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SUIliVlARY

The research program entails theoretical studies supported by

experimental work on the non-contact identification of road vehjcles

for traffic control, monitoring and surveillance purposes. After an

overview in which the more prominent approaches 'in traffic control

and surveillance systems are reviewed, two approaches based on the

requirements of modern traffic control strategies are selected for

detai led investigation.

The first technique 'is djrected towards traffic control systems

where broad classification of road vehicles in preference to the

individual vehicle identification js the prime consideration. In

this study, attention is focussed on the feas'ib'i'lity of grouping

vehicles into makes and models w'ithout the need for additional on-

board equipment. The main aim in this portion of the work was to

conduct an examination of data on electromagnet'ic veh'icle-sensor

signatures previously obta'ined by the author, v'/ith a view to establish-

ing the feas'ib'ility of achìev'ing the required grouping by s'ignature

anaìysis, and with the objective of defining appropriate directions for

future research in th'is area.

When more vani ed and deta'i I ed 'i nformat'ion associ ated wi th i ndi vi -

dual vehicles withìn the traffic flow is to be extracted an alternat'ive

approach 'is required. Non-contact identification or ìnterrogation of

road vehicles involves the detection of some form of rad'iated or

reflected energy from the vehicle. The selected vehicle requiring

ident'ification is equ'ipped with a transponder whjch may be either a

passive or an active unit capable of send'ing out a coded sjgna'l .

The second section of this study, which constitutes the major part

of the research program is devoted in exploring such technologies. As a



(vìi)

first step the performance of several vehicle 'identification systems

have been reviewed to provide a basis for understandìng the choice of

the particular methods which were selected for detailed invest1gation.

Analysis of two alternatìve technoìogies i.e. the surface acoustic wave

(SAW) label ì i ng system and the two-port pass'ive subharmon'ic transponder

which may be considered as possible alternatives in the real'ization of

non-contact vehicle identification is then presented.

The remainder of the work entails a detailed expìoration of the

behavjour and characteristjcs of a new class of passive subharmonjc

transponder employing near-fie'ld coupling, designed for such appf ications.

The transponder which has been developed uses sìng'le magnet'ic antenna

for sjmultaneous extract'ion of power from the transmjtting source at one

frequency and its subsequent reradiation, wìth substantially no resultant

energy loss, at another frequency. The process by wh'ich the reradiated

energy is provìded is one of d'irect synthesis within the antenna by using

switching circuits rather than conversion involvìng d.c. paths. The

advantages of this approach are not onìy that high effìc'iency js ach'ieved

but also the constraints relatìng to the comnlunication bandwjdth requìred

by the s'ignal and the qua'lìfy factor of the circuit are broken. For these

reasons, considerable 'improvement in power transfer between the trans-

mitter and transponder is achieved.

The thesis also conta'ins the development of prìnc'ipìes whìch are

useful in understand'ing the mechanics of energy exchange process between

two antennas operating with'in near field environment, and hence allow

I ocal optim'i zati ons to be performed.
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CHAPTER 1

AUTOIVIATI C TRAFFIC CONTROL

1.1 Introduct'ion

Until recent years the road traffic prob'lems v\rere handled in a

straightforward manner by construction of ìarger and faster roads.

However, the present rate of growth and the need for energy conser-

vation, has made it necessary to review many of the basic concepts

associated with traffic movement in order to maximise the effìciency

and safety of existing roads and to improve the traffic flow.

Consequently in the last decade there has been a significant

increase in the activities associated with traffic control, monìtor-

ing and surveillance. Numerous research reportshave emerged, as the

result of these investigations on the feasibiììty and implementation

of var ious intelligent traffi.c control, monitoring and surveillance

systemsl1 - 19].

The object'ive of these studies has been not onìy to evaluate

the behaviour of the systems according to some performance crjteria
(such as travel time, travel deìay, number of stops, POllution,

noise, acc'ident rate, handling of excessive traffic load, priority
and energy conservation) but also to prov'ide iustificatìon in terms

1



of reliability, ma'intenance, economjcal and the ease with which the

systems can be impìernented. The successful operation and effective-
ness of such systems are generaììy dependent on the availabjlity and

the accuracy of traffic data such as vehicle count and speed, traffic
density and volume, veh'icle identjfication, and the determjnation of

the location of a selected vehicle.

subsequent]y, the present research has been directed towards

theoretical studies supported by experimental work associated with

non-contact identificatjon of road veh'icles for traffic control,
monitoring and surveillance. Two approaches based on the traffic
control strategy and requirements have been persued in this program.

The first technique is directed towards traffic control systems

where classification of vehicles is of prime consjderation in prefer-

ence to the individual identi ties. The classification process en-

tails categorizing vehjcles in a partjcular group such as sedans,

vans, trucks, buses, etc. In generaì, the degree of refinement is
dependent on the traffic control strategy. Thus, in thjs study

attention is focussed on the feasibility of such refinement where

vehicles in a given class are subgrouped in terms of their make and

models wÍthout the need for additional on-board equipment. The main

a{m j.n thi.s portion of the work was to conduct ¿n exami.nation of

I imi ted already avai laul e data[ 20] on electromagnetic vehj cl e-

sensor signatures with a view to establishing the feasibility of
achieving the required grouping by signature analysis, and with

the objective of definjng appropriate directions for future research

in this area.

When more varied and detailed information associated w'ith

2



individual vehicìes withìn the traffic flow is to be extracted,

an alternative approach 'is required. Non-contact

'identification of road veh'icles involve the detection of some form

of radiated or reflected energy from the vehicle. The selected

vehicle requiring identìfjcation is generalìy equipped with a trans-

ponder which may be either a passive or an active unjt capab'le of

senciing out a coded s'ignaì.

The second section of the study wh'ich constitutes the major

part of this research program, explores the behaviour and character-

istics of a new class of passive transponders employing near-fieìd

coupling. The transponder which has been developed uses a sing'le

magnet'ic antenna for simultaneous extraction of power from the

transmitting source at one frequency and ìts subsequent reradiation

at another frequency wìth substantial'ly no resultant energy ìoss.

The process by which the reradiated energy is prov'ided is one of

direct synthesis w'ithin the antenna by using switching circuits

rather than conversions jnvolving d.c. paths.

The advantages of this approach are not only that high efficiency

is achieved but also the constraints relating the communication

bandwidth required by the signal and the qua'ìity factor of the

circuit are broken. For these reasons, considerable improvement in

pov',er transfer between the transm'itter and transponder is ach'ieved.

In order to have an appreciation of the present research pro-

gram, it is considered desirable to provìde an over-v'i.ew of the

more prominent approaches in traffic controì, monitoring and

surveillance systems, and gi.ve a brief summary of the technologies

available.

3



1.2 Traffic Control Structures

There are two basic approaches associated with traffic control

systems: "fixed-time" and "traffic actuated". The fixed-t'ime systems

are primari'ly used for downtown urban-area streets, where the dai'ly

traffic patterns are well known. Their operat'ion is based on traffic
control plans derived statisticalìy for different parts of the day

for a given site. Such systems are gradualìy be'ing replaced by the

traffic-activated controls, the operat'ion of which depends on traffic
variables obtained from vehicle sensorsl?I'zs1 .

Consequentìy many researchers have directed their activities
towards the development of i.ntellìgent traffi'c dependent control

systems, and have followed two directions. The first looks for car-

borne equipment in the form of an information system whereby traffic
and safety'information is conveyed to the motorist by radio conrnuni-

cations and by variable signa'l pane'ls in the vehicle. The complexi-

ties.and prob'lems with such systems are well known and various pro-

posaìs are still being evaluated by various researchers.

The second approach 'is traffic responsive control and monitorìng

systems where traffic controlìers dynamically control and co-ord'inate

the complex switch'ing tasks of visual displays according to the

traffic flow demand. The visual displays can take the form of the

conventional traffic lights or a series of signal gantries span the

roadway at reguìar distances. Generalìy, the gantries dispìay the

recommended speeds and warning messages to motorists in each lane.

These dispìays are automaticaì'ly control led as queues of veh'icles

form and then disappea 1126-281 .

Additional intelligence can he also built i.nto such systens so

4



that servìce and emergency veh'icìes approaching the signaì controlled

junct'ions or sections, obtain priority by modifying the flow control

patterns of traffic signaìs.

The fundamental component of such structures 'is the micropro-

cessor based traffic controllers grouped into several zones as shown

in Figure 1.1. Each zone is subsequent'ly controlìed by a regìonaì

minìcomputer linked to a centraì processor. These hjerarchial

levels are further, indiv'idual'ly linked to the adjacent level by

means of a serial communication network. This network of distribu-

ted intelligence enable independent control of traffic by the ìocal

controller most of the time but with the ability of the master systems

to act in a superv'isory role.

There are two distinct levels of control:

(i ) Macrocontrol ; where a mul t'i.p'le choi ce of synchroni sation

schemes based on vehicle sensor information are made

poss'ib'le. 0n the basis of received data, the processor

decides on the strategy which best fits that traffic data.

(ii1 Microcontrol; in rvhich detailed measurements of traffic
inputs at strateg'ic ìocations are used by the processor

to modify the traffic signal cycle of a s'ingle'inter-

secti.on or al ternati.ve'ly a group of i ntersecti.ons.

The overal I tact'ical decision by the master processoris

generaììy governed by one or more of the traffic variables such as

count, speed, vehicle-spacing, volume and density. Consequently a

considerable anrount of effort has been expanded by numerous research-

5
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ers in characterising the traffic fìow in terms of the above varj-
ables. Aìthough substantial progress has been made in estimation

methods, an anaìytical formulation still remains a non-trivial and

comp'l ex prob'l em.

1.3 Traffic Model s

The traffic on a freeway i.s genera'l'ly characterised in terms of

macroscopic or microscopic modelst29-301 . If the objective ìs to
describe average behaviour of traffic on the freeway segment, severaì

kilorneters in length for several hours, one is concerned with gross

features of traffic such as volume (vehicles per hour per lane), mean

speed (kìlometers per hour) and average travel time. Models deveìoped

with this objectìve in mind need on'ly provide an accurate representa-

tion of these parameters and are genera'l1y termed macroscopic models.

Lighhì..lI and whiüraml31] deve]oped a model based on contjnuurn

variables associated with fluid mechanics flow and proposed the

i dentì ty ,

Q = D.S (t.t¡

where Q is the traffic volume, D describes the traffic density and

S defines the mean speed.

Theoreticaì studies and emp'i.rical evaluation have indjcated

that for normal flow, traffic volume decreases with increasing

.p..dr[32] . At a point of max'imum volume, flow becomes unstable

and eventua'lly turns 'into a forced f low. Thus s jmul taneous decrease

7



of volume and speed results. A typìcaì speed-volume curve is

illustrated in Figure 1.2.

An important factor which emerges from this simple model is

that a relatively smaìl increase in traffic demand on an aìready

heavily ìoaded freeway can have a very detrjnrental effect on the

operating conditions for all the traffic on the faciìity. Speeds

and volumes are reduced, densities and travel times are increased,

and the freeway imrnediate'ly 'looses much of its efficiency.

Although methods for accurate measurernents of traffic variables

oven the entire length of the freeway are still relatively'lìniited,
several authors have fornrulated various schemes on the data obt.rined

from vehtcle detectors p'laced at regu'lar intervals on the freeway,

Gazis and Knappl33] deveìoped a modelling scheme for estimating

the number of vehicles on a section of freeway from speed and flow

measurements at the entrance and exìt points of a section. From the

estimate of the travel time a rough measure of density was obtained.

Mikhal¡int34¡ developed an alternative appr0ach where the occupancy

(the percentage of t'inre the sensor is activated by the vehjcle during

a given period) was util'ised in place of the section density. Nah'i

and Triu.di.[35] appìied modern estimation theory and presented an

improved modelling technique whjch prov'ided simultaneous estjmation

of traffic variables such as sectjon density and section speed based

on various averages over the freeway section.

The mai.n objectives associated with these techniques are to
predict traffic conditions and indicate congestion. However, there

are situations particuìar'ly in incident detection, identification

I
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and priority allocation schemes, in which detailed representatjon

of traffic flow down to the level where individual vehic'les are

concerned, is required. These models are known as mjcroscop'ic

models and are extremely usefuì tools in studying problems concerned

with and developing control strategies for relatively short lengths

of freeway and reìativeìy short periods of time.

1.4 Automatic Vehicìe Monitorin

The consequence of the above need has caused the desìgners ofurban

communication systems to be actively involved with the development

of services and systems which can continuously monitor the location,

and status of vehic'les operating 'in an urban environment[36] .

The potential of such systems js the promise of an economical

and automated method of monitoring transit operations so that timely

system-wide informatìon is available for fleet management, speeding-

up or s'lowing-down particular lanes, automatic entry to seìected

locations, and priority allocations at signal controlled sites for
service and emergency vehicles.

The automatic vehicle locatjon systems use one of the several

cumently available technologies to est'imate a vehicle's posìtion.

The approaches which have received considerable attention may be

djvided into three broad categories: dead-reckoning, radio fre-
quency posi tìoni ng and prox'imì ty systemsl37-45] .

10.



1.4. 1 Dead-Reckoni ng t39

In this method a vehicle js located by determ'ining its
distance and direction of travel from a fixed point. A

radio link is subsequentìy used to relay this information

to a central control station. The distance and az'imuth

measurements are made by using precision odometer and a

compass type instrument respectiveìy. An approach to the
'impìementation of such a structure is shown in F'igure 1.3.

L.4.2 Radio Frequency Rangìnn[40-+t]

The approach entails the determination of the differ-
ence in distance between a vehicle and two or more fixed

pa'irs of sites. This information is subsequentìy used to

obtain the location based on known geometrical relatìonsh'ips.

Two techn'tques have received significant attention.

The first being the pulse trilateration where in response

to a synchronisìng puìse from the control centre, the vehicle

transmits a rep'ly pulse which is received by three receivers.

The difference in the time of arrival is subsequently used

to obtain the location. In the second appnoach, usìng

synchronised radio signaìs, an on-board receiver measures

the difference in distance between station pairs and trans-

mits this informat'ion to the control centre computer for

determination of the geographic location.

A typica'l approach using circular trilaterat'ion js

shown in Figure 1.4,

11.
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The env'ironment has a singificant'influence in the

overall system performance.

Í42-4511.4.3 Proximi ty Systems

The concept of proximity systems is that of determining

the positional relationsh'ip between a vehicle and fixed

"signposts" placed at se'lected strategic locations. A

number of djfferent technologies such as magnetic sensors,

optical and ultrasonic radiators, as weìl as conventional

radio transmitter and receivers have been proposed.

The basic principle associated with such an approach

is illustrated in Figure 1.5 where either the magnetic or

electromagnetic fields may be used as the coup'ling mechanism

between the signposts and the vehicle.

One of the maJor advantages of such a system is its
ability to service many users without the need for changes

to the site equipment" However the accuracy of the system

is directìy related to the number and characteristics of

the signposts.

I.4.4 Comparison of Technologies

The impìementation of automatic vehicle monitoring

systems is dependent on the economics of jnstallation, the

accuracy of the system, the number of vehicles to be ser-

viced and the size of the zone.

14.
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A detai'l ed comparati ve analysi s assoc'iated wi th

several of the technologies have been carried out by

skomalt46l and !,lilsonl47] . The scope of these investiga-

tions is sunmarised in Table 1.1 in which the performance

of the three approaches defined above are described 'in

terms of the relative acceptance crìteria:

good (G); satisfactory (S); marginal (M);

unsatisfactory (U).

Although this type of assessment depends on the user's

judgement, the technique provides a basis fon the assign=

ment of a figure of mertt whi.ch may be used as a guide for

comparison of various sYstems.

1.5 Concl usions

A]though a number of pilot systems incorporatìng one or more

of these technologies have been implemented for traffic control,

monitoring and surveillance, there are still significant prob'lems

remaining to be solved.

gne such quest'ion is the desired characteristics and practica'l

implementation of the link between the vehìcle and the control

system. The ìink can generaìly be realized by either vehicle sen-

sors or information bearing transponders.

The simplicity of the proximity technìque shows the most

promise since the failure of a component i'n the system such as a

16.
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signpost does not influence the overall operation. In addition the

system has a "non-exclusive" characteristic and can be utjlised
simultaneously by many users without the need to modify or expand

the site equipment. However, one major drawback for large area

coverage is the compìex'ity and economy of the signposts. Mangetic

arrays are undes'irable due to their phys'ical s'ize and ìayout. The

"active" signposts require on-site power and hence drasticalìy in-
fluence the cost structure and the reliability of the system.

Thus the compìexìty of the signpost and the need for reljable
and economical ìy feasib'le systems provided the necessary motivat'ion

for the ìnvestigations into the area of electromagnetic traffic
sensing and surveillance at both the m'icro and macro levels with

particular attention towards the development of systems for classi-
fication and identificati.on of road vehicles.

18.



CHAPTER 2

REIVIOTE CLASSIFICATIOí\l OF ROAD VEHICLES

2.1 Introduction

The class'ification process entai'ls categorising different

vehicles into a particu'lar group such as sedans, vans, trucks,

buses etc. The degree of refinement, in general, ts dependent on

the traffic controì strategy,

Although reports on traffic control and surveillance systems

are numerous, on'ly a very limited research has been carried out in

relation to vehicle classification.

Thilo and Drebinge¡[481 used the vehicle 'length and the under-

carriage height as the criteria for vehicle classificat'ion. The

vehicle ìength was measured using two'inductive loops as shown in

Figure 2.1, while the undercarriage height was estimated from the

maximum value of the change in the inductance. In this manner they

were able to provide a very rough indication of the class to which

a vehicle beìongs.

Ziolkowski and Truol49] proposed a similar scheme using a single

electric dipoìe antenna. The antenna was pìaced under the road

surface and positioned in the'lane'in the direction of motion of the

19.
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vehicle as illustrated in Figure 2.2. Motion of a vehicle over the

antenna resulted in a change in the input impedance as shown in

Figure 2.3. From the knowledge of the length of the antenna and

times tR, tS and t' the vehicìe length was subsequent'ly est'imated.

The average undercarriage height was also approximated using the

magnitude of the change in the input impedance.

The critical factor associated with the above classification
methods is the need for an accurate measure of vehicle's speed for
length estimation. Further, the geometry associated with the above

techniques impose sevene restrictions in thejr use fon discriminating

between close'ly following vehi.cìes, since it is possÌble for two

vehicles to cover the same loop or antenna.

Due to the complex nature of the undercarriage, the impedance

change deviates from the clean p'lateau as shown by Figure 2.3 and

therefore the undercarriage height and vehicle length estimates

become highly unreliable. In addition, examinatÍon of the distri-
bution of vehicle classes in terms of vehicle 'length associated

with a g'iven section of a highway[48] as iìlustrated.in Figure 2.4,

ìndicate that there exists a noticeable overlap of lengths of

vehicles belonging to different classes. Thus vehicle ìength does

not contribute significantly in the classification process.

The inductive ìoop has a further drawback with vehicles which

cover only part of the 'loop. Transverse disp'lacement of the vehicle

from the centre pos'ition results'in a smaller change in the induc-

tance and subsequently results in inaccurate height estimation.

Previous studies in relati.on to sui.tabi.lity of various veh'icle

sensors for speed measurements, by the aughor as part of a M,Eng.Sc.

research p.ogrur[20] provided the in'itial motivation to expìore

21,
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further the characteristics and behaviour of a two coupled-coils

sensor shown in Figure 2.5, for the classification process. The

sensor consists of two coils with a common ax'is located hori.zontally

in the road surface. The axis being orthogonal to the dtrecti.on of

travel of the vehicle.

This choice was based on the sìmpììc'ity of the structure, the

ability of the sensor to discriminate between cìoseìy moving traffic
and the availabil'ity of a l'imi.ted data. In addition, due to the low

frequency operational characteri sti.c of the sensor, i...e. 100 KHz,

i.nterface proh'lems such as reflection and attenuation whi.ch one may

encounter in the alternative nricrowave structures are non-existant.

Thus, in this portion of the study attention is focussed in

exploring the possib'ilities that may exist in the already available

data to provìde the desired refinement where vehicles in a gìven

class are further subgrouped'in terms of their make and models with-

out the need for add'itionaì speed and length information.

For conven'ience a brief summary of the sensor is provided in

the folìowing sectìon.

2.2 Vehicìe Sensor

The operating prìnc'ipìe of the sensor is based on the fact

that one coil (transmitter T*) is energised by a low frequency

time-varyìng current and a conductìng body pìaced in the resultant

magnetic field has eddy currents induced in it. The magnetic fjeld
created by these currents is in oppositjon to the app'lied field and

results in a change ìn the induced vo'ltage in the second co'il

(receiver Rr).

24.
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To describe the signaì generating source in terms of the

irregularities associated with the undercarriage* is impractical

due to the very compìex structure of that undercarriage. However

the method of images may be used to provide an insight into the

relatìonship between the undercarriage height h, coil separation x,

and the change in the induced voltage Vi in the receiver coit RX.

l,lith reference to co-ordinate system of Figure 2.6 and from

Appendix A, the change 'in voìtage is

2

5/2
(2.1)X 2h2V'= K.p1

224h +x

where

and

Ki å [*' c,¡ I n u+ u.) (2.2\

N = number of turns

I = peak current in the coil

a = radius of the coil

. = effective permeabiìitY.u

The effective permeabiìitV ue used in Equation (2.1) takes

into consideration the demagnetisation effect when ferrite material

is used in the coils and its value is obtained emperica'lly for a

given structure.

* By und.erearvíage it is meant the uhole of, the vehíclets under'-
section íncLudíng the wheeLs.
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If the coils are tuned, then Equation (2.6) is modified by

the quality factort Qt and Q. associated with the transmitten (T*)

and receiver (R*) coiìs respectiveìy. Thus the modified voltage VO

becomes

(2.3)

The model defined by Equat'ion (2.3) is based on the assumption

that the introduced conducting body is a perfect electrical conduc-

tor and is a flat plane. In practice we find that the first assump-

tion is justified since the materials associated with the under-

carriage are aluminium or steel, ârìd have large conductivities com-

pared with space or air, so that the conductivities mtght reasonably

be considened infinite. The second assumption introduces severe

restrictions in the use of the model when irreguìarities associated

with the undercarriage of a vehicle are consi.dered.

A'lthough the model defined by Equat'ions (2.1) - (2.3) fails to

descrjbe the behaviour of the change in induced voìtage as a vehicle

passes over the sensor, the simp'licity of the expression provides an

insight into the relationships between the undercarriage height and

the induced voìtage.

In order to enhance the magnitude of the'image voltage as a

function of the irregularities 'in the undercarriage, the following

modifications to the operating characteristics of the sensor were

made.

The transmitter coil T* was tuned to resonance by a voltage

dependent tuning capacitor. The structure of this configuration is

=QtQrV;up

28



shown'in Figure 2.7(a). The phase of the voltage in the trans-

m'itter tuned circuit is cornpared with that of a reference osc'il lator.
A change in the coil inductance due to the presence of a conducting

body causes a shift in the resonant frequency which subsequently

results in the generation of an error vo]tage feedback to a tunable

capacitor. The tuning capacitor subsequently adjusts its value such

that the amplìtude of the voltage across the transmitter coil re-

mains at its peak.

The receiver cojl R, however, is tuned to just off resonance.

An approach'ing vehicle causes the i.nductance of the rece'iver to vary

and dependi.ng on the irregu'lariti.es of the undercarriage 'i .e. d'is-

tance between the undercarriage and the receiver coil, the resultant

induced voltage in the receiver coil also varies. This principìe'is
illustrated in F'igure 2,7(b) where the separation between the under-

carriage and the rece'ivercoil'is reduced, pojnt A on the resonance moves

towards pointB correspondìng to h= hopt. Th'is results in an jncrease jn

the magnitude of the image voìtage. However as the separation 'is

reduced further one arrives at the new point C with the subsequent

reduction 'in the magnìtude of the image voìtage. Thjs approach has

the desirable feature which enhances the variations in the induced

vo'ltage in the receiver coì.1 due to the undercarriage'irreguìarities.

Due to the compìexity of the undercarri.age the descrjption of

the signal generating source in terms of the undercarriage geometry

as a vehicle moves over the sensor, i.s a nontrtvial task and prec'ludes

the use of mathematicaì analysis. However, the resultant effect can

be obtained experimentally in terms of a time varying vo'ltage known

as the "signature".

29.
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2.3 Signature Recording

Using the microprocessor based data acquisition system shown 'in

Figure 2.8 the signatures of several veh'icles were recorded by driv-
ing the veh'icles at constant speed over the coup'led coil sensor

situated on a road surface at a controlled experimental site. The

experimental set up showing the position of the sensor in relation

to the vehicle is also illustrated in Figure 2.9.

The frequency components associated w'ith the s'ignatures are

proportionaì to the speed and generally varies between 0.2 Hz at

5 Km/h to 150 Hz for vehjcles travelfing at I20 Kn/h. In order to

el'iminate the 'influence of speed the s'ignatures were time normalized

i.e. either time-compressed or time-stretched such that they could

be accommodated within a uni.ty reference frame. Such an apppoach

appeared promising since it provided the possibi.lity for the devel-

opment of a generaì principle for the classifications of vehicles

where the influence of speed and vehÍcle'length could be elimìnated.

Augmentation of the linli.ted qlready available datal20] by

additional signatures enabled the creation of two data files. The

f i rst f i l e contai ned t'i¡ne-normal i zed signatures of thi rteen sedans

and a Bedford truck. In this segment of data recording the vehjcles

were positioned centralìy with respect to the sensor, as 'illustrated

in Figure 2.10. The signatures corresponding to this file are shown

in Fìgure 2.11(a) - (n).

Since the major perturbation of the s'ignature is caused by

lateral displacement of vehicles from the centre location, the

second f i le held signatures of many trial runs assoc'iated w'ith each

32.
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of three vehicle makes and models appearing in the first file but

disp'l aced wi thi n t25 cm I imi ts* from centre posi tion. The content

of this file is illustrated by Fìgure 8.1 (Appendìx B).

2,4 Signature Analys'is

Signature anaìysis and the subsequent vehicle classifìcation

can be approached in terms of the established field of "pattern

recognition and verification"[50 - 57] . The probìem of classification
can be described in terms of labellìng a group of objects on the

basis of certain common behaviour and subJective requirements. The

objects classified into the same class usualìy have some comnton

properties based on a set of selected measurements extracted from

i nput.

The measurements referred to as the [feature vectoril can be

arranged in the form of a multi-dimensi.onal feature vector, i;,

wri tten as

i m (2.4)l ilT*nJ ;xz'(¡
l. 

*r'i 21

thwhere X represents the j feature measurement associated with
J

class v' T is the transpose of the feature vector

dimensiona'lì ty.

1 X and n is the

i

,t The ehoiee of x25cm uartation fz,om centre pos-ítion uas based onthe obsetwation that uehieLes trauelLing in guíded sections tendto tz.auel uithin the aboue Limits.
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If there are m d'ifferent vehicle makes and models* denoted by

vector I¡ wri tten as

Yz' ttJi
Iu, , (2.5)

then the feature space can be considered as consisting of m regìons,

each of which encloses the feature points of a class. The classifi-
cation probìem can then be approached'in terms of finding separating

surfaces in n dimensions which will partition the feature space ìnto
m mutual ìy excl usi ve regi ons.

Intuitive]y, it is expected that sìgnatures of sjmilar vehicles

would produce feature vectors that are near to each other, whereas

dissimilar vehicles which appear substantial'ly different would pro-

duce feature vectors that are far apart. This assumption leads to

the expectation that sjmilar appearing signatures wilì produce groups

of vectors that are cìose together in the feature space.

The determination of the separating surface can then b.e made

through the use of "training" features or proto-types** whose

correct classification is known.

* VehieLe makes and nodeLs qnd uehicLe cLass are one ond the
same thing in this teæt and often are used intet'ch.angeably.
ttTraining" featu.z,es oz, ptoto-tgpes nefere to stored z.efez,ence
uectoz,s.

*{
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Thus in a typicaì process the characteristics of the s'ignature

are first interpreted according to "features" which are known to

have some significance. The decision process is then performed by

comparing the presence or absence of such features.

A hierarchy of processing levels is shown in Figure 2.12, where

with input data present the data ana]ysis ìs described in terms of

"feature selection" and I'decision" formulation. Different methods

can subsequentìy be adopted to find out whether a pattern po'int

produced by the passage of a vehicle can be assumed to belong to a

given vehicle or not.

2.5 Feature Vector Chanacterisaùion

The selection of features is generaìly considered as the most

important part of studies associated with many of the pattern

recognition concept5[58] l'621 and is cìose1y related to the perfor-

mance of the classification systems. In order to extract convenient

features from the signature two broad methods haye been considered:

(i) fnequency domain, where the frequency components of the

signature are consi.dered as the elements of the featune

vec tor;

(ii) time-dependent, in which the components of the feature vector

are derived from the time function.
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Since the main objective in this section is to provide guide-

lines for the future work and to establish quaìitative estimates

to the kind of results one can expect, severaì possibilitjes
associated wìth each of the two approaches are explored.

2.5.t Frequency Domain Anal ysj s

The components of the feature vector character.ising a

vehicle in the frequency domain can be described in terms

of the coefficients of the Fourier spectrum given by,

oi, 
torcos r't+ o!g(r¡t) =

tA+
o' , 

iBn ,in kot; i = l, 2, ..., m. (.2.6)

The components of the feature vector are subsequentìy

written in terms of the amp'litude coeffi.cients iC; OefineO

as

lc'
n B+A

n i h = 1, 2, (2,7)
n

21 m

It is possible to normalize the amp'litude terms as

defined by Equation (-2,7) with respect to the fundamental
1

componentt 'Cí. The modified relatíon is
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1 c
1 ntrí 'cn i

n = 1, 2,

3'

21 ,m (2.8)

(2.e)

The feature vector in terms of Equation (2.8) can be ex-

pressed as

cit
c

i
[,,

I trn) tc2

where the fundamental component is now considered as

redundant. The feature vector for centraì1y positioned

vehicles is identified by inclusi:on of an "asterisk"
. i:.r.e. J.

c

The spectral analysis was perforrned by using 1024

sampìe data points windowed by a Gaussian window to limit
the influence of the hi,gher order frequency components, and

Fourier transformed giving the frequency components.

Graphicaì representation of the normaìized Fourien spectrums

for the first data file corresponding to Figures 2.11(a)

2.LL(n) are shown in Figure 2.13. Details of the Fourjer

components for the two files as described in Section 2.3,

are also tabulated in Tables 8.1 - 8.2 (Appendix B),

In order to describe the variation of the signatures

as a function of the random disp'lacement, the signatures in

the second file cornesponding to the several trial runs by
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three vehicles of different makes and models were analysed
iî 2

to produce the sample means 'Cn and variances oi, exPressed

as

tôn = fr, i ,
ic

tônrJ' 
,

(2 . 10)
nJ

and

fr, i , ["n,
2o c

i = 1,2,..., m. (2.11)

The results of these analyses are tabulated in Tables

2.1 - 2.2. Several propenti.es may be inferred from the

tables. Firstly, si.nce the variances are roughly the same'

then the cluster domains can be expected to be approximateìy

simiìar and somewhat spherical in nature. The measurements

corresponding to small variances are more reliabìe and per-

haps can be cons'idered as being more significant for the

classifìcatjon Process.

second'ly, when it is known or can be assumed that the

probabi 1 i ty d,:nsi ty function p(ii/r r) are normal , then such

an assumption provjdes a means for analytical traceability'

Normally distributed samples tend to cluster about the

mean, with a dispersion proportjonal to the standard

deviatÌon o. 95% of the samples drawn from a normal popula-
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TABLE 2.1. THE MEAN VALUES OF THE I{ORMALIZED FOURIER COEFFICIENT
I c FOR THREE VEHICLES I¡IITH t25CM DISPLACEMENT LIMITS

n

Þ(O

TABLE 2.2. THE VARiANCES OF THE NORMALIZED FOURIER COEFFICITNT
't

FORTHREEVEHICLESWITHT25cmDISPLACEMENTLIMITS
n

c

ôro

0.0

0. 09

0.0

ôe

0.11

0.0

0.0

cg

0.0

0. 14

0.0

¿7

0. 19

0.0

0.09

ô6

0.43

0. 11

0.t7

ô5

0.21

0. 64

0 I I

ô4

0. 51

0. 48

0. 14

ô3

0. 50

0. 55

0. 40

c2

0.65

0.82

0. 33

ô
1

1.0

1 0

i.0

M EAN
Í,
v

Ford

Centura

Datsun

olo

0. 04

0.02

0.02

og

0. 05

0.02

0.02

o8

0. 05

0.02

0 -02

o7

0.09

0. 03

0.03

o6

0. 05

0.08

0.02

o5

0. 09

0.08

0.03

o4

0. 05

0. 03

0.02

o3

0. 04

0. 10

0.04

oz

0. 06

0. 14

0.02

o1

0.0

0.0

0.0

am ance
v

Ford

Centura

Dats un



tion will fall within the 2o centred about the mean. Due

to limited data no firm conclusions can be made in regards

to the statistical description of the feature ve.tor ii
c

based on the results of Tables 2.I - 2.2. However the

anaìysis has prov'ided an'insìght into the kind of variations

one couìd expect if the lateral disp'lacement is controlled

within some specified limits.

In order to explore the possibility of utìlising the

data in the first file in the absence of suitable stat'istical
descriptions, it appeared sensible for the analysis to be

extended to observe the di.fference that exists between the

mean value of Fourier component iôn ano the compon.nt iðn

obtained when a vehicle 'is located centrally with respect

to the sensor. Such representatìon for the second file js

described in terms of the percentage error E., given by

(2.12)
i6 - ið

E. nn
l x 100%

n

and is tabulated in Table 2.3. The results indicate that

are use<l 'instead of the rneanjf the Fourier components ið
ni^

values 'Cn, a worst case errorin the order of 15% can be

expected when the lateral displacement is controlled wjthin

the t25 cm deviation.

Although no classification scheme could be based on

exactly sing'le runs, the results obtained is suggestive of

C
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TABLE 2.3. COMPARISON BETWEEN MEAN VALUES OF NORI4ALIZED FOURIER COEFFICIENTS AND THOSE DERIVED I^'ITH VEHICLES

LOCATED CENTRALLY - EXPRESSED AS PERCENTAGE ERROR

x I00%

nJ

(tl

*
L

n
cn

E
c C

n

ôn C

1

N
5t

=j
1rî
t\l

Fourier Coefficients

I0

i3

17 .4

0

9

4.4

0

0

8

9.5

6.3

0

7

0.6

0

2 1

6

1.5

t6.4

2.3

5

5 1

3.8

4.9

4

t.7

3.0

9.7

3

4.9

4.8

1.0

2

0.3

t2.8

2.0

1

0

0

0

Ec

V

Ford

Centura

Da ts un



the fact that sing'le runs results with no displacement,

are representative of the multipìe run results when lateral

displacement is controlled. This is highly desirable'

since the feature vector can now be described from a single

run by a vehicle positioned centrally with respect to the

sensor. 0n the basis of this observation further analysis

of the first file as shown in Figures 2.11(a) - (n)

appeared warranted. Therefore the fourteen signatures in

the first file are used as a representative of fourteen

different classes of vehicles.

