:) drives a second,
nonretriggerable monostable with a time constant of 5 msec. Thus, a 5-msec-
wide pulse is generated (:) for each detected R-wave. That pulse triggers
the crystal-controlled RF oscillator C) via the combination of gate
control circuitry . The fixed delay of 110 msec does not affect the
beat~to-beat measurement of heart rates less tham 545 BPM. But this delay
effectively is increased by a period selected in the gain control
circuitry that leads back to the amplifier and rectifier . For
example, the addition of 20 msec through that circuitry yields a rate limit
of 461 BPM.

-

The 5-msec pulse (:) also pro%ides a reset control for the peak pulse
detector. Reset is done by closing a normally open gate for 5 mseec, dis-
charging the capacitor on the detector (). The level of charge left after
the switch reopens is a function of RC wvalues (:::) and of the 5 msec., For
example, a discharge voltage of half the previous peak amplitude allows the
detector to track, on a beat-to-beat basis, changes in R-wave amplitude of
2 to 1. Thereby, the detector's threshold is automatically adjusted to
provide a trigger level which is proportional by a desired amount to each
measured R—-wave amplitude. A resistive bridge in the discharge path of the
detector sets the absolute minimum threshold level to +0.3 mV and lower
referred to the transmitter's ECG input. This ensures that the detector
will not trigger on baseline mnoise when an adequate ECG is not present.

A restart circuit is provided in the event that the detector is driven
into positive saturation such that the charge on the capacitor might remain
higher than the subsequent incoming R-waves. Imn this condition, no
triggering would occur to automatically adjust the threshold level. The
restart circuit, which allows the capacitor to discharge until it re—
acquires the R-wave, activates 1 sec after the last detected heartbeat. The
l-sec delay is related arbitrarily to the expected lower heart rates. With
a l-sec value, the search mode would be employed at all beat-to-beat
intervals of rates less than 60 BPM. For many animals, this may be a
resting state when artifacts from EMG and electrode movements are least
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expected, except in such special physiological conditions as diving
bradycardia.

The restart circuit itself consists of a resistor and capacitor con-
nected across the battery supply. When the charge on this timing capacitor
approaches V34, a gate comnnected to it closes. The detector's storage
capacitor is now discharged through the gate via resistor to ground. The
resistor determines the search rate as the threshold lowers to its absolute
minimum. The RC combination-(:) that controls the gate provides the delay
between the last heartbeat and the start of the search mode. Another gate is
connected to the timing capacitor so that the search mode can be canceled.
When closed, it discharges the timing capacitor to Vg,. This gate is closed
each time the detector (:) indicates a new pulse has been received. The
search mode, therefore, is never employed at heart rates greater than the
delay time, as seen In figure 8.

Besides keying the RF oscillator and adjusting the threshold on the
peak detector, the 5-msec pulse generated by each heart beat initiates a
counter divider chain and signal control to allow sampling of two tempera-
tures periodically. The circuit diagram is included in figure 7. The
significant waveforms are shown in figure 9. The R-wave pulse is divided by
50 using two CD 4017 decade counter dividérs. A reset pulse (M) every 50
counts initializes the second CD 4017 and starts a third CD 4017 (:). The
clock for the third counter (pim 14) is a multivibrator oscillator and has
its period controlled by a resistance bridge. Four independent bridge
circuits are provided, two with thermistors and two with the fixed resistors
that provide a 0° C and a 50° C calibration. The four bridges are sampled
sequentially by four CD 4066 switches contxrolled by the CD 4017 that
advances one step following each pulse.

The oscillator operates as follows: A D30A3 is used as a constant
current source to charge a 1-uF timing capacitor with the current-~level
variable proportioned to the voltage level derived from the resistance
{thermistor) bridges (:). An NPN D26El emitter follower is used to
compensate the emitter-base diode voltage of the D30A3. With the comnstant
current from the D30A3 charging the 1-uF capacitor, a linear voltage ramp is
generated starting at Vss. The ramp signal is connected to the negative
terminal of the L161 comparator and the positive side is connected to the
1161 output by a 2-to-1 attenuator. With the ramp signal below the positive
terminal voltage, the L161l output is saturated at Vdd, and the 2-to-1 divider
places a 0 voltage at the positive terminal. As soon as the ramp crosses
this 0~V threshold the L161 comparator switches to an ocutput of Vss and the
positive terminal is also Vss. The L161l holds the Vss level until the 1-uF
capacitor is discharged and then the entire cycle starts over again with the
charge current from the D30A3. The ramp signal is operated between Vss and
0 since the L161 allows operation of the inputs all the way to the negative
rail; but with a Vss to Vdd supply of 2.7 to 3.0 V, it will not work with a
common mode voltage closer than 1 V to the Vdd rail. This ramp generator
voltage range also provides the necessary collector voltage for the D30A3.
The reset after each ramp period (proportional to the bridge voltage) is
accomplished with a CD 4066 switch which is connected to the L161 output via
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a CD 4001 inverter. The return reset cycle is very short because of the low
Impedance in the switch. By adding a 3.3 kohm thermistor in series with the
switch the reset period can be adjusted to 10 msec for the pulse width for
transmitting temperature data ® The enable circuit allows a time
delay to capture the duration of the last temperature pulse and, in com-—
bination with the gain shutdown control , ensures that a heartbeat
5-msec pulse will not overlap with that temperature pulse. ;

A number of considerations suggested that a thermistor bridge circuit
would be more satisfactory than a direct resistor charging circuit for the
timing RC. Since at least one of the thermistors and possibly both would be
located remote from the electronic package, it was desirable and probably
essential to use a low impedance thermistor. For instance, whether a 30-kohm
or a 3-kohm thermistor is needed dépends on the adequacy of moisture
protection, and that is difficult to evaluate; therefore, the lower the
thermistor value, the better the chance of maintaining consistent results.

A 3-kohm thermistor at 25° ¢ is about 10 kohms at 0° C {(lower temperature
extreme). For a 0.1° C temperature accuracy, a 0.04% resistance accuracy

is required so that a shunt impedance of 2 Mohms across the thermistox

would cause a 0.1° C error. A 20-Mohm shunt would give the same effect on a
30-kohm thermistor. This indicates that even with low-impedance thermistors,
careful protection from moisture is essential. -

If low-impedance thermistors (most desirable because of moisture
problems) are used directly in RC timing circuits, two other problems occur.
One is the switch impedance of the CD 4066 which is of the order of a few
hundred ohms and deteriorates rapidly as the power scurce is reduced from
5V to 3.0 V. This could represent a substantial impedance in series with
the thermistor. Any significant variation in this impedance is likely to
cause data errors. Because about 1 sec is allocated to retrieve the
temperature data, very large capacitors would be required to obtain a
suitable time constant with low impedance devices. Both of these problems
can be circumvented by using a resistance bridge.

A D30A3 is used as a switch to power the four resistance bridges only
when the approximate l-sec temperature data are taken. The D30A3 is driven
by a D26El so that the D30A3 can be properly saturated without loading the
CD 4017 output. With the base current levels used, the voltage drop across
the switch is typically 10 mV. Even this low voltage drop would cause
readout errors if a bridge circuit were not used. Since all the bridge
circuits (four each) are turned on with a common switch (D30A3), whatever
voltage drop occcurs in the switch is corrected for by the 0° C and 50° C
calibration readings.

Minimizing the total power consumption is important to achieve an
operational life of more than 1 year with a modest-sized battery. Although
the CMOS. devices are on continuously, they require very minute currents
except during the short microsecond transitions between on and off states.
The low-impedance thermistors would, however, represent a drain of many
milliamperes if they were on all the time. Since the temperature is only
sampled for 1 sec every 50 heartbeats, assuming an average heart rate of
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100 BPM, this gives a duty cycle of 1 sec "on" and 30 sec "off." With
typical thermistor values of 3 kohms and bridge resistors of 3 kohms, the
"on" current for the four bridges is 2 mA; the average is 1/30 of 2 mA or
about 60 pA. Switching each of the four bridges independently, which could
further reduce the average current, did not seem advisable because extra
parts would have been required and because of the possibility of error
introduced by impedance variations in different switches.

Figure 10 shows a typical thermistor resistance vs temperature plot as
well as various thermistor resistance bridge combinations. The tabled values
were obtained with a breadboard bridge circuit and substitution of
resistance to simulate thermistor impedances. Over the 0° to 50° € desired
operating range, the thermistor changes about 10 to 1 in resistance and also
is a nonlinear curve. Although a 3-kohm thermistor has been used for the
data of figure 10, the shape of the curve would only change very slightly
with a thermistor of a different impedance. The use of various bridge con-—
figurations results in a variety of possible curves. Limitations in the
timing accuracy that can be transmitted within a limited RF bandwidth and
using about a l-sec interval for all temperature readings indicate that the
raw thermistor 10-to-1 dynamic range is too large for proper use in this
system. The approximately 3-to-1 range for the bridge curves seems about
the best. A l-kobhm resistor is placed in series with the thermistor side of
the bridge sc that if the thermistor resistance were to short-circuit, the
oscillator period would not be infinite. Such safeguards must be made in
case a shorted or open thermistor lead causes the entire system to otherwise
shut down. The bridge circuit plus some series resistance with the
thermistors prevents such a failure and also yields identification intervals
of such mishaps.

Some further manipulation of the bridge arrangement or resistance
values could probably improve the dynamic range. This involves some
sacrifice of the linearity but linearization can be done more easily through
the demodulator. Calibration curves for the thermistor bridge in the
transmitter circuit and with a 30 kohm thermistor are shown in figure 11.

As shown in figures 7 and 9, the temperature circuitry controls gating
@and® to the RF oscillator's input @ and to the control circuitry to
the amplifier gain (:). During a temperature measuring cycle, the 5-msec
heart-rate pulses are replaced by the 10~msec temperature pulses, thereby
doubling the oscillator's on-time. The R-wave counter nevertheless
continues to advance so that the start of each temperature cycle represents
the 50th heart beat exactly; only the dynamic beat-to-beat variation is
interrupted temporarily.

The single stage RF oscillator is base-emitter tuned with a third-
overtone crystal employed as the frequency determining device. The base-
emitter circuit operates at the crystal's third -harmonic of 54 MHz. The
collector circuit is alse tuned to 54 MHz. This configuration provides good
frequency stability in a single-stage oscillator because the-output load is
effectively isolated from the base-emitter tuning loop. The oscillator's
output is connected to the thermistor leads. These leads serve as the
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antenna, thereby optionally eliminating the need for a separate antenna.
Bypassing RF is provided at the resistance bridge as well as at the ECG input
and battery supply. The oscillator is keyed "on" and "off" by the ECG and
temperature pulses so that it is active only during each pulse period. Turn-
on time to full RF amplitude is within a few cycles of the 54-MHz operating
frequency. Thus, the resulting wavefront slope is less than 20-usec wide
compared to the data pulse intervals of over 100 msec. Peak RF output power
is about 8 MW.

The system uses two center-tapped mercury cells to provide 1.4 V.
Power consumption is the sum of the continuous current drain of the circuit
plus the average peak current, which is heart-rate dependent. At a heart
rate of 100 BPM, the average current drain is about 350 pA, of which
approximately 250 pA is continuous.

