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ABSTRACT 

has become anIdentification of livestock during their growth cycle 

important consideration in the economics of livestock production. 

and healthKnowledge of each animal's food intake, weight, environment, 

history can be very helpful in breeding and food production planning. 

these needs.Electronic identification methods are in use to accomplish 

The author considers those methods which utilize a passive transducer on 

The chosen methodthe animal so that a power supply is not required, 

via a third tunedwhich uses coupling induced between orthogonal coils 

circuit is developed by classical methods. An orthogonal coil system 

was constructed and its parameters were used to develop a computer 

simulation model. The system response was tested and compared to the 

computer predictions. The predictions were found to be within 10 percent 

of the measured response. The orthogonal-coil approach was found to be 

a valid method of livestock identification. 
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CHAPTER I 

INTRODUCTION 

of foodWith the ever increasing world population, optimization 

production methods is no longer a question of economy but a requirement 

for mankind's survival. The raw materials required for food production 

are in short supply and must be conserved, This can be achieved by 

minimizing the quantity of raw material needed to produce a given amount 

of foodstuff. In terms of farming, the crop yield per acre must be 

ofmaximized. The livestock industry must respond by selective breeding 

only those animals who exhibit the highest weight gain with respect to 

foodstuff consumed. 

Visual methods of livestock identification are basically unreliable.^ 

a viable solutionElectronic identification techniques appear to provide 

to the problem, With the availability of low cost small computer systems. 

and record dataan efficient processing system can be created to compile 

for almost a limitless number of stock animals. Scales are available to 

provide the information as to the amount of food consumed by each stock 

animal at feeding, and the animals themselves can be weighed at periodic 

The method of electronicintervals to determine their weight change. 

identification then becomes the only major obstacle to improving the 

for the1 
J. C. Hensly and Sanders Holm, "Electronic Management 

Livestock Industry," Los Alamos Scientific Laboratory Publications, 

LA-UR 76-1193, p. 1. 
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obstacle is theefficiency of the livestock industry. Overcoming this 

subject of this thesis. 

methods andChapter II considers several possible identification 

the theoreticalsolidifies the design approach. Chapter III presents 

analysis of this approach. Chapter IV completes the theoretical analysis 

Conclusions areand describes the experimental results of the method. 

made in Chapter V. 



CHAPTER II 

APPROACH POSSIBILITIES 

General Architecture 

Any electronic identification system requires at least two 

components: 

1. The identifying transducer 

of the2. The sensing unit that detects the presence and identity 

transducer. 

The complexities of the two units are interchangeable. A simple 

transducer would require a relatively elaborate sensor, where a complex 

A transducertransducer is much less restrictive on sensor intelligence. 

will be needed forwill be required for each stock animal and a sensor 

every feed bin. Since each feed bin will serve several animals, it 

becomes apparent that a cost effective approach would simplify the 

transducer and bear the resulting sensor complexity. 

Another important design requirement is that the transducer must 

not contain an internal power supply. The purpose of this restriction is 

obvious when considering the maintenance of transducers for large animal 

populations. A transducer of this type can be achieved using either of 

two possible approaches. One method is to incorporate only passive 

components in the transducer. These passive elements are detected by 

the way they alter a field, of magnetic, electric, or electromagnetic 

nature, which is produced by the sensor, The second method could again 

use an alteration in the interrogation field for detection; however. 

3 
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power can be absorbed from the field to operate active components within 

the transducer. These active components have the capability of altering 

therefore allows forthe interrogation beam in a more complex manner and 

a larger identification set. 

The physical parameters of the feedbins are also of importance and 

will vary greatly depending on the type of stock animal they are to 

serve. Basically there are three main components to the bin: 

1. The entrance, where the animal is identified. 

feed when2. A gating mechanism which prohibits access to the 

forrefilling the bin and waiting for the scale to stabilize 

recording. 

automatic3. Feed tray and scale including a screw conveyor for 

refilling at a preset scale reading. 

Several bins will be required to serve large populations. Assuming that 

it is desirable to minimize the total land used by the feed center, 

crosstalkcrosstalk between bins will be a problem. Considerable 

attenuation can be accomplished either by standard shielding techniques 

or by multiplexing methods. F.C.C. regulations must also be taken into 

account with respect to any field effects incorporated into the system. 

The interrogation beam must then be carefully tailored to provide maximum 

resolution without excessive radiation. 

extensive.The biological restrictions on the transducer are also 

The transducer must not interfere with the normal behavior of the stock 

animals, otherwise, detrimental effects to the animals eating habits 

A collarcould occur. Durability of the location is also important. 
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25.2 

type transducer would work relatively well with cattle, However, the 

probability is low that this collar could survive a reasonable period of 

time in use under the harsh environment associated with swine. Two 

be mounted andpossible external transducer locations for swine could ear 

to take thesnout mounted. The latter method requires the transducer 

shape of a ring that would normally be placed on the snout to prevent 

abrasive environment.rooting. This can be considered to be a particularly 

for theFor this reason, only passive transducers will be considered 

for the transducersnout mounting location. The environment conditions 

would be much better if located on the ear. Overall size and weight 

restrictions at this location are necessary to avoid a high loss rate. 

environment. They,In-vivo, transducers would be immune to the external 

than thehowever, have the drawback of even greater size restrictions 

ear mount, as well as requiring much more care in placing and maintaining. 

as a factor ofThere is also a power loss through the skin of as much 

The field strength of the interrogation beam is also a subject of 

concern. There has been much controversy recently as to the maximum 

field strength allowable without encountering detrimental biological 

effects. microwaveA power density of 0.05 mW/cm^ is considered safe for 

operation by the most conservative regulations.^ 

2r. E. Bobett, et al., "Passive Electronic Identification and 

Temperature Monitoring System," Los Alamos Scientific Laboratory Publica 
tion, LA-6812-PR, p. 10. 

^Ibid > p. 9.• 
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Another consideration that cannot be overlooked is that the casing 

transducer that comesof the transducer, or more properly any part of the 

into contact with the animal, must be made of material compatible with 

biological tissue it contacts, This can easily be achieved by coating the 

material.transducer with an epoxy coating composed of an acceptable 

to the transducerThis coating would also provide additional protection 

from the environment. Care must be taken in choosing an epoxy that will 

attenuation.pass the field to the transducer without any major 

International Livestock Code 

The International Livestock Brand Conference (ILEC) suggested a 

coding system capable of uniquely identifying any food producing animal 

in the world. Our coding does not require this entire identification 

field. It would be sufficient to use the "Animal" sub fields.(refer to 

Figure 2.1). 

9 999 999999 9999 9 

X XXX XXXXXX XXX X 

SPECIES STATE OF ORIGIN OWNER OF JIERD ANIMAL YEAR 

Figure 2.1. Suggested Animal Identification Code. 

Grid Dip Meter Approach 

for use asThere is a wide spectrum of possibilities available 

approach methods, One of the more classical of these approaches is the 

a resonant L—Cgrid dip meter method, which detects the presence of 
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insidecircuit. In short, this passive transducer oscillates when placed 

a field that is excited at a rate close to its resonance. The coding of 

of resonantidentity then can be accomplished by using a combination 

circuits whose discrete frequencies make a combination unique to the 

specific animal, For example, if we were to allow for eight possible 

frequencies in our identification band, and then require three separate 

we would be able tofrequencies to identify any particular animal then 

separately identify up to 56 animals. This decoding scheme shall be 

referred to as the 3 of 8 method. 

The actual detection is of particular interest, The most logical 

approach to the problem is to sweep the grid dip meter in frequency. 

This sounds simple enough, however, complex calibration procedures are 

the Grid diprequired to maintain reasonable sensitivity upon altering 

meter's detection frequency. Seven separate grid dip meters could be 

but additional effortused to eliminate the frequency shift requirements, 

The detectionwould then be needed to reduce crosstalk between meters. 

distance of the commercially available Grid dip meters does not appear to 

be sufficient for our needs, so a separate unit must be designed for 

use with this method. 

Orthogonal Coil Approach 

as theRetaining the basic transducer type and coding parameters 

Grid Dip Meter approach, an alternative detection method can be employed. 

Using two large diameter coils, as shown in Figure 2.2 an orthogonal 

between the coilsarrangement can be used to attenuate the mutual coupling 

to a low level. If a transducer consisting of another coil in parallel 
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with a capacitor, to produce resonant effects, is placed in proximity to 

between thethe orthogonal coils, a mutual inductance then exists 

transducer and the orthogonal coils. If the first orthogonal coil is 

and if the transducerexcited at the resonant frequency of the transducer, 

of mutualis placed in such a manner as to achieve an equal value 

is also induced ininductance to both orthogonal coils, then a current 

the second orthogonal coil at that frequency. In short, we would then 

coils if thebe creating a mutual coupling between the orthogonal 

transducer is present. If the transducer is not present, the mutual 

inductance is small and practically independent of the frequency of 

excitation. 

