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I. INTRODUCTION

Many types of biological data, i.e., ECG, blood pressure, EEG, etc.,
can easily be obtained in a laboratory environment. However, in many
instances it is desirable to obtain such data from animals in their
natural environment. A valuable method for obtaining such biological
data from one or more free-roaming animals is to use radio telemetry.
That is, each animal would carry, internally or externally, a radio
frequency transmitter which would transmit a carrier frequency modulated
with the biological signal(s) of interest. Of course, so that the
signals of the transmitters do not interfere with one another, it would
be necessary that each transmitter's carrier frequency be different.

The biological signal(s) for each animal could then be recovered by a
conveniently located receiver (containing the appropriate demodulation
circuitry) tuned to the appropriate carrier frequency. In order to use
only one receiver for several animals, some type of frequency scanning
receiver might be useful. After recovery of the biological signals

at the central terminal, these data could be stored or processed, as
desired, by computer. A block diagram of such a data acquisition system
is shown in Figure 1.

The concept of the biological telemetry system is simple enough,
but the actual system components involved can be quite challenging to
design and construct. This is especially true of the transmitters. For
example, the transmitter should consume as little power as possible and
be as small as possible. These two criteria are particularly important

if the transmitter device is to be implanted. Other criteria which
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should be considered in the design and construction of a biotelemetry

transmitter are:

L.

Which type of modulation of the biological signal(s) onto the
carrier frequency will produce the optimum combination of

high signal/noise ratio at the receiver and low power consump-
tion and small physical size at the transmitter?

How many biological signals will be transmitted from each
animal?

If more than one biological signal is to be transmitted using
one transmitter, then either frequency or time multiplexing

of the biological signals will be required. Thus, additional
circuitry will be required to accomplish the task of multi-
plexing, which will in turn increase the size and power consump-
tion of the transmitter device.

What type of material will be used to enclose the transmitter?
If the device is mounted externally to the animal, then the
circuitry and transducer must be kept from being exposed to

the weather. 1If the device is to be implanted, swallowed, or
otherwise used internally, then the transmitter circuitry and
transducer must be protected from the harsh internal environment
of the animal; more importantly, the coating of the device must
be compatible with the homeostasis of the animal, so that toxi-
city does not result.

What type of transducer(s) will be used?

Depending on the biological signal(s) to be obtained, variable

capacitor, resistor and inductor transducers are the most common



types. The design and construction of the transducers, however,
is an art in itself.

5. What batteries are available?

What battery sizes are available at the desired voltage, and
what is the mA-hr rating of the battery? The answer to these
questions will determine the life of the telemetry device

once it has been placed on the animal. It may also have a sig-
nificant bearing on the physical size of the telemetry package.

6. How much will the transmitted signal be attenuated if the

device is implanted?

Body tissues can greatly attenuate the transmitted signal; the
amount of attenuation depends on the carrier frequency being
used. Generally, the higher the carrier frequency is, the
greater the signal is attenuated.

7. What carrier frequency is to be used?

The components to be used in the transmitter will be dependent
on the carrier frequency to be used; generally, the lower the
carrier frequency is, the larger the physical size of the
transmitter circuit components is.

These criteria apply to the transmitter device, but they would as
equally well apply to a receiver which might be mounted on the animal.
The purpose for such a receiver will become apparent in the following
three chapters. A small portion of this paper discusses a remote device
transmitter design, but the majority of the paper considers a number of
different possible remote device receiver designs and more closely

examines the one which is considered to be the most promising.



Thérrémote device transmitter and receiver which are discussed in
this paper are part of a universal biotelemetry device suggested by
Professor Art Pohm.l-‘Ihis universal bioteleﬁetry device.features
adaptability to’va;ioué transducers, data filtering devices, amplif;ers,
ete., with a minimum of connections, and programmability (both central

land remote), so as to allow a variety of data acquisition and animal
experimentation routines to be;used. This would enable not only bio-
logical data.monitoring‘but alsolcbntrol%ed injéCtions,,electric shocks,
etc., duripg;data-monitoring. The control unit of tﬁe proposed unit
would be a single chip CMOS microcomputer such as the 87C48 currently
availabie from Intersil (15) which is a cop& of the‘8748 produced by
Tntel. The 87C48 contains 1 K bytes of EPROM and 64 bytes éf RAM on
the chip. The block diagram of this universal biotelemetry device
is shown in Figure 3. This univeréal_device will be further discussed
in Chapter IV.

. As can be seen in Figure 3, this universal biotelemetry device
utilizes both a receiver and transmitter. This paper deals almost
exclusively with the transmitter and receiver of the device and leaves

the remainder of the unit design and construction to further research.

1Art Pohm is a professor of electrical engineering at Iowa State
University, Ames, Towa. )



IT. BIOLOGICAL DATA TELEMETRY DEVICES CURRENTLY BEING USED
A. Remote Devices Utilizing Only a Transmitter

This discussion by no means includes every remote biotelemetry

transmitter device that is now being used or that has ever been used

but is an attempt to make comparisons of the characteristics of some
_of fhe more current devices in order that some generalizations about
-the chafactefistics of these devices can be made.

The first characteristic to be considered is the type of bioclogical
data being ménitored. Table 1 shows characteristics of telemetry devices
being used by differéﬁt experimenters. Owen et'al. {(22) monitored the
heart rates of birds. _Slater and Bellet (29) monitored the body' t":e-mperatu'res
of submerged divers. Barr (2) used a telemetry device to monmitor tﬁe
body temperatures of large numbers of caged rodents. Brach et al. (4)
monitored winterhardiness and temperatures of living plants by using
telemetry. Klein and Dav\i'é (17) used biotelemetry to monitor EEG, ECG,
peripheéal pulgse, and arterial blood pressure of surgical patients.
Deutsch é8) preserited a 15-electrode totally implanted biotelemetry
unit for monitoring either various areas of the brain simulpaneously
or mqre,iocalized areas in depth. Duncan et al. (9) used biotelemetry
to measure thé temperatures of avian shanks. A Technical Note in
Medical and Biological Engineering (30) presented a telemetry device
for remote monitoring of breathing pressures inside of a face mask
under different exercise conditions. Clark and Dowdell (5) used telemetry to
monitor pH and fluoride-ion concentration in dental plaque and saliva.

Besseling et al. (3) used telemetry to monitor the electrical control



activity of éﬁooth miascle of the GI traect of unrestrained conscioug
animals. As can be seen, the possible uses for biotelemetry are almost
unlimited.
' The secpnd characteristic of the devices in Table 1 to be compared
is the égrrier frequency of the transmitter. Of the telemetry devices
listed in Table 1, Owen et al. (22), Klein and Davis (17), and Besseling
et al. (3) used carrier frequencies within the FM radio band (88-108 Mhz).
0f course, one of the primary reasons for using this range of frequencies
is so that the receiving device can be construéted from an FM bandvr
regeiver . Slater and Bellet (29) used ultrasound as the carrier frequency
of their telemetry device because ultrasoﬁnd transmission through .water
ig mére efficient than radic frequency transmission through water.
Brach-et al. (4), Tvigson and Robinson (16), and Clark and Dowdell (5) also gsed VHF
carrier frequencies. Duncan et al. (9), and the experiments reported in
the Technical Note (305 used 27 MHz as the carrier frequency, probably
because ghis frequency is in the citizen's band and also because a ]
receiver can ‘be used as part of the receiving device. Deutsch (8)
iﬁdicated that for his'purpoée, 20 MHz was about the most ideal c¢arrier
frequency. Barr (2) used the AM radio band (530-1600 kHz) for his device,
Some considerations which should be ﬁsed for a given telemetry application
include:
1. 1Is the remote device to be implanted?

.Hi.ghler frequencies tend to be more highly attenuated by living

tissue than do lower frequencies, but circuits operating at

higher frequencies tend to have smaller components.

2, VWhat type of central terminal receiver is to be used?
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It is simplest as well as most economical to use a frequency
thgt can be received by a commerclally available receiver.

3. What frequencies will be clear of interference? The telemetry
device should be designed to operate on a frequency for which
no other commercial or private station can be recelved.