Figure 12 shows the transmitter at various stages of prototype packaging
for implantation and testing. The prototype unit was fabricated with discrete
parts and integrated circuits. A further reduction in size would be possible
using hybrid construction techniques; since the active components used are
available in chip form. The battery shown has a 2400-mAhr capacity, thereby
providing a maximum operating life of about 9 months at an average heart rate
of 100 BPM.

The AM receiver used with this transmitter operates at 54 MHz, with an
output frequency response from 0 to 10 KHz. The low-frequency capability is
important since the received pulses «can have durations as long as 10 msec.
The amplitude is adjusted to provide the 0 to +5 V pulse heights necessary
for driving the demodulator.

RETRANSMITTER COLLAR CIRCUITRY

The retransmitter consists of an RF receiver, logic circuitry, and a
commercially available animal tracking transmitter, all packaged within a
collar. Figure 13 shows a prototype collar and field receiver equipment
for a dog. Dimensions of the electronics package are 5 by 5 by 7 cm;
weilght 1s 320 g. Most of the size and welght is due to the tracking trans-
mitter, which is 3 by 5 by 7 cm and welghs 277 g. The transmitting and
receiving -antennas are incorporated within the collar.

Figure 14 is a circuit diagram of the retransmitter; a circuit timing
diagram is provided in figure 15 (the labeling with capital letters start
over). At the input (:) of the circuitry there is a passive RF receiver
consisting of two tuning stages and a hot carrier diode detector. The
stages are tuned for a bandwidth of about 8§ MHz with a center frequency at
54 MHz. The receiving antenna is a flexible lead configured within the
collar strap. Figure 16 shows the arrangement of the antenna lead. As can
be seen, the lead begins and ends at the electronies package, with maximum
extension to the collar's tip. The outgoing and return paths are separated
for the width of the collar. Following the tuning stages, the hot carrier
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diode circuit detects the negative envelope of the incoming RF pulse (B).
This detection provides an audio frequency pulse which is amplified (C) and
then reshaped by a comparator (). Receiver sensitivity is adjusted by
raising or lowering the comparator's threshold level. When practical, this
adjustment is made with the collar on the animal. Otherwise, it is done
prior to use by estimating the expected field strength and background noise
for the particular application. Figure 17 shows an alternate receiver with
a single stage of RF gain. This active receiver is used in the event that
signal transmission from within the animal is exceedingly weak. This
occurred during testing because of an antenna break. Variations in gain
requirements can be expected for procedural reasons and size limitations
dmong animals. The active receiver requires a greater current drain to
operate, about 700 uA compared to less than 5 pA for the passive receilver.
The antenna in either case is the same. The stage of RF gain in the active
receiver causes a polarity reversal at the input to the comparator. This is
easily remedied by interchanging the comparator’'s inputs.

The comparator drives the CMOS logic circuits which in turn generate a
conttrol pulse for actuating the RF tracking transmitter. The control
pulses are delayed from the incoming receiver pulses, yet keep the same
width and interval as received. The delay prevents interference of the
strong retransmitted RF pulse with the reception of the weaker RF signal
from the implanted transmitter.

To generate the delayed pulse train, the output of the comparator C) is
connected in parallel to the inputs of a pair of monostable devices. One
monostable triggers on the leading edge of the incoming pulse, the othexr on
the trailing edge. Each provides a 20-msec~duration pulse which is
complementary to the other. These ocutputs (E,F) operate a pair of gates ()
that activates the transmitter () when both are closed. As seen in
figure 15, the delay and pulse width of the RF retransmission are the
result of subtracting the outputs of the two monostables by means of the
control gates. Receiver squelch during the RF retransmission is done by a
blanking gate (:) at the inputs to both monostable devices. This gate
closes C)to(:) before the retransmitted RF pulse and remains closed for
about 100 msec. This insures that the retransmitter will not be self-
triggered during that time and allows the receiver circuit a recovery time
after each transmitted pulse. The blanking gate is controclled by a circuit
which stretches the pulse output from the trailing-edge-triggered
monostable. Because the collar was relatively insensitive to RF noise, it
did not seem necessary to include circuitry to prevent the occurrence of a
noise spike from triggering the monostable device. If that did occur
however, the receiver would not accept another pulse for a period of about
120 msec; the occurrence of a heartbeat or temperature pulse could then
actually be missed within that period. Initial pulse width discrimination
in the logic circuitry could, however, be done with little added cost in
terms of size 0r power requirements.

The tracking transmitter is a Telonic's Model MK-3A-TA~4 (fig. 13)

with a factory-modified input. That is, the standard internal control of
the RF pulse rate is omitted with control brought instead to a pair of
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external inputs. The companion receiver provided by Telonics is a hand-held
model designed for field use. The receiver is crystal-controlled, as is the
transmitter, and operates within the RF spectrum normally utilized in
animal-tracking work., 1In this case, a frequency of 148 MHz is used. The
output of the receiver is a tone burst applied to either a self-contained
speaker or a headset. The duration of the nominal 2 kHz tome is determined
by the width of the incoming RF pulse, in this instance either 5 or 10 msec.
The tone burst is retained, rather than modifying the receiver to obtain a
standard pulse, because it is readily recorded without distortion on a hand-
held cassette tape recorder. Also, since the operator must adjust the
receiver's output in the field without benefit of an oscilloscope, the tone
is easily recognized using only the headset or speaker.

RECEIVER DEMODULATOR INTERFACE CIRCUITRY

Once a field recording has been made, the magnetic tape is brought to
the laborztory where it is replayed through a ecircuit that converts the
tone bursts back to rectangular pulses compatible with the demodulator's
input. Figure 18 is a diagram of the interface circuit. At the circuit's
input is a band-pass filter (ref. 29). It is centered at 2 kHz, which is
the receiver's output tomne. A peak detector and a comparator then convert
the sinusoidal waves within each tone burst into a group of rectangular
puises. The peak detector provides an adaptive threshold level for the
comparator. Controls mounted on the front panel of the unit allow selection
of automatic tracking rates and triggering amplitudes for the adaptive
threshold. In addition, a fixed threshold level can be selected.

After the sinusoidal pulses have been changed into rectangular shapes,
they are further filtered by means of a digital band-pass filter centered
at 1.8 kHz. The filtered rectangular pulses are applied to a digital
envelope detector which converts each group into a single pulse with a
width of either 5 or 10 msec, as determined by the origimnal transmission
(ref. 31). The envelope detector can be adjusted to bridge across a single,
missing pulse within a group. This allows the envelope to remain unchanged
in the event that the comparator misses a single, sinusoidal pulse within a
tone burst. This could result from an instantaneous amplitude fluctuation
to which the adaptive threshold could not respond. These single pulse-to-
pulse amplitude variaticns result from superimposed noise or gquick changes
in RF signal strength. Adjustment of the bridge duration is done by
altering the time constant of R3C3.

Additional noise rejection is provided by a circuit which sorts out
envelopes with less than 3-msec periods while passing those of greater
periods, such as the 5 and 10-msec data pulses. Thus, single, spurious
pulses within the 2 kHz band-pass are eliminated. Pulse rejection is de-
termined by the time comstant of R,C,.

The output of the interface circuit uses two voltage followers (:).
One drives a lamp mounted on the front panel which indicates acquisition of
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data pulses. The other provides pulse height of the proper amplitude for
driving the demodulator.

Front panel controls, besides allowing for selection of thresheld
functions, also allow the selection -of frequency band passes in the event
that the receiver has an output tone other than the nominal 2 kHz. This
flexibility allows the recorded data to be retrieved according to the
experimental conditions in the field or laboratory. As an example, data
recorded in the field from a fast moving animal, with resulting RF signal
'strength fluctuations, would be handied differently from data recorded from
a resting animal with nearly steady~state signal reception.

The interface circuit is low powered and can be operated either with
batteries or a direct current power supply.

DEMODULATOR CIRCUITRY

The mieroprocessor—based demodulator is used to accurately determine
the time interval between pulses from the telemetry receiver output. It dis-
criminates against unwanted noise and performs heart rate and temperature
calculations based on the time-interwval information.

To accomplish the accurate timing, a 2 MHz clock signal (¢2) used to
generate basic timing operations inherent to the microprocessor is divided
down to a 1 kHz signal {(l-msec interval).

Figure 19 is a top view of the demodulator showing the internal
component layout consisting of a central processing unit card (CPU), D/A
output ports and converters; IK RAM/2K ROM card and a front panel/interval
timer/interrupt generator, card. All microprocessor signals use the 5100
bus system as a common element for communicating between the peripherals and
the CPU card. The S100 bus provides, at a low cost, a variety of peripheral
interfaces popular among the home computer hobbyists that are easily
available at any local computer store (ref. 32).

A detailed description of the circuit operation of the demodulator
follows.

The output of the telemetry receiver and interface circuit (fig. 20
pin J64) is buffered by IC 21 and fed to a positive and a negative edge
triggered "D" type flip-flop (IC 5, pins 3 and 11). Their negative true
outputs are connected to an eight-bit priority decoder (IC 6, pins 1 and 2).

The highest level of priority is pin 3 of IC 6. This input is reserved
for a l-msec timing interval generated. by decade .counters IC 2, 3, 4 and a
divide by two flip-flop IC 1. The negative-going edge detector signal
(IC 6, pin 1) has the next highest priority. The positive-going telemetered
signal (IC 6, pin 2) is the lowest priority request.
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When an input signal level change or a l-msec interval occurs, the
priority decoder generates an interrupt signal to the microprocessor (IC 6,
pin 15). The interrupt signal causes the microprocessor to stop processing
and to execute a vectored interrupt-service routine. A detailed descriptiomn
of the software routines is included in the appendix. Using the continuator
to the service réutine, the CPU (microprocessor central processing unit)
reads either the time interval, R wave to R wave timing, or temperature
cycle data. It then processes it and returns to the interrupted task.

The CPU acknowledges the interrupt request by sending an interrupt
acknowledge signal, IRACK (ref. 33). The IRACK signal is used to clear the
"D" type latch holding the interrupt request. It also allows the lower
priority requests (if any) to be serviced in the same manner.

Figure 21 shows the view of the demodulator front panel for entering the
command modes in the operation or calibration of the demodulator and dis-
playing the real-time data. The switches are sensed by input port No. 7 to
the 8080 card {(fig. 22, IC 14, pin 8 and IC 15, pins 3 and 5)}.

The microprocessor reads the input instruction immediately after the
power is "ON" or at any time the RESET key is depressed in the front panel.
The RESET switch is connected to the CPU RST line and causes the displays to
be initialized to zero, clears all memory, resets the time interval, clears
all the interrupt latches and initializes the microprocessor program counter
(internal to the CPU) to location zerc. The calibration level (HI or LO) is
read as an input when the software branches to the internal calibration
routines.

Data to the front panel LED display is gated by the action of a de-
multiplexer (IC 13) and the output instruction status line IC 13, pin 6.
The data, in BCD form, is latched to the LED displays by the six enable
lines from the demultiplexer and held until a new reading is made.

The analog outputs are generated by three 12-bit D/A converters that
require one's complement BCD data. The software complements the data and
transfers the first 8 bits to two quad D type flip flops. All 12 bits are
presented to the digital to analog converters when the software outputs the
last 4 inverted bits to a quad D type flip flop and an 8212 is enabled,
latching the 8 bits stored in the two 74LS175 latches.

The output of the converters are buffered and connected to the three
analog output lines on the back of the demodulator.