The orthogonal coil approach would then detect the presence and 

identity of the animal by either sweeping or stepping through a frequency 

on thespectrum corresponding to the possible transducer resonances 

in excitation offirst, or transmitter coil, while detecting increases 

the second, or receiving coil. The three of eight coding scheme would 

work satisfactorily with this method. 

A particular advantage of this approach is the ease in containing 

the interrogation field. The animal can be required to pass internally 

to the orthogonal coils for detection, The detection would then rely on 

the fieldthe close field effects of the orthogonal coils; therefore 

strength can be held relatively constant at the maximum permissible 

value in the interrogation area, Since the external field drops off 

feedbins can bewith the square of the coil diameter, crosstalk between 

Additionalreduced in part by thoughtful arrangement of feedbins. 

the sides of thecrosstalk attenuation can be achieved by shielding 
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to the front of theorthogonal coils, thus reducing the external field 

unit. In this way feed bins can be placed side by side without degrading 

of thethe sensitivity of the detectors. The physical arrangement 

to insure close toorthogonal coil in the entrance way can also be made 

coils and thereforeequal coupling from the transducer to both orthogonal 

maximize the detector's capabilities. 

Inductive Coupling of Power 

The previously discussed systems made use of completely passive 

within thetransducers. Allowing the presence of active devices 

formats. Thetransducer permits the use of several other detection 

use the closesimplest extention of our previous methods would again 

transducer.field effect of the transmitter coil to couple to the 

the receivedHowever, the transducer would now rectify and filter 

active devices.sinusoidal excitation to supply power to the internal 

the transducer'sOne possible coding scheme could then be to short out 

coil at a rate, pulse coded to identify the animal (refer to Figure 2.3). 

time that theThe power needed to run the active devices for the 

transducer's coil was shorted could be stored on a capacitor. This would, 

coil and thusof course, negate the need of sweeping the transmitter 

would thenresult in a much simpler transmitter design. The receiver 

wave if adetect a backscatter type of modulation on the carrier 

transducer is present. Otherwise, it would receive only the carrier wave. 

The possibility of false detection is greatly minimized by this technique. 

Due to the increased signal to noise ratio encountered in removing the 

can bemodulation from the carrier, greater problems in detection 
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expected, This would cause an increase in receiver complexity if good 

detection sensitivity is to be maintained. 

Frequency Limitations of Inductive Approaches 

coupling ofThe previous design methods have made use of the mutual 

Because of this, theinductors to achieve transducer identification. 

megahertz range.frequency of operation has an upper limit in the low 

This limitation occurs for a variety of reasons, One limiting factor 

occurs with the use of orthogonal coils, Due to the large physical size 

of these coils, orthogonal nulling is not totally independent of 

between
frequency, It is physically difficult to achieve right angles 

When the wavelength of the transmitted waveall points of both coils, 

form becomes coii5)arable to the length of those small portions of the 

the orthogonal coilscoils, which are not orthogonal, transmission between 

occurs without the presence of a transducer, Experimentally it has been 

few megahertz causesfound that transmitter frequencies in excess of a a 

The coils canlarge reduction of the nulling of the orthogonal coils, 

However, the basebe repositioned at higher frequencies to some extent, 

The lower limit oflevel of mutual inductance would no longer be small, 

the units would be in the audio range of the stock animals, since the 

feeding habits ofperception of the interrogation beam could alter the 

the animals, A safe lower limit on operating frequencies would then be 

in the order of 30kHz. The frequency band used by these previously 

allowing seven todiscussed methods would be approximately two decades, 

eight possible detector frequencies. 
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L.A.S.L.'s Approach 

Another approach possibility has been investigated by Los Alamos 

Scientific Laboratories. If the frequency of operation of the device was 

beam isincreased to the point that the wavelength of the interrogation 

comparable to the physical dimensions of the transducer, then dipole 

antennas can be used as the transmission element. The Los Alamos version 

works similarly to the active transducer approach discussed previously, 

transducer coil withexcept with the replacement of the physically large 

a dipole antenna; the incident radiation on the transducer is again 

transformed to power the active devices internal to the unit, and the 

detection is also achieved by detection of the backscatter produced by the 

The information content ofcoded shorting of the transducer's antenna. 

than the threethe backscatter technique is orders of magnitudes larger 

of eight coding method, Los Alamos labs expect to code the fifteen 

decimal digits of identification requested for the I.L.B.C. along with 

monolithic transducer.the animal's temperature in a subdermally implanted 

The expected frequency of operation of their device is in the range of 

400 MHz to IGHz. They have achieved a detection distance of approximately 

unitone meter using a less complex hybrid prototype, Since this was 

conceived for use with International Identification Code, it is much more 

elaborate than what would be required for a single farm livestock feeding 

record acquisition program. The planned large scale use of this method, 

however, may reduce the cost of this expensive system in the future, 

thus allowing its use for our purposes. 

concernsOther advantages of the Los Alamos version predominately 

transducer size. The subdermal implant technique, although requiring 
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more mode, has asophisticated attachment methods than the external 

harm itselfhigher level of durability since the animal must effectively 

before harming, the transducer. Also worth noting is the fact that if this 

monolithic transducer was attached externally to the animal, greater 

detection distances can be achieved. Disadvantages of this transducer 

type is basically involved with the transmitter, Due to the high 

frequencies involved, the transmitter will be a good deal more expensive 

than the previously discussed versions. For this reason the separate 

transmitters for each feedbin appears impractical. Using a single 

since Los Alamostransmitter for all of the bins also appears difficult 

safe transmissionis already using what they consider to be the maximum 

level to achieve their one meter detection distance. 

Frequency Multiplication Method 

Increasing the resolution distance of the dipole antenna approach so 

as to allow a single transmitter for the entire feed area is definitely 

This could bedesirable if this approach is to be made cost effective. 

achieved by several means. Since the problem is a result of the receiver 

obviousrequirement of modulating the incoming carrier frequency, 

advantages would result if we could receive a separate frequency from 

that of the transmitter so that the high level of field strength of the 

transmitter did not affect the receiver. The simplest method of frequency 

of the incidentshifting in the transducer would be the rectification 

the carrierradiation and thus allowing the retransmission at twice 

frequency. Although in theory the frequency multiplication is easily 

of the circuit isachieved with high-speed diodes, the physical layout 
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very critical, This is because small values of stray capacitance would 

the level ofcause low-pass filtering of the rectified wave reducing 

excitation used for retransmission. Another drawback of this method is 

be of thethat the transmitter which previously could be allowed to free 

running type, would now require either phase lock loop techniques or 

harmonicextensive filtering to achieve the low levels of second 

transmission needed for this approach, This would definitely increase 

The receiver for thisthe cost of an already expensive transmitter, 

scheme andapproach does not require the sensitivity of the previous 

therefore should be less expensive, Due to the complexity of the 

as well.transducer, added expense can be expected in its production 

Since we only desire a single transmitter,the added cost of its production 

The low-cost receiver increases thisis not considered inhibitory. 

system's feasibility as well. The primary degrading factor of this 

approach then becomes the cost of the transducer. 

Frequency-Division Method 

than theIf the retransmitted signal was at a lower frequency 

original transmission, the added transmitter complexity of the previous 

transmissionapproach could be avoided. Complete isolation of the 

frequency could be achieved if the transducer contained a separate 

transmitter which only relied on the original transmission for its power. 

The largest single problem with this technique is the requirement of a 

of thehigh-frequency time base on the transducer. The intensity 

than theretransmission would also be expected to be much smaller 

duerectification technique previously discussed. Moreover, to the 
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frequency down shift, the receiver would have less difficulty detecting 

the transducer. This method would reduce the cost of the transmitter of 

of increasedthe frequency-multiplying method with the added stipulation 

transducer complexity. 

ofOne possible extention of the above scheme is the addition 

frequency-division techniques to the transducer, High-speed division 

transmission to acircuitry would then be used to reduce the original 

Here we see a basic trade-off. The original transmissionlower frequency, 

size. Thefrequency must be high to minimize the dipole antenna 

retransmission also must observe this criteria. The trade-off occurs 

division.when considering the electronics required for the frequency 

exists with thisIt has long been realized that a speed-power trade-off 

circuitry.^ The faster the division circuitry must operate, the higher 

levels of power must be consumed. To achieve maximum power transfer to 

the transducer, the transmitter frequency must be kept high, It is. 

at this time duetherefore, very doubtful that this method is achievable 

to this trade-off. It should be noted, however, that state of the art 

improvements in the speed-power ratio could allow this to be a legitimate 

design alternative. It is doubtful, in view of past rates of improvement 

occur within ain this area, that this technological advancement would 

reasonable time frame with respect to this project. 

