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INTRODUCTION

In recent years, electronic instrumentation has been employed as
2 means of measuring physiological phenomena. One use of this instrue.
mentation 1# the location of small radio transmitters within animals,

In this case, the phencmena is sensed by the transducer assoclated with

the transmitter. The information is then transmitted by electromagnatic
wives to radio receivers outside the animal, During the tranmmission of
the data, the animal is free in its usual environment and is not subject
to restraint, excitement, or anesthetic.

The most common method of transmitting temperature data is by
varying the carrier frequency of a small temperature sensitive oscillator
located within the animsl and recording the change of this frequency at
the receiver. The mzin disadvantages of this system are: (1) drift in
the carrier frequency from the original calibration; (2) complexity of
receiving equipment; and (3) complexity in interpreting the received
data. Reduction of the cited problems was believed to be possible by
developing an amplitude modulated transmitting unit in which a tempera-
ture controlled audio oscillator would be used to amplitude modulate the
carrier frequency oscillator, The variation in the audio frequency
could then be recorded at the demodulated output of the receiver. The
audio oscillator selected was an f«C phase shift transistor oscillator
with three R«C emmbinations in the feedback network. The teamperature
transducer consisted of tws thermistors which were used as resistive
elements in the fesdback network. The carrier frequency was generated

by a separate transistor Colpitts oscillator.



Upon examination, the existing theory of single transistor R-C
phase-shift oscillators was found to be limited by the assumptions of
previous investigators. Modification of this theory resulted in a cire
cuit that did not require such a high value of transistor hyy as the
previous circuits. Equations for the prediction of frequency and
required transistor current gain of this circuit were derived. This
modification also made possible the operation of a single transistor fi=C
phase~-shift oscillator using only two R-C sections in the feedback net-

work.



REVIEW OF LITERATURE

Introduction

This study is concerned with the investigation of two geparate
greas which are involved in a temperaturs telmmetry system., One area is
the use of electronic instruments to measure and transmit the temperature
of unreastrained ammals. The other area concerns the thasory and applica=
tion of the transistor R=C phase-shift oscillator as an important link
in a certain type of tamperature telametry systam. Since the two aress
are normally unrelated, the review of literature for #ach will be con~
sidered separately. Although the revisw is not complete, it is beliasved

to contaln the most important developments in both areas.

perature Telemstry of Unrestpained Animals

In June 1957, Jacobson and Mackay reported the use of a small
radlo tranmmitter that could be swallowed by humans.1 During its passage
through the gastro-intestinal tract the unit would transmit information
from its particular location concerning the existing temperature and
pressure. The unit, containing its own battery, was about three centi-
meters long. It operated at a frequency of about 400 kilocycles and
radiated energy in the form of a changing magnetic field from the mmall
oscillator coil within the capsule. The carrier frequency was varied by
pressure changes which caused a movable iron core® to change the inductancs
of the oseilllator coil, The circuit was also bilased to oparate as a

blocking oseillator, the frequency of whieh varied as the temparature

8. Jacobson and R. Mackay, "Endoradiosonde," Hature, wol. 179,
1239-1240.



of the transistor changed. Thus, the transistor itself was used as the
temparature transducer.

The temperature of incubating penquin eggs was invastizated in
March 199 by Ekland and Charliton by using & transmitter inside an egg
sholl.2 The temperature was transmitted by the pulsa rate of the sijgnal,
The 14fe of the unit was about 100 hours, and the recelving antenna was
located about =ix feet from the egg. The pulse rate was measursd by a
counter at the recedver,

In February 1960, Busser proposed an implantable tsaperature
telemet.er which would have an extermal power supply.3 The animal in
which the unit was located would be surrounded by a low frequency power
field. The unit would pick up some of the energy from the external
field and use it to operate its oun circuit to tranmmit information out
of the aninal. One of the proposed methods of using the external energy
was to rectify the alternating current received and use it to charge a
battery. The information would be transmitted by varying the carrier
frequency with a tamperature sensitive capacitor. The unit was to use
a hollow ferrite core for the oscillator coill with the remaining parts
being placed inside the core. The degrese of success obtained with this

propagsed device has not yet been reported.

20, R. Exland and F. E. Charlton, "Measuring the Temperature of
Incubating Penquin Eggs," Amerdcan Sclentist, vol. 47, 80-86.

3J. H. Musser, "Implantsble Temperature Telemeter for Laboratory
Animals Having an Infimite Iife Power Supply,” Fourth Apmal Meeting of
the Blophysical Society, 1960.



A temperature telametry unit of very long 1ife was reported in

1960 by Esslnr.u

This unit had = battery current drain of only 14
microamperes, which gave the unit a life of about one year of continuous
transmission before it was necessary to replace the battery. This was
by far the longest life yet obtained from an implantable unit which
derived its power sturce entirely from its own batterles. The unit
measurad about two inches in length, and it transmitted infommation by
variation of the carrler oscillator frequancy with temperaturs. The
signel was received by a loop murrounding the animal, The maximum diae
meter of the loop was about 10 feet. The temperaturs was sensed by a
thermistor along with the temperature sensitivity of tha transistor.

The themistor was connected in a half«bridge arrangement with a resistor.
When the resistance of the themistor changed, it changed the voltage
applied to a back biased diode capacitor, which was across the oscil.
lator coil. This arrangement caused a frequency shift of 1.5
kilocyeles/desres centigrade for the temperature variations within the
desired range of measurement, Thus, accuracy within about .1°C could
be obtained, One of the difficulties encountered with this unit was

the tendency of the osclllator to drift from its original calibration.
The unit was succesafully used in dogs and cats to measure the changas
in their temperature during a 24-hour period.

The sucesasful operation of an implantable temperature telmmetry

By. 0. Bsslar, "Determination of Physiological Fhythms of Unre=
strained Animals by Radlo Telametry," ligture, vol. 190, 90-91.



umt wa8 reported in Jamary, 1961, by England and Pasamanick,d Thig
umit was about an inch long and had a battery current drain of 200
micrommperes. The informmation was transmitted by varying the carrier

frequency of the oscillator with the temperatura.

The first significant report on a phass=shift oseillator using
one tube was givem by Ginzton and Hollingsworth in 1941.6 A three or
more R«C section phase~shifting network was comnected between the output
and input of an amplifier tube. Ixperimental circuits showed that
changes in tube plate resistance or supply voltage had only a small
effect on changing the frequency of oscillation. Typical designe which
used this circuit as a variable frequeéncy oscillator were discussed.

It was found that when any of the phase-shift network elements were
fixed while the others varied, the necessary amplification changed.
Another tube was added 10 serve as an automatic volume control so that
oscillation was barely maintained to give a pure sine wave. It was
shown that the mimimon amplification required to maintain oscillation
wap much lower for the four section R~C network than for the three
section H-C network,

An article was published by Bacon in 1954 that showed a method
in which there would be less attemuation in the phase~sghift network

5s. J. Bagland and B, Passmamick, "Radotelmmetry of Physiological
Responses in the Laboratory Animal," Science, vol. 133, 106-107.

6E. L. Ginzton and L. M. Bollingmrth, "Phase~-shift Qscillators,"
Procoedings of the Ipstitute of Radio Engincers, vol. 29, 43-48,




if ddentical R-C combinations were used.’ is ReC network was used in &
vecuum tube R-C phaseeshift oscillator. If the value of the network
temminating elements were either doubled or made half the walue of the
other network elamente, depending upon the network configuration, the
required amplifier gain would be less. This was essentially the addition
of terminating sections to a ladder network whare the phase«shift network
was treated like a ladder,

A method of verying frequency with a ghange in woltage by using
an R=C vacuum tube oscillator was reported by Uno in 1959.»E This circuit
used a completaly different and more complex A=C arrangement than had
previously been employed. Varistors were used as the resistors in the
R=C network and the oscillation frequency was changed by wvarying the D.C.
voltage impressed on the varistors,

In February, 1958, Garmmash reported the successful operation of a
single transistor H=C phase~shift osc¢illator usimg a four gection Re(
feadback ne‘tmrrk.9 He emphasized the use of the feodback netwnrk as a
current phasing device rather than the voltage phasing device of vacuum
tube circuits. The shunting effect of the low input impedance of the

transistor to the feedback network was shown to decrease attenuation in

?W. pscon, "Single-Stage Phase-shift Oscillstor," Wireless
Engineer, vol. 31, 100-104, (England).

84, Uno, "C-R Oscillator using Non linear Resistors," Inatitute
of Rectrical Commundcations Engineers, vol. 42, 155-159, (Japan).

98, 7. Garmask, "RC Oscillator with Single Junction Transistor,"
M@M&&m vol. 9, 933-938, (English translation of Flektrognyez,
Russia).



a voltage phasing network,

An analysis of the effect of the constant "k" in transistor R-C
phase-shift networks was made in 1958 by Liubin,'® The resistance of each
successive R«C combination being "k" times greater than that preceding
and each succeasive capacitor being "k" times emaller, serves to define
the constant "k". He found that increasing "k" to a valua greater than
one caused the network attenuation to increase; whereas, it desreased in
the vacuum tube case, !He then concluded that in the case of transistors,
making "k" greater than one was a disadvantage. He also constructed an
experimental circuit using two transistors. In this circuilt the capacitors
woere the shunting elements and the resistors were the series elements in
the feedback R=C sections. This arrangssent was found to be less stable
than the shunting resistor configuration, but much higher frequencies
could be obtained.

In 1958, TrokMmenko derived relationships for frequency and mini-
mum required transistor current gain for a three R«C section osedllator
using a single transistar-“ He also indicated the effect of the various
transistor parameters on the operation of the circuit.

In all of the previous reports, the effect of the biasing resis-
tors on the circult was neglected. Also, the effect which might arise

10y, m. Lyubin, "Trangistor ReC ((Jocmatora with Phase Reversal,"
Radio Engineer, vol., 13, no. 2, 60«69, (English translation of Radiow
tekhnika, Russia).