RESULTS AND DISCUSSION

The prototype of this system was tested on a dog. Preliminary tests
were made with a transmitter breadboard mounted in a backpack worn by the
animal. A standard ECG transmitter was also placed in the backpack. Two ECG
electrodes were implanted subcutaneously with the leads brought out to the
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backpack where they were connected to both transmitters via an RF isolation
junction. Chart paper recordings were then made while the dog was exercised
within the range of the transmitters or on a treadmill. The recordings
allowed the heartbeat pulses, derived from the new system, to be compared
directly with the clearly identifiable ECG waveform. Results were positive
with only an occasional heartbeat pulse being lost by the new system during
periods of heavy exercise. ECG recorded during the same sequence of exercise
showed R-wave amplitude fluctuations of %357 on a beat-to-beat basis. The
triggering threshold of the R-wave detector had been set for a tracking rate
that would accommodate amplitude changes of less than this and seemed to
account for the occasionally missing beat. A nominal tracking rate of 40 to
50% of R-wave peak should alleviate the problem. 8ignal artifacts
occasionally occur also, but appeared to be due to movements of the external
leads and connections rather than to the electrodes.

Next, the packaged transmitter was implanted in an 18-kg dog. Two ECG
electrodes and one thermistor were attached subcutaneously. Another
thermistor was located near the liver for measurement of deep body tempera-
ture. After 1 week, tests with the dog in a kennel were begun. The RF
signal from the implanted tramsmitter was received, without retransmission,
using a standard AM receiver. The output pulses were applied directly to
the demodulator. The three analog outputs of the demodulator and the pulse
train from the receiver's output were recorded on chart paper. This
allowed the heart rate, on a beat-to-beat basis, and the two body tempera-
tures to be correlated with the transmitted pulse train. Several
recordings were made, the longest being 24 hr. The demodulator and receiver
maintained lock during all recording sessions, as indicated by the analog
outputs which followed the pulse train without dropout.

Tests of the retransmitter collar were made next with the dog still in
the kennel. In this instance, the retransmitted pulses were compared to the
directly transmitted pulses. This was done by recording the outputs from
each system on a chart recorder. But this time the demodulator was driven
by the RF transmission link. Again, the three analog outputs were recorded
for correlation with the two pulse trains, representing the direct and
indirect transmissions. The retransmitted RF signal proved to be inter-
mittent. Also, one temperature channel was in a continuous state of
saturation. (Later investigation showed that a thermistor lead had broken.)
Since the thermistor leads also serve as the transmitting antenna for the
implanted unit, BF field-strength measurements were made to determine the
effect of the brokem lead. The RF pulses from within the animal were very
weak at the normal operating frequency of 54 MHz. The first harmonic at 108
MHz was nearly 20 dB stronger, but still weak. Therefore, the receiver in
the collar was returned to the stronger 108 MHz signal and a single stage of
RF amplification added. The previous tests were repeated. This time the
retransmitter collar locked onto the pulses from the implanted transmitter
with no loss in data:

Next, both the retransmitter and the implanted transmitter were tested

for maximum range. As can be seen in figure 21, the test site was located
in a heavily industrialized area with numerous power lines and metal
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buildings nearby. In A, the view is over a salt marsh toward the receilving
station which was a metal building indicated by the arrow; the distance is

1 km. In B, the view is in the opposite direction which shows the
instrumented dog and the investigator within a fenced ranging area. The im-
planted unit had a range of about 12 m. The AM receiver had an output band-
width of 10 kHz and a sensitivity of 1 uV. The antenna, which was mounted on
a 3-m mast, provided a gain of 6.5 dB. Because the transmitter, with its
broken antenna lead, was operating in a greatly impeded mode, :an estimate of
maximum range was made. This estimate for the improved range was based on a
previous comparison of the measured field strength at the normal operating
frequency of 54 MHz, with that of the 108 MHz harmomic. This measurement,
made with the transmitter placed within saline filled bags, showed the 54
Mz fundamental to be 42 dB greater than the 108 MHz harmonic. Additiomally,
simulated heart rate was transmitted successfully under these conditions

over a distance of 175 m using the 54 MHz operating frequency and with
receiver and antenna characteristics similar to those used in the later tests
in which the lead was broken. These indications suggest that the range of a
properly operating transmitter should be about 150 m. Improvementi to a
useful range greater than 200 m should be possible in an ideal, rural
environment, particularly if a higher gain receiving antemnna were used.

Range tests of the retransmitting system were conducted within the same
industralized location. The retransmission system included the collar-~
mounted retransmitter, tracking receiver, cassette recorder, and interface
unit. The receiver was located in a large one-story metal building with the
antenna mounted onm a 4-m mast placed on the roof. Total height above ground
was 9 m. This antenna provided a gain of 14.5 dB. As before, a chart
recorder was used to provide real-time measurement of heart rate and body
temperatures using the demodulator’'s analog outputs. However, the tracking
receiver, with its tone-burst output, drove the demodulator via the inter-
face circuit. Again, the transmitted pulse train was recorded on one of the
chart recorder channels. In addition to these real-time recordings, the
receiver's output, along with voice commentary, was recorded on magnetic
tape for subsequent analysis in the laboratory. Included were data taken
while the dog was field-exercised on a leash. Two-way voice communications
between the investigator in the field and the operator in the station were
maintained during these tests. MNext, the dog was placed within a chain-link
fenced enclosure 1 km from the receiving station (fig. 21(b)). While in
the 2-acre enclosure, the dog was allowed to roam about freely. Visual
observation was maintained using a telescope. Finally, with the dog still
in the enclosure, the receiver and a hand-held antenna (fig. 13) were taken
to various remcte locations to simulate tracking conditiomns.

These tests indicated that it was possible to retrieve data with a
signal-to-noise ratio of unity at the receiver's output as viewed on an
oscilloscope. This corresponds to the conditions present at about 80% or
greater of the maximum tracking range. At this distance, the operator
begins to experience problems hearing a tome distinect enough from back-
ground noise to allow effective tracking. The tracking system used was
indicated by the manufacturer to have ground-to—ground tracking capability
up to 18 km under ideal geographical conditions. Thus, the modified system
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should provide some physiological data at a distance perhaps a2s much as
14 km, but many things would limit that capability substantially.

Analysis of the accuracy of the temperature data gave a result cleoser
to +0.3° C rather than the desired *0.1° C. This was not accounted for in the
transmission link, since the intervals of the temperature pulses could be
resolved repeatively within 200 usec. The minimum pulse interval, repre-—
senting 0° C, was 176 msec. Additionally, the temperature data are scanned
within a second or so at each reading, including the high- and low-tempera-
ture calibrations. Thus, the resolution of the RF-transmission link, plus
the continuous updating for drift during the temperature scan, should
provide the desired #0.1° C accuracy during the life of the unit {(an unknown
being the effects of moisture on the thermistors). However, at the time of
these tests, the demodulator was set up to resolve increments of 1 msec,
which does not provide the required resolution. More resolution can be had
by extending the intervals at the transmitting end, or by increasing the
resolution within the demodulator itself. Increasing the transmitted
intervals would of course enhance the RF 1link, but at the expense of
interrupting more of the beat-to-beat heart rate. On the other hand, the
demodulator could be changed to provide the added resolution without
changing the data format. The temperature cycle could be less frequent also.
As indicated before, the system has sufficient flexibility wirhin its basic
design to allow a wvariety of easily implemented options for operatiom.

CONCLUSION

The system described here provides heart rate and two body temperature
measurements. The implantable transmitter is pulsed at each heartbeat with
an interruption of 1-2 sec every 50 beats for transmission of temperature
data. Low-powered, integrated circuits allow the system to be operated for
a year or longer in animals that weigh a few kilograms or more. Direct
transmission to an AM receiver operating at 54 MHz is possible at maximum
ranges estimated to be 200 m. A retransmitter collar allows long-range
transmission at 148 MHz. Radio-frequency links, originally designed for
animal tracking, are used for retransmission. FPhysiological data can be
recovered at distances within 80% of the maximum tracking range.

The system is designed to provide flexible capabilities, both at the
transmitting and receiving ends. The transmitter's circuitxy can be readily
altered to sample more temperature sensors, and at different heartbeat
intervals, or to transmit only the heartbeats or only the temperatures at
the decade counts of heartbeats. The demodulator is microprocessor
controlled so that software changes and added memory can accommodate trans—
mitter modifications, along with linearization of data parameters.
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APPENDIX

TEMPERATURE AND HEART RATE BIOTELEMETRY

o

DEMODULATOR PROGRAM

25



TEMFERRTURE
L’L @

aoog

EoaL

agEa
LOOE
neage
HEQS
aeae
gagw
quag
por o re]
G
GB&G
famnn

o
LLEL
anan
& ] g Fd
q"_-i,:} ‘?;-
& Ll 1'.‘ e
Laag
gagn

oogg
LBy

EE28
Libter
HEOE
EGOE

paas
GEOE

BT
gEgd |
Gt
BERZ
Ll
118501
é..?g?r.h =

BENGE
utainy]
SIS
oong

aulz
Qe
GEin
GEiE

RO

HERRT

EATE BIOTELEMET

COL:
paG
r‘u':--.‘u i
E. ,?-w..
r‘!ﬁ' .r’ ?

YT
HOE

!__u'q'r ‘gu'
P
= 'Ts_'

gt
Gl
HEBLD
Liksls
T Ty

[ LA ]

Lbd 5

EasT B

~ [
b Y

L
OosE
B
LI5S
gria .
Hl11l5
q128
olz5
30
25
848
G145
gian o
iR
gieg
L‘ ‘,;In:-
gira
Livs
gilsg
5155
e g =N
UI”“

g 47
%J.t-. 'E.fa.‘

o2l
215
ozle
LiZe
8225
E2358
LEZE
b0
gods
LaEE

L.. ik

Fa Dl o
U..-C'u_f

8276
samens
Ea.a ¥
edy
i

ot

i

2

o F

ik

iw

A FFR

Sl

¥
FACKu s -y

1 (.-‘l‘. l

5
ri:
ey
FLOETE:
FORTY -
PORTS -
FOE I

i 2 = )
ds

-JNI:
THO:
ETIEHT -
MNIKE -
TEN:
ELE:
FIF T‘." :
FELETY
LT IR
IHr:

S TERFERRTURE FUL

i ‘r Piﬂr}LfL.J:}T?
s I r - o3 x - - g
Iy & B gkn BRI F LAY Y LR
ﬂfi‘ﬁ‘_-} ,{ J."‘I{.‘,_,! 1[%\}1111_\[.{14\1113.,’,1;4“4’!1
e L g v ] s nd E Y ol S N vt
NHSH AMES RESEAR EHNER
o ARSI
POLNTRIN VIEN: LH
- e EY o Tad .. ~ -
MEITTEN EBY RARFAEL HIRANDA.E.E.
JONUERY 1278
e - . = “geriagmr g4 - Nl R 1Y
HUTE: S&4 RoDEHBLY LERGURGE LOGE

R aldvParl

Epl
EQU
ENy
Eq
kol
suu
ERu

LA e g T B

of,

33

ry ™ P
b 1’.;- 1’.'

gnl HOH
£ i H
el w2
Egs &t
Ecid F2H
£l i

Eud i

e Su

{HOS
Er f
Erlfd

ZE

iTI LEL

o 'r

iTE

LELD

SERONT P

r; ri
L l. l!_.l,

i I MILLISERORS

TMELH:
THEUE -
EC W
ECGLR:

£

E( =
Erd} ]
Erd &

Frud i

JLCRLIBRATIGH Timk

CHLTL -
CALTH:

 LUmEER
FIVEDE.

e BIT

e F5H
ey EictH

OF PLLEES
o B ey

LIVISION :

26

£

T

T

i_

ARy TEG RESET
ANTSZE

AL P ILLISECONDS
LS L 1528
LFEH

i IRFIRLT

LTS

11.i

L0 TEM

sHIGH

JLON Llu
JLUFPEE

OF s RLED

I TEMF

i L‘FL

ERRTURE L

TEMF

I T A [ Eald ) =
”,3!?" 1"‘?::"_"‘145':#?1__1! H
Yo - Lm0 T Y
CELE LED RERCOLN
L1 fraeT
¢ AR R

REREOUT
:1

FEARLOLT

l‘a f Lf

AMEL 1IN

(rl

FoLIPIT

LT
IT ECh

IMIT ECG

FE L v @
1 e -
HIGH ¢

:‘: !