UTK.J. Kennedy, class notes on linear active devices (EE5510) 

r 
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Design Decision 

a decisionWith the knowledge of the various approach possibilities 

the formats. Themust now be made to determine the most practical of 

Grid Dip Meter approach does not appear to be easily adaptable to our 

for shiftingneeds due to the complexity of the nulling required 

deservingfrequencies. The orthogonal-coil approach shows promise, and is 

of additional investigation. Coupling of power for active devices via 

mutual inductance suffers from several drawbacks. Primarily the use of 

transducer causesinductors in connection with active devices in the 

for our purposes.physical size problems which makes this format unusable 

The Los Alamos version using backscatter techniques has been proven 

We must, however.to be a practical method of livestock identification, 

determine if this method is the most cost effective of our design 

considerations. The adaptions previously discussed to the Los Alamos 

the transducerversion appear possible for the most part, but require 

Sincedesign to be at or beyond present state of the art techniques, 

state-of-the-art designs tend to be expensive, it would not appear that 

these methods are practical for our present needs. 

The remaining design options would then be the orthogonal-coil 

Due to the radicalapproach and the Los Alamos backscatter technique, 

attributes isdifferences in these approaches, comparison of their 

difficult. The orthogonal coil approach uses an extremely simple 

transducer, composed only of set of three inductors and their frequency 

determining capacitors. The simplicity, however, does not completely 

This would not beovershadow the large physical size of the transducer. 
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locationa major problem when used with cattle since the around-the-neck 

can be used, but use with swine can be more difficult. The through-the-

of the transducer.nose mounting is possible due to the high durability 

The size reduction required for mounting this transducer on the ear may 

cause sensitivity problems at the receiver. 

The size of the transducer of the Los Alamos version has definite 

advantages over the orthogonal coil model. Subdermal implants are 

is the mostpossible but not necessary for our purposes. Ear mounting 

suitable location due to the increased resolution over the in-vivo method. 

This unit is a great deal more susceptible to environmental damage than 

the purely passive version, For this reason packaging of the unit should 

be considered critical, Attachment of the active transducer to the ear 

Howevershould be relatively simple due to its small size and weight, 

antenna orientation is important for maximum coupling capabilities. This 

antenna due towill prove most important with respect to the receiving 

the small signal levels involved, An array of receiving antennas could 

receiverbe used to minimize this problem at the cost of increased 

of thecomplexity, The receiver would then be required to determine which 

antennas had the highest signal strength. Scanning techniques could be 

the possible solution to this particular problem. 

The interrogation fields of the two methods differ greatly. The 

beam of radiantLos Alamos model requires an intense high-frequency 

The transmitter for this unit,energy to provide power to the transducer, 

as previously stated, can be expected to be relatively expensive, The 

physical layout of bins is critical if a single transmitter with multiple 
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This will cause a limitation on the numberreceivers format is planned. 

of bins available in each feed center. Apparently a rotating transmitter 

base will be required to orientate the beam to the proper feed bin causing 

a time lag in interrogation of each bin as the transmitter sequences 

through the feed center, Separate transmitters would solve the delay 

problem. However, the additional cost can be considered prohibitive. 

beam willMaximum safe field-strength levels of the interrogation 

maximum number of feeddefinitely be a limiting factor in determining the 

bins served by a single transmitter. Ten units can be considered a very 

liberal estimate of the maximum serviceable units. 

much less criticalThe interrogation field of the orthogonal coils is 

than that of the Los Alamos version. Containment of the field, as 

ease, Transmitter-previously stated, can be accomplished with relative 

transducer-receiver orientation can be predetermined when using the 

bin entrance. Thesnout-mount transducer and proper structuring of the 

limitedavailable band width of the identification system is to 

approximately an eight octave spread. This in turn limits the quantity 

of data set members. With the multiplexing technique capacitors can be 

coildigitally selected causing resonant effect of the transmission 

circuit at the transmission frequency. This would result in a significant 

cost advantage over the transmitter required for the Los Alamos approach. 

CodeAlthough the suggested National Livestock Identification 

the four decimalcontains fifteen decimal digits of information, only 

the feed center.digit "animal" field of the code require decoding at 

The orthogonal coil transducer would allow partial coding of the field 



20 

Since thewhere as the Los Alamos approach allows its full use. 

full N.L.I.C.transducers of the Los Alamos method will be mass produced, 

numbers can be used when mixing herds at times of sale. The orthogonal 

and receivingcoil approach allows simultaneous tuning of transmission 

coils; reasonable receiver sensitivity should be possible using relatively 

Transducer size should be maximized for the bestinexpensive components, 

receiver sensitivity, This, of course, contradicts the previous 

mounting purposes.requirement that the transducer size be minimized for 

restriction of thisThis trade-off appears to be the fundamental design 

itsmethod. The Los Alamos version's sensitivity appears to have 

fundamental restriction concerning maximum radiation levels; this is 

each transmitterparticularly troublesome as the number of bins served by 

becomes large. 

the cost of theThe single most important design restriction is that 

entire system must be kept to a minimum while retaining a high identifica-

tion reliability and low maintenance requirements, Assuming the use of 

and receivercommercial available I.C. amplifiers for the transmitter 

method will beof the orthogonal coils approach, the cost of this 

The effectiveness ofdominated by the construction cost of the bins, 

influenced by the costusing the Los Alamos method for our needs would be 

of the high-frequency transmitter. 

allows forThe low per-unit-cost of the transducers of both methods 

This is offset in the Los Alamos approachsizeable animal populations, 

by the transmitter cost per bin. The orthogonal coils methods requires 

must be less thanthat the total population accessing a given feed center 
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36 animals. Larger populations must be grouped into subsets containing 

less than this maximum number. This will result in inefficient land 

utilization and added costs for separate housing, etc. For populations 

less than the maximum identification set size stated above, the orthogonal 

coils approach has definite cost advantages, With proper land usage. 

a factor of two to threethis cost advantage could possibly be retained for 

center couldtimes the maximum set size. For example, a single feed 

simultaneous accessserve two populations provided they did not require 

to the center. The group could be identified by using gates to allow 

entrance to the center by only one population at a time. Which gate is 

bit in theopen can be electronically noted and stored as an additional 

decoded identification field. 

If the system is needed for use with very large animal populations, 

the orthogonal coil method does not appear to be the most effective of 

the two approaches. The Los Alamos method would not require the 

additional segregation outlined above, unless the total population size 

of a single species exceeded 9,999. Needless to say, it is very 

be desired. Aimprobable that larger population sizes than this will 

single feed center would then be all that is needed to serve a very 

feed-centerlarge population as opposed to multiple or multiplexed 

requirements of the orthogonal-coil approach to the same population size. 

In summary both the use of orthogonal coils and a purely passive 

transducer as well as the Los Almos backscatter technique using mass 

methods of animalproduced monolithic transducers, appear to be valid 

identification at feeding. Table I gives a comparison of the two 

approaches. The orthogonal coil approach proves the most effective 
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TABLE I 

COMPARISON OF TWO APPROACHES 

Los Alamos Version Ten 
Orthogonal Coils Bins/Transmitter 

Transmitter Very Low, assuming use of Relatively High 
Cost/Bin commercially available I.C. 

Identifica Estimated less than one Relatively slow due to 
tion Speed sec. for verified I.D. rotation requirements of 

transmitter 

Receiver Low, using OP-Amps Slightly high but allows 
Cost for a larger I.D. field 

Possible Snout Subdermal (at higher 
Transducer cost) 
Locations Ear Ear 

Neck (Collar for cattle Neck (collar for cattle 
only) only) 

Transducer Low passive components Low, mass produced 
Cost/Unit 

System Cost Low Relatively high due to 
transmitter cost 
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causes thisfor smaller animal populations while larger populations 

advantage to go to the Los Alamos method. For all population sizes, 

the transducers used for both methods meet our requirement of cost. 

durability and size, It should also be noted that several groups are 

for commercialpresently developing systems of the Los Alamos approach 

use. It would appear desirable as well as potentially profitable to 

and medium scaledevelop the orthogonal coil approach to allow the small 

livestock raiser an economical means of livestock identification at 

It is the intention of the writer to determine the workingfeeding, 

focusing on theparameters of the orthogonal coil approach with specific 

for accuratetransmitter, transducer, receiver coordination required 

identification. 



CHAPTER III 

THEORETICAL ANALYSIS OF THE ORTHOGONAL COIL APPROACH 

transmitter isIn this chapter the magnetic field intensity of the 

From this the mutual inductance offound for any point within the coil, 

the orthogonal coils and transducer system is theoretically developed. 

also discussed.Resonance, stray capacitance and orthogonal nulling are 

Magnetic Field Intensity 

The differential magnetic field intensity, dH for differential current 

element IdL can be determined from the Biot-Savart Law (refer to Fig. 3.1). 

dL ^12 

Pa 
if 12 

IdL.Figure 3.1. Magnetic Field Intensity at P2 from Current Element 

I^dL X aj^ 
3.1dH2 = 2

4 n R
12 

or 

IdL X a
R 

H = 3.2 

4 n R^ 

to bothThe cross product of the integral causes H to be orthogonal 

the current element IdL and its projection to the point of interest. 

