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Abstract

A necessary component of any automated transportation system is an accurate and reliable
position sensing mechanism. While several techniques exist to implement such a component, few
provide the capability for inter-vehicle position sensing; this capability is desirable for very short
headway systems such as Personal Rapid Transit (PRT) and baggage-handling systems, whereby vehicles
are better able to regulate inter-vehicle spacing and protect against vehicle collisions. Communication
between a vehicle and the wayside is also a desirable trait to have in a transportation system in order to
transmit such information as destination, contents, component failures, new routes, and passenger
emergencies.

A mechanism has been developed and implemented to track the relative distance between
vehicles by means of the detection of relative phase between two points on a multi-phase winding. Such a
winding may be a linear motor propulsion winding, utilized for this alternate purpose, or an inexpensive
winding designed primarily for position-sensing and communication purposes. The objective is achieved
through the use of a transmitter to inject a signal in the winding and a sensor to detect that signal. With
an initial value of distance between the two points, the relative position of the two points may be
accurately tracked.

Similar methods have been developed, with the addition of a reference signal generated by a
wayside controller, to enable each sensor to track its own absolute position. A related technique has also
been implemented to allow a sensor to track a moving, virtual reference point on the winding; such a
function is useful for transportation systems which utilize point-following strategies.  Digital
communication has also been achieved over the same signal path through the multi-phase winding, with
no additional hardware at a rate of 1500 bits per second. Alternate communications techniques have been
investigated to increase the communication rate with an associated increase in complexity. The
algorithms to perform these functions have been implemented with a digital signal processor and
demonstrated over the winding of an existing linear synchronous motor.

Thesis Supervisor: Richard D. Thornton
Title: Professor of Electrical Engineering and Computer Science






Acknowledgments

First and foremost, I would like to thank my thesis advisor, Professor Richard Thornton. His
support and advice through my graduate years have been invaluable. He is level-minded and
sharp and knows how to enjoy life. He sets a great example to follow.

I would also like to acknowledge the contributions of my thesis readers. Professor Jeff Lang
gave me some great ideas for measurements. Professor Steve Leeb passed down to me some
great practical knowledge. I would like to thank them both for their tremendously quick effort in
reviewing my thesis so I could graduate in June.

I would like to acknowledge both my brother, David J. Perreault, and my colleague Tracy Clark.
They were great people to bounce ideas off of and get feedback from. My brother, in particular,
was especially helpful in debugging hardware, and was always happy to lend a third hand when I
needed it.

I would like to acknowledge George Anagnostopoulos, of the U.S. Department of Transportation.
He was a terrific source of knowledge in transportation systems, and was a great source of
references.

I would also like to thank the rest of the faculty, staff, and students at the Laboratory for
Electromagnetic and Electronic Systems (L.E.E.S.) for their great discussions and for their
friendship. I will truly miss the people and the friendly environment in the lab. It was a great
place to be!

I would like to thank the National Science Foundation for their fellowship support during my
Master’s work at MIT and early Doctoral work. I would also like to thank the U.S. Department of
Transportation for their partial support of my final year at M.LT. under the Eisenhower
Fellowship. These fellowships have helped free me to follow the path of my choice, and
unburden me from financial worries. I would like to acknowledge Professor Thornton,
Professor Al Drake, George Anagnostopoulos, and the Director of the L.E.E.S., Professor John
Kassakian, for their help in acquiring the Eisenhower Fellowship and for their overall
friendliness.

I would like to thank my parents for their steadfast love and support. They have always
encouraged me to reach for my fullest potential, and opened up my horizons. I would especially
like to thank my father, who has inspired me all my life.

Finally, I would like to thank my wife Maggie for her love, patience, and support. She has kept
me organized, and encouraged me throughout development of this thesis. My life would not be
complete without her.



For my Family,
and especially my wife Maggie,

whom I love dearly.



Contents

- L INTRODUCTION 13
1.1 BACKGROUND AND MOTIVATION .....ouuuuurmunreeesetereeiiirtteeesiesiasiisineresisssssatsssssssssmneessmerirsississsssssssesses 14
1.1.1 Personal Rapid TIansit .........ccocouviuvuiriiinrniiiinerieisie ettt st 14

1.1.2 ConVentional SYSIEIMS .......cceeveereerinrinierenieiieriiiesiee st aes st be e b sa e s a s s s bsresaesaneberesasananens 18

1.1.3 Automated Highway SYSIEMS.......ccoeveruiiiiimiiinieriiitirti et e st nons 18

1.1.4 Relevant TeChNOIOZIES .....ccuoiivviriiiuiiiiiiiiciiiiitn sttt e 18

1.2 THESIS OBJECTIVES AND CONTRIBUTIONS ......uvtiiiiieeesuinineereereraenimreteserassisssnsstenscsinstesisssssssnsssnnnesees 21

1.3 THESIS ORGANIZATION. ......uuerereiiiiereeeareeeeereersinrereesssisrsisssnstateessississssessiessrsssnsssssssssssssnsssssnsssssssssssnsses 23

2. ARCHITECTURE 25
2.1 OVERVIEW ...ovvuuiniiiirrnieieieiinitnueeaessennessrensmmesesstosnasssstsenesssssstesntassmrsaseetssssssesssssesessnssssssssesnnsnssnsssssrnnsss 25
2.2 WINDING ....vooveveeuirrrsesseseesessssessasansessasesssrsasenteseseesostenessrosesesstsusstsssssssesstesssssesessesressansssssssssasessasnanes 26
2.3 VEHICLE TRANSMITTER ....cooutriirieniisiiisinseeriosististesissesnassssnentssessessssssssssssessessasessnsassesssssssssnnssessesases 27
2.4 VEHICLE SENSORS.....cerutrrtiiescrtenseesteetesseesecsstosesstastossssssostasssssesassssssssanssssssessesresssssssesssssisssssssnnsanesses 32
2.5 WAYSIDE TRANSMITTER ....cuuuiiieieiiiitiitimiiiissisiisisisieiseeseeseaiesssesasssassasesrsnntastasssssssssessssssssssasssanes 33
2.6 WAYSIDE SENSORS ...covunieiiterirenreaertreesrersiiaeseetmnsssssersssmmnssssssstsmsimisesssstsssnstsssssrsessmstsissessrsssssassasssasses 34