The third cﬁaracteristic of currently used telemetry devices to

be considered is the type of carrier modulation used. Of the devices
listed in Table 1, eight experimenters used frequency modulation, two
used amplitude modulation, and one used phase modulation. Ivison and Robinson -
(16) argued in favor of coherently detected phase modulation, stating that it
satisfies the criteria of minimum transmitter power consumption, minimum
bandwidth and operation over a short VHF radic link better than do the
other types of modulation. However, frequenc§ modulation has advantages
over both amplitude and phase modulation. The biggest advantage that
frequency modulation has over coherent detected phase modulation is that
the FM receivers are simpler and commercially available. Frequency
modulation has -advantages over amplitude modulation in that it tends to

be less distorted by noise than does amplitude modulation. Also, since
gignal strength at the receiver input tends to diminish as the trans-
mitter is moved farther from the receiver, the data signal recovéred from
an AM signal, by the receiver, is dependent on the distance betﬁéen the
transmitter and receiver; on the other hand, data recovered from an FMl
signal, by the receiver,.is independent of the distance between the
transmitter and receiver since the signal frequency is unaffected by
distance. With the integrated circuits which are now available, FM

receivers need not be any more complex than AM receivers.
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Some of the telemetry devices:listed in Table 1 utilize subcarriers.
The frequencies of the subcarriers used in these devices is the fourth
characteristic to bé considered. Of the devices listed in Table 1, only
four of the experimenters used subcarriers. Three reasons for the use
of subcarrier frequencies can be pointed out ﬁy using scme of the devices
in Table -1 as examples. Klein and Davis (17) used four subcarrier frequen—
cies modulated onto the carrier frequency as a means of frequency multi-
plexing four channéls of data. Figure 2 shows an illustration of frequency
multiplexing for four channels_of biological data (four biological signals)
for an AM-AM system. A second reason for the use of a subcarrier is
illustrated by Deutsch (8) when time multiplexing 16 channels of bio-
logical data onto the carrier. A 3200 Hz signal was added to each channel
as a reference signal. A third reason for using a subcarrier is found
in the device described in the Technical Note (30). Tﬁis device emplpys
an 1100-1200 Hz subcarrier which is frequency modulated by the pressure
variation_iﬁéideua face mask under different exercise conditions. This
subcarrigr is essentially unaffected by the surrounding environment, -
whereas the 27 MHz carrier will be much more greatly affected by the
environmental conditions, since the changes in inductance and capacitance
due to changes in enviromment will cause a much greater effect (percentage-
wise) on. the small inductance and capacitance values found in the 27 MHz
circuitry than on the much larger inductance and capacitance values found
in the 1100-1200 Hz circuitry. With the subcarrier, thereforé, noise
due to changes in enviromment is practically eliminated.

The:type of subcarrier modulation used is the fifth characteristic

oﬁ‘ghe devices In Table 1 to be considered. :The reasons for using the
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various types of subcarrier modulations are probably very similar to the
reasons for using the various types of carrier modulation. Therefore,
this will not be discussed except to mention that frequency modulation
is again coﬁmonly used.'

When more than one biological signal is being monitored, some type
of multiplexing must be used. The type of multiplexing used is the sixth
characterisgic of the telemetry devices listed in Table 1 to be discusséd.
Of the four devices listed in Table 1 which monitor more than one
biological signal, only one device utilizes frequency multiplexing; the
others utilize time multiplexing. An example of an AM-AM frequency
multiplexing scheme was shown in Figure 2. A time multiplexing scheme
would not send a continuous signal of each of the biological signals
being monitored. Instead, for an‘thhannelrunit; the following time
sequence’ would occur: Fir;t, the chamnel 1 data would.he sampled ahd
transmitted, then the channel 2 data would be sampled and transmitted.
Then channel 3, channel 4, etc., and finally channel N. This sequence
would occur céntinuously at a rate which would be several'times the
highest data frequency of any of the channels. Considering the components
which are now available, ig seems that time multiplexing would prébably
be simpler than‘frequehcy multipleéxing due to the filtering that is

required in demodulating a frequency multiplexed signal.

The sév;nth characteristic of the telemetry devices listed in Table 1
to be discussed is the power consumption. Unfortunately, the power con-
sumption of the units is so widely varied that it is not possible to

make general statements about devices. However, it can be seen that the
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simpler devices by Owen et al. (22), Barr (2), and Duncan et al. (9)
consume very small amounts of power (< 1 mW). Surprisingly, the
six-channel time multiplex device by Besseling et al. (3) draws only

177 uA at 4.5 v (.8 mW). With the CMOS devices and micropower op amps
which are now available, it is possible to build fairly complex low-power
telemetry devices.

The final characteristic of the telemetry devices listed in Table 1
to be discussed is the amount of parts necessary for the telemetry
device. Not all of the devices are considered, but only those which
were the simplest single and multiple channel devices found. The other
circuits can be compared by going to the references. The simplest
telemetry devices are those by Owen et al. (22) and Barr (2). These
devices consist of an RF oscillator as the main component. The 1l6-channel
time multiplex device by Deutsch (8), however, requires 4 CMOS ICS,
1-LM308 op amp, and an RF oscillator as the main components. Likewise,
the six-channel time multiplex device by Besseling et al. (3) uses
4 CMOS ICS, 2 micropower op amps, and an RF oscillator as the main
components. These are not enough data to make generalizations, but it
should be intuitively obvious that a multi-channel device requires more
components than a simple single-channel device. The size of the multi-
channel device will therefore probably be larger than a simple single-
channel device.

These are the major comparisons of biotelemetry transmitter devices

currently being used.
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B. Remote Devices Utilizing Only a Receiver
or Both a Receiver and a Transmitter

Descriptions of thrée recent remote data acquisition devices, which
utilize only a receiver or both a transmitter and recelver, were found
in the literature. One such device is presénted by Cupal et al. (6)
which utilizes a 570 kHz receiver as part of a biotelemetry repeater to
be used on a large wild game animal. The repeater, which is mounted on
the neck, receives biological data from an implanted 570 kHz transmitter
and retransmits it on a VHF carrier to the central terminal. Another remote
device which utilizes a receiver is presented by Guberek et al. (14).
This receiver is part of a remote controlled coronary artery occluder
which is used to study cardiovascular disease. Finally, Hudson in (10)
presented a receiver to be used as a power switch for an implanted tele-
metry transmitter. When a radio frequency command is transmitted from
the central terminal to this receiver, the receiver either supplies power
to the implanted telemetry transmitter or removes it, depending on the

command given. This receiver is discussed in more detail in Appendix A.
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IIT. DISADVANTAGES OF CURRENTLY UsED BIOTELEMETRY DEVICES

The biotelemetry devices discussed in Chapter II are useful for the

applications for which they were constructed; however, these devices

(with the eéxception of the device by Cupal et al. (6) which has charac-

teristic 5) lack the following, sometimes desirable characteristics:

1.

If the telemetry transmitter device moves out of range of the
receliver or if the telemetry transmitter fails, the device on
the animal should be capable of storing biological data long
enough for the broken radio link to be restored.

The telemetry device on the animal should be able to do simple
statistical analysis on the data so that the transmitted data
can be minimized or eliminated (so that only necessary data

are transmitted).

The remote device should bé remotely programmable so that the
data monitoring and/or experimentation routines can be altered
from the central terminal,

The circuit ﬁonnections of the transducers to the remote device
should be minimal so that a wide variety of numbers of biological
data signals can be monitored with a minimum of wiring connec-
tions or disconnections.

Since transducers sometimes must be located within the body, it

would be convenient if the transducer information could be trans-

mitted through the skin by means of a radio link to a more power-

ful, externally mounted, transmitter which could relay the data

to the central terminal.



lé

6. All telemetry transmitters should be capable of operating on a
single frequency in order to reduce system design requirements

and amount of frequency spectrum required.



17

IV, A UNIVERSAL REMOTE BIOTELEMETRY DEVICE

Since the telemetry devices discussed in Chapters II and III lack
the desirable characteristics listed in Chapter III, a universal telemetry
.&evice which incorporates a single chip CMOS microcomputer controlier,
such as the Intersilﬂ87C48 (15), is proposed; this device would at least
partially fulfill the list of desirable characteristics given in Chapter TIIL.
This device'was mentioned briefly in Chapter I and is shown. in block
diagram form in Figure 3. No éstimate has been made for the power con-
sumption of this device. However, micropower op amps and other low-power
devices (such as sﬁall signal VHF and UHF transistors) are available for
its construction; this should allow the power consumption of the entire
device to be tolerable if the unit is mounted externally to the animal.
' This device could fulfill the list of desirable characteristics of
.Chapter IIT as follows:
~1. Si%ty-four bytes of RAM are located on the 87C48 chip; Depending
on how much other RAM is available in the device; it is capable
of storing some-biclogical data should a breakdown of the fadio
link between the remote device and the central terminal occur.
2., Simple statistical analysis of biological data can be done within
the device by proper programming of the 1 K EPROM and by utili-~
zing the 64 bytes of scratch pad RAM in the 87C48. Thus, the
amount of data to be transmitted can be minimized in many cases.
For example, maybe only heart rates outside of certais preéet

limits need to be transmitted.
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Again, depending on how much RAM is present in the remote

device (in addition to the 64 bytes of RAM on the 87C48 chip),

the device can be remotely programmed to carry out a varlety of
data monitoring and/or experimentation routines., Several routines
could also be stored in the 1 K EPROM and called remotely.

It should only he necessary to éonnect or disconnect transducers

or .electrodes to the device in order to add or subtract biologi-

%céiiSignals to be monitored, since the multiplexing scheme can

be altered by.prdgramming the 87C48 (minimize hardwaré altera-
tions).

Since this device already incorporates a receiver, it should be

‘relatively easy to program the remote device to receive and.

retransmit signals from a telemebf§ éevice located within the badj.
Only a single carrier frequency is necessary for a biotelemetry
system consisting of a large number of these devices singe they
can be addressed individually by the central termiﬁal;with'a

binary code.