24 
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Where R is the magnitude of the distance between the point^12 ^R- 12 

1 and 2, and a is a unit vector denoting the direction from to P2.
R 

If the filamentary wire was made to conform to the Z axis, the direction 

of the magnetic field would be the 0 direction. Thus for this filamentary 

wire 

3.3 

axis does not alterfor an infinitely long wire, the location on the Z 

the field.^ This is not the case for a finite length wire. 

Derivation of the Magnetic Field 
Intensity for a Square Loop 

The magnetic field intensity for a finite length wire placed along 

the z axis will still retain the 0 direction. However, its magnitude 

ends, The magnitudewill vary with the proximity of the test point to the 

of each currentof H can be found by superposition of the contributions 

element, IdL of the wire, The minimum radial distance of a current 

The radial distanceelement IdLj^, is orthogonal to the filimentary wire, 

The magnitudeof the other current elements IdLj^ is shown in Figure 3.2. 

of H is now:^ 

I h + Z h - Z 3.4 

1^1 = = 4np /p2 + (h + z)^ * /p2 + (h - z)2^ 

^W. H. Hayt, Engineering Electromagnetics (3rd ed.; New York: 

McGraw-Hill, 1974), p. 236. 

^H. Neff, class notes on electro-magnetic fields, UTK. 
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W h-z. h+z 
■H 

\ 

' -P2'-^ (h*z)^ 
\. 

/ 

X, 

f \, 
\ 

Z 
>« 

Z h 3l! 
K 

Figure 3.2. The Case of a Finite Length Wire. 
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The X and y components of this field are then: 

3.5sin ^Hx = 

cos 0 = Hjj ^ 3.6 

with current I.Our application is a rectangular coil of N turns each 

turns of aFor simplicity we can approximate this coil as N coincident 

2h. We can nowsquare coil of filamentary wire having sides of length 

to determineuse the above result with the principle of superposition 

the magnitude and direction of the Magnetic field intensity at any point 

in space (refer to Figure 3.3). 

A Z 

C-h,-h,0) (-h,h,0) 

z 

. .H 

y 
Y 

\ 2 
r 

'■ I /
X 

(h,-h,0) {h,h,0) 
X 

Figure 3.3. Magnetic Field for a Square Loop. 

Placing the loop in the Z = 0 plane centered at the origin we can find 

the portion of the magnetic field induced by leg (refer to Figure 3.4). 

Using equation 3.4 we have: 
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xl 
H the x direction= The coraponant of the magnetic field intensity in 

caused by leg (?) 

(3.7) 

I Z h + Y 

4n/z^ + (h - x).2^ + (h - x)2j + (h - x)^ + (h + y)^ 
+ 

h - Y 
+ 

/z^ + (h - x)^ + (h - y)^ 

Also 

h -
H = H (3.8)zl xl 

z 

% ‘ZHzl 

«xl z 
,1 

' I 
/ 

I 

Iy’ y z^+ (h-x) / 
I 

I/ 

/ 

x»-0 
h-x ,,x 

h M 

Figure 3.4. H Contribution from leg (?). 

x termsFor leg (2) the relationships remain the same but all are 

interchanged with y terms so 

1 Z h-x
H
y2 " _4n/(z2 + (h - y)2j + (h - y)^J L/z2 + (h - y)2 + (h - x)2 

h + X 
+ (3.9) 

/z2 + (h - y)2 + (h + x)2j 
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And 

(3.10)= V 

The components of the magnetic field due to current leg (T) and leg 

are slightly different from leg 1 and leg 2 due to the test point 

position with respect to the origin (refer to Figure 3.5). Now for leg (s) 

I z h - y 
Hx3 = 

4n/z^ + (h + x)^J L + (h + x)^J /z^ + (h + x)4 + (h - y)^ 

+ h + y 

/z^ + (h + x)4 + (h + y)^J , (3.11) 

and 

- H fh + XH (3.12)z3 - Hx3 t— ]. 

Z 
Hz 

z 

^f=Jz^+(h-xf 

4. 

X 
-h 

h+x 
K 

Figure 3.5. H Contribution from Leg Q. 

Similar for 

I z h + x
H 
y4 4n/z^ + (h + y)^J z2 + (h + y)2j \./z^ + (h + y)2 + (h + x)^ 

h - x 
+ (3.13) 

/z^ + (h + y)^ + (h - x)^J , 
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and 

= H (3.14)H 
z4 y4 

coil isThe magnetic field intensity at any point inside the 

/s/N 

H = (3.15)Hjj^i + Hyj + H^k 

where 

I z h + y 
(3.16)Hx = 

4n J _z^ + (h - x)^ [ /z^ + (h - x)^ + (h + y)^ 

z 
+ 

h - y 

/z-^ + Ch - x)^ + (h - y)2. z2 + (h + x)2 

h + y + 
h - y 

/z-^ + (h + x)^ + (h + y)2 /z^ + (h + x)^ + (h - y)2J . 

z h + XI
H (3.17) 
y " 

4n z2 + (h - y)2 _/z2 + (h + x)'^ + (h - y)^ 

h - X z 
+ 

/z2 + (h - x)2 + (h - y)2. z^ + (h + y)2 

h - Xh + X 
+ 

/z^ + (h + x)^ + (h + y)2 /z^ + (h - x)2 + (h + y)2 J 

I h - X h ■»• y (3.18)
Hz = 

4n _ z^ + (h - x)^ /z^ + (h - x)2 + (h + y)^ 

+ 
h - y + h -.X 

/z'^ + (h - x)2 + (h - y)^. z2 + (h - y)2 

h + X h - X 
+ 

/z2 + (h + x)2 + (h - y)2 /z^ + (h - x)^ + (h - y)^ 
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h + X h + y 
+ 

z2 + (h + x)2 /z^ + (h + x)^ + (h + y)^ 

h - y + 
h + y 

+ 

/z^ + Ch + x)^ + (h - y)^ z^ + (h + y)^ 

h + X h - X 
+ 

x)^ (h y)^ /z^ + ( h - x)^ + (h + y)^j ,+ (h + + + . 
Now we have a full description of the magnetic field intensity 

To determine theinduced by a single filamentry coil of square geometry. 

intensity for N loops we can by superposition multiply this H by the 

scaler, N. To determine more of the nature of the field, it is 

For theadvantageous to evaluate H for certain planes of interest. 

X = 0 plane. 

C3.19)Hx = 0 

For the y = 0 plane, 

H = 0 (3.20) 
y 

axisfrom this we see that for any point lying on the z 

As. 

(3.21)H = H^k 

h 2h 
/s 

H (4) k (3.22)= H,k
/N 

= 
I 

z axis 4n z2 . J 

/N 

I 2 h2 
k . 

n 
/(z2 + h-^)^ (z^ + 2h^) 
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For the origin 

U I 2h^ ^ k (3.23)= H^k = origin n h/2h^ 

for N turns 

= ^ N IH . . (3.24) 
origin n h 

Proof of Orthogonal Nulling 

wouldReturning to the calculation of H
A for the x = 0 plane we 

like to determine the coupling of this coil to a similar coil placed in 

the X = 0 plane. The magnetic flux density of the field is defined as 

B = PoH , (3.25) 

Where, po = permeability of free space 

= 4n X 10"^ H/m . (3.26) 

over a surfaceThe magnetic flux, $ is the integral of the flux density 

$ B • ds (3.27) 

theThe amount of flux linkage between the two coils determines 

amount of coupling for the x = 0 plane. 

h h/
$ = • ds = (3.28) 

-h -h ^s ’ 

"h A p. H dxdy 
x=o 

0. 

-h J-h X 
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See Figure 3.6.Therefore no coupling occurs between orthogonal coils! 

COIL 1 

X^O PLANE 

COIL 2 

Figure 3.6. Orthogonal Nulling. 

Flux Density for an Arbitrary Surface 
at the Origin 

between theWe are now ready to determine the theoretical coupling 

We will model the transducer astransmitting coil and the transducer, 

a planer filamentary loop of radius If rj < < h, then we can 

across the surfaceassume that the magnetic field intensity is constant 

defined by the filamentary loop. We now define a vector quantity S 

whose magnitude is surface area 

(3.29)|S| = . 

and whose orientation is the normal of the surface originating at the 

center of the surface. If we place the center of the transducer loop at 

isthe center of the square loop the magnetic flux density 

/2 N I r' 
B = UoH = yo -TTT- k. (3.30) 

origin origin n h 

See Figure 3.7. 
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Y 

y 
>x 

Figure 3.7. Surface Vector Defined. 