3. POSITION-SENSING TECHNIQUES 37
3.1 INTER-VEHICLE POSITION-SENSING........ouutiiiiiieieeiiirtererernreeessurreessseesaensasesssesesssetesssesseeceessansessasinsessns 37
3.2 AUTONOMOUS POSITION-SENSING .....cuuuuiiiairinieriaesiiiiisseersierratesisnesorssnseessssrsrnmsersssssneessasnsesssssssssasss 50
3.3 VIRTUAL MARKER TRACKING .....ceeetreetnmeiirresierernsseceinesrneessenteessantssssssnssssasssssiessessssssssissnsessesssnnsassns 52
3.4 ACCURACY AND MEASUREMENTS......cccuitiiiiiaeaes coreeeeereeseremsonanstesssimsanmenmesmmesertessessenemnsrsnsessasssassses 54
3.4.1 Autonomous Position-Sensing ACCUTACY ........ccoeuiruirirmrreniiriistiiee sttt 54

3.4.2 Relative Position-Sensing ACCUTACY .........cuecuvvirueeiirinriciieeiere ettt sse e 59

3.5 NOISEIMMUNITY L..ovoiiriieitireerieeeeninentnnenee e ressesesissene st st sss s ssssene s s s es e s ebesbe e s sba s ssssnesesessantass 63

4. COMMUNICATION 69
4.1 INTRODUGTION.......cetiiitiiriiiiiteeteeaeaaeeseeaaeeeeeeeteeareresstss st bsrsa st e seesaiesssassaeasanesaneasseersnrsnssestassaesersassnsrnnnss 69
4.2 POSITION-VARYING CHANNELS........cccectrtrmmiiinieninirecsiesiisae s ntsssssss et beas e sesne st aes s sssbesassasesaes et et sasanes 70
4.3 SYNCHRONOUS RECEIVER......cuitiiiiiieiiiiieeeiecerceianeeeeeeesssssssesrecresesaessstoseseassissssssiesenossbssssssassssasassssnnase 70
4.4 ASYNCHRONOUS RECEIVER .....ccciiiiiiaiircerreensescsnsiimeestenes e sisssaseesssssssssssssssssssnnssstesssesassssssssssnsnases 72
4.4.1 Alternative Modulation TECRNIQUES .....ccceeveuieerieiennerieiiiicet ettt e seenes 76



5. ALTERNATIVE ARCHITECTURES 79

5.1 ALTERNATIVE WINDINGS ....ecctvteieiiiiieeetteeeeeeiteeiesseeetaneetessntessssesessosnresonssssesstsssssssssrsesssssessessssssesesssns 79
5.2 DUAL TRANSMITTERS, SINGLE SENSOR ......ocoiiviiiiieeiinriirtieeseeissrsestsessteesssensesesssssssntssssseeeesnssessessnees 82
5.3 SINGLE PHASE IMPLEMENTATION.....oeoiiuriietiectiiieieecenetiieeesseteeeatessesseasesatessensessssnsesesos sasssnressesonenessens 84

6. IMPLEMENTATION ISSUES 87
6.1 SYSTEM IMPLEMENTATION......ccittiiiititieeeitteesteeeisseeeneseerseeesstesseseesesesssesssessesessnsesosssesenessesnssessmneesens 87
6.1.1 SPacing Of SENSOTS .....cuvuiiiriiiiiiiieiiiiieen ettt st s st e s bt a e e e s eas 89

6.2 MULTIPLE VEHICLES PER WINDING ...ccovivieieieiieicierriecieieesee e estiessaeeevesseaessabsessessnnsresssesesssnnessanassonessnes 90
6.2.1 Acquiring Initial Position EStIMALes. ........ccceiiveiiiriiniinieieieeiree et 91

6.3 CONTROL SCENARIOS.......utviieiiieeiieitteriiirreeeessesieseesiameetesessstasssessessemeasesssesssasssessessneessssssssessessssressons 92
6.4 SYSTEM LIMITATIONS......oovtiiiiieiieieetteeeeteeeeeete e eeeeeeseesseetseeessteesssamteesseseseensteesesasmeteessaasoseseesanseeesnns 93

7. SUMMARY AND CONCLUSIONS 96
7.1 FEATURES AND BENEFITS.......c.ueiitteeteitieettreeeeteeesseeseenseeeseesseensessseessessessnssnsssssessssssssssessssesssesesesessses 96
T2 APPLICATIONS ......cviiitrieiteeesineisireaeetiraseeeesseseeseessesesssassessantsssessastesstsssssssssbesasssnsessasas e sneesosnnesnnsesten 98

T .3 CONCLUSIONS .....ooooeteiiiiieeeeeeeteeeeeeree e e e e e aeeaaessesaanasessasaeesanesesassansessasssesasesesensantaesensasanenessnssnees 100
7.4 RECOMMENDATIONS FOR FUTURE WORK ....cocuvviiiiiiiiieiicieeeee e eeteeeeieteeseaeseseaeseassssnseseesssssasseennnsens 101}
APPENDIX A: SOURCE CODE 102
REFERENCES 158