L

FORT

FLAG.

RS

i

o

-+

R



TEMFERATURE

St
508
06
=T
a4
Ligd {_: t

PIT
PR LEE

Loss
EIRIEILT
L‘?&'z 1{1

i by Eﬂ__r i7
B
838
LikFkiL;

Boag
BEG]
REY
HEE7
aEay?
EREET
thags
LUGE
Bl
LREF
gl
Loy
HEF I

86l

gigi ]
EEIE
gaain
HhfF
BEZY
LS
A2 %."
LD
BEEn
BOZE
HEZY
LBEIE
OiEw
Eii-‘._'e':-'

L"‘qu. \.:’

gl

&7
gz
BG
e
ob
Lt
Lif
s
it
an
Lh
LM
&6

—

ARD HERRT RATE

Ll
1 Ta,

X e
I
]

P My
(- \.'JJ

ﬁub

e ot
r_c,_u-_n._,_u

#3758
& J : ’i‘r
S

't TG
é.l.__.,_.‘_.

Biza

-:\..' g},
l;.""rL:IU
5485
R
L s
J'.'_L:_ ""r i
£4hu
iz
big 4G
Lideid
':-.f-r —;‘.-..
u ft-\

LS
SRR

a358

E.‘ ‘r ’.
H#HE
Ligas
gsaq
BOES
BEE
BEIG
H520
ShNN
AT &)
J oo
L5 £f

L}\J‘I'x-‘

EIUTELEHETRY DEROLULATRR

! K

UL
NTI:. Ukl RE FH b ROUT RS
i E:"';’HELELJ &Y Hhl {.lﬁﬁf‘-‘.f‘.’: UHLY

SRR

=5TaRT LOCRTION FORCEL BY HIGTIRG
THE RESET SHITLCP
FAHEL L8 IR
lg;?l‘\ &L‘)!!fif"-

s AFREFE LA REEFFRED R L RS LS R P B ER AR R R
LORG B006H

RT: bOI [‘I_T.?BLI__ HRROWNARE INT

L SFVERABH sSVTROK TO EMD OF RRN
JP RESET

i~ I~
b b rd
L L5
LN &
Litd o
A i
D o
LA &
Ay [
TFY =F
L B
s I
Leird A
£ b
L M
LE &
PHh R A 2 0 O T A N 0 ol i T 00 L L o G R A S L

SEURTIVE GL'TJ‘JE‘ FPULSE EESVHET L&D
FEz=Td ... LIMERT FRIGRITY

LCETS FLAS AND "f"'-';‘l YE= IF THE LR5T
FLHG WHS BE ECH FLAL OR R TEMFERATURE
FLAG

i

TIor

Hem,

sppER SRR AL PR B AR R R R P F Bhh e Y

NEGRST  FPUSH AF

FUSH  HL
L AL DUHTH
AP NEGLHE  CENIT TO CUNTINURTOR

ORy :

, . POOR QuALITY
7



TEMFERATURE AL

BUZE
HOEE
BLER
LE2e
Blizg

LiEes

aE3a
LUE3E
HEIG
Ligr sy
HI3EL
Lusn
eIt
ugang
114150
GEay
ngsa
HLIEY
i
HEI0
O3
HEI0
a3
L3
B3z
GEZE

r' [
Foasd
o v
P

21

i

XACE U
Lg e 05

YN
ER Lo

HEHRT RRIE

r_i?'?:

Q 1.'1;! J
T
wara
SETE
L“k oty ‘s_'i'
g3gs
13 _t.;y‘.?

TS
5S35

LEGH
B58E
l‘_-‘l_ 1] Lf
BE1E
Gy
LS
HEZE

L5335
Eifet
S
Ll
Lokl
ﬁéﬁﬁ

ua.q
NIt
BEEh
fEse
Hads

grroe
P i
et
T B
g

2T

BIUTELEMNEIR

Y7 DEMODULATOR

3R b R ek drgeofeh otk 3 el R kg b i e e R Rk

jPUSHST

I
5
;
’

;

Iy W

USREET

POSITIVE GUING FULSE RESTRART LOCATION

FETS

PRIORITY=x2 (I=HIGHEST 3

STORES TINE INTERVAL BETHEEN PULSES
1IN STIME", TD BF USED 1IN COMEUTAETIONS

l l‘)l" -
ESER
Fggd R 1’- Refedfeohehed B E Pbadkd df Ak kebdhdesbd bbbt S R

I'h..
c;

T

e
D
P

-

VESZ RLL FEGISTERS

RF

HL

AL LT

FOSCHT JENIT YO CONTIRURTER

PR REE AR AR E LA AR AR AR RF D F B BEREFIREF EEF FEF DA

FTEERST:

TINE BASE GERERATUR RESTART LOCARTION

ExTa

dlbha_l FPRIGELITY

THUREMENTS "DUMTH &Y [ONE

FREZERY

JES RLL REGISTER=

AEEEREEFE L FE SRR EER L F LR LA ok Bk o R E e

TEuRST:

PU=H
FLUSH
Lo

ey
H

28

HF
HL

HL . DU

TECNT SEXIT Tu CONTINURTOR


http:TEPIPERHR1-.IE

TEMFERATURE AND HEART RATE BIQIELEMETRY DENGDULATUR

Buizs LR35, wd bbby F A SRR R R PR e p AN PR RSk p AR Ak fRL A
apagd @y g
Ga3a 8745 RESET
HEZE Hesg o RSTRT CUNTINURTOR
g038 785 'WITYALLSES FRONT FrRUEL LED DISFLAYS
i

] et

HEs UrmE

HE3E Lield BHL B L L. 8
qa38 arorg g REALS FRONT PRGL SHITOHES
HH3E [

BEag Bruil st foinkdid F R AbERRE R Pl kbR b b 4 R R Rkt bk b
7 BIES g
qusg e sy gAY RESET: I A:PGRTT FREARL SWITOHES

OHEIA 47 LfsE L LA

UH3IE E6 4 HEe AN UNE

Buil LR 20 42 BELS JF e LHL IF FORTF=1, CHLIBRHTE -
HEE TN

gy FF HEIS OPRTE:  ROR F fCLERR HED. AR OV

wEdl 21 40 ac B Lo I s &AM SRAM aFG. T HL

Lodd D& 13 EE2E Li £ ERMERD

Bids as3g .

EEds  °F B83E LLELF: LD CHL 3.8 SCLERR BERA

gads  gi g4 DEC g

gada 24 LSS INC HL

pods BR HEsg LR g

OodR L2 48 4g i85S JF HELLRLF
a4 BEeE

LD EESS (OLEHR HLL LEL LISFLAYS
HEdly HEME .

gadly D3 Oh EaTE aur FORTL. A
#sadrF 3 g1 £E80 aur FURTH. A
gyal L &2 oyt T FoR{z.R
gy pioax 5 | LT FPORETIZA
BESS DI G L85G auT PURTS . A
gasy D3I A3 HaE oyl FURIE:. A
BEES BEGn

gass I8 GRESET RERL TIME CLOCK
Loy Lgl& g

aRGe DB oar HEZE . agr PURT". 8
gBLaE 3k L G N L . ORE FEET UP STHET UF CLOUK
gast DI oy Sl it FURTF. & JETRRT | MsEL TINER
LEGF 245 2

qasr  FB Lt d 1 SALLON HAHRDHARRE I[KT.
el LR35

Busd  OF 54 88 B250 WL : JF HAlY IHAIT FoRF AR IHTERRUFT

e

.

WRIT UNTIL B=gH

29



TEMFERATURE Ridl: HERRT RATE EIUTELERETRY LeMUDULHTOR

[ diaiagd N MG &t dndupdotdobgd & b fF wd bkt 4 k dedfedob oo obE
BLE3 Lial g
8Es3 HITE GHEELNT -

Blaed AP O CONTINUGTUR RUUTINE TU NEGRST
Bilnd pHiy LHELRES TINE INTERVAL BETWEEN FULSES
ubgs LEEh fF fT CHRECES WITHIN THE FPRE-SET LIRITS

goss L2 Rk i UFDHTES THE ECH OF TEMP. FLRG

HOSZ ERSE )
oeed TEOE 4+ 3 F ffr i dehdobdep foohdd koo hoab P o 4 Pt ok pablahdnd
Eobim d fomsr

ey 35 132 e HEGERT . LD H. THFLH JGET FEMF LOMER LIMIT
SEES RE fal s rCF {HL X

HhEs D2 aF B8R {828 JE ACLNETST L 1F .7, CONTINUE

LbLss R LEE L HaoHL > LTEST LFPER LIMIT

BRsH FE I3 FEsiu LF TEPLU IF LT gu 1O TENFF
Losl DR FF By fLES JF L. TERFF PiE MOV CONTINUE

gacf o4y

OusF 38 B& 1845 H.fx’ T=T- LD HaELGLNW JuUET ECG LOWER LIMIT
gar|  EE 1858 oF CHL 2

gBary 02 CB o8 TELE AP AL KFLG JERIT IF =MHLLER
BRFY 7L [asa Lt Ha.CHL ]

g&re  FE OGR [GEs LF Bl ¥ i' LT G ¥o EL5F
garg A &4 g 1876 JF L ECHF JLF NOT CONTINUE
LiEAE G5

BEFE  AF agg NFLG LOR A CURRENT FLAG=R

GUsLr U3 BE Ll R ¥=t) Jf EHEMIEL;
EIEF F e
LR

3£ Ly 1u95 TENPF- LD . T PFOLSE WAL TEMP LINIT
gag]  LJ &2 g g JP EHDHED
L TIES
ELLEF: L RO

1-_?-"4 38 L R = JEULSE WNSIW TEME LIMIT
EiLiE TS -
thHL-'.':-'J /] 1128 EvlbnEs: DEY HL
gegs o {125 ! CHL 2. A PETORE RESULT IN "FLAG"
TR Hiza .,
LuRn Ef {135 . FoOF Hit.
HOES OFI [N FUF HE
LR FEBE IR E e EX JHLLIM HIGHER
HEZE {130 ; . FRIORLITY INTERFUFT=
LiESE (138 5
HESE 09 a8 RET

30


http:u,_.tHCK.iS

TENMPERRITURE RHD REAET RATE BIOIELEMETRY DEMORULATOR

.