An alternati.ve descri.pt'ion of the feature vector as

defined by Equation (2.13) provides the possibi'lity of in-

creasing the 'influence of the higher order frequency com-

ponents. This is achieved by dj.fferentiating the Fourier

series giving

.oo
9(r,r^t) = - )

' k=l
kl Isin k r¡ t+)k Bncos k oot; 'i = 1,2,..,m.(2.13)A

n o

From Equat'ion (2.13) we note that the components of

the feature vector are modified by the order of the har-

monics. The magnitude of the feature vector components

normalised with respect to the fundamental component iC,

can be expressed as

i = !, 2, ...,, m

k = I,2, ....' n

k
id

n
ttn,

52.
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The feature vector based on this description is

i;
d" d ),

rJ

to,
[1

'l j¿ 
I

nJ
i = 1, 2,,.., m. (2.15)

(2 "16)

n

The result of this analysis corresponding to the second

fjles for the three vehicles are shown'in Table 8.3 (Appen-

dix B).

Changes ìn the amp'litudes of cotnponents of li^ aue tocn
the displacement of the vehicle from the centre posit'ion may

be represented by an error term Ac. Incorporation of Ac in

tquation (2.14) results in

1 1 = Ir 2, ...' m

n = Lr 2,
d

n
k t tAc

n

i=ft tkAc
n

Aìthough the contribution by the hìgher order harmonics

are magnifìed as the result of the d'ifferentiation process,

the correspondìng variation in the amplitude terms as the

consequence of the vehi.cle. displacement, is also amp'ljfied.

The resultant effect leads into substantial errors when

higher order harmoni.cs are implemented.

The susp'ic'ion was i n fact conf i rmed by the detai I ed

anaìysis of the data in the second file. Thus, this approach

'is considered unsu'itable for further investigations.

C
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2.5.2 Time-Dependent Anaìysis

The t'ime-dependent anaìysis method is based on the

princìp'le of zero crossing measurements. A zero crossìng

can be said to occur between instants k and (t - t) it

sisn(x(k)) I sisn (x(t< - t)) (2.t7)

where

x(kt) = d'iscrete-time real si gnaì

¡ = period

Such an approach i.s. moti.vated hy the observation that

i.f the s'i.gnal i.s a sinusoÌd of frequency ur, then the average

number of zero crossi.ng i.s 2o crossings per second, Whereas

this is true for a stnusoi.d, the i'nterpretatÍon of zero

crossing measurernents i.s rather trivial and i.ts use 'is very

limited when directly applied to vehicìe signatures, How-

ever by differentiati ng the s'ignature it is possih'le to

detect relative locations of peaks and troughs in the

original waveform by obs.erving the zero crossings of the

different'iated sì gnal .

by

1

Thus, 'in thjs approach the feature vector fi it described

b2
'l1;

D

. .T
'un,l['0, ,

54
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where the components of the feature vector fi ute obtained by

divjding the binary waveform derived from the binary represen-

tation of the zero crossings of the differentiated signature,

into N equaìly spaced segments. The dimens'ion of the feature

vectorin this caseis equal to the number of segmentsN chosen.

This approach is shown in F'igure 2.14. Tabulation of the

resul ts correspondi ng to s'ignatures 'in the two f i I es are al so

presented in Table 8.4 and Table 8.5 (Appendix B). Several

values of N were cons'idered. It was found that the m'inimum

value that can be utilized without not'iceable variat'ionin fx
was in the order of 90. Therefore N was chosen as 96, which

permitted the vehicle signature to be represented by twelve

8-bit words. This structure ìs compat'ible with 8-bit micro-

processors for subsequent data man'ipu'lation.

Inthis representationwhere the componentsof the binary
ì-

vector ix can take the two poss'ible values of '1' or '0' the

def i ni ti on of the 'mean ' beconles amb'iguous . However on the

basis of theal ternat'ive descript'ion in termsof thecorrelation

between two binary vectors,anjnjtiaì exploratory data analysis

was carried out. The results based on the data in Table 8.5

'indicated that the elements of the feature vector correspgnd-

ing to several runs of the same veh'icle were highly correlated.

Therefore thi s method al so warranted furthe¡investigation.

A variation of the above approach provided an alter-

native method for descrih'i.ng the components of the feature

vector in terns of the ratio of the length assoc'iated with

the binary waveform written as

1uz
'l't:

^=u

. ''T
t 

'o,J ; 1

where

li
l. 'r'

55.
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q¿

tp'k= (2.20)

= duration of the interval corresponding to the

kth section of the binary representation of the

zero crossings of the differentiated signaì

associated with ith class;

t = total duration of the signal.

and

I q
k

p

Typicaì waveforms which descrjbes Equation (2.20) are

illustrated by Figure 2.14, The elements of the feature
i-vector jx corresponding to fi.rst file are also tabulated

in Tabt e 8.6 (Appendix BI.

The emphasis placed on the ratio of lengths of the

elements of the feature vector corresponds to an scaìing

process and ensures that lx :t independent of the vehicle's

speed. Therefore some savings in the computational time

during pre-processing of data can be expected.

Aìthough this procedure showed an earìy promise, two

remarks are pertÍnent at this stage. Firstly, from Table

8.6 (Appendi x B

feature vector

, it is evtdent that the di.mensions of the

i associated with each class of vehicle

)
'i

u

are not necessarily the same. This implies that conventional

techniques as used in pattern matching to be described in

the next section, can not be applied dìrect'ly.
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Secondìy, a detaìled anaìysis of the second file jndi-

cated that vehicles of the same make and model when displaced

from centre position may have different dimensions. There-

fore, unless the lateral displacement of the vehicles are

tightly controlled large errors can be expected 'in the

classifìcat'ion process. Thus this method was precìuded

from further analys'i.s.

2.6 Classification Process

An important class of linear classifiers uses the distances

between the input feature vector ï and a set of reference vector

points in the feature space as the classification criterionl63][64]

The proposal to use d'istance functions as classification tools

follows from the fact that the most obvious way of establishìng a

measure of similarìty between vectors i's by determin'ing their
proximi ty.

If there are m possible classes of vehicles designated by

vl, vZ, ...., vm, then Ï Îs assigned to class v., it io. i
j I i. This can be written in a ntore convenient form:

D for all

Y e vi; if D< Dforallilj.J (2.2r)

Thus the classification Iooks for the smallest distance D lretween

the unknown vector Ï and the stored vector rÌ.
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In a classification trial the information stored in a reference

file is compared with information extracted from the signature of an

unknown vehicle. This comparison may be defjned in terms of

Euclidean distance D, Siven by the unknown vector Ï and stored

reference vector i associated wì.th class 'i.. This is expressed aS

(2.22)

i-
For b'inary vectors corresponding to bx an alternatjve

approach may be ìmplemented. The proximity of an unknown vector i
to the stored feature vector 

jÏ .un be expressed in terms of the

correlation R('X,Y), written as

t o, [ti,r)

,!'[-'-'')'

Iji*.
J

i Ð^Ð

R(ix,y) = *
1

n
5l

=J
v l 2, ..., m. (2.23)

(2.24)

The equivalent definition of correlatjon for binary vectors in

terms of 'one' and 'mjnus one' representation is then

i
R( X,Y

A = number of term-by-term agreements of iî with i.
i*

D = numben of term-by-term disagreentents of 'x with y.

)

where
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By subtracting the true correlation from I we obtain the

prox'imity measur. 
jo,^ 

expressed as

1
1 R( X, Y) (2.25)

The above process has the technìca'lly desirable feature of re-

quiring on'ly a binary representation of the zero crossings of the

differentiated waveforms and is therefore convenientìy compatib'le

with pattern matching by po'lanity correlation using serial access

to stored data.

As a first approach in expìoring the potent'iaì of the proximity

measure for vehicle classi.ficati.on, based on Equation (2.2?), the

feature vectors li.o.r.tponding to the mean values of the Fourier
c

components in the second fi1e, and the conponents obtained for no

lateral displacement, were used to construct proxi.m'ity measure tables

as illustrated by Tables 2.4 - 2.5. The magnìtude of entries denoted

by ôDE and [Dr'indicates the relatìve measure of sirnilarity between

tu¡o vectors.

The difference between the corresponding proximity measures in

the two tablesare described by the error EO, g'iven by

*D
c

D,"

^D- -cE
D

indicate that this dìfference is less than i0% when lr ir chosen

Etd x I00% (2.?6)
c E

instead ot ]i
c
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TABLE 2.4. PROXIMITY MEASURIS IN TERMS OF EUCLIDEAN DISTANCE DE t^l ITH

AS THE COMPONENTS OF THT STORED REFERENCE VECTOR

Datsun

Notes: Nwber. of triaLs associated with each uehicLe,

iô
n

1Í
c

(¿) Ford
(¿¿) Centtn'a
( ¿ì.i) Datswt

B triaLs
B triaLs
5 tz,iaLs

c Dt
V

Ford

0 a b c d e f g

Ford 0. 04 0. 08 0. 09 0. 10 0. 05 0.05 0.05 0. 11

Centura 0. 59 0.61 0 .61 0 .64 0 .60 0.60 0. 58 0.53

Da ts un 0. 59 0.62 0.61 0. 58 0. 63 0. 58 0. 57 0.60

V

Cen tura

0 a b c d e f g

Ford 0. 57 0. 59 0.89 0.62 0.52 0. 70 0. 58 0. 51

Centura 0.12 0. 09 0. 53 0.09 0. 15 0. 15 0. 10 0. 19

Datsun 0.76 0.81 r.27 0 .82 0. 70 0 .90 0.77 0.68

^D
E

ff 0 a b c d

Ford 0. 59 0. 60 0. 61 0. 59 0. 58

Cen tu ra 0. 82 0. 83 0.85 0. 83 0. B1

Datsun 0.02 0.15 0 .05 0. 04 0 .05

6i.



TABLE 2.5. PROXIMITY MEASURES IN TERMS OF EUCLIDEAN DISTANCE DT l^lITH

rc* AS THE c0MpoNENTS 0F THE srORED REFERENCE vEcron li-n'-- - c

Notes: Nwnber of tnials associated uith each uehi.cLe:

(¿) Ford - BtriaLs(ii) Centuz'a - Btr'ía'Ls
(ii.i) Datstat - 5tz'iaLs

* D
E

v

Ford

0 a b c d e f g

Ford 0 0.1i 0.L2 0.12 0.05 0 .04 0 .03 0.09

Centura 0. 57 0. 59 0.59 0.61 0. 58 0. 58 0 .56 0. 51

Datsun 0. 58 0.61 0. 61 0. 57 0, 63 0. 57 0. 57 0. 59

*D

v
E

Cen tura

0 a b c d e f g

Ford 0. 57 0.58 0 .89 0.62 0. 51 0.69 0.58 0.51

Centura 0 0.72 0.64 0 .08 0. 16 0.22 0 .04 0.10

Datsun 0. 75 0.80 L.2T 0. B1 0. 70 0.90 0.77 0.67

*D
E

ff

Da ts un

0 a b c d

Ford 0. 58 0.60 0.61 0. 59 0. sB

Centura 0.75 0.76 0. 78 0. 76 0.74

Datsun 0 0. 05 0. 06 0.04 0.06
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The correspond'ing anaìysis assoc'iated with the binary vector

ii ,t"t Equation (2.25) to construct the proximity measure tabìe

in wh.ich the data from several runs are correlated with that of

centralty positioned vehicles. This is i'llustrated in Table 2.6

in which the table entries are denoted by Dr. From the table we

note that the magnitude of Dr'is subiect to approximately 15%

variation from different trials.

Based on the above analysis i.t is now possible to extend the

approach to the data for centralìy positioned vehicles with some

degree of assurance.

Sìnce the proxim'ity of two signals'is a relati.Ve measure of

s imi I ari ty, i t i s neces.sary to establ'i sh some rul es upon whi ch to

evaluate the Performance.

2.6 .l Perf ormance Evaluation

The performance of the proxim'ity measures as expressed

by Equation (2.22) and Equation (2.23) may be modelled in

terms of the error rates Êa, rr and threshold level ß.

These parameters are defined as

number of false acce tance (2.27)
n

umb fal se re ecti on (2.28)
to

m

ta

oer

(k,

n

^ß=KD

r

)

and
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'lv
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TABLE 2.6. PROXIMITY MEASURE D WHEN FEATURE VECTOR IS USED

AS THE STORED SIGNATURE.

Dr
Number of Trials

a b c d e f g

Ford 0.r2 0.r2 0.25 0 .01 0 .06 0.02 0. 17

Centu ra 0. 19 0. 17 0.04 0.23 0.27 0 .02 0 .08

Dats u n 0 .08 0.06 0. 15 0.29
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where K is used as a scaling factor having an adjustabìe

rangebetween0-land

ô(r.,r) = *t Dji ( z. go)

k and m are further defined as

k = total number of si.gnatures per class,

m = total numher of yehicle classes.

In general the vaìue of ß can be adjusted in accordance

to some performance criteria, such as minimizing the proba-

bilities of error when making the following decisions:

1 1

k
s
=j1

m

D<ß

D>ß

the unknown yehicle is the same as

the stored reference signature.

the unknown yehi.cle is different
from stored reference signature

P=S s2

(2 . 31)

(2.32)

The overall classification process may then be assessed

by the performance factor P expressed by

1
e*

a
e r

where

65.
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S, = cost for faìse acceptance.

= cost for false rejection.S
2

S, and S, are functìons of the traffic contro'l strategy

and may be obt¡.ined empirìcaì1y.

As an approximate approach 'in assessing the potentiaì

of this research, the data in the first file correspondìng

to central'ly located vehicles were used to create both a

reference signature table as urell as to represent the

unknown ì nput s'ignatures .

Based on the deftnition of the proximity measures given

by Equati on (.2.2?) and Equat'ion (2,25), two 14 x l4 proximity

tables correspondìng to ]i an¿ iÏ *.r. constructed. The
D

results of this analys'is wh'ich have been normalized w'ith res-

pect to the mean value of the prox'im'ity measure in accordance

with Equation (2.30) are shown in Figures 2.I5 - 2.16 in a

"grey" scale format. The details of their representation

are also presented in Tab.les 8,7 - 8.8 (Appendix B).

Although the proxi.mity tables are insufficient by them-

selves for arriving at ftrm conclus'ions, they have provided

a further insight in verifying that vehicles of djfferent

makes and models can indeed be differentiated from one

another through the k'ind of model'lìng described in Section

?.5.
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There are two remarks pertìnent in regards to the

structure of the proximity tables. FirstlV, since the same

data is used for both the stored vector i and the unknown i,
the diagona'l elements of the resultant proximity tables are

zero. Therefore false rejectìon rate e. cannot be derived

directly. The second point 'is that the table entrìes are

symmetrical about the diagonal elements and therefore onìy

one-haìf of the table provìdes useful information.

The false acceptance rate ea was calculated for the two

approached based on the definìtion of Equation (2.27) and

Equat'ion (2.29). Thìs is shown in F'igure 2.17(a). However

the evaluationof thefalse rejectionrate ercouìd only be ob-

tained through the l'imited results of the second file which

were augmented by the data in the first. Aìthough this
approach was limited in nature and perhaps not fulìy justi-
fiable, 'it provided an approxìmate means to test the two

models and gave an insight to the kind of results that one

might expect. The results of this analysis is shown in

Figure 2.tV(b).

These curves illustrate the relat'ions between the two

error rates and the threshold level ß. If the threshold

value is too low, many vehicles wjjl be falsely rejected

because of the varjabilìty of their signature due to lateral

dìsplacement. 0n the other hand if the threshold 'is too

high, vehicles with some similarity in their s'ignature w'ill

be falseìy c'lassified. Thus the value of the threshold ß

is a trade-off between the security of the system, j.e. low

false-acceptance rate, and low false-rejection rate.
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The overall performance as expressed by Equat'ion (2.33)

for two djfferent arb'itary cost factors are illustrated in

F'igure 2 . 18.

From these limited evaluations it appears that better

performance can beexpected froma cl assìf i cationmethod using

feature vector ]i in oreference to feature vector ]x derivedb"c
from the Fourier spectrum. Since extraction of the compon-

i-ents of fx are carried out in t'ime domain significant

savings'in computation tìme as well as hardware can also be

expected.

2.7 Classifier Hardware

In order to assess the sui tabi I 'i ty of the cl assi f i cati on

method for real time app'lications some prelìm'inary invest'igation

'into the structure of the classifier was also conducted. The main

requirements of the classifier are'its abi'lity to perform many

thousands of comparison 'in "almost" real-time and further the

system must be flexible enough such that changes in the stor^ed

data resu'lt'ing from 'introduction of new models can be implemented

readily.

Since results of computation are requìred to be ava'ilable

wìthin approxìmate'ly two second. [65], uniprocessing 'is 'inapprop-

riate. The approach which is taken to increase the processing

speed is through parallelism. Studies of various multiprocessìng
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structures[118 - 120] in¿icated that the Single-Instruction-

Mult'ipìe-Data stream (SIMD) appeared as a suitable contender for
this app'lication and therefore a system based on the above con-

figurat'ion using Intel 8085 nricroprocessors was developed[116] .

Bìock diagram of the system illustrating the main components of

the system incorporat'ing 8 microprocessors is shown in FigureS

Z,lg - 2.20. This structure was constructed by I'lr. F.S. Sjn.

The binary feature vector fi wfrich characterise the various

vehicle classes are arranged cycììcally into blocks of twelve

8-bit words and are stored in 1K EPROMS called local sìgnature

table (LS). Two addit'ional 8-bit words are aìso augmented to

each class and serve as a tag to ident'ify the class of veh'icles

represented by that vector. Each processor jn the classjfjer
has only access to a local s'ignature table.

The classificatìon process is d'iv'ided into two sequent'ia'l

tasks: the primary and the secondary "nearest match" aìgoritf,rr[116]

The primary match computes the m'inimum value of the proxìmìty

measure D. in each local signature table. At the end of the primary

match, each processor yieìds a "best" correlated result. Conse-

quentìy a secondary match 'is requìred between all the processors

to determine the gìobal minimum. Thus ìnterprocessor communica-

tion must be encouraged during this phase to ensure some degree

of pareìlism. This'is ach'ieved by organising the processors 1,3,
6 and I shown'in Fìgure 2.20 to read the accumulator data out-

puted by the processors ?,4, 5 and 7 respectively. This latter
set, are subsequentìy HALTed. Processor 1 and B repeat the sequence

by reading the accumulator data of 3 and 6. The operation contjnues

unt'il all comparisons are contpìeted and the global minimum for D,
mlnis found. The tag corresponding to the mjnìmum value is r-¡sed for
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the subsequent i dent'i f i cati on .

Aìthough the local storage (t-S)'s share common addresses the

data located at each common address may be different. Th'is requìres

isolation of the appropriate processors from the system bus during

the period when data ìs being transferred between the processor,

the local store, and the accumulator. Therefore in this manner

the problems of competi tion for the bus 'is el'imi nated.

Since the processors share ìnstruct'ion streams generated from

a cOWnOn memgry and are subsequently executed On a common programme

counter the problem associated w'ith synchronization is also avojded.

The time associated with secondary match for large number

of data is small and therefore improvements that are achieved by

parallel processing is approxìmately proportìonal to the number

of paraììel processors used. For 1000 comparisons us'ing eight

8085 microprocessors the required time requ'ired is in the order

of 400mSeJ116 1. Comparisons between a uniprocessor and SIMD

structure in terms of required the computat'iona'l times is jllus-

trated by Tabl e 2.7 .
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TABLE 2.7. COMPARISON BEThlEEN UNI.PROCESSOR AND SIMD STRUCTURE

0perati on
Number of States

Uni-Processor (8085) srMD (808s)

Compute D.

Determine Dr
mrn

Primary Match

Secondary Match

3800

20

3820 x 100

3900

64

3964 x 1000--N-

84 log, N

Total Time (Sec) 2.0 2 .o/l't

Notes: (í.)

(¿í,)

N : totaL runber of processors.

CLoek perLod: 350rß.
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2,8 Conclusion

This study has presented evidence that it is possible to ex-

tract suitable features from a two-co'ils sensor in order to classify

vehicles in terms of thejr makes and models without the need for

speed or length information.

The criterion of feature selection based on Fourier components

and the alternative bjnary representation of the zero crossjngs of

the differentiated signal has shown promis'ing results and therefore

has provided the basis for the kind of future research that may pro-

ceed in this area using a broader class of vehicles.

Based on the observat'ions and analysis of the ìimited data the

foì I owing remarks seem justifiabl e:

(i) If displacement of a vehicle from centre position jn

relation to the vehicle sensor is controlled, then

on'ly a small perturbation in the amplitude character-

istics of the signature of the same vehicle can be

expected.

(ii) Veh'icles of the same makes and models when subjected

to the same dispìacement in relation to the sensor

have sinri I ar si gnatures.

(iii) There appears to be more d'ifferences between d'ifferent

vehicles than between different runs of the same

vehi cl es .
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(iv) Time normalization has not influenced the differences

that exist between dìfferent classes of vehicles.

Thus the need for ìength informat'ion has been

el ì mi nated .

Since the modelling was based on a ljmited amount of available

data the application of the princip'le to a broader class of vehicles

await confirmation by other investigators. Howeverit is hoped that

this work will stimulate further research in this area'in partìcuìar

when the constraints associated with displacement are relaxed. This

may entail statistìcal consideration in order to arrive at a classi-

fication rule which is optimal,'in the sense that, on an average

basis, its use yields the lowest probabiì'ity of committ'ing classifi-
cation errors.
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CHAPTER 3

VEllICLE IDENTI FICATION SYSTEI'IS

3.1 Introduction

Many agencies in the transportation field both governmental and

private, have indicated their need for cost effective systems that

will automatically identìfy and establish the location of a selected

vehicìe. The severe conditions encountered in the various traffic
situations makes the choice of technology an important task. There-

fore this chapter is concerned with a comparative study of several

technologies which have the potentia'l of being used for vehicle

i d enti fi cat i on and su rv ei I I anc e.

Generalìy the systems can be confjgured jn accordance with two

operational requ'irements. The first entails a vehicìe-mounted coded

labeì or "transponder". As the vehicle comes within the range of an

interrogation, the code is read and the identity of the selected

vehicle is obtained by the interrogation. The interrogation can

subsequently add ìts own location information and transmit the

augmented code to a central processor. In the second technique the

transponder can be installed under the road surface or alternat'ive'ly

along the highway as a series of "sìgnposts". The signpost imparts
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its location information to vehicles that pass the signpost.

These vehicles are subsequently 'interrogatdd via a two-way mobile

radio for transfer of locat'ion information.

Transponders can be broadly classifjed according to whether

they are acti ve or passi ve devi..r*, sui tabl e forinterrogati on

either from near to or far from the interrogat'ion apparatus. free

or otherwise of regístration and orìentation constraints between

themselves and the interrogation apparatus, and according to the

capacity of their almost invariably d'igitaì cod'ing.

The requirements of passive operation and interrogatjon over

electromagnetic propagation path are normaìly sufficjent to ensure

that the repìy, signaì 'is very weak ìn relation to that perform'ing

the jnterrogat'ion. The requirement of registration and orientation

freedom is normal'ly suffic'ient to ensure that the interrogation

s'ignal produces strong fields not only in the vjcinity of the trans-

ponder but aìso in the region of the receiver antenna. The separa-

ti on of the repl y s i gnaì f rom the strong'ly cou pì ed i nterrogat'ion

signa'l is therefore of vjtal importance. The necessary separation

can be performed basically in the t'ime or frequency domains. A

precìse knowledge of the repìy signaì frequency or other signa'l

statistics is desirable as this knowledge is necessary to the

attainment of low receiver noise bandwidth.

Passiue is referrd. to detsiees u\ære no internaL energy souree

sueh as a batter,y is requird..

*
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During the last decade a number of technologies incìuding

optical, sonic, radioactive, magnetìc, microwave and inductjve have

been developed and testedt66 - 691. Subsequent to these studies

the following criteria have been formulated to decide the choice

of technology:

(a) The transponder should be maintenance-free and operate without

the need for an externaì power source, i.e. a "passive trans-

ponder".

(b) The information transfer between the transponder and the in-
terrogator should not be impaired due to environment such as

rain, snou,, oil, etc.

(c) The transponder shouìd be read within an accurately defined

reading zone.

(d) The transponders and jnterrogators should have convenient

physica'l dimensions as well as being able to be produced at

low costs.

(e) It is highly desirable for the transponder to be field pro-

gramma bl e .

(f) Operating characteristics should be such that it does not inter-
fere with other users of the spectrum.

(S) Due to the congestion of the electromagnetic spectrum, either

a narrow-band device should be used or alternatively the con-

gested portions of the spectrum should be avoided.
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It was concluded on the basis of the available information that

optical and sonic could not operate re'liably'in the contaminated

environment. The hazards associated wi th rad'ioact'ive systems made

the approach unsuitable. The magnetic also could not be considered

due to installation difficulties. Therefore'it was decided to ex-

plore further the remaining two technologies, namely the micro¡rave

and low frequency inductive system in more deta'il.

3.2 Mi crowave S.YstemsÍ70 - 751

Microwave identifjcation systents generaìly 'incorporate one of

several approaches. In one approach, as shown in Figure 3.1, the

transponder extracts power from the interrogator at one frequency

and subsequently reradiates power at a second frequency harmonicalìy

related to the first. Several va-riations based on this principle

have subsequently been deve'loped.

In an alternative technique a passive label having a number of

dipoles arranged'in accordance wjth a code is ilìuminated by a

source radiating mjcrowave energy. As the vehicle moves across the

microwave beam each d'ipo1e produces a frequency modulated pu'lse or

chirp signal as illustrated in Fjgure 3.2. Successive dipoles pro-

duce tjme dispìaced frequency modulated sjgnals. The sum of these

signals is detected and subsequently resolved into a serial code

corresponding to the dìpoìe pattern.

At frequencies below lGHz, the Doppler shift caused by a sìow
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moving vehicle is small, making detection rather difficult. In

addí tion the I abe'l 'l ength becomes rather I ong, i . e. w'ith 25 d.igi t
label with half wavelength spacing the length is 3.6 meters, whìch

limits the app'lication to a small class of systems.

At higher frequencies than 1GHz, unwanted reflections caused by the

surface of vehicles become comparab'le wjth respect to the signals

caused by d'ipo'les and therefore detection of the leg'itimate sìgnal

beconres difficult.

A more recent development utiljzing ceramic resonators has

been described by Sakuragi et all76] . The basic princìpìe aassoc-

iated with this class of transponderis shown in Figure 3.3, where

severa'l ceramic resonators having different resonance frequenc'ies

are operated i n paral ì el .

A sweep-frequency signaì fs, generated by a sweep frequency

generator, modulate the microwave carrier fo and produces the in-
terrogation s'ignaì fo t fr. The rece'ived si gnaì at the transponder

is demodulated by the diode cjrcuitry and subsequently prov'ides the

sweep frequency f, to the ceramic resonators. Each resonator starts

to resonate at each of the 'individual frequencjes. The identifica-
tion code cons'ists of a particular combìnation of these resonators.

The resultant s'ignal from the transponder is received and the

frequency components associated with each of the ceramic resonators

are determined.

There are several probìems associated with this structure. The

major one being the need for complex signaì processing as the number
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of bits in the code are increased. In addition the transponder

cannot readily be adapted for usage'in systems where the transponder

is required to be fieìd programmable.

Another development which has emerged as a strong con-

tender for many of the passive label'lìng app'lications'is based on

surface acoustìc wave (sAW) technol ogyl77 - 82l. However no reports

appear to have been published on its suìtabil'ity for vehicle iden-

tificatjon and surveillance systems. Therefore it is considered

desi rabl e to record some prel jmi nary analysj s of the feasi bj I i ty of

applying the SAhl labelling technology to the ask of vehicle iden-

tification in traffic mon'itoring operations.

3 .3 Su rface Acousti c l^lave Labe] ì i ng

The surface acoustjc wave (SAlll) device may be realised by

depos'ition on a sujtable pìezoeìectric substrate a group of metal

strips or "fingers". The device is then electrically coupled to a

p'lanar antenna as shown in Figure 3 .4177 - 84) 
.

The SA[.l device'is basica'lìy an acoustic delay line excited by

electro-acoustic transducers which 'in turn act as receivers at dis-

crete points on the delay line and hence provìde the coded informa-

tion as a sequence of d'iscrete echoes, each corresponding to the

presence of each ìndiv'idual transducers on the delay ìin.[81] . When

the transponder is jnterrogated by a short rf pulse (20ns), at a
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convenient frequency, i.e.200MHz, a train of repìy pulses are

returned from each group of fingers. Figure 3.5 shows a typica'l

delay line response corresponding to the SAI,J pattern of Figure 3.4(b)"

The operating principle of a typ'ical system'is then that of

separat'ion of the transmjtted and rep'ly signals and of achievement

of code generation by storjng the interrogation energy in a one-

port acoustic surface delay ìine for a time sufficient to allow the

retransmission of a repìy signal at a time after all of the trans-

ients and spurious responses associated with the illum'ination of

the scanned area by a high power transmjtted signaì have dj.d u*uy[83]

In common with all passive labelling systems, especially those

which interrogate labels at a distance, the reply sìgnal reach'ing

the receiver is quite weak and specia'l sìgna'l processing technìques

are needed for its recovery'in the face of thermaì noise and other

interferjng signal s. These techniques 'include the achievement of

a low receiver noise level through the establishment of a narrow

intermedjate frequency ampìifier bandwidth sufficient on'ly to con-

tajn the spectrum of the rece'ived signa'l .

The signaì processing operations are approximately those of an

ideal correlation detector, in that each bit of the reply sìgnal is

multjp'lied by an appropriateìy shaped and timed local osc'illator

sìgnaì with the low frequency product signal being detected and in-

tegrated for the 'interrogation period. In a sjmple correlation

detector one would expect to set the local osciìlator carrier fre-
quency to be exactly equal to the transmitter carrier frequency, and

to amplify the mixer output at d.c. However, for reasons related to

the non-ideal performance components performing gating operations
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wi thi n the recei verinstead , the I ocal osc'i I I ator carri er f requency

is slightìy offset from the transmitter oscillator carrier fre-
quency and the mixer product is subsequent'ly amp'lified in a narrow

band intermediate frequency ampìifjer before it is detected and

integrated. The bandwidth of th'is intermedìate frequency amp'lifier

could vary from several hundred to only a few Hertz depending upon

the needs of the applì.utionl8ll.

It should be reaìised that the interrogatìon operation does

not consist of the issuìng of a singìe transmitter pulse. Trans-

mitter puìses are in fact continuously reissued wjth the tjme

between them only sufficjent to allow for the reception of the

reply code. In practice the time between jnterrogation pulses is

of the order of lus, and the results of an interrogation are the

average of the replies from many thousands of such pu'lses.

If one views the results of all these signal processing opera-

tions in the frequency domain, we see that the transmitted s'ignal

consjsts of a line spectrum with lines spaced by an amount equa'l to

the pulse repet'itìon frequency (of the order of ll4Hz) with most of

the energy contained within a band of width equal to the inverse of

the puìse length (several tens of MHz), and centred at the trans-

mitter carrier frequency (several hundred MHz to lGHz). The effect

of the receiver s'ignal process'ing ìs to surround each one of these

transmitted signaì sidebands by a narrow (severaj Hz to several

hundred Hz) receiver passband, the contributions from which are

coherently summed at '.he mixer. Each of these partial receiver

passbands has a bandwidth equa'l to that of the intermediate fre-
quency ampìifier. The receiver passband is illustrated in Figure

3.6 .
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The achievement of system sensitiv'ity rests in significant
measure on the use of on'ly sufficient if bandw'idth to assure the

capturing of the repìy signaì. Since the carrier frequency and

modulation parameters of the transmjtted s'igna1 can be precise'ly

controlled, the principled determinant of uncertainty in the reply

s'ignaf is Doppler shjft due to the label motion. In vehicle iden-

tificat'ion operations where Iabel velocjt'ies can be relative'ly high,

this matter is of importance and will be g'iven more detailed con-

sideration in Section 3.3.4.

3.3. 1 Factors i nfl uenci ng the desi qn

The princ'ipìe problems encountered in designing acoustÍc

surface wave passive labell'ing systems are those of achieving

sufficient system sensitivity, i.e. the reply signal at the

receiver which is sufficiently large in relation to both

thermal noise and other sources of interferìng s'ignaì, while

at the same time employing suffìciently low transmitted power

to avoid creatìng interference to other uses of the electro-

magnetic spectrum or biologìcal hazards to persons who may

come within the scanned area. The d'iscussion below considers

a number of factors which have to be taken'into account in

t he achi evement of thes e a'ims .

At the beginn'ing of the design exercise one must have

of course in mind the number of bits to be prov'ided in the

repìy code. The system sensit'ivity however is not strongly

influenced by this parameter. If it is realised that very
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many tens of dB separate the transm'itter and reply signaì

levels, and that for a given peak transmitted power level

the rep'ly signal-to-noise ratio will deteriorate by onìy

3dB for a doubling of the code ìength, it wilr be seen that
this factor becomes critÍcal on'ly for systems that are

bare'ly operabIe.

System design is probably most strongly influenced in
all of its aspects by the frequency band chosen for opera-

tion. Because the transmitted signa'l bandwi.dth extends

over several tens of MHz, and radiated powers are substan-

tial, and because i.n the vehicle monitoring application no

opportunity for containment of the interrogati.on energy is
avai.l abl e, 'i t i s probably necessary to empl oy a frequency

band reserved for industrial uses in which significant stray

levels of radiation are allowed.

Whatever frequency band is chosen, the level of manmade

jnterference picked up by a roadway antenna in thjs fre-
quency band js crucial to operation. Such interference

could be generated by vehicles themselves or by other users

of the spectrum.

Another set of factot s influencing sys.tem design are

the cost and avaìlable si.ze of delay line substrates, There

is a direct relation between the number of bits required in

the rep'ly code and the substrate length and an inverse

relation between the substrate length and the bandwjdth of
the transmitted pulse. In some applications in whjch'large

numbers of throw-away labels are required, substrate ìengths
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must be kept short (of the order of Smm) in the.interests
of economy, and transmitted puìse bandwidths of several

tens of Milz resul t. In the veh'icl e moni tor.ing appl i cati on ,

tags of signìfìcantly greater cost than can be contempìated

in throw-away appìications can be used, and transmìtter

bandw'idths can be substantial ìy reduced. In the absence of
precise detajls of availabìe spectrum bandw'idths and costs

of very long substrates, the system to be described below

has not sought to expìoit this possib'i'lity. It is however

one whìch could merit further exam'ination.

Another factor strongly influencing system performance

js that of electromagnetic propagation loss between the

interrogatìon apparatus and the responding label. In the

determìnation of this loss lve must consider the size of

antenna, the separation between interrogation apparatus and

label in relation to the freespace uravelength, and any

additional electromagnet'ic attenuat'ion which may be provided

by the roadway surface beneath whjch one of the antennae may

be buried. Generalìy speak'ing one may expect that all of
these losses vrould increase at the hìgher operat'ing fre-
quenc'ies. However against this one might set the fact that

resonant antennae of convenient sìze are achieved more

easiìy at high frequencies than low ones.