List of Figures

FIGURE 1.1 PRT GUIDEWAY NETWORK ....c.ccoreevruerrerieeercrnssierersensessessesessosesesssessasescsostistsnssmssesmessssssssnsssasas 15
FIGURE 2.1 OVERVIEW OF POSITION-SENSING AND COMMUNICATION SYSTEM........cccoemcremercnisreeserensesens 26
FIGURE 2.2 VEHICLE SENSORS AND TRANSMITTERS........cecerereereeresencenssssisesssacsssessescsssassesessessossssessonssassssesns 26
FIGURE 2.3 STRUCTURE OF A 24 WIRE HELICAL WINDING AND WINDING SAMPLE ........cccoucoenuricrisrmemnscnesnnnee 27
FIGURE 2.4 SIGNAL TRANSMITTER, SIDE VIEW AND OVERHEAD VIEW .......c.cecervnirueeeresrensamscriesessesmessmsssissins 28
FIGURE 2.5 CONNECTION OF LINEAR MOTOR PHASES......cccvevevetenrnnssesssimsestsssssrsnesssssesescsssessesessssensassesssnenss 30
FIGURE 2.6 VEHICLE SENSOR ......ccvotieteueuereresesiresssesessesesmsssmscsmnesssssosessotsscssssststesssstessnssssssnssssssssssssasessseres 32
FIGURE 2.7 VEHICLE 1 INDUCES A SIGNAL IN THE WINDING. VEHICLE 2 SENSES THE SIGNAL............ccoveueunee 34
FIGURE 2.8 WAYSIDE TRANSMITTER AND EQUIVALENT VOLTAGE SOURCE .....ccucovueuemmmemscenrncsimsmssnsssssenias 35
FIGURE 3.1 VEHICLE 1 INDUCES A SIGNAL IN THE WINDING. VEHICLE 2 SENSES THE SIGNAL..........ccccoceueuns 38
FIGURE 3.2 INFORMATION ABOUT ELECTRICAL POSITION FROM COSINE........c.coveireirmeienceneoussessisessossssesessesnas 42
FIGURE 3.3 SENSOR SIGNALS FOR ACCELERATING VEHICLE ........ccveeeeereerireeneessnenesesseresceserossessesssnessssnnssssnas 43
FIGURE 3.4 TWO SENSORS ARE USED TO UNIQUELY DETERMINE DISTANCE ....c.ccecereutreeeracmcnceneneseensnsnsssnsanes 43
FIGURE 3.5 SENSOR DEMODULATION ALGORITHM.......cccetreierentemeinceretnsesesionssosssssscssssssassossismssssssssersssssnes 44
FIGURE 3.6 TRANSFER FUNCTION MAGNITUDE OF A 128-TAP BANDPASS FIR FILTER.......cccccovevinuinencrinuruenenns 45
FIGURE 3.7 COUPLING SIGNAL, MODULATION SIGNAL, AND RECEIVED SENSOR SIGNAL ......ccccoeiinuiuirerisnnnnne 46
FIGURE 3.8 LOW PASS, 32-TAP FIR FILTER TO REMOVE DOUBLE FREQUENCY COMPONENT..........ccccvvvurnnne. 48
FIGURE 3.9 NONLINEAR OBSERVER FOR RELATIVE POSITION-SENSING..........ccreereremeeerecerenmesesssismsmensassssesasanes 49
FIGURE 3.10 AUTONOMOUS POSITION DETECTION ......ccuccvereenreminienesnesessssesesmeseseneessssessssssssssssesssassssssnsesesies 51
FIGURE 3.11 VEHICLE FOLLOWS A TRACKING SIGNAL.....ccuecveiirueminuerctaienisiesestssescsssssossesasssssssesssmssssesnssesees 53
FIGURE 3.12 AUTONOMOUS POSITION-SENSING MEASUREMENT ACCURACY ......c.ocermtrerermccacsssnenssssiersasnens 55
FIGURE 3.13 AUTONOMOUS POSITION-SENSING MEASUREMENT ERROR ......cccoverversrmenenseneesessssessenisncsessosesens 55
FIGURE 3.14 OBSERVER CORRECTED FOR INPUT PHASE ERROR ......ccvrurtiurerrenirnnnnrcntensiessenesssesesssssresssesnessnsns 57
FIGURE 3.15 MEASURED SENSOR COUPLING FUNCTIONS .......cccvvruerireerusuererensssnsnsesssscsssacstssssencsssnsassessssssens 57
FIGURE 3.16 ERROR AFTER PHASE COMPENSATION ....c.coveuvinemrreerererersssesesssesceneacssessesseressessscsesssnsrensssssnns 58
FIGURE 3.17 AUTONOMOUS SYSTEM ERROR AFTER LINEARIZATION ......cooueirnereeererernnsccssisnnssesaesanonssennenes 59
FIGURE 3.18 PLOT OF RELATIVE POSITION-SENSING ERROR AS SENSORS ARE MOVED .........ccvururinirusrereninnns 59

FIGURE 3.19 HARMONICS OF COUPLING FUNCTION BETWEEN SENSOR AND TRANSMITTER VS. TRANSMITTER POSITION



FIGURE 3.20 POSITION ERROR AS SENSOR IS FIXED AND TRANSMITTER IS MOVED............coceveevuirineeesveenennnne 61