...
o)

aoge
LGS0
nage
au&a

BERLC
ENYEIN
Hass
BESL

JERgdeh R RE R f R R b ke Rk B R R R R R R

s

; ROSCNT -

;i CUNTINURTOR ROQUIINE TO FUsRST

i STORES TEMPORARY YALUE OF "DUMTIM™

i INTQ "TIME" . CLEARS TEMPURARY VALUE
i OF “DUetTE . COMPUTES H.OR. UR TEMP

Lol

l'.‘: Bl e e 0 T "-E' ‘-.I:' 1y [ Rt

Fog Toz P P2 Bt ol s Do ol o o o s e e,

$H80 i LHEL .‘h '.:'-U_E'r"' FLRAG (1F "BUSY . EETURNZ
BOoC i WHIT= Fhfr THTERFUFT=

sosn H

EigL R R RAFAR G FE R RN F A ER PR RS RARERRE LAY A SRR AN
gpgn 38

nEsl L3 47 FPUSUHT . OUT FUETT R SRESET ' ORSEL ‘lii‘-’
LHBE TR L HaCHL X y L:E Lo BYIE OF FIHE
BHEF 38 UE U ; LI CFPigE xR exfllE IT BN "HIREY

Vil T

guR2  8F Rk A

O ey 0 A G a0 o An e O R AR 0D O

grRs Ay Lo CHLYA GULERK TENPU. STURHGE
gusd 23 U ML
BERE  VE : LD KLY L0 THE SHAE FOE

(7S TS 0 X ¥ T4
LRy BF
gosg F

CEHINE+RT 2 AiHIGH ORDER BYTE
SUE a
CHL 1A JLLEFR TEMFU. STURASE

KL Sl =y BF, Oy LF L8 e i bl
i
o
U

2

B L
—~
=

LS e
B 3R 1S 00 S LD ALCEUSY) CHELE 1F BUSY

BEYE  FE Ul oE o OlE SIENGT DONE BETURN
HOAG 02 AP ey U JP O NZLEKIPIT GIF DONE G0 10 SKIFIT
EA 65 :

T
s

uhfpsE  El
g F
JL?H,::’

LERS  FE
c.'?."‘jﬁu oo
BUH

Bag" £
AR FI
B3l FR
EORA

guAR 4 oBg oo
LAl d7F
HEAE Eg Fi

PO HL

P i
FOF it

Tay Caj Lol G l:_;.j 1] f::: T‘r:, Py Pf Tt P 7o T
PR

Pl e

El SHLLLE HARDUARE IHT.
FET

3 e
L Tel

£ 0 £ O @ L O AR 0D

a2

!
SKIplLi- POF HL
FOF AF FRLRE RS DONE
El FRLLOM 1853 T8 iNT

2 wed Lad Luj Lo

Lt Lo,

CoLour: LD ACFLHG
Lo E.H FREEVENT Lr!nhuf iy THE
L Adl aNE « TIFE VALUES

O 3% L5 00y Lo Ly

':.I-.: ':

il
"3
o

T

LGREO CZ OF EE Ik JP A BECGsUE  IF FlLaGg=] ?"Ht;'f.’ EriEsliy
Bugd SEG
oEg3  fg 385 Lix f. 8

o884 Es M2

1, g-l
L~
=

a AL T FTEMP CRLOULARTIONT

i iy M e e, dm, Me, S, M, My Ry Sme, M R, Mo, e, e, e St e M e e S, ey mey M by Mm S, e Pm S an R, Ry, San, Mo, Ry, e, Ry, i Smay e S, Remy S e,

OGRS L2 G4 & S84 i N TRESUE 3 IF ROT REETURN TO HALT
QuEs HLr
gk 0% FiiG EET

31



TEARERATURE RN HERET RATE EIOTELEMETRY DEMUDULATLR

BEEH 15 ,$$w$%+4£?fﬁ%%&%%%#?l%£r§ s e AR e A b R A L Rk AR R A
BLER I 428

LEER [425% TSLN[

S isih [43g ; cunl 1nATOR ROUTINE T80 TBGRST

SEEH (435 THUREHERTS TERPORERY STORRSGE FOR TIRE
HERF I3 EY ONE MILLISELOND. RETURNS

LEEH 7 ! J5 7

IS . Podeul . MiL FREGISTERS PRESERYED

GBLEH fa5E

aa8n FABE [ 8 kdd sl dh F i kdokdeb s S P PR Ed Ak gl RS
LEBR Puysly

HEEH .o 1478

HuER  3E 4Of Idfs TERONT: LE . 80E 2 THL Fihf%? IITE Y
HHEL  HE LY IRIE CHL 3 BY ONE

pURL F7 455 Lix CHEL 2R JSETURE IT

HEBE 23 fadzi 1M HL 'IJLH, HIEH ORDER BYTE

LERF  JE bid {425 Li fa SERT

uas] Bk LLag Ao CHL 2 FRDD CY 10 CHIGH?» BYTE
BELE ST ) 15865 Lo CHL A A FBYTE RND STORE IT
aocs 1514 ;

gorsy £l 1515 FOF  HL
ghid  Fl 152 FUur  AF

3 0] {1525 i
EOLS  FE fase £l JBLLCN HARDNRRE INT.
HECS L9 [ 545 RET

32



TEMRERATURE il HEHRT EHTE BIOTELENEIRY DEMUDULATUR

B ! o RNIRNORN AR B MR AP AT R R R BAR RS RSB R AAA
LE ) i

m_.'” {885 JECH=UR:

HECT fS5aL CUUAETS NUNBER UF ECG PULSES:

HECF PG853 UHLUULATES REART RATE

315100 PEFE LL’f.'i-’L&’?:. BINAEY RESULT T4 BC

LELT lf-'i'“-':? H DUYRUIS RESIE T Tu FRURT ’-'Hm_f_
BHLT [oasg k“:-‘i_’ﬂ'?-t 't BRiT FUR R OKEHN
@L‘?L-'F ! 5{:1'5 i INSIRUCTION DR THTERRUFT
20 ja2u
ﬁ‘c? - [EEE | REdhh foh ok RN RN b AR BRI D F R T ARl bR PR R
uasys [a&sa .
EXTATINSR v S 1 fagd ELGSUER: LE n-u.q.f!.::'."ff}r.}a‘ﬁ&"r KNUMBER 0OF & HRVES
Ll FE a8 tgta CP ‘Efeii fl5 IT VHE FIEST BERTY
Lorr L2 bBE bo I&1E J4F ;1._.- LUHT SlF FER, COnFIRUE
HRCF el o
BELF P25 JFIRST BERT IRLBMLRIES R T DYLLE Ul L EEAT
IS 1%/ IN {83y

HOoF 38 05 Lo {634 L F.OOTRETEM v aET & OF Tk 'fF’. FLULSES
gqops FE e J s LE FIVEDF J1E & LR FL
Luhg fedll JEQURL TU FIVEPYy., F YRZ GO 10 ihPu
&gl 1654 T CRLCULRBTE TEMPERRTURES X DUTRUT
LERE  CH UE Bl 855 uiF o UL

oy fesn s

gy RF 16565 EYEIN A RUOT R TERFP CYOLE
Sabs 32 we ol 1570 Liz CLTRTEN W R:RESET TEMP COUNTER
Bubly L3 B4 LB 1675 J- GUEFRUK -

MaLE [6&8

yvehE FE 3 1688 vulTl: LF FIFTY i
BUEG DF E9 pd § == IR N 3

gaEs  AF &84 SUE ot H
LEIE PO g

HiBES 30 1785 GUERCK: IWC H

OeeEh 32 499 o Ay Ly CELBOCAT Y HISTORE VELUE OF OHE
HEESR 0 IFts gET

I575 o0C] Pyt I

LEEY U F2% SRPCLE: THR F SUPRRTE R MRYE CDOURT
LOER  IE& HE HD {30 L L EDGORT _‘.r,.,%._-“ TORE IT

GHEL 1335

3 U R OWAVES LOoUNTED?
KECLE G IF HNOT CORTINUE
LCLEHR R WHVE COUN

S
gagp P48 GSTART CALCULRTING HEARY RRIE
ri'hED 1r4s
EREL LD 25 ol 1:°3a LRLL BSYDNE iSET BUSY FLRG

L
ourFa Il &8 ER {ab L
LaFs N
EiLi 3 Iral ;LUVIDE BDEuE BSEL BY REh INTERYRL IN “"TiFE®"
LoEd 1770 5
BuF3Z LD 475 g LR CHLL  RIVIDE il

I DE,ZINTY  iD] ‘r’l'!.)l:h’i.f:t-bbbu FsEL

i4" e gl
EIRARY HERRT RATE

ai-l B
auEs o A1 oLl {78l CRLL BINBCDH FBINHEY Tu DECIHRL
LoEs RS
HEEFe 03 | &g L He U GET HOR. OB
HUER LS pg [ iy aur FURTL. R LEAST SIGRIFICAHRT LED
HEFL  FE JigEhd Li H. B sifmd Heard ralte [V 180
LuFh 3 &) {ELE I Fulkti. g/ .!-;a_zaf.. H.Lh:‘a.;.r.l#_.ai‘“. HE
oEFF  AF i5la Mo " DLERR BUSY FLAS
Llgh 32 |2 4L feis Lo CEUSY 30 H .eS;‘UF?E If
i faee .
gled oF {525 FET

33



TEMFERATURE

U!Q‘i:‘
P
Lledy
Y ]
O I 20 ]
ar S
“f [ £FD
oy
i f L
o f P
EilE

|:;:.

w2 of, ':.r-,x P h'!:';

L]

Lol 1t

e Qp e
Bl
)~ ‘-:' - -

.

P )
o
T 1
[

1T
Ty

R O

g, i,
07 i llich
-.--.--.-o-.--..w-.--..--..--.--.--.--.-w.-—h--,-—-.--..-m..--..-..-‘-..--.

Y
SR A I R TN TR e L -l !

s T Tog Ty Bz T B Far

e 5
—

T

£

BlE5
Lff._,.-'
HIZG
£l ;..J
L”-! -:...\.f
gz
i..r!...s.‘!
ey
LrEr
L:Jf Y

S )

Lif 2y

Tos
i

L
Mg

e

T
L9

v
v
L, 3

1
iy

pr
e

F

3

= ==

r.h
o
0

Mz

o
L.