Col.t83l provì.ded a detailed anaìysis for both 50lr1Hz

and 200MHz systems in which the field was confined wi.thi.n

a tunnel. Therefore it was decided to extend these analyses

in order to explore the kind of results one could expect ìf
the system is operated in the non-shielded environment in
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the medical diathermy band centred at 915M112.

3.3.2 Sel ecti on of svstem parameters

In order to proceed with the evaluation of the 'l.ikely

performance of the systenr operating at 915MHz, a particular

set of operating parameters are required. As a start it is

assumed that the number of bits required in the repìy code

is 32. Allowìng for a number of level setting and parity
check bits ìn the full repìy code it w'ill be assunled that

the number of transducers'in the coding set on the delay

line is 38.

Furthermore, it i.s consi.dered that tags are mountec.l

underneath vehicles and are interrogated from a dipoìe

antenna p'laced beneath the roadway surface.

At the time when th'is analys'is was performed, for a

system operat'ìng 'in the medical d'iathermy band centred at

9t5NHz[86] un op.ratìng bandwjdth of 40MHz was avajlable.

However, moves have now been made to reduce th'is band-

width to 16MHz.

An 'interrogat'ion pulse length of 33ns and a separation

of 50ns between bits of the reply code are next chosen. The

puìse ìength is slìghtly ìonger than the minimum of 25ns

which can be employed w'ith the above bandwi.dth. The conse-

quence is an acceptable ìengthening of the delay line com-

bi ned w'ith a sl ight i ncrease of system sens'itivi ty resu'lt'ing

from the fact that more of the sidebands of the transmitter
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pul se I i e w'ithìn the passband of the transmi tter output

filter. The rat'io of 1.5 between the separat'ion of bits

in the repìy code and transnl'itted pu'lse length is one whjch

has been found to perm'it the ach'ievement. of low crosstalk

between b'its of lhe repìy code, provìded appropriate equaì-

i sation of other system passband factors 'i s 'incorporated

into the delay ìine pattern periodl83] .

For quartz as substrate the surface velocity is 3.16km/sec

so that with f = 9151v-lHz and a tag having 38 transducers a

delay 'l ine propagation length of 72.2mm is required.

The bandwidth of 40MHz is suffi.cient to permit the use

of acoustic surface delay line substrates of moderate length

as calculated above, The centre frequency of 915i\1Hz js also

suffi.cientìy high to enable a resonant antenna of dj.mensions,

7'./4 = B2mm, to b.e used in the tag,

The separation in time between successive transm'itter

pulses ìs arranged to be slightly greater than the total t'ime

occupìed by the repìy code. The latter time 'is, usÍng the

normal transducer pattern, just twice the number of b'its 'in

the reply code times the spacìng between bits. For the

above bit spacing and number of bits in the reply code, the

total nep'ly time i s then 3.8¡rs, maki ng a sui tabl e al l owance

for reclosure of the receiver time gates before the occurrence

of the next transmitter pulse. Thus, a tìnre interval between

transmitter pulses of 4.25ps ìs appropriate. A parameter

which wjll be required 'in later calcuìations of system

sens'it'ivity is the duty cycìe, j.e. the ratio of pulse length
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to pu'lse separation of the transmitter puìse. In the

currently outlined design this parameter comes to

7 .75 x 10-3 (-21d8).

3.3.3 Delay I i ne i nsert'ion loss

The delay ìine insertion loss can be defjned as the

ratio of the power delivered back to the label antenna from

the delay line during one bit of the repìy code to the power

incident fronr the label antenna to the de'lay line during the

occurrence of the transm'itted puìse. For a one-port delay

ìine employ'ing only a sing'le pa'ir of paralìel connected

transducers, it is theoretical'ly possiOlelS3l for this
parameter to be reduced to 6dB through the emp'loyment of an

appropriate number of fingers and a pu'lse ìength 'long ìn

relation to the propagation time across one transducer. The

6dB 'loss here results from the bidirectionality property of

the interd'igitaì transducers which requires that each trans-

ducer radiates half its power in the wanted directjon. This

minimum insertion loss may be procured only over a max'imum

bandwìdth determined by the number of fingers requ'ired to

establish the match between the antenna impedance and the

transducer input impedancetBll . 0n strong coupling materìa1s

such as l'ithi um n'iobate (Lì No0r) fractional bandwi dths of 25%

are possible, while for ìow coupl ing materiaìs 'like quartz

this bandwidth has been reduced to 5%.

For the more complex situation of a one port deìay line

returning a many bit reply code, the delay fi.ne insertjon loss
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depends on many factors. These jnclude substrate

mechani ca ì coupl 'ing coef f i c'ient , the number of fi
the transducers, number of bits in the reply code

degree of matching between the deìay line input ìmpedance

and the antenna impedance. when the number of bits in the

repìy code becomes large and when the transducers are cìoseìy

spaced to achieve economy of substrate ìength and a good

duty cycle for the transmitted pulse, adjustments to the

transducer pattern are ¡nade both to control the second order

responses of the deìay line and to equali.se for the other

aspects of the shape of the rad'io frequency passb.and. In

this s'ituation the anaìysis of the delay line performance

becomes a complex matter.

The most recent des-i.gns for one port deìay ìi.nes made

at the university of Adelaide have required 20 transducers

in the coding set, have operated at a fractionar bandwicrth

of 20%, and on the ìow coupìing material of singìe crystal
quartz. us'ing a sì'ight'ly di fferent (but appropriate for the

case) definition of insertion loss, for these deìay lines a

figure of 32dB was pred'i.t.d[83].

In the present instance de'lay lines with a number of 38

transducers jn the coding set, to be operated at a fractional
bandwidth of 3.3% on a material whose electromechanicar

coupling coefficient may be chosen without significant regard

to cost, is required. In these circumstances it wjll be

assumed that delay lines wìth an jnsertion joss of 30dB may

be fabricated w'ith correct attention to suppression of second

order responses and control of cross-talk between bjts in the

n

,a
s 'ln
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reply code.

3.3.4 Doppl er sh'ift cons iderat'ions

The princip'le determinant of the intermediate frequency

amplifier bandwidth is the need to cater for Doppler shift
in the repìy sìgnaì frequency arising from motion of the tag

in relation to the interrogating antenna. The variance of
Dopp'ler sh'ift wi.th speed of the vehicle and its pos'ition.in

relation to the'interrogating antenna needs to be analysed

so that the time for whi_ch the ¡eply frequency rvi l'l fall
wi thi n the receivef bandw'idth may be determi.ned, This time

i.s roughly speaki.ng propontional to that bandr¡ridth. Another

rel ation , i n thi s case an i.nverse one, between interrogat'ion

tìme and recei.ver bandwidth may be obtai.ned b.y noting that

i.f the receiver bandwtdth i.s greater than the i.nverse of
the interrogatìon time it has been made unnecessari.ly broad,

while if the recei.ver handwidth is less than the inverse of
the time fof whi.ch the peply signaì wiì1 lie wjthjn jt the

receiver wì.ll not have time to respond to the reply. From

these turo relationshi.ps w'ill be derived an opti.mum rece'iver

b.andr^lidth and accompanyì.ng ì.nterrogation t'i¡e,

The geometrical arrangernent between the interrogation

and tag antennae A and B respectjvely is illustrated jn

Figure 3.7. Both antennae are considered as horj.zontalìy

poìarised dipoles, which may be oriented parallel or perpen-

dicular to the direction of motion of the vehicle. The tag

antenna is mounted a vertical height h above the interroga-

r02.



A = Horizontal D'i pol e Antenna .

B = Transponder.
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'tion antenna v¡hich would be some distance belov¡ the roadway

surface, aìong wlrich the vehicle js assumed to proceed with

the velocity v. The carrier frequency of the transmitted

puìse is f Hz, the 3dB bandwidth of the if channel 'is B

Hertz, and T'is the total t'ime for which the reply sìgnaì

frequency lìes wjthjn the receiver 3dB passband. The ang'le

A0 js that at which the repìy signal first falls w'ithin the

received 3dB passband. At th'is angle the Doppler shift fre-
quency js denoted by Af.

The fractional frequency shift Af of the tag antenna

that crosses the beam 'is

f rel ati ve veloc'i (3.1)f vel oci o e ec romagnet c propagat on

Th'is rel at'ion describes the Doppì er shi ft and for
small values of the angle 0 it can be written as

A

¡f _ 2vO
fc

where c is the velocity of electromagnetic propagation

Usìng the geometrical relatìonships in Figure 3.7

(3.2)

vT
ztA0
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where T is the time in which Af is less than the bandwidth

B of the relative system.

Combining Equation (3.2) and Equation (3.g) results

in

4l- =f
,27¡r-

If Af is defined as

BAf=
2

and

BT=1

then

$= 2f /ch.

For a vehicle velocity of 36m/second, a centre fre-
quency of 915MHz and a tag antenna mounting height of

750mm, the optimum receiver bandw'idth based on Equation

(3.7) is

B = 103H2.

(9.+)

(3.5)

(3.6)

(r. z¡
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The t'ime this is withjn the bandw'idth B is given by 1/8.

The analysis has therefore indicated a 3dB rece'iver

bandwidth of about 100H2 and a total interrogation time

of 10mS are approprìate. A check of the distance travelled

by the veh'icl e ì n thi s time justi f ies the assumpt'ion made

that the angle A0 is reasonably small.

3.3.5 System noise level

The signaì processing operations 'in the receiver

system as shown i n F'igure 3.8 resul t i n a si gna"l -to-no'ise

ratio on the if channe'ì given uyt83l .

(:.s¡

In th'is equation P and S are the peak power level and

duty cyc'le of the transmitted pulse. R, and R, are the one-

way e'lectromagnetic propagatìon path power transfer natio

and delay line echo return power ratio respectively. The

product kTo is room temperature noise per unit bandwìdth,

while B, is the noise bandw'idth of the if channel. F, ìs

the noise factor of the receiver preamplifier, and ld is a

factor of the order of unity which accounts for various

small losses to the interrogation energy arising from the

limited passbands of the rad'io frequency port'ions of the

systems.
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In the above equation if jt can be recognised that
t

the product PSRiR, as the mean power negìecting effects of
limited rf passbands present in each bjt of the reply code

wh'ich reaches the reciever, then the recejver no'ise level

N isr

( 3. 10)

Suitable values for insertion in the above expressìon

are kTo = -204.4d8W/Hz, BZ = ZZdBHz, Fl = SdB, and W = -2d8,

the last value being an estimate based on experience wjth

other d.rignrl83]. Evaluating this expressjon then gives a

system noise level of

kT 
'ZBZF 

lW = -I74.4dBtJ. (3.11)

Thìs noise level may be compared with a mean trans-

mitted power level of PD = -lldBW, leaving a difference of
163.4d8. If the est'imated deìay line loss of 30dB 'is sub-

tracted a d'ifference of 133.4d8 remains to be allocated to

electromagnetic propagation loss and sìgnal-to-noise

rati o.

kTo28 
2 

F1N-r /w
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3.3.6 El ectromaqneti c propaqat'ion I oss

In th'is sect'ion estimates of the electromagnetìc propa-

gation loss between the 'interrogatjon and tag antenna in
representat'ive situations uril I be ntade. Both of these

antennae wil I be assunled to be half wave dipo'les employing

horizontal polarisation. The jnterrogation antenna wilr be

assumed to be placed beneath the roadway surface, on which a

layer of salt/sand/jce may be present. The tag antenna will
be assumed to be'in free space, although a more careful

calculation should probably take into account the effect of
a conducting backing plane whìch 'is likely to be present.

The calculation will first ignore the effect of the

roadway material and its covering, and proceed to evaluate

the electromagnetìc propagation loss in its absence. Under

these condìtjons the one way porver transfer ratio 1rt871

P

=ete,^ [#-)tPt
r (3. 12)

where g1 and g. âre the gains of the interrogation and tag

antennae, À is the free space wave length and R js the range.

For g, = gr = 1.64 (dipole gaìn), À = 328mm, R = 750mm we

have a propagat'ion power ratio of

P r
Pt = -24.9d8
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To proceed with an evaluation of the additj.onal losses.

caused by the roadway matet"ial and its coveri.ng, as a first
estimate of this effect, it vrilì be considered that the

roadway nìaterjal and its covering to be a s'ingle laye¡ of

a uniform nraterial, of E thickness to be specified later.
An add'i.tional contributi.on to the propagation loss above

that described in Equati.on (3.12) can arise fì"om each of two

effects:

(.a) the di.ss j pative nqtupe of the medium; and

(b) the reflectìon at the interface between the medium and

free space.

The effects of plane wave propagat'ion jn the medium

may be described by a complex propagatjon constant

À=cl+jß (3.14)

of which the components may be expressed i.n terms of material

pa¡ameters by the equations

1-'2

(t* k2)

1,-2

1[t)

cG
?

(3,15)

t--2

[r * 12)UJ

õg
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where k = o/re is the ratio betureen conduction current and

dispìacement current in the materiaì, and c = L/.,/G is the

velocity of electromagnetic propagation in a material of
the same permeabi ì i ty and permì tti vj ty and zero conducti vi ty
tBa ¡

Here we are interested to observe the behaviour of *
and k as a function of frequency for practìca1]y encountered

values of o and reìative dielectric permittivitY er.

The values of conductivity and relative permittivity
for some re'levant materi al s are shown i n Tabl e 3. I .

Assuming that the roadway materia] and 'its covering may

be characterised by a re]ative perm'ittivity of 10 and values

of o in the range 0.01 to 1.0 s/m, va'lues of k and a have

been pìotted as a function of frequency in Figures (3.9) an¿

(3.10).

The effect of reflections at the interface between the

medium and free space are descnibed by an ampìitude reflec-
tion factor f which for a horizontaì]y polarised wave making

an angle of jncidence Q., has for lossless materials the form
t8e 1

[o - ,tn2 oiJ
t-'2

cos 0.'

cos S., * [o - ,inz 6.¡)

f=

111

%
(3. 17)



TABLE 3.1. VALUES OF CONDUCTIVITY AND RELATIVE

PERMITTIVITY FOR SOME RELEVANT MATERIALS
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where p is the ratio of the dielectric constants of the two

materials. This reflection is plotted jn Figure (3.11) as

a function of p for normal 'incidence.

From this brief analysis we may conc'lude that the attenu-

ation of a signal generated within a media depends on the fre-
quency and the conductiv'ity of that med'ia. For a lGHz signal

generated w'ith'in a salt-slush ìayer this is jn the order

/,dB/cm.

By considering a combination of transm'itt'ing-rece.iving

antennae situated jn a 5cm deep salt-slush 1ayer, the overall

attenuation due to the conductive'layer is in the order of
40d8.

The interface also jntroduces further 6dB loss, due to

the reflect'ion of the power at the boundary.

The overall conclusion of this section is that the two-

way eìectromagnetic propagation loss in the system can vary

from about 56dB ìn good weather to 96dB in poor weather con-

d'itions.

In order to provide an assessnent of the overall per-

formance of this technology, the next section expìores the

characteristics of noise wh'ich arise from several sources.
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3.3.7 S uri ous re s't nal s

The interfering signals wh'ich can mask the reply from

the label being interrogated and produce erroneous output

code readìngs can arise from several possible sources.

These sources ìnclude broadband noìse generated by the

vehi cl e bei ng 'interrogatdd or others nearby , s'ignaì s from

other uses of the fnequency band, and radar echoes of the

interrogation pulse from distant objects. Therefore in this
section estimates of the level of nojse produced by nearby

vehicles and of the strength of radar echoes from a number of

representat'ive objects are made. The noise data used ìn this
analys'is has been derived from roadside measurements and jn

the absence of other no'ise 'information, has dubiously been

applìed to antennas placed under the vehicle.
Digital s'ignals are affected differently by different

types of noìse. Thermal noise has ljttle effect on digital

signa'ls provided its magnitude does not approach that of

the signaì. 0n the other hand, ìmpulsjve noise which has

high peak-to-rms level often causes errors. There are two

major sources of impu'lsìve noise wh'ich affect d'igìtaì com-

munj cation systems:

( a) atmospher i c noi se; and

(b) man-made noise,'inc'luding industrial and ignitìon nojse.

It has been showntgO - gil that atmospheric noise 'is

negligible in the higher part of VHF band and the ìower part

of UHF band and virtual'ly non-ex'istent beyond that. More-

over, jndustrial noise and power line nojse are not sig-
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nificant at these frequencies.

Howeverin the ignìtion process the discharge current

lasts for only a few nanoseconds for a sprak gap of one

m'ilìimeter. Thus a very broad frequency spectrum is created

which 'is distributed throughout the VHF and lower part of

the UHF band. Noise from a s'ingle statjonary vehìcle js

more or less period'ic jn nature. However, the noise from

one or more pass'ing vehicles or from several stationary

vehicles is aperio¿j.[91]. Normally the radiation'is modjfied

by the body of the vehicle and poìarization can be of all
kinds. In a real l'ife situation,'ignitìon noise would con-

s'ist of the combi ned ef fects of several veh'icl es . The noi se

puìses often occur ìn groups wìth irregu'lar spacing. These

groups may have durat'ion ranging between tens of microseconds

to a few milliseconds. The various parameters of interest in

noise measurements are:

( i ) peak ampf i tude di stri bution;

( ii ) t'inre d'istribution;

(iii) duration of noise pulses at different amplitude levels.

There are a number of measurenlent techniques to derive the

above information:

(i ) quas'i-peak method;

( i i ) ampl i tude probabì'l i ty di stri bution (APD) method

118.
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(i i i ) noi se ampl i tude d'istr j bution (nnO) methodl91]

Ror[9S] used these results to derive a set of curves for
both APD and NAD methods.

APD measurement test results are shown in Figures 3.12(a)

and 3.12(b)t941 und NAD test results in Figure 3.13t911 . The

latter show that for dense traffic situations about 103

puìses per second of apprecjable ampìitude occur.

To assess the significance o'l'such puìses the charac-

terist'ics shown in F'igure 3.12 1s examjned. The fjgure shows

that at 915Mllz all except 0.I% of noise puìses have an ampìi-

tude less than +65d8 relative to lpV ,n-1 MHr-l. Since the

total interrogat'ion time is 10ms, about 10 noise puìses can

be expected to occur wìth'in it, of which on'ly one can be

expected to reach the indicated ampìitude.

The reference field strength of lpV m-l MHz-1 corres,

ponds to a power density'in a unjform plane v\,ave of EZ¡n =

-145.8d8W m-2 MHz-Z. Takjng into account a rece'iver band-

width of 100H2 and a nojse puìse frequency of 1000 per second

we find the reference pov^rer clensìty 'is -2l5.8dBl^l/m2, and the

noise level 65dB above this js -150.8d8/W/m2. At 915MHz a

half wave d'ipoìe antenna has an effective area ol87l

A
e

^2g^
4.n

(3.18)
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and on substitution of approprjate values in Equatìon 3.18

the value of I.42 x IO2 m2'is obtained. So the noise level

below which most puìses fall is -169.3 dBl^l.

Thìs noise power should be compared with a planned peak

transmitted power level of +10dBV'1. The result shows that

the total electromagnet'ic propagation and delay ìine return

loss must exceed 190d8 before the jgnition noise becomes

domi nant.

A further factor which needs consideration is the evalua-

tion of the strength of a different form of interference,

that of radar echo from a number of representative objects.

The f i rst such object consi sts of a sìmp'ìe d'ipol e resonant

at the ìnterrogation band centre frequency, such as ìs formed

by any approximateìy l65mm length of wire or rod. The second

type of object considered consists of a flat conductjng plate
2of area lm'positioned so that it faces towards the jnterro-

gation antenna.

In both cases the posi.tion of the reflecting object

will be chosen so that the arrival of the echo coincides with

the occurrence of the fi.rst bit of the reply code. In this

case the two-way propagati.on time between the interrogation

antenna and the reflecting object i.s 1.95ps, and the object

is therefore sited approximately 300m from the interrogation

apparatus.

For the sì.mple half wave dìpole object the ratjo of the

reflected power P" arrivìng back at the intenrogation point
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to the original power P, is given by

(3.le)

where g¿ is the gain of the interrogation antenna

9. ìs the gain of the reflecting object

À is the freespace wave length

R is the range of the reflecting object.

For half wave dìpoìe antennae with a ga'in of 1.64 operat-

ing at 915MHz at a distance of 300m we find a reflected power

ratio of -154.3d8. For the fìat pìate reflecting object

whose dimensions are large compared with a wave lengt¡[891

the radar cross section gives the reflected pov,rer ratio

P rlP t= [n. s,^ {rl+,rn)2J 
2

2
P"/P, = [n, nozo'*t) ( 3.20)

where AO is the area of the reflecting pìate. For a half wave

dipoìe interrogation antenna, and a 1m2 reflecting plate at a

range of 300m the reflected power ratio is -116.8d8.

When the flat pìate js not oriented d'irectly towards the

interrogation source the reflected power is reduced in ampli-

tude. Some idea of the beam width of the reflection pattern

may be obtained by approximating the object as a circular
p'late for which, when the diameter is ìarge in relation to a

L23.



wave length, the antenna pattern has a beam width between

zeros of

L = 2.44x/d (3.21)

where d is the diameter of the circle. For a circle of

area 1m2 we find a beam width of approximate'ly 500. Although

the accuracy of the claculatìon is somewhat in questìon as

a result of the moderate sjze of the object jn relation to
a wave length, the results do'indjcate that for the object

chosen the scattering would be well distributed in space.

3.3.8 System evaluation

The estimates of parameters for a typical system are

shown in Table 3.2. The results show the kjnd of signaì-

to-noise ratio one could expect for systems operated 'in the

91SMHz frequency band. The analysis indicate that the system

would appear to be just workable under unfavourable weather

conditions, and eminently workable under good weather.

However the main draw-back arises in that the tags are

not readily fìeld prograrrrnable and some problems can be en-

visaged with the delay line when long codes are required.

Furthermore, because the repìy signaìs from this type of

transponder are weak, complex signal processing ìs necessary

to extract the rep'ly si gna'l from noi se.
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TABLE 3.2. SUMMARY 0F SYSTEM PARAMETERS FOR 915 MHz SURFACE AC OUSTIC

Ilotes:

WAVE LABEL

Peak transmitted pouer is L0 uatts.

Auerage tv,answLtted pouen is 7AnW.

F9r free space reflection assoaiated uith 1m2 pLatethe reflectíon ís SZLB beLou z.eply fnon tag.
The table a-s .appLied is not uaLid due to usageof tl'Le noad.side noise. Houeuer the yesuLts
couLd be appLied to the situations ín uhich the
antenyta is placed on the side of the uehicLe.

(a)

(b)

(c)

(d)

Delay line return loss 30dB

Free space part of propagation loss 50dB

Under road part of propagatìon loss 46dB

Free space refìection loss 1m
2 pì ate 1 17dB

Ignition peak noise level 179d8

ftlean transm'i tter power 1 ldBW

Total reply loss for unity S/N Peak ratio 163d8

Resul tant si gnaì -to-noi se rat'io 37dB
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3.4 The Two Port Passive Subharmonjc Transponder

The pass'ive subharmonic transponder (PST) is an examp'le of a

device which makes use of very ìow frequency communications sub-

stant'ial ìy by magnet'ic f i el d and achi eves the requi red separat'ion

'in the frequency domain, by prov'id'ing a reply code which is a modu-

lated subharmonic of the continuous wave interrogation signal. The

subharmonic nature of the rep'ly signa'l provides a precise knowì edge

of the repìy signal frequency in cases where narrow band detectjon
'is used to maximìse signal-to-noise ratiot951 .

The PST is an electron'ic ìabel, whìch when interrogated by a

cw signal at a frequency fa, sends a coded reply in a lower fre-
quency band via a carrier which is harnronicaì1y related to the in-
terrogation frequency. Operational characteristjcs of this device

have been reported "lr.uuh.r.[69] 
196l . In general the circujt

design questions are reasonably stra'ightforward. The most important

issues governing their practical app'l'ication are concerned wìth

strength of the electromagnetic coupì'ing ìinks, and the levels of

envjronmental noise. Therefore attention is focussed princ'ipa'lly

on these latter issues. An equivalent circuit which shows the

essent'ial characteristics of the electromagnetic coupling links is
iìlustrated for a two-port system in Figure 3.14. From the d'iagram

it can be noted that the transponder rece'ives power and a reference

frequency ur, from the transmitter system over the coupìing ìink
established between the transmitter antenna L, and the receptor

antenna Lr, and returns a biphase (PSK) coded reply s'ignaì o. to
the rece'iver sys tem over the coup'l ì ng I i n k establ i shed between the

transporder antenna Lt and receiver antenna LO.
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3.4.i Power transfer consideration

Because these devices are normaììy operated at row radio

frequencies over short 'interrogation distances the coupìing

between the antennas 'is basi caì ìy prov'ided by the.ir near

fields. It is interesting to note that in the near fjeld
situation the couplìng is provided not be radjated far fjelds
wh'ich requì re real povver to be prov'ided by the transponder,

but is 'instead provided by the reactive energy storage fields
establ'ished by the transponder in the space surroundjng itself.
tlhen the electromagnetic power loss betlveen the transmitter and

the label of a PST system is ìarge, the real power coupled to

the label js to an excel'lent approximation proportional to the

reactive power density of the energy storage field created by

the transmitter at locatj.on of the receptor antenna. The power

transfer ratìo PZ/PI can be sitown to be gìven by:

0^'¿ (3.22)

where Pt i s power i.nput to the transm'itter antenna havi ng a

qual'i.ty factor Q1, and P2 i s the power transferred to the

receptor coil with qualjty factor Qz, and k, is the coefficient
of couplìng between transmi.tter and receptor antennas.

simìlarìy the power transf er rat jo p 
4/p3 i.n the r i nk from

the transponder antenna to the receiver antenna can be calcu=

lated by using the reJatjon:

P2/P1 = ozt Q,

or, q,P4/P3 Q4 (3.23)

where P, is power d'issipated in transponder antenna havìng

a qualìty factor Q3, and PO js the power received by the

t?B.



receiver antenna with quaìity factor QO and k, is the co-

efficient of coupìing between transponder and rece'iver

antennas.

The overal I power transfer can now be expressed as:

kzt Qr Qz Q¡ Q+.
2P4/Pr n k (g.zq)

c r

n. is the conversion efficiency factor and is 'included in
Equation 3.24 lo take into consideration the losses assoc-

ì ated i n poweri ng the control c'i rcui try wì th'in the trans-
ponder. In practice control cjrcuits require onìy a srnall

portion of the power rece'ived by the label.

3.4 .2 Ca I cul ati on of coef fi cì ent of coupl i nq

In order to obtain results that are s'imple jn structure

for calcujation of the power transfer, it is assumed that

al I antenna* structures of i nterest have s'imp'le shapes and

behave 'in much the same way. Therefore the calculations are

based on the shape which 'i.s most conven'ient mathemati caì'ly,

viz. a circle. Such an approach can also be extended

approximateìy to a squafe antenna where the dimensjons for
the transmi tter and receptor antennas are

The neay fieLd antenna operates at frequencies sufficientLy
Lou sueh that fot, the distances ínuoLued, the pninciple
eoupling is by the near fíeLds. .Stt'ictly speaking, it is
not a radiator and, therefore, is not an antenna in the
usunL sense.

t29.
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D=d 4 ( 3.25)

and

C=c 4 (t.zo¡

where D and C are the length of the sides of the trans-

mitter and receptor antennas hav'ing the same area as a

corresponding c'irculan antenna with diameters d and c res-

pecti vely.

By consìdering the geometry shown in Figure 3.15, the

magnet'ic field H at a distance h along the axis from the

centre of a circular coil of d'iameter d and carrying a

current I is given by (Appendix D),

H= I (3.27)

d 1+

If the dlameter d of the transmitting antenna 'is much

larger than the diameter c of the receptor antenna, then

the field'intensity can be cons'idered constant over the

area covered by the receptor.

Usìng Equat'ion (3.27) ìn conjunction with the induc-

tances L1 and L2 corresponding to the transmitter and
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receptor antennas respectively, the coefficient of coupìing

can be expressed as

3/2
0, ßt tk (s. za)3/2

?1+0

where

ot

0 = Vn (h/D) (r.zs¡

( 3. 30)

(3.31)

to the trans-

shows the pìot

ofa,.
f,

C

D

g 2 2t

L"2

I

Tf

z loq 4d --" tl ltroq 4c --" Yz

and r, and r, are wire rad'ii correspondìng

mi tter and receptor antennas. Fi gure 3.16

of k as a function of ô for several values

lf-T-t

If the transmitter and receptor antennas are square

wjth sides D and C respectively, the relation for the co-

efficient of coupì'ing remains the same. However the value

of ßt becomes

3/z
2.161 Itoo 4Q * ! --''"1 l'"'e r c

r
D

+4D
ß loger

r32.
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The structure of the relation given by Equatìon (3.2g)

is of interest. The first term o, ß, Sives the value of the

coefficjent of coupì'ing at the centre of the antenna, j.e.
h = 0. The second term indicates the extent to which the

coefficient of coup'ling is changed as the separation h

between the transmjtter and receptor antennas is varied.

The curves of Fìgure 3.16 illustrate the high sensitjvjty of
the electromagnetic propagation loss to transponder position.

3.4.3. Power transfer evaluation

In seeking to maximjze the received power, the quaìity

factors Q1 and Q2 of the transmitter and receptor coils can

be made as high as convenient'ly practìcable, the relevant

constraints being the intrìnsic losses in inductor: of con-

ven'ient sjze and the undesirabilìty of employing excess'ively

high Q factors in coils which are subject to detunin.g by

changing environments. The qual'ity factors Q, and Q4 of the

transponder and receiver antennas are limited by the same

factors as well as by constraints provided by the reply

sìgnal bandwidth.

In practice it is not difficult to achieve control cir-
cuits of fairly'lovv power so that the majority of the power

received by the receptor coil is available for exc'itìng the

trans ponder.

Consideration of power matching in its general sense

between the transponder circu'it and ìts jnput and output

ports is made complic'ated by several factors. Apart from

the fact that at ìow power levels the nonlinear behaviour
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of the circu'it makes general theorems from lìnear circuit
theory ìnappìicable, we have the 'important characteristic

that coupììng between near-field antennas occurs basica'lìy

through their stored energies rather than any dissjpated

or radiated power. The question of optimun impedance 'level

is therefore one of max'imizìng these stored energies rather

than matching of power between a source and a rad'iat'ion

ì mpedance.

In the development of power transfer rat'io express'ions

as shown by Equatìon (3.22) and Equation (3.23) the power

d'issi pated i n res'istor R, shown 'in Fi gure 3.14 i s cons idered

to be the sunr of the powers dissipated in the receptor

antenna and transferred to the electronjc transponder cir-
cuit, while the power dissipated in R, is that necessariìy

involved in establ'ishìng the desired stored energy'in the

transponder antenna.

In the PST system, the method by which phase rnodulatìon

of the repìy signa'l 'is achieved places a Iimit (dependent on

the retransm'ittjng antenna qualìty factor) on the ìnformation

rate achievable in the reply signaì. The bandwjdth of the

retransmitting coìì tuned circuit establishes the rate at

which signaìs of one phase wìlì be attenuated and signaìs of

another will be built-up, lvhen a change in the reply code

takes pl ace. Such I imi tati on j s a si gnì fi cant one as the

electromagnetic coupling between the transponder and the

receiver also depends on the transponder antenna quaììty

factor with the result that a narrow tuned circu'it'Ts normally x

desi red.

135 .



In the design of a practjcal system a wide chojce of
system parameters are poss'ible. To have an appreciatjon

of the level of power transferred across the electromagnetic

I i nk of the fol ì owi ng system parameterc urá,'il, the anaìysì s . '/

^The receptor coil is assumed to have a roaded qualìty factor
of Qz = 50 with its internal losses and the power deljvered

to the circuit contribut'ing equally to the damping. To pro-

vide the required reply channel bandwidth the transponder

coil is loaded to prov'ide a quaìity factor of Q3 = B. In

both cases p'lanar coils having a d'iameter of 0.113m are

used. The coils are also overlapped for zero coupììng

between them.

The transponder pos'itions considered are on the axis

of the transmitter receiver co'il at distances which range

from zero through I metre. The transm'itter and receiver

antennas are provided by a single turn planar coil of dia-

meter 1.13 metre, operated in a duplex mode, with respec-

t'ive qualìty facto. Ql = 8 at the transmitter frequency and

Q4 = 8 at the rece'iver frequency.

The predicted losses in the two electro-magnetic coup-
'ling'lìnks usìng Equation (3.28) are shown as a funct.ion of.
transponder posjt'ion in Figure 3.17. The larger loss in
the receiver coup]ing'link arises simply from the'limitatjon
'imposed by the requirement of provìding adequate communica-

tion bandwidth for the reply signaì.

The curves of F'igur"e 3.17 illustrate the hìgh sensìtivity
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of the coupling ìoss to transponder pos'ition in operationaì

situations. A consequence of th'is sensitivity, as weìì as

the relatìveìy low loss in the transmitter as opposed to

the recei ver coup'li ng I i nk, i s that the transponderitsel f
is normally desìgned, through the inclus'ion of internal

ljmìting circuits, to operate without damage over a substan-

tial range of exc'itation field strengths.

3.4.4 Si nal -to-noi se characterizations

For such technology experiments have shown that a con-

servat'ive estjmate of the achievable ratio P3/PZ of the

power delivered to the transponder coil to that received

by the receptor coi'l is 30%, th'is ratio being mainìy

determined by the equaì power division between the receptor

losses and power available for circuit operation and reply

signaì generation. With such a conversion efficiency and

the electromagnet'ic propagation losses calculated ìn the

prev'ious section, the power delivered to the receiver system

can be shown to be -59.9 dBtr.l at the sens'ing distance of 750mm.

Successful operatìon of the transponder w'ith this level

of exc'itat'ion and at this distance depends upon the ach'ieve-

ment of satisfactory signal-to-noìse ratio aù the receiver.

In practical systems it is found that envjronmental noise

dom'inates noise generated in well designed receivers.

Studi es of env'ironemntal no'i se 'in several i ndoor si tuati ons

t91 - 93 I contain'ing a varìety of operating electron'ic in-

strumentati on j nd'icated that noi se 'is ìmpul si ve i n character
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w'ith impulse repet'ition ratio related to power lìne fre-
quenc'ies. The worst case peak nojse amplitude with the

receiver antenna as described was -88.6 dBw.

From the above resul ts, for a transmi tted power of

10 watts, a cLrrve of signa'l-to-peak jmpuìse noise level

(S/Npeak) as a function of separation h ìs plotted ìn

Figure 3.18. These results show that if the acceptable

error rate for ind'ividual repìy code is at 1 in 10-8, for

PSK, then a signal-to-noise rat'io of 18.5 dB provides

sati sfactory performance up to the range of 1 metre i n the

environments tested, without the need for complex reply

signaì processing.

Larger ìmpulsive noise levels have been observed

i n more host'i I e envi ronments , such as beneath an operat'ing

motor veh.icle. The pract'ical opt'ions available to improve

repìy s'igna'ì 'integ¡ity are an jncrease in transponder antenna

size, a decrease in the range of operation, and the use of

error correcting codes whjch expìoìt the h'igh ratio of peak

to rms noise leVelS, or in some cases the coherent'integra-

tion of repìies over many message 'lengths.