As was mentioned in Chapter TII, sometimes the above characteriétics
are not necessary; then it is better to use the simple teiemetry devices
listed in Chapter II, since a larger size and greater powe; consumption
is necessary for the universal biotelemetry device. For many data
acquisition systems, however, the versatility of the universal bilotelemetry
device and the other advantages that it has over the simple télemetry
devices will outweigh the disadvantages. The remainder of this paper
will conéentrate on research done on the receiver and transmitter

portions of this device.
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V. EXPERIMENTAL PROCEDURE AND RESULTS
A. Remote Device Receiver Design

The experimental procedure which was followed throughout the receiver
desigﬁ reseérchhwas divided into four parts. This was not a result of
choice at the béginning of the project, but a result of other considera-
tions which'came into play during design and experimentation. The four

parts of the experimental procedure are the AM approach, the pager

approach, the superregenerative approacﬁ; and the weather radio approach.
Initially, it was decided that the superregenerative approach was
inadequate due to the possibility of the units interfering if two animals
carrying receivers tuned to the same frequency came close to one another,
Thus, AM was initially considered to be the best approach in terms of

power consumption and simplicity.

f. AM Approach

An amplitude-modulated signal consists simply of a carrier freguency,
the amplit_udé of which is the data signal.

Briefly, an AM radio receiver (AM receiver is shown in blogk'diagram
form in Figure 4) functions as follows in recovering the data signal from
a transmitted AM waveform. |

The received signal ié first amplified and then mixed with a loecal
oscillator signél (a sine wave of frequency fo) such that signals of
fréquency fo + fc and fc - fo (fc is the received carrier frequency) are
produced. A filter then blocks the signal of frequency fo + fec and

passes the signal of frequency fc - fo. The signal of frequency.fec - fo
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is then amplified in the IF amplifier and finally the data waveform is
recovered from this signal by some type of AM demodulator, such as

an envelope detection circuit which determines the amplitude of the signal
(that is, the data waveform).

The first circuit of the AM receivér to be experimented with was the
input amplifier. The circuit which was used is a modification of the
JFET VHF common source amplifier shown on page 291 of the Radio Amateur's
Haﬁdbook (23) and is shown in Figure 5. (Modification of this existing
circuit resulted in both a savings of time and a better amplifier than
would have resulted had the amplifier been designed from scratch. This
circuit modification approach was thus followed throughout the remainder
of the research.) The construction and operation of this circuit are
discussed in Appendix B. After adjustment of the input and output tuned
circuits of the amplifier, a gain of approximately 16 db was attained
at 150 MHz (150 MHz was chosen as the operating frequency because it is
a clear frequency in Ames, Towa.) This circuit will again be discussed
in Sectiomn 4.

The second circuit of the AM receiver to be constructed was the’
local oscillator. Since a very frequency-stable receiver was desired,
it was decided to build a common-base type crystal oscillator very similar
to the one shown on pages 96 and 97 of the crystal oscillator book by
Frerking (12). This oscillator was supposed to operate at 149.9 MHz so
that the intermediate frequency would be low enough so that micropower
op amps (see Appendix A) could be used as the heart of the IF amplifier.
However, this oscillator was never made to operate at the crystal frequency

during this part of the experiment, mainly due to a lack of understanding
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of how the crystal and crystal oscillator circuitry function. Appendix C
gives a brief description of how a crystal oscillator functions. For a
more detailed description, see Frerking (12). For a description of the
construction and tuning of a crystal oscillator, see Appendix D.

After a lack of results with the crystal oscillator, work was begun
on the mixer stage of the AM receiver. However, shortly after this work
was begun, a conference of the Solid State Affiliates was held at Iowa
State University. After a presentation of this device at the conference,
it was stated by a number of representatives at the conference (unfor-
tunately, the names are not known) that the AM approach is probably not
the best. They stated that low-power components for FM receivers (such
as pager components, CMOS PLLS, etc.) are readily available and that FM
communications have some major advantages over AM communications.

For example, AM transmissions are more affected by noise than are FM
transmissions. Also, AM signals tend to fade; thus, the true biological
signal(s) being received may be distorted by the change of strength of the
transmitted signal which may occur as the animal is moving toward or

away from the central terminal unless precautions are taken to correct

for this. FM signals, on the other hand, will either be detected or

not detected by the receiver since the data is encoded in the frequency
rather than in the amplitude of the carrier signal. The FM approach was
thus determined to be the best. Again, modification of an existing device
was the approach decided upon. At this point, the existing device which
seemed to be the most appealing was a pager device, since the power con-

sumption of this device is low and the size is small.
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2. Pager Approach

The Motorola Pageboy IITM pager schematics and general information
about this device were obtained from Mark Grootveld.1 This pager draws
only 3.8 mA from a 1.45 V battery when -on standby (~5.5mW). The schematic
of the cirbuitrj'of this device is shown in Figure 6. (Al, A2, A3 and A4
represent hybfid circuit modules.) This circuit is intended to funétion
.approximately as follows., The RF ipput amplifier (Block Al) receives the
‘transmitted signal and amplifies it by 1l1.5 ﬂb. This signal is then
mixed with anlocal oscillator signal (Block A2) of frequency such that the
difference:ttransmitter carrier frequency - local oscillater frequency)
signal has.a frequency of.17.9'MHz. This signal is then ampiified by about
23.5 db in module A2. At the output of the high conversion module (Bloek
AZ?, the 17.9 MHz=signa1 is passed through a six-pole crystal filter in-
order to reduce the bandwidth of signals around 17.9 MHz which are also
passed; this both improves selectivity and greatly attenuates imagés that
might bg produced when the 17.9 MHz signal is mixed wiﬁh the 17.935 MH=z
loéal oscillator signal of module A3 to produce a 35 kHz signal output.
The signaljsuffers 3 db loss through the crystal filter, but is amplified
by 14 db in the low conversion module (Block A3). Finally, the 35 kHz
signal is amplified by 14 db and FM-demodulated (Block A4) to retrieve
the audio information which was originally transmitted.

It was decided originally that two identical receivers should be
constructed from the Motorola Pager parts. The complete pagers would have

cost approximately 3250 each. Therefore, it was decided to order two

1, s , . . .
Mark Grootveld is an assistant engineer for the Ames Laboratories,
Ames, Towa. '
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hybrid modules of each of the modules Al, A2, A3 and A4 and two of the
remainder of the RF circuitry shown in Figure 6. Unfortunately, it was not
a simple task to make the receivers work once the parts were obtained.
To begin with,-whenrthe parts were ordered; the six-pole filter between
the high converter and low converter was not available. If this filter
is not uéed, then there is no reason to use the low conversion module‘(A3).
That is, without this filter, or ome similar to it, an image frequencj
will amost certainly be pfesent and the selectivity will be poor at the
output of the low conversion module (A3). Thus, it would be just as well
to use a higher local oscillator frequency in the high conversion.
module (A2) such that the signal outpgt from this module has a.frequency
of 35 kHz. ‘Tc improve the selectivity, this 35 kHz signal could be
passed through an active bandpass filter. The approach to building an
FM receiver from the pager parts was thus begun with the intent of using
modules Al and A2 of the pager circuitry and micropower op amps and
CMOS PLLs in the iF amplification-and FM detection circuitry. (See
Appendix A for a description of thése devices.)

"The first part of this receiver which was comstructed was the input
RF‘amélifier; This was constructed by connecting discrete components
to module Al as shown in Figure 6. The-maximumigain of this circuit was
obtained  at 145 MHz instead of-at the desired 151 MHz. In order to try
to move the maximum gain point to 151 MHz, C33 was reduced to 39 pF;
hdwever, this caused oscillations to occur. C31l, the heutralization
capacitor, was increased to 2.89 pF in an attempt to stop the oscilla-

tions. This stopped the oscillations and also caused the maximum gain
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point to increase to 146-147 MHz, It was discovered that by increasing
C31 to 5.09 pF, the maximum gain point was increased to 151 MHez.

After the iﬁput amplifier stage was made to function, the next step
was to construct the circuitry around the high conversion module (AZ)‘
an§ try;to make the crystal oscillator in this stage oscillate at the '
crystal fréquency. The oscillator in this module was designed to operate
at one—third the frequency of the desired local oscillator signal. Tﬁe
manner in which thé local oscillator signal is obtained is to tune the
crystal oscillator so that it is overdriven, thus producing a distorted
oscillator waveform rich in odd harmpnics, and to filter out the third
harmonic signal by using the tuned circuit, consisting of C9 and L&,
tuned to resonate at three times the oscillator frequency. Aséuming that
the output signal of the high conversion stage is to be 35 kHz, and that
the transmitted carrier frequency is 151 MHz, then the crystal oscillator
shouid ascillate at (151 + ,035)/3 = 50.345 MHz. The oscillator was
never made to oscillate at the crystal frequency even by adjusting C8,
Cc9, €10, L4, L5 and R2, Part of the problem could be that crystals not
normally used in the device were being tried because an error was made
inispECifying the crystals on the original order. Since the parts tock
six weeks to arrive, it was decided that a new order for crystals would
not be made and thus other crystals were tried.