FIGURE 3.21 PREDICTED POSITION ERROR AS TRANSMITTER IS MOVED.........ccvccovtiinienirireerereeseesessaeesseessnenane 61
FIGURE 3.22 PRECISE SCREW-BASED MEASUREMENT DEVICE........ccucectereerveersreriniceseisessiesessessesesssessesssens 62
FIGURE 3.23 PLOT OF RELATIVE ERROR VS. SENSOR AND TRANSMITTER POSITIONS.........cooveeeeeririeeervernenne 63
FIGURE 3.24 POWER SPECTRAL DENSITIES OF COMMUTATED MOTOR VOLTAGE AND CURRENT ......c.ccoeueunen. 65
FIGURE 3.25 POWER SPECTRAL DENSITIES OF PWM VOLTAGE AND CURRENT..........coceevirirnereeisieresererssneens 66
FIGURE 3.26 BAND-LIMITED WHITE NOISE, AND VERY NOISY SENSOR SIGNALS..........ccveoveueerenrereereeereeseranes 67
FIGURE4.1 SYNCHRONOUS RECTIFICATION OF COMMYNICATION SIGNALS........ccceerverrienrenreerneersesessessnissasnn 71
FIGURE 4.2 POSITION-DEPENDENT GAIN ......ooccttireiierveresersereresoreeesiuseessnsesssssressssecsssesssesssssssssssosssssssnnsssssessons 72
FIGURE4.3 ASYNCHRONOUS FSK RECEIVER .....ccucccuveiiiereerrieieenresireeeesessessessesssessessseessesssssssssssesessessasene 73
FIGURE 4.4 COMMUNICATION FILTER MAGNITUDE ........ccooieeeieieeereeenreereeessensresseeseseesesssessessseossesssesssessanesns 74
FIGURE4.5 TRANSMITTED AND RECEIVED COMMUNICATION SIGNALS ......cccveveeueiererrerereereeesesessneeessessnnsses 75
FIGURE4.6 DETECTED ZERO AND ONE LEVELS AND SLICER INPUT AND OUTPUT ........c.ccveverrrrienrereeeeeneneennes 76
FIGURES.1 3-PHASE IMPLEMENTATION WITH ONLY 3 WIRE BUNDLES.......c...uoeiieiiirerenieiereeraresssseesssseesssesenes 81
FIGURES5.2 PLL INNOVATION VS. FUNDAMENTAL PHASE ERROR........cccorutriireeerreeerreeensnneeesssseessesssseesssssnns 83
FIGURE 6.1 DSP BOARD AND DISPLAY........occieuieiertesresiessisinesssssesssesssessesssesesssessessessssssssessssssonsossossesssessssees 88
FIGURE 6.2 IMAGE OF SENSOR VEHICLE..........ccoctsiieeuierenaeereeeeenseeensesssesessesssesssosseesssessessessessnsossesssssonssens 89
FIGURE 6.3 ILLUSTRATION OF SENSOR VEHICLE SCHEMATIC.......ceeeuuvtieeteereneeeeneeseessnessseesssssesssessssnsessssassnn 90
FIGURE 6.4 STAGGERED WINDINGS LAID SIDE BY SIDE.........uceceierereureerreesrnreesssnresesessesssescsssessssessssssessesssns 92
FIGURE 6.5 SIDE VIEW OF OVERLAPPING WINDINGS ......cccvveeeurrirrieeiinrrereireneesneeessseessseeessessnseessssssssesssssessssnsees 92

10



List of Tables

TABLE 1.1 POSITION SENSING SYSTEMS USED IN OR PROPOSED FOR TRANSPORTATION
TABLE2.i RELATIVE HARMONIC AMPLITUDES OF COUPLING FUNCTION 2(8) ...........

11

..................................



12



Chapter 1

Introduction

As the world enters the twenty-first century, new concepts and capabilities in
transportation systems promise a new level of service and convenience. Magnetic levitation
(maglev) transportation systems promise fast, convenient transit between cities. Personal Rapid
Transit (PRT) [27], as described later in this chapter, promises higher levels of convenience and
shorter transit times than even an automobile is able to deliver within a city. Automated highway
systems promise more capacity and less congestion on existing highways. In order to implement
these new systems, some basic position-sensing and communication technologies are necessary.
It is the goal of this thesis to provide several components of these technologies in an inexpensive,

integrated system.

A mechanism has been developed and implemented to track the relative distance between
vehicles by means of the detection of relative phase between two points on a multi-phase
winding. Such a winding may be a linear motor propulsion winding, utilized for this alternate
purpose, or an inexpensive winding designed primarily for position-sensing and communication
purposes. The objective is achieved through the use of a transmitter to inject a signal in the
winding and a sensor to detect that signal. With an initial value of distance between the two

points, the relative position of the two points may be accurately tracked.

13



Similar methods have been developed, with the addition of a reference signal generated
by a wayside controller, to enable each sensor to track its own absolute position. A related
technique has also been implemented to allow a sensor to track a moving, virtual reference point
on the winding; such a function is useful for transportation systems which utilize point-following
strategies. Digital communication has also been achieved over the same signal path through the
multi-phase winding, with no additional hardware at a rate of 1500 bits per second. Alternate
communications techniques have been investigated to increase the communication rate with an
associated increase in complexity. The algorithms to perform these functions have been
implemented with a digital signal processor and demonstrated over the windirg of an existing

linear synchronous motor.

1.1 Background and Motivation

Advances in transportation include automated systems such as Personal Rapid Transit
(PRT) [27] and automated baggage handling systems [29]. These systems depend on accurate
position information and reliable control systems for safe operation. Improved performance in
existing, conventional systems may also be achieved through more accurate position information,
and new conventional systems will benefit from the inexpensive, integrated techniques

developed in this thesis.

1.1.1 Personal Rapid Transit

A woman at a bus stop near Boston was recently quoted as saying, “Mass transportation
is convenient if you’re not in a hurry.” This statement summarizes many of the shortcomings of
conventional mass transit systems. Most existing systems have relatively long waiting times, and
even longer transit times. An advanced concept known as Personal Rapid Transit was developed
to rectify these shortcomings. PRT enables short waiting times and drastically reduced transit
times.