Summary of a two-port PST system and i.ts overall perfor-

mance at a sensìng dìstance of 750mm is illustrated jn Table

3. 3. Al thouth these resul ts are i I I ustrated for" ci rcul ar

coils, sìmilar results can also be obtajned for the square

coils. Using the definition of equivaìent area, the dimension

of receptor (transponder) coil becomes 0.1m2. For these

dimensions at a sensjng distance of 750mm the S/NOeuk= ?7.5d8.

For zero coupling it is necessary to overlap the transponder

and receptor coils. Experiments have shown the amount of

overlap is in the order of 20% of ìength.
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Antenna D'imensions:
Transmitter antenna diameter
Receiver antenna diameter
Receptor antenna d'iameter
Transponder antenna diameter

1 .13m
1.13m
0. 1lm
0.11m

Quaì i ty Factors:

Q1

Q2

Q3

Q4

I
50

B

B

Conversion Effi ciency ¡ 30%

Sensing Distance 0. 75m

Electromagnetic coupl ing ì ink losses
Pr/P,:
Po/Pr:

1.45 x

2.33 x

10-
10-

3

4

Interrogation Frequency
Reply Frequency

100KHz
50KH z

Modulatjon Technique
Number of cycles per bit
Nurnber of bi ts ì n message

BPSK
B

64

Total loss from transmìtter to the demodulator -59.9dBhl

Peak impulsive noise power -88.6dBl.J

Transmi tted power

Sìgnal-to-peak noise power at demodulation ìnput

10 watts

28 .7 dB

Ilotes:

TABLE 3.3. SUMMARY 0F SYSTEM PARAMETERS FOR A Tt¡10 P0RT PST

(¿) It is assumed that the pnopagation Loss in both the tnans-
mitter and receíuez. paths are identicaL,

(iü Noise poùer uas dez.iued fnom noise recordLngs taken at
seuev,al sites.

(¿¿¿) The uaLue of quaLíty factot, assigned ¿6 QL is based on
practicaL considez,abion due to buz,iaL of the transmitter
antenna beneath the road surface.
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3.4.5 System considerations

Technologies suitable for the realjzat'ion of a PST

label are CMOS , IZL or the mW bipolar ìogic. In pract'ice

it is not difficult to ach'ieve a power level consumed by

the contnol circuits of onìy a mjnor fract'ion of the

energy passing through and converted by the transponder

(i.e. 50uW at 100KHz), so the questions of greatest 'in-

terest are concerned with:

(j) the ach'ievement of suffjcient power transfer across

both electromagnetìc propagation links to enable a

healthy reply signal level at the demodulat'ion input

to be obtained in the face of substantial levels of

electromagnetic 'interference that may be encountered

'in many pract'icaì traff ic si tuations;

(il¡ the selectìon of optimum antenna geometrics and

orientations;

(iii) the influence of mass of metal such as that of a

motor veh'icl e on the power transfer.

(iv) the select'ion of reply signaì encoding parameters

which are optimum in relat'ion to the generaìly

known characterist'ics of interfering signals; and

(v) the selection of transponder antenna impedance

levels so that sufficient voìtage to operate the

transponder c i rcu'i ts res ul ts .

These questìons will be dealt urith in the chapter to follow.
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3.5 Comparisons and Conclusions

An'important consideration concerning a microwave system is

that is has to live w'ith the existing controversy over the hazard

of human exposure to microwave radiation and the d'ifficultjes of

I icensing for hìgh frequency operation. The jnabil ity of the tac¡s

being field programmed also detracts from their su'itability for

vehicle monitoring and surveillance. In add'ition, 'interface prob-

lems associated wìth buried antennas could be a sìgnifjcant factor

i n some appl i cati ons. General 'ly the readi ng zone i s not wel I

defined and therefore problems can be expected in mult'i-lane systems

The alternat'ive low frequency induct'ion system has several

advantages. F'irst, the reading zone is welI defined and therefore

it is suìtable for multi-lane operation. Second, it is also free

of the objections associated with microwave technology since it
makes use of very ìow frequency communicat'ions substantjally by

magnetic field and operates at frequencies at which licensìng

requi rements are absent or rel axed . Fi nal ly, pre'ì imi nary ana'ìysi s

has ind'icated that satisfactory performance can be achieved for

practicaììy encountered situations and therefore the technology

can be considered as a suitable contender for vehicle identifica-
tion and locatjon determination systems.

0n the basis of the above findings, the remain'ing portion

of this research has subsequently been directed towards detailed

evaluation and anaìysis of 1ow frequency ìnduction systems with

the objective of deriv'ing princìples on wh'ich an optimum system

can be developed.
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CHAPTER 4

A NEhl CLASS OF PASSIVE TRANSPONDERS

4.1 Introduction

An inherent prob'lem associated with two-port PST systems ìies
in their need for two uncoupìed antennas requiring additional space

on the transponder, which in practica'l applications is normalìy

desired to be small. Furthermore, for the k'ind of circuits used

for coupìing, the bandwidth which must be prov'ided is determ'ined

by the informat'ion rate required in the repìy signal while for near-

field antennas the strength of the electromagnetic coupling between

the transponder and the 'interrogat'ion i s proportional to the qual'ity

factor.

The welì known inverse relati.onship between quaììty factor and

bandwidth therefore provides unwelcome constra'ints on the perfor-

mance of the overall system. These systems have the further dis-

advantage that the energy available for generating the reply signaì

has been attenuated by the losses involved'in conversion of the

interrogation signa'l energy first to dc and the conversi.on of thjs
energy to the frequency of the repìy sìgna1.
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Alì of these limitations are removed in the one-port PST struc-

ture to be described. A model of the system showing the transponder

in relation to the transmissìon paths is shown in Figure 4.1.

If a constant-parameter linear system be'ing excited by a sine

wave at frequency oa, the steady state output wi'lì also contain a

sine wave of frequency ot. However, the ampfitude and phase of

the output wave may have been altered. If the excitation source

contains two frequencies rll1 and o, the output wjll contain these

two frequencies. In genera'l the output will contain the frequencies

present in the input.

In a non linear system the situation is rather different. A

sing'le input frequency may produce a response hav'ing harmonjcs or

subharmonics of the input frequency present jn the output. This

concept is being explo'ited in the development of the one-port sub-

harmonic transponder.

4.2 Basic Structure of One-Port PST

The new concept recognises that power transfer in the electro-

magnetìc propagation paths at two frequencies are independerit.

As a consequence there must be a fundamental component of current

in the transponder antenna in order to extract power from the

applied field at the fundamental frequency ot created by the interro-
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gat'ion signal, and there must also be a second frequency component

of current in the transponder coupling element in order to transmit

the rep'ly signal.

It is further recognised that efficìent power transfer between

near-field coupling elements proceeds when these coupìing elements

are reactive storage elements resonated with high quality factor by

react'ive energy storage elements of the complementary type as illus-
trated in Figure 4.2.

The one-port transponder consists of a sìngle coupf ing element

Z which is used for simultaneous extraction of power from the trans-

mitting source at one frequency and its subsequent reradiation at

another harmonicaìly related frequency.

The coupìing between the transmitter and transponder may be

achieved by either magnetic field or the alternative electric field.

However practìcal consideratìon such as shielding probìems,

small mutual capacitance that can be expected between the jnterro-

gation antenna and the transponder for moderate si ze conductors and

relativeìy high impedance at low frequenc'ies, have directed this

work towards inductive coupìing onìy.

In its general form the one-port PST as illustrated by Figure

3. consists of a single inductor* energìsed by a transmitter and

fn this chapter the tern induetor and an'benna ere one and the
same thing uhen appLìed to coupLùng eLements beü¡een the tz'ans-
nrLtter øtd transponder.

4

*
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coupled to a rece'iver by mutual inductances Ml and M2. The trans-

mitter and receiver operate at frequencìes urt and ur. respectìvely.

The inductor is resonated, in general sense, by capacitor array C1,

C2, ...., CN, which are connected to the 'inductor L2 by a low loss

switching network. The network 'is operated by a control c'ircujt

so that energy is exchanged bwtween the inductor and the capacitor

array ì n a cycl i c fashi on whose fundamental perì od 'is some mu'l ti pl e

of the transmitter frequency period 2n/u, so that the current 'in

the i nductor cons'ists of a seri es of harmoni caì ìy related frequenc'ies

among which ur, and L¡rr are of ìmportance.

The two frequencìes are related by

0t
u) s+1 ; s = 1, 2, 3, (4.1)

where s'is the order of subharmonic frequency requ'ired to be gen-

erated.

These two frequencies are respons'ible for the transfer of

energy from the transm'itter to the general resonant system and

transfer of a repìy code from the transponder to the rece'iver.

The control circuit shown in Figure 4.3 must perform several

'important functions. One i s that j t must prov'ide si gnaì s whi ch

impìement ìn a cycì'ic fashion a suitable set of interconnections

for the energy exchange process. The switch'ing is however con-

strained to interact with the energy exchange process in such a way

as to provide for preservation, as far as possible, of stored energy
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wi thi n the pureìy react'ive el ements .

This objective is achieved by arranging the swìtching times

so that capacitors are only short circuited at the time at which

they have reached zero voltage, and inductors are on'ly open cir-
cuited at the time at which they have reached zero current.

A further consideratÍon is that the polarity of the capacìtors

must be such that the djrection of energy flow between the trans-

mitter and the transponder is not disturbed due to the sw'itch'ing.

Since the majn objective is the generatìon of frequencies

which are subharmonjcalìy related to the'interrogation frequency,

for convenience the followjng definjtions are used to assjst with
the description of the synthesis method to follow:

(i) a ìogic'f is used to describe the half peniod correspond.ing

to the ìnterrogation frequency o, during whìch osciilation
is permitted to build up in the resonant structure;

(ii) a'logic'0' is used to denote the half period of the interro-
gat'i on frequency duri ng whi ch oscj I I ati on i s suspended;

(iii) a positive sign corresponds to the posìtive port'ion of the

ampl i tude of osci I I ation;

(iv) a negative sign jndjcates the negative portion of the ampl'itude

of oscillation.
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The above definitions are represented diagramatically in

Fi gu re 4.4. Therefore comb'inati on of the above symbor s and the.i r
cyc'lìc representation result ìn generat'ion of various harmonjcally

related waveforms.

4.2.I Subharmonic frequency synthesis

The main considerat'ion in this section is directed

towards the generation of the first subharmon'ic frequency

,r. Th'is is achìeved by generating a sequence of four

symbo'l s ( i n accordance wi th the def in i t.ion provi ded by

Figure 4.4) and the resultant conlbination is repeated

cycìically. Clearly there are 81 possìbiljties which can

be used to synthesjze the desired frequency or. However

some combinations are redundant due to the dispìacement in

time of an amount equa'l to the lowest frequency of the

entire process, and some others are not permitted due to

the requirement of contjnual power flow at the .interroga-

tion frequency of as stipu'lated in the previous sectjon.

A further restrìction imposed on the control structure
js that on'ly a sìngìe sw'itchìng element is perm'itted to be

incorporated within the resonant circuit. This restriction
is a useful one since not only it simplifies real.isa-
tion of . control circuitry, but also the losses jn-

curred in the tuned c'ircujt as the result of the introduct'ion

of the swìtching eìement can be kept to a minjmum. The con-

sequence of this restriction 'is that structures whjch re-

quire reversal of the polarìty of the capacitor are auto-
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mati cal'ly exc'l uded f rom further consi derati ons. The patterns

that remain are:

-1 +100, 00 -1 0 0 *1, 0 +1 -101 +1

The waveforms have fundamental frequency component whjch

are in phase and subharmonic frequency components which have

relative phases of 0', 90', 180'and 270'. It is readj'l'ly recog-

nisabìe that cycf ic repetitjon of each group of symbols

result in generatjon of one basic waveform aS illustrated

by Figure 4.5, in which each symbol corresponds to one-fourth

of the fundamental period. The harmon'ic analysis of the

inductor current i, for anyone of the combinations wjthts
suitably chosen axis results in

1t-r( t) tr[+ cosur.t- å ttn 2o.t- fi .ot 3o t-r
4

2ln cos Strlat. . . . (4.2)

where I, is the peak value of the inductor current.

These coefficient will be used later in this chapter

for power transfer calculations.

4 .2.2 Ci rcui t real 'isat n

The one-port PST in its s'implest form cons'ists of an

inductor, a capacitor and a sing'le pole switch whjch can be

configured 'in either the series or the parallel modes as
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shown in Figure 4.6. The generation of the desired 'inductor

current is achjeved by approprìate closure and open'ing of

the swjtch in accordance with the rules established earljer.

For economy ìn the followìng analys'is attention has

been focussed towards the series mode of operat'ion. However

the approach can readjly be extended to include the paralle'l

mode of operation also.

If the transponder is intended to supply a reply code

of more than l bit, some further variation of the switching

sequence is required. As ment'ioned in Chapter 3, the maxi-

mum value of the quaìity factor associated wjth the trans-

ponder antenna is limited by the rate of information trans-

fer resulting from the modulat'ion of the subharmonic fre-
quency. Therefore what is required wjth the reply code

modulation'is a method of changìng the phase of the osc'illa-

tion without first d'ilssipating the energy in the tuned cir-
cuit. This obiect'ive may be accomplished, whjle still pre-

serving the essential nature of the resonant c'ircu'it by

varying the switch'ing pattern at appropriate instants of

time.

Thus, the next section exp'lones the required swjtch'ing

patterns for the modulation process.
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4.3 Reply Code Modulation

0f the most common forms of modulat1on ampìitude shjft keying

(ASK), frequency shìft buyìnS (FSK) and phase sh'ift keying (PSK) the

most efficient form from the point of vjew of error rate for a

given signal-to-noise rat'io is coherent PSK t1001.

Initial exp'loratory ana'lysìs of various waveforms which effect

the allowable changes between patterns indjcated that PSK is a

suitable method of impos'ing ìnformation on the reply s'igna1 and

more importantìy, it was discovered to be compatible w'ith the one-

port PST switchinq structure. PSK modulation becomes possible by

displaci:ng the swìtchìng intervals by an integer number of half
periods of interrogation frequency ûrt. The waveforms A, B, C and

D shown in F'igure 4.5 result' when the series switch is closed at

points I,2,3 and 4 respectively and that at periodically repeated

interval s thereafter.

It js now approprìate to examìne the methods by which trans-

ition between these steady state waveforms may be effected.

0nce again the restrict'ions imposed previously on the circuit
are required to be satjsfied 'in thjs jnstant also. These are:

(i ) frequency components associated wjth the interrogat'ion fre-
quency nrust be present;

(ii) the exc'itation source and the interrogat'ion frequency com-

ponent are required to be 'in phase;
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(iii) no particular ampl itude 'is requ'ired to be assigned to the

interrogation frequency component;

(iv¡ capacitor phase reversal ìs not pernrìtted.

conditions (i) - (i'i) ensure that power flow at the interro-
gation frequency is maintained while restriction (iv) provides

for the minimisation of the losses assoc'iated with the switch and

permits a simple control circuitry to be realjsed.

us'ing the def initions given in section 4.2.L, a comprehens.ive

i nves ti gati on of vari ous comb'i nat'ions of synrbo'l s for generati on

and moduìation of the first order subharmonic frequerc.y, .i .e. s = l,
was performed.

The pract'ical consequence of the above anaìysis resulted in

the following generalisation in which any transjtion are allowed

if one is given four cyc'les corresponding to the one-ha]f period

of the interrogat'ion frequency, to effect the transition and any

modulation phase can be reached from another phase. To establish
the transition region, from the knowledge of the preceedìng and

succeeding patterns, it is possible to determìne whether or not

capac'itor phase changes are needed and subsequent'ly insert ei ther
even or odd number of capacitor phase changes as the case requires

whjle observ'ing the requirements of maintaining the power trans-

fer and phase coherence with preceeding and succeeding patterns.

The latter demands the suspension for an even number of half
cyc'les .
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Although there are various possib'il jt'ies to define the rela-

tionship between the four bas'ic patterns shown in F'igure 4.5, jt
is convenient to describe these rel ationsh'ips 'in terms of shift

and sign change. Thus the patterns shown in F'igure 4.5 are trans-

formed from one phase to another phase by sìmuìtaneous shift

and sign change. The above process corresponds to no change in

the fundamental frequency and 900 change to the subharmonic com-

pon ent for each sh if t ..

A further point for consjderation 'is that error rate for
quad-phase modulation is h'igher than bi-phase modulation and jn

addition patterns are simpìer to construct for the latter case.

Therefore the patterns shown by Fìgure 4.7 are the only rerna'ining

patterns which fulfjll all the switching requirements and pro-

v'ides bi-phase modulatjon of the repìy frequency. The relation-

ship between the above patterns are that two shifts :are required.

To assist in describing the behaviour of the overall one-

port PST system and in particular to show the build-up and decay

times of the reply signal in the vicinity of the transitjons a

genera'l purpose programme MOD was developed. The programme forms

a modulated version of the transponder current waveform by cascad-

ing appropriate symbols, finds jtsr Fourier transform in the fre-
quency domain, generates a filtered spectrum using a Gaussian

filter as the receìver, calculates the inverse Fourjer transform,

and fìna'lly plots the frequency spectrum and the time response of

the original waveform. Details of the above programme js included

in Appendix C.
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The overall simulatìon using a Gaussian fjlter as the receiver

with centre frequency of 50KHz and a qualìty factor of B, js shown

'in Figure 4.8 - 4.9. As can be observed the 100KHz'interrogat'ion

frequency remains undjsturbed while the 50KHz rep'ly signal is
modu I ated.

The rotation and sign change presentation of the relationshìp

between the waveforms is of particularinterest as it enables easy

pred'iction of the behaviours of the other harmonics present in the

waveform.

A further result which could have an important influence on

the structure of the receiver is that not only the subharmonic fre-
quency o, is modulated but also all other h'igher order frequenc'ies

which are related to the ìnterrogation frequency r.,r, by

n = 1, 2, 3, (4. 3)

are also modulated. A typical t'ime response corresponding to the

patterns shown in Figure 4.8 when n = 2, i.e. 150Kllz rep'ly sìgnaì,

i s shown i n Fi gure 4. 10 .

In the above operat'ions the swjtchjng network is designed to

be low loss and js controlled jn such a way that excess'ive1y

dissipat'ive transients do not occur. In this way the reply code

modulation can be provìded while the energy requìred to majntain

the oscillation is kept to the minimum which can be achieved con-

,h
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s'istent with the quality factors of available components.

The s'ignifìcance of such modulation method is that while

similar relationships between the quaì'ity factor of the resonant

c'ircuit and the electromagnetic losses as descrjbed by Equation

(3.24) can be obtained, the requirements of the communication

bandwidth and the quality factor of the transponder resonant

circuit no longer exists due to switch'ing technique used. Thus,

the qualjty factor Q, of the transponder antenna can be made as

large as practicable wh'ich enhances the power transfer across the

electromagnet'ic link between the transmìtter and the transponder.

4.4 Power Transfer Ratio Modellinq

For the transfer of energy over the electromagnet'ic coup'l'ing

l'inks of the system, one'is not concerned with the total stored

energy in the transponder, but only that associated with the har-

monìcs of the inductor current at r.,.ra and o.r. respectiveìy. In view

of the relation

oLI 2
(4.4)a

between the qualìty factor Q, rms current I and mean rate of power

dissipation P for a simple tuned c'ircu'it, effective quaf ity factors

P
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for the transponder coil at the transmjtting and receiving fre-
quencies can be defined as

a;

ur. r 12.

P

(4. 5)

and

a 3
( 4.6)

where

I, = rms value of transponder current ut't

Ia = rms value of transponder current at urr.

The importance of these quality factors are that they allow

the transfer of powers across the two electromagnetic coupì'ing

links to be caìculated by means of the simple formulae used in

Section 3.4.1. Thus

P
2

E = r.2a o, o2 (4.7)

and
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P
4 k2rP aí a+ (4.8)

(4.e)

(4. 10)

3

In practi caì real 'isat'ion of the one-port PST i t i s not dì ffi -
cult to make the control power consumed with'in the transponder

negligible in relation to that power which sustains the oscjlla-
tion and hence contributes to the transfer of energy. Furthermore,

to a good approximat'ion P3 = PZ which results ìn the overall power

transfer from transmitter to receiver to be expressed as

P

I4 k? oi a, aá aá a4

It is possible to define a fundamental quality factor Qp for

the transponder coi'l as

QP = 2n in fundamental period T

where the fundamentaì period in thjs definit'ion is given by

I = Zr/ur.

The calculation of th'is quaìity factor requìres a knowledge

of the detaìled loss mechanism of the tuned circuit and their

allocat'ion between the inductor, the capacitor and the switch.

However the particular point of definìng the effectjve qua'lìty

factors Qi anO Qi are each read'i'ly determ'ined from Q, by coeffìc- X
ients which depend only on waveshape and do not involve the details
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of the loss mechanism. Thus all complex'ities in the calculatjon

of the latter are subsumed in the calculation of Qf.

In view of the fixed relat'ionships between the harmonics of
the oscillation waveform and the fact that Q* Qi and Qj are alì
defined'in relation to the same mean power dissipated in the cir-
cuit, Qf and Qj are given by

2Qi= 4 rc t a F
(4.11)

( 4. 13)

( 4. 14)

and

2Qj=2r< QFr (4.t2)

where r, and Kr are waveform factors expressed as

I
K

t
It

r
ç

t

I
Kr

The above values may be obtained from Equation (4.2)
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The overall power transfer ratio between the transmitter and

receiver antenna become

P4q o1 o?" o, of ooXp (4.15)

(4.16)

where

^22Xp=o*t"r.

In the one-port structure no power matching is required, and

only a smaìì fraction of the power delivered to the transponder is

required to drive the electronjc c'ifcuìtry, Theìefofe to take such

a loss into consìderation, the effic'iency factor n' is incorporated

in Equation (4.15) resu'lting in

P
(4.17)

4. 4. 1 Fundamental qua'l 'i ty factor descri pt'ion

The maìn task in this section is to formulate a mathe-

matical model for the effective quality factor Q, defÍned by

Equation (4.10). The calculation of this qual ity factor re-

n
4

P1 a?12, 12, o,Xp Qa
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quires a knowledge of the detailed loss mechanisms of the

tuned circuit and their allocation between the coil, the

capaci tor and the con trol sw'i tch .

In practica'l situations where field effect transjstors

are used as the switchìng element, the switch losses may be

modelled by a fon¡,rard res'istance R, when the switch is 'on'

and a leakage resistance RO when the switch is 'off'. The

capacitor and 'inductor losses may be represented by RO and

R;' respectìvely. These losses correspond to the two switch-

ing periods as shown 'in Figure 4.11. In practice the Ieakage

resistance RO is very 'large and therefore its influence on

the circuit operation can be neglected. Furthermore, by

suitable choice of capacitor, the capacitor losses may also

be made very snra'll such that negìigjble change in the capaci-

tor voltage occurs during the period in which the oscillation
i s suspended.

The energy d'issipated ìn one fundamental cycle is

td =bl i (4.18)

where ll'l, and 1,,1, are the average powers dissipated over times

T, and Tr. t,Jith Rb being in the order ot 1010 - ß+2 ohms,

and using good qua'ìity capacitorit is possible to make the
'losses in the period durÍng whjch the oscillation is suspended

small. Therefore Equation (4.18) can be described to a good

approxìmatìon by

T1 *wz fz
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Ito=ått 2
m

ni (4.le)

( 4. 20)

(4.2r)

where R[ is series equivaìent resistance given by

Ri=R;*Rf*R.

and

Rc

a =u) Rp c

s
a:

c

The fundamentaì quality factor Qp from definition can

now be expressed as

(4.22)

where Q2 takes into consideration the losses associated with

the capac'itor and Q, is the losses due to the switch'ing

el ement. Thus

1

E+I
Q2

I
ç
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t

where R R; + Rc, andt

(¡ L

'tL
R

Q2

qQs
t

(4.23)

(4.24)

The model for the power transfer ratio can now be expressed

jn a more convenient fornl

l= n'*o tt=hj' o?o?0, o! oo (4.25)

With an interrogation frequency of o, and a reply signaì

u, = ur/Z, the value of Xp from Equation (4.2) is 8/912.

The consequence of the above assumpt'ions are that if the

losses durìng the period in wh'ich the oscìllation ìs suspended

are made small, the power transfer across the electromagnetic

link may be descnibed ìn terms of the unsw'itched transponder

tuned c'ircui t qual ì ty facto. QZ .

This model is of particular s'ignificance s'ince'it provides

a simp'le method for predìcting the power transfer withjn the

one-port PST system.
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It should further be noted that is is not difficult to

obtain switch'ing elements which have very low'orì' res'is-

tances in the order of 1-5 ohms and large 'off' resistances

in the order of t010 - 1013 ohms. For example the N-channel

enhancement type f iel d effect transi stor (Vl'lPz) has typì cal

rds(on) = 2 ohms, and rOS(ott) = 10 Gohms. The val'idi ty of

the above assumptions were confjrmed through experiments by

us'ing several coil structures and different FETs having "on"

res'i s tances i n the range 2- 18 ohms .

There are two I i¡ni ting cases of pract'ica1 interest. The

first being the situation in which Rf.. Rt. The power trans-

fer ratio becomes

P

a 1
(4.26)

The second case'is when R, = R, which results in

4
P1 n a?¿

B

æ
u? u?trQ4

ar aã oo 12, r,2.
2

æ
P

4 (4.27)
1

It can reacily be recognised that by suitable choice of

the switching element and coil losses, with all other para-

meters kept constant, 'it is possìble to maximise the power

transfer. l^lhen the rat'io R1/R, is varied within the range

0-1, the corresponding change 'in the power transfer also

178,
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varies between 0 and 6dB. Thus one seeks to m'inim'ise the above

ratìo by suìtable selections of FET switch and the transponder

coil.

4.5 Siqnal-to-Noise Est'imat'ion

To illustrate the practìcal use of the above results and the

level of performance ach'ievable jn an operatìonaì system, the overall

power transfer ratios for both the transmitting and receiv'ing 'links

in a typical one-port subharmonic system are evaluated using the

model defined by Equatìon (4.26).

In this system the transm'itter and receiver antennas are pro-

vìded by a square singìe turn of pìanar cojl of s'ide 1.0m wjth res-

pective quality factott Ql = 50 at the transmitter frequency and

Q4 = 8 at the receiver frequency. The transponder antenna takes the

form of square p'lanar co'il with sides of 0.10m. The quaì ìty factor

Q2 of the transponder is taken as 50. In thjs case no power matching

is required and onìy 10% of the available transponder power is re-

qui red to drì ve the el ectroni c control c'ircu'itiry. bli th a trans-

mitter power of 10 watts and usjng the same peak noìse amp'litude of

-B8.6dBld as'in Chapter 3, a pìot of sìgna'ì-to-peak impuìsive nojse

ratio as a function of sensing d'istance can be constructed. The

result of th'is anaìys'is is shown 'in Figure 4.L2 which illustrate that

for the kind of antenna structures used, the one-port PST is marginally

better than the equivalent two-port system. However the signìficant

factoris that the one-port PST occupies only half the space as that

required by the two-port PST. Thus for an equ'ivalent antenna sìze,

significant improvement can be expected from the one-port structure.
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4.6 Transponder Control C'ircuit Realisation

In order for the swìtching e'lement in the transponder to operate

at correct 'instants of t j me , i t 'is n ecessary for the control cì rcu'i try

within the transponder to extract t'iming informat'ion from the in-

coming 'interrogation signa'l and must further be able to reintroduce

this timing during the interval in which the oscillation ìs suspended.

0f the several poss'ib'il ities such as f ixed t'imìng c'ircuit, phase

locked loop (PLL) and auxiììiary oscillatìon the later two were con-

sidered for further investigations.

The configuration util iz'ing Üre ptlt131l pt"ovi.des the

basis for realisation of an intelligent controller with the abi'lity

to adjust to variations in the ìnterrogation frequency. However the

discrete realisation of such an approach consumes relatively large

port'ions of the available power in the transponder, i.e. 5mW at 3

vol ts.

It should be recognised that through'integrat'ion us'ing eìther

I2L or the al ternat'ive LOCMOS process s'ignificant reduction in the

power consumptìon can be real ised. This ìs dìscussed more ful'ly in
Chapter 7.

The basic structure of the alternative circuit arrangement

which permits very ìow power consumpt'ion 'is shown 'in Figure 4.13. In

this approach the energy exchange process continues between the

timing capacitor C and the two inductors L and Lu at appropriate

'instants of time. The aux'ilìiary inductor Lu ìs shielded from the

interrogation source and serves to produce the tìme jnterval during

the period'in which this jnformation'is unavajlable. Thjs is

achieved by makìng L = Lu.
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D'iode D in conjunction wjth capacitor C. provides the necessary

voltage to operate the control circuitry.

Figures 4.14 - 4.I7 illustrate the structures and the relevant

waveforms for a one-port PST which was constructed. Thjs configurat'ion

was operated at an interrogation frequency of 100kHz, and returned a

cont'inuously recycled repìy code of length 64 bits'in the form of a

BPSK modulated carrier frequency at 50kHz. Eight carrìer cyc'les were

allocated to each.bit of the rep'ly code to 'improve the S/N ratio per,

formance of the system. For the circuit illustrated above the total
power consumption is approximateìy 100uW at 3 volts. Incorporation of

a FET regu'lator extends the range to 15 volts for approximately the

same diss'ipation. Evaluation of the cjrcu'it ìndicated a close correla-

tion between the genera'l results and those predìcted through modelfing.

A further point of interest ìs that the amplitude of the trans-

ponder oscil'ìation buiIds up over a peniod TO given by

a
T ( 4 .28)

r

which 'is normalìy re'latively ìarge compared with the period of the

reply code modulat'ion. Therefore it ìs desirable to delay the commence-

ment of the modulation when the transponder js first energised until

the transponder stored energy has reached a reasonable fraction of

its steady state. Us'ing the circuit configuration shown above this

can readiìy be realised through appropriate time constants associated

wjth the suppìy source.

F
(¡d
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For the kind of parameters described previousìy TO may vary

between approximateìy 0.5 - 1.OmSec.

Before proceeding wìth overall system descrjption and perfor-

mance estimation it is des'irable to present modelf ing principles

which enable appropriate local optimìzations of the transponder

parameters to be performed. Therefore the next two chapters exp'lore

the above possì b'il i ti es.

4 .7 Concl us i ons

In thi s chapter a novel and ori g'inaì pri nci pl e re'l at'ing to f re-

quency synthesis and PSK modulatjon associated with a one-port

passìve subharmonic transponder has been demonstrated. The important

characteristic of the approach is that the reply signal energy js not

fnjected into the coupìing element from a dc reservoir as in the

prior cases but rather it is synthesized, without pnior conversion

to dc, by switches and control elements which operate at appropriate

instants of time to modulate the energy exchange process between the

transponder near-fie'ld coup'ling element and its complementary energy

storage element w'ith which it is resonated.

The principìe outlined in relatjon to reply code modulation

has shown that the energy exchange process between the elements of

the transponder is not d'isturbed by the modulation process and there-

fore constraints rel ating the commun'icat'ion bandwjdth required by the
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signa'l and the quality factor of the transponder tuned curcu'it are

broken. Therefore the power transfer across the electromagnetic

links between transmìtter- transponder-receiver can further be en-

hanced by making the quality factor of the transponder antenna as

large as practicabl e and on'ly the qual'ity factor of the receiver

antenna need be limited by the modulation bandwidth considerations.

A further po'int of interest which has been demonstrated is

that when resonance process is interrupted on a cyclic basis in the

kind of structures discussed, the resonance phenomenon is independent

of the ìnterruptions, provided the switching occurs at the zeros of

the inductor current.

Through analysis a s'imp1e model descrjbing the power transfer

in the electromagnetic links was developed. This enabled a direct

comparìson between the one-port and two-port structure to be made.

The significance of the above result 'is that a'lthough the operational

characteristics are similar for both PST structures, for the kjnd of

practìcal system parameters considered, the one-port PST achjeves the

same results through half the amount of antenna space as that requ'ired

by the two-port structure. Howeverif the one-port antenna d'imensìons

is arranged to occupy the same area as that of the two-port then

approximately 12dB ga'in becomes avajlable.

The modulation princip'les developed has led into realjsatjon of

simple swjtching and control c'ircuìtry such that the losses in the

tuned circuit could be kept to a mininum.
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CHAPTER 5

COUPLING VOLUI1E T|-|EORY

5.1 Introduction

in Chapter 3, Equat'ion (3,22) gave an indicatjon of the import-

ance of high quaììty and coupìing factors but failed to provide

sufficient insìght into the separate influences of the individual

antenna geometri es j n establ i shi ng the I evel of coupì ì ng achì eved .

For this reason the concepts of couplìng and d'ispersal volumes are

introduced. These concepts enable the separation of the influence

of di fferent antenna parameters on the coupl ì ng and hence permì t
appropriate local optim'izatjon to be performed.

The desired separation of the effects of diffenent sets of

antenna* dimensions on power transfer ratjo ìs achieved by recognis-

ing that in the weak coupling situation the basic excitation mech-

anism for the transponder antenna is the magnetic field created by

Since the uauelength ís nuch Largen thon the dístances inuoLued
bef,ueen the tz,anspondez, and interrogation unit the coupling
eLements az,e not antennae in the tz.ue sense. Hot'seuer ín ordey
to keep the generaLitg of the descríption this terrn is used
interchangeabLy uith coi.Ls.

t+
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the transmitter antenna. Thìs magnetic field is in a weak coupì'ing

sjtuation determìned by the transmjtter antenna parameters and ex-

citat'ion level alone, and is not'influenced by the small power level

established in the receptor coil. Furthermore, the magnet'ic field
may be regarded as uniform over the comparat'ively small volume

occup'ied by the transponder.

In the first part of th'is chapter some preliminary analysis is
carried out in order to have an'insight ìnto the kind of variation
of the pov,,er transfer that one could expect when the orientation and

posit'ion of the two antennas are varjed. The second section deals

wj th deve'lopment of pri ncì pìes on which local opt'imization based on

individual antenna parameters can be performed.

5.2 Power Transfer Factor

For th'is analys'is i t 'is assumed that the coupì ing between the

transmitter and transponder antennae 'is once again by magnetic

fields alone, and further, the transponder co'il is in the nlost

favourable orientation for coupìing to the magnetic field at the

point in questìon. The energy densìty Um stored in the magnetic

field at the transponder position due to the transrnitter antenna

can be wri tten as

U H2uom
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v'Jhere

H = rms value of magnebic field at the transponder pos'ition pro-

duced by rms current I, 'in the transmitter antenna.

The rms value of stored magnetic energy l^1, in receptor coì1

self inductance when the receptor coiì is short circujted can be

expressed as

(5.2)

where I, is the rms value of current in the receptor coil.

The power available when the receptor coil is tuned to reson-

ance can be wri tten as

Q2 (s.3)

in whi.n QZ is the qualìty factor associated w'ith the receptor coil.

If the transmitter coil is resonated then the quafity factor

can be expressed as '

2
2

IL2w2

P2 ,t l^l
2

't wl

P
a 1

1
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where

Q1 = guaìity factor associated with transmitter co'il

W, = rms value of magnet'ic energy in transm'itter coil
P, = power d'issipated in the transmitter coil resistance.