The flux passing through the surface is^ 

/2 N I C /2 N I
$ = k*ds = s ^0 n h n h 

If we let 

/s /N 

5=5^1+ Syj + S^k , 
and therefore 

/N 
/S 

dS = dSj^i + dSyj + dS^k 

s 

/\ 

k-ds (3.31) 

(3.32) 

Now 

$ = 

= y 
° 

/2 N I 
n h 

-^UU: 
n h 

^ 

3 

/N 

k. dSj^i 

= % 

/S 

+ dSyj + ds^k, 

^ S 
z-

n h 

(3.33) 

^W. H. Hayt, p. 260. 
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Stray Capacitance of a Large Coil 

stray capacitanceAnother important consideration of the coil is the 

associated with these N turns of closely spaced wire. The capacitance 

per unit length of two wires separated by a distance, 2d having radius a 

8 
can be found from the formula. 

n e 
C/Unit length = (3.34) 

-1
cosh (d/a) 

distanceIf these conductors are placed so that they are touching, the 

between them 2d, is equal to twice the radius a and the equation 3.28 

reduces to 

n e 
C/Unit length = 00 

cosh'^j^ 

unless accurateOur approximation shows the capacitance to be infinite 

is made. Theseevaluation including the thickness of the insulation 

values are very critical so numerical calculations by this method will not 

be attempted. A more fundamental equation for two infinitely long 

parallel conductors relates the inductance and capacitance per unit 

q 
length as 

2 
LC = ye Henry-Farad/m . (3.35) 

8 
N. N. Rao, Basic Electromagnetics with Applications (Englewood 

Cliffs, N.J.: Prentice-Hall, 1972) p. 382. 

^Ibid., p. 381. 
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Since the resonance of the circuit occurs at 

1 
(3.36)fo = 

2n/LC 

we note that decreasing the total inductance and capacitance by 

decreasing the total length of the coil increases the square of the 

frequency of resonance, In short, the frequency of resonance, fg, due to 

the stray capacitance is inversely proportional to the length (which is 

directly proportional to the number of turns, N). 

K 4 (3.37)^0 “ 
n2 

inductors, weSince we are interested in the fields produced by the 

at resonance thewould like to work where the coil is mostly inductive; 

See Figure 3.8.capacitive and inductive components are equal. 

INDUCTIVE CAPACITIVt 

REGION REGION 

I 

I 

P' 
>

0 

log f 

Figure 3.8. Inductive and Capacitive Regions of a Resonant Circuit. 



37 

The impedance of the coil at frequencies below resonance is mostly 

high asinductive. We then desire to have f^ due to stray capacitance as 

possible to allow the largest possible bandwidth. If operation at 

added to tune the coil.resonance is desired, additional capacitance can be 

To determine the number of turns required for fg to be greater than the 

coil of the desiredmaximum operating frequency, we need only make a test 

physical size with an arbitrary number of turns, fg can then be measured 

and used in equation 3.37 to find K. Using the desired value of fg with 

this K, the proper number of turns can be calculated. 

Determination of Mutual Inductance 

transducerThe mutual inductance, M, between the transmitter and 

.10coils is defined as: 

N.<I>Flux linkages in second coil 2 12
M = Produced by the current in the first coil = (3.38) 

Current in the first coil 

N $Flux linkages in the first coil 21 
= Produced by the current in the second coil = 

Current in the second coil 

first coil is foundThe flux linkages in the second coil produced by the 

The number of turns of the second coil effectivelyfrom Equation 3.38. 

inductance atmultiplies this flux linkage value resulting in a mutual 

the center of the large coil as 

^°F. E. Terman, Electronic and Radio Engineering (4th ed.; New York: 

McGraw-Hill, 1955) p. 19. 
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<^2 h S, /Z Nj Nj 
M = s 

z • 
(3.39)

h h 

axis.Where Sj, is the transducer area as view from the z 

If the transducer is oriented totally in the z = 0 plane then 

= nr.^ (3.40)Sz d 

z = 0 plane 

Now: 

/2 N2 
M n r 2 (3.41) 
max = ^o 

h 
d 

x,y,z = 0 

the transducerBy symmetry we find for equal coupling to exist between 

should be 45“and both the orthagonal coils the transducer orientation 

from the z = 0 plane. 

So 

Ni N2 
M = y (3.42)
45“ o nh 

x,y,z = 0 

first weSince ^21 since the third coil is identical to the 
can assume 

M (3.43)12 = ^21 = M23 = M32 • 

Resonance Considerations 

The transducer coil can be modeled as a solenoid of radius r, 

length b N The inductance of the coil can be calculated fromand turns. 
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the formula^^ 

r2 n2
L,(Mh) = (3.44) 

9r + 10b ' 

where r and b are measured in inches. The principle causes of energy 

12
loss in air core coils are stated to be 

1. Skin effect of the conductor, 

2. Proximity effect resulting from the closeness of turns, 

3. Dielectric losses due to stray capacitances, 

surfaces.4. Eddy current losses associated with nearby metal 

is confined toAt high frequencies most of the current in a conductor 

the region close to the surface. Skin depth is defined to be the depth 

of the conductor where the current density has dropped to 36.8 percent 

of its surface value. 
13 

The skin effect increases the value of resistance seen by the 

This in turn increasescircuit at the particular operating frequency, 

the energy loss of the coil, To reduce the energy loss due to skin 

effect, multi-stranded wire is desirable. 

in the coil wireThe proximity effect is due to uneven current flow 

due to the magnetic field of the adjacent turns. This can also be 

reduced by use of stranded wire. 

l^D. DeMaw, The Radio Amateur's Handbook (48th ed.; Newington, Conn.: 

American Radio Relay League, 1971. 

12 
F. E. Terman, p. 30. 

13 
Ibid., p. 23. 
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The transmitter coil need not be tuned provided the frequency of 

coil due to strayoperation is less than the resonant frequency of the 

capacitances, The transducer and receiving coils, however, must be 

tuned and therefore the bandwidth of the tuned circuits must be determined 

The resonantto properly separate the identification frequencies, 

formulafrequency, fo, of a tuned circuit can be found by the 

1 
(3.45)fo = 

2J[ /LC 

The capacitance is then chosen to tune the coil to the proper frequency. 

resistance of theThe series resistance of the inductor and the parallel 

capacitance cause energy loss in the circuit, For simplicity the 

resistance shunting the capacitance will be (see Figure 3.9) 

Rl 

L 
c 

Figure 3.9. Model for Resonant Circuit. 

14 
asignored. The quality factor Q of the tuned circuit is defined 

reactance of the capacitor or inductor in ohms (3.46)
Q = 

Series Resistance in ohms (measured) 

then a convenientSince the circuit shows its maximum impedance at fo> 

circuit attenuatesmeasure of bandwidth is the frequency band where the 

14 
D. DeMaw, p. 43. 
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its response by 3db o£ this maximum value. The bandwidth .can be 

determined from the 15
formula (See Figure 3.10.) 

Bandwidth 
-3db = fo/Q (3.47) 

f 

Pf.nd'A'l&th 

Figure 3.10. Bandwidth of a Resonant Circuit. 

Directional Stray Coupling 

coils to beAlthough we have considered the transmitter and receiver 

perfectly orthogonal, this is difficult to achieve and some stray 

coupling is likely to occur. This stray coupling is inherently 

directional and will cause a phase shift at the receiver depending on 

this stray coupling. 

the directionFigure 3.11A shows the ideal orthogonal coils noting 

of the transmitter H field. Figure 3.11B shows a shift in the receiver 

receiver.coil causing a directional stray coupling with the Figure 3.11C 

DeMaw, p. 44. 
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(Bj (C)(A) 

R 

Ht 

/ 

Orthogonal, Non-orthogonal, Non-orthogonal, 

coupling couolingno coupling 

(E) (F)(D) H. 
TH 

IransGUCcrTransducerModal inducing 

stray stray attenuating straydirectional increasing 

couoling couolingcouoling 

Figure 3.11. Directional Coupling of the Orthogonal Coils. 
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shows a shift to the opposite side causing the stray coupling to be in 

the opposite direction. 

two methodsIf we assume a stray coupling as shown in Figure 3.11D, 

the transducerof coupling with the transducer are possible. Allowing 

to enter the field in the direction shown in Figure 3.HE, the transducer 

a direction thatwill mutual couple the transmitter and receiver in 

cause an increaseenhances the stray coupling and therefore immediately 

in current in the receiver coil. If the transducer enters as shown in 

Figure 3.11F,the transducer coupling will be in the opposite direction of 

fieldthe stray, This will have the effect of cancelling out the stray 

coil. Theand reduce the total H field passing through the receiver 

current in the receiver coil would then decrease until the stray field 

fieldhad been totally cancelled out, after which any additional 

Since thecreated by the transducer would increase the current. 

of the coilstransducer orientation is predetermined, the orthogonality 

is in the direction ofshould then be adjusted so that any stray coupling 

the transducer coupling, thus allowing immediate identification. 