'
o
[

f'\!l

NS

s
CEad ot

e frr
olid
2 g rs
o
ok
Turkd
IRt
Lt PRy

Xl e
A

(=

'~

Lindl SO el

K N
3

X8 [
LR W o ol VR R o S o 8

LA

1

—,
L,

o

ne
':.

il
¥

IR
L ]

[l "L" l'-‘:' '_'1: !'.I: I't, LYRE N C Y

LA
&

L g L b b

s L

Wi
Lo
L

i
1
!
I
f
!
/
/
{
I
‘
I
i
j
!
12
!
!
/
!
!
!
!
!
!
/
!
I
I
;

Q.-'
""—-

2L c.i
‘1:.;' 'rl.t
FU3Y
'Lth I
24
2E45
ELES
'r .- r]
el ST
FHFL
“l'.'.-f

r_}l.?‘r )

.l,

o 5
L Jw
L3

ne

l"'-.. r. l'- Fn f

J

ATE clUTELERM

L

ETR

b e

ARERRRG A R BR RS

¥ DENODULATOR

-F«

b o

STUR VEMFERRTURE If.’it.’%',- H._ I
REQUENRLE:: T8 REFF.TH F2. TEO BEF

CLEAES R KARYE CUURT
FEEHARS FF A SR PR AT S S

85Y0PLE

HeCOTRTEM M EGET TEMF.

i L
- i

I
Ife H
i

L x..'ﬁ’..r TL l
CLIRTER L RSTORE ¥

HL 58V TIN  MsHYE
JUPLRIE T

L Hi A SEVORE FIME INFERVAL
1HL HE
Li ASDIVIHE] 2
“ -~ . -~ -
i {HL WA sHIGH ORDER EYIE
HLE H JLLERE ECE COUNT
Li CECGUNT YA

RE
At Ed RS
=
% HEYDHE
2
A
&
ot S

ExYRNE

LI

LE
i
IA

L

b ES AL E L RR R AR P R AT AR ER AR R

SETS UP BUSY FLAG
FLVES TEMEDEREY TIHE
IO TDIVTMM. U TIME 1y BE
LOMPLTHT Ul

INTERYH
SEL IH

RS L PR L L E SRS PR E R R S X
H. UHE JEET UFP BULY FLHG

E-“U YA A
vl TIME
HaCHL JEET L

£}
: F (=
{RIYTM A i5TOFE

URLER TINE
T Iid PERANT.

e B

e i
Lir HsLHL 2 JHIGH ORDER 1IHE
L COTYTHF L 2R 5TORE 1T

34

CYLLE Loyt

R R e

B

G S

#

kA

-Is.-ih

A



TEMPERRTURE ANEL HERET EHTE SIUTELEMETRY LEAGLULATOR

B3
biaEy

PF AR PR FRA PG b b RSP ER PR AP B RERRE L

. A
KD

— e

LG

i
GHa7 SHia «F DIVIDE:
glzy 2130 i ﬁl#i“f— f 1& 8IT LIVISOR IN THE EC
37 SEE FEGISTERS &7 A lo BIT LIVIDERD TN
£z Ny ICTY R THE DE HEG&. RESULT IS RETURMEDR
Loy Slan e ’ IR THE bE & RL RFEGISTERS.
ailsr S g+
tif ‘,,‘,"‘ LTSN iR BAER TR EPTR GRS PR SRR AF P A R R RS
£lES ol Y
&!35 S Lh Lo ES LIVIDE: LD Hi.BRUN  GUUUNTER RLDRESES
3n 35 1 21ad Lk CHL 2 SRFLUNT: START SHIFT CUUNT
AR I N O I i =1 el L EC,ZELT

L

e b erin
glaF

CLOUF: LD FoE ROTATE DI

I3 R ] VISOR
gldan ; .LtLT e 81

ey M T R, ey e Mew e T e
H i 3

[

X3

giwl GF g%k Lix E.R
gidez PR 24 Ly .0
Lidx 17 25 LH

Grag
Bl4L 7
GIRTT
BI4E 78
[45 07
BI5G 4
IETIT
Gl 5w

PROTATE EESULT
FLEFT ORE BRIV

e
—
K
o
-~

glad 38 26U LI DoCHLY  GDECKENENT EIT COUNTER
wl4E 15 205 DEC b
aide 2 &l Ll CHL WD
Gia7 57 215 LL DA
a:48 oH & Ul 220 JP ELENDLIY GRETURM IF COUNT=@
HAE R
e
3

L&
g 3
-
V

s

U TV W o O OO PO T W R VA PR N T P

b F.:.:: Tt

L L
AR

SoLn e
ey
"y

L AE
RLHA
Lh EA

Li HL D1¥IM  suET DIYILEND ADDR.

Tog Iy
]

L
i

b,
D)
o

glad ¥ L H L sSUBTRERCT LU
G135 5 b sUR CHLD JORDER EYTE OF
QlS6 HF = L& .8 SOTYTDERD ,
HiLr 22U Sy e L

giszg ru 2 LE H. 2 . JBUBTEACT HIGH
LS HE 2285 B (HL2 SURBER EYTE
HF] 2 i

= T H
pr&g DE S i
BisE Zh

3G Lix b il PN BOERONT
iu S SMCLDSELRE G1F YES ADDRESS LO EBYTE
) EL L

—
T

Pz To T P T Fole T,
Cay bz o 1!

giar ¥ - Lk H.0 JADD DIYIDENL: BARCE
Lok 25 e Rl CHL Y
gisl  4F 33 L C.oH

NG L

L H. B
ALl CHL?
Lh E.A

[

Hles &
pigsd /M8
bisd BE
HIER g7
bigs

Biee

"y

l:,;j Noa Cap Bl Tag el Tay Kod b G

ey
»,
-, 3
07T LR LR R

-,

5p G LD

B85 l BEKIP LD AL« BHUR SFESTORE ALOR. OF CNTR

PEN 0N L 0N

Eles & '-.I MM FJUOMPLEMENT CRERY
gisn &4 u SBRC Q&oH ’

0 B L P
=

_

e P Tus Dot Foz T B P Do B0

GleC 03 3F 4l #5 JE LLUDP iREPERT

gIEs T .

GIEF  EE S5 EHDDIY- EN  PEGHL SSTURE RESULCT IN H
pheg O Bt RET

35

T IR


http:I79:1.7v

FEMPERATURE RN HERRT RARTE BIUTELENMETRY DEHODULATUR

il FEGE ke AR dob RS fkduh ol B R R R R E RS R ok bR R
HiF] =

aizi 2
gfFd i
gl e
E'.?l’ i'lf L:'"?
prAl =
il - i
giFt SIE arkmddd ok gk B bbb b ok R R defoddeiofod s ok b kR ok
gf; 2f40

ol =1 245 BINBLCD. LD E.ELEVN JSET BIT COUNTER

HIFZ DL o»nd & EENT CARLL  ECh

gi7&%  4F 2EE LD c.a JERVE L. E1G, BCL BYTE
girr 1E 11 Z4s LD E.ELEYH

F i BINBLD: i
E i . Ie BEIT BINARY T EUl CONYERSTUH ki
g BINARY NUNBER YN HL: i
& g H=HIGH L=L0W OEPER EYTE i
o RESULT - A=X1a, 8k B=X[08 C=H] i

R

o poemg e e g e 5 e Npgena e
q!_"l - HINC I E 1’:;}’ c:":{[?-:? Ji 15'"’ i’
HIFL Sk

gise e ez R i L& E.AInE
BITE  Lhog+ & et BHENT:  CHIL  BLD

arz o 2485 Al 2.1
sige b et T Lk H.L
glax O 2455 mET PNE
Ely 2L
e FiIF SEOT RO S H
He A ENfL LY beEL  E

1
L il FET i

o

L 0D
.
RUPLRTE R R o
r
]

=
Fijde  w2d el ihls KL HL
Hige 5F ZuEh PRI D
L1 et X2 )
gray 27 LA LAR

L 825 oI Shal JF N YT
23 s IHC HL

2
HISE L3 8% 4l Rkl F oy

36



TEMFERATURE ANO HERRT PRIE BIOTELEMETRY DENULCULRTUR

Lo
"

5131
arsr

iz

PR EEEREAE L F R AR TR LR A TR R AR R L VAR B R F R

P i LT - \ ;

alxl b 5 BIT &Y & BIT AULTIPLICATLOM i
Gizl i EO=MUL T LPLILARE NOHCRULTIFLIER = |

i
Ligl
glal
iG]
SHIK- B O B
G54
a4 &7
=
f

i DECFEQUHLT Y BD N H=hE REGLISTERS i
i
5o BRdRdadb FEd b b b R A A AR R B o

ao

p=

MULT : L Ao ) JER\CSE FRORUCT

H

Loy 0OR A iLLEHRE CHERY
L Hal
RER
Lo H:F

G195
gi9s
Hl37 &
uias
AR

biad pooFeoal

bl OF BULTIFLIER BLT 2l RD0 pPLkl To FRUMET
CRLL £ MARDR

glag :

=g 7o L MM JEXIT IF NFIER 15 4
EBl20 AP HHDY A

gz 08 2ET JRETURH

L 9E H

GleE  Fu

TTET

QiRg  H4F

GIRT 78

@Iag IV

BIR3 a7

@104 CF 94 #
GIHF SPI

gliay  io FIS pERR: LD ALC < ADE PHRTIAL

LG A i UOTHERHISE
RLA . SHIFT

LL LA i MULTIFLICHRD
Lp .8 - i LEFT

kLA i AR

Lo E.R i REFERT

JF MLODF

BIRY & AL E ; PROLUCT
GIRG  5F L ER

HIHH 78 LD H.E

@IRB &R ADE D

SIAC 57 LI DuH

glfp o PET

37



TERMPERATURE HII HEART KATE BIUTELEHETRY

giRE
BIARE
ET AL
L' ) ’. iL
dIRE

£l HE
] EE

EIRE
HIRE
LIRE
EARE
Li R
Eé.‘

5.! Ly

%EH?:L:-‘

Lips
£ 5
LiES
oles
gigs
EE=
Ligs

£ f Daey
E I:..I. T

E?!.’:?E:'
ot

L EL
ala

L3} -';‘L:?
gt

H1EZ
gIc3
LA S
iy
BIrs
arLs
gl

o3
b

s

Iy

LTI
;.l wurd

SE R
s
ey
A.-..l ! L'
R
S B W )

et TH

-t
e

urey
A

*"J.g'i'z_:
-1l
2k

b

a_".:

" rl... rl-. l‘-

,.
LN
G

s o)

':.'-,1
s 3 LA

Lk
Y
2

e

o T T P T

LS

i,

Lo el vl A
o

L
o

Lo L
s I0F

LN A Y
LG Ty Top i O
R TR PR R R Lol I oAl

O RO O SV PR P
K 0

o
", Xl
ol
ot e

e

B

Hr" N

LU T4

REMUDULATOR

R CHE e S o SR S D S L A UER TR IR N N P R R

MULTIFLIES LE RLGISTER BY [&

ARD PLRUES

REGISTERE AP

Loy
L
f A
LIF

FEEIN
Li
RLA
L
L
&LA
Ln
Lo
JF

Ly
RLA
Li
Li
kLA
LI
Al

sy
(o)

i

38

L.E
Hao
E-.t_‘
A

E
R.L

P =
L & T

fsH

H:.8
H.8

NS LOOP TS

A

| S
F U =4

Ak ¢
[l

AL
e f1

HL. 0EZ

DEHL

RESULYT It LE
FECTEDR: HL.AE.DE

RS SRR 2 Vs SRR SR E R F SR T Hﬁ"a‘-f-‘ﬁ{‘b‘.‘

FHOYE HL TO DE

JSET UP LOUNT
FLLEAR CRRERY

![7}F‘If s F)ESL
i BY
i EIGHT

ike IN HL FEG.