"!. K. Trokhimenko, "Single-Stage R«C Oscillator Circuit Using
a Demiconduector Triode,” r, vol. 13, no. 11, 5768, (English
translation of ot + Rus .



from a bypass capacitor around the emitter biasing resistor in a cammon
enitter configuration was not considered in these reports.
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AN AMPLITUDE~-MODULATED TEMPERATURE TELEMETRY SYSTEM

Istroduction

Investigation into several areas of physiology has long been
hampered by the laok of suitable measuring devices. The accurate measure-
ment of physiological phencmena without disturbance to the animal ine
wlved in the experiment has long been desired. During the past few
years, several approaches have been made to varicus types of measurement.
The primary objectives of this investigation are to detemmine the feasi-
bility and possible advantages of a somewhat different approach to the
problem of temperature telemetry. This approach is the use of an amplie
tude modulated device in which the audio frequency of the modulating
signal 18 varied with temperature. Although many other applications
are posaible, the device constructed for this investigation was used to
neasure and determine the natural variation in the rumen temperature of
a sheep during a 24-hour perlod. The abrupt changes in temperature due
to drinikdng and eating were aglso observed.

Bagle Jmllardities imonz Temperature Ielspetry Systems

There are many basic similarities between this telemelry system
and others which have been employed to measure temperature. The infore
mation is transferred from the tranamitter undt in the animal to the
receiving antenna by means of a varying magnetic field, This type of
field 15 used rather than electrumagnetic radiation as a means of
propagation. Electromagnetic radiation is not used becasuse the small
size of the transmitter unit does not lend itself to the construction
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of an efficient antenna for low frequencies. The frequenciss used for
transmission range from about 200 to 500 kilocyeles. Low frequencies

are employed becausa they are attemuated much less by animal tisgug than
high frequencies. The magnetic field is generated at the radio frequency
oscillator coll in the transmitter unit. The changing radic f{requency
magnetic fleld induces a voltage in the receiving antenna. This antenna
is composad of a one or more turh coil surrounding the immediste environe
nent of the animal, The antenna is connected te & radio recelver by a
lead which is made sufficiently long to isolate the animal from the
obzerver and equipment.

The electronic circuitry and packaging of the transmitter unit is
generally made anm small as possible. The battery sisze, useful trans-
mission life, and range of the transmitter unit mst be compromised upon.
The particular application of the unit determines the relative magnitudes

of these considerations.

Advapteges snd Digadvantsges of Other Tamperature JTelemetzy Systems

Most temperature telemetry systems previously developad have
operated on the principle of varying the frequency of a small temperature
sensitive radic frequency oscillator. This methed has the advantage of
simple circultry involving only one oscillator which uses few camponents
in the transmitter unit. Since only one transistor is uased, the current
required to operate the circuit is much less than that of & more complex
transmitter unit that requires more than one transistor.

However, whereas advantages lie in the simplicity of the trans-
mtter urdt of this system, there are also definlte disadvantages due to
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the complexity of the receiving equipment. The operator of the system
must understand ths heterodynming prineiple and uss 2 samewhat complicated
procedure to interpret the received infommation., The possibility of
human error exists to a greater extent with this method than it would in
a4 gsystem that presents infommation in & less complex manner. The com-
plexity could also tend to discourage uss of the system and cauge a lack
of confidence for inwvestigators.

The change in position of an externally mounted unit on the animal
will shift the distance of the oseillator coll from tissue. Thisg can
cause a change in capacitance effect which would shift the frequency of
oscilletion. The oseillators in these umits have also been found to
drift after an interval of continuous operation. Since the correct
tamperature interpretation depands upon the original calibration, any
influence, other than temperature, that could shift the oseillator free

quency would introduce error.

Desgription of the Amplitude Modulgted Tempergture Ielemetry System
In the temperature telemetry system considered in this invasti-

gation, an amplitude modulated tranamitiing umit is used. The frequency
of & resistance=capscitance phase-shift andio oscillator is varied with
temperature by the use of themmisters in the feedback network. A
dlagram of the H-C phase shift audio oseillator used in this tranamitter
umdt is shown in Figure 1. This audie oscillator is used to amplitude
modulate the signal of a rado frequency oscillater. One transistor is
required for sach oscillator. Thus, the transmitter unit in this systmm
requires more components and more complex circuitry than the previously
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desoribed gystem, The amplitude medulated unit also requires more battery
current than the other system. Therefore, the size of the amplitude
modulated unit is samewhaot larrer. However, the interpretation of the
information at the receiving equimment is relatively simple in the mmpli-~
tude modulated mystem. The receiver is imitially tuned to receive the
signal from the radio frequency oscillator of the transmitter unit. The
mdlo frequency corresponding to the temperature can then be observed at
any inmstant by the investigator whose only requirsment is to record the
mumbers displayed by a frequency counter.

One of the most difficult problems in developing this amplitude
modulated system was the selection of a suitable audio oseillator to be
used in the tranamitter unit. It was desired that component sizes be
kept &t a minimm. S9ince the frequency of oscillation was to be in the
@adio range, inductors would have to be quite large. This made it
desirable to avold their use. A further disadvantage of using an
inductor in the audio osecillator circuit was the fact that changes in
the surrounding media could change the capacitance at the inductor
windings. This would result in an undesired frequency shift. In this
case, the animal tissue could change position with respect to the transe
mitter unit if the unit were mounted externally. A resistance=capacitance
oscillator, camonly referred to as an F=C oscillator was chosen.

Applicgtion of the B~ PhagowShift Opcillator to the System

The R«C osocillator melected operates on the principle of phase-
shifting the cutput signal of an amplifier by successive R-C sections
until the output signal is shifted 180 degrees at insertion into the
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anplifier input. The elrcuit will then oscillate, provided the gain of
the amplifier is high enough to result in a loop gain of at least

12 Since the maximum phase-shift of a single R«C combination is

unity.
less than 90 degrees, it is obvious that a minimum of three R-C sections
is required, Since only one frequency can be shifted 180 degrees in the
i=C feedback network, this is the oscillation frequency of the circuit.
Thus, by changing either tha resistance or the capacitance in the feed~
back E=C sactions, the 180 degree phase-shift would occur at another
frequency and the oscillation frequency would change. It has also been
found that as the number of R-C sections 1s increased, the attemuation
in the R-C feedback network is decreased.'’ Thus, the gain requirements
of the transistor are decreased as R-C sections are added to the feed-
back network, Since a three R-C seetion cirecult is the minimum required
numbeyr of seetions, the gain requirements of the transistor in this
arrangement are quite high. In addition, an excess of the minimum
transistor current gain for oscillation is required for this application
because the value of resistancs in the R=C sections must vary over a
wide range, and the voltage from the battery will tend to drop during
continuous operation. [oth of these variatlons will change the total
osclllator leop gain. An effect that provided additional phase-shift
was discovered while examindnz the operation and theory of the R=C
phase-shift oscillator. This resulted in a cireuit that did not require

125, D. Ryder, Engineering Flectronics, P. 378, MeGrav-MAll: New
York, 1957.

136anzton and Hollingsworth, los. git.
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such 2 high transistor h,, as had been necessary in previous circuits.
In a separate section titled, "A Revised Analysis of Transistor ReC
Phase-shilft Oscillators,” the effect which allows 2 lower required trane
sistor gain is discussed. In view of this, the three R«C section oscile
lator was selected becanse of the fewer mumber of camponents it required.
An additional consideration which led to the selection of an ReC
phage-shift oseillator was the simplicity with which it could lend itself
to integration with a suitable temperature transducer. Alse, the predicted
frequency change over the intended range of operation was sufficient to
insure the desired accuracy of temperature measurement., The temperature
transducers used were thermistors which replaced the resistors in the R«C
feedback sections. An experimental eircuit was constructed, and the
effeats that changes in various circudlt parameters had on the oscillstor
performance were obsarved, By this method, the required themilstor re-
sistance range and the values of various components were determined. A
Phileo 2H2075 transistor was used. This transistor was selected because
of its high gain and small size. Its design is suited primarily for
operstion in the audio frequency range. In constmucting the initial
axperimental circuit, the camponant values were based on circuits which
had been constructed previously by others. ' e avatlakle thernd stor
glzes, as well ap thelir correspondenie betwsen resistance and temperature,
wors known. The upper and lower limits through whiech the resistance
in the ReC feedback sections could be varied without stopping oseillation

45, sehwarts, Selected Semlconductor Cireuits Handbosk, pp. 532,
5-33, John #izy & Sons: New York, 1960,
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wera determined experimentally. Since the range of temperaturs variation
to @measure was known, it was then possible to choose the appropriate
hamdstor. The thermistor choses had a valve of I at 259C whidch
decreased at a rate of about seven percent per degree as the tamperature
increased. Only the resistors in the H«C Tesdback sections whigh do not
influence the transistor blac circuit are replaced by themmistors. This
is to prevent the translstor cperating point from varying with temperature,
If this were not donme, the temperature range thiough whidch the cirowdt
could operate would be greatly reduced.