The power transfer between the transmitter coil and the recep-

tor is then given by

P

(s.s¡

where the ratio (WrlWr)'is now referred to as power transfer factor

2

E

F p

There are two cases of interest: fjrst, when the axis of the

antennae are paraììe'l to each other; the second when the axes are

orthogonal. The co-ordinates assocjated w'ith the above confjgura-

tions are shown i n F'igure 5. 1.

S .Z.I Par al I el antenna conf i qurat'ion

For the paraìIel configurat'ion shown in Figure 5.1(a)

the ìnduced voltage E, tn the receptor co'il for a single

turn is gìven by
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Ez=-uo oH
z

Ar (s.6)

(5.7)

(s. a1

where H. ìs the z component of the magnet'ic field and A"'is
the area of receptor coi I havi ng di ameter c. From Append'ix

D, Hz can be expressed as

L

2\-'"N,/+ 1
2

m -n
2(1- m) +n

E(cx,) + K(o,)
2t, = nL [tr* '12 2

where

m= 2s
d

2hfì = --=-
d

4mc!=
(1 + m)

2 2+n

s = axial disp'lacement between the centres of the

coils in the x-direction

h = separation between the coils in the z-djrection

K(a) = E'll l ptic integral of the f irst kind

E(cr) = Elliptic integral of the second kind

In order to calculate the power transfer factor FO, the

seìf inductances associated with the transmitter and recep-

ton coils are taken as
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Lt
ud'o

2 ['on.i 'j

['on. i ')

(5.e)

( 5. 10)

uo c
L 2

where r, and 12 are the radii of the wires associated wjth

the transponder and receptor coi'ls respectìvely.

By noting that the stored energy in the transmitter
)

coi I 'is L, Ii, then FO can be expressed as

3 l-*2-nZ
2

F Y E(o) + K(cr)p4
[tros. i-r)(rog

4c
- -¿

"12
) ((i+m)z* n2)J (1-m) +n2 2

where

(s.11)

Plots of the pou,er transfer factor FO as a funct'ion

of m for several values of n are shown'in F'igure 5.2. In

these plots the value of wjre radii ìs taken as 11 = rZ.

It is interesting to note that for the range of values of

n shown the axial displacement bêtween the centres of the

coils by 83% results 'in a maximum of 3dB change in the

power transfer factor.

Y
c
d
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5.2.2 0rthogonal ântenna configuration

In the orthogonal mode as shown 'in Figure 5.1(b), the

x component of the magnetic field H*, from Append'ix D is

nI
E(cr ) K(cr )

c[= S

(t + m)
2

The power transfer factor can be written as

32 r+n2+n2o

r+n2+n2

,", [t1+ 
m) '* n')

[=
X (t-m¡2*n2

( 5. 12 )

(s.13)

where

4 loge 1- er2 log

2
n+

(1-m)?*nz
Fp

2
E(a)- K(a) (5.14)

+n
1

where o = |.

Plots of the power transfer factor FO as a function

of m for several values of n are also shown jn Figure 5.3

for the orthogonal coils where wire radii r, = rr.

The significance of these curves are that they provide

a direct means to calculate the amount of power delivered

to the transponder coil for a given transmitter power when

practicaì quality factors are assigned to each of the coils

(1+ m)
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Further insight is also gained into the variation of

power transfer for various separatìons and longìtudinaì

di spì acements .

5.3 Couplinq Voìume Theory

Exam'ination of power transfer factor FO indicate that if this

relatjon is rearranged in terms of the magnetic energy densitJ Um

produced at the transponder pos'ition, some 'interesting rel at'ions

could emerge. Introducing the term U, in the power transfer factor

FO resuìts in the expression

Fp= (5.15)

The ratio tþ; has the dimensions of volume and is denoted by

For the receptor antenna th'is is defined ascoupf ing volume V..

the ratio:

['

eak value of stored magnetic energy
in receptor self inductance when

receptor j s short ci rcu'ited
3V. (metre ) (5.16)

Peak value of the magnetic energy
density produced at the transponder

posi t'ion by the transmi tter

Use is now made of the relatjon that the power to the receptor

cojl loading resistance when it is tuned to resonance is uro Q, times
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the peak value of the stored magnetìc energy in the receptor coil

self inductance when ìt js short cjrcuited, to obta'in the results

=(d V
o Q2

Peak value of energy density per
uni t vol ume produced at the

transponder by the transmi tter
(5.17)

c

This relation shows c'learly that the coupling volume V. serves

as a figure of merit for various antennas all loaded to gìve the

same quality factor.

It'is now necessary to provìde a relatjon between the energy

density at the transponder posit'ion and the transm'itter power.

Clear'ly for a given transmitter antenna geometry, this density is

proportional to the total stored energy of the antenna as shown by

the rati. fIil. The use of this fact can be made to define the
lurnj

d'ispersal volume VO for the transmitter antenna as the ratio

Peak value of the total stored magnetic
energy ìn the transmitter antenna

Peak value of the magnetic energy density
produced at the transponder posìtìon by

the transmi tter

V (meter3) (5.18)
d

It is further possible to make use of the relation that pov/er

to the transmitter antenna loading resistance is (oo/Q1) times the

peak vaìue of the stored mangetic energy in the transmitter self

inductance to establish in conjunct'ion wìth the preced'ing results,

the principaì results of this analysìs, which'is an express'ion for

the power transfen ratjo between transm'itter and receptor antennas.

This result is:
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P2

Pt
(5.le)

Similarly, with reference to Figure 3.14 the power transfer

ratio P4/P3 in the link from the transponder antenna to receiver

antenna can be calculated by using the expression

(5.20)

where Vl is the coupl'ing vo'lume of the transponder antenna and V''cvrrevvuù,,¡,,J*,'-rd

is the dispersaì volume of the receiver antenna. The structure of

the above relat'ion makes it appear that the direction of the power

flow is from the rece'iver to the transponder antenna. However the

electromagnetic reciprocity theorem ensures that the same expression

descrjbes power flow 'in the reverse direction.

and Vi = VO resuì ts 'in

l= o, oo ttï

Appl ication of these anaìyses to the one port PST structure

in whìch Vi = V.

P

aÊ Q4

where xo is the shape factor as defined by Equation (q.t6) jn

Chapter 4.

4

E = n'*p (5.21)
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These results shor,¡ that for strong coupling there is a need

for a'large coupììng volume jn the transponder and a small disper-

sal volume in the transmitter. The transmjtter antenna behaves,

in so far as the transponder is concerned, as jf the transmjtter

antenna stored energy were un'iform'ly di stributed over the vol ume

equal to the transmitter dispersal volume.

A further contrast between the coupling volume and the disper-

sal volume which should be noted is that while the former depends

only upon the characterjst'ics of the receptor antenna, the dìsper-

sal volume depends not only upon the antenna dimens'ions but also

on the position of the transponder wìthìn the transmitter antenna's

field. The dìspersal volume increases substantiaìly with increase

of separat'ion of the tv¡o antennas .

The sign'ificance of these results are that the ratio V. and VO

are dependent on the geometries of the co'ils wh'ich are ind'iv'idually

subject to optimizat'ion while the quaf ity factors indicate how

efficient the transfer of power can be made.

In order to ga'in further insight into these concepts in the

following sect'ions expressions are derived for the couplìng volume

and the d'ispersaì volumes assoc'iated wìth several practìcaì antenna

s tructures .
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5.4 Coupl'ing Volume Calculations

Several types of near field magnetic antennas which are of

interest 'in the realization of the passive subharmonic transponder

are shown in Table 5.1. The diagrams in the table'illustrate round

and square perìmeten planar co'iles, round or square cross-section

solenoidal coils, and a slab soleno'idal coil. In each case the coil

is assumed to be uniformìy close wound over the indicated perimeter

or surface; in none of the cases however does the number of turns

enter final expressions obtained for couplìng volume.

In the results to be presented the cojls are assumed in the

first jnstance to be air cored, w'ith the effects of providìng hìgh

permeabif ity cores to be presented in the later section.

In order to obtajn results which are of suffic'ient algebraic

simpì'icity to enable effective comparison between coils of different
style, a number of approximat'ions are made. These are that the jn-

ternal inductance of the wire may be neglected, and that the dimen-

sjons of the solenoid and slabs are such that long soìenoid formulae

may be used.

Further, the calculations are based on the shape which is most

convenient mathematical ly, viz. a cjrcle. Such an approach can also

be extended to a square antenna where the djmensions are chosen such

that D = d4, where D is the length of the side of a square

antenna having the same area as a circular antenna wjth d'iameter d.

For a flat coil, from definition the coupling voìume can

read'i1y be shown to be
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TABLE 5.1 TABULATION OF COUPLING VOLUME FOR SEVIRAL STRUCTURES

3
Dv.

m
xc

Sha pe X. n
S

Circular Coi I

r = radius of wire

2
il

a [r's
4D

m ì
2)er

X

Square Coi 1

l* Dm-l

t-
Dm

t_

r = radius of wìre

1I nc
tÐ

t_
d

Sol enoi d

F- Dt -*1

1-

Dr)d

1

L
d

Sol eno i d

l.<- D ---rtml

d

D >d
m

1

\
D

m
>Ed

LlK
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N2A,2uo
(nre tre 3 (5.22)

L

where A is the flux collecting area, L js its self inductance, N'is

the number of turns and uo is the permeability of free space.

Simi I arìy for an air cored sol enoi d havi ng I ength .(., wi th ei ther

a round or rectangu'lar cross-section the coupì i ng vol ume 'is des-

cribed by the relatjon

(5.23)

V c )

e3)tr

aperture of the solenoid at the centre'is less that 450, K can be

AT.
-K-v. ( me

where A is the cross-section area and K is a correction facto

to take into consideration the end effect. When the anguìar

represented by

rt 103 l

(5.24)K=1- 4k
3nk'

2 3 4 5+2q+12q + 44q + 116q + 260q +

+ 15

where

2+X

L
q +

t.9
lxl
l2)

5II
2)

2t0.

(5.2s)



and

x=

k'2 d 2

and d is the diameter or alternatjvely the width of the coil as the

case may be.

For ìong soìenoids Equation (5.23) reduces to

V = A.(- (meter 3
c

k2

which simpìy corresponds to the physica'l volume of the solenoid.

The overall results of these ana'lyses can be expressed by a

genera'l relation given in terms of the max'imum dimension of the

antenna structures denoted by Dm. The model describing the coupling

volume becomes

xc (s.26)

where value of Xc 'is defined in Table 5.1 for several structures

D3v.

2r1.



of interest.

Theoretical calculations based on the model defined by Equat'ion

(5.26) and corresponding measured values for several solenoids having

different cross-sectional areas are also shown in Table 5.2. Pro-

vided the length of the solenoid'is greater than the smallest cross-

sectional axis, the model provides an accurate representation for
the coupling volume.

In order to have an'insjght into the effectiveness of the struc-

tures in terms of the physicaì volume VO the antennas occupy, the

space efficiency factor ns defined as

_ Coup'l 'ing Vol ume (V. )

Phys'ica'l Vo'lume (VO)

The measuz'ements fo, the -eoupLing uoLume uez,e eonducted. usínga search coiL foz' detenmirntion of the magnetic field.

ns (s.zt)

is introduced. The above expression 'is a good jndicator of the

effect'iveness of an antenna in which d'imensional constraints are

imposed on the structure.

Values of ns for several structures of interest are also shown

in Table 5.1. The table illustrates the superìority of large area

pìanar coils as near field magnetic antennas when the operative con-

straint is the 'langest dimensi.on or the objective is maximi zation

of the space efficiency factor ns. Therefore this structure will
be analysed ìn more detajl in Chapter 6.

t+

2r?.



TABLE 5.2. C0MPARISON BETI¡IEEN MEASURED AND COMPUTED

VALUES FOR COUPLING VOLUMES

= measl¿Ted ualue of coupling uoLume,
C

meqs

v = theoretícal uaLue of coupLing uoLume.
th
N = nwnber of tuz'rts.

K = indstctance cornection factor'.
2r3.

Shape N

D
m

mm
d

mm

L
meas
pH

L tt''
pH K

varuu,
m3x1d

I
d

52 33. 3 12.5 11 .8 rt.7 0 .852 5.19 526

i05 66 .0

129
t2.5
12.5

26.0

53. 3

25.9 0.921 9 .60 9.7

219 55.3 0. 958 19.01 18.1

arame

Shape
N

D
m

mm

d
mnì

gd
mnì

L
meas
pH

Lt
pH

h
K

v.n''.u,

rn3x1o 6

6d /IT Dt
*l d

44 26.9

55. 0

109 .6

14.4 7.8

7.8

7.8

7.9

i6 .9

34.8

8.2 .807 3.9 3.7

88 14.2 t7 .6

35. 3

0.898 7.r 6.8

176 13. B 0.949 12.5 T2.I

44 26.4 L4.2 14. 1 13.7 14 .9 0. 807 6.9 6.6
ooOO 54. 5 14.4 14.2 30. 7 32.7 0.897 12.B 72.4

176 107 .0 15.4 14.4 72.6 76.0 0.941 26.7 25.2

44 27 .2 28. 5 7.6 13.0 13. 1 0.678 8.7 8.7
88

176

53.8 28. 3 7.6

7.6

30. 1 31.5

64 .0

0.810 14.9 14. 3

il1 .4 26.6 61.3 0.906 25.5 24.9

44

BB

776

27.8

54.7

27 .0 14.4 23.8

56 .9

23.6 0 .695

0.8i5

15.3

27 .9

15.6

27 .028.0 t4.4
14. 6

58.4

l0B .0 28. 3 r29.2 i33.6 0.897 52.3 49.7

44

88

28.2 56.0 7.8 28.2 17.B

55.7 5I.7 7.8 57 .3 49.6 0. 704 26.5 31.9

176 1i0. 9 54.0 7.5 128.0 116 .9 0.82? 51.7 54.6

44 26.6 53.4

53. 0

53. 5

4.4

3.9

4.4

46.1

101.5

235.6

9i.5
223.9

32.4

51.1

97 .9

BB 54.4 0.694 57 .7

176 LIO.2 0.823 103 .2
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5.5 Dispersal Volume Calculatjons

The anaìysis of the dispersal volume VO of a near fjeld rnagnetic

antenna requìres consideratjon of not onìy the antenna shape and

dimensions but also the dìstance and directjon to the fieìd point

to be energized by the antenna. In vjew of the number of variables

involved it is not pract'icable to consider all cases. However,

results for a sufficient range of variatjon of parameters is pres-

ented which allows for useful conclusions to be drawn.

Once aga'in the coìls are assumed to be air cored with the

results of ferrìte cores to be considered later. The coils are

further assumed to be uniformly close wound, 'internal jnductance of

the w'ires ìs negì ected, and the d'inlens jons and distance to the point

of excitatìon are such that long solenoid formulae may be used. The

results do cover the case when the distance to the exc'itation point

ìs comparable wjth the antenna dìmens'ions, as this pos'itioning is

frequentìy necessary for pract'icaì transponders, as well as the far

field case wherein the antenna acts as a sìmple dipole. The later
however provi des , j n '-oni unct'i.on wi th the assymptoti c rel at j on di s-

cussed later between coupì'ing volume and d'ispersal volume at large

d'istances, a useful check in the validity of the present results.

The dispersaì volume for several geometrìcs can be calculated

as fol lows:

Fl at Pl anar Coi I

The dispersal volume VO for a flat co'il can be derjved by

noting that the magnet'ic field H at a distance h along the axìs

fronr the centre of a cjrcular coil of dianleter d having N turns

and carrying a cument I, is gìven by (Appendix D)

('i)
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ItN

fl = 3/2
(s.za¡

(5.2e)

the

( s. so¡

( s.31)

d 1+

From definition, the dispersal volume for the transmitter

antenna can be expressed as

( metre 3

For a circular antenna of dìameter d and wire radius r
expression becomes

1

V d
.4dtoq"e 11

2 Pd 3

where

3

rzt

[]F
Lt

\/d )

1

2

P- 1+0 2

and

o = Vn (h/D)

2r5.

(5.32)



For a square co'i t havi ng sides D w'i th an area equi val ent to that

of a c'ircul ar pì anar co'i I , the di spersaì vol ume ì s approx'imated by

V log 4D_+ttl D
1 + (,/,lnto) D3

d

t1
82

TI

f
t

2.16)r

t",l

(5.33)

(5.34)

2i

( i i ) Logi tud'i nal Sol enoi d

The dispersaì volume for a longìtudinal soleno'id havìng

N turns with length Z and diameter d can be expressed as

2 2hì 6

-tr.)

tr

14ì'
ldjtt Tt

3
V d 1+ D

3

In the above derivation use is made of the self inductance

formula for ìong and thin solenojd.

(iii ) Transverse Solenoid

The structure of the solenoid is s'inlilar to that of (ii ).
However in this instant the sens'ing dìstance is orthogonal to

the direction of the maior axis of the solenoìd. The dispersal

volume can be readi'ly shown to be described by

2
V¿

2

tål
1+,/i

2

2t6.

D
J ( s .35)



The results of the above anaìysìs once again ìs mod'ified in

terms of the maximum dimension D, associated with each antenna

geometry and js represented by a genera'l expression

V =ßPD ( meter3 (5.36)
d m

where ß is a shape dependent factor and P is the position dependent

factor. Table 5.3 shows the values associated with the above

parameters for several antenna structures.

The structure of the relation gìven by Equation (5.36) is of

partìcular interest. The term ß nfl Sives the value of dispersal

volume at the centre of the antenna, i.e. h = 0. The second term

P indicates the extent to which the dispersaì volurne is increased

as the separat'ion h from the centre of the antenna is increased.

Plots of P in terms of the ratio (h/Dm) for the

three main structures namely plannar coì1, soleno'id wìth sens'ing

distance along the major axis and solenoid wjth sensing distance

orthogonal to the major axes are shown in Figure 5.4.

These results demonstrate the general simìlarity of the posit'ion

dependence of al I antennas of a given max'imum d'imension, and the

superìority of the flat coìl over the air cored solenoid and slab

coils.

For the flat co'il ìn m'inimizing the dìspersaì volume wjth res-

pect to Dn the minimum VO occurs atDr= 2h and has the value

3

2t7.



TABLE 5.3. TABULATION OF DISPERSAL VOLUME FOR SEVERAL STRUCTURES

Vd = ßPD;

Shape ß P 0

C'ircul ar Coi I

r
L h ----*¡r = radius of wire

4D1 l-.
2L'oe.

m

4r
3

tt * o2] 2h

Qrr

.l
Square Coi'l

D
m

Hf-
Dm

L l<- h __-J
r = radius of wire

,- 4Dglloq 
-rllL "er + r

2
"]Dm

2
1T

3
[t - ot] "'l#l\ m./

T

d
-t

Sol enoi d

f* Dm *l* h -l
H

D >d
m

[t * o]u 2h
D

m

L
Sol enoi d

l*Dm h I
d H

--- { .+>

d¡
\

D >d
m

2
1T

1 6 [* ol6 2h
D

m
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L
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iqil. IrJlog=32hV -23
dmln

(s . ¡z)

(5.38)

Similar results can readiìy be obtained for other geomet¡ics.

However these derivation are not as important since for vehjcle

identification systems and s'ignpost impìementation'it is very

difficult to maintain the relationship between the diameter and

the sens'ing d'istance.

5. 5. 1 Asymptot'i c rel ati ons

In the discuss'ion so far the coupì ing voìume and d'is-

persal volume have been defined as 'independent parameters.

A genera'l reci proci ty argument 'ind'icates however that these

quantities should be related. Deta'iled analys'is of the

results of Table 5.1 and Table 5.3 ind'icate that at suffic-

iently large distances to the poìnt of excitation the coup-

'l i ng and di spersal vol unles of a gi ven antenna bear the

assymptotic relatjon gìven by

4nZ
Vd

6
h

V

c

The above express'ion may serve as a check to the valjd-

ity of sinrpìe models obtained for dìfferent antenna struc-

tures. A further relation which is of interest is the
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power transfer ratio between the transmitter and transponder

antennas when the separatìon between the two antennas is

ì arge compared wi th thei r d'imens i ons .

The magnetic field created by the transmitter antenna

as the resul t of current I ISt

H= 2n'
4n uo h3

where m' is the magnet'ic moment gìven by uo It A, and A is

the flux collecting area. Using the results of Equation

(5.37) tfre power transfer ratio can be shown as

a a V V
1 c21 c2

( 5.3e)

(s.qo)
6

h

where

V = couplìng vo]ume of transmitter antenna
c1

YcZ = coupling voìume of transponder antenna

h = separation between the antennae.

22t.



5.6 Influence of Ferroma qnetic Materi al s

The results of coupl'ing voìume and d'ispersaì volume shown in

Table 5.1 and Table 5.3 which appìy to air cored antennas are

nrodified substantjaìly if a high pernteabìlity ferrite core is in-

troduced.

When such a material is 'introduced into the transponder cojl,
the magnetic field assoc'iated with the coil causes the ferromagnet'ic

body to be magnet'ized with poìes on its surface. The magnetizìng

force ã' inside the matenial djffers in magn'itude from the appfied

field a.

For an el 1 ìpsoidt105l magnet'ized along one of the principle

axis the component of the magnetic fjeld can be described by

N.;0puH ( s .41)

where No is the demagnetization fu.torl106] determined by the

ratios of the semipoìe axes of the elììpsoìd, and ü^ is magnetìc
P

polarìzation. Therefore, if the magnetization components and the

'lengths of the axes of the el1ìpsoid are known, then the jnternal

fjeld ã., tuV be predicted.

A precise calculation of magnetic field for other shapes

results in compljcated expressions whjch fail to highlight the

major features for opt'imìzat'ions. However considerable simplifi-

cat'ion can be made if the antenna structures of interest are

approximated by an ellìpsoìd. This assumption permits calculat'ions
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to proceed on the basis of uniform magnetìzation.

The self ìnductance L of a coiì is gìven by

l= T B.dS
I (s.+z)

(5.44)

where I is the rms current and 5 ìs any surface over which the

integration is carried and ã is tf,. flux density over that surface.

For an air cored solenoid the inductance Lu can be expressed

in terms of the magnet'ic field ã. Thus,

uo dsH ( 5 .43)

where Uo ìs the permeability of the free space.

When a ferrite material js 'introduced ìnto a current carryìng

coil, for uniform magnet'ization it 'is readi'ly shown that the in-

ductance can be approximatea uyt105l

ILu

uo
I

,*Xm
d.t

(_
ln

J

Lf + dXm

where X, i s the magneti c suscepti bi I ì ty.
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Provided the introduced material'into the coil'is not

saturated, the relative permeab'iìity ur of the material may be

wri tten as:

ur=1nx, (5.45)

The ratio of Equatìon (5.44) and Equation (5.43) is denoted

by Ue and defines the improvements one can achieve when ferrite
is introduced as a core. This relation is given by

u'e (5.47)

To provide a data base for optìmization a theoret'ical and ex-

perimental study of effect'ive permeabjl'ity factor uu for ferrite
cored co'ils of various types has been conducted. the experimenta'l

work was carried out for close wound co'ils on ferrìte cores of two

d'i fferent permeab'i I'iti es . The theoreti ca I deri vation was based on

power seri es expansion of the demagnet'izat'ion factors[ 109 ] shov¡n i n

Table 5.4 derived from Appendix E. The approximation in the anaìysis

are that the relative permeabiìity of material is high and only

geometries which can be approx'imated by an e'l'lipsoid are considered.

The example of results obtained js given'in Fìgure 5.5 which'illus-

trates for sensibìe geometrics the good agreement found between

experimental and the simp'le ana'lys'is.
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Shape Demagneti zati on Factor

It
T

Dt

D >>t
m

N = l- 4u
| - Arctan u

2
u

d
3 -2r- u

2 2(r - u2)1-u

u

d

D
ml/

D*td

1
2 I

7uN
ûJ l -1d

1
2

û)

dl_tDI
nìJ

2
o=V1

E

_1.

d
D,n

T
¿ l*-
E<1Drtd

d
2
F Dm

N,
o1 2

m

2
K(v,q) E(v,q)

( D d ) -F 2
d

2

D
flì

d
v = Arc Sin

2
m

D

d
q

D2
m E2¿

2

TABLE 5.4. DEI'IAGNETIZATION FACTOR FOR SEVERAL STRUCTURES

K( v,q) = Incompì ete El ì ì pti c Integral of the Fi rst ki nd.

E(v,q) = Incompìete Elì'iptic Integral of the Second kind.
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5. 6. I As.ymptoti c behavi our

The asymptotic behaviour of the demagnet'izatìon in the

djrect'ion of the magnetization for a circular thjn disc

from Table 5.4 can be written as

*0, TT

z1
tr'] (5.48)

with Dr> >t, Equation (5.44) reduces to unity. This case

has been jncluded to g'ive an indication of the behaviour of

demagnetiz'ing factor for thjn d'isc and th'in square slab

sol enoi ds .

Simjlar asymptotic relation can also be derived for
the rod magnetized along the major axis. This is given by

*0'' (d/Dm)t 
'oge 

(Dm/d) ( 5.4e)

Putting v = (d/ùm) and takjng the first and second

deri vati ves resul ts i n

d
d

Lim
v+0

N

-ìv 1 0 ( 5. 50)

and

d2 Nd1

dvI-im
v*0
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Thus it can be seen that the curve has

singularìty at v = 0. The tangent has zero

second derivative is ìnfinite. Therefore a

under these conditions is not pract'icable.

Predictions using these formulae agree

of experimental results which are relevant.

d ( meter

some ki nd of

slope but the

smooth curve

wel I wi th those

(5.52)

(5. s3)

5.6.2 Couplinq vo I ume aporoximations

Pl ots of experimental vaì ues of ef fecti ve permeab'i'l i ty

u. for slabs as a function of the ratir + [+] corresponding
V6- [oJ

to each of the previous structures'is shown in Figure 5.6.

From the fi gure ìt is poss'ibl e to deri ve an empi ri cal

model for the effective permeabif ity of a ferrite slab in

terms of its dimension.

This can rough'ly be approximated by

,, ^ 3Pe ' r=-VB

loì
ltrJ

Usìng the above emp'iricaì relationship the coup'ling

volume for ferrite slabs becomes

D2
m

3v.

For practìca1 dimens'ions the maximum error that can be

expected us'ing Equation (5.53) 'in predicting the coupf ing

volume 'is in the order of 20%.

The s'ignificance of the above result'is'its s'implicity

of structure which perm'its for easy evaluation of coupììng
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volume of ferrite slab antennas from purely the knowledge of

di mens i ons .

5.6.3 Comparìson of antenna structures

Given the multìplic'ity of geometrics it js of interest

to compare the coupling and dispersal volumes of ferrite
cored sol enoi d ',vi th f I at co i I s .

The significance of the models whjch have been deve'loped

so far are that for flat co'ils no benefit ìs obtained when

ferrite is introduced into the cojl, while the introductjon

of high permeabil'ity ferrites into the slab coils or soìenoids,

improves the couplìng volumes by the effect'ive permeabìììty

ue. Sjmìlar'ly the dispersaì volume for flat coils remajn

unaltered wjth the jntroduction of ferrìte whereas dispersa'l

volume for ferrìte cored soleno'ids and slab coils is reduced

by the va I ue of the ef fect'ive permeabi ì i ty.

Therefore for pract'ica1 systems depending on the con-

straint ìmposed on the geometry an appropriate choice of
antenna structure can be made based on the results of the

tables and where necessary the asymptotic relatjons for de-

magnetìsing factors. In order to draw comparisons between

the performance of d'ifferent structures it is necessary to

consider first any constraìnts placed upon the dimens'ions on

orientat'ions of the antennas by operational considerations.

Taki ng the coupl ì ng voì ume, the bas'ic quest'ions to con-

sjder are first'ly whether the antenna can be made large in
e'ither one, two or three d'imensìons , and secondly whether the
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antenna must be oriented w'ith i ts 'larger dimensions ej ther

perpendicular to or para'llel w'ith the direct'ion of the

exciting magnetìc field. An example of the latter con-

straint is provìded by the case when a fìat p'late or slab

antenna is requìred to be p'laced close to and paralleì with,

rather than protrudìng from a flat conducting surface as for
example a body panel of a motor vehicle.

5.7 Transponder 0 Dera tinq Vol taqe

From the preceding theory developed it is evident that the

transfer of power to the transponder circuit is dependent upon the

physical volume assigned to the receptor antenna and the quality
factor which may be achieved when jt is resonated but'it is not

effected, except for sccond order effects, by the number of turns

associated with the coil. The number of turns serves merely to

establish the 'impedance level at which the power is obtaìned.

A further factor of importance in the des'ign of the receptor

antenna is the fact that pract'icaì transponder circuits do not

operate as linear power converters, part'icuìarly at low poh,er

levels, but rather show a threshold voltage, below which operation
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of the circuit fails. Therefore the problem of deriving suffìcient

voltage from the receptor coil for satisfactory operation of the

ci rcui t must al so be considered.

In order to maximise the available voltage the receptor coi'l

is always paraì1eì tuned and the'induced voltage available to the

transponder circuit is therefore greater than the 'induced voltage

by the quality factor of tuned circuit. The problem in practice

is therefore that of employ'ing sufficient turns 'in the receptor

coil to obtain the necessary voltage at the transmitter power level

used.

The receptor coil induced voìtage E., from Equat'ion (4.11),

Append'ix A can be expressedìn terms of the numbers of turns N.
the quaì'ity factor QZ, flux collecting area A,^ and the magnetic

field H created by the transmitter at the transponder position.

The expression is

Ei = ,t ilo Ar N2 Q2 H (volts) ( s. s+¡

The stored magnetìc energy 'in the transmitter coil fronl

Equation (5.4) 'is given by

a P

l^l
1

1 ,t

Therefore the di spersaì vol unle from defj n'i ti on i s

1
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Qr Pt

ra uo H2
( metre3

V (5.56)

from which the magnet'ic field can be written as

1 1 ( 5 .57)fi= vd 't !o

Substitution of Equation (5.57) in Equat'ion (5.54) and subsequent

re-arrangement results in the number of turns per voìt to be

V
d (turns vol t-1) (5.58)N

uo 't Pt al Al

Fon ferritecored coils Equatìon (5.58) 'is modified by the

effective permeability factor u.. In th'is case the number of

turns per voìt is given by

N
d (5.se)2f Þo'tPlQ1A

)d

1

v2

ue

ç '¿

r

In practice the necessary vo'ltage levels can be obtained wjthout

necourse to the number of turns which lead to the cojls becoming

self resonant or unduìy difficult to manufacture. A possible

theoretical limit to the number of antenna turns could be reached

if the strong capacitance of a h'igh impedance winding became ex-
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cessive but'it is not common to encounter thìs limit in practìcaì

structures. Therefore using the above equation it is a simpìe

matter to calculate the desired number of turns in order to achieve

the necessary voìtage.

5 . I Con cl us'i ons

The development of coupl'ing volume and d'ispersa'l volume con-

cepts jn this chapter has provided the necessary means for separat-

ìng the'influence of different antenna parameters on the coupìing.

The physical sìgnìficance of couplìng and dispersal volumes are that

for strong coupling a large coupì'ing volume in the transponder and a

small d'ispersaì volume in the transmitter are desired. The trans-

m'itter antenna behaves'in so far as the transponderis concerned, as

if the transm'itter antenna stored energy were uniformìy distrih¡ted

over a volume equal to the transm'itter dispersal volume.

The contrast between the coupf ing volume and the dispersal

volume is that while the former depends only upon the characteristics

of the receptor antenna, the dispersal volume depends not only upon

the antenna dimens'ions but also on the sensing posìtion of the trans-

ponder wi thi n the transmi tter antenna' s f i el d . The d'ispersa'l vol ume

increases substantialìy wìth ìncrease of separation of the two antennas,

in fact at ìarge separatìons the field approximates to that of a

d'ipoie and the dispersal volume increases as the sixth power of the

d'istance.
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The modelling prìnciple has established the framework on which

appropriate Iocal omptimizations based on geometrìcs of indjvidual

antennas can be performed. The analysis provìded an understand'ing

of the effect of antenna parameters on system performance and has

enabled conclusions on the general shapes that can be utilized for

pract'ical systems, to be drawn.

Ana'lyti ca'l and empi rical formul ae for the performance of a

range of antennas for use'in practica'l PST system have also been

derived. An interest'ing result for the flat ferrite cored slab

soleno'id is that, within the range of dirnens'ions shown the effective

perneability is deternrined princìpally by the shape rather than the

intrinsic core material permeability.

The results of calculations of djspersa'l volumes for several

geometrics of pract'icaf interest demonstrate the general simjIarity

of the pos'itìon dependence of all antennas of a g'iven maxjmum d'imen-

sjon, and the superiorìty of the planar coil over the air cored

solenoìd and slab co'ils. Analysis, based on the assumptìon of un'i-

form magnetisat'ion of the effect of including high permeability

ferrite cores again show that for the planar co'ils no benefit is

obtained while the dìspersa'l volume for the ferrite cored solenojds

and slab co'ils is reduced by the effectìve permeability ue.

The fact that i n pract'ice i t 'is frequentìy necessary to make

the transmitter antenna dìmensjons comparable with the sensing dìs-

tance and the cost of ferrite materials combine to make the air

cored planar coìl the only practicable desìgn optìon.
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The mathematical model developed for the coupling volume in-

dicate the superiority of'large area pìannar coils as near field
magnetìc antennas. LJ¡'r,n ciimensional constraìnts are relaxed on

the physicaì area of the coi1s, the altnernative slab cojls, or

solenojds may be used. General conclusjons which can be derived

from the anaìys'i, ur.I

(i ) When the antenna is requ'ired to be narrow in one dimension,

flat coil or ferrite slab are better than ferrite rod.

(ii) When the antenna requìrements are that they should be

narrow in two-d'imensjon, ferrite rod has definite advantage

(iii) Antennas which are large 'in three dimensjon provide onìy

s'lìght gain at the expense of a massive amount of ferrjte.

The significance of the above analysìs in describìng the power

transfer are that the coupling and dìspersaì volumes are dependant

on the geometrics of the antennas wh'ich are indjvidually subiect to

optim'izati on whi l e the qual 'i ty factors j nd j cate how ef f i c'ient the

transfer of power can be made.

The dír,eetíon of magnetic field is in accordnnce uith
the directíon of the aynou shot'm in Table 5.4.

*
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CHAPTER 6

POt^lER TRANSFER IN PROXIlvllTY OF CONDUCTING BODIES

6.1 Introduction

In vehicle identificatjon and locatjon systems the transponder

or alternative'ly the interrogation antenna are genera'lly requìred

to be mounted in the v'icinity of a mass of metal. Therefore ìt is
necessary to invest'igate the power transfer characteristics under

such condi tions.

When a coil carrying a tìme-varying current is placed jn the

proximity of a conducting surface, depending on the orientation of
the coì1, eddy currents are induced in that surface. As a conse-

quence the impedance of the coil is modified. When conducting

boundaries are ìmperfect an exact solutjon for the ìmpedance change,

would require solution of Maxwelì's equationl107] jn both the con-

ducting region as well as the region surrounding the material.

However the complexity of the analysis can be avojded jf ad-

vantage is taken of the fact that most practical conductors are

good enough to cause on]y a sìight modification of the'ideal solutjon.
Therefore the method of images appear as a su'itable approximat'ion
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for such invest'i gations.