The concept of PRT may be described as an automated taxi system. The system is
comprised of a guideway with an exclusive right of way, and small vehicles with a capacity of
three or four passengers. The small, light vehicles enable an unobtrusive, inexpensive, elevated

guideway to be erected above ground; underground systems require considerably more expense.
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The guideways are inexpensive as compared with conventional light rail systems since PRT
employs small, light vehicles. Due to the fact, the guideways may be laid out in a large grid as
shown in Figure 1.1. The dots on the grid indicate interchanges between the lines. Assuming
that there is a station every half mile along each line, a passenger, on average, needs to walk less
than a quarter mile to arrive at a station, a significantly shorter distance than for a conventional
system.

The vehicles are designed to hold up to three or four people, so that each person or group
may travel in their own vehicle, enhancing the safety of travel. With such small vehicles,
thousands may be available in a given network. In theory, when a passenger arrives at a station,
there is often an empty vehicle waiting to be used. If not, an empty vehicle may be quickly
routed to the station. A possible goal of such a system is to have a waiting time of less than one

minute for most passengers at most times during the day.

1/2
Mile

Figure 1.1 PRT Guideway Network

The stations in a PRT system are designed to be off the main guideway. Thus, a vehicle
must take an “exit” to get to a station, and an “on-ramp” to return to the main guideway. Thus,
like a highway, the vehicles during their course of travel do not have to stop at every station
along the way. In conventional systems, stop times at stations often occupy the largest portion of
overall travel time. Thus, a PRT system has much shorter travel times than conventional mass
transit systems. The vehicles in a PRT system are also designed to change lines for the

passenger, thus eliminating any delay that would normally occur in changing lines or modes and
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thus vehicles in a conventional system. Finally, a PRT system is entirely automated, eliminating
the substantial cost of utilizing a driver for every vehicle.

Clearly, PRT has many advantages over a conventional mass transit system. One of the
limitations of the system is in its small vehicle size. Conventional mass transit systems utilize
vehicles or entrainments that can carry hundreds of people, and thus have a fairly high line
capacity. This limitation is partially offset by the less expensive nature of the PRT guideways.
In order to make the capacities of the systems even more equitable, PRT systems are designed to
run with very short headways - on the order of one or one half second [22]. While such a practice
compensates for the small vehicle size, it places a much larger responsibility on the operational
and safety control systems to provide safe, efficient travel.

In order to fully automate such systems, an accurate position-sensing mechanism is
needed for these operational and safety purposes. With headways on the order of a second, it is
imperative to have accurate, up to date position information to prevent vehicle collisions.
Although position-sensing is not a new concept, as such systems have been in use for over a
century in the form of track circuits for long headway systems, the required level of accuracy is
much higher.

Many solutions have been utilized or proposed for automated and semi-automated
systems as shown in Table 1, each with characteristic trade-offs, advantages, and disadvantages.
In the case of PRT, where headways between vehicles are less than two seconds, accurate
position sensing is absolutely necessary for safe operation. In such a system, it is desirable, and
some conservative transportation professionals say absolutely necessary, for each vehicle to
directly sense the relative position of other vehicles on the guideway for vehicle protection
purposes. It is this basic requirement that drove the development of the advancements in this

thesis.
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1.1.2 Conventional Systems

Advances in existing systems may also be derived from better system features.
Many mass transit systems are currently operating at maximum designed capacity during
peak usage hours. One such example is the Bay Area Rapid Transit (BART) system in
San Francisco. With the existing track circuit-based system, the minimum headway is
approximately two and one half minutes. With more accurate knowledge than is currently
available from such a system, the minimum headway of the system may be cut by a factor
of two or more [28], and still operate according to a safe headway criteria [8, 9]. Thus,
line capacity could be doubled or tripled with only a very minute increase in guideway
infrastructure! With the high cost of putting new lines in an underground system, such an
alternative is very economically attractive. Advanced, accurate position-sensing features
can thus lead to more efficient use of existing infrastructure in an economically feasible

manner.

1.1.3 Automated Highway Systems

There has been much activity recently in the field of automated highway systems
and Intelligent Transportation Systems (ITS) for highways (previously known as
Intelligent Vehicle Highway Systems (IVHS)) [30]. With current automobile headways
on existing, non-automated highways as low as one second, the concept of automating a
highway with even shorter headways produces many of the same requirements on a
control system as does PRT. It is extremely important, as any driver knows, to know the
positions of surrounding vehicles in order to operate a vehicle in a safe manner. These
same demands are placed on the control system for the vehicle, if operation is to be
automated. Again, there is the requirement to know, on board the vehicle, the relative
positions and movements of surrounding vehicles. Thus, some sort of mechanism must

be in place to track these positions and movements on board the vehicle.

1.1.4 Relevani Technologies
While such a relative position-sensing mechanism may be implemented indirectly

through an absolute position sensing mechanism and a communication system, it is
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desirable to use an independent, inter-vehicle position sensing system on board the
vehicles for safety and reliability reasons. Only three of the systems listed in Table 1 are
capable of direct, relative position-sensing.

The leaky waveguide implementation of a relative position-sensing mechanism
has been proposed for use in the Chicago Regional Transit Authority (RTA) Personal
Rapid Transit (PRT) system as developed by Raytheon Corporation. This technique is
very similar to RADAR within a waveguide, where a radio frequency signal is introduced
in the waveguide and distance to the preceding vehicle is measured by the time delay of
the echo. The waveguide is an extruded structure with a ‘U’ shaped cross-section. Radio
frequency signals are introduced into the waveguide through the opening of the ‘U’. The
waveguide is designed in such a manner that the radio frequency signals are constrained
to travel, for the most part, within the waveguide. Since the waveguide is open on one
side to allow these signals to be introduced, the signal strength decays with distance as
some of the signal ‘leaks’ out of this opening. Such a system is fairly expensive to
implement, in terms of both the waveguide and the radio frequency transmitter and
receiver.