The minisum battery voltage at which the circuit would oseillate
was about 4,0 volts. The battery voltage decided upon was 5.0 walts
since this was a standard commercial rating anong mercury hatteries,
and it was sufficiently above the mindmum operational clremit voltage to
allow for a drop in battery woltage due to continuous operation. The
voltage ddscharge curves of the batteries under consideration showed
that the service life of the battery ended when the battery voltage
dropped to about 4.5 wolts., It was desired to know how much this voltage
change would affect the oscillation Frequency of the umdt, Mest of the
voltage ghanre ocourred near the end of the life of the battery. Fre
gquency measurements were taken at various points along the expected
operating range of the urdt. The froquency of oscillation was veried
by changing the velue of resistance in the R-C feedback seetions. At
each point of measursmant the frequency at 5.0 volts amd 4,5 volts was
ocbgerved. The results are shown in Figure 2. As the oscillation fre-
quency 1s increased, the frequency shift due to the battery voltage drop
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is also inoreased. This indicates that most of the system errvor, due to
battery voltage decrease in the transmitter unit, would be expected to
occur at the high frequency region of the operating range,

The data for all curves (with the exception of the final data
taken with the unit sealed) was taken with ,01 uf capacitors in the R«C
feedback sections instead of the .005 uf capacitors shown in Figaure 1.
The veason for the change is that in the final assembly of the transmitter
undt, some of the .01 uf capacitors were damaged. The closest replace-
ments available were the .005 capacitors. Fer a particular value of
resistance in the R«C feedback sections, the replacementa caused the
oseillation frequency to nearly double that obtained by the .01 ufl
sapacitors, However, the slrouit was found to sperate very satisfactorily
throughout the Gesired frequency range by using the .005 uf capacitors.
The curves which were found while using the .005 uf capacitors in the
i=C feedback network are those in Figurves 10, 11 and 13. All other
figures represent data taken with .01 uf capacitors in the feedback net-
work,

The frequency change dup to varying the temperature of the phase~
shift oseillator circuit 4s shown in Figure 3. This is seen to be a
linsar relationshdp untdl the temperature reaches about 45°C. Mest of
the frequency change is canied by the two thermistors in the R«C feeds
back network. PRowever, the frequency change due %o the temperature
sensitivity of the other circult compements was investipated. The
temperature sonsitivity of the transistor was feound ¢o cause very
14ttle change in frequeney. The only noticeable changes occurred sbove
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55°C, as can be seen in Migure 4. This measurement was taken by heating
the transistor in an oven while holding the other circuit components at
room temperature., The smue procedure was ussd to deteralis the changs in
frequency due Lo varying the temperature of the bypass capacitor Cys The
effect of Gy 1s shown by the dotied line in Memuws &4, The frequency
change caused by C4 iz a linear relationship with temperature, and 1t is
a grester change than that caused by the trunsisier. The frequency
change due to the other eircuit components (excluding the themdstors,
transistor, and C,) was found to be megligible. Since tids ocsmillator
4s not intemded for application above 45°C, the only component other
than the thermistors which could signifiecantly influence the frequency-
temperature relationship 4s Cy. The abovs conclusion aasumes that there
is a constant battery wltage.

Detemination of the Camplete Transmitter Unit

The Colpitts osedllator showm in FMigure 5 was used in the trans.
mitter unit to generate the raddo frequency signal.'> This is a standand
type oseillator, andthe reeson for its cholce 4a that it has a single,
untappad coil. This type of coll greatly simplified the determinstion
of the optimums coil size for thds application.

‘Momlation of the radlo frequensy signel is achleved by injecting
the cutput of the phase.shift gudic ogoillator into the base of the
Colpitts oscillator, The path of the andlo signal 4s seen in Figure 5

& Song: m York, ﬁ;.‘g

REs Ps 226, John Wley
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to be through the serles connected elements R, and C,. The variation of
biss in the Colpitts oseillator due to the applied andio signal causes
the radlo frequency oscillation to be amplitude modulated. A certain
degree of frequency modulation was also suspected to ooeurw: but so far
as gould be determined, it was not emough to affect the usefulness of the
telemetry system. The main factor in the selection of the value for Ry,
is the value of hyq in the 2H207B transistor. As the value of R, becomes
amaller, the shunting effasct across the output of the phase=shift oscil-
lator increasss the attemuation in the feadback path, If Ry 15 decreased
far enough, the phase.shift osecillator will not oscillate becaunse its
loop gain will be less than unity.w Since the amplifier current gain
is directly dependent upon hpq .‘8 a larger value of hyqy will allow a
sualler value of R, to be employed. As R, is made smaller, the modulation
percentage increases, Thls is because more of the modulating signal
voltage will be dropped across Ry instead of Ry. A modulation percentage
of about 40 was obtained with the cirenit in Figure 5.

The coil of the Colpitts oscillator was wound on the ocutside of
& hollow ferrite core. The camponents of the transmitter unit counld
thern be mounted inside the core, resulting in a very compact arrange=-
nmit. Another possible advantage of this method is that the Q of the
coil weuld be less affected than it would Af the components were mounted

16y, A. Edson, Vaousm Jube Osgillstora, Ppe 393396, John Wiley
& Sons: lew York, 1953.

V7Ryder, lge. cit.
83nea, op. ohtes p. 7.
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beside 1t, Metallic components mounted near the coil were found to lower

the Q of the coll considerably. The core selgetiad was constructed of

Ceramag 27 material, which was manufactured by the Stackpole Carbon

Company. This material was chosen because of its low loss and high
pemeability at the expected operating frequencies. The eifect desired

was for the flux to be confined inside the high permeability core and

not to pass through the internally mounted components wheye losses could
occur, The ocurrent in the coil of the raiio frequamcy oscillator, at
resonance, iz proportional to the Q of the c011.19 Since the magnetic ,
flux of the coil is proportional to the current, a high Q coll is desired {&r '
so that the strongest possible magnetic fleld may be produced. The Q of %f ‘
the coil used in the transmitter unit deereased from 93 to about 87 when i

the hollow core was completely filled with typical components, The

greatest effect on the Q of the coll was found to ocour from the battery
which was to be mounted outside the core. The effect on the Q of the

coil due to the distance of the battery from the end of the core is

shown by thes curve in FMigure 6. A distance of about one centimeter was

chosen as the mounting distance of the battery from the end of the ecoil.

This distance was chosen as & compromise between lowering the Q of the

coil and keeping the length of the transmitter unit as short as possible.

The coil was hand wound on the core aceording to the dimensions given in
Figure 7. The wire used was number A4 AWC Iitz wire. One layer was

wound with the turns spaced as closely as possible.

98veritt and Anner, Communication Engineering, pp. 160-161,
MeGraw-Hill: New York, 1956.
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The size of the coll was determined by measurins the amount of
voltag? that it induced in a surrounding loop. The arrangement used for
this measurement had a single loop that was 10 centimeters in diameter.
The voltages induced by coils wound with various mumbera of tums and
layers were detamined until the coll shown in Figure 7 was found to
induce the highest woltage., The voltage induced by this coil was about
4.5 m1livolts,

The current used by both the phase-shift oscillator and tha Cole
pitts oscillator was measured. The phase-~ghift oscillator was found to
use .25 milliamperes while the Colpitts oscillator used sbout .30 millie
anperes. The total current of about .55 milliamperes used by the trangw
mitter unit was a major influence in the selection of a battery, 4
continuous operating life of about 30 days was desired, and a battery
voltage of about 5.0 volts was required. The battery salected to ful-
£111 thess requirements was the Mallory TR-164R mercury battery shown
on Figure 7, This battery has a rated capacity of 500 milliampereshours.

The components of the transmltter unit were enclosed by a cir-
cular machined nylon case. All the ocomponents of both oscillators,
except for the coil and the battery, were mounted on a fiberglass board
with circular disks attached perpendicular to ths ends. The mounted
components wers slid inside the hollow ferrite core on which the coil
was wound, The core was then slid inside the nylon case and secured
st the end by screwing a threaded nylon disk into the end of the case.
This disk had a hole in the center which exposed the 2H207B transistor
and the two thermmistors. The battery was slid into the other end of the
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nylon case and sedired by a nylon disk. The dimensions of the pounting
board, nyleon casé, and end disks are given in Flgure 8, Photographs
which show the placement of the components and the assemhbly of the
transd tter undt are shown in Flgure 9. The assembled unit was covered
with three coats of Tygon series "k" plastic paint which acted gs a
waterproof peal.

gsMbration of the lempersture Unit

Calibration was obtained by recording the frequancy of the audio
signal at various temperatures of the tranamitter unit, The temperature
of the tranmitter unit was controlled by the use of a waterebath in
swhich the unit was sutmerged. The calibration curve is shown in Figure
10. The changa in frequency with tmmperature 1z seen to be about 30
cycles per degree centijgrade. Since the frequency counter ie accurate
to .1 of a cycle, high acocuracies are a possibllity. However, due to a
certain amount of drift in the transmitter unit's audlo escillator, an
asguracy to about .1 of a degree centigrade was all that could be ex~
pected. This is sufficiently accurnte for most physiological applica=
tions. Although the calibration curve includes the temperatures nomally
encountered in physiological studies, this curve could be extended to
include much higher and lower tmiperatures. The tranmmitter unit vas
found to operste at the high and low temperatures of 70°C and 5°C. The
high temperature was not exceeded becauss of the possibility of damaging
the transistors from overheating., The radioc frequency oscillator opera-
ted down to =5°C. It 48 believed that the sudie oscillator stopped at
$9C because the thermistor resistance in the R=C gections becsgme too
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Radio Frequency Oscillator Component Layout

Transmitter Unit Assembly

Figure 9. Photographs of Component Layout and Unit Assembly
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high, If these themistors were replaced by 10K at 25°C thermistors,
the range of the unlt might be extended considarably lower.

The frequency response time of the tranmmitter unit to a tempers-
ture step of 10°C 4s shown in Pigure 11. Several mimtes are required
for the unit to reach its final, steady frequency. Thus, for applica-
tions where the measurement of large, rapld temperature changes is
desired, this unit would not be accurate., A eonsiderably faster responsa
time would be possible by using a thinner layer of plastic paint to cover
the thermistors. 1In the application for which this unit was intended,
the temperature variastions were mmall and the changes occurred quite
gradually. Thus, tha response time did not appreciably affect the
- results of tho experiment which was done to determins rumen tempersture.

lethodg of Obtaining Dats with the Telemetry Jystem
An amplitude modulated telemetry systeam such a&s that developed

in this investigation can be used for two different methods of obtain.
ing data. These two methods are shown in Figure 12. In both methods,
the receiver output is & voltage which varies with the same frequency
as that of the transmitter unit's audio oacillator. This 48 because
the amplitude modulated signal sent from the transmitter unit is
demodulated in the recsiver. Thus the receiver outpul varies with ths
same frequency as the modulation envelope of the received signal,

The simplest and most acourate method of obtairdng data is that
of making direct readings from the frequency counter. This method
requires an obsarver to be present since the data must be read from the
mmbers displayel by the counter. The other method user a recorder
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vhich engbles the observer to be absent while the datz is belng collected.
The frequency meter converts the varying frequency at the receiver output
into a varying voltage at the recorder input., A problem may be encouns
tered in obtalning compatibility between the fremisngy range of the
transmitter unit's andio oscillator and the range of the frequency meter.
The method of taking direct readings from the counter was used to obtain
the data for the following experiment,
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EXPERIMENT TO DETERMINE RUMIN TEMPERATURE

The temperature telematry system devaloped in this investigation
was used to me@isure the temperature in the rumsn of a sheep for & 72~
hour duration. This duration provided three 24-hour periods during
vhich the temperature rhythm of the rumen could be established. A tampera-
ture reading was téken from the frequency counter every 30 minutes for
the 72-hour duration. The readings were averaged over the three 24-
hour periods to give the result shown in Flgure 13. The data that was
taken during the 72<hour duration is shown in ippendix 1.