CHAPTER IV 

CIRCUIT ANALYSIS AND EXPERIMENTAL MEASUREMENTS 

for theIn this chapter a circuit model for the system is derived 

resonant condition. PCAP analysis of the circuit is formatted. Physical 

Measurements arelimitations on the orthogonal coils are discussed. 

The mutual inductance ofmade of the circuit elements of the system. 

the transmitter-transducer system is found experimentally and compared to 

the theoretical value. Stray coupling of transmitter to receiver is 

added to the PCAP model. Measured system response is compared to PCAP 

predictions, The entry of a transducer into the field of the orthogonal 

coils is simulated, and the frequency resolution of the system is 

considered. 

Circuit Analysis 

we are now inUsing the theoretical analysis of the previous chapter 

a position to develop a circuit model of the transmitter-transducer-

the theoreticalreceiver system. Due to the complexities involved in 

values of thedetermination of these circuit parameters, the analytical 

to the measuredcomponents of the system will be immediately compared 

values. The system's transfer function will be evaluated using the 

the transfermeasured values. Using this approach the accuracy of 

function should be improved. 

When coils are mutually coupled, the impedance of the secondary 

coil circuit is reflected back to the primary circuit. Using the 

44 
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circuit model diagrammed in Figure 4.1A, the impedance of the secondary 

4.IB. Theis viewed via the primary circuit as shown in Figure 

of the primary andinductors Lp and Lg represent the mutual inductances 

secondary circuits respectively. Similarly the impedances, Zp and Zg 

represent the impedances of the primary and secondary circuits. A voltage 

rate of wgenerator, Ep, excites the primary circuit at a sinusoidal 
radians per second. This excitation causes a primary current. Ip, to 

aThe mutual coupling, M, of the two inductors causesflow through Lp. 

secondary current, Ig, to flow through Lg. This Ig produces a voltage. 

Eg to appear across Zg. The two mesh equations of the circuit are 
16 

(4.1)Ep = IpZp + jwMI s> 

Is^S • (4.2)Es = -jwMIp = 

The secondary current can be described in terms of the primary current 

using Equation 4.2. 

jwMIp 
(4.3)Is = 

Using this result in equation 4.1 we have 

^P ~ 
^ (U)I^ (4.4) 

2s ■ 

Z of theFrom this result we note that the reflected impedance, r» 

circuit issecondary circuit to the primary circuit to the primary 

16 
F. E. Terman, p. 28. 
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Zp 

Lp 

M 

-^s 
(A) 

Ip Is 

V 
■ P 

Ip 

Zr 
(B) 

Figure 4.1. (A) 

(B) 

Basic Transmitter-Transducer Model 

Reflected Impedance Model 
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C4.5)Zr = (a)M)2/Zs . 

can now be calculatedThe currents of the primary and secondary circuits 

as 

s » (4.6)Ip = Ep/(Zp + CwM)2/Z 

(4.7)Is = ("j MEp) /ZpZg + (a)M)2). 

4.2 to determineThis value of primary current can be used in equation 

the ratio of primary to secondary voltage. 

(4.8)Ep/Es = (ZpZg + (a)M)2/(-ja)MZs). 

= j((Zp/wM) + (aiM/Zs)). 

below its resonanceIf the primary circuit is driven at a frequency well 

the reactance of the primary circuit is mostly inductive (due to the 

physical inductance of the primary, L^), Ignoring the stray capacitance 

circuit can beand its shunt resistance, the impedance of the primary 

represented as 

(4.9)Zp = Rp + jcoLa, 

physical inductancewhere Rp is the series resistance associated with the 

La. If the secondary is tuned to the operating frequency of the generator. 

the capacitance of the secondary circuit cannot be ignored, We will, for 

ease in computation, neglect the shunt resistance of this capacitance. 

The impedance of the secondary circuit can then be represented as 

(4.10)Zg = Rg + j (ojL^ - I/coCg), 
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where is the series resistance of the physical secondary inductance, 

The reflectedL^, and Cg is the capacitance across the inductor, 

impedance to the primary circuit will then be 

(4.11)Zj. = CwM)2 / R3 + j(wLb - I/wCg). 

inductive reactanceAt resonance the capacitive reactance is equal to the 

so the imaginary component of the secondary is zero, causing a purely 

resistive reflected impedance. 

(4.12)Zj. (at resonance) = (wM)^/R5-

PCAP Programming 

valid,Regretfully, the assumption of resonance is not always 

transducers.particularly when considering mass production of these 

due to environmentalOther sources of deviation from pure resonance occur 

considerations and aging of the capacitor. Reflected impedance of the 

receiver affects these impedances as well. In addition to the expected 

reflected impedance from receiver to transducer, stray coupling to the 

For thistransmitter circuit allows additional impedance reflection. 

function is notreason a resonance solution to the system transfer 

considered adequate for our needs, Due to the number of parameters 

allowed to vary in this system, a computer-aided solution to the problem 

appears applicable, The Princeton Circuit Analysis Program (PCAP) 

solves problems in circuit analysis by matrix techniques, thus providing 

maximum attainable accuracy for the solution. Using the experimental 

to the transmitter.voltage induced in the receiver due to stray coupling 
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the amount of stray coupling can be added to the model resulting in better 

correlation of theoretical and measured values. 

be drawn in itsTo allow for PCAP programming, the circuit must first 

All of the nodes and branchesfundamental form as shown in Figure 4.2. 

now must be numbered consecutively. The current generator does not require 

a number and is located by its characteristic resistance, The AC analysis 

be referenced fromsubprogram will be used so all circuit elements must 

the AC ground node. Node 0. To symbolize the transducer's floating 

nature, a resistor isolating it from ground is included in our diagram. 

This resistor, however, is not necessary since no AC signals can pass 

resistance valuethrough the ground node. For this reason the programmed 

numbers. From thisis small. The mutual inductances are also assigned 

written (see Figure 4.3).diagram the data statements for the program can be 

and referencedThe circuit elements are then listed by branch number 

to their respective nodes. For example, if branch two (B2) contains one 

ohm of resistance, noting that it connects nodes one and two, N(l,2), the 

data card states 

B2 N(1,2),R = 1. 

The mutual inductances are also tabulated and referenced to the inductive 

legs they couple. If M2 was a mutual inductance of 8 uH, it would be 

listed as 

M2 B(3,8),L = 8E-6. 

Once in this format PCAP can supply tabulations and plots of voltage and 

of circuitcurrent responses with respect to frequency or variations 
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Figure 4.2. Circuit Model for Transmitter-Transducer-Receiver System. 
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values. (PCAP 3 isA more in-depth analysis of the structuring of PCAP 

used in this analysis) is available from its "Programming Notes" by 

Princeton University Department of Electrical Engineering. 

Physical Requirement of the Orthogonal Coils 

Physical size requirements are the primary design limitations of 

the coils of the system. The orthogonal coils must be large enough to 

bin. The minimumallow the animal‘s head to pass through to the feed 

to meet thisorthogonal coil size was chosen to be 2 foot square 

criteria. The frame of the coils should not contain any large quantity 

of ferro-magnetic material which would alter the magnetic flux 

distribution. Ferro-magnetic material can be used in small quantities to 

reduce the flux contribution at points on the coils where winding 

the theoreticalproblems cause flux contributions which deviate from 

values. This attenuation of stray field effects is particularly 

advantageous at the comers of the square coils, due to the inability to 

The frame materialachieve a perfect 90-degree bend for these turns, 

used for the orthogonal coil prototype will be wood, The bonding of the 

nails.frame elements will be achieved by the use of ferro-magnetic 

comers of theSince the placement of these nails coincides with the 

with their use.coils some attenuation of the stray effects will occur 

steel screws at theFurther attenuation of strays is achieved by placing 

coil about thesecomers and forming the right angles required for the 

screws. 

transmitterAn adjustment for adjusting the orthogonality of the 

and receiver coils will be needed. This adjustment is easily achieved 
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if one of the coils is allowed to pivot about the axis of symmetry of 

Firstthe other. Two parameters can be effected with this adjustment, 

excitationthe orthogonality is adjusted to achieve minimum receiver 

without the presence of a transducer, Although in theory this nulling 

should exhibit no excitation of the receiver coil by the transmitter 

discussed earlier.coil, total nulling is not expected for several reasons 

the strayThe second parameter of adjustment is the directionality of 

A small change incoupling discussed in the previous chapter, 

orthogonality can alter the direction of the stray coupling so to 

enhance the detection of a transducer entering the field with a specified 

fororientation. Since this effect attenuates the detector's abilities 

transducers entering orthogonal to the specified orientation, great care 

must be taken in making this adjustment. 