It was hopéd that by using an intermediate frequency of 35 kHz that
the IF aﬁplifier could be constructed from simple cascaded inverting
ampiifiers made from micropower op amps (such as the Fairchild uA776).

(See Appendix A for a description of the pA776.) This would have reduced

N
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the cost of the receiver since each of the four modules in Figure 6é cost
approximatély $25,

After more frustration with the high conversion medule (A2) and
after consideration of the cost of the hybrid circuit modules, the
pager idea was finally abandoned. The estimated cost of each receiver
(using only modules Al and A2 of the-péger circuitry) would be a minimum
of $60. For a research experiment which would incorporate a large number
of these remote data acquisition devices (Figure 3), the receiver cost
alone Would be "almost prohibitive. In addition, this $60 receiver would
‘have rather poor selectivity due to the absence of adequate filtering.

After comsultation with Joe Riley,1 it was decided that the remote
data acquisition device shown in Fiéure 3 would almést certainly have to
remain exteérnal to the animal beeause of the large number of conneétions
which woild be made to the animal when monitoring a large number‘of
bi&logical signals. Since the device would be external to the animal,
power consﬁmptipn and physical size were not as confining restrictions
aS-was-originaliy tho;ght. Therefore, it was and still is felt that there

is a bettér approach to the receiver than using pager parts.

3. Superregenerative Approach
Joe Riley suggested the use of a modified commercially available
FM receiver for the remote device. Before beginning this approach,

it was felt that construction of a superregenerative dévice might be

1 , . : . :
Joe Riley is an electronics engineer at the National Animal
Disease Center, Ames, Iowa.
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wofth'a try before going on to the modified FM receiver approach for
the following reasons:

1. ‘Information about superregenerative devices was found which
indicated that the possible problem of receivers interfering,
mentioned at the beginning of this chapter, might be overcome
by incorporating a‘well—neutrélized RF ‘input amplifier prior to
;he‘superregeneratiVE stage, to block superregenerative stage
oscillations from reaching the antenna, and thorough shielding
of this superregenerative stage, to prevent radio frequency
radiations.

2. The proposed superregenerative receiver would be smaller than the-
modified FM radio device because it would require fewer components.

3. The proposed superregenerative receiver would consume approximately
1/2 the power of the modified Weatheradio " of Section 4.

It was hoped that the superregenerative stage could be used as an

FM demodulator. However, the manner in which this device operates makes
it to be nearly an AM &emodulator. The superregenerative stage fqnctions
approximately as followg. The signal from the antenna or from the input
amplifier.is fed into the superregenerator stage and amplified. The
amplified signal is fed back into the input of the superregenerator stage
and amﬁlified again. The number of times that the input signal is ampli-
fied is determined by timing circuitry which controls DC bias to the
transistor of the RF oscillator part of the stage. After the preset
number of aﬁplifications, the DC bias to this transistor is removed and

then restored so that a new segment of the input signal can be amplified.
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The timing circuitry which controls this DC bias can be adjusted so as to
achieve the desired compromise between sensitivity and selectivity.

As was mentioned above, it was thought that by using a well—ngutralized
RF amplifier as an input stage to the superregenerator stage and adequate
shielding of the superregenerative stage,'thaf interaction between receivers
could be prevented. The circuit which would have been used as the input
amplifiér is shown in Figure 5. (The construction and tuning of thi%
amplifier are outlined in Appendix E.) However, it was not possibleéto
neutralize thi? amplifier to the extent that would have been desiredi
This will be discussed more in Part B.

The next circuit to be constructed was the superregenerator stage.
It was planned that FSK-AM transmission would be used such that a 400 Hz
AM signal would represent a binary 0 and that a 1200 Hz AM signal would
represent a binﬁry 1. Thus, the output of the superregenerator stage
would be either 400 Hz or 1200 Hz. (The audio amplifiers and demodulators
which would have been used to convert the output signal of the superre-
generator stage to a binary 0 or.binary 1 are the same as were used for |
converting the output of the WeatherédioTM FM Detector in Section 4 and '
are shown in Figure 12.) 1In the actual.design and construction of the
superregenerator stage, the first approach was to build a slightly modified
version of the common-base crystal oscillator shown on pages 96 and 97
of Frerking (12) with VCO output of the CMOS 4046 connected to the base
of the oscillator transistor to provide the quenching signal (amplifica-
tion control mentioned earlier); the quenching signal frequency could

then be controlled by a voltage input to the VCO. (See Appendices C and D
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for construction details and function of the common-base crystal
oscillator and Appendix A for construcfion details for using the 4046 as
a VCO or PLL.)

The frequency range of the VCO is determined by two resistors and
one capacitor connected externally to the 4046 and were initially chosen
80 Ehat a frequency range of 30 kHz to 150 kHz could be used. The circuit
of this éuperregenerator stage is shown in Figure 7. As can be seen, the
input signal is inductively coupled into the tuned circuit of the common-
base oscillator. The 910 pF capacitor, connected from point 1 to ground,
acts as a low impedance to the transmitted carrier frequency but as a
-high impedance to the 400 Hz or 1200 Hz signals modulated on to the
carrier signal. The tuned circuit (containing L2) acts as a high impedance
to the transmitted carrier frequéncy and as a short to the low frequencies.
The transmitted data can thus be recovered across the 910 pF capacitor. —
The oscillator was operated at 47.9 MHQ, since crystals near this fregquency
are standard and available. The superregenerator stage was then tested
with a transmitter also tuned to 47.9 MHz and amplitude modulated witﬂ a
400. Hz or 1200 Hz sine wave. The results were not successful, although
thé crystal oscillator functioned properly.

The second supérreggnerator device tried was a modification of the
device on page 68 of the October 1969 issué of Radio Electronics (32).
The: unmodified circuit is shown in Figure 8a and the modified circuit is
shown in Figure 8b. It was thought that the power consumption of the
device in Figuré 8a could be reduced by replacing the astable multivi-
brator quencher circuit with the CMOS 4046 VCO quencher circuit that was

used in the device shown in Figure 7.- However, using the same test
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transmitter as was used for the device shown in Figure 7, the superre-
generator stage shown in Figure 8b did not function. With less than
desirable results obtained with the input amplifier and the frustratioms
found in trying -to make the superregenerator stage function, it was
thought that time could be better spent in building a receiver from af
modified FM radio. Tt still seems, -however, that the superregenerative
detector would show some promise as a receiver in a biological data !

acquisition systeﬁ, due to its simplicity, if the problems encountered

with the input amplifier and superregenerator stage could be overcome.

4. Weather Radio Appreach

| 'A search was made for an inexpensive FM receiver operating as nearly
as poséible to the desired 150 MHz. The device chosen is the Radio Shack
.ﬁini-WeatheradioTM. The schematic for this device is shown in Figurec9.
Notice how simple this device is. It consists of an input RF amplifier
stage, a-vaiiable frequency local oscillator, a mixer 'stage, a crystal
filter at the output of the mixer stage, an IF amplifier/FM Detector'IC,
and an audio amplifier IC, the output of which feeds into the spéaker.

The device is:designed to receive the frequency range of 162.4 to 162.55 MHz.
{U.5. Weather Bureau stations brogdcast conti;uous weather information

on 162.55, 162.4 or 162.475 MHz.) The manner in which this device operates
is appfoiimately as follows. The received signal is amplified and then
mixed with a local oscil}ator signal, the frequency of which is such that
the output éignal of the mixer is approximately 4 MHz. This signal then
passes throﬁgh a crystal filter, which greatly increases the selectivity

of the device (reduces the bandwidth of signals around 4 MHz which pass:
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to the output of the crystal filter), to the IF Amplifier/FM Detector IC,
the output of which is the audio information which was frequency-modulated
onto the transmitted carrier. This audio signal is further amplified and
fed into a speaker.

In order to make modification of the WeatheradioTM as easy as possible,
it was decided to operate the remote device near the weather band. Im
this way, the tuned circuits of the input amplifier would not need
altering. The only alteration which would be necessary would be modifi-
cation or replacement of the local oscillator. As a preliminary test of
the WeatheradioTM, the minimum operating voltage and the corresponding
current drain were determined. At 5 volts, the radio was still fairly
sensitive, but below five wvolts, the sensitivity dropped quickly, probably
because the voltage became less than the minimum operating voltage for
the IF Amplifier/FM Detector IC. Without the audio amplifier present in
the circuit, it was found that the device draws only 8 mA at 5 volts

(~ 40 mW).

The construction of the remote device receiver was begun by performing
the only modification of the RF circuitry of the WeatheradioTM necessary.
This was done by removing the VFO circuitry (enclosed by dashed lines in
Figure 9) and replacing it with a common-base crystal oscillator containing
a frequency tripler output stage. (The operation and construction of
common-base crystal oscillators is discussed in Appendices C and D.)