SBULTIFLY
i AOGRIN

i &y

i THO

iNE TN DE REG,
PHOD Mg F X2
FESULT o bE



TEMFERATURE AND HERRT ENTE SIOTELENETRY DENUDULHTUR

HICE
aieg
e iy
ares
il
gige
Hirs
BIes
L\ I L_'
glog
alie
BIEa
Bls
HILE
GIoe
gics
Lgjce
aics
Lils
aied
LiLh
s N
&l
By
Eif b
ey
g e
1§y
B D
gl
GlEL
HiE]
LiiEZ
LES
BIED
IS ]
$HEL
L ED
EfEE
gIEF
UiFE
BHIFSE
SlFE

£3 ! ‘-‘
i

Q' ’f- I
2ER

R
A e

diFi
BiFF
S0
é_:,__‘.f-_?.! i
G203
R )
£ T .' ;__a &
ki f_’é_:' !
By

e 0y Gad e 1o Pl O P23~

Lei Ty

[ SO R R TV N (N LR PR R SV O

[

ER 3wl

P

P P -

£ by
R

L T
o

0

et
LI

{0

&L

LT

B
ri=

)
c' K]

Ty
= I

o
L

A1
ac

gL

2345
= 4.3‘
\_w.

By \-
Za55
= '-Jc:i &
4.... - ’:‘ 'J
St
R o
ZaRy
,::‘ ey
Al
Sang
RIS TN
IEiE
J815
JLRg
THe%
) IS
ut ‘Ej\-“ P 3
SL
S
AEtiy
S5
JEan
RiTEA
SHCEH
SUEE
SUED
SO
SRS
Ky
JTas
Jfiu

SR

I TR R Y
Ly e la

-

£

& e Cor Koy Do Cod Led Ry e Vaj o2 e} £
S

R AN et

RO W S T B S
in 3

I
e L

Ly
L L
o,
)

Lh

1l Fut ol e v m in o e i e

D02 Bag Gag Luy Caz faf
r ,,
R

T

o

RBAREEh R E L R R R b e ok B AR RS R s e bRk

o THFQUT -

i TOUEN

THFQUT

COMPUTES 11 AN

2 CUNKNTHN
LR 2= T O UNKD UIH"' =T8T 50-T8 0 3658

IF T WAS NOT LPDATEL DR

TCUNKHOMH >~ T8 TS5 NEGHTIVE OR
YE RESULT 15 6T 58 1T HBORTS
GUTFUTS RESULTS 1O FRONT PANEL
DISAELES INTERRUPTS DURING CRITICHL
CALCULRATIONS

Lo R OHE LHET BUSY FLAG
Le CRUSY X8 G5TURE 1T

Lo CELLUENT A EDE LOUNT=
xog R JLLERR CREREY

Li SUTETER Y R TERF CTE=G

LI ik TEMPST+6;
L H.{HL S
LF SERL

GET TSUCREF2
if Hus TaE
JUFBHTEDY

CHLL Z.TESTS JIF HOT.RETURN

i HL.1EMNPET {s‘
LE LeUHL Y Iy N
=Ug CHL Y

{1 LMV A GFRRETIARL BESULT
L HL. TENPRST+7:8YTE 2

L A .t HL 2

LD JTEMEST+H:TE CREF Y HIGH

TU (EEF 2
T LON URDEER BYT

Lf
L .Ml Y
=RE 0 (HL Y JT30-18 HigH ORDEFR

> CLLLRFLG 51F NEGATIVE ENIT
LI COIVTH+[ X R STORE (1

ll L !'M!_ .lthT 1! Lf’lu.’EFf
BUsH B

el ThHPGY sLRLEL
gUr FUOETER O LE"' dizelary

i HaE st slepliicani

L’UT Pl .5 PrE T )

Fog B

I L TERPET w2 GET T2 POIHTER
GRLL TGO CURLCHLARTE TE

S0 ol
SinHIitioant
£ o %
LRI I

#
PR SRR EE TS AT EE R S R S S 2 i e



TERF

g2uE
RRET
E} L E} el

]
r..‘... [} =)

BE Lh':x
L2GE
HCHN

Prre N
L2 L

~ed

8o
S &
ey T
-..'.'.J"

LETF
oz
={A
HrlE
'“"'! o
G2ih
G0
!' &
2IE
2 E
é? Sl i}
L}-'s-'--‘ﬁ

Elal i)
o

At

-5

t
-

El

b ooG -

&

52

"1’...1.--3
Ligaf
nwm“
R L L

ey
ALY

1t

RETURE

s,
g

e i e
—

Te

e

e,
alth

i
ey
bl

-
-

fa)
tn,_!

HEDCHERRT RATE BIUTEL

)
A
L
I

]
3

L

r

e,
al) oy
P

. |:.n_l .
Tag I,

1,

e g g .
Y Rl
Rt .
[l P +

R L

mf rud e 2t ¥
[P

R

R T
=l
L R SN
S
N hel) it
12 FEEL
T
S i Pars !'J
5
o
)
el
7
L1
S
Lis

£
g
&y

[ 7 iy o
=

TRY DERNDLLATOR

CLEFLG-

S ENENU

THrRGe-

.

LR
Lf.}
SR
L

INC
L

= c,.
T}

sfrEdkdREE Faa
kA
e TREGUT
£

P o
T

ok b

CTENFET+
CTEIST
-

-

LuF
HL
H.(HL 2
TEEM
TCLLRFLEG

Ha

I

—~

g
Fe
gt

T & R
-~

n
."!"

SENL

. H ?

HL L DIYTH
At HL Y
1

L]

§-

s

LS

L
FLHL R
[

Py

Ce ENERD
HE1FTY
MOLT
LDivsp
LT RIL ey
P ) TP S
AL

FRE RS Bt fa b fd R

£

L

'tf:

." ‘.L

ONTINURTTAN D

hE P EREE F R AEEAE

o o

;'_
b
%
5
e
o

HUSY FLRG
= e By, g
AR .,‘.-U', HEF »

THEN

P LAy

o RRIN FROG.

HH[‘«'

<3
|-|"
Py
¥

LUULATE TEHP

t‘r \“- r

L
e
i.u: J f') TECREF )

HEGRTIVE RETURR
ME ZTURE

=] Uk TE-TL{RE

FOTEE-10+ 3-(T1-TG 2

iIF

TN
S i

JCRLCULRIE 11

HF'E. RETURH

i
o

>

tr

SResyl


http:RES....TO

EMPERRTURE FRRED HERBRT RHTE BICGTELERLTFY LEMODULARTUR

33, § £ Pl s L . o g
AR AA0H L SNSRI ¥R
EHRGR J51E i
< g :.- 0 2 4 .
o21s 33 FDTYER. i
Y] . 'L - ~Le ;" N i .
&-..ra‘-f. Kot Yol Y LELLED By TEREG. 3} iBLCULRTES ;
i ioehul had e g e e ibosnld s
B 35ES SO 08 FEI-TURER s¥LONSCFI0-T0 2 P
i . B R aialltr o FENIT TSy gL - L3y g . . .
ik JHSE FRECISE T URE DECIFRL RLERCE NN .
1.! Do JL35 ; Ll NOT ROWND OFF RBESULT i
L‘h e n . . .
& »
2 “:;, s Bl pEEL
LiZgl : .
wIAE ;
Game F o
et £ N R Y o R Tl e I 2 = Y g g g
sy =26 L3 ool - uJ&u‘. SEVsR LB HL {21V THGGET DIVISUR
P I o 2~
APl g -._f«_]‘_‘-_t +
F L] = W . a - = o N M e o
HAGE MG JLIVILE TS5 50Ty
pRaL DRI .
e Fia PecLuCl R ) K
GRS L sE L2 Jo5e CRLL  LIvien
Sy s e g B Do) 11t - TRy YL
oesl ] J585 FsH  HL s SRYE REMEINDER
LD IGEG
o e W B LEEE W Sy El
ST 4 T ad ol P ey " - e nalvg 17 B R T R A LI
£2252 o8 AC Ui 3535 ML NPYRLA PDEVRESEL T =LENID
£ oA I [ et . APl drt P pm .
Heaa B SEED il HL JRAVE RESULLT
«'.a._":C* FAL SELE FUEH DE
o [y e 3. e g
{‘- g Ly Pt = é.i [ L-'L fu{.
B N * . i T ok ”r FETS ¥
E.u.'J O AD B LHLL S EPY L
LT ol e -
LG8 i
£y DY Y I A N T o
g258 28 83 a0 Lo
Tl . g 3 e .y =,
LREE Lp b 52 SHLL ]EL
az&l 8 E..
TL‘&:.‘_' i
s . ety Frer v [ pag
i} P of FGET FIRST ! TERT
g .
CAC LIt o

HEES FHDD QUGTIEAT TO BESULT

LYo

L] Sy ﬁ-"‘

HOD HL.BE

Lo HaOHE

LF {3

RET  HL JRETUREN IF POSITIVE
IR ERENL

. P R
r!a._!_'L' !'..H:' if :'h-

41



TEMFERATURE AND RERRT RRIE BIOTELERETRY DEROMILATUR

g2a8 SESS bbb eRsk bk ok dedoiniab st bk etk fododedeobobdob shded ook b ok bk
e Kool YT A :
L2es SIS DIVIER: i
EIEE 3rhle CARLLED BY DIVSP: ITF CARLCULATES i
ozse IS TCUNKNONN Y BY LDIVIDING DECDIVIDEND Y
g2l IFEE BY HL TLRIYISOR BNy RENRIRDER 3 ;
5 3FER DE=RESULT ) i
8258 APSE i
B2e8 SFEE ARk ok Rk R R R e sk akrok b b R e e R R b R e
LE2sE I7G8 g

g2s8 22 47 ao SRS DIViIeE: LD CTEMP I HL J5RVE DIVISOR

B2BE T 21 ouh ol SF5u Lo HL . BRUR JSTORE BIT COUNT

gEFr 38 1 R il Li CHL 3, ELEVN

ST O F B T S I 37 | Sl LD ECEERD SINTT RESLULT

HRFE LS JPEE FUSH  RR

e g T e,

Y Pl ST
g2/ rB 275 LunPl:  Lh M E JUEET LHR LIVIDNDG BYT
R Ifua ELFA

BrrE GF SPEE LD 8 FEHIFT BIVIDEND

TR FH 3728 Li f. b

grre 1y S RLA JLEFT ONE BIT
tzrr 57 - SEEGE Lo inF

200 35 SRS ooy il 2 JDECE COUNT
Gark Ed REFRY FaE ML JRESTURE TERF RESULT

e

o

n:):

fET K) FEERD COUNT?

It FiocERU

HBD TERU PRLD CRRRY

Bl HL.HL JELIFT LEFT UHLE
L B.H JHL TS Aol

Hbb L

I HL:CTEMP Y GGET DIVISUR ADDFR

L

I ]
At (Wi

i
o T

Ay
il gl

L2 g Laz Gud an Koy e,
Pl AN

CF LR 30 o g B F

&y oag

iy

JE s L JSURTRRET IT

T Lo ]

a8& L Haol JTERP RESULT
BRGS0 T Ve H
gRukE 4F JEFE LL HoH
BIZEF LU JE7G FUSH RO PSAEVE TENF RESULY
azRa LE P8 el SoEy JF AL BRI
axgsy  uR 32ED FiLL HLa L FRLL DIVISUR BACK
a4 Ez SERL EX {5 HL FREFLRCE TERF RESULY
G LD uE 8L 2R LRiRG. LD S Bl JRESTURE HL
LR 3R K S s SLEMFLENERT URERY
g228 L5 OF ol SHUE Y Lo REFERT

42



' o
i i P
& wd ko
s
(. (. L
4 U~ fae] - o U
= 2 = A
p g il o} b =2
b
i B ~t a4, <L £
[ T a e et A
e tex| o
ol i —d L PR o=
&2 S el wk -
(RIS ey e |
Bz B U ¥ IR H "ol
L e IR~
r— Py m»!..” ey "n_m H...H "m..-u .
iy ...m." . sid P a . W..E
., R ] [ Y " b - - iE
. - .t .y ] " i -~
3 a T
L3 - - - S
it o, - ...._
i - e B - L
e +a AN e =% b . Tede
e e R 3 e
.r.a e ..HW [ rlcr.l
= L Due
P [ T ] ]
...n._ = e - 3
Pyt el e ey et e
. ~J -
JU T S o L e
Bl S e sl LN PR P
wd ek wd wd WD —d Wi s L DD el

)
el
L =
o
L
eI i i
LR 43 ; i
Ty ey LN I s ey Ry iy R ' -
P P ey B T Sl e *
bim
it
e
5
=l
==
o
wlo el -~ it

HH

% SE A ;
-

- i 1] 2T S
n To Tl

£
=
£
-y

LI Sl
el

= W
i3 1 Ly T LR
' K w.__.u i) ......m T IR
) ) PR Sl ey

- >, ol el nd "

43



TERFERRTURE RBHE HERET FRIE EIOTELERETRY DEMUDULATUR

!