The transmitter unit was intreduced into the rumen by an oral
technique which avoided the trauma of surplcal implantation., This
accelerated the recovery to a nomal physiological condition, After tha
unit was introduced into the rumen, the animal was given & 30-hour period
to return to a nomal physiological state and adjust to its new environe
ment. The only deviation in the environment of the sheep, over the
three 24~hour periods, was when the shesp's lamb was placed in the same
cage. This was done durlng the first 24~hour period at 7:00 A. M. A
total of 43-hours had elapsed between this time and the time when the
shesp and lamb had been separated. The separation was an abrupt inter-
ruption in the nomal physiological and psychological patterns of the
animal. This was believed to be the cause of the slight elevation in
temperature during the first 13 hours. The lamb remained with the sheep
for the rest of the experiment. At 9:00 A. M. during each 24-hour
period, the sheep was fed. During this period water was not included.

The food rFamained in the cage for one hour before it was removed. At
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1:15 P. M. during each 24-hour period, the sheep was given water which
had a temperature of about 15° centigrade. The water remained in the
cage for one hour before Lt was removed. The temperature changes in
the rumen caused by eating and drinking are marked on Figure 13.

The cage was surrounded by five turns of wire which served as an
antenna for the radio receiver, The cage was located in a room which
was separate from the room containing the receiving equipment. A lead
approximately 45 feet long was required between the antenna and receiver.
This complete isolation between the observer and the animal was necessary

to prevent disturbance of the animal's environment.



A REVISED ANALYSIS OF THAMSISTOR ReC PHASE-SHIFT OSCILLATORS

Three R«C Jection Oscillator with the Phass=Shift REffect of €4 Neglected
An analysis of the three [i=C section phase-shift oscillator shown

in Figure 14 wlll first be made by followlnz a previous assumption of
othlrl.9'10'11'15 This particular assumption is that the bypass capacitor
Cq forms a perfect A.C. shunt around R1. Thus, in the equivalent circuit
the parallel combination of C4 and Ry is replaced by a shorting connec-
tion. This would also bs true in the equivalent circult if the bias
were obtained from an additional battery instead of the biasing resistor
Ry. The phase shift oscillator under consideration assumes that the
values of resistance and capacitance are identical for sach [=C section.

The equivalent circult of Flgure 14, using y parmmeters to replace
the transistor_ and admittances to replace the circuit resistors, is shown
in Mpgure 15, In this circuit, Yi2 is omitted according to the conclusion
in Appendix 2. The resistors R2 and R3 are combined by the relationship
Ty=1, ¢ YB. Nodal analysis of the circult in tems of admittances and
y paramstiérs is used because it leads to fewer network equations than
other methods which were considered. The othar methods considered
included ueing z and h parameters to represent the transistor and using
loop equations instead of node equations,

Some of the circuit alements of Flgure 15 can be combined to

form the exnresssions:

LNt T " Tt Y

This leads to the simplified circuit shown in Figure 16. The nodes
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ar®? represented by a, b, ¢, and d; the reference is designated as D.
The voltiges at the respective nodes are Vg, Ve Vc. and Vd. Tha operator,
8= jw, 1s used to write the admittance of the capacitor as SC. The nodal

equations of this circuit are:

0= (YA + 5C) Vg + (=5C) Vy + 0 + 04 (1a)
0= (<8C) Vg + (Y + 25C) V + (~8C) V, + 0; (1b)
0=0+ (~SC) Vi, + (Y + 25C) V. + (=5C) V4 and (1e)
0= (yp1) V, + 0+ (-5C) V, + (Yg + 5C) V. (1d)

The parameter Yoq should not be interpreted as a driving functiocn,
It represents the forward short eircult transfer admittance as defined
in Appendix 2. If the voltage vV, were applied by an external driving
function, then the representation of y21v1 would be that of a driving
function in the transistor y parameter equivalent circuit. Eowever, in
this case the only external connection is that of an R=C feedback network
and a battery. Since the equivalent circuit represents only those coi=
ponents necessary for A.C. analysis, the battery is not shown. The
steady state solution of the circuit in oscillation is the desired result
of the analysis. The transient solution with initial conditions is not
considered. Thus, in considering the steady state solution of this cir-
cuit, there are no excitation fun.ctiona.?'o

The system deteminant Y of the circuit can be written from equa-

tions 1a, 1b, tc, and 1d as:

20y, F. Gardner and J. L. Barnes, Transients in linear Systems,
p. 132, John Wiley & Sons: New York, 1942,
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Vg A+SC -50 0 0
Y -SC Y+25C =30 0
0 =5C Y+23C -5C
21 8 -SC Tp+sC |

The system detemlnant would be the denaminator in the solution for any

21 Howaver, all of the simultaneous equations are

of the node voltages.
equates to zero which mean=z that this 1s a homogensaus set of equations.
Thus, nontrival solutions exist only 1f Y is zero.?? If Y is equated
to zero and then expanded, the result is called the characteristic
equn;nd;i.on.23 The valuen of S resulting from the solution of the character=
istic squation are callmd characteristic v.a\lues.zl‘t These characteristic
values are the zeros of Y . =xpanding Y and collecting temms leads to:
Y el ar 41, 4 ¥p1)8°

+ CB(1% + 3YYy + 3,Yy + 30,80

+ (XY + YPY, + BIY, )8

+ 2y, = 0. (2)
Bquation 2 can be expressed more simply by representing each coefficient
of S by a symbol:

A3$3 + ;:.232 + RS+ Ay =0

21y, B, Van Valkenburg, Modern Network Synthesis, pp. 9-11, John
#Mley & Sone: New York, 1960.

225, A. Guillemin, The lstheatics of Circuit Analysis, p. 17,

John Wiley # Sons: Hew York, 1949,

2314d., p. 111,
25 10Ad,



where,
hy= Xy + 21+ 1, + Yoy )i
A, = 22 + Y. + ¥ Xy + 301,
Ap=cC (T2 + Y2 Y, + 4rr,Y,) and
K= LT

These coefficlents can be simplified by assuming the load resistance fp
to ba of the same value as R. The expression for Ty then becomes

Yg= Y + Vo0 the value of Y will normally be assumed great enough, as
compared to y,,, so that the approximation Y. = Y can be used. The

coefficients of the characteristic equation then become:

Ay = CO0N + Y, 4y ) (3a)
Ay = CPY(6Y, + BY); (3b)
A = CYZ(SYA +Y); and (3e)
a =11, (34)

Applying the conclusions reached in Appendix 3 to this characteristic
equation, the condition for sustained oscillation is that:
hohqy = Aydse (%)
By substituting, the coefficient expressions 3a, 3b, 3c and 3d into
equation 4 and multiplying, equation
3y3 2 3y3 2
3303w, + 2 + ypy ¥,) = CO0A(0Y,° + 2071, + 6¥Y, + 8YZ)  (5)
is obtalned, This equation can be simplified and solved for Yoq to give:

Yoy = 29%, 4 23T + 4 % : 6)

In Avpendix 2, an exprassion for h21 in tams of y parameters is shown

to be:
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h = o s
2 L]
RZT

The value of h21 at which sustained oscillations can occur is then:

T I W

hpgy =29 == + 2 4l —
21 9 Y11 3 11 W11 (7)

From the axpression for instability developed in Appendix 3, equation 7
can b2 shown to flve the minimum value of h21 at which the circuit will

osclllate. The expression for instability of this eircuit is:

Y
h21>29..A._+23.Y_.+u _Yz_, (8)
11 11 T4

If the value of h21 is less than the rirht-hand expression, the circuit
will not oscillate. However, if h21 is greater than the right-hand
expression, the circuit will oscillate; but the resulting sinusoidal
wave will be somewhat distorted. Thlis expression for h21 was derived
using the same basic approach to the circuit as used by Trokhimezﬂm.zs
The final result is somewhat different, however, bacause Trokhimenko
made the additional assumption that Y, = Yiq° This assumption does not
seem to be justified for the general case and certainly not for the
experimental circuits used in this study. The value of Y, was over
twice the value of yqq in the experimental circults., These experimental
circuits operated with a very low emitter current. The value of hqq

has been found to incrs=ase as the emittzr current decreasas.zé Thus,

by the conclusions of Appendix 2, the value of yq4 will decrease. Il

257rokhimenko, op. cit., pp. 57-62.

26Shea, op. cit., pp. 47-48,
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applying this result to relationship 8, the value required of h,y 1s
seen to incr@fise as the emitter current is decreased.