The crystal used in the oscillator was constructed to be resonant at
53.51666 MHz. Thus, the local oscillator frequency used in the device
is 3 x 53.51666 = 160.550 MHz, and the operating frequency of the receiver

is approximately 160.6 + 4 = 164.6 MHz. The schematic of the WéatheradioTM
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circuitry with the VFO replaced by the crystal oscillator is shown in-
Figure 10. The idea for the frequency tripler stage used in this oscillator
was taken from the crystal oscillator used in the high conversion module
of the Motorola Pageboy IITM pager. This frequency tripler stage func-
tions as follows. The tuned circuilt of the grounded-base oscillétor.‘

is tuned for crystal oscillation such that the output waveform becomes as
distorted as possible. The third harmonic of tﬁe fundamental oscillation
frequency is then present in the waveform and is removed by passing the
signal through a bandpass filter tuned to three times the oscillator
frequendy and into the lower few turns (near ground) of the inductor of

a parallel-tuned circult tuned to three times the oscillator frequency.
The output s then taken from the top of the parallel-tuned circuit
through a high impedance (in this case, a 1 pF capacitor) and is nearly

a pure third harmonic of the oscillator fundamental frequency. With a
3002 load at the output of this tripler stage, a sine wave of n 100 mv
peak—~to-peak amplitude at 160.550 MHz is output.

. As was mentioned earlier, the operating frequency of this device is
164.6 MHz, ﬁnfortunafely, it was found that this device also receives
the image frequency-of 156.6 MHz, However, this has not caused any
problems .yet, and it does not appear that any such problems will result.

Before the remainder of the receiver circuitry was built, the LM386
audio amplifier IC was replaced as a convenience to the design process.
The sensitivity of the circuitry shown in Figure 10 was then found to be
n 20 uv. |

It was hoped that the next step of the remote device receiver con-

struction would be to replace the IF Amplifier/FM Detector IC, which draws
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4mA at 5 volts, with micropower op amps and'CMOS devices.. However, the micfo_
power op amps and CMOS devices which are. currently available will ﬁot_
operate at 4 MHz, the frequency at which the crystal bandpass filter also
operates.

The next step in the design of the receiver was to rebtild the VFO
circéuit (which was originally the local oscillator in the WeatheradioTM)
as a test txahsﬁitter. This transmitter is shown in Figure 11. Notice
at the base of the transistor of this VFO the presence of a voltage-
variable capacitance diode which can be uééd to frequency-modulate the VFO.
That is, Qhen the voltage from the cathode of this diode to ground is
varied, thé frequen;y of the oscillator changes because the capacitance
present across the diode changes. By applying a signal voltage from the
cathode of- the diocde to the ground, the oscillator is frequency modulated.
For this particqlar application, the linearity of the FM gignal is not
crucial, The thing that is crucial is that the frequency shift be
great enough so that the FM Detector in the receiver circuitry can detect
it.. The frequency shift of the transmitter can be adjusted by varying
the vo%tage ampiitude of the signal applied across the voltage-variable
capacitance diode. The test transmitter was first used with a simple
gine wave input which was varied from about 400 Hz to 2 kHz. The 400 Hz
to 2'kHz signal was clearly heard from the speaker of the receiver. This
was an attempt to adjust the transmitter to the proper frequency and to
determine if the frequency modulation technique was working. The next
step w;s to FSK-FM modulate the .transmitter since it was felt that
FSK-FM transmission of binary data would be better than simple FM since

it would be much more independent of transmitter carrier frequency
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than would simple FM, The frequencies selected for the FSK were 400 Hz to
represent a logic 0 and 1200 Hz to represent a logic 1. The FSK mode is also
convenient in that thelbinary data can be stored directly on tape at the
central terminal: The only complexity added to the receiver in using FSK-FM
as opposed to simple FM is a CMOS 4046 PLL FSK demodulator IC. But, as will
be mentioned in Part B, this same IC will also be used as the FSK modulator
for the remote device transmitter. To FSK-FM modulate the test transmitter,
the VCO of the CMOS 4046 PLL is used. The two resistors and one caﬁacitof
connected to the 4046 to control the range of frequencies from the VCO were
selected such that a_lagic 0 input to the VCO would cause a 400 Hz signal
output aqd a logic 1 input to the VCO would‘cause a 1200 Hz output signai.
Tﬁe output of the VCO was then connected from the cathode of the variable
capaci?ance dié&e to the ground such that the test‘transmitte; is FSK-FM
modulated. To test this transmitter, the optput of an astable multivibraﬁor
was comnected to the input of the VCO. The alternating tones were heard at
the receiver.

. The next step of the deéign of the receiver was to construct an audio
aﬁplifier to amplify the FSK 400 and 1200 Hz signals from the IF Amplifier/
FM Detector éf the receiver. The LM386 IC which was used to d;ive the
speaker was not satisfactory due to its high power consumption. {As was
mentioned earlier, the IM386 was simply being used as a design aid.) The
audio amplifietr was const;ucted from a Fairchild uA776 micropower op amp
(see Appendix A for description of this IC) as shown in Figure 12. The gain
of this amplifier is n 40 or 32 db BEIOW'approximately 2000 Hz, Notice
that éhe amplifier contains a.lbw—pass filter with a frequency cutoff

of '~ 2000 .Hz. This low-pass filter was used as an attempt to reduce
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the amplification of noise.

The output of this amplifier was then connected to the phase compara-
tor input of a CMOS 4046 PLL (see Figure 12), and the two controlling
resistors and capacitors of the 4p46 VCO were adjusted so that the output
of the PLLIis logic level 0 when the phase comparator input is < 400 Hz
and logic level 1 wheﬁ thé phase comparator input is = 1200 Hz. The output
of this PLL could be passed through a Schmitt Trigger to the 87C48 micro-
computer as a -serial input. Any noise error detection which needs to be
done could then be performed by the 87C48.

Again, using the FSK-FM modulated test transmitter mentioned earlier
with an astable multivibrator at the input of the VCO, the output of the PLL
at .the receiver was foliowing the transmitter astable multivibrator inmput.

At this point, the remote device recelver was complete. Howeverf
for purpdses of tésting and demonstration, it waé decided that logie
circuitry should be added to the receiver and to the test transmitter to
determine the digital addressing capability of the receivert The encoding
circuitry at the test transmitter was made to be similar to what the actual
xcentral terminal transmitter address encoding circuitry would be. Tt was
decided that the test transmitter should normally transmit a logic O
(400 Hz-FM), and when data or address is to be sent, then a start bit
(logic 1 or 1200 Hz-FM) should be transmitted just prior to .the seven
bits of datq or address. - Immediately after the seven bits of data or
address are transmitted, the transmitter should again transmit a logic O
continuously.

The encoding circuitry for controlling the data tramsmitter from

the test transmitter is shown in Figure 13. Briefly, the circuitry
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functions as follows. Before data can beé transmitted, the reset switch?j?i
must be depressed and released. When the data at pins 7,6, 5, 4, 13, 14, 15."3j
of the 14021 are to be transmitted from right to left (-9V represents
logic 0 and ground reépresents logic 1), the transmit switch should be
depressed and released. A logic 1 pulse then occurs at pin 9 of the 14021
which causes the data at pins 7, b, 5; 4, 13, 14, 15 to be loaded into the
14021 shift register. Upon loading, a logic 1 is applied to the VCO
input and represents the start bit. Each rising edge of the 12 Hz
astable multivibrator thereafter, the data in the shift register shifts
to the right, the previous rightmost bit being lost, and a logic 0 is
shifted in at the left. (For a more detailed description of the circuitry
shown in Figure 13, see Appendix E.)

The receiver decoding circuitry at the output of the FSK demodulation
circuitfy was, likewise, designed to mimic the manmer in which the 87C48
mlcrocomputer would interpret the data. The manner in which this decoding
circuitry (shown in Figure 14) functions is approximately as follows. When
a rising edgg is detected at Point X1, a 10 ms logic 1 pulse is
output b& the monostable multivibrator. After this 10 ms pulse, if
point X1 is still logic 1, then the 12 Hz astable multivibrator is
enabled, and the transmitted data is shifted into the 14021 shift
register, When the start bit reaches the rightmost bit of the shift
register, the astable multivibrator is again disabled and the data bits
" output at pins 2 and 12 of the 14021 cause one of the four lights to
.come\pn, depending on the data bits transmitted., (Each light repre-

sents the identification code of a remote device.) The receiver

reset momentary switch must be pressed and released after reception of
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any transmitted data before new data can be received. It was hoped
originaliy'that all seven data or addréess bits could be used as the
receiver identification code, but five of the seven bits of the 14021
are not available. Thus, only two bits are used as the identification
code. However, it was felt that this is ad;quate for experimentation
and testing .purposes. (For a more detailed description of the receiver
decoding circuitry, see Appendix E.)

To test the test transmitter encoding and receiver decoding circuit-
ry (at 12 Hz), each of the four possible identification codes was trans-
mitted. 1If ‘the reéceived signal was strong, then the transmitted code was
interpreted cdrrectly at the receiver. If the received signal was weak,
then no%se‘causeé.errors in interpretation'at the receiver, (Tﬂe 87C48
microcomputer should be capaﬁle of detecting noise better than the cir-

cuitry shown in Figure 14.) However, a transmission rate of 6 Hz

resulted in essentially no noise errors at the receiver.