6.2 Anal ical Modellìn

If the interface ìs a perfect electrìcal conductor, the change

in the impedance of the coil with its axis normal to the plane of

the conducting surface, can be thought to be caused by the presence

of an image coìl as shown in Figure 6.1.

This approach can be anaìysed jn terms of inductively coupled

circuit, where the secondary, i.e. the image coil, couples into the

primary a resistive component to account for the finite conductiv'ity

of the interface, and a reactive term. The input impedance as seen

at the terminal of the transponder coil 1rt112l

(6.1)

where R, and 1., are resistjve and reactìve components associated

with the image coil.

For materials having large conductivities the res'istjve com-

ponent of coupled impedance js small and therefore can be negìected.

Thus, Equation (6.1) reduces to

Z.in = R, + jo t, - q!#11
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M2
L

L2

'=Hf f

?
0

o
2

L2L
e

7 R, + jtrrin (6.2)

yt113 l

(6.4)

'l

The princìpaì effect upon the transponder coil 'is the reduct'ion 'in

effecti ve I nductance L produced by the coupled reactance.
e

The change in'inductance can be obtained using Newman's

equation for mutual inductance of filamentary circuit given b

(6.3)

where dZ, and dV, are differential elements of length about the

actual and the image coìls respectiveìy. Thus after some manipula-

tion and assuming that the radius of the wire r< < d, the expressìon

for the effective inductance L. can be described by t1131

u d
( 2
--00 E (cr)

where

Cl=
L+ö2'c

2h
L

0c d
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and hc is the spacing between the coil and the conducting surface.

The jnfluence of the coupled negat'ive reactance is to neutralize

a portion of the receptor co'i'l inductance. The reflected reactance

becomes more s'ignificant as the spacing between the transponder and

the interface is reduced.

The quality factor of the transponder coil is now modifjed to

c,l- LLE (6.6)
R

Q2
2

Equation (6.0) 'is sufficiently accurate for situations jn which

the interface has a high conduct'ivity. However, when the interface

consists of materials hav'ing reìatively low conductivities such as

steel substantial errorin the value of Qe can be expected. There-

fore'it is necessary to modify the model in order to take into con-

sideration the effect of reflected resistance.

6.3 Reflected Resistance Calculations

At the boundary between a medium of hìgh conductivity and free

space, the electromagnetic field equation can be reduced to a simp'le

form jn which the surface current density i is related to the mag-

netjc field ã by the boundary conditjon[1141
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nxH=J (6.i)

(6.8)

where ã is a unit vector directed outward from the surface.

When the transponder coil is brought jn the proximity of a

semi-infinite conduct'ing surface, at frequencìes of interest, the

average power loss per unit area can be shown to o.[114]

t, = å Reaì lLs J.i* I (watt/mz)

where Z js the surface impedance given in terms of surface resis-
s

tivity R, and inductance L, and J* is compìex conjugate of current

densi ty i. The surface impedance is given by

R
s

Z, R, + ¡ur L5 (0. s¡

where (0. io),"

and r¡ js the frequency, U is the permeabiìity of the material and o

is the conductivjty (mhos/meter). Equatìon (O.g) can now be written

in a more convenient form:

Æ a'

=åRrJô2t^lL
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where J is the S component of the current density.
0

The magnet'ic field ¡l js further related to the surface current

i and'in particular the p component of magnetic tield Ho is numerica'lly

equal to the 0 component of the current density JO. The diss'ipated

power in the plane conductor can now be vrritten in terms of the p

component of the magnetic fie'ld l1o. Thus for any circle of constant

radjus p, the expression becomes

wt R
S

znol Ho l2oo (watt/m2) (6.r2)

From Appendix D the p component of magnetic field is

1

z
0

2(d/2) +p 2 2
chih +

H
c

E (cr) K(s) (6.13)

^?)

p 2 2

c2rp (d/2 + p) + (d/? p) + h2

where

cx= (6.14)
(d/2 + p)¿ + h'¿

c

Substitution of Equation (6.14) in Equation (6.12) resul ts in

R i2
s

2

olt . n3)
0

2(d/2) + +h p h
c E(a) - K(cr)

L 1T (d/2 h
2
c

!\l
c

p (d/? +

1
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The ref I ected res'istance R, can now be est'imated by noting

that

in which the values

R, may be obta'ined

of current I i s taken as I

from the relation

2
t^l R,"

i NT. Therefore

(6. 16)

(6.17)

dp ( 6.18)

L

f

where f is a geometrìc factor given by

R
s

Rr

G/Ð2

0

r
22

c
2 2

2h +p+ h
1 c

E (cr) K(")'lÍ (d/2 + p) + (d/2 ù2 +2 h2ì
cJ

?
chp

R. in Equation (6.17) can be looked upon as a surface factor
5

s'ince the value of the reflected res'istance is modjfied by the

characteri sti cs of the 'i nterface .

After appropriate transformation to change the l'imits of inte-

grat'ion and by power series exp.an sion of the el'l'iptic 'integrals,

the value of f was solved numericaì1y. Plots of f as a function

of the separation h^ for several values of coil diameter are shown

in Figure 6.2.
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The quaìity facto" Qzc for the transponder in the proxìmity of

conducting body can novv be obtained usìng Equation (6.4) and Equation

(6.18). Thus

t¡L
e

Qz.
R *lzR, (6 . le)

2

Plots of th'is relatìon as a function of separation for several co'il

diameters and two different conductjvit'ies are shown in F'igure 6.3.

In these pìots the ac resistance of a coil 'is used for anaìysi5[1131.

Experimental results for a coil having dìameter d = B0mm'is also

shown on the same p'lots. For the range'in whjch the separation

h. Þ 5mm there 'is a close agreement between the theoretical predìc-

tjon and the experimental values. As the separation h. 'is made

smaller the discrepancy between the experìmental values and theoret-

ical results increase. This variation 'is the result of usìnq a perfect
conductor in the calculation of the reflected inductance. However

for the kind of transponder mount'ings that can be expected ìn prac-

tice for vehicle identificatjon the model defjned by Equatìon (0.t9)

is adequate'in assisting wìth the descrjption of the power transfer.

The signjficance of the curves shown jn Fjgure 6.3 are that they

provide an 'ins'ight into the factors whjch l'imit the maxjmum value of
qua'lity factor of a pìanar coil when jt is brought.in the proxìm.ity

of a conducting body. In additi.on they'ilìustpate to gai.n the full
benefit that i.s. available in having high quality factors the separa-

tion of a p'lanar co'i1 from the conducting body should be > 30mm.
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6.4 Power Transfer Considerat'ions

In order to calculate the power transfer between the trans-

mitter and transponder co'ils'in the presence of a conducting body

as shown in Figure 6.4, the following relations are defined.

The effective losses of the transmitter coil can be expressed

d (o.zo)

where fl(hcl, d) R, is the refJected losses assoc'iated with the

transmitter coil as defined by Equatìon (0.18), hc1 ìs separatìon

between the transm'itter coì I and the 'interface, and d is the dja-

meter. Simiìarly the effect'ive losses of transponder coil is given

by

R
e

R2
2

R
s

(o.zt)

by

Re1
1

+R R
S

( h.1'r1

+f ( h.z, .)
2

where f2 (hc2, c) 'is the reflected losses associated w'ith the trans-

ponder coi'ì, hr. is separation between the transponder cojl and the

interface and c is the diameter.

From Equation (6.19), the qualìty factors of the transm'itter

and transponder cojls in the presence of the conducting surface are

further denoted by Qtc and Qr..
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The power transfelin the proximity of bhe conduct'ing body can

be obtained by using the method of images once aga'in. From Figure

6.4 and Appendix D, the resultant magnet'ic fieìd H. 'is

H =H-Hr

where H., is the magnetìc field due to the image coil and opposes

the fjeld H from the coil jtself. The resultant magnetjc field
can be wri tten as

(6.22)

(6.23)

(6.?4)

fl =
Ir
-ã- 1 1

(1 + o
2.3/2
1) J*þ7)

312

where 01 is a panameter related to the separation between the trans-

mitter and transponder coils and is gìven by

0

Similarly q, is related to the separation between the transmitter and

the transponder image coils and js wrìtten as

2(h+2h

2h
d1

)

dþ2

252.
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The d'istances h and h., are further defined by

h = separation between the transm'itter coil and the transponder

hc. = sepanat'ion between the transponder coìì and the conducting

body.

The coupì'ing volume of the transponder coil in the proximity

of the conducting body denoted by Vcc can now be described by the

expressi on

2 3
IT c 3

V

2c(
2 - ,z)

( metre ) (6.26)

(6.27)

cc ai( tos^l- ft- :- .ft- oz) t<(c,z) 
ir{c,2)r]

where

and

K(cr2) = Ellìptic ìntegral of the fjrst kjnd

E(oZ) = Elliptic integral of the second kind.

c

oz 2 2(c - 12) + (2h
cZ

Simi I ar'ly the val ue of d j spersaì vol ume V¿. can be shown to be

)

(

vd.=å{t.r.n. fr-u-ftfi - ",r K(ar) - ú t,",,]]

253.

Pd 3
( metre 3 ) (6.28)



where

and

It + 4 (t + o

-2
1 1p= (6.2e)

( 6 .30)

(6 . 31)

3/2 3/2
2 2

0

1 2

-11
(o-rri"itttn +nr21)z1

Plot of P as a function of separatìon h for several values of h

are shown in F'igure 6.5.
c2

For a sensing posit'ion at a fixed djstance from a conduct'ing

pìate the minimum value of P occurs when

dþ=
4

For compìeteness, Fìgure 6.6 is also included to illustrate the

variation of P as a functìon of diameter d for several values of h.,
when the separation h is held constant.
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The complete power transfer relation in the proxim'ity of a

conducting body is now modelled by

2
P V

Vdc
n

4q 'xp 1

1 + Rf/Rt Qr. Q!. Qo.
cc (6.32)

where Q+. is the qua'l'ity factor of the receiver coil in the proximity

of the conducting body. Using the same p'lanar cojls as described in

Chapter 4 the ratio (V../V¿.) as a function of the separation h for
several values of hr, is illustrated jn Figure 6.7.

The above analysis shows that the presence of a conducting jnter-

face marginalìy ìmproves the couplìng volume due to reduction in the

self inductance of the co'iì, whereas for fixed values of coil dimen-

sion and separation h.r, the dispersal volume has now a minimum

value as the separat'ion h between the transmitter and transponder

is varied. For large va'lues of h.r, the results are sjmilar to those

obtained in Figure 3.16 in Chapter 3. However as the distance'is re-

duced there is a sign'ificant degradation of the power transfer.

6.4. 1 Performance evaluation

A'lthough the inferjor performance of pìanar coils in
the proximity of a conducting body ìs recogn'ised, the geo-

metry is of sufficient pract'ical interest due to low manu-

facturing cost which warrants further evaluation to establish

the conditions under whìch satisfactory operation can be

ach'ieved.
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In a typìcal applìcation such as that assocjated wìth

identification of a motor vehicle 'it is desirable for the

transponder to be located as close to the body of the

vehicle as practicable. To estimate the operating range,

the same antenna structures and parameters as specifjed in

Table 3.3 (Chapter 3) are used. Using the above antennas

and a fixed sensing distance h, the rat'io (Vcc/Vdc) as a

functjon of h., is shown in Figure 6.8. Similarly theo-

retical and experimental values for the transponder quaìity

factors is also illustrated jn F'igure 6.9 when two different
materials are used as 'interfaces. From these curves the

power PO receìved by the receiver antenna as a funct'ion of

separation h., at a sensing distance h = 0.5m and with the

input power P, = 10 watts, ìs pìotted in Figure 6.10 for

both the two-port and the one-port transponders.

In order to obtain a virtual'ly error free receptìon

using PSK modulation a signaì-to-noìse ratio of lldB js

required. For this sjgnal-to-nojse ratio the probabi'l'ity

of an error on any partìcular bit'is less than 10-7. From

the curves shown in Figure 6.10, it can be observed that to
achjeve the above error rate at a sens'ing dìstance of 0.5m

and for the gìven coìl dimensions and peak noise power level

of -B8.6dBW, the separatìon h., between the transponder co'il

and the'interface must be greater than 26mm for the one-port

PST and greater than 39nm for the two-port PST. If the

separatìon between the transponder and the interface 'is in-
creased to 50mm an additjonal 12dB of no'ise margìn becomes

available.
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6.4.2 Vi rtual surface

The model def i ned by Equat'ion (6. 19) for the quaì i ty

factor jn the proximity of a conduct'ing body 'indicated its
dependence on the geometrìc factor I' and the surface factor

RS. From Equation (6.18) jt can be seen that for fjxed

dimensions, f cannot be changed. llowever it nray be possì bl e

to reduce the surface factor R, by using high conductivity

material between the interface and the coil.

The resultant effect of this approach ìs included in

Figure 6.9 ìn whìch an alumin'ium plate is placed between

the steel surface and the transponder coil.

For this method to be effective the thickness t, of

the intervening materiaì should be comparable with the skjn

depth ôr. Results for varjous practical antenna djmensions

using the above method wjll be presented'in the next section.

6.4.3 Experimental results

The model defined by Equat'ion 6.19 prov'ided an insight

into the k'ind of varjation that one can expect when a

current carryìng co'i'l 'is brought in the proxìmity of a con-

ducting body. To provìde a data base for the subsequent

system evaluation the quality factors associated wjth

severaj practical coils in proxinrity of both steel and

aluminìum pìates were determ'ined. The results for flat
planar coìIs, a'ir cored solenoids, ferrite slabs and rods

having their major axes para'llel to the conducting body are
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'illustrated ìn Figures 6.11 - 6.13. These results enabled

for further expìoratory anaìysis associated with practicaì

situations to be conducted. The significance of these

resu'lts 'is that for a g'iven external magnetic f ield the

stored energy in a ferrite cored coil is less than in the

correspond'ing a'ir cored coil. Therefore the ferrite cored

coil is more sensitive to external env'ironment. Further,

the quaì'ity factors associated with ferrite cored coils are

generally higher than the correspondìng air cored coils which

subsequent'ly resuìts in the external losses becomjng more

noti ceabl e.

From the resul ts i t can al so be observed that for smal I

separations appreciable ìmprovement can be obtajned by intro-

ducing a high conductivity materiaì such as aluminium between

the coil and the interface. In practice jt is found that the

dimensions of the intervening materìal need onìy be margìnaì'ly

ìarger than the dimensìons of the transponder coìì to achieve

the des'ired ìmprovement in the quality factor.

6.5 Passi ve Si gn-post Eval uati on

The second case of interest is the situation where the PSI

device is used as a sign post embedded under the road surface. The

transmitter and receiver antennas for th'is appìication are located

in the undercarriage of the veh'icle. The geometry assocjated with
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this configuration is shown ìn Figure 6.14.

The model describi ng the power transferis simi l ar to that

obtaìned by Equation (6.32). However pararneters u, and o2 are now

gìven by

t1
(6.33)cl I (d - rr )2 * (z hcz)z

and

c -r
2oz (c-r2)2+zln+hrr)z

Figure 6.15 shows the reply level PO as a function of

separation hc' between the transmitter and steel 'interface for

sign post applicatjons when the sensing distance h = 0.5 meter.

In this anaìysis simiìar square antennas structures as that used

in Chapter 3 are used.

S'imiìar anaìysis was aìso performed using a femite slab

antenna having dimension 55.7nm x 51.7m x 6.9mm as the sìgn post.

Comparison between the fìat p'lanar structure and the ferrite slab

in terms of reply s'igna'l level PO as a function of sensing distance

h when the transmitter is located 50mm from the undercarriage of a

vehìcle 'is shown in Figure 6.16. From the curves it can be observed

that is is possible to choose dimens'ions of a ferrite slab in order

to obtain an equivalent performance correspondìng to a planar cojl.

( 6 .34)
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In situations in which cost and material thickness are not 'issues

for consideration the ferrite slab prov'ides an advantage jn ternls

of an overal I reduction in the pl anar d'imens'ions.

6. 6 Concl usi ons

In this chapter part'icular emphasis was pìaced with the evalua-

tion of the feasibil'ity of PST devìces in a practical.app'licatìon

such as the number p'late of a motor veh'icle and s'ign post app'l'ications

in which both dimens'ional constraints as welI as manufacturing cost

of the transponder antenna were major factors jn the choice of the

antenna structure.

The model developed to describe the power transfer in the

proximity of an electrica'lly conducting body has jndìcated the

limitatjon which is encountered when attempts are made to maxjmjse

the quaìity factor and has illustrated the degradat'ion of system

performance for small separation between the transponder antenna

and the interface. Through analys'is ìt has been demonstrated that

the coupl ing vo'lume of the transponder antenna 'is marginal ly im-

proved due to the reduct'ion 'in the self inductance whereas there

'is a notjceable increase jn the dispersaì volume.

The interest'ing fact which has emerged from the above anaìysis

is that for a fixed value of separation between the transponder and

the jnterface there is an opt'imum value of sensìng distance whjch

max'im'ises the power transfer across the electromagnetic I inks.
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However it should be noted that the avaìlable power js substantially

less than the corresponding case in wh'ich the'interface'is absent.

Introductíon of a high conductivìty materia'l such as alumjn'ium

between the transponder and low conductiv'ity magnetic material such

as steel provide sìgn'ifìcant jmprovements in the quality factor.

Expe¡imentally it was found that sufficient improvement can be

ga'ined when the dimension of the'introduced plate is in the same

order as that of the transponder antenna.

The fìat slab ferrjte cored solenoid is of particular merit in

the case when the antenna must be p'laced adiacent to a conducting

pl ate, i n whi ch s i tuat'ion the pl anar co'i 'l becomes decoupl ed f rom

the exc'iting field which js at useful operating frequencìes con-

strained to lìe paralìel to the conductìng pìate.

Once aga'in it is 'in such appl ications that the merits of the

one-port PST are in evìdence, as the jneffic'ienc'ies of the two-port

approach cannot be compensated for by increase of antenna size.
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C|IAPTER 7

PST SYSTEÍVI CONS I DERATI ()NS

7.I Introduction

In this chapter attention is focussed on practicaì implementa-

tion of the one-port PST system for two applications, namely:

(i) the jdentificat'ion of motor veh'icles by means of buried trans-

mitter and receiver antennas which interrogate a vehicle

mounted transponder and process the reply signaì; and

(iì) vehicle location systems in which the transponders are used

as s'ign-posts embedded under the road surface, while the

transmitter and receiver antennas are mounted underneath the

vehi cl e.

The antennas considered for the transponder are the planar

coil of s'ides 0.10m and the ferrite slab having dimens'ion

55.7nm x 51.7mm x 6.9mm us'ing 48 material . The dimensional cho'ice

is based on practical considerat'ions jn rvhich it is requìred to

keep the dimensions of the PST devjce as small as possjble and

yet to ensure that satisfactory performance 'is achievable at
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moderately low interrogatìon power levels and at sens'ing dìstance

in the order of 0.5m. 0n the basis of the results obtained in

Chapter 6, Figure 6.10 and Figure 6.16 it appeared that the above

antenna structures sat'isfy the operatìonal requirements and there-

fore are suitable to be used for estinlatjng the overall system

performance.

In the following sectìon practical consjderations 'in the

realisation of a typìcaì ìnterrogation system such as code structure,

environmental noise, error rates, receiver design and 'integrated

circuit development are presented.

7.2 Code Structure

At present there is no jnternatjonal standard which specifies

either the technoìogy or the requ'ired informatjon content of

vehicle'identjfjcation systems. However several bodies includìng

the American National Standards Institute are working to establish

this standard whjch jncludes such factors as the code structure,

the necessary infornration content, accuracy and transponder location

on the vehicle.

A typicaì approach to the code structure and the 'information

content by the Dutch National Standard forrut[110] is il]ustrated
by Table 7.1. An alternatjve scheme used in the United States is

also shown in Table 7.2, where the basic label contains 37 digìt
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TABLE 7.1. CODE STRUCTURE - DUTCH NATIONAL STANDARD FORMAT.

1 2 3 /t 51,'l A q10 11 12 13 1tl 15 16 17 18

7 Fircd route þchícles
1 Area or organisation codc

2 Route numbers or line
servlccs

3 Route nos. fol diversions
4 Running nos. of line

se¡'vices
5 Specia). trips
6 Nature of vehicle
II Varial:Le noute úe.hícles
1 VehicLe class

- police
- fire brigade
- ambulance
- taxi
Pnlo:rity class
Direction cqle
Vehiclo numbel

I

'lxx

001
000
000

00

X x x

1

lxx1111t
x x x X

lxxxxxxxx
X x X x x

t¡ {, I v
.l

|_--]-
U

x x

X

x x x x

X x

1111
x

xx
x x x x1

tr
0
0
0
0

0

0

0

2

3

00xxx
0

6:I

x0

u

III
1

2

00xxxxxxx
Spare

General rese¡ve
Spare for public transport/
2nd vehicle-mounted unit
Police spare
Taxi spare

ErpLanation
t.1:
1 â.

xxxxxxxxxxxxxxxx

X

I
0

X

xxxxxxxxxxxxxx

X

X

x

X3

4

[* xxxxxxxx x

x

x

01

ITI ,2

10 xxxxxxx
Renaining reserve for police, 

^f iro brigade, antbuì altcr:, t ax i 11 XXXXXXX

2 bits provide codes 0, 1,2 and 3.
7 bits prcvide capacity fo| up to
127 route nos.
Code "00" (rotrtc no. 1?4) for
variable diversion route. 

^tscheduled diversion point rì ilectjon
le given by bits 9-1() asr in lI.3
(r,oute nos, 125-126-127).
6 bits offen 63 tìorì. per route'
nos. 60, . ,63 being used For I .5.
Example: depot vehicles (00), jrr-
struction veh. (01). veh. on trial
trip (10), maintenance vel¡. (11).
TypicaJ- uses: express service,
stop skip, request for priority
during stop procedure.
Blt 5 perÌnits sistirrction l,ctwc¡rl
2 poJ.ice catcgolies.
No priority 00
Condltlon¡l pt'íolity r)1

Absolute pr.iority l0
Spare 1 'l

No direction info. 00
(cf. L3 variable
dive¡sion route)
l^i i¡ht tur.n 01
Left turn 10
Straight on. 11
255 vehicle nos. available per
cLass.
Availabì-e for any vehicle types
¡rot covered by standard code
( 21 6 optlons ) ,
001 indicates that a second
vehicle mounted unit provides
additional- info. to that of 1st
vch. rntd. unit (215 options).
2I2 extra options.
I:x¿npIc: rented cars without
I'r'i,¡r'ity,
l,>r v;¡r,iable-route vehlcles
ì'¡,rluf I'lnfÌ no ¡tr.Jorlt y.

II.3

II.rr

III.1I.q:
r Ê.

I.6 :

ILl i
II].3
III.lr

TlT,lr
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TABLE 7.2. CODE STRUCTURE - U.S.A.

f\)
!
!

2 13 14 15 16 17 18 19 20 2t 22 23 24 25 26 27 23 29 30 3L 32 33 34 35 36 37t2345678910111

XXXXXXXX X X X X X X X X X X X X X X X X X X X X X X X X X X X

1 XXXX XXXX X X X X X X X X X X X X X X X X X X X X X X X X X X X 1

lxxxx XXXX X X X X X X XXXXXXXXXXXXXXXXXXXXXl

lxxxxxxxx x x x x x x XXXXXXXXXXXXXXXXXXXX X 1

lXXXXXXXX X X X X X X X X X X X X X X X X X X X X X X X X X X 1

1
1

x

1. Validity digits

2. Vehicle type

3. 0wner digit

4. Vehicle number

5. Parity digit



locations wh'ich represents one val'idity dìg'it, four vehjcle type

digits (16 vehicle types), 10 owner dig'it (1024 owners) , Z0 veh'icle

number d'igi ts (1,048,576 vehi cl es) , and one pari ty dig'it. This

code structure 'i s capabì e of unì quely represent'ing aì I the vehi cl es

in the United States.

However considering the total number of vehicles on the world

wide basis, code words 'in the order of 248 or longer may be

necessary. Thus, the present choice of 64 bjts allows 16 bits
to be used for error detectìon and corrections if required.

In order to have an apprecjation of errors associated wjth

detect'ion of the repìy signa'l,for independent errors the probab'ility

of detecting (u-m¡ bits in a M bit code can be written as[111]

n . =_M!P(l,t_m) ,M - (M- _-mI- mr o(u - m) (1 - p)m (7.1)

where

p = probab'ility of detecting a sìgnal bit.
M = number of bits 'Ín a code.

m = 0, Lr 2, ..!., M.

The main factor whjch emerges from Equation (7.1) is that the

error is determ'ined by the number of bits'in a code and is dependent

on the probabil'ity p of detectìng a sìngle bit in that code. To

assess the performance of a code, ìt is necessary to know how often
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a code word i s corrupted by errors and how often the error detecti ng

or correcting abì'lìty of the code is exceeded. Thus the character-

isat'ion of environmental noise is of particular sìgnìficance in

the above analysìs.

7 .3 Env'i ronmental No'i se Model I 'ing

The nojse performance of 'low frequency transponders 'is mainìy

affected by eìectromagnet'ic ìnterference 'introduced in the reply

s ignal propagati on path w'ith recei ver no'ise pìay'ing only a mj nor

part. The noise normal1y encountered i s of non-Gauss'ian jmpuì s'ive

type and do not readi'ly prov'ide for parametric descri ption. The

ìmpulsjve character of the noise is partìcularly effective in
caus'ing errors i n data conrnun'i cat'ion systems .

The usual sources of noise 'in 'low frequency commun'icatìon

systems are atmospheric noise and various forms of man-made no'ise,

of which the principa'l contributors are po\^/er lines, industrial

switching and automobiìe ìgnìt'ion. Environmental noise has been

studjed by several researchers'largeìy from the po'int of view of

VHF or UHF communications but some measurements relevant to LF

region have been made. The emphasis in the literature has generaìly

been on noise measurement and characterisation. The prediction of

error rates in communication channel has been less often cons'idered.

Various statist'ical measures for the description of envjron-
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mental noise have been proposed. These include ampìitude prob-

abil'ity distribution (APD) which shows the percentage of time

noise ampìitude exceeds a given level I the time probabiljty dis-

tribution (TPD) whìch gìves, for varjous nojse amplitudes, the

percentages of pu'lse spac'ings that exceed spec'ified times; the

noise amplìtude djstribution (tttRO) wh'ich records the number of

puìses per unìt time that exceed specified levels; the puìse

durat'ion distribut'ion (P00) which shovrs, for various noise ampìi-

tudes the percentage of puìses which exceed various widths and the

average crossing rate (ACR) which shows the average number of times

the noise amplitude crosses various levels t91l' [94]' t981

The most useful descriptions of the environmental nojse for
the prediction of system performance are the noise ampfitude d'is-

tribution (NAD) and the time probabìlity distrjbution (TPD).

In order to provìde the basis for a suìtable parametrjc des-

cri pt'ion of low frequency env'ironmental noise, noise data was

gathered from several env'ironments includjng roadway surfaces with

and wjthout vehicles presentt115l. The antenna structure used for

the measurement was electricaììy balanced, magnetic d'ipole of

approximateìy 1m2 cross-sectjon, tuned wìth quaìity factor of the

order of 10. The noise in this situatjon, is ìargeìy'impulsive

with periods much less than and separations much larger than the

decay time of the antenna resonant c'i rcu'it. The known passband

characteristics of the antenna perm'its the use of envelope and

phase rather than complete rf waveform detection without a loss of

infonration. A typicaì nojse characteristic and nojse envelope is

shown i n Fj gure 7. 1.
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DETECTOR OUTPUT.

282.



RorltZl l perf ormed deta'i ì ed analys'i s of the stored no'ise data

and provìded a mathematical model for calculat'ing the system error

performance in terms of probabil'ity of an emor bits per message.

This is expressed as:

ææ

dt'dv (7.2)

where

V, = magn'itude of repìy signal .

U = unit step function.

t

N' (V) dV = number of pulses per unjt time which have amplitude

lyìng ìn the range V and V + dV,

and cr is iime constant of rece'iver antenna circu'it.
The result of the ana'lysis is shown ìn Figure 7.2 in which

the predicted error for the passive subharmonic transponder

systffi for two different noise environment are pìotted as a funct'ion

of the reply sìgnal level. In these p'lots the noise pulses are

assumed to be uniformìy distributed over the range (-n, u).

r. = f J *-tvl, rrld (rl,t') - vrl

00

T

) = +i v^-ttt - t') coro (r - r,) u (t - r,) dt (7.3)' '.J .
0

vd(v,
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7.3.1 Error rate pred'ictions

In order to est'imate the error rates plots of the peak

ampl'itude of the repìy s ìgnal at the receiver antenna hav'ing

dynamic resjstance of 10 ohms at resonance and tuned to 50kHz

is shown jn Figure 7.3 (a) - (b) for the two applications,

name'ly the nurnber p'late and sign post us'ing pì anar square

coils. The theoretical results are based on the modelìing

princ'i pì es devel oped 'in the prev'ious chapters .

A passive nunrber pìate constructed from a planar co'i1

of sides 0.10m located at a d'istance of 50mm from the under-

carriage and returning a 64-bit coherent PSK reply code with

8 carrier cycles per bit and operating at a sensing distance

of 0.5 metre from a transm'i.tter antenna energi.sed with a

power of 10 v,ratts at 100kHz, wìl I return a 50kHz reply s'ignal

level of -66.6 dBl,J to the rece'iver antenna having dynamic

resistance of 10 ohms at nesonance and tuned to 50kHz. The

peak si.gnaì level in the antenna ì.mpedance of 10 ohms'is

2.09mV whi.ch 'iìs substanti.al ly larger thqn the levels shou¡n

in Fi.gure 7.2.

When si.mi.lar transponder j s used as a si,gn post wì th

the transmitter and recei.ver antennas si.tuated 50mm from the

undercarrì.age, for s'i.milar power level and sensi.ng djstance

as above, the PST will return a 50kHz reply signal level of

-67.2d8W to the receiver antenna hav'ing dynamic resjstance

of 10 ohms. In th'is instant the peak signal I evel is 1.95rnV.

For this latter application it should be noted that from

Figure 6.17 s'imilar results are also achieved when the smaller
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ferrite slab having the dìmensions of 55.7mrn x 51.7mm x

6.9mm 'is used. Although the cost associated with ferrite
slab is higher than the fìat planar coiì, for sìgn post

applications it is easier to be instaììed by simply cutting

a slof in the road surface.

A questìon of interest 'is whether buried PST dev'ices

can achi eve the quaì'ity factors assumed i n the theoret'ical

model'ling and laboratory experìments. 0n the basis of ex-

perÍence 'it is found by appropriate encapuìation of the PST

device the region of greatest energy density can be suffic-
iently isolated from the d'issipative material and hence the

assumed quality factors can be achieved. The qualìty fac-

tors used 'in the analys js have been empirjcal'ly conf irmed

as achievable in the situations considered.

The results indicate that satisfactory performance may

be obtained for transponder sizes that are ììke'ly to be

acceptable in the two appìications considered.

Us'ing the above resul ts i n con junct'ion wi th error curves

shown jn F'igure 7.2 it ìs possible to estimate the error

rates. It is readì'ly recognjsable for the environment and

the system parameters used, very 'low error rates are achjev-

able. For a reply signal level of 1500uVn on the average

one-b'it error for every twelve 64-b'it messagescan be antici-
pated. Therefore for the reply signal levels that are

achi evabl e i n a pract'i ca'ì i nterrogati on system compl ex de-

coding and error correction schemes is not necessary and
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genera'lly simpìer methods become adequate.

However for systems operating under very noisy envìron-

ment one may resort to the various error detection and

cornection techniques that are avajlablelr22 - r27l . The

coding procedure generaìly consìsts of spìitting the message

into blocks and addìng the informatjon dig'its such that

though errors occur, there ìs enough ìnformation so that the

reply can be corrected.

7.4 Receiver Desiqn

One of the major consi.derations in the receiver des'ign is the

abi'l'ity of the receiver to separate the weak reply signaì from the

strong interrogation signal. The sìgnificant factor associated

with subharmonic transponders i.s that the jnformation 'in the reply

code i.s transmitted i.n frequency ranges which differ from the in-

terrogation frequency by factors of many times the bandwidth of the

antenna tuned circuits. The wi.de spearation in the frequencìes

al low high'ly eff ective fi lteri.ng of the ìnterrogation energy from

the recei.ver system, to the antenna of which the interrogation

energy is normal'ly strongly coup'led as a consequence of the fact

that both couplìng elements scan the same region of space. Thus

complex processing can be avoided.

A'lthough a more general design prìncipìe of the rece'i.ver is
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currently under ìnvestigations by another researcher, in order to

have an apprecìatìon of the overall system an arrangement which

consi sted of a combi nati on of both anal ogue and di gi ta'l sect'ions

as shown in Figure 7.4 was developed.

7.4.l Receiver fiIter characterisation

A typìca'l response that one is 'interested in separatìng

the reply signal from the strong interrogat'ion signaì 'is

shown ìn Figure 7.5. The transfer function which describes

the above characteristics and has been normalised to give a

resonance at 1 rad/sec and a notch at 2 rad/sec is given by

vo- os2+1q- (s2 * ß, S + t) (os2 + ßz s + t)

cl = 0.25

ßt = 1/Q+

ßz = Z/Qt

(t .+¡

where

(7.5)
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and quality factor QO determines the bandwidth of the reson-

ance at or. The value of Q¡ may be chosen by noting tlre

compromise necessary ìn ensuring that the notch at o, js as

deep as pract'icable wjthout jnfluencjng the rejectìon char-

acteristics for slight varìations in the interrogatìon fre-
quency. In addit'ion the notch should have little attenuation

at ulr

Wìth c,r,^ = 50kHz, rt = 100kHz and Q" = 8, it is possible

to satisfy the above condjtion when Qt = 4. Thus the above

transfer function can be written as:

V 2
S +4

vi
o

S + 0.625 S + 5.0625 S +s+44 3 2
(7.6)

Synthesis of the normalised form of a typical structure

can be realised by Cauer Guillemin[128] method. This is

shown in F'igure 7.6 jn which typical component values and

the requìred load impedance (after appropriate frequency and

impedance scaìì ing) values are a'lso given.

The theoretical and experimental response of the filter
is illustrated in F'igure 7.7 in whjch good agreement'is

observed. From the response 'it can be observed that approxì-

mately 56dB separation between the interrogatjon and repìy

frequencies are achieved.

In the practi cal real'isat'ion of the system further
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attenuat'ion at 100KHz was found necessary. The structure

of the resultant filter and the overall response are shown

'in F'igures 7 .8 and 7.9 respecti veìy. As i t can be observed

approximately 9OdB separatìon was achieved.

7 .4.2 Si gnal processi ng section

There are several tasks the rece'iver must perform. The

first being the abiìity to extract timing informat'ion from

the message in order to establish the cyc'le on which a

message b1t commences. Due to the ava j I abi I'ity of a d j rect

link between the transmitter and the receiver the 50kHz local

osc'illator is available for synchronous detection. 0nce bit
synchronizat'ion has been established integration of the mixer

product may be performed over several number of messages in

order to provìde irnprovement in the s'ignaì-to-noise ratio.