The mimdmuzm valua of h21 is calculatad for tha circuit in Figure
14, based on the assumptions of the previous derivation. The valua of
C1 is assumed large enough to form a perfect A.C. bypass around Rye
Thus, Cq and Ry do not appear in the equivalent circuit. For this
apPfroximation, Cy should be at least 30 uf. The values of the circuit
admittances to be used in the calculation are:

Y= (10)"% ¥, = 1.73(10)"% and Y, = 3.07(10)"w

A value of Yq9 = 1.3#(10)'QV'15 chosen based on the results in Appendix
2. This leads to the value glven for Y,. Expression 8 is rewritten
and followed by a numerical calculation based on the glven values. The

value of h21 is calculated as:

Y 72
hpy D294 4231 4 B
Y7

) y11 y'” A 11

hpy > 66.5+ 17,2 + 1.0
hyy 2 8.7,

Most transistors have a value of h,, which is less than 84,7, Thus, 1t
would be d@ifficult to find a transistor suitable for use in this circuit.
An sxperimental circuit, having the same component values as given in
mMeure 14, was constructed. The 2N207B transistor has a large hyy when
compared to most transistors. Of the 2F207B transistors available, the
one with the largest hyy was connected into the circuit. The value of

h21 for this transistor was calculated to be about 81. The circuit would



k9

not oscillate with this transistor or with another 2K2073 transistor
having a loler h21 of about 55,

If a tran®istor with a large enough hyy were available to enabls
the circilit to oscillate, the frequency of oscillation could be predicted
by the relationshlp derived in Appendix 3. For a third degree character-
istic equation, this relationship is:

f‘a = ;AQ

2T Ap ‘ (9)

Substituting into equation 9 the algebraic values of Ao and “2 from

e¥pressions 3d and 3b, leads to:

1 Y
2m ¢ EYA+EY (14)

Three RC Section Oseillator with the Phase~Shift Effect of 9:_1 Included

During the process of experimentation, the eircuit in Flgure 14
was found to oscillate if the bypass capaeitor (:1 were reduced in value to
about t uf. This was surprising since a decrease in Cy would lower the
gain of the mmplifier., Lowering the gain of the amplifier would then make
it more difficult to obtain the total loop gain of unity required for
oscillation., The suspected explanation of this behavior was that &
decrease in C1 canse! an additional smount of phase-shift in the feedback
network. The addition of an R-C section to the feedback network would
decrease the amount of phase-ahift required by each seetiom. This had
been found to decrease the attenuation in the feedback network; and

therefore, less amplifier gain was required to produce unity loop gain.27

27cinzton and Hollingsworth, op. cit., p. 47.



Thus, decreasing C, to about 1 uf evidently added another phase-shift

1
section and lowered the attenuation in the feedback network. These

sufificions were found to be true by experimentally noting the increase
in phase-shift around the circuit open loop when Cy was decreased. As

C1 Was decreased, the amplifier galn was found to decrease, as had been
expected, FEvldently, the decrease in the feedback network attenuation
was conside®rably greater than the decrease in amplifier gain. This cone
clusion then inferred that it would be possible to operate an R«C phase-
shift oscillator with a much lower gain amplifier than had previously
been expected, Since the current gain of a transistor amplifier is
directly related to the value of hyy ,28 the value of hyy required by the
trangistor is reduced.

Hased on the above conclusions, a completely new analysis of the

R=C phage-shift oscillator can be made. This analysis will use the
assumption that Cq has a definite effect on the equivalent circuit.
However, it will be approximated that the reactance of C4 is considerably
smaller than the resistance of Ry. This enables R1 to be neglected in
the equivalent circuit. The approximation can be justified by using
typical values from an experimental circuit., Let the value of Ry be
2.7% and that of €4 be 1 uf. If the frequency is assumed to bes at 1000
cps, then the reactance of C, is 159.n « Thus, in the parallel com-
bination, the reactance of Cy is 17 times less than the resistance of
Rqs and Ry can be neglected. The assumptions of the previous analysis
in which y,, and y,, were neglected can ‘apply here., The relationship

RL = R can also be assumed. The equivalent circuit of Figure 14,

285hea, op. cit., p. 7.
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%neludlng these assumptions, is shown in Figure 17. The objectives which
are sought in the analysis of this eircuit are: (1) the minimum walue
of h21 required for the circuit to oscillate; (2) the frequency of sus-
tained oscillation; and (3) a relationship between C and C4 that will
enable e upper and lower limiting values of C4 to be predicted.

Th@ nodal equations of the circuit in Flpure 17 can now be written.
The relationship, V1 =V, = a? should be noted in wrlting Y21 into the

equations. The equations are:

0= (yqq + Y, + SCIV, + (=SC)V, + 0 + 0 + (<y44)Vqs (11a)
0 = (=SC)V, + (Y + 23C)Vy + (=SC)V, + 0 + 03 (11v)
0 =0+ (~SC)Vy, + (Y + 25C)V, + (~SC)V4 + O3 (11e)

0= (yp1)V, + 0 + («SC), + (SC + Y)Vq + (-¥pq )V and  (11d)
0= (=¥yq = ¥4IV + 0 + 0 + 0+ (SCq + Fqq + ¥pq)V, » (11g)

In writing the coefficients of the node voltages into a determinant,
the approximation that y,; is much greater than y,, will be made. This
is justified by the valuass calenlated in Appendix 2, The magnitude of
¥2¢ was found to be 0.73(10)"2 while that of ¥4 was 1.3‘4(10)"4. Thus,
the value of y44 has a negligible effect on the magnitude of the coef-
ficients containing Yoqi and yqq is neglected in these coefficlents.
The gystem disterminant Y of the eircuit can now be written from equa-
tions 11a, 11b, fic, 11d, and 112 as:
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Yy +ig+se =5C Y 0 wIT
-SC Y+5C -3C 0
Y = |e -SC Y+25C -SC 0
V24 0 -3C Y+5C ~Yoq
~¥oq 0 0 0 5Ce*pq | »

As shiown previously, the characteristic equation of the system is obtained
by expanding Y and then equating the result to zero..29 mapanding Y and

collecting terms leads to:
Y o=y [y + Y g 3] ¢t
2 3
+ @2 [o, 16y, + 6Y_ + BT) + Cyp (27, + 31)] S
3 2
+ ¢ [c, (57, + 5Y, + 1) + Oy, ¥(6Y, + 41)] 5
C [011'3(3'“ + yg) + Cypy (5T, + Y)] 5
+ Yy, = 0. (12)

At this point, additional approximations will be made to reduce the number
of temsa in the coefficients of equation 12. The value of Y21 will be
considered sufficiently greater than (y” X * 3Y) that this sum of
tems may be neglected in the coefficient of Sh. The approximation that
L= Y44 = Y will also be made. Considerable error could possibly be
introduced by this approximation, and caution must be used in its use.
However, it enables the coefficients of equatlion 12 to be simplified to a

largs extent. The characteristic equation can be written as

296uillemin, gp. Gite, p. 111,



8+ asd+ag?
Y = 4,3 * 457 + 48T + AS + Ay = 0.

By using the approximations, the expressions for Ah' A3' Az. A1- and AO
may be simplified as:

Ay, = 0301y21: (13a)
Ay = CP16C,Y% + 50Ty, ); (13b)
Ay = c(11c,¥° + 100v2y,, ); (13e)
A = 26,Y" + 6c85,; and (13d)
Ay = y211/+. (13e)

s shown 4in Appendix 3, the relationship for sustained oscillation
to occur in this system is that:
2
111(;&.3.1«2 - MAy) - Ag7A) = 0. (18)
BExpressions 13a, 13b, 13¢, 13d and 13e can be substituted into equation
14 and the result arranged to give:

3521361 + Py,,0, 2012300 - 4€,) + Yy,4%cc,(1230C - 2U4c¢,) +
¥a1° 22750 - %C,) = 0. (15)

The approximation that 4 = Y will be used to obtain the expression:

Y21 _ Y21

h T e T - (16)
21 : :
Equation 15 can now be divided by Y3. and expression 16 can be applied

to give:

c(275¢ - 3C, )h213 + 0C,(1230C = 24C, )h212 +

0,2(1230¢ - 4G, )hy, + 352C,° = O. (17)
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Bquadtion 17 can be solved to give the minimum value of h21 requipgd for
oscillation if the values of C and Cy are known. This theorstical
prediction of hyq is an appromimation that increases in error as the
difference between Y and Y11 increases. A grmater depgree of accuracy
could be obtain®d by solving equation 14 directly from the values found
for the coefflclants of equation 12. However, this approach 1s quite
laborious, and it will not be used in this case.

The approximiate value of h,, required for oscillation in a cire
cuit having the values C = .01 uf and C‘I = {1 uf will be determmined.
This calculation assumes that the approximations used in arriving at
equation 17 are applicable to the circuit. Substituting the values of
C and Cy into equation 17, and then dividing this equation by the coef-
ficient of h2,3 glves:

hpy” + 3uihy,? - 25.2(10)%n,, - 10.6(10)* = o, (18)

The solution of equation 18 has one real root and two imaginary roots.
The value of the real root was found to be h21 = 52, Using the circuit
shown in Figure 14, oscillation was obtained by letting ¢ = 1 uf, A
2N2075 transistor which had an hyy = 55 was used. The detemination of
h21 for this transistor is shown in Appendix 2. The oscillator's
signal, as viewed on an oscilloscope, appeared to be perfectly sinusoidal.
This result is in agreement with the prediction that the circuit would
ogcillate by using a transistor with am h,, of at least 52,

The relationship for the frequency of oscillation in a system
having & fourth degree characteristic equation is shown in Appendix 3

to be:



i Aq

it VR (18)

The expressions for A1 and A3 that will be used are those of equation

12, Substituting these coefficient expressions directly into equation

18 glves: 3
1 C1Y (}'11 + Ya) + CyZ‘Tz(ﬂa + 1)

T2Tc \/CiT(Gyyy + 6T, ¥ BI) ¥ Cypy (2T, ¥ IE)

4 (19)

The frequency of the circuit in Figure 18 ias varied by adjusting
the value of the two varlable resistors shown in the femdback network.
The two resistors were always adjusted to identical values while RL' the
10 K load resistor, remained fixed. The method used to vary the frequency
of the phase=shift audio oscillator in the tamperature telemetry unit
used this method by replacing the two resistors with tharmmistors. The
method that seemad to be the most suitable for utilizing this phase-shift
oscillator as a variable frequency oscillator was that of varying the
value of the two R-C seection resistors. The method of varying frequency
by changing the value of capacitance in the R«~C section is not considered
although this method may be of advantage in some applications.

A comparison between the frequency predicted by relationship 19
and the frequency experimentally obtained with the circult of Figure 18
is shown in Fipure 19. Relationship 19 was derived with the assummtion
that R; and the two R=-C section resistors were always equivalent. This
is not tre in the actual experimental circuit since R, is held constant
while the two R«C secticn reasistors are varled. Although the above
discrepancy exists between the theoretical and experimental assumptions,

relationship 19 gives a useful approximation of the experimentally
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determined frequency.