B. Remote Device Transmitter Design

The final part of the research reported in this paper was to design
the fransmitter‘of the remote data acquisition device. This transmitter
(shown in Figure 15) utilizes the VCO of the receiver FSK demodulator
- 4046 PLL (Appendix A discusses uses for the 4046) as the FSK moduiator:
for the transmitter. The RF oscillator is a common-base crystai oscillator
identical to the one used as the local oscillator in the receiver.

Notice éﬁe voltage variable capacitance diode at the base of the transistor

of the oscillator. When the voltage across this diode is varied, the

oscillator frequency also varies because of the change of capacitance
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in the oscillator feedbéck circuitry. Thus, when the FSK signal is
applied at the cathode of this diode, the oscillator is FSK-FM modulated.

The traﬁsmitter FSK modulator 4046 (which is also the receiver FSK _
demodulator) requires two controls from the controller 87C48; one is
required to. control the output of the VCO so that it is 400 or 1200 Hz
during transmission, and the other is reQuifed to switch the 4046 from
the VCO mode for the transmitter to the PLL ﬁode for the receiver or-
vice-versa., By connecting two transistors to pin 9 of the 4046 IC (as
shown, in Figure 15), and by proper control of these two transistors (by
the 87C48 ¢ontroller), the two controls, mentioned above, are achieved as
follows. When Ql is conducting (base 1 is at -6V) and Q2 is not conduct—
ing (base 2 is at -6V), the VCO input (pin 9) is at ground potential,
causing the output of the VCO (pins 3,4) to be A 1200 Hz. When Ql is not
conducting (base 1 is at ground potential) and Q2 is conducting (base 2
is at ground potential), the input to the VCO is at -6V, and thus the
VCO output is a 400 Hz signal. Finally, note that when Ql is not con-
ducting (base 1 is at ground potential).and Q2 is not conducting (base 2
is at -6V), the 4046 will then operate as a PLL to the signal applied
at pin 1l4. (More information about receive mode to transmit mode |
switching and vice-versa is given in Part C.)

This transmitter has not been constructed. However, no problems are
antiéipated in making it function since all of the components (4046 VCO,
RF ‘oscillator) were made to function earlier in the receiver design. From
the results obtained from the local oscillator circuitry of the receiver,
it is estimated that the transmitter circuitry will draw ~ 2 mA at 6V

and output ~ 1 mW into the antenna.
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It was héped initially that the local oscillator of the recelver
could also be used as the RF.oscillator of the transmitter. However, a
problem, which was not solved, was encountered which involved switching
the antenna from the transmitter to the recelver or vice-versa for the
appropriate mode. An attempt at elett£onic switching (shown in block
diagram form in Figure 16) by use of a neutralized VHF JFET amplifier was
madeT The idea was that this switching émplifier should provide 0 db
gain from inp&t to oﬁtput when the -6V power supply lead is connected to
the amplifierﬁ(by means of a switching transistor) and O gain from input
to output when the -6V power suppiy lead is disconnected. Thus, during
the triansmit: mode, the -6V power\supply lead would be disconnected from
_ thé'RF input amplifier, the IF amplifier/FM'detector IC, and froﬁ tbe |
’pA776ﬁmicrop0wer oﬁ amps used in the FSK demodwulator circuitry. The FSK
demodulator 4046 would be used to FSK modulate the local oscillator. The
local oscillatoer signal would pass through the mixer, through the switching
ampiifiép:(with 0db gain) and finally to the antemna. During the receive
mode, the -6V power supply lead would be disconnected only from the switch~
1ing amplifier. It was hoped that the'outPut of the local oscillater would
be isolated from the antenna when the switching amplifier was "off."
However, even when the sﬁitching amplifier was disconnected from the -6V
powef sup?ly lead, a 100 mV input resulted in a 2 mV output. This 2 mv
signal to the antenna would block even fairly strong signals from being

detected by the receiver.
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C. Receive-to-Transmit Switching

Under standby operating conditions, the remote device recelver would
normally be "on" and the transmitter "off". The transmitter RF oscillator
is held "off" by the 87C48 by applying -6V at point Pl in Figure 15.

The receiver circuitry is held on by the 87C48 by applying a ground poten-
tial at point P2 in Figure 10; this allows the -6V power supply lead to be
connected to all parts of the receiver circuitry. When it is necessary
for the remote device to go to the transmit mode, the 87C48 applies -6V to
point P2 in Figure 10 in order to remove power from all sfages of the
receiver,'except for the FSK demodulator 4646 PLL, and applies a ground
potential at point Pl in Figure 15 to apply power to the transmitter RF
oscillator. Data transmission can then occﬁr upon proper controcl of the

4046 VCO discussed in Part B.
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VI. CONCLUSIONS

The conclusions discussed here do not include comparisons between
current telemetry devices and the proposed remote data acquisition device.
The conclusions for these comparisons were fairly well-stated in Chapters“
III and IV. Rather, the conclusion concentrates-on the experimentation
which was done with the receiver and transmitter portions of the remote
data acquisition device. ' j

The modified WeatheradioTM appears to have the best sensitivity!and
selectivity, for the price, of any of the four receiver devices disc?ssed
in Chapter V. This receiver has a sensitivity of ~ 20 yV and costs less
than $20. A price is paid in the power consumption. This device draws
approximately 8 mA at 6V (48 mW), which would allow four D-size batteries
to operate the receiver for nearly two days. Assuming that the remainder
of the remote device circuitry will consist of very low-power devices and
that the remote device will be externally mounted on the énimal, a set of
four Nicad D-size batteries could be used tq power the device and exchanged
every day or two for freshly charged‘batteries. Even with the inconvenience
of having to change batteries often, this receiver device is still more
desirable than the other three considered and would almost certainly be
satisfactory as the remote deviece receiver.

The AM receiver approach is not considered to be a promising remote
device receiver due to the noise and signal fading characteristics of
amplitude modulation.

Likewise, a receiver consisting of pager parts is not considered to

be a promising remote device receiver due to the high cost of the pager
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parts. Even for a poorly selective receiver utilizing only modules Al and
A2 of the RF pager circuitry shown in Figure 6, the cost of each receiver
would be > $60. If all of the RF pager parts were used, the receiver
_ waﬁid cost » $100. The only advantage of the pager approach is its very
low power consumption.

Thg superregenerative approach, however, still shows some promise as
a rémote device receiver due to its low power consumption and simpligity,
but the difficulties found in trying to construct a well-neutralized,
amplifier ;nd making the superregenerator stage operate must be overcome.

Finally, a low-powér transmitter consisting of a 4046 VCO and gLounded-
base crystal oscillator seems to be satisfactory as aﬁ FSK~FM remote:device
transmitter. ‘This device consumes approx?mately 2 mA at 6V (12 mW) andl
outputs approximately 1 mW to the antemna. |

Thus, by using the modified Weatheradio ' as a receiver and thebdevice

mentioned above as a transmitter for the remote data acquisition'device,
f
the groundwork is laid for further design work on the remote data acquisgi-

tion device.
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IX. APPENDIX A

A. Low-Power Integrated and Monolithic Circuits
Useful in Biotelemetry

The Motorola CMOS ﬁata Book (20; presents many CMOS logic ICs and
some CMOS analeg ICs, which consume less than 100 yw apiece, which might
be useful in biotelemetry. However, no attempt is made here to examine
all of these devices. The usefulness of some of these CMOS logic ICs is
apparent'from the data encoding circuitry of the test transmitter (Fig-
ure 13) and from the data decoding circuitry of the modified WeatheradioTM
receiver (Figure 14). Some information about these CMOS logic ICs is
" presented in Appendix E. The only CMOS device discussed in this appendix
is the CMOS 4046 phase-locked loop. Another low-power device which will
be discussed is the Fairchild uA776 micropower op amp (see Reference 18).
Finally, a brief discussion will be given on a very low-power command

receiver which can be used to turn power on and off to remote circuitry.

1. The MCl4046B as a Phase-Locked Loop

The block diagram of this IC (from page 7-124 of the:Motordla CMOS
Data Book (20)) is shown in Figure Al. Pin 16 (VDD) is the positive power
supply connection, and Pin 8 (VSS) is the negative power supply connec-
tion; the potential which can be applied between pins 8 and 16 can vary
from 3 to 18 volts. (This is fairly typical of all series 4000 CMOS
logic devices.,) Pin 5 is an inhibit input, but for the uses iﬁ this
research, the 4046 was always enabled, and thus pin 5 was always placed

at potential VSS.
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When this IC is connected as & phase-locked loop as shown in
Figure A2, the input signal is applied to PCA (pin 14). When the frequency
of the input signal lies between f(min) and f(max), (f£(min) = 1/(R2(C1l+32pF)
) Hz and .7 MEz > f (max) = 1/(R1(Cl+32pF))+f(min) Bz where 10kQ < Rl < IMQ ,
10k§ < R2 s.IMQ , and 100pF < Cl < .01uF), the voltage output at pin 10
(pin 10 is the output of a source follower, the input of which is connected
to pin 9) is nearly linear with respect to the frequency of the signal
input at PCA. For a more detailed discussion on how the PLL functions,
see Reference 20.
The ldw-pass filter shown in Figure A2 should be constructed as
described on page ‘7-128 of the Motorola CMOS Data Manual (20). One

filter described is a simple RC network as shown here.