In order to acquire the range necessary for even the short headways of PRT
systems, a fairly expensive waveguide is necessary. Range is fairly limited, and is
affected by weather conditions, limiting the usefulness of such a technique since the
system must be designed for worst case scenarios. Although distance is fairly accurately
measured, this technique has been implemented only to measure the distance to the
preceding vehicle.

Another system capable of relative position sensing is the discrete circuit
transmission line. This system was implemented in the CABINTAXI prototype [4]. The
transmission line consists of three parallel conductor cables bridged by discrete resistors
at 10 cm intervals in a ladder-type network. In this technique, each vehicle injects a 100
kHz sinusoidal signal into the transmission line through an antenna. The signal decays
exponentially in the transmission line according to distance from the source. A following

vehicle can detect the signal and extract approximate distance from tire signal magnitude.
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This system suffers to a small degree from component drift, and to a larger degree
from variations in gap distance and track irregularities. With a slightly larger gap
between antenna and transmission line, the magnitude of the signal in the line drops.
Thus, a following vehicle would detect a lower level signal and determine that it is farther
away from the preceding vehicle than it actually is! The accuracy of the system also
degrades with increasing distances between vehicles, since the signal decays
exponentially. The transmission line is fairly expensive to build due to its discrete nature
and the inclusion of ferrite slugs in the guideway every 2.5 cm to improve performance.
Again, this system only allows distance to the preceding vehicle to be detected.

The last system capable of relative position sensing is that of low cost vehicle
RADAR [31]. Such a system utilizes a low power radar transceiver to detect the position
of other nearby vehicles or radar reflectors on those vehicles. In order to hold costs in
check in some proposals, no high power RF amplifiers are used and thus only low power
signals are utilized; range is very limited in this system. This system is also limited to
line of sight measurements, and thus range is very limited on guideway curves. This
system had been proposed for use in warning systems on automobiles as well as Group
Rapid Transit (GRT) systems. Since this type of radar system is not yet in mass
production, the cost is still fairly prohibitive.

Each of the three preceding systems could be successfully implemented in a PRT
or other automated system, despite their disadvantages. Thus, any new system should
have advantages over current systems in terms of cost, accuracy, or features. The
techniques described in this thesis have advantages in all of these categories.

Several new transportation systems have been proposed or implemented utilizing
linear motors, due to inherent advantages of the linear motor for certain applications.
Such advantages include lower vehicle weight and fewer moving parts. Additionally,
higher propulsion forces may be implemented where needed, such as on inclines or
acceleration stretches. The system developed in this thesis would be especially
appropriate for these systems due to possible integration with the linear motor winding. It
should be noted, however, that such a position-sensing system may be implemented

without a linear motor - a useful approach for upgrading older systems.

20



Some of the techniques in this thesis are based on and devised to be utilized in
accordance with previous developments at MIT [1]. The initial research investigated a
highly accurate method to measure the position of a transmitter on a linear motor
winding. The transmitter injects a sinusoidal signal into the winding which is detected in
each of the winding phases at the wayside. Utilizing mostly analog and some digital
signal processing techniques, the phase of the transmitter may be determined and tracked.
A magnetic sensor in the guideway indicates when a vehicle passes a specific location,
and exact location may then be tracked.

The techniques described in this thesis extend the capabilities of this system
utilizing discrete-time techniques. These features enabled include inter-vehicle position
sensing, autonomous position-sensing onboard the vehicle (the vehicle is able to track its
own position), communication, and virtual marker tracking. Together with the previous
work performed at MIT, these advances form a set of core capabilities useful and

necessary for the implementation of an automated transportation system.

1.2 Thesis Objectives and Contributions

This thesis sought to accomplish two major objectives, and several minor
objectives were accomplished in the process. The approach taken to accomplish these
objectives was based upon work performed at MIT which enabled the tracking of the
position of a vehicle at a wayside location [1]. This objective in this thesis is to extend
the capabilities of this system with new features in an integrated design. The first primary
objective was to develop a vehicle-based position-sensing mechanism capable of
detecting and tracking the relative positions of other vehicles. This objective was
accomplished through the use of a winding as a communication medium, and utilization
of related sensors and transmitters. The technique was implemented on a demonstration
system and shown to have an absolute accuracy of better than 0.5 mm.

The demonstration system is based on the linear motor winding built fcr the
position-sensing system developed in [1]. This winding had been previously utilized to
demonstrate the detection and tracking of a vehicle on the winding from wayside

receivers. A vehicle transmitter and six wayside sensors were utilized to perform this
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task. These components were utilized along with receivers on board the vehicles and
transmitters on the wayside to implement the techniques described in this thesis. A helical
winding used as the stator for the linear synchronous motor was utilized for this purpose.
The signal processing for this new technique was implemented, in its entirety, in discrete-
time on a digital signal processor.

A related technique was also developed to enable the vehicle to determine its own
position relative to the wayside, and was again implemented on the demonstration
system. With proper adjustment, this technique is shown to obtain a resolving accuracy
of approximately ten microns. While this level of accuracy was not originally a major
objective of this thesis, the accuracy of this system opens its use up to a much broader
range of applications than transportation systems alone.

Another related technique is used to enable the tracking, by a vehicle, of a
moving, virtual point along the guideway. The position of the virtual point is specified by
a wayside system. This feature is very useful for transportation systems which utilize a
point-following concept for vehicle control. Such a feature will also be shown to be very
useful with a certain type of linear motor, as discussed in Chapter 4.

The second primary objective of this thesis was to prove that digital
communication could be accomplished over the same channels utilized for position
sensing. Indeed, two separate approaches to communication in the system are developed.
One of the two approaches was implemented in the demonstration system at rate of 1500
bits per second, and shown to be robust to vehicle movement. The demonstration system
implemented both position-sensing and communication features simultaneously,
illustrating a typical use of the features. Methods for increasing the communication rate of
this feature are also developed.