A relationshdp will now be derived which will ba useful in pre=-
dctini the upper and lower bounding values of C, between which oscilla-
tion can oceur. A relationship between C and Cq will bs defined by the
equations

C = KCy. (20)
Equation 20 is then substituted into equation 17. After regrouping, ths
relationship for omecillation becomes:

275h213K3 + (1230h212 - 36h213)K2 + (1230h21 - 24h212)K +
(352 - 4h2,) =0, (21)

Thus, for a transistor which has a known value of by, the value of X can
be datermined by solving equation 21. Then if the value of C in the
R-C feedback network is known, the values of c1 that will allow the cire
cult to oscillate can ba calculated, The value of h21 for the transistor
in Flgure 18 is 55. After substituting this value into equation 21, the
result may be arranged to give:
B o 4.97(10)"25(2 - 1.09(10)" X + 2.88(10)'6 = 0, (22)

Solving this equation leads to two positive roots and one negative root.
All the roots are real, and the values of the positive roots are:;

K = 5,08(10)"2; and X = .67(10)~2,
The upper bound C, and the lover bound C, can now be found from equation
20 by using the value C = .01 uf. These bounds are:

Cia = 1.5 uf; and Cqp = 197 uf,
Thus, oseillation is predicted to occur only Aif C4 is within these bounds.

The upper and lower bounding values of C4 for the circuit in
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Fimire 18 wore foind experimentally by determining the family of curves
shown in Figure 20. BEach curve was obtainsd for a specific value of C4

by varying the R-C section resistors and recording the frequency. The
end of each curve recresents the point just before the eircuit will cease
to oscillate, As can be seen on Figure 20, the allowable range of H=C
section resistance decreases as C; is either increased or decreased from
about 1 uf. The curves then narrow until they become the points indicated
as c1 & and Cip which are the experimentally determined upper and lower

bounding values of C,. The results obtained experimentally compare

1
favorably with the theoretical predictions. The prediction of an approxie
mate value for Ct i= useful in desigming a circult becauses the range of

C, that will allow oseillation may be quite narrow. The best cholce

1
for C1 is near the middle of the range, and a value of 61 = {1 uf was

found to give satisfactory results for the circuit in Figure 18.

A PhasieShift Oscillator Using Two R=C Sectdons

tmgause of the additional phase-shift due to 01 » the operation
of an oscillater with only two R-C feedback sections was suspetted to
ba possibla. The circuit shown in Figure 21 was constructed and found
to operate. This oscillator was wary stable, and ite simusoidal signal
appeared undistorted,

An analysig of this circuit will be made by &ssuming that
Ry, = R. The transistor parameters yq, and Yoo are neglected. The
resistors R, and Ry fom a parallel combination in an equivalent cir-
cult, and the value of this parallel combination can be represent=d by
the gdmittance Ya' The equivalent eircuit of Flpire 21 4is shown in
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aﬁﬂl‘e 22,
The nodal equations of the circuit in Figure 22 can now be written.

The relationship, V1 = Vd - Vﬂ. should be noted when writing ¥y, into

the equations. The nodal equations are:

0= (.V“ + Ya + SC)V1+ ("SC)Vb + 0+ (-y“)V : (23a)
0 = (-5C)V, + (Y + SC)¥, + (=SC)V, + 0s (23b)
0= (yy0 )V, + (=8C)Vy + (Y + SC)V, + (=yp )Vy: and (23e)
0= (~yyq =¥y Wy + 0+ 0+ (sC, +y,, +y, Wy (23d)

The system determinant 7y of the circuit can now be written from

equations 23a, 23b, 23¢, and 23d as:

(y44+1+SC) (-8C) 0 (=y44)
(-sC) (1+8C) (-sc) 0

G 8 b (-56)  (1+80)  (eypy)
(=344=Y2¢) 0 0 (5644744472¢) | -

As shown praviously,30 the characteristic equation of the system is ob-
tainad by equating Y to zero and expanding the determinant. Expanding
Y and collecting terms leads to equation:
2 .3 3
cc, [zr+y“ T +J21] S
2
+C [C1Y(Y + 3yqq * I,) + C27 X + 2y5¢Y + Tyyy + Yay21)] S
+ ¥ [OgX(T, + yyq) + C(Lyqq + 2gyqq + Yugy + 3Ugyp, + iayu)] .

+ Y21 (144 + ¥29) = 0. (24)

30gusliemin, op. ecit., p. 111.
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Equation (24) can be written in the form:

The coafficients of the charactaristic equation can ba simplified by
assuming that Y24 is large compared to Y, Y, , and Yqqe By comparing
the relative magnitudes of the terms in each comfficient of equation

24, the values of AO’ A1. Ay and A3 nay be simplified to glve:

Ay = YZYaym: (25a)
ay = 1 [ogXr, + 7yp) + oy(x 3Ya)] ; (250)
Ay = 0 [C¥(r + dyyy + 300 + Crpg(2r 4 1] s (250)
Ay = CZC1y21. (25d)

The relationship for sustained oscillation to occur in this system
was shown in Appendix 3 to ba:

This expression will be used to predict the minimum value of h,., that is

21
required for the circuit to oscillate, For this derivation, the spproxi-
mation that ¥ = T, = ¥4 will be made. BExpressions 25a, 25b, 25¢, and

254 can be simplified to give:

- P 3
Ay = Yy, (26a)
Ay = 2Y2(CT + 205y ) (26b)
Ay = CY(7C4Y + 30y, ); and (26¢)

mxpTessions 26g, 26b, 26c, and 26d are then substituted into equation &4
and ths tepms arranged to glve:

C(126 = Cy)ypy> + HEC Yy, + e 5y% = 0. (27)



Th&# approximation that yi4 = ¥ ¥ill be used to obtain the relationghip:

y
21 S
'y 3

Fquation 27 can now be divided by Yz and arranged to obtaint
2 2 8
C(12C = Cq)h,,~ + HCCihyy + 14C,° = 0. (28)

Substituting the values C = .01 uf and ¢; = 1 uf into sguation 28 gives:

2
hy,” - 38.6h21 - 1590 = 0, (29)

The value of the negativa root of equation 29 is disregarded since h21
cannot be negative. The positive root has the value h, = 64, The
circuit in Figure 21 would not oscillate by using the 2H§207B transistor
with an h21 = 55, but it did oscillate by using another transistor of
the same ftyne having an h21 = 81, This result would be expiicted on the
basis of the theoretical prediction.

The relationship for the frequency of oscillation in a system

having a third de:ree characteristic equation is:

1 )
= ol

By substituting expressions 25a and 25¢ for AO and Ay, the relationship

for the frequenci of oscillation becomes:

s ole Yay21 SRR .

The frequency of the circuit in Mgure 21 was varied by adjusting
the value of the variable resistor in the feedback network while the 10K
load resistor rmmained fimed, However, the variable resistor could be

replaced by a thermistor. This would result in a cireuit that could be
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used in temperaturs telemetry applications.

A comparison between the frequency pradicted by equation 30 and
the frequency found experimentally is shown in Figure 23, The derived
rélatlonshir for frefuency was based on the assumption that the load
resistor and the variable resistor were equivalent. This is not true
for the experimental case =ince the load resistance is held constant
while the variable resistance changes. This discrepancy contrlbutes to
the error shown by Flgure 23.

A relaticnship will now be derived that will be useful in predict-
ing the upper and lower bounding values of Cq. Oscillation can oceur
only if Cq is within these bounds. The expressions

C = KCy (20)
can be substituted into equation 28. After regrouping, the relation-
ship for osclillation becomes:

1215052 + by (3 = By )K + 14 = 0, (31)

The value of hyy for the transistor used in the circult of Figure 21
is 81. After substituting this value of h21 into equation 31, tha result
may be simnlified to give the expression:
k2 = 4.82(10)~2 + 1.77(10)~* = 0. (32)
Solving equation 32 leads to two positive rocots which are:
¢ = 4.41(10)"2; and & = .41(10)"2,

and lower bound C,., ecan

Using the value C = ,01 uf, the upper bound C1 a 15

be found from equation 20, These bounds ares

Cigq = 2.4 uf; and C1b = ,23 afs

The upper and lower bounds of C; for the circuit in Flgure 21 yere found
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experimentally to be:

The theoretical prediction glves a useful approximation oi the valu# that
C1 must have so that the eircuit will oscillate. The best choice for C4
would be near tie middle of the bounded range. For the circuit in Figure

21, a value of Cy = 1 uf was found to give satisfactory results.



70

CONCLUSIONS

An amplitude modulated radio telemetry system was used success-
fully to nmeasure the internal temperature of an animal. The systmm
proved to be very easy for an inwestigator to use.

Thls temperature telemetry system is beliesved to be the first
rePorted to accomplish:

(1) successful measurement of the internal temperature of an

animal using an amplitude modulated radio telametry system;

(2) successful measurement of the temperature in the rumen of
a sheep during a 24~hour period without disturbing the
animal or his enviromment;

(3) successful operation of a miniature transmitter unit with
its components mounted within the core of the oscillator
coil.

Since the audio frequency of the amplitude modulated transmitter
unit is not sensitive to external media or mounting position, this unit
could be mounted externally. The temperature could then be sensed by
a miniature probe that contained only the two thermistors. The probe
would be separated from the rest of the unit by several feet of thin
plastic tubing, which would contain the thermistor wires. This arrange-
ment would have excellent application to the continucus momitor of the
rectal temperature of an unrestrained animal.

By using a higher gain transistor and/or an additional R-C
section in the feedback network, the required battery voltage could

possibly be reduced to 1.34 volts. Thls would enable the geometrical
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dimensions of the battery to be decreased, or it would alloy a8 conside
erably longer operational 1life to be obtained from a battery of the
present size. In addition, the value of the blasing resistors could
probdbly be increased and adjusted so that the cirecuit would use less
currént,

Other than the thermistors, the 1 uf bypass capaclitor was found
to be the only component in the audio oscillator circuit that influenced
the temperature data, A unit that is not temperature sensitive, except
for its thermistors, is desirable., This would decrease the frequency
response time of the unit and permit more accurate readings to be made
with a thermistor probe application. Possibly a type of capacitor having
similar geometrical dimensions but less temperature sensitivity, than
the 1 uf tantalum capacitor of this unit, could be found.