To determine the maximum number of turns allowable for the 

transmitter and receiver coils, a measurement of stray capacitance is 

andrequired, A wood frame of dimensions 29 by 26 inches was constructed 

used to mount a one-hundred-turn coil of enameled copper wire (18 gage). 

was measuredThe resonant frequency of the coil due to stray capacitance 

the coil andusing a high-output-impedance voltage generator across 

noting the circuit's resonant voltage peak. This peak occurred at 45 kHz 

for the 100-turn coil. Using equation 3.37, we find the constant K to be 

K = (45 X 10^)(1002)^ ^ 45 X 10^ 

of turns shouldTo achieve a stray evoked resonance at IMHz the number 

then be 

N = 4.5 X 10^/106 = 4.5 turns. 
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Measurement of System Parameters 

A 5-turn coil was then mounted on the frame and a resonance due to 

stray capacitance was observed to occur at 1.2MHz, showing relatively 

of the 5-turngood correlation with the approximation. The inductance 

with an Electrocoil along with its series resistance was measured 

coil and frameScientific Industries Model 252 Impedance Meter. Another 

was constructed with similar dimensions and the same number of turns to 

resonanceserve the receiver coil. The receiver coil showed parasitic 

The measuredat approximately the same frequency as the transmitter. 

inductance and series resistance for both coils is shown below: 

= measured transmitter inductance = 67uH 

R = measured transmitter resistance = 0.31 ohms
tm 

L = measured receiver inductance = 70.5 uH 
rm 

Rj,ji^ = measured receiver resistance = 0.32 ohms 

A transducer coil was also constructed using 14 turns of number 18 

stranded copper wire, having a radius of one-half inch and a length of 

one-third inch. coilUsing equation 3.44 the expected inductance of the 

can be calculated: 

= calculated transducer inductance 

= (h)^ C14)2)/((9)CJi) + (10) (1/3)) 

= 6.26 uH 

The measured inductance and series resistance are listed below. 
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= measured transducer inductance = 6.1 uH 

Rjjjjj = measured transducer resistance - 0.079 ohms 

The calculated inductance agrees with the measured value within 3 percent 

across theerror. A measured capacitance of 0.412 uf was placed 

101.8 kHz. Thetransducer coil resulting in a measured resonance at 

circuitbandwidth and resonant frequency measurement of a high-Q tuned 

circuit is small,is difficult particularly when the inductance of the 

since the test lead inductance can effect the measurement. The measured 

bandwidth of the circuit was approximately 3 kHz. Using the measured 

of the transducer isbandwidth and Fq with equation 3.47 the measured Q 

Qjj (measured) = Fg/Bw = 3/101.8 = 33.9 

measured inductanceThe expected resonant frequency is found using the 

and capacitance with equation 3.45 

Fq (calc) = 0.159/(LC)^ = 100.4 kHz 

The error between calculated and measured Fg is 1.38 percent. A 

calculation of Q can be made using the measured inductance and capacitance 

at the calculated resonance with equation 3.46. 

Q^(calc) = 2 (6.1 X 10^)(100.4 x 103)/0.079 

The 30 percent error between calculated and measured Q's is believed to 

be caused by the test set-up. Q's as low as 7 were measured on the same 

the testtransducer with minor alterations of the parameters such as 

lead type and signal generator impedance. 
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Transmitter-Transducer Mutual Inductance 

The maximum theoretical mutual inductance between the transmitter 

and transducer.at the center of the transmitter coil can be calculated 

Note that thisusing the physical dimensions of the coils and equation, 

equation assumes a co-planer orientation of the coils. 

M = Uo(2)^(NtNdrd)/h,max 

=29.3 nH, 

where 

h = average transmitter side length in meters = 0.686, 

N^. = number of turns of transmitter coil = 5, 

Nj = number of turns of transducer coil = 14, 

= 0.0127,r^ = transducer coil radius in meters 

Uq = 4 n X 10"’^ h/m. 

was in was excitedwhichThe transducer placed the transmitter field 

at the resonant frequency of the transducer, The transducer's voltage 

the closestwas found to be dependent on the radial distance from 

transmitter coil leg, as predicted from the magnetic field analysis. 

attenuationVariation from co-planer orientation produces the theoretical 

of the transducer response up to measurement accuracy. The transducer's 

response is plotted using equi-potential lines for the Z = 0, 5", 10" 

planes in Figures 4.4, 4.5, 4.6. Transducer orientation with respect to 

noted thesethe constant z planes at specific points in the field are in 

figures as well. The voltage across the transmitter coil for these tests 

https://transducer.at
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current ofwas 7V
rms at a frequency of 100.4 kHz. This corresponds to a 

218 mA through the transmitter coil. 

values ofA PCAP Program can now be constructed using the measured 

the transmitter-transducer system (B1 through B7 and Ml). The mutual 

inductance can be stepped through a range of values about the expected 

for eachvalue and the transducer voltage response can be tabulated 

the transducer atinductance value. Since the voltage measured across 

found to bethe center of the coil with co-planar orientation was 

140 mV
rms> we can associate a mutual inductance to this voltage by 

noting the value of mutual inductance stated by PCAP to produce the same 

response. Appendix A contains the PCAP programs, tabulations and plots 

the mutual inductancefor this analysis. Program 1 was written to supply 

versus voltage tabulations. Note that listing number 57 of this program 

x 10“^H of mutualshows the 140mV response to correspond to 2.7467 

coupling. Using this as the experimentally measured coupling we find 

bethe error between theoretical and experimental coupling to 

Error (measured-theoretical coupling) =6.67 percent. 

which shows very good correlation of the two figures. Program 2 shows 

the system frequency response using the measured value of coupling. 

Tabulation and plots of currents through branches 3,4,5 and the voltage 

across the transducer capacitor (B5) are given with respect to frequency. 

which matches ourThis output shows the resonant frequency at 100.4 kHz 

hand calculation. This is how it should be since PCAP uses an equivalent 

method of evaluation. This correlation shows that the model we programmed 
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number tointo PCAP is the model we want to investigate. If these were 

vary, an error in data input would be apparent, Since our model appears 

accurate to both theoretical and experimental values we can now expand 

it to include the receiver coil. 

Stray Coupling of Transmitter and Receiver 

with it someThe addition of the receiver coil to the model brings 

special problems. The physical construction of the orthogonal coils 

and receiver coils.causes stray coupling to occur between transmitter 

To account for this, a mutual inductance is added to the model aat value 

on the receiverwhich produces the same value of null voltage measured 

coil. This measured value of null voltage on the receiver was 

measured with the same transmitter excitation as above. Its value is 

= 30 mV
rms ' 

Program 3 was created to step this stray inductance through reasonable 

values and list it with respect to receiver voltage. No coupling of 

The value oftransducer to the receiver was made in this program, 

excitation ismutual inductance that corresponds to 30 mV of receiver 

This is the value thatfound in tabulation number 82 of this print-out. 

it iswill be used for M2 of the model for future programs; 

-8
M2 = 5.44 X 10 
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The receiver of this model is tuned with the measured value of 

iscapacitance applied to the receiver coil. Its value 

37.2 X 10-9 f ,Cr = 

System Response with Transducer Present 

withProgram 4 shows the transmitter-receiver systems response 

respect to frequency. Note that its resonant peak occurs slightly higher 

than the transducer resonance. This allows for the physical difficulty 

and all the transducers.in maintaining the same resonance for the receiver 

measured resonanceThe 101.06 kHz predicted resonance differs from the 

Since both transducer and receiver resonanceof 104 kHz by 2.9 percent. 

theoccur at approximately the same percentage increase over theoretical 

values, this model is not believed to suffer to any large extent due to 

and receiverthese inaccuracies. A double plot showing the transducer 

added is shown involtages when coupling of transducer and receiver is 

the output Program 5. The plots were made with respect to frequency. 

of 100.4 kHzNote that the receiver voltage at the transducer resonance 

is shown in tabulation 77 to be 35.22 mV which is a 3.57 mV increase 

over the stray value given in the same tabulation of Program 4. Note 

also that the transducer coupling to both orthogonal coils, is maximized 

of mutual inductanceat 45° from the Z = 0 plane and x axis so the value 

will be reduced to 0.707 as predicted by Equation 2.42. 

A plot of equal-potential lines as viewed on the Y = 0 plane is 

shown with respect to receiver excitation vs. transducer position 

in Figure 4.7 and 4.8. Figure 4.7 shows the measurements for the 
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transducer axial orientation always toward the origin. Figure 4.8 shows 

themeasurements for the transducer's axis parallel to z axis. Note 

that the 45“ orientation at the center of the coils produces a 6-mV 

increase over the stray 30-mV coupling. This increase is easily 

detectable with commercially available voltage comparators. The computer 

prediction of a 3.5-mV increase compares quite well with experimental 

the measuredvalues. If the stray coupling was adjusted to achieve 

correlation couldvalue of stray excitation more accurately^ even better 

be expected. 