Finally, an approach is developcd tc. enable the position-sensing and
communication techniques on an inexpensive, single phase winding. Communication
and position-sensing techniques have been implemented simultaneously on the
demonstration system, showing the level of integration possible with the approach in this
thesis. The sensor and transmitter components of the demonstration system were built

from standard ferrite cores. An inexpensive digital signal processor (DSP) was utilized
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for the processing system. The winding was created from standard litz wire by machine.
Thus, the basic components of this system are readily available and inexpensive as
compared to the systems described in Section 1.1.4; a system based upon the techniques
of this thesis can be implemented in a very economical manner. The cost, integration, and
performance of the techniques developed in this thesis create an attractive approach to

position-sensing and communication in a transportation setting.

1.3 Thesis Organization

The necessity for an inexpensive, integrated system to provide advanced position-
sensing, communication and control features is clear. The architecture of a system
developed in this thesis to provide such features is investigated in Chapter 2. This
architecture is based upon a winding which provides a suitable signal path between the
wayside and vehicles and between vehicles. The structure of the winding is designed
such that position information may be extracted from the effect of this winding on a
signal between two points in the system. The transmitters and sensors necessary to
implement such features are described in detail in this chapter.

Chapter 3 illustrates the necessary algorithms for determining position
information from received signals. The effect of the signal path upon signals between
vehicles is investigated. With this knowledge, a technique is developed to determine and
track the distance between vehicles, a very useful feature for short headway systems. A
similar technique is created to allow vehicles to track their own position relative to a
guideway with extremely high accuracy. Finally, to enable a feature known as “point-
following” in the transportation literature [2, 5], a mechanism has been developed to
allow a vehicle to track a virtual, moving point on the guideway, as specified by a
wayside system. This technique is also very useful for implementing systems utilizing a
doubly-excited linear motor (DELM). The accuracy of these techniques is measured and
improvements through small changes in the algorithms are described. The noise
immunity of these techniques is also investigated in this chapter.

A digital communication channel between vehicles and the wayside is a necessary

and useful feature for a transportation system. Chapter 4 develops techniques to
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implement a digital channel in this system with no additional hardware beyond that used
for position-sensing. The position-varying nature of the available signal paths is
investigated, and two approaches to communication over these paths are developed. The
first method utilizes a scheme to create a position-independent path from two or more
position-dependent paths, by means of a synchronous rectification approach which
depends on knowledge of vehicle position. The second approach was developed in order
to create a system which is not dependent on knowledge of position and can thus act
independently of the position-sensing system. An implementation on a demonstration
system is illustrated in this chapter based on frequency shift keying (FSK) modulation at a
rate of 1500 bits per second. Extensions to other modulation techniques are also
described.

Chapter 5 describes the implementation of the techniques developed in Chapters 3
and 4 using alternative architectures. These alternate architectures include windings with
a varying number of phases, and the option of utilizing fewer sensors and more
transmitters. Finally, in this chapter, an implementation is described where a simplified
winding may be used, containing only a single phase. Such an approach is useful for
relatively long headway transit systems, where it may be much more cost effective to use
a simplified, less expensive winding at the expense of more complex signal processing
on board the vehicle.

Chapter 6 addresses several implementation issues including the accommodation
of several vehicles on a single winding. This chapter also tackles the issue of acquiring
initial position estimates as well as regular updates of position for verification purposes.
Several approaches to acquiring these updates are described. The application of the
features described in this thesis to different possible transportation scenarios concludes
this chapter.

The features described in this thesis and their benefits are summarized in Chapter
7. The suitability of these features to various applications in transportation is shown and
contrasted with other approaches. Finally, conclusions about the usefulness of the

techniques developed in this thesis for advanced transportation systems will be made.
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Chapter 2

Architecture

2.1 Overview

Several useful position-sensing, control, and communications mechanisms may be
implemented utilizing an architecture with a multi-phase winding and appropriate sensors
and transmitters, as illustrated in Figure 2.1 and Figure 2.2. Position-sensing mechanisms
include detection of position on a winding and detection of position relative to a
transmitter on the winding. Control mechanisms include the implementation of moving
virtual markers which vehicles may detect. With appropriate signal processing,
communication may also be achieved over the winding.

The winding is central to the architecture and provides the signal paths used to
implement the desired functions. This winding would typically be laid in the middle of a
guideway underneath a vehicle, although in the implementation demonstrated in this
thesis, the vehicle wraps around the guideway and winding. This winding may be an
independent winding or a winding in a linear or rotary motor whose primary purpose is
propulsion. The transmitters on the wayside and on the vehicle are utilized to induce
signals in the winding. The sensors are used to detect these signals introduced into the

winding.
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Figure 2.1 Overview of Position-Sensing and Communication System

2.2 Winding

A wide variety of winding types may be utilized for the signal path in this
architecture. The basic structural requirement is a periodic pattern of the phases within
the winding. The techniques described in this thesis may be implemented on such a
winding with two or more regularly spaced phases (this requirement will be dropped in
Chapter 5) connected in long loops. It should be noted that it is necessary to tailor the
shape of the vehicle transmitters and sensors to that of the winding in order to obtain a

compatible system.

SENSORS

| TRANSMITTER

Figure 2.2 Vehicle Sensors and Transmitters
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Figure 2.3 Structure of a 24 wire helical winding and winding samplc

The winding utilized for the implementation of the system in this thesis is a
twelve-phase helical winding. An illustration of the winding pattern of a helical winding
is shown in Figure 2.3 - the wires are wound helically around a cylindrical mandrel and
flattened to form the winding. Note that although this thesis utilizes a twelve-phase
helical winding, a more conventional square winding would work as well. The structure
of the winding is illustrated through a side view shown in Figure 2.4. In this figure, two
wire bundles are shaded to :llustrate how they traverse the winding. Each bundle, in this
case, traverses the length of the winding twice, forming a set of slanted loops. It is
through these loops that the vehicle transmitters and sensors couple their signals into and

out of each of the phases of the winding.