Certain characteristics of a three R-C section phase-shift tran-
sistor oscillator were analyzed in this study. The oscillator was first
considered to have a large enough bypass capacitor around the emitter
resistor so that this blasing arrangement could be neglected in the
equivalent circuit. The approach and the assumptions used in this study
are believed to give a more accurate prediction of the required tran-
sistor h21 and the frequency of oscillation, than the predictions of
previous investigators, especially when a low emitter current oscillator
is involved. One of tha most common previous methods of analysis is

that glven by thea, 31 In Shea's analysis, the transistor is assumed to

3shea, op. git.. pp. 222-226,
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have zero input impedance. This assumption groatly simplifies the
analysis by eliminating the transistor parameter hyy as well as the two
biasing resistors connected to the base. However, according to the
analysis used in this thesis, Shea's assumption is not valid, especially
whon &pplied to oscillators operating with a low emitter current,

W using a particular value of bypass capacitor around the emitter
résistor, an additional phase-shift section was added to the fesdback
natwork, Thu®s, the bypass capacitor was used to smerve a dual role. It
served as an additional phase=shift section which would normally require
two extra components, and it also functioned as an A.C. bypass around
the emitter resistor. This enabled the three E=C section oscillator to
operata with a much lower transistor h21 than it could without the
gdditional phase-shift effect. The range of values within which the
bypass capacitor must lie to procduce this effect is quite narrow. An
analysis of the three R-C section oscillator, using this effect, wWas
mnade to predict:

(1) the value of the minimum transistor hyy required for

the circuit to oscillate;
(2) the frequency of oscillation; and
(3) the ranze of values within which the bypass capacitor
must lie to produce the desired phase=sghift effect,
This is believed to be the first report of the phase~-shift effect dus
to the bypass capacitor in an R=C phase-shift transistor oscillator.
Thus, the analysis of this effect on circuit behavior is also original,

The theoretical analysis proved to be sufficiently accurate to be
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considersd 3 yseful approximation of the behavior of experimental cire
cults. A certain amount of error was probably introduced into the
theoretical predictions because of error in the experimental determination
of the transistor parameters.

Because of the discovery of the phase=ghift effect due to the
bypass capacitor, the successful operation of a two [=-C section phase=
shift transistor oscillator was obtained. An analysis of the behavior
of this circuit lead to the successful prediction of minimum h21. oscil-
lation frequency, and bypass capacitor ranze. This is believed to be
the first reported successful operation of a two A=C seection phase=chift
transistor oscillator.

The method of analysis used in this study is appliicable to H=C
phase=shift oscillators using component values different from those used
in the experimental circuits of this investigation. However, some of
the approximations used in this study would probably have to be altered

to it the component valuves of another circuit.
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APPENDIAL T

FREQUENCY READINGS TAKEN DURING THE 72-HOUR DURATIORN

The temperature corresponding to each frequency reading can be
obtained by using the calibration curve on Mgure 10, The frequency
reading at every half-hour interval is shown in Table T.

TABLE T. FHEQUENCY RFZADINGS CORRESPONDING TO RUMEN
TEMPEHATURE I A SHEEP

p—— a— — —— —— o p——— e
— —_— S = —

Time Frequency(CPS)

Mrst 24-hour period

6:00 P. M. 1632
6:30 P. M. 1633
7:00 P. M, 1633
7:30 P. M. 1633
3:00 P, M, 1634
8:30 P. M. 1637
9:00 P. M. 1637
9:30 P. . 1636
10:00 P. M. 1631
10:30 P. M. 1636
11:00 P, M. 1633
11:30 P. M. 1630
12:00 M. 1628
12:30 A. H. 1634
1:00 A, M, 1636
1:30 A. M. 1636
2:00 A. M. 1635
2:30 A. M. 1634
3:00 A. M. 1638
3:30 A. M 1641
4:00 A. M. 1632
4330 Ao H- 1629
5:00 A. M 1626
5:30 A. M. 1626
6:00 A. H. 1624
6:30 A. M. 1619
7300 A, M. 1619

7:15 4. M. 1611
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TABLE I. CONTTHUED

%

Time Frequency(CPS)
7:30 A. W 1611
8300 A. Mo 1606
8:30 A. M. 1599
9:00 A.o Nc 159?
9:30 A, M, 1572
10:00 A. ¥. 1585
10:30 A. M. 1593
11:00 A, WM. 1595
11:30 A. M. 1595
12:00 ¥ 1599
12:30 P. M. 1600
1:00 P. M. 1602
1:30 P. M. 1601
2:00 P, M. 1602
2130 P, M. 1604
3:00 P. M, 1607
3:30 P, M. 1610
b:00 P, M. 1615
l"!BO Po !40 1619
5!00 P. M. 1619
5¢30 P, M. 1619
Second 24-hour peria
6300 P. M. 1619
6:30 P. M. 1621
7:00 P, M. 1619
7:30 P, M. 1620
3:00 P, M. 1622
8:30 P. M. 1619
9:00 P, . 1614
9:30 P. M. 1614
10:00 P. M. 1616
10:30 Pe Ms 1618
11:00 P. M. 1621
1130 P. M. 1620
12:00 M. 1621
12:30 A. H. 1622
1:00 A, M. 1624
1:30 A. M. 1627
2:00 A, M. 1632
2:30 A. M. 1634
3:00 A, M. 1635
3:30 A, M. 1632



TABLE X. CONTINUED

= = = —— . —

rime Frequency(CPS)
4::30 Ao Ho 1622
5:00 A. M. 1614
5:30 A. M. 1614
6:00 A. M. 1614
6:30 A M. 1615
7:00 A. M. 1611
7¢90 A, M 1611
8:00 A. M. 1611
8330 A. H. 1606
9:00 A. M. 1609
9:30 A. M. 1605
10:00 A. M. 1606
10:30 A. M. 1608
11300 Ao 2‘19 1610
11:30 A. M. 1605
12:00 N. 1606
12:30 P. M. 1606
1:00 P. M. 1608
1:30 P. M. 155
2:00 P. M. 1513
2:30 P. i, 1543
3:00 Po M. 15&
3:30 P. M. 1592
2&:00 P‘ M. 1604
L:30 P. M. 1613
5:00 P. M. 1619
5:30 P. M. 1622

Mird 2l4<hour pertod

6:00 P. M. 1628
6130 P. M. 1631
7:00 P, M. 1627
7:30 P. M. 1624
8:00 P. M. 1623
8:30 P. M. 1615
9:00 P. M. 1610
9:30 P. M. 1609
10:00 P. M. 1612
10:30 P. M. 1611
11:00 P. M. 1612
11:30 P. M. 1609
12:00 M. 1607

12:30 A. M. 1607
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TABLE I. CONTINUED

e

Time Frequeney(CPS )
1:30 4. H. 1611
2:00 A. M, 1607
2:30 A. M. 1609
3:00 a&o H. 1606
3:30 A. K. 1603
4300 A. M. 1605
L A. M. 1604
5:00 A, H. 1603
5:30 A. M. 1602
6:00 A. M. 1599
6:30 A. M. 196
?:OO A, H, 1596
7130 Ao M. 1595
8300 4“.. :!0 1592
8:30 A. M 1592
9:00 A. M. 1591
9:30 A. H. 1590
10100 A. . 1590
10130 A, M. 1587

11:00 A. M. 1586
11:30 A. M. 1589
12:00 N. 1592
12:30 P. M. 1591

1:00 P. ¥ 1590
1:30 P. N. 1592
2:00 P, M. 1500
2:30 P, M. 1577
3:00 P. M. 158‘}
3:30 P. M. 1591
4:00 P. M. 158?
%130 P. M. 1586
5300 P. M. 1590
5:30 P. M. 1504
6:00 P. M. 1595

e e ——— e ]
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APPENIEX IT
DETERMINATION OF TRANSISTOR PARAMETERS

The transistor can be consldered as a two-port device., A common
nethod of representing the transistor twoeport network is by using edmite
tances to define the transistor parameters. The equivalent eircuit of
an admittance or y parameter two-port network is shown in Fpure 21&.32
The equations for the y parameter network are:

T1 = ¥qqVq + JypVps and (332)
Iy = ¥y + T22Vse (33b)
The currents and voltages used in both the equivalent circuit and network

equations are A.C. quantities. The y parameters can be defined from

equations 33a and 33b as:o-
Yy1 = L4/ V4 vhen Vo = 0; (3%a)
Y12 = I4/V, when  Vy = 0; (34b)
Y24 = 12/V1 when V, = 0; and (S4e)
Yop = Ip/V, vhen V, = 0. (34d)

Thus, Y11 and Yoo are defined as the input and output shortecircuit
admittances, respectively, whereas Y12 and Yoy are the reverge and for
wapd shortecircuit transfer admfv.’t.t.a.nces.3“+

Another type of parameter commonly employed to represent the

2shea, op, cite, p. 23.

1md., p. 25.

Fposa,
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transistor t¥#o=[0pt device is the h or hybrid parameter. The equivalent

circuit usinf h parameters is shown in Figure 25.35

The equationsg for
the h parameter network are:
Vi = hyyI; + hy,Vo; and (35a)

Th® h parameters can be defined from equations 352 and 35 as:36

hyp = Vy/Vp  when I, =0; (36v)
hyy = 12/11 vwhen v, = 0; and (36¢)

(364)

[}]
(@]
°

by = I,/V,  when I

Thus, hyq is the input impedance with the output shortecircuited; hyo
1s the backward voltage transfer ratio with the input cpen; h21 is the
forward current transfer ratio with the output shorte~circuited; and h22
is the output admittance with thes input open.3?
An application where h parameters are extremely useful is in the
experimental determination of their walue, After the value of the h
parameters are determined experimentally, their values can be convertad
to other types of parameters which may represent the same two-port
network, The conversion from h to y parsteters will be considered.