2Fs S I shoksicgidedet FOF B ok ok ok B b # Rk
H2EZ S8y *
o mad . . 5 e - b [ o YT B ol
EFS el i * CHRLIBRRTION TIME THAEBLES:
Laenfm I ENT R
el SN :
AFFE R * SOTE: USER BY AL ROUTINE
g g ] ‘_'l&:;l-; - A
LYCT Ry I ) g g S0 B .
23 2205 ob gl sk o E B P PR bRk AL R
UZE3 2218 :
—

Fe Tl TE Al FIOLREF 5

e

i
—
LR

:

i
r::;
TR

H2FZE O LIZETONRS
Q23 GS25

b2 3G THELE:  ENU ¥
aIFE IR al HEAS TaL: Lk 28s
G2FE GR Gi g5 FiL: o Sl
HEED LA d245 TEL L i
&EFR Dy O frE0 T8l 1h = g
HEFE - 43255 s
JE e ~2EH

{285 HYRELE - EdY  F

b2rg FuFL Tal: Ll Jpci
BEFL W23 TiH: L shits
HEFE G285 TEH: A Shig
sRAN derl TEOH: L34 FEIE

44

E



sept
7

UTELERET

oy
R

L

HTE

)

A ] .
“ = T3 ed i
- - ] i
o e e &2
- o Ll - i
I O a ..pi
) . - -
H el = -
= Al CE o

e P . o~

W L et i
; Ll e

Heite

o~
g
) u..“
& e
g e
ot ‘. .-
*

Lt
it
2k

e T
3 L
i ptal L
ey
..n. - i -t
K ) ~— iy ——
AT
o L po. e =t
o4 et L1l v
- - Ly HA
et — m—t Sl sl
e a2
i
oL,
=L
-.—u _..n_
LY bt
R w«...
— -
oy S aa =7
NN ey
RIS vk

e Yy &
@ G
e “a
ey} .u...u_ ot
L Y -

45



10.

11.

12.

REFERENCES

Werber, Morton: A Bibliography of Wildlife Movements and Tracking
Systems. NASA CR-130380, 1970.

Ysenbrandt, H. J. B.; Selten, Th. A. L.; Verschuren, J. J. M.; Kock, T.;
and Kimmich, H. P.: DBiotelemetry, Literature Survey of the Past
Decade. Biotelemetry, vol. 3, 1976, pp. 145-250.

Lund, Gordon, F.: Time and Energy Budgets by Telemetry of Heart Rate
from Free Ranging Black-Tailed Prairie Dogs in Natural and in Model
Environments. Ph.D. Thesis, Dept. of Zoology, University of Iowa,
Iowa City, 1974.

Lund, Gordon F.; and Folk, G. Edgar, Jr.: Simultanecus Measurements of
Heart Rate and Oxygen Consumption in Black-Tailed Prairie Dogs
{Cynomys ludovicianus). Comp. Biochem. Physiol., wol. 55A, 1976;
PP. 201-206.

Sebesta, Paul D.; and Lund, Gordon F.: Overview of NASA Wildlife
Sensing Projects. Paper presented at the Pecora IV Symposium on
Application of Remote Sensing Data on Wildlife Management, Oct.
10-12, 1978, Sioux Falls, South Dakota. Sponsored by the National
Wildlife Federation, Washington, D. C.

Fryer, Thomas B.: Implantable Biotelemetry Systems. WNASA SP-5094,
1970.

Fryer, Thomas B.; and Sandler, Harcld: A Review of Implant Telemetry
Systems. Biotelemetry, vol. 1, 1974, pp. 351-374.

MacKay, Ralph Stuart: Bio-Medical Telemetry. Second ed. John Wiley
and Sons, New York, 1970.

Baldwin, Howard A.: Instrumentation for Remote Observation of
Physiclogy and Behavior. Ecclogical Energetics of Homeotherms,
Gessaman, J. A., ed, Utah State University Press, Logan. Monograph
Series, wvol. 20, 1973, pp. 67-76.

Fell, Roger B., Skutt, H. Richard; and Waterfield, Allan: A Foux-
Channel Ultrasonic Telemetry System for Obtaining Physiological Data
from Ocean Divers. Biotelemetry, vol. 1, 1974, pp. 50-59.

Lin, Wen C.; and Pillay, Sasi K.: A Micropower Pulsewidth—Modulation-
Pulse-Position-Modulation Two-Channel Telemetry System for Bio-
medical Applicatiomns. ITEEE Transac, BME wvol. 21, 1974, pp. 273-280.

Pauley, J. Donald; Reite, Martin; and Walker, Stephen D.: An
Implantable Multi-channel Biotelemetry System. Electro-
encephalography and Clinical Neurophysiology, vol. 37, 1974,
pp. 153-160. )

46



Smith, E. Norbert: Multichannel Temperature and Heart Rate Radio-
Telemetry Transmitter. J. Appl. Physiol, vol. 36, 1974, pp.
252-255.

Winter, David A.; and Tremholm, Brian G.: Reliable Triggering for
Exercise Electrocardiograms. IEEE Transac, BME vol. 16, 1969,
pp. 75-79. ‘

Cupal, Jerry J.; Weeks, R. W.; and Kaltenbach, C.: A Heart-Rate-
Activity Biotelemetry System for Use on Wild Big Game Animals.
Biotelemetry III, Fryer, T. B., H. A. Miller, and H. Sandler, eds.,
New York, Academic Press, 1976, pp. 219-222.

Weeks, R. W.; Long, F. M.; and Cupal, J. J.: An Improved Repeater
Heart Rate Telemetry System for Use on Wildlife. Proceedings of the
First International Conference on Wildlife Biotelemetry,

July 27-29, Laramie, Wyoming, 1977, pp. 2-8.°

Sebesta, P. D.; and Arno, R. D.: Report on 1973 Santa Cruz Summer
Study on Wildlife Resource Monitoring. NASA TM-78578, 1979.

Ferris, Clifford D.: Introduction to Biocelectrodes. Plenum Press,,
New York, 1974.- )

Geddes, Leslie A.: Electrodes and The Measurement of Bicelectric
Events. John Wiley and Sons, New York, 1972.

Geddes, Leslie A.; and Baker, L. E.: Principles of Applied Biomedical
Instrumentation. Second ed. John Wiley and Sons, New York, 1975.

Miller, Harry A.; and Harrison, Donald C., eds: Biomedical Electrode
Technology, Theory and Practice. Academic Press, New York, 1974.

Neuman, Michael R.: Biopotential Electrodes. Medical Instrumentation
Application and Design, J. G. Webster, ed., Houghton Mifflin Co.,
Boston, 1978, pp. 215-272.

Dymond, Anthony M.: Recording Electrodes for Chronic Intracerebral
Implantation in Man. Biomedical Electrode Technology, Theory and
Practice, Miller, H. A. and D. C. Harrison, Academie Press, Inc.,
New York, 1874, pp. 41-66.

Geddes, L. A.; and Baker, L. E.: The Relationship Between Input
Impedance and Eleptrode Area in Recording the ECG. Med. Biol. Eng..,
vol. 4, 1966, pp. 439-450.

Fryer, Tom B.; Lund, Gordon F.; and Williams, Bill A.: An Inductive
Powered Telemetry System for Temperature, EKG, and Activity
Monitoring. Biotelemetry and Patient Monitoring, vol. 5, 1978,
pp. 53-76.

47



26.

27.

28.

29.

30.

31.

32.

33.

Iund, Gordon F.; Simmonds, Richard C.; and Williams, Bill A.: A
Subcutaneous Channeling Probe for Implanting Long Leads. Lab. Anim.
Sei., vol. 27, 1977, pp. 1040-1041.

Larsen, J. L.; Dillman, R. F.; Nardizzi, A. M.; and Tverdoch, R. N.:
An Effective ECG Telemetry System. Hewlett-Packard Journal, vol.
23, no. 8, April 1972, pp. 2-8.

Wright, M. J.: Use Slew-Rate Filtering. Electronic Design, vol. 24,
no. 19, Sept. 1976, pp. 110-12.

Deboo, Gordon J.: An RC Active Filter Design Handbook. NASA SP-5104,

1977.
Courtin, E.; Ruchay, W.; Salfeld, P.; and Sommer, H.: A Versatile,
Semiautomatic Fetal Monitor for Non-Technical Users. Hewlett-

Packard Journal, vol. 28, no. 5, Jan. 1977, pp. 16-23.

RCA C0S/MOS Integrated Circuits, Databook SSD-203C. RCA Solid State,
Somervilie, New Jersey, 1975, pp. 518-538.

Morrow, G.; and Fullmer, H.: Proposed standard for the $-100 Bus
Computer, vol. 11, no. 5, May 1978, pp. 84-90.

Intel 8080 Microcomputer System User's Manual. Intel, Inc., Santa
Clara, Calif., Sept. 1975, pp. 2-1l.

48



FREE-RANGING ANIMAL

EXTERNAL
COLLAR TRANSCEIVER

IMPLANTED TRANSMITTER

LONG RANGE
TO AIR

RF #2

BEHAVIOR ID
RECEIVER CODE OR VERBAL RECEIVER -
LONG RANGE COMMENTS SHORT TO
TO GROUND FOR FOR MEDIUM RANGE
COLLAR IMPLANT
TAPE /
RECORDER
TEMPORARY
DATA STORAGE
BEHAVIORAL l INFORMATION
INTERFACE
CIRCUITRY
SIGNAL
DIGITAL OUTPUTS
! CONDITIONING ANALOG QUTPUTS
I =N L A
- drqr 111"
BEHAVIOR CODE 02 v BEHAVIOR e [:;4;:
l.!2rr
11:36.0 11:37.0
TIME 11:36.1 MICROPROCESSOR TME |y )y u gyl
DEMODULATOR

OPTIONAL TEMP FLAG

& PROGRAMMABLE |
HEART RATE 097 BPM HEART RATE

TEMP #1 37.1 °c TEMP#1 __r - i

TEMP #2 30.3 °c TEMP #2 — ¢ S
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Figure 13.- Collar prototype and field receiver equipment.
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Figure 19.- Top view of demodulator.
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Figure 21.- Front panel of demodulator.
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Figure 22.- Continued circuit diagrams of the

demodulator.



Figure 23.- Views of field test station.
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