Program 6 shows all major branch currents with respect to frequency 

of ourfor our model. This program completes the circuit description 

model. 

Transducer Entry Simulation 

Further PCAP programming is useful in predicting the system response 

to transducer entry in the interrogation field as well as response of 

other than the testthe system to transducers resonating at frequencies 

7. This simulationfrequency. Transducer entry is simulated by Program 

is achieved by stepping the transducer mutual inductance to the receiver 

for 45“from very small values to the maximum theoretical value 

orientation. As expected this plot shows a rapid increase in response 

from the stray excitation to the maximum level for the linearly increasing 

coupling. 

System Frequency Resolution 

is thePerhaps the singly most important criteria of the system 

If the transducers resonancefrequency resolution of the transducers. 
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is too widely separated the total systems bandwidth will not be large 

To determine theenough to allow a large enough identification set. 

respectpractical channel width, the receiver voltage was tabulated with 

to transducer capacitance, Since this capacitance controls the resonance 

of the channelof the transducers, this tabulation allows calculation 

width. that a ImVProgram 8 shows this tabulation, and we note from it 

increase in receiver excitation occurs when the transducer capacitance 

is within 0.723 of its normal value. The receiver response is attenuated 

of this value.for larger values approximately up to the reciprocal 

to theNoting that the resonant frequency is inversely proportional 

square root of the capacitance, we can find the bandwidth with respect 

to the center frequency to be 

BW(min) = 0.34Fq . 



CHAPTER V 

CONCLUSION AND SUMMARY 

andIn conclusion, the orthogonal-coil approach is a predictable 

The costeasily reproducible method of passive transducer detection, 

effectiveness of an identification system using resonant coupling of the 

The initialorthogonal coils makes a high mark for competitive systems, 

estimate of required channel bandwidth (octave separation) proved 

conservative. For the same system bandwidth (30K—IMHz) the channel 

bandwidth predicted by PCAP would allow 22 channels to the previously 

estimated 8. An identifying set of 56 was available with the 8 assumed 

channels. The new identification set size, assuming a 3 of 22 scheme, is 

1540. In larger set sizes aThis set appears adequate for our needs, 

combination of 4 out of 22 could be used to provide 7,315 identities. 

The maximum available set size would use a combination of 11 out of 22 

The bulk of the 11 resonantwhich allows for 705,432 individuals. 

circuit transducer would be inhibitive for normal applications. 

The stray coupling of the orthogonal coils was found experimentally 

detection unit, Innot to significantly degrade the performance of the 

is for the transducerfact, if the transducer orientation is known, as it 

locations under investigation, then the detection can actually be aided 

by proper use of these stray effects. 

found toThe derivation of the magnetic field intensity was 

correlate with the experimental measurements to a high level of accuracy. 

The simplicity of the numerical evaluation of the theoretical analysis 

67 
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of this intensity along the z axis allows its use in the orthogonal coil 

dimensional design, The fundamental relationship between the number of 

turns of these coils and the resonance due to stray capacitance, shown 

for their physicalin equation 3.37, completes the information required 

design after a single measurement. 

The use of PCAP programming involving measured circuit parameters 

offers an easily executed and accurate prediction of the experimental 

system's response. 

The programming format is summarized below: 

1. Programming the measured values of inductance, resistance, 

capacitance and generator excitation, the transducer response is tabulated 

and transmitter.with respect to the mutual inductance between transducer 

on this tabulationLocating the measured value of transducer response 

"measured" valueprovides a "measured" value of mutual inductance. This 

correlation. Noteis compared to the theoretical value to note their 

that this should be a coplaner measurement requiring the use of equation 

3.41 for comparison. 

2. The receiver is now added to the model; however, only its stray 

coupling to the transmitter is considered in this run. This stray 

mutual inductance is then stepped in value through a reasonable range 

value ofand tabulated against the receiver response. The measured 

table and thestray induced receiver excitation is found on this 

then used for futureassociated value of transmitter-receiver coupling is 

programs. 

3. The entire system is now modeled using the value of stray 

to be at 45“coupling found in part two. The transducer is assumed a 
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angle from both the transmitter and receiver so the coupling to either 

coil from the transducer is assumed to be the same and attenuated by a 

factor of l/t/T from the "measured" value of program 1. The response of 

the system with the centered transducer can now be evaluated with respect 

at the transducerto frequency and the net increase in receiver voltage 

of the receiver.resonant frequency predicts the detection excitation 

This should be an increase in voltage over the voltage programmed as the 

null voltage of part 2, and can be compared to the experimental values 

to check accuracy. 

can be achieved4. Simulation of the transducer entering the field 

by the parameterization of the transducer-receiver coupling with respect 

inductanceto the receiver excitation. The minimum value of mutual 

stray coupling levelrequired to increase the receiver voltage over the 

can be determined from this analysis. 

the receiver5. To determine the transducer detection bandwidth, 

can beresponse with respect to variations in transducer capacitance 

tabulated. Since the resonant frequency of the transducer is proportional 

the frequencyto the reciprocal of the square root of this capacitance, 

resolution of the detector can be determined from this data. 

receiverThe results of this study of the transmitter-transducer 

of livestocksystem of the orthogonal-coil approach shows this method 

feasible.identification to be both electronically and economically 

When used in conjunction with a data acquisition system concerning 

animal feeding habits, this method appears to be by far the best design 

as wellalternative with respect to presently developed systems as the 
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theoritical approaches discussed. The simplicity of the system is its 

the electronicsmajor point of merit, particularly with respect to 

of thisrequired for its implementation. In short, commercialization 

unit would provide both a reasonable profit for the producer as well as 

a low cost sophisticated identification and data acquisition system for 

the livestock industry. 
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APPENDIX B 

LIST OF VARIABLES 



H Unit Vector in the Azimuth Direction 

\l2 Unit Vector Describing Direction from Points 1 to 2 

B Vector Magnetic Flux Density 

BW Band Width 

C Capacitance 

Cd Transducer Capacitance 

Cr Receiver Capacitance 

"p Primary Voltage of Coupled Circuit 

Es Voltage Across the Secondary 

£o Resonant Frequency of A Tuned Circuit 

h 1/2 Length of Finite Wire 

H Vector Magnetic Field Intensity 

Hd H from the Transducer 

Hr Component of Coupling with Receiver 

Hs Stray H Coupling 

Ht Magnetic Field of the Transmitter 

Hx Component of H in x Direction 

H 
y Component of H in y Direction 

Hz Component of H in z Direction 

Component of H in the Azimuth Direction 

I Current 

'g Generator Current 

‘p Current in Primary 

Is Current in Secondary 

i Unit Vector in the x Direction 
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j = Unit Vector in the y Direction 
/N 

k = Unit Vector in the z Direction 

K = Constant 

L Inductance 

L = Vectored Filimentary Wire Contour 

M = Mutual Inductance 

N = Number of Turns 

Q = Quality Factor of a Resonant Circuit 

R = Receiver 

Rc = Parallel Resistance of a Capacitor 

Rd = Resistance of the Transducer Windings 

^d = Transducer Radius 

R = Generator Resistance 
g 

Rl = Series Resistance of an Inductor 

Rr = Resistance of the Receiver Windings 

Rt = Resistance of the Transmitter Windings 

R12 = Distance from Point 1 to Point 2 

S = Surface Vector 

Sx = Component of S in the x Direction 

Sy = Component of S in the y Direction 

Sz = Component of S in the z Direction 

T = Transmitter 

Td = Transducer 

OJ = Frequency in Radians/Second 

= Primary Impedance of Coupled Circuit 
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2r = Secondary Impedance Reflected to Primary 

Zs = Impedance of the Secondary 

Uo = Permeability of Free Space 

eo = Permititivity of Free Space 

$ = Magnetic Flux 

00 = Infinity 

P = Radial Distance in Cylindrical Coordinates 



VITA 

Lawrence E. Jugler was bom in Wilmington, Delaware on July 30, 1954. 

and heHis primary and secondary school education was in Wilmington 

He then attended thegraduated from Salesianum High School in June 1972. 

University of Delaware as a full and part-time student as well as working 

Delaware. Inas an operator at E. I. DuPont Pigment Plant at Edgemoor, 

at theJanuary 1975 he entered University of Tennessee, Knoxville 

freshman level. He received a Bachelor of Science Degree in Electrical 

instrumentation inEngineering with a concentration in electronics and 

August 1977. 

He entered the Graduate School of the University of Tennessee, 

Knoxville in September 1977 where he fulfilled the requirements for a 

Master of Science degree in March 1979. His areas of concentration were 

Electronics and Instrumentation and Computer Design. 

of ElectricalThe Author is a member of Eta Kappa Nu and the Institute 

and Electronic Engineers. 

135 