R
O AAA l_ —o
IN Lc ouT
O X —0 L

R and C shouid be chosen so that

RC = 1/(2n£(C)) where £(C) = (f(max) - f(min))/2 .

2, The MC14046B as a Voltage Controlled Oscillator
Notice that by disconnecting pin 9 (Figure A2) from the external
low-pass filter and pin 4 from pin 3 that the VCO of this IC can be uséd
apart from the remainder of the device. As the voltage input at pin 9 is
]

variéd from VSS to VDD, the frequency of the signal at pim 4 will vary

from frequency f(1) to £(2), f£(1) and f£(2) being dependent on the sélection
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of R1, R2 and Cl. Approximate values for these components can be

determined from the equations given in Section 1A for f£{(min} and f(max).

3. The Fairchild uA776 Micropower Op Amp

In connecting the pA776 micropower op amp IC into an amplifier circuit,
it is connected in hearly the same way as any other op amp. The only pin
of this IC which is nOtHfound on most other op amps is the set current
pin. A resistor is connected between this pin and the negative power
supply lead (VCC{(-)) to adjust the quiescent current drawn by the device,
On page 12=127 of the Fairchild Linear Integrated Circuits Data Book (18),
it is stated’that the set resistor (R(SET)S should be selected according
to the -equation I(SET) = (VCC{(+) - '7A7 VCC(-))/R(SET). TI(SET) is
usually varied between 1 and 100 pyA and controls the géin—bandwidth'
product. -The frequency used for this device in this research is so low
that I(SET) is not critical, and thus it was chosen to be very small
(R(SET) is 1.8MQ , so I(SET) = 3 pA).

!The offset null pins of the IC need not be used; The noqinverting
"and inverting inputs and the output of the IC are connected.to produce an
}nverting amplifier ;s would be constructed from.any other standard op amp.
(This op amp_connectéd as an inverting amplifier is shown in Figure A3.)
The positive and negative power supply connections were also made in-the
saﬁe‘manner as for a standard op amp. The supply voltage can be varied
from + 1.2 V to = 18 ﬁ. _(In_this vesearch, * 3 V was used as rhe power

supply voltage.)
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4. A Monolithie Micropower Command Receiver

A device which was not used id this research but which is quite
attractive as a possible power-saving device is a monolitfhiec micropower
command receiver (described on page 42 of the February 15, 1971, issue
6f'ﬁiéctronics (10)) which can extend the lifetime of an implanted tele;
| metry device to almost the shélf life of the battery. When the proper
radio frequency signal is transﬁitted to this device, it turns power .on or
off to the remainder of the telemetry eircuitry. This device was developed
by P. H. Hudson and has a sensitivity of > 100 mV and power dissipation
of < 15 W from a 1.35 V mercury cell,

One other device, which was described on pages 124, 125 of the
March,'1972, issue of Wireless World (33),.switches the receiver supply
rail off and on with a 10% duty cycle signal from the squelch circuit.
When a signal is received, full power is applied to the receiver supply

rail. ' .
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X. APPENDIX B

A. Construction and Tuning of the JFET VHF
Amplifier Shown in Figure 5

The JFET VHF amplifier shown in Figure 5 and again in Figure Blb
is a modification of the JFET VHF amplifier shown in Figure 9-1B on
page 291 of the 1976 Radio Amateur's Handbook (23) (Figure Bla). The
construction details for making the inductors (L1 and L2} of the inpﬁt_and
output tank circuits of the amplifier were taken from the description of
the input RF amplifier circuit shown in Figure 32 on page 9-20 of the

1980 Radio Amateur's Handbook (24).

l. Construction Steps

The amplifier shown in Figure Blb was constructed according to the

schematic shown in Figure Bla with the following exceptions:

1. The source resistor was increased from 270 © to 1kQ so that
the quiescent gate-to-source voltage would be more negative and,
thﬁs, the quiescent drain current would be smaller. Also, the
drain resistor was decreased from 470 Q@ to 220 @ so that the
quiescent drain-to—-source voltage would be increased.

2. A positive ground was used instead of a negative ground so-that
the circuit would be consistent with the other circuits Qith
which it is used.

3. The 100 pF capacitor and the 47kQ resistor of the gate circuitry
were omitted. With the 100 pF capacitor in the gate circuit, the

47kQ resistor is necessary so that the gate is held to the
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negative power supply potential. The reason for the 100 pF
capacitor is not certain.

4. Capacitive coupling to the input and output tank circuits was
used rather than inductive coupling, since inductive coupling
is more dependent on component placement than is capacitive
coupling.

5. The neutralization components were selected so as to allow
maximum gain for the amplifier and consist of R(N) and C(N)
rather than L(N). (The selection of these components is dis-
cussed more in the following discussion about tuning.)

Both L1 and L2 were constructed by wrapping five turns of No. 20
enamel wire on a 1/4-20 bolt using the threads as a guide. This same
inductor was used with a 10 pF capacitor to form the input tank of the
144 MHz input RF amplifier shown in Figure 32 on page 9-20 of the 1980
Radio Amateur's Handbook (24). Correspondingly, it has been calculated
that a 7.2 pF capacitor should be used with the inductor to form the
input tank circuit of a 163.5 MHz amplifier. The output tank circuit
of the 163.5 MHz amplifier, shown in Figure Blb, was made to be identical
to the input tank.

The points where the input lead and the gate lead should be connected
to L1, for a maximum voltage gain condition, were determined experimentally
as is shown in Figure B2. The maximum voltage gain occurred when the
gate lead was connected to the top of the tank circuit and the input lead
was connected to the center of L1. In a similar manner, the points
where the drain lead and the output lead should be connected to L2,

for a maximum voltage gain condition, were determined. The maximum
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voltage gain occurred when both the drain lead and the output lead were
connected to the top of the tank circuit.

A coupling capacitor of 20 pF was chosen at the input since it has
an impedance of 50Q and helps match the input of the amplifier to the
output of the preceding stage. A 20 pF coupling capacitor was aiso used
at the output, although it seems that a smaller capacitor would pfobably

have less effect on the tuning of the output tank.

2.7 Tuﬁing
1. The neutralization components were selected experimentally 80

that amplifier oscillations ceased and so that voltage gain:

I
could still be achieved by proper adjustment of C(I) and C(?).
It was found that the magnitude and phase angle of thie neut;ali-
zation impedance are important. Ewven though a pure inducta%ce
could be used, as is shown in Figure Bla, to stop oscillati;ns,

!
the amplifier could not achieve any voltage gain once the |

|
oscillations ceased. It was found that a pure resistance of
4.3k was almost sufficient but that four or five turns of a
"fine wire wrapped around the resistor and tied to one en&, as
shown in Figure Blb, were necessary,.

2. C(I) and C(0) were then adjusted so that maximum gain was

achieved. A gain of approximately 16 db was obtained.
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XI. APPENDIX C
A. Conditions for Oscillation of the
Grounded-Base Crystal Oscillator

First, a brief discussion is given on the conditions necessary for
oscillations to occur in a grounded-base crystal oscillator. Then, a
brief discussion is given on the characteristics of the crystal so that
a more complete understanding of the circuit structure may be obtained.

The‘following discussion on the conditions necessary for oscillations
to occur in a grounded-base oscillator is taken from pages 89-91 of the
crystal oscillator book by Frerking (12). Basically, for oscillation to
occur in the circuit shown in Figure Cl, the phase shifts from e3 to el,
from el to e2 and from e2 to e3 (el, e2 and e3 ;re voltages) must sum
to zero, and the net voltage gain of this loop must be at least one. In
more detail: First, amplification of the signal at the emitter gives
el = (e3)(Y(£fb))(Z(t)), where Z(t) is the tank impedance, which should be
resistive at resonance, and where Y(fb) is the forward transfer admittance
of the grounded-base transistor, which will probably have a slightly
lagging phase shift at higher frequencies. Second, if C2 is fairly large
compared to Cl, then e2 = el (C1/(Cl + C2)) = -el(X2/XL), and the phase
shift is negligible (although slightly leading). Finally,
e3 = (e2/(1 + Z(e)Y(ib))), where Z(e) is the crystal impedance and Y(ib)
is the grounded-base transistor input admittance. If the crystal is at
series resonance, and if the input admittance is only slightly inductive,
then this simplifies to e3 = e2(R(in)/(R(in) + R(e))), where R(in) is the
inpué resistance of the transistor and R(e) is the crystal resistance.

The phase shift that does tend to occur tends to compensate for the
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phase lag in the transistor. These equations can thus be used as a
design guide for designing crystal oscillator circuits.

Briefly, the crystal oscillator functions as follows. The frequency
of oscillation adjusts itself so that the crystal presents a reactance to
the circuit which satisfies the phése requirement. The oscillation theﬁ
builds up to the point where nonlinearities decrease the loop gain to 1.
(If the circuit is such that a loop gain greater than unity is not
attainable at a frequency where the phase requirement can be met, théu
oscillation will not occur.) A more detailed description of the conditions
necessary for oscillations to occur .in a grounded-base oscillator can be
found beginning on page 91 and in Appendix C of Frerking (12).