Using equations 33a, 33b, 35a, and 35b, the relationships between h and
38

y can be found as:

1vide, pe 23
H1vag., p. 25
31044, , p. W40.



Figure 24,

Fisure 25. Equivalent

+>yzlv'

Dquivalent Circuit Using y Parameters

Circuit Using h Parameters
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i =y (37a)
Yiz = *hyp/hyq (37)
Y21 = hyy/hyy i and (37%¢)
Vop = (Byghyp = hyghpy)/hyyge (374)

The transistor used in the experimental circuits was the Phileo
20i2078. Two of these transistors were used durlng this study, and the h
parmmetars for each were detemined, The first step in detemining thas
parameters wias to find the operating polnt of each transistor in its
particular circuit. The circuit shown in Figure 26 was used to determine
the h parameters of each transistor. The partiecular equation 36a, 36b,
3%e, or 3%bd, that defined the parameter being determined, was applied to
the circuit in Figure 26. The quantity specified as gero wis held cone
stant at the transistor operating point while data was taken of the other
two defiming quantities. Sufficient data was taken so that a curve which
incluided the operating point could be plotted. Holding at a constant
value the quantity specified as zero, satlsfies the defining equations
36a, 36b, e, and 36d because all defining quantities are A.C,

The curves for one transistor are given since the method used is
identical for both transistors. Four curves were constructed as shown
in Mgures 27, 28, 29, and 30. Each curve was used to determine a
particular h parameter by finding the slope of the curve gt the operating
point in accordance with the applicable equation 36a, 36b, 36c, or 36d.
The resulting value of the h parameter is shown on the figure.

The y paraneters are now calculated from the h parameters accord-

ins to equations 37a, 37b, 37c, and 37d. The values of the y paramsters



AT OPERATING POINT:
I, =1.0 MKa.
V,= .09V.

+ —_—
Iz= -Zst.
\ T L 2N207 B
PNP

__‘@ + @j b
}\ + 10K
G
10K

<2+|'|

w
-<+|1[

+/

Mmure 26. Circuit Used to Determine Transistor Paraneters



=

211 ] B
S
>_ /o/
w —= =)
< /O/O{-z 1.3 voLTs
e 2
| .
g /

.0 ol :
o 1 /C?’EFEFANNG POINT
< ho= A 4= ¥, 500 .Nn
) "o a ,

V, = CONSTANT
5 L |
(@) .5 1.0 1.5 2.0 2.5 3.0

BASE CURRENT (I,), MICROAMPERES

fMioure 27.

Curve Used to Determine }111

4))
)



Y
(o)
——

o
o

[o)
o

I,=1.0 MICROAMPERE |

0O —O0—e—0—
B o O OPERATING POINT

o
~

o
&

|
E = | (’0)_3

h =-_é..ﬁ
2 A
I,=CONSTANT

o
o

)
'S

BASE VOLTAGE (M), VOLTS

o
7S

o
N

i i L \ | 1 | | " \

v

(o)

.5 1.0 1.5
COLLECTOR YOLTAGE (V) ,VOLTS

Mrure 27, Curve Used to Determ:ine hys
>



400

350

>

43 VOLTS

i)

250

COLLECTOR CURRENT (I,); MICROAMPERES
w
o
o

200

=55

Il Vf CONSTANT

I

1

'5 llo

1.5 2.0 2.5 3.0

BASE CURRENT (I,) , MICROAMPERES

Meure 29,

Curve Used to Detemine 1121

2
n



3
ﬁ 260 | l
% 250 1=1.0 MICROAMPERE l
q = :
e = - OPERATING POINT
J 240 '
by
—~230 L
) !
220 o
._
MZJ 6
gzlo_ / TR 2 gl
22 :
3 200 / 2 = CONSTANT
3 G/
i 190 L
il
4180
Al |
0
0170 L
160
o oS 1.0 1‘5

COLLECTOR VOLTAGE (V.), VOLTS

Figure 30,

Curve Useda to Determine h22

<

«a

99



are found to be:
-l o
ygp = LRy, = w100,

]

Y21 073(10)‘%3 and Yoo = 8(10)-1:6‘-

The value of Yi2 is very mmall compared to the other parameters
and it will be negleected in all the calculatlons im this study., The
paranster y,, can usually be neglectad unless tha eircuit load resistance
becomes larpesr than it did in the circuits considered in this study.

The values of h11 and hoy for the other 212073 transistor used
in this study are:

h“ =9,800n; and h21 = 81,
The corresponding y parametars are then:

Yy = 1,02(10) % 5 ama y,, = .83(10)3E.
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APPENDYX III
DETERMINATION OF STASILITY AND FiBEQUENCY RELATIONSHIPS

Routh's criterion is a test that, when applied to a finite poly-
nomial wlth real coefficients, ylelds thea numbars of roots of the poly-
natial with poasitive reel parts and with zero real parts.39 The stability
of the oscillators considersd in this study depend on the location of the
zeros of the system characteristic equation, wilth zeroa having positive
real parts corresponding to an unstable system anx! with zeros having zero
real parts corresponding to a sustained system oscillati.an.ao

Routh's criterion will be applied to a system having a third degree
characteristic equation of the form:

A353 + ST+ AS + Ay =
According to iouth's criterion, the coefficients of this polynomial are

written in an array of the f.‘om:M
3] a

S 3 Ay
o2
2| a o
! AAy = Agh

A2
0
S AO

The number of roots of the characteristic equation that have positive

real parts is shown by the number of sign changes in the first column

3G, c. vewton, L. A. Gould, J. F Kaiser, Analytical Design of
Faedb: wrols, pe 309, John Wiley & Sonsy New York, 1557,

‘*01 bad., p. 310.
41;2;___.
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of the array.l"z If Ay A‘l’ Ay, and A3 all exist and are all positive,
then the only way that instebility can occur is for (A4, - AOAB)/AZ
to be negative. Thus, for an unstable system to exist the relationsnip:
Mhy = Aghy <o or
hyhy < Aghy
must apply. If sustalned oscillations are desired, the coefficients
of the array must be such as to (1) make all the coefficlents of one
row of the array zero and (2) cause the auxiliary polynomial formed from
the coefficients of the last nonvanishing row to have a palr of conjugate
imaginary zez‘os.l"'3 The only way that all the coefficients of one row in
the array can be 2ero is when A1A2 = AOA_"}‘

The auxiliary polynomial's coefficients are the numbers in the
last nonvanishing row. In this auxiliary polynomial S will appear only
in even powers, the highest power being that of the S indicated at the
left of the last nonvanishing row.lm The roots of the equation formed
by equating the auxiliary polynomial to zero are all roots of the
orilginal characteristic equation. If there are any roots with zero real
parts they will be found among the roots of the auxiliary equation.as

The mudiliary equation for this system is:

A,5° + Ay = O,

421144,
“3gardner and parnes, op. eit., p. 200,
W1pid., pe 199.

%51bid.
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The roots of the auxiliary equation are then found to be a pair of con-

Jugate imaginary zeros shich are:
Ay

5=i,_] K'E .

Since S = jw, where w is the angular fraquency, the oscillation frequency
of this system is:
Lo [%

fg.-—-

2T Ao ’
The roots of the auxiliary equation can be shown to satisfy the

system characteristic equatlon, Uy the substitution:

s=3<%§)’f.

the characteristic equation becmmes:
53 32 4 g 2 R y2/2 o Mo (1/2 e

Ag 1/2

then-jABKZ..( A2A°+3A1(%g-)1/2+A0=0.

For this system the relationship A1A2 = AOA3 mast hold. Then the exprese

A
sion A‘l = AOT.zz can be substituted to gFlve:

i 2 W2 agr (R 4=,

The real and imaginary parts of the agquation both reduce to zasro showing
that tha zositive root of the auxiliary equation satisfies tlie character-
istic equation. By inspectlon, the negative root of the auxdliary
equation can be meen to satisfy the characteristic equation.

Routh's criterion will next be applied to a system having a fourth
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degree characteristic equation of the form:

4 3 2
Aa. +533 +Azs +A1E+Ao==0.

The coefficlents of the polynomial are written in an array of the form:

st | a, A, A,

3

L = Ay

Aok~ = A

2 | daky = Mby i

Ay 0
2

1 hohs

S A1 -
bohyehydy

50 A,

If Ays Aq, A2, A3. and Au all exist and are all positive, then the only

way that instability can occur is when:

2
A A
A1 e —Ll- < o' or
Aoy = MAy

2
A (Axhs = Aghy) = Aghy < o.
For sustained oscillation to oceur, the coefficients in one row of the
array must be zero with the result that:
r
The auxiliary equation can be found from the array to be:
A, = A
Rt 2, =
A
3
However, the equation giving the relationship for sustained oscillation

in this gystem can be arranged to glva:
Aphy = MA, Aghy
Aq

Ay
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Then the auxiliary equation can be reduced to the more simple form:

AOAB 2
‘I;- 8" 4+ ‘O = 0, or

A382 + A= 0.

The roots of thas auxiliary equation are then found to be a palr of cone

jugate imaginary zeros which are:

The roots of the auxiliary equation can be shown to satisfy the

system characteristic equation. ‘i the substitution:

A
s=j(1-‘-)‘/2.
3
the characteristic equation becomes:

h, Ay 4 A A A
w2 ) 12 4 133 T /2 4 52 2 P2 i ag =,

then
2
ALA A A A A
5 i A8 4™ 1 ,1/2
A32 VA Aq > v

The imaginary parts then go to zero which leaves:

2
A M o or
A3 Aj Ao '
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2 2
AbAl - AA A, + AOA

R | 3 = 0.

Ho¥Wever, for this system tha relationship A1 (AZAB - A1A‘+> = AOABZ must
hold for sustained oscillation to occur. This relationship can then be
substituted to give:

Mhy® = ghyhy + Ay(ghy = Agky) = O,
This equation, which represents the real part of the characteristic
equation, then goms to zero. Thus the positive root of the auxiliary
equation satisfims the characteristic equation. 3By inspection, the

negative root of this auxiliary equation can also be seen to satisfy the

characteristic equation.
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