To detect the start of the repìy code a synchronìzing

pattern is included at the start of each message. Naturally

this reduces the number of data bits and restricts the over-

all code structure to avoid the r"epetition of the synchronie-
'ing pattern.

The second task that the receiver is required to perform

is to defjne the s'ign that can be ass'igned to the output.

Presence of a sufficient level of noise may cause the output

of the mixer to take either sign on any partìcular cycle.

It is possìble to average out the noise by ìntegrat'ing the
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multipìier output over several cycles of the rep'ly signal

whi ch 'is pre-ass'igned to each b'i t.

The magnitude resu'ltìng from any partìcular bit jn-

creases as synchronization js approached. Therefore by

varying the startjng cyc'le over which integration occurs

and looki ng for a maximum, synchroni zat'ion can be ach'ieved.

The main object of this portìon of the work was the

realìsation of a flexable system such that not only the

processing requirements discussed above could readiìy be

met, but also to provide a work'ing system for future devel-

opment jn this area of research. Therefore a genera'l pun-

pose data acquisition system sujtable for on-site data re-

cording and processing was designed and subsequentìy was

constructed by Mr. N. Block'ley. The receiver shown by

F'igure 7.10, ìncorporated Intel's SBC 80/30 microprocessor

based system, DMA controller SBC 50i, 32K of random access

memory and the rel evant i nterfacj ng uni ts as i I I us trated.

In the system the number of cycles over which 'integra=

tion could proceed was set to B. This was consistant w'ith

the requirement of the communjcatjon bandwidth and the in-
formation rate. Howeyer the number of samples that may be

collected (which determines the number of messages) and the

synchronization bit pattern were under programme control.

The control commands which facilitates conrnun'ication between

the user and the system i s shown i n Frigure 7 ,Ll, Once the

appropriate parameters are entered and the transpondelis
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brought within the interrogation range collection of the

reply can be initiated e'ither by software, or by manual

operation of a switch, or alternat'ively through detection

of a repìy s'ignal of sufficient strength. The results of

a typica'l response is subsequent'ly dìspìayed by an B x 8

matri x.

It should be noted that for a vehicle travelling at

100km/hr over a square ìoop of sides 1.11 meters for an

'interrogation frequency of 100kHz and repìy frequency of

50kHz with 64 b'it message and B cycles per bit 4 messages

can be anticipated. At a sampl'ing rate of 250K bit/sec

approximateìy 10K of memory 'is required.

The system has been appìied to laboratory testìng in

which the results are entirely satisfactory. F'igure 7.12

illustrates the code structure for one of the PST devices

under test in wh'ich the pattern 1010 is used for synchron-

i zati on.

A typìcaì PST interrogat'ion system ì s shown j n

F'igure 7 . 13.
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7.5 Transmitter Power Constra'ints

In practice the allowable values of transmitter power are

limited by several factors. These include the power level whjch

can be convenjently provided, statutory l'imitations on radiated

or near fields produced by antennas, and considerations of electro-
magnet'ic compatability where other electronjc instruments are

Ínstalled within the field of the sensing apparatus.

0f the above list the most eas'i'ly quantifiable are the stat-
utory limitat'ions required by licensing authorjties. An ìrnportant

constraint is that provided by the Unìted States Federal Communica-

tions Commission reguìations[861,. which is given in terms of

maximum perm'issible power radiated to produce electric field
strength e at a distance of 305 meters (1000ft). This limjt js
2.4/f (V/m) where f is the operating frequency. Thus at 100kHz

the maximum allowable field strength at 305 meters js 24uVlm.

The radiated field strength e for a dìpole at a distance of
R from the source is given by:

i20rNAIt=- î:Cos0 (7.7)

where A is the area enclosed by the loop, N'is the number of

turns and À is the wavelength. For the transmitter structure

discussed previously the field strength e is below the spec'ifìed

lìmit at the 10 watt pob/er level.
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In the choice of the transmitter antenna size,'if one takes

as an objective the selection of antenna size which max'imizes the

magnetic field energy density at the transponder position, subject

to the radiation field constraints but wjthout regard to the trans-

mitter po!úer requ'ired, then the transmitter antenna becomes

vanjshingìy smaì.l. Such structure cannot be used in practìce

because the power required to prov'ide the interrogatìon energy

densìty at the transponder pos'it'ion then tends to infinity. As a

result of these considerations it can be concluded that an optimum

situation is reached when the transmitter povrer js made as large

as economic constraints allow, and the transmitter antenna is made

small enough to meet the radjation constraint expressed by

Equation (7.7).

7.6 Integration Approach

The last part of this research progranme enta'iled studies of

various low power technologies for integratìon of the passibe sub=

harmonic device. 0f the various possibilities considered the inte-
grated injection ìogic (I2f) showed the most promise.

The PST structure was designed using the layout diagrams

shown in Figure 7.14 - 7.15 and was based upon m'in'imum realisable

photomech cormensurate with manufacturability on the standard 7

mask bipoìar pro.urrlr29l . An integrated circuit ìayout was sub-

sequently produced by R.C. Clarke using the software he developed
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for mask product'ions. The ch'ip layout ìs jllustrated by Figure

7.16. The mask programmable 64-bit ROM section of the chip is

also'illustrated by Figure 7.17 and is based on Bergmann's workt1301.

In order to estimate the power djssipated by the deV'ice one notes

that onìy a very snlal I nulnber of gates operate at 100kHz, Thus fot

the above configuration on upper limit of approximately 20pl{ can be

expectedl139 - 140] . Therefore further ìmprovement 'in the conversi.on

factor n'can be real'ised.

Çurrently a fìeld progrannnable version of the cìrcuit is under

devel opment.

7.7 Summarv and Conclusions

The invest'igat'ion jnto the practical realisation of passive

subharmon'ic transponders for vehicle identification and location

determination, suitable for remote interrogation' WaS conducted

in severaì phases. The fìrst phase was concerned wjth gainìng

an insight into the general characteristjc of power transfer and

the constra'ints imposed on operat'ional performance of the two-port

passi ve subharmon'i c structure.

The results derivable from the ana'ìysis of the power transfer

between resonated coupling elements actìng in the near field region

indicated that the power transfer is enhanced by hav'ing each tuned

by connect'ion to the conrpf imentary storage element, and is jn fact

proportionaì to the product of the qua'lity factors with whjch each

312



L^J

F]GURE 7.16 INTEGRATED INJECTION LOGIC CHIP DETAIL OF PST.



-J

-J

-¡

-¡

-J

-¡

-J
I

-r

-

E

t:

lr-

Liittir ltir I

ltl¡III

Jt

(,
i

FIGURE 7.I7. CHIP DETAIL OF 64 BIT ROM.



of the two coup'led elements is tuned. Applyìng the above results

to the problem of power transfer from the internogation antenna

to the transponder it was observed that the real power avajlable
jn the transponder is maximized by forming a resonant circuit of

the h'ighest poss'ib1e quaì ìty factor at the energ'ising frequency

between the transponder couplìng element and its complìmentary

energy storage element. A further basic result was that the ratio
of reactjve power at the rep'ly frequency in the tuned cjrcuit con-

taining the transponder coupììng eìement to the real power re-

quired to sustain the resonance is the well-known qua'lity factor

of the resonance.

0n the basis of the above anaìysis several factors which

limited the performance of the two-port PST were recogn'ised. The

fjrst be'ing that the system performance was sensitivieìy dependent

upon the total volume which could be allocated to the device

antennas. In applications where transponder volume must be kept

small the competition between the receptor and transponder antennas

for the avai I abl e space 'is unwel come.

The second factor which was noted related to the conversion

of the received power fjrst to d.c. before being converted to the

subharmonic frequency. This was particuìarly relevant when low

levels of excitation voìtage prevail. A thjrd and very significant
limitation is that the quaìity factor of the transponder antenna is

frequent'ly limited by considerations of corlorunjcat'ion bandwidth to

a value much less than can be achieved'in resonant circuits of the

allowed size at the working frequency. Th'is limitation was seen to

be inappropriate since the strength of couplìng between near field
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antennas'is establ'ished by stored energy rather than the d.issjpated

power within them, and operat'ion of the transponder antenna at a

higher qua'lity factor would enhance the transfer of power across

rep'ly link. Based on these limitations a novel and original
princip'le for subharmonic frequency generation and modulation

using a one-pont structure was developed.

In this structure the reply signaì energy is not injected
into the coupling eìement from a d.c. reservoir as'in the previous

cases but rather it js synthesized, without prior convers.ion to

d.c., by switches and control elements which operate at appropriate
'instances of time to modulate the energy exchange process between

the transponder near-field coupling e1ement and its comp'limentary

energy storage element with whjch it 'is resonated. In the present

structure simìlar relationship between the quaììty factor of the

resonance circujt and the electromagnetic losses can be obtained.

However the requ'irements of the communicatjon bandwidth and the

quality factor of the resonance circu'it no longer exists due to

the switching technique used jn the modulatjon process s.uch that
the energy exchange process between the energy storage elements

of the transponder is not d'isturbed by the modulation.

The result of this approach is of particular significance
since it is now possjble to make the quality factor of the trans-
ponder as high as practicable and onìy the quality factor of the

receiver need be limited by the modulatjon bandwìdth considerations,

Based on the above find'ing the second phase entaired the

development of simple modelling principles jn order to describe
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the performance of the one-port transponder. The consequence of

this portion of the work resulted'in following conclus'ions that
if the losses during the period in wh'ich the oscillation in the

transponder antenna is suspended are made small, the power trans-

fer across the electromagnetic link may be descrjbed in terms of

the unswitched transponder tuned circu'it qua'lity factor. The

second factor which has emerged is that of all the possjbilities
that exist in the synthesis and modulation of the first sub-

harmonic frequency there are onìy two basic patterns that remain

which satisfy the requirements of continual power flow at the jn-

terrogatìon frequency, require onìy a single switching element

(90 ensure losses are m'inìm'ised), and provide binary phase modu-

lation through two rotations of the basic pattern.

The thind phase was concerned with detailed analysjs of
various antenna structures in order to enable the separat'ion of
the influence of different antenna parameters on the couplìng and

hence permit approprìate local optim'ization to be performed. The

desired separat'ion of the effects of different antenna geometries

on power transfer ratjo was ach'ieved by recogn'ising that in the

weak coup'l'ing situation the basic excitation mechanism for the

transponder antenna is the magnetìc fjeld created by the trans-

mitter antenna. This led jnto the development of the coupf ing

volume and dispersaì volume concepts. The modelling prìnciples

which were developed has establìshed the framework on whjch

appropriate local optim'izations based on geometries of indiv'idual

antennas can be performed. The analysìs provided an ìnsight into

the effect of antenna parameters on system performance and enabled

conclusions on the generaì shapes that can be utjlized for practicaì
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systems to be drawn.

The coupìing and dìspersal volumes are dependant on the

geometries of the antennas which are ìndividuaì'ly subject to

optimization whereas the quality factors indicate how effic'ient
the transfer of power can be made. The advantage of the above

mathematical model is its analyt'icaì sìmpìicity which prov'ide for
rapid computations in assessing the performance of a particular
antenna structure and in estimation of the power transfer ratio.

The next phase was concerned with the practicaì considerations

where the transponder was requ'ired to operate in the proximity

of a conducting body. To expedite th'is approach a mathematical

model for the power transfer was devetoped. Although jt was rec-

ognised that p'lanar coils do not perform as well as the corres-

ponding ferrite slabs when brought near a conducting body it was

decided to persue the matter in order to define the boundries

for satisfactory operatìon. For thìs purpose a small square planar

coil of sides 100nm and a ferrite slab of dimension 55.7 x 5l.lnrn x

6.9mm were chosen. Theoretical work supported by experimental

results indicated that both structures were equivaìent'in terms

of power transfer characteristics when used as sign post embedded

in the road surface.

In the research programne it was recognised that perhaps the

most pressi ng practi cal prob'lem l'i keìy to be encountered was the

achievement of an adequate signaì-to-noise ratio at the receiver

to permit sufficiently re'l'iable code detection. To thjs end

noise data were gathered and subsequentìy were used in estimatìng

the overall system performance.
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The final phase included the construct'ion of a one-port PST

device based on discrete components, development of the 'interro-

gatìon system, and practical ìmplenrentatjon of the PST for both

vehicle identjfication and vehicle location systems. For the

k'ind of geometries, power levels and environments described pre-

vjously a one-port PST returning a 64-bit coherent PSK repìy code

with 8 carrier cyc'les per bit, an average of one-bit error can be

expected for every twelve messages when operated at a sensing

distance of 500mm from the ìnterrogation source. This result is
entire'ly satisfactory and prov'ides for realisation of sìmp'le

receiver structures.

The use of one-port pass'ive subharmonic transponder for the

kind of operating environment that may be encountered jn traffic
monitoring and surveillance systems has been successfuììy demon-

strated. It has been shown that this technology is suitable and

can be imp'lemented effectively'in both the vehicle jdentification

and s'ign post appf icati ons .
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APPENDIX A

II4AGE VOLTAGE

4.1 Derivation of Image Voltage V t201
p

Referring to the co-ordinate system of Figure A.1 the magnetic

field components for a small dipole can be expressgd ¿5[97]

t,t-l3tr

I

--G-Ho
- jyr

e + Sin 0

m=NIA

A=na2
û)t=vrl

N = number of turns

For the frequency range of interest; i.e. at 100KHz,

m

J:t
2r

Cos 0+
r

H.

(A.1)

(A.2)

where
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TABLE B . 8. NORI1AL I ZED DI STANCE MEASURE D- USING FEATURE VECTOR iX
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and

l^li th

and

4nr3

(A.3)

(A.4)

(A.5)

(n.o¡

(A.7)

yr .q 1, therefore tquation (4.1) and Equation (A.2) reduce to

4nr3

Cos 0ll=r

F

X
r

Ho
m

m

Sìn O

23 Cos 0 -1

2
X

4",P

Thus the field intensity is asymptotic to an inúerse cubic

law. The components H, and H* can be expressed as

m
H z

ll=
X

(Sin o Cos o)3m

4h2?r +

322.
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the magnetic field at the receiver cojl due to the image co'il is
given by

*22
a

2
N I--T- 2h

H (n. s¡

(A.10)

(A. 11 )

(A. 12 )

X
2 2

X
'l

4h

The induced voltage, ei in a closed path in terms of the magnet'ic

vector potentìal, ã, is

e.i ,tf;oz
c

d
ãr B. dSei

where S is any surface bounded by the path, C, whose element is

dL. For a circular loop of radius a, the rms value of eircorFêS-

ponding to sinusoidal magnetic field intensity, ã, is

S

E
.2-J(l)rTU uan

where u = 2 n f, f beìng the frequency in Hz and U. the effectjve
permeabiìity of receiver co'il. Therefore for a loop having N turns,

the change ìn'induced voìtage, Vp, due to the presence of the con-

ducting body can be expressed as
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2
2

X

ue
1
2

2
hV = K.pl (n. t¡)

2
4h +

2
N olna

where

4Ki (A.14)

The effective permeability Þe used in Equation (A.14) takes

into consideration the demagnet'isation effect when ferrite material

is used in the coils and its value 'is obtained empirically for

a given structure.
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APPENDIX B

VEHICLE SIGNATURE ANALYSIS

8.1 Fr uen Domain Anal S'I S

(a) Fìgure 8.1 (a) - (c) illustrates signatures, differentiated
s'igna'ls and binary representation of the zero crossings of the

different'iated signals for three different vehicles, i.e. Iglz
Ford Futura, 1976 Chrysìer Centura and 1976 Datsun 1B0B for
several runs when the lateral dìsplacement from the centre of

the vehicle sensolis controlled within t25cm.

(b) Tabl e B. I i I lustrates normal i zed Fouri er components of the

feature vector ]i for fourteen different vehicles, ì.e.c
Vj'

i = I,2r..., 14.

0.1 ane cons'idered.

0nly magnitudes whjch are greater than

(c) Table 8.2 (a) - (c) illustrates the normalized Fourier compon-

ents of the feature vector li tor several runs of three vehicles

makes and models. The elements of the tables correspond to the

signatures of Figure 8.1 (a) - (c).
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TABLE 8.1 NORMALIZED FOURIER COEFFICIENTS FOR SEVERAL SIGNATURES

(,
C^)O
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0. 16
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TABLE 8.2. COMPONENTS OF FEATURE VECTOR l .i ron sEVERAL TRiALSc
IdHEN LATERAL DISPLACEMENT IS CONTROLLTD I^JITHIN t25 cm

t,,
cn

rm
re

Ford (No. of Tria'l s )

c oc0 a b c d e f g

I 1.0 1.0 1.0 1.0 1 0 1.0 1.0 1.0 1.0 0.0

2 0.65 0.67 0.64 0. 61 0.68 0. 65 0.65 0. 66 0.65 0.02

3 0.48 0. 55 0. 56 0. 53 0 50 0.47 0.47 0.45 0_50 0 .04
4 0. 50 0. 51 0. 53 0. 53 0.53 0. 49 0.48 0. 51 0.51 0.02

5 0.23 0. 19 0. 19 0. 17 0.22 0.2t 0. 23 0.27 0.21 0.03

6 0.44 0.42 0.42 0.40 0. 46 0.45 0.44 0. 43 0.43 0.02

7 0.20 0.2r 0.22 0.24 o.rol o.ra 0.r7 0.15 0. 20 0 .03

B 0.08 0.05 0. 08 0. 04 0. 07 0.06 0.07 0. 10 0. 07 0.02

9 0.i1 0.15 0. 14 0.r2 0. 10 0.09 0.11 0.11 0.11 0.02

10 0.03 0.03 0 .03 0.01 0.03 0.03 0.04 0 .07 0 .03 0.02

11 0. 05 0.06 0. 06 0.05 0.06 0.05 0.05 0 .05 0.05 0.01
I2 0.01 0.06 0.07 0 .03 0.01 0.01 0 .02 0.0i 0 .03 0.02

't

Norm
Fr

Centura (No. of Trìals)
C oc

0 a b c d e f g

1 1.0 1.0 1.0 1.0 1 0 1.0 1.0 1 0 1.0 0.0

2 0.72 0.79 r.27 0.79 0.79 0. 89 0.74 0.68 0. 82 0. 16

J 0. 52 o.sz io.az 0. 56 0. 51 0 .49 0.52 0.46 0. 55 0. 11

4 0. 50 0. 46 0. 53 0. 50 0.42 0.49 0.49 0.47 0.48 0.03

5 0. 61 0.66 0. 78 0.65 0.53 0. 69 0.62 0. 56 0.64 0.07
6 0. 09 0. 16 0.28 0. 05 0.09 0.01 0. 08 0.12 0.11 0.08

7 0.02 0 .03 0. 10 0.02 0. 10 0.08 0.02 0 .04 0 .05 0 .03

I 0. 13 0. 13 0. 19 0. 14 0. 15 0.12 0. 15 0. 14 0. 14 0.02

9 0.04 0 .04 0 .07 0 .07 0.05 0 .02 0.05 0.04 0.05 0.02
10 0.10 0. 12 0.07 0 .07 0 .08 0 .07 0 .09 0.11 0 .09 0.02

11 0 .03 0.02 0 .03 0 .04 0.03 0.06 0.04 0.02 0.03 0.01
I2 0.04 0 .011 0.02 0 .03 0 .04 0.03 0 .04 0 .04 0.03 0.01
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1v
c"

No
Freq.

Datsun (No. of Trials)
C o

c
0 a b c d

1 1 0 1.0 1.0 1.0 i 0 1.0 0.0

2 0. 33 0.31 0. 30 0. 34 0. 36 0 .33 0.02

3 o.40l 0.4310.40 0. 37 0.40 0.40 0.05

4 0. 15 o. t+l o. rz 0. 15 0.14 0. 14 0 .03

5 0. 11 0. 12 0.t2 0. 10 0.t2 0. 11 0.03

6 0. 16 0. 16 0. 19 0.17 0.15 0.L7 0.02

7 0.09 0.09 0.08 0.08 0.11 0 .09 0.03

B 0.03 0.04i 0.04 0. 04 0. 02 0.09 0.02

9 0.03 0 .03 0.02 0 .03 0 .04 0.04 0 .02

10 0.01 0.02 0.01 0.02 0 .03 0 .02 0 .01
11 0.05 0.04 0.05 0 .04 0 .03 0 .04 0.02

I2 0.04 0.03 0.02 0.03 0.01 0 .03 0.02

33?.



(d) Table 8.3 (a) - (c) show the normalized components of feature
i-vector åX derived from the dìfferentiated signatures corres-

pond'ing to the s'ignatures of Fìgure 8.1 (a) - (c) for several

runs under controlled lateral disp'lacement.

8.2 Time Domain Analysis

(a) Tables 8.4 and 8.5 illustrate the components of the elements

of the feature vector li aerived from the binary representation

of the zero crossings of the differentjated sìgnal correspond-
'ing to file l and fiìe 2 respectìvely. The components of fi
are obtained by divid'ing the b'inary waveform into N equal'ly

spaced segments and then allocating either a 'one'or a 'zero'

to the components dependìng on the status of the binary wave-

form.

Several values of N were considered. It was found the minimum

value of N that can be tolerated w'ithout introducing notìceable

errors was 90. Therefore N was set to 96 corresponding to

12 x 8-bit words.

The data in the tables are given jn hexadecimal format for

ease of representation.

(b) Tabìe 8.6 shows the components of undercarriage vector

derived from the relation

ix
u

1
,l 9¡

uk k = Ir 2,tp

333.
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TABLE 8.3. COMPONENTS OF THE FEATURE VECTOR å X DERIVED FROM

THE DI FFERENTIATED SI GNATURE I¡IAVEFORMS

0. s9

i,;
o

Nor
Freq.

Ford (No. of Trials)
l4ea n

0 a b c d e f g

1 1.0 i.0 1 0 1.0

1 2 1

1.0 1.0 1.0 1.0 1.0

2 1 .30 1.34 r.28
1 .64 1.67

1.36 i.30 1.30 r.32 1 J

3 I .41 1. 58 1 .48 1 .40 1 .40 r.32 1 .48

4 1 .98 2.0? 2.r0 2.r0 ?.09 1 .93 I .91 2.00 2.02

5 I 11 0.94 0. 94 0.85 1 .08 i. 04 1. 13 1 34

2.49

1 .05

6 2.58 2.48 2.45 2.35 2.72 2.64 2.57 2.54

7 I.32 I .43

0.57 0.39

1. 50 1.64 1.29 I.20 1. 16

0. 52

0.92

i .00 r.32
8 0.57 0.29 0. 56 0.47

0. 78

0. 78

0.90

0.62

0.52

0.97

0.31

9 0.93 r.24 1.15 0. 99 0. 87

10 0.26 0. 31 0. 31

0. 57

0. 11 0.?4 0.27 0. 33

11 0. 48 0.65 0. 59 0. 55 0. 51 0. 51 0.48 0. 54

T2 0.09 0. 70 0. 34 0.08 0. 09 0. 16 0.08 0.27

i Centura (No. of Trìals)
Mean

0 a b c d e f g

I 1.0 1 U 1.0

1 .46 r.57 2.37

r.62 1.53 | 2.38

1.0 1.0 1.0 1.0 1.0 1.0

1.652 r.57 1.59 I .78

1.55 1.49

1.5i 1 .38

L.4?3 t.74 1 .61 r.67
4 z.oo I r.es 2.06 2.02 1.67 1 .95 1 .98 1.BB r.92

5 3.08 3.23 3.77 3.26 ?.64 3.43 3. i1 2.78 3. 16

6 0. 58 0.91 1 59 0. 34 0. 53 0.09 0. 52 0.72 0.66

7 0. 16 0.2r 0.67 0" 19 0. 70 0. 55 0. 18 0.29 0.37

B

9

1.02 0.97 r.44 I 05 1.11 0 .88 1.14 1.10 I .09

0. 37 0. 33 0.62 0. 59 0.41 0. 16 0.44 0. 35 0.41

10 0. 98 1. 14 0. 59

0.29

0. 68 0. B0 0.63 0.85 0. 99 0. 83

11 0.29 0.?? 0 36

0.32

0. 30 0.60 0.40 0.24 0. 34

T2 0. 40 0. 13 0.27 0.42 0.25 0.43 0.48 0. 34
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i;
d^

Norm
Freq.

Datsun (No. of Trials)
Mean

0 a b c d

1 1.0 1.0 1.0 1.0 1 0 1 .00

2 0 .66 0.60 0. s9

f.i6 r.27 1. 19

0.60 0. 54 0.48

0.67 0.7r

1. 19

0. 53

0.65

1. 193 I .08

4 0. 58 0. 55

5 0. 51 0.92 0. 59 0.50 0. 55 0.61

6 0.96 0. 59 1 I2 0.99 0.89 0 .91

7 0. 57 0.32 0. 53 0.54 0. 71 0. 53

8 0.25 0.28 0.29 0 .30 0. 13 0.25

9 0. 28 0. 13 0. 15 0.25 0.32 0.23

10 0.r2 0. 39 0.08 0. 13 0.28 0.20
11 0.45 0.27 0.44 0.44 0.26 0. 31

t2 0. 39 0.29 0.26 0.30 0. 13 4.77

Notes: Nwnber of trLals assoe¿ated uith each uehícLe:

(í)
(i¿)

(¿i¿)

Itot'd - B triaLs

Centu.r,a - B tz'iaLs

Datsun - 5 tz,íaLs
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TABLE 8.4. BINARY REPRESENTATION OF THE ZERO CROSSINGS O

SIGNATURE I N HEXADECIMAL F0RMAT t^IITH N=96

F THE DIFFERENTIATED

(¡)
C^)
Ol

COMPONENTS OF FEATURE VECTOR

1 2

00

00

00

00

00

00

00

00

00

00

00

00

00

00

11

CO

EO

3E 00

00

00

FO

00

00

00

F8

00

EO

80

00

10

I F

OF

FF

7F

7F

EO

EO

80

EO

FF

3F

80

F8

9

00

02

80

7t

70

CO

3F

03

FF

00

o 1

00

3F

FF

8

FE

F8

03

00

00

07

EO

00

00

00

00

00

00

83

7

EO

80

80

40

80

FO

00

00

80

OE

FC

80

00

03

6

3F

3F

3F

00

FF

07

F4

3E

OF

F8

OF

FF

00

00

5

00

00

EO

00

03

00

OF

F8

02

00

00

03

00

20

4

3F

80

3F

3F

00

3E

EO

FF

3F

FE

FC

F8

F8

FF

3

F8

OF

FF 80

FE

80

80

00

EO

FC

EO

E1

OF

FF

FF

2

FF

F8

FF

FF

FF

FE

FE

FF

FF

FF

F8

FF

FF

1

FF

FF

FF

FF

FF

FF

FF

FF

FF

FF

FF

FF

FF

FF

i
b

V

;

Ford

Cen tur¿

0¡ t: un

i'o l vo

Hi I lnan

vð ì i ¿nt

l'l¿ zd¿

VH

lioì den

Cortina

L,tncer

Fiai

Es ccri.

Ford Íruck



TABLE 8.5. BJNARY REPRESENTATION OF THE ZERO CROSSINGS OF THE

DIFFERTNTIATED SIGNATURE IN HEXADECIMAL FORMAT WITH N=96 AND LATERAL
DISPLACTMENT CONTROLLED l^JITH IN t25 cm

¡x
Ford

Components of Feature Vector

1 2 3 4 5 6 7 I 9 10 11 T2

0 FF FF F8 3F 00 3F EO FE 00 3F 80 00

a FF FF

FF

FO 3F 00 IF

00 IF

FO

FO

FE 61 3F CO 00

b FF FB 7F

7F

FE 61 3F

3B

CO 80

c FF FF F4 00 FF C4 FE 23 CO 00

d FF FF t4 3F 00 3F FO FE 00 3F 80 00

e FF FF F8 3E 40 3F EO FE 00 3F 80 00

f FF FF FB 3F 00 3F FO FE 00 3t CO 00

g FF FF EC 3B 00 3F FC 3F 00 3F 80 00

i;
b^

Cen tura

Components of Feature Vector

1 2 aJ 4 5 6 7 I 9 10 11 t2

0 FF F8 IF CO 00 3F

01 9E

00 OF

00 3F

00 OF

BO FC 07 IF EO 00

9F EO 00

9F E4 00

a FF FB IF CO

FF F8 IF CO

FF FO IF CO

CO

BO

FC 2I

b 7E

FC

43

c BO 03 IF EO 00

d FF FC OF CO CO 3E 01 9F EO 00

e FF FC OF EO 00 IF CO 7F 81 BF EO 00

f FF F8 IF EO 00 3F BO FC 07 IF
I

EO 00

g FF F8 OF EO 01 BF BO FC OE IF EO 00

i;
b^ Components of Feature Vector

1 2 3 4 5 6 7 I 9 10 11 T2

0 FF FF 90 3F

FF 80 67

FF DB IF

FF DO 7D

FO 3t CO 07 BO 7F 00 00

a FF F2 3D

VO IF

EO 3F

c0 07 BO 7F 80 00

b FF EO

AO

FB

03 c0 3F 80

7F 80

00

c FF 07 BO 00

d FF IF B3 39 F8 ooOO OF 00 00

337 .
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TABLE 8.6. ELEMENTS OF UNDERCARRIAGE VECTOR
iy
u

(¡)
C^)
oo

t2

t2.0

11

10 .0

9.56.5

01

14.0

3.0

15.0

16 .5

11.5

23.0

12

3

9

8.0

2.5

7.0

10. 0

11.5

9.5

L2.0

5.5

8

7.5

01

6.5

011

9.5

17 .0

8.0

L7 .5

15.0

L7 .5

15 .0

13. 5

19.0

7

7.5

6.5

4.0

3.0

7.5

6.0

2.5

8.0

6.0

4.0

r?.0
9.5

15. 5

6

5.0

7.5

10. 5

14. 5

4.5

7.0

10.0

22.0

4.0

5.0

17.0

25.5

14.5

5.5

5

011

7.5

9.0

2.5

3.5

9.5

12.5

8.0

2.5

7.0

011

13. 0

2.5

3.0

4

9.0

16. 5

6.0
17 .5

14. 5

13. 5

9.0

3.0

6.0

14.0

7.0

6.5

19.5

3

7.5

7.5

11.5

6.0

12.0

7.5

3.5

15.5

7.0

7.5 8.5

8.0
10. 5

6.5

2.0

2

4.0

6.5

8.0
2.5

2r.5
5.5

6.0

4.5

3.0

6.0

3.0
6.5

37.0

3.0

ELEMENTS OF FEATURE VECTOR

I

23.0

13. 0

19. 5

24.5

19. 5

20.0

18.0

2L.5

23.5

19. 5

20.0

14. 5

33. 0

33. 0

;'l

u

;
Ford

Cen tura

Da !9 un

t'o'ì vo

Hiìlman

Vaìì¿nt

l'1¿ zd¿

vl,,l

lloì den

Cortin¿

L.rncer

Fiat

Es cort

Ford Truck



where

g¡ = duration of the interval corresponding to the

kth section of the binary representat'ion of the

zero crossings of the differentiated sìgnal

associated wj th class 'i ;

t^ = total duration of the s'ignaì.p

In Table 8.6 the value of tO'is taken as unity and the

magnitude of the components of lx are gìven in terms of the

percentage of t-.
u

8.3 Distance Measure

(a) The proximity Tabìe 8.7 illustrates normalized values of

Euclidian distanceDr.for the fourteen vehiclds s'ignatures

when feature vector ]x is used in the analysis.

(b) Table B.B shows normalized proximìty measure D, when binary

feature vector fÏ ls used in the anaìysis for the fourteen

vehicle signatures.
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TABLE B. 7. NORIVIAL iZED DISTANCE MEASURE usrNG FEATURE vEcroR ii

(,Þ
O

L
F

t
c
L

0. 79

0.8 1

0.49 1. 19

o.+o I o.sr
1 11

0.91

0.70

1.56

i.3c
i. i9

o jr.tsi t.z+l 0.6

1 .45

0 r.2!
0

U

0. 95

1 .09

0. 90

2.00

o.sti t.zzl 1 .08

0. 45

2.09

1.011 0.55 i 0.54

0. 56

L.25

Lo
c E

o. zol o 99

001.0 1

1 0.40

0.9

o. so I o. a:i o.ao

1.19 2 10

1.48r 0.44

1.50i 2.18

1 350
{

1.241 0.56
o.oj r.+s

c.;
Lo

0.75

1.01

0. 55

r.ar 
i

0.75

1 .91

0. 84

0.48

2.0t
0

1.0i

0. 55

0. 54

1. 19

c
Ð
o

1.53

1 .3i
2.LT

2.00

0 .85

f.i5
2.34

0

2.01

1. 50

2.18

?.09
1 .30

3

1.11

1.?4

1 84 0 oo(J(J n 39

1.691 0.89 0 73

1.66i0.59 ,0.78
2.20

I.L2
o.zal 2.2 i I.I2 0

o.asl t.ß'l 2.34

0.48

1.48

0.44

0 .45

1. 56

4

t

r.2 0.84

t.Zq't t.Og

0 i i.38

1 38 0

0.84

0.51

t.22
1 .08

0.70

C

i 9 I
0. 83 i. 19

2.10

2.00

0.91

Ê

0. B1 0 84

1.09 I
I
¡

1 .05

0 60
I
I 0 53

.-¡vO 0.81i 1.09 0.60 0 I
¡ 0.81

lìi I ìn¿n 0. 84 1.05 0. 53 0.81 0

r.og I r.oo

0. 59

r.ar 
i

2 00

0. 56

0. 86

0.9

-t 11

o
o

0. 88 0. 89

0. 73

0.75

0. 95

0.8

0.4
0. 91

c
=

ô

0.76

1.04

0

1.84

0. 39

2 1 I
0. 5s

1.08

0 .40

0.49

1. 19

a

caI

0.7s

o.tsi 0

0.76 r.04

7.24

1 .03

r.24

1.31

1.0i

1.00

1 .0c

1 .09

0. B1

E
Lo

0

L.20

0. 84

i.11

1.53

0. 75

0. 70

0.99

0.95

0.79

DE

For'd

Centurô

li¿ ts un

V¿l i¿nt

l:¿ zd¿

¡r.¡ iden

Ccr!ina

Lð nce r

Fièt

ls cor t

Ford Truck



TABLE 8.8. NORMALIZED DISTANCE MEASURE D- USING RE VECTOR

(¡)Þ
:

i
I

I

i
I
I
I

L

!L
I

r.32 1.39

1.14 1.58

1 46 r.25
I

f .i0 l0
I

68 i 0.6i
I

r.46

r.zsl 1 36

1 10

o. 751 o.eo

r.32

0.881 1.03

I .6{

0.81

0

1.39

1. 19

f.i9

1 .03

1. 14

0

0.81

-

0 .86 1 .03

1.03 0.76

o.e3i 1.03

0.90

0 oel o.sr
r.zel r.32

0.Bd 1.c3
I

o.e1 1.32

0. 90

0.90

0

1.14

1 .68

Lg

C
@
J

0.64 
I

1.22i 0.7t
0.83¡ 0.86

0.9:
0

0.90

0.8f

1 .0:

c

L.22

1.60

r.29

1.03
1. 15

r.t4
0.90

0

0.93

0. 90

1.0

L.32

coD
o

1.07

t.46

1.00

0.68

o.er l 1. re
I .00

0. 78

0

0.90

0.93

1.32

0.75

0.90

0.93

0.e7 í 0 1.31 i 1.32 1.25 1. 14 1 32 1.46

0. 68 1.31 0 0 .93 0. 86 0 .61 1.58 i 0.64
'.,. . .) 1.0 I 0.93 0 i 0.93 0.971 1.42 i 0.7r
ili ìlñ,rn 1.07 1.2 0 .86 0.93 0 0"97; 0.93 I 1.00

1.36

0

o .6Bl
I

1.lel 1.ooi 0.78

1. 14

0.86

1.03

1.19

1.10

=
E

0.611 1.58

o.6i i o.e7 I o.e7l 0 I 1 .68
1.681 o

1.00i 0.971 1.36

r. o:i r. rs
o.6q r. 2e

I

o.eq 1.32

r.zj t.n
1.34 1. le

E

1.0 r.07

0.93

0. 83

0.86

0.90

1.39

r.4e

o
o

i. s8 I 1.42

0.7r
0 .64

r.22
0.71

1. 10

I .68

0.61

c5

ê

0.68

0.64

1 .00

L.29

0.93

1.03

t .46

r.25

t

@

0
I

I 0.97

1.14

1.581 L.32

1.46

1.4€

1.6C

1.0¡

0.7(

1.1r

1. 5t

p
Lo

0.61

0.93

L.07

L.2Z

0.86

1.03

1.32

1. 39

Dr

iord

Centur¿

V¿ìian:

!.:à ¡da

r,lo i óen

CcrLin¿

Là nce r

Fið¡

Es cor !