Néxt, a brief discussion of the characteristics of an overtome mode
crystal and its use in the grounded-base crystal oscillator is givenj
This discussion takes material from page 30 of Frerking (12). I

The reactance versus frequency curve of an overtone crystal is
approximately as shown in Figure C2, If the oscillator circuit is tﬁned
so that the crystal impedance is resistive or slightly inductive, thgn as
can be seen in Figure C2, the oscillator can-operate at a numbér of
frequencies. According to Frerking (12), the crystal responSE‘whichghas
the lowest resistance will dominate as oscillations build up (when pcl:wer
is applied) and all others will die out. Thus, if the parallel tuned
c;rcuit in Figure Cl was not present, then the fundamental frequency of -
the crystal would dominate. (The crystals used in the research described
in this paper are designed to operate on either the 3rd mechanical ovér-

tone or on the 5th mechanical overtone (uncertain).) To prevent the

crystal from oscillating on the fundamental or less than desired mechanical
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overtone, a tuned circuit, tuned to be resonant at the desired mechanical
overtone, is used so that the zerc phase shift and unity gain conditions
can only occur near the desired mechanical overtone. Then, assuming

that the mechanical overtone response has less crystal resistance than

the nearby spurious responses, it will dominate, and the spurious responses
will die out. (Information about problems of spurious responses
dominating over the desired response can be found beginning on page 128

of Frerking (12).) i
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XIT. APPENDIX D
A. Comstruction and Tuning of a Grounded-Base Crystal Oscillator

The grounded-base crystal oscillator circuit used in the research
presented in this paper was taken from page 97 of Frerking (12) and modi-
fied slightly so that the circuit in Figure Dl was the result. Only the
component values were changed and not the arrangement of the components
themselves. The only significant change was a 2.4k (instead of a 4.7kQ)
resistor in the tank circuit of the crystal oscillator, which was selected
experimentally so that the oséillator would ocutput the desired waveshape.
The other components shown in Figure D1 differ from Frerking only because

these component values were more readily available.

1, Construction

Carbon composition resistors, ceramic disk capacitors and an ECG 229
transistor were used in this circuit. The cryétal used is an MHLron
MRH-2 deéigned to resonate at 53.51666 MHz. These components were placed
on the pfinted circuit board as shown in Figure D2. Then the inductors
were made using forms fouﬁd in an inductor assortment pack from Radio Shack.
L2 was formed by removing 6 turns or so from a 3.3 pH coil, However, L2
is not as critical as the other inductors in the circuit. L1, L3 and L4
were'formed using a fine wire, such as #26, on a 6 mm diameter form. L1
was calculated to be parallel resonant with the series combination of a
5 pF and a 39 pF capacitor at 53.5 MHz. L3 was calculated to be series
resonant with a 2,2 pF cgpacitor and L4 was calculated to be parallel

résohant?with a 2.2 pF capacitor, both at 160.5 MHz, L1, L3 and L4 weré
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then constructed according to the inductance formula,

L@H) = (a)(a)(n)(n)/(9(a) + 10(b)), from page 26 of the 1976 Radio

Amateur's Handbook (23), where a = coil radius in inches, b = c¢oil length
in inches (for this circuit, b £ .25" was used) and n = number of turns.
This formula is a close approximation for b-2_.8a. The tap which was
made to L4 was made about two turns above ground.

These inductors were then soldered to the printed eircuit board along

with twisted pair wires for power supply leads and output signal leads.

2. Tuning

The $igﬁal at el was monitored while tuning L1 (L1 can be tuned by
adding or removing turns to the form, or it can be made with a couple less
turnéﬁthan éal;ulated, initially, and a slug.can be added‘to the form
to make tuning easier) using a Ramsey CT-70 ffequency counter and a
Telkitronix 661 sampling osciiloscope. First, L1 was tuned so that ghe
frequency of oscillations was approximately the crystal frequengy. Then
L1 was adjusted more finely so that the desired waveshapeAwas'obtained at
Lhe crystal frequency. (For the crystal oscillators used in the résearch
presenteﬁ in this papér, a distorted waveshape rich in odd harmeonics
was desitgd.) It was found that tuning the inductor was somewhat critical.
While adjusting the inductor, when crystal oscillation is approached, the
oscillation frequency almost jumps to neaf the crystal resonant frequency.
(The frequency change is not gradual with change in inductance.) It
was also found that the oscillator was extremély difficult to tuﬂe without
the frequency counter. L] required about ten turns to achieve the desired

oscillation.
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If a frequency multiplier is to be used, it can then be adjusted.
For the frequency tripler stage used in the research reported in this
paper, L3 and L4 can then be adjusted, as needed, to achieve the desired
triple frequency output. Again, the tuning of L3 and L4 are somewhat
critical. Even the position of L3 and L4 on the c¢circuilt board may be
critical. L3 and L4 required about seven turns to achieve the desired

triple frequency output.
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XII1. APPENDIX E

A. Operation of Transmitter Address Encoding
and Receiver Address Decoding Circuitry

The transmitter addresé encoding cirecuitry is shown in Figure 13.
Doring steady-state conditions, a logic O is output at pin 3 of the 4021,
and thus a 400 Hz signal is output at pin 4 of the 4046. When' the data
at pins 15, 14, 13, 4, 5, 6, 7 of the 4021 are to be transmitted, (from
right to left) the reset switch must be pressed and released so that
pin 12 of the 4027 becomes logic 0, and then the transmit switch must be
pressed and released so that pin 15 of the 4027 becomes logic 1. On the
following rising edge of the 12 Hz astable mu}tivibrator, pin 11 of the
4011 goes to logic 0. On this falling edge, a logic 0 spike is prodﬁéed
at pin é of the monostable multivibrator which causes a 10 ms logic 1
pulse to be autput at pin 3 of the monostable multivibrator., During this
10. ms logic 1 pulse, pin 3 of the 4011 goes to logic 0., When pin 3 of
the 4011 goes to logic 0, pin 4 of the 4011 goes to logic 1. This logic 1
causes the data at pins 15, 14, 13, 4, 5, 6, 7 of the 4021 and a start
bit to iae loaded into the shift register of the 4021, Since the rightmost
bit in the shift register is the start bit (logic 1), pin 4 of the 4046
becomes a 1200 Hz signal. On the rising edge of the leogic 0 pulse at
pin 3 of the 4027, pin 1 of the 4027 goes to logic 1 to prevent another
transmit command (causes pin 15 of thé 4027 to go to logic 0). On the
following rising edge of the112 Hz astable multivibrator, the address
in the shift register of the 4021 is shifted one bit to the right. The

start bit is lost and a logic 0 is loaded into the leftmost flipflop of
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the 4021 shift register. After seven more rising edges of the 12 Hz
astable multivibrator, the entire address has been transmitted, and the
4021 shift register is again filled with logic Os.

The receiver decoding circuitry is shown in Figure 14. During
steady-state (after the reset switch has been pressed), the 12 Hz
" astable multivibrator is disabled so that no input at pin 11 of the 4021
is shifted into the 402;‘shift register. Whén-a rising edge is detected
at point XI, a logic O spike is applied to pin 2, of the monostable
multivibrator which causes it to output a 10 ms logic 1 pulse at
pin 3. Thus, a 10 ms logic O pulse is applied at pin 13 of the 4027.
If, upon the rising edge of the logic 0 pulse, logic 1 is.still at pin 10
ofMthe‘QQZT, a logic 1 ishoutput at pin 15 of the %4027. fhe.lO ms . delay
is used éo make sure fﬁat a start bit has been seen at pin 1l of the
4021 (not just a noise spike). When pin 15 of the 4027 goes to logic 1,
pin 6 of the 4023 becomes logic 0 {provided logic 0 is in the rightmost
bit of the 4021 shift register, which is how it should be if the reset
switch was depressed and released after the previous reception) and iﬂ
turn, .pin 6 of 4049-1 becomes logic 1, thus enabling the 12 Hz astable
multivibrator., 7Pin 9 of the 4023 thus becomes fhe inversion of the
astab;e multivibrator output and pin 12 of 4049-1 becomes the inversion
of pin 9 of the 4023, Thus, on the first rising edge of the output of
the 12 Hz astable multivibrator, the start bi£ is shifted into the 4021
spiﬁt.register. After seven more rising edges of the 12 Hz astable
multivibrator output, the start bit occupies the rightmost D-flipflop
of the 4021 shift register. A logic 1 in this position causes pin 10

of 4049-1 to become logic 0. This in turn causes pin 6 of the 4023 to
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become logic 1 and then pin 6 of 4049-1 to become logic Q. This

logic O then disables the 12 Hz astable multivibrator to prevent the
received address from being lost. When pin 3 of the 4021 becomes logic 1,
the three ICs at the lower left of Figure 14 (4049-2, 4081-1, 4081-2)
decode the data bits at pins 2 and 12 (pin 12 i; the most significant
bit) of the 4021 and light one of the four lights shown at the right of
Figure 14. After reception, whether or not pins 2 and 12 of the 4021

are logic 1, the reset switch must be pressed and released before another

address can be received.