Forcl Truck
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APPENDIX C

I.JAVEFOR|T SYNTHESIS AND |TODULATION

C. 1 Program Mod.

t
{

!
il

I

ì1

{
{

I
{
+
I
i

t
t
I

T
{
È

ü
{
*

*
x

PRÛG'ìll¡,Í iIÛD ( iNPIJT, {liJTPiJT }

THIS PRilGRAiT FDR}IS A I'IOI)UL}lTEÐ TftANSPTIII}ER IURRËNI i¡AtIEFflRI{.
IT TI{EH FINDS IÎS FOIJ|ìITR ï.îA}{SFBRÌ{ iN T¡ii FRäOIJTNIY DÛfiAIN,
ûËilíERAïES A FILTÈRID SPECiiïiii'l FR0l{ A ütlLiSSil\li Ëli-;Êi? ANt)
FINALLY FiNÐS THE INvER$E f iliiRiËR TiIANSF0ilü ¡N iilE TiÌ{t Ð01'tAIt{.

I}IIIENSIOl.¡ FRN(32I ,FRH(32) ,ODATA( I024} ,FDATA( I(]I4) ,NSCALE( I5} ,
NFATil4l,l'lPAT(l4)
COHPLE)( FR{ IO24}
INTTEER TEIIP

ENTERNAL SIN,E}iP

PI=3.1415926536
T$l0Pi=2.ùrPI

sET TOTAL I{UJ,IBER CI P(IINTS NPT ANI)
}¡UIIBEfr CF POINTS IN tjilIE SI.JBHARI.ÍÛNIC IYCLT tlF !'¡A{'!EFOR!I
(HE ARE USING 4 REPETIÏiOIIIS OF 8 CYCLES OF THE SUBIIARIJONiCI

NPï= 1 024
NP=32

2 C0¡tïitiuE

ZEfril ALL ELEHENTS 8F 
',;AvEFirRl'l 

VAi.iiES

4

5

Ðfl { i=l,l{PI
FR(l)',J,0
D0 5 I=l,l¡P
FfiNti)'0.0
FRä(i)=0,C

NgÛllLE(1i=t
I)0 l0 I=2,15

l0 hiScALE( Ì )=0
ItSÐ=2r (L0S+l )
l{SI I =NSC+ I
SCALT=FLOAT ( NP } /FLCAT{ NSC )

SCI =0, û

StT üRDt,Ì 0F SiiBHARlltNiI RT0UIRED

PRIIì¡T 5
6 FC,ÌtfAT(i/,1)í,ITYpt üilDiR 0t sl¡Bi¡llit¡¡0¡itc RE[ìuiRi:i) (i'ln]i ü]: r]

REÉII) È'LCS

StT UP SûALE A¡lD Ðlili5l{.rNs

Sci UP D:ViSifllis AiìRAY

34?.



z

*
*
¡

t
à

T

x

ìt
T

{

Dfl ?0 I=?,NSil
scz.scl +scALE
l{scAlt ( I ) = If¡T ( S[2+0.5 i
5C I =5C2

?O IONTINUË

SËT LiP PnTTEtiN FûR 5iiüllttr(i'iültit

FRiNÏ 30,NSC
30 F0RHATtii,tX,{ïYPE REoülRtt) PAïTERN({,12,+ Biï5}: r)

RIfiI) I, (NPAT( i ), I=I,NSI}

FIND t'lCDiJLATinN RE0LiirrËD

PR I NT 40 , t\iSt
40 Ft,îl'lAï(/i,lX,*ïTPI RESlilRËD ¡1¡DüLflïiûN{r, iZ,* 9iTS)i *}

REAI) *, {llPAï( ¡ ), i=l,NSC)

FILL 8NE [Y[LT ÛF liAiiEFCRÌ1 FOR ÉA[i1 PATTERN

DC l?0 I=1,NSI
RËll[=FL0AI (NSCALÈ. ( 3 ) ]
I5=NSüALE { I )

iF=NSCALE( i+1 )
iF(NPATI i ) ,E8.0) $0T0 10C
NTAC=NPAT ( I )

i)0 90 K=lS,lF
FRN ( l( } =FLOAT ( NFllC } üSiN ( I FLTåT ( |(-I 5 ) /flFAC } TT'{f]P I }

90 c0ttTiNUE
100 IF(llPAI(ll.Eû.0) G0T0 l:t'

n¡At=t{PAT( I )

I)0 ti0 l(=lS,lF
tRH ( K l =FLÍ]AT ( ltFA[ ) rS I N { { FI0AT ( l(- IS} /RFAI ) *T¡,|ilP I )

I 10 CoNTit{Ut
120 C0t¡TItiUE

FTLL CTIIPI.TÏE I.IAUEFORI{

K=1
ÐÐ 170 [-=l '2
ilÍ] i4C I=i,8
I}0 130 J=1,i'{P

FR tt( ) =cttPLH{FRt{ ( J ), C. 0 )
K =[i +1

t30 coNTiNiiE
t4c [ûtiliNiiE

*

z

D0 160 i=1,8
DÐ i5rl i=l,lrlP

¡:1 (ü ) =ü'f Fi.X (FRli ( J i, l), 0 i
K "i(+ ilJ{) tG¡{Tir¡iiE

tE0 tONÌii{lJE

r70 [tNTiNii[

Ð3 135 I=1,|lPT
135 DIåTA(i ) =RÉAL(FR( i ) )

ä
*

ì
I
{.
*

SET UP ITI'ISTANTS FÛI FIIUlIER TRAì{SFORII AND GllIJSSIflIT FiLTER

ÐT - 5AI'ÍPLING INTEÑI.IAL iN THE TifrE Dil{¡ìiN
DF - SllifPLINû iNTER\'AL IN THE tRiûiitN[Y Dt'ltl.QIi'l
FP - PERIODIi FREOIJINIY OF THE DISIRETI TO|jRITR TRÍINSFOR¡I
RCF- IIECEIUER FILT:R TANO CENïRE FREûUENIY
SiGIiA- SIO¡{A TF Tii[ I;AIJSSIAN FILTIR

PRINT 3OO
Z0ù Fr,1Rl'lAT(//,1X,+iYPt nËCti'tER BAND CËNTRE tREfl. (i(H¿): *)

READ if , RCF

.P.B-T.iyJ ?0_f
201 Fof,ilAT(i /,lx,f Typ[ 5 tF äEcEiriEiì ilF'i]ijiït ù)

FEAD *,8
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{
{
T

*

T

TRANSFûR}iATi0¡{ T0 FREEUEI'IIY D0ilAIN

DXY=DT
CALL BFAST(FR' IO,-I . O' D){Y)

OUTPUT tjF ÏHE TRANSFORI{ED SFTCTRU¡'I IF REOIJIREI}

PRII.IT 205
?05 F0RilAT(/i,tX,*PLoT 0F FREE" SPËCTRU}| RtoD.? ([;!t$,1:ä[)] ri

READ },NPLT
iF(HPLT.EO.2I GOTO 207

D0 208 i=l'NPT
205 FI)ATA(i ) =CA8S(Ffl ( I I )

STT X-AÏ¡S SCALE

HS=0. 0
HÛEL=DF
I Fl'lT= l0HXF7.0 , 2X

üE¡¡ERATION TF TIIE FiLTEiÌiü SFEITRUI{

207 lio 220 J=I,NPT
GR=FLOAT(J)-RTFI
Gí=GR*ûRl ( 2,0*S IGISI6 )

iF(G){,8r.33.0¡ 6üT0 210
FILTER=E}:P ( -6)( }

FRIJ)=FR(J}*FILTEA
üûT0 220

2t0 FR( J l =CtfPLX(0.0, 0.0)
Z2O C!ilTiNUE

TRANSFOR}IATiON EATi( TiI TIJE TII'II I)tlIIAiN

hl ??r1 !-l tlõl!u itv ¡-¿ltlt I

230 FDATAtI)=10.0rFR

liS=0, t
HDIL=FLOAT ( 360/NP )
iFliT= i 0ä)í, F7. C,2X

RCF:RCtrt.0E03
FP=FLoAT{NP/ (LoS+l } )'tl. tlE05
DT= I . 0/FP
ÐF=FP/FL[]AT { IiFT )

RCFI=(RIF/DF)+l.tt
5iûllA=RCÊ/ (8r2. C )

siG=5iûl{Ai DF

CALL
CALL
CALL
CALL
CALL

CAI-L
INLL
IALL
CALL
CALL

PLTSY|4( DiJ¡1ilY, 2, 1i-i*, 1l.i. )

PLTY¡JÏ I60 )

PLTXLEN ( +I }

PLTXNUI,I( I}UIIIIY , I FI,¡T, HIì 
' 

HDEL )

PLT(10?4,1,FDATA(I ) )

PLTSY|'Í (I)UÌ'lllY,2' l}ir' ll{. }

PLTXLEN(tl I
PLTYäT ( Ëri i
PLTXNiiil (DUl,lflY, IFlli,lis, lii]tl )

PLT( ICZ4,2, ÛüATf1í I I,FÐATA( 1 } i

l

*
*
*

I
å
.¿

*

Ù

+

I
+
+
t
È

0XY=DF
TALL BFAST(FR, 1Û'i I.(), Ð){Y i

ÍIUTPUT FiLTERÉÐ I,¡A\íEFCRS{ (RECEiçtR INPIJT} AND 0RI6lNllL Si6l'¡AL

(SCALE FILTEfiED SIGNAL UP BY IO.[l}

PRINT 240
240 F0RIIAT( /i, lX,ãPL0T 0F: *'/, 10X'l { 1 l0RIGiNAt Si6NAL {r' lHt't}t'

./'IOX'd(2)FiLTERED RECTiiiER SIGNAL (. }I}

SET X-fìXîS SùALE

*

{

t

-ì
¡

*

REFEAT i:5R ¡iEl( üAvÊF[ñ"¡i Ii i(tûiiiRiD

PRINï ZJC
250 furi{AT(ii, iX,äïYPE i ìü "'itlrlíìT' 2 ¡0 ËliÛ: Íi

ûiAn i fi.37trLñu ór¡tìr I

iFi iRPT.E[, i ) GÛÏO 2
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SUBRCIUTiNE DFAST( Y'I'I,SIGIi'ÐXY }

SÜBRI]UTiIÍ€ FOR CALCULATiT}{ ''ìF IITHER FORI{ARI} OiI INT'ER5E

FÛURIER TRAÌ.¡SFCRII TF A CIJI{PL.EX SIüUENCE Y USINû
THE FAST FOIJRIER TRAI{SFO'ÌII {FFT) ALGGRITI{It.

il
Y IS A COIIPLEI( ARRAY OF DII{INSION 2 AND 15 BOTH THI INPUT

ANI} 0UTPUT SEOUENCE 0F Tlrt SUBROUTINE'
PRESET{T IiIIttNSIoNS ¡¡¡¡ 1=2** l0

I}XY = SAHPLI SPACIIIü FCR THË INPUT ARNAY Y. THE CORí?ESPONDING

SAIIPLE SPACING IIü THE TRII¡ISFÛRIt DOI'IAIN I5 OUTPUÏ IN DXY.

Fûri TiìlE T0 FRE0UEI{CY TRAN$F0iHATIÛN * SIGN . -
FtlR FREOUENCY TO T¡I{E TN|1NSFONilATiOII - SIGii = +

SIJEROUTINE CON SEIS iJ¡ A CÚNllEÍìSiON TABLT TT
REARRANOE THE ;NPIJT ARRAT iÛR PRÚIES5ING.

SiJBÊTtJTii'¡E TABLE sETË UP A Tfl¿LE t]F ALL SINES
frh¿Ð Ci)SiliES USED iÈi SUP,ilÐUiiNE 8tA5Ï.

[0lfPi-EX il,fi,!],T,Y
D¡I4ENSICi{ rl( 1024} ,Y(21
cttttlüü / PtRll/l,ll,l( lû24)
c0l.ll'l0N,i TA8/TC( l0),TS( I 11)

DATA IISETiO/

IF{I,ISËT.EO.II) ût]Tfl I
CALL TABLE(I,I}
cALL Ct]Nilf)
lf 5EÌ =llI COHTINUE

N=2rlll
D0 7 I=l'N
J=l'lf{(l}

7 A(l)=\'(J)

û
ù

I

ä

*
[}0 ?0 L=l'l'l
LE:Z{ÈL
Lt l.LE/Z
u= ( 1 .0, r).0 )

H=il{PLX ( TC ( L I' T5 ( L ) *516N)
D0 ?0 J=l'Ltl
D0 l0 i.J,N,LE
IF=i+LEI
T=A( IP)SU
A(¡P)=A(i)-T
A(i)=A(I)+T

10 Cül¡ïlNLir
U=ürl,l

20 ccilTIltilË

[lt 30 I'l'll
Y(i):ll(illDXY

30 cür¿îINUE
DX\''I,|}/(DXYIl¡)

ftrTURN
t,\'D

t
t
+

r
SUBROIJTiI¡E TASLE (I{ I

c0tilt0N iTASlTc( l0)'TS( l0l
EXTTRNAL SiiI,COS

Fi =4.0*ATAN? ( 1 ,0, 1 .0 l
nn I t-l uuJ ¡ l-¡rrl
T[( Í ] =C05( PI/(2]]( I-l ] ] I
T5( I )=SiN(Pi/(2++( i-l ) ) )

1 CONTINUE
RETURN
END 345.
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SUBRNUTINE CONII'f)

INTËCEA A,T
cotfltfjN iPERlti A(102{)

t
f¡l;!*[Ì{
NU2'N/2
Nlf I "N- I
J=i
D0 I I=l,NI A(i)'l
D0 7 I=l,Nl'll
IF(i.[E.i] Gtïo 5
ï=A(i)
fl(ii=A(il
A(i)=T

5 K"liU2
6 IF(i(.CE.J) t0T0 7

l= i..l(
l(=ftiZ
ücï0 6

7 J=j+K
REiÜRIJ
ENÐ
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SUSRTUÏINE PLT í NP, NFUNI, ll I, 42. A3, A+, A5, fi 6 }

IHiS ROUIINE IIILL PRI]I}UIE {l PI.TT ON ÏHE LINE FRi¡¡T[iINF I¡UI{BER CF POINTË
NFiJI¡C NUi'IEER TF FUNCTIONS TO BE PLOTTEI}
41,.,,ll5 ARRAYS trlNïAiNiNG Y PARAIIETERS ût Fi.iliCTi0NS T0 BE

PLCTTED(}í vAR¡åBLE :I'][RENENTS IIÛNÍ]TI]N¡í]ALLY}

DTFAULi PLOT PAftåI{EÌERS IIIN ÛË ilI-iIII{[ED iJSIIi6 Tii¿ i:i]LLC;iÏNG CåLLS

PLTYSC i DIJI'ÍI,|Y , N, FIIi h¡ , F¡IAX )

|l = C 5El-F 5iñLi NG ( t;ir'ìULÌ l
N = I SCALi¡i'l Tt (]ii;r Y-AiíiS i.it'llTS tiF F,Tiä,FthiX

FLTY¡.;T i ¡J[i{AR )
StTS Pi.iìI ll¡.1üi'ii ï0 NCiIAR f l{iltlåCTEIì5 ílEFii.l:-T = l2C )

PLT)iLlli (ilTi{ )

Nill PlSiiiriE't'LflT tVIirí Ni¡i P0lllI îNl.Y
t{Tii liiûAiirit - i)iPfi¡iC irJr il l;Iil LitilS PIR i'üi¡lT

íttFnULT i,Til " ri;
PLT){i{üfi (Dli}tt{Y, It. ¡íT, )ii, ).tiL i

lit¡¡fBlt vi'AXi5 3![ii¡i]ii¡;ü üiï;i ]il liNÐ il;Cä[fiiliT;litì ¡Y ){DEL.
Fäii{T Alltû;ril:l'iG Tír iFlii ¡;lii¡ rìPitiilËS tl i0 r'siliT rliiARtilïER

f Ftrc¡\iii ; u;-l ,1 \r¡i': -! ^ 
rrt¿Î-tñilï :l 1 lu ìruLt ñutt /t¡-¡ rL/ ,\uLL_'¡rv ¡t ilt_¡vfi¡ttt i ¡lrúfr I

B¡ Ti:r,'M I i'' i:;Y1f h:-r il\ln i I 
^¡ 

l¡ L¡ùlil(Vù¡¡ll! fiì¡ iriìl¡rltJ r. rl1!/
sET ¡iiE ËIRST å¡Ftii\ii: Pt¡T SYl'lg¡i-S

{ÐlFAiiLT Ai=lrii,Ai.liìl, ., )
ai T\rl 

^õ 
a Il-í1 i l,':.;nc v; 

^É 
II !i iLõUIIILUL¡¡q,\UUT IL.¿IU/

TAAEL Y-ft)í;5 liiîH ¡¡l'ilS hï;liûS SEl]i¡¡i{1ilü lti tütliHir ü¿nL,
liITii l,¡0RDS iAKEN FnuH l+iil\Y :'l-AÐ

PLîXLAB ( NûL Il{ES, }iüFL, ür ¿ìÈ )
iAEEL X-AXIS !riili N{]LiilirS LI¡1E5, NJ,{Fi- üCi?tS tËil Lii'¡r,
l(iTiì !:JRDS i{lÍtN FËrr¡{ ¡ii?l;lY ;lr-43.

RËAL L
lll'ltNS¡0i$ L ( 121 ), Al ( I l, Ai ( i ì, . 3 ( I ),44 ( I ), AS ( i i, ÊrS( I i
Ðll{E¡¡Si0N XLAû( i0), YLAf ( l0l,SY¡Y901(6}, iFiiri¡T(5)
DIHENSI.ìi PftEFËR{5i
ÐAÏA NIHfiÍì,NTii,Xl,XDEL,iFÌ1:,ISYHBOL(i),i=1,5),J\i5[AI.,NIi[9,NIJLINE.9

l/120, +1, l. C, l.C, lCHX,,F7. 2, :){, lHi, ll{2, ll-il, 1ii4, ll¡,T, lH0, C, 0,0/
DATå PREFti? /l. û, I . 5, Z. tj, 2, 5, 3. 0, 4. ù, 5. rl,B. t, I ù, 0/

F(X ). (X-tHIN i /il0l¡SI+ i. 5
T

T

FRiäi ?cc
200 tcRtfAT(///)
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|¿cäAR1=NCällRi I
iF(NflsCAL.E!.Ii
Fl'lAX=Fllill=Ai (1)
}JI-I
IT (IiTi-i. GT,Oi NI=NTH
Dt 7 if =l,NP,NI
E0TC (Ë,5,4,3,2'i) NFUì{¿

I Fi4iN=A¡f It¡l (46{fii ,F¡iiN)
FIIAH=AliAlil ( AS ( Þli' FHA}( )

2 Fl{lN"Éri'ilNl ( r'15 (fi )' ¡jl'ÍlN)

Ë0Tû 3i)

Fl'{AX=AfiAX I
3 Ft{l}¡=Al{lf,ll

FI{A}('AìIA){ I
4 Fl4iti=Al'litil

Ffiii;i=¿ì14AXi
5 F¡iiN=AfiINI

Ft{AX=û}f A)iI
6 Fl{iN=Al'lil¡l

F!'lAX=Ai4AXl
7 [CI]{TiNIJE

A5il,t),FfiA)Íi
A4(tf ),Fl'f ¡iil
A{(H),FIIAX}
A3fif ),Ft'tiN)
A3(t4),Fl,ti¡¡i
A2(H),FliiN)
A2(fi),Fllâx)
A1ill),F¡liN)
At(ft),F|1â}()

{
*

D iFF=Fl'14)í-Fl'li N

IF(DIFF.NE.O.O) üOTO 2O

PRiNT Iû5'FI'IAX
I05 TBRilAT{*I Y-A}{i5 STALiì{fi ERROR

LlPilo,3'ill
RETíJRil

20 ì'iNC=DiFF/NCHAR
AY=ALOSIO(YiNC}
IY= i}ITiAY I
IFilìY.LT.O,OI IY=iY-1
y= 1 ¿,61*i Y

YI =YTNC/Y
Ít.0
DJ 7tl I=l 'S¡F(Yl.LE.PREFER{ i ) )[OÏC8

70 c0l\¡TiNiJtI i=i+l(
rF(i.i-E.s)6tT[71
J.? $ Y=Yä1C.0t, y¡¡¡=YTPREFER(,Jl
Fl'f =: liT (i:if I N/ Y/ l0 . 0 )

iF(Fäiili,LT.C. ù )i:T{=Fl'i-i . 0
Fl4iN.Fl'fàl0.CIY
Fj'll =Fl,il Ì'l+liIi{liR.å Y i ìiI
iF í Fl,iA)i, LË , Fl,il ) üûîÛ9
i(=ä+i $ ûûTtgI FI{AX=¡iìt

iN PLTr, /r [lAXilliJll=llit{lfllJl'l= r

*
*

å

30 CtllrST= (FllllX-F¡'llN ) /NCilAR
LZER0= I
TZER0=Flii it*Fl'iA)í
iF ( îztnc.t T. 0, c ) i.zEli0=F ( c, ù)
PR:NÏ 93

93 F0Rr,lAT(1H0!

It ( Nl¡0s. tG, Ð ) 5ÐTiil0
NllD= il35^NCoL l/10
NC:NttL+1
ENCCÐEt 15, l0C, iFûRHi NC'¡iäD

100 F0RI{AT(5H( lHl " i3' 2llX" iZ'4tlAi0 } )

FRIIiï IFûRl1' (YLAB{ I }' I=1,N|¡|Û5)
l0 NC=(NC|{A,R-30}/2

aic0D!(4s, 101' iFJlÌ41 Nt' Nl
t0t FIRI'IAT(i2H(5)í,1Pil0.3,,1?,2Oli)i,i'l Div =',¡'1Pil(),2',12,1oHX'lPEt0.3)

t)
PR i NT IF0,ìi'1, Fï'l i t{' t0ltSi' Fi'l¡ìX
ti"lCBDE( 18, lû3, iFÍttll) iF¡li

103 ËúRflAïí 1H( ,Al0,7ii' 1ilA1 ) I

w¡-at { -\iß-l,/rUÊLI-/rUf-L
IF (liTil, [i, Í ] ){i)EL I =i{DiLái¡ I lí
K=C

iF í¡{TH'LT' l)) i 1' ( i -ì(i} *i'ìTi' t t

IF (llîH,riT, û) il I = {l'¡F- i } ii(;rì. i

T
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t
12 ä015 i=2,fi[itAn
l5 L(l)=1il
l1 ä=K+i

GT,¡iI )G¡ÌÛ25
HE, I . ANÐ.1. N[. K I ]üCTrll 4

'2, NIHllR
l-t-
=l,NCliARf i0
H:

iF (liTH. LT,0 )üÐ?r,=l t
Ii=(l(-l)*NTtl+l
û0T0 I 7

t6 II=(l-K)/NTil
i2'i-l i*NIH
iI=II+I
IF ( l(. EG. I? }GOTOI 7
PRIi{l 102, (L(l },I=l,l¡CiiARl )

102 F0Rl,fAT( t0x, l?tÍu )
üûT0t I

t7 G0T0(45,44,43,42,41,{0) NFü¡{C
{0,{=F{46(ii))

IF(I{.LE.O. OR.I,I. GT, NCHARf ) TGTD41
L I lt ) =sYtf BIL (5 )

4l tf=F(A5(Ii))
IFill. LE. 0. 0R,f{,6I.NCi{ARt i GoT042
L(fi)=sYHB0L{5}

{2 }t=F(A4{ti) )

IF{H, Lt. C. CR, iT. ûï, ¡iCäåRl } iilTil'i3
L(|l)=sYHB0L(4)

43 l'l=FíA3ilI))
IF { i,t.Lr. 0.0R.t1. GT.riri{ARl i ûrTc4{
L(ft)=SYltBcL(3)

44 H=F(,{3(Ii})
¡F(H,LE,ù.Cñ.1{,[T.tiCflARl ) ñrliû45
LíiI}=SYHBOLi2i

43 Èl=F(Al(ii))
IF(H.LE. 0.ûi.H.0T.t¡[H¡\RI ) [[iD,ii;
¡ a¡dt-¡v¡ìJi'Ì: I I tLr¡i/-uttiuult¡,

4g PRINT IF0¡Ìl'í,X, (L(i ), I=l,N[ilA¡fi )V-\i-!\lnfl t
^_ 

r\ ¡ ,rùLL ¡
ljtïfli2

?5 iF(NoLiNEs.iû.r))RrTURt¡i1=l $ i2=NtiFL
D03S I=1,NOLINES
FRINI lt)4, {){LAB(i), J.il, jl)
il =Jlr¡ï¡rPL3! j2=J?*lliHPL

104 ¡fiR¡{AT( t}{, i3A1ü)
RETiiR¡'i

iF(
iF(
001

13 L(i
DUI

IB L(I

tñïRY PL ¡ YSC
N05CAL=¡¿rUNI
Fi{A)(=Al ( I }
FrIiil=Al ( I )

RiIiiRi'¡
ENT|?Y PLTYTII
NCHA-I(=NP
iIEÌURN
ENTRY PLTXLEN
i,iIä=l(P
I?IiijRN
TilTRY PLï}INIJIY
iF¡tT=Niii¡¡c
Xl"Al(l)
){DTL.AZ ( I )

RETi-IRN
E¡¡TiiY PLTsY¡i
üûTi;i53, 34,55,5ü, 57, i8) ii¡,JNL

iB 5Yr1B0t_ (E ) --AE i i )
57 SY¡,tB0L {5 ) =i\5 ( I }
56 sYfiBtL(4)=A4(1)
55 Syhttlí3)'ll3(1)
54 SYi'lBirL (2 ) =l1i ( I )

53 SYI'íB0L(l;=å1(l)
RITÜRN

K.

(LZERÙ) =L(NCHARI } =1 ]t4 Lil

JI
)=lo7u¡
)=l
)=L

i
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E¡iÏiiY PLTYLËlg
Ittt!!'¡r¡ u¡tu
IF f i'ìtiij5. Èü.0 )RiTLiirl¡
ltñiti -tit¡luù!, _ ¡l I

ñaîo t-t A'_!!\l!uVü ¡-¡tlrñUü
5Ë YLAB{l)=fìl(i)

R[TUR¡]
ÉtlTrrY Pl-I)iLA¿
åilL;i{ts=¡'lP
ir t !i0i- Irils. Eü. c l iliiuR¡ì
¡1i-lPi. =hiËii:{[tl-\inn !riit:lit_¡ti 4ttl uitú
l)íl6C I=l 'ltl60 XLr{B(ï}=Al(i)
l?ãiiJRi'l
¡1,ìni-it u
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APPENDIX D

DERIVATIOIi OF TIAGNETIC FIELD

D ' 1 Deri vati on of Manqet'ic Fi el d I/

Let us consider a circular ìoop of constant current i and

define co-ordinates as shown in Figure D.1.

The rectangular components of the vector potentlal .4 can be

obtained from leTl

Sin
2r
I
)
0

Rr( r) ual
4n d 0'

d o'

(D.1)

(D.2)

lr - .'l

Ar( r) lqr
4r

where the sout'ce co-ord'inates are specìalised to (p' = a , þ' , z' = 0).

Since there is no z-directed current, then

A =Qz

350.
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Ä

FIGURE D.1. COORDINATIS FOR A CURRENT CARRYING CIRCULAR LOOP.
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where

lr - r'| =

or i n cyl i ndri caì co-or"di nates

[t- - a cos o')2 * (y - a Sin q')'* r')' (D.4)

l,' * u' - 2 pa Cos (O - O') * =')
,Á

l. - r'| =

and A

(0. s¡

0

and the field co-ordinates be'ing (x, y, z) and (g,0, z) respectiveìy

where

a = radius of the coil
p = nadial distance from the cy'lìnder axis.

From Figure D.1 it seems approprìate to use cylindrical co-

ord i nates .

The cy'lindrical components of vector potentiaì ã.un be obtaìned

by noting that there is no Ar. Therefore on'ly Q and p components

ex'ist.

The rotat'ional symmetry about the z axis also make A

independent of 6.
u

Thus we need only to eval uate A and A for one specifjc valuep 0

0f 0.

Further, we may pick a fìeld poìnt to lie in the y = 0 plane,

l.e

352.



then

we let

0=0

nr(o,o,z)=ff (p, 0, z)p

and

n, (0, o, z) = Aô (p, 0, z)

l¡le see in this case the x and p components and the y and 6

components coincide in thi s p'lane.

l,'le also note, equ'idistant from a field point in the y = 0

plane, there are equal but oppositeìy directed x components of
current.

Thus, A = Q everywhere,

and we have on'ly A ; with = 0,

then

(D.6)

(D.7)

A*(0, 0, z) = H Cos ô' d 0'

Lr +a - Zap Cos q' + z

Ztr

I
0

(n.a¡

0' = n + 20

then

353
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r/2

I
0

2
A uai (2 Sin 1)0 d0 ( o. to)Qn (a+p) +Z 4ap Sin H

E(")

If we also define

t-'2a=2 ap
2(a + p) + 2

z

( 0.11)

then

where

[åJ=
A

0
u'l
ctlT

.d0

(D.12)

(o.t¡)

( D. 14)

( D. 15)

2

r/2_t-)
0

1K(cr)

E(cr)

1+ CT sinz o)%

2
cl+

t¡/ 2

0

1

L,-2
2Sin e de

The f ie'ld components can be obta'ined from

B=VXA

Thus
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u'iz u2*02*rz
B p

B,

2 +
(a p)2 * .2

2 2z

,')'
E (cr) K(o) (D"16)

(D.17)

2rp (a + p)

ui 2

2 (a
2t¡ (a + p)

1Z

E(cr) + K(a)

E(cr) + K(")

pa

,')' )p 2
z+2

+

Lett'ing

then the p and z components of the magnetic field becomes

úB (D. 18)

2z*p22
a +

H p

H=

I,'2
+ 2z

(a p 2 2z
E(a) K(s) (D.le)

(D.20)

2 +2rp (a+p)

2 2
z

2
1 a p

2r (a + p) 2 + 2
z

,2
(a ù¿ +

'¿

z

0 ( 0.21)

The components of the magnetìc field in rectangu'lar co-ordinates

can be obtained by noting that

H
X

H Cos 0 H
0

Sin 6 (D.22)

H
a

Hy = Hp Sìn S + HO Cos 0

p

?trtr

(D.23)



and

Thus

H

p X +y

v

(D.24)

Sin ô

Cos 0

txz

(o.zs)

(D .26 )

u2*^2*y2*rz

2

X
z' 

l*2 
* vz) lt 

* J7Ç )z *.-21" ø-JHft 2 E(o) K(o) (D.27)
2+Z

1 z *12u2*^2ll=
v

H,

z' 
[*2*v2J It.*

/'-T-vx +y )+z ?
E(cx,) K(a)

E(cr) + K(cr)

(D.28)

)+z

l 2222a-x-y-z (D .2e )

( D.30)

2 ,2 2
22r r2- -2vx +y 2

z G-JA$¡(a + + +z

and

,2

a=2 a +

ru * J7 *7t ,2)
2 ,)
+
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APPENDIX E

DTI.IAGNET I ZAT I ON FACTOR

E.1 Demaqnetization Factor Calculation

Demagnetization factor NO (where the medium outside the ellip:
soid is free space) depend only on the form of ellipsoid and can be

...-: !À^_ ^_1105 - 1061wrl tr,en as'

Nd A j = 1, 2, 3 (E.1)

where â, b, and c are the semi-axis of the eì1ipso'id as shown in

Fi gure E.1, and

J
abc-z-j

0
1

0

A^= |5J
0

1
A 2

ds

ds

(E.2)

E.3)

(s + a )R s

1
A2

1s + b2) R,

1

2
) R

s
(s + c

357.
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FIGURE E,1. DIAGRAM SHOI^JING THE COORDINATES OF AN ELLIPSOID
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wi th

Rr= (s + a

I

Sjnce a = b, then N
d

therefore

=1-2N

) (s + 6

-1

) (s + c (E.5)

(r.6)

(E.7)

)

Thus by varying the ìength of the semi-axjs of the structures

of interest and subsequently approximatjng the resultant shape to

that of an ellipso'id an approximate expression can be obta'ined for

the demagnetization factors.

(i) Thin C'ircular Disc

For the condition in whjch ìengths of the senri-axis

are such that the elììpso'id degenerates into a thin disc,

i.e. a = b > c, from Equation (E.1) and Equation (E.2) the

demagneti zation N.., b..o*.r[106 ]
o1

*0, c
'2 2, 2(a - c ) a,2 2,(a - c )

No, ' but
I

1

3

=j N¿.
J

(E.B)N
d

3
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(ii ) Lonq Thin Rod

If the axis of the ell'ipso'id are a > b = c, then the

eìlipso.id degenerates into a long thin rod. The demagnet-

ization factor ajong the maior axis can readily be shown

as[ 106]

2(¡I 1- 1+t¡
-zulo9e T- t¡ 1

(E.10)

(E.e)
N

d ---z-

abc

1 (¡

where

where

u)= 1 - (-bla)

(iii) Flat Rod

For a flat rod it is considered that a > b > c' The

demagnetization factor aìong the maior axis from Equation

(E.1) and Equation (E.2) can be expressea nyt109l

Nd
1 Gz - nz)

t< (v, q) - E (v, q) (E.11)

av = Arc Sin {3= (E.12)

a -c

a b-2-2a -cq

360.

(E.13)



and

K (v, g) = Incompìete el'liptic integral of the first kind

E (v, q) = Incornpìete e]ìiptic integral of the second kind.

The el ì ì pti c 'i ntegral s are subsequentìy soì ved by

power serìes expans'ionl110] .
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