2.3 Vehicle Transmitter

The basic design of the vehicle transmitter was performed and described in 1.
Many of the results are summarized, for convenience, in this section. Signals may be
introduced into the winding through inductive means, as shown in Figure 2.4, through the
use of a ferrite ‘C’ core. The ‘C’ core is wound with 96 turns of 8/30 litz wire, and a
sinusoidal current /= sin(®,t) is driven through this winding. This current links a
flux ¢, =@,sin(w,?) through the helical winding. This time-varying flux induces a

voltage V, =V, (0)cos(w,t) in the phases of the winding, where V(8) takes into account
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Top View Helical Winding

—

Transmitter

Iin |
Figure 2.4 Signal transmitter, side view and overhead view

the mutual coupling between the inductor and each winding phase, creating a current
signal in the winding.

This mutual coupling between the transmitter and each of the phases of the
winding depends on the relative position of the winding and the transmitter. The
coupling is periodic in transmitter position due to the periodicity of the winding. This
mutual coupling function, #(6), depends on the shape of the pole faces of the
transmitter, topology of the winding, and the distance between the transmitter and the
winding. By shaping the transmitter correctly, the fundamental component of the Fourier

Series dominates the periodic function.

Harmonic # 1 3 5 7 9

Relative Amplitude 1 0.0323 0.0083 0.0004 0.0008

Tabie 2.1 Relative harmonic amplitudes of coupling function 2(6)

28




Figure 2.4 shows the transmitter at a phase of 6=0° and thus the coupling
between the transmitter and phase a is 7(6) =cos(8). The actual coupling function
7(0) also contains odd harmonics due the structure of the winding and shape of the
transmitter. Experimental measurements of these harmonics are shown in Table 2.1.
Coupling to the other 11 phases shown is identical with a shift of phase in the mutual
coupling function. The structure of the helical winding thus induces the following

voltages in six of the phases:

Vpasea = Vo - 7(0)- cos(@,1)

Vases =Vo - 7(6 — 27/ 3) - cos(@,1)

Vose e =Vo - F(8+2m/3)-cos(w,)

Vpase_s =Vo - 7(0 =1 /4)-cos(w,1) o
Voasey =Vo -7(0-117 /12)-cos(w,t)

Vppase_: = Vo - F(0+51/12)- cos(,1)

The voltages in the other six phases, A, B, C, X, Y and Z, are the negatives of the
corresponding voltages listed above, as can be deduced from Figure 2.4. These twelve
phases will be referred to as mini-phases, as they are connected in such a way as to form
six propulsion phases and six position-sensing phases. The corresponding phases (e.g. a
and A phases) are connected in parallel for propulsion purposes, in this particular
winding, as shown in Figure 2.5. As illustrated, the propulsion currents flow in parallel
through the paired mini-phases in a common-mode manner. Approximately half of the
propulsion current flows through each of the two mini-phases since the impedances of the
mini-phases are approximately equal.

Notice that since the induced voltage in the A mini-phase is the negative of the
voltage induced in the a mini-phase, the voltage around the loop is double the induced
voltage in the a phase. Thus, the position sensing currents flow around the loop of the
connected phases while the propulsion currents flow through in parallel. It is now clear
to see that there are six position-sensing phases as well, each composed of two paired

mini-phases in a loop. Another way to describe the system is that the propulsion currents
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are common-mode while the position sensing currents are differential-mode, and this fact
is used to help reject propulsion signals at the sensors. Thus, there are twenty-four wire
bundles, twelve mini-phases, six common-mode propulsion phases, and six differential-
mode position-sensing phases. The phases described in the rest of this document shall

refer to the six differential-mode position-sensing phases, unless otherwise specified.

>
—
e~
[\
Lam]
¥
I

Figure 2.5 Connection of linear motor phases.
Used with permission from [1]

Note that there is also a voltage induced in the phases due to movement of the
transmitter relative to the winding. By choosing a carrier frequency @, to be high
enough, this secondary voltage becomes negligible. The set of signals represented in
Equation (2.1) show a six phase set of signals modulated by the carrier frequency of the
transmitter excitation. The current signals induced in the winding may be determined
directly from the induced voltages and winding impedance matrix. Note that this matrix
differs from the propulsion impedance matrix due to the structure illustrated in Figure
2.5. This impedance matrix consists of two components, the winding resistance matrix
and inductance matrix. These matrices, for the six phase system illustrated in Figure 2.4,

are ideally of the form:

30



(r, 0 0 0 0 O] (d e e f h g]
0O r, 00 O O e d e g f h
R O 0or, 0O 0 O L e e d h g f 2.2)
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0 0 0 0 r, O h f g e d e
(0 0 0 0 0 r,| g h f e e d]

The values of these matrices were empirical measured for an 8.4 meter section of
the winding [1]. The resistance of each phase of the winding was consistently measured at
approximately 1.8 €. The empirical measurements of the inductance matrix values

contained more variation from the ideal case, but basically fits the form of Equation (2.2):

669 —138 -142 223 -440 68]
~138 729 —140 68 286 -505
_142 -140 668 -450 66 219
L=l 23 68 -450 668 —-137 —140|"H @3
—440 286 66 -137 7130 —199

68 -505 219 -140 -199 727

The impedance matrix at a particular frequency is thus:
Z=R+ joL (24)

We may thus calculate the current signals, in phasor form at frequency g, in the
stator winding as follows using the voltage around the loop formed by the paired mini-

phases (as described previously) and the impedance matrix.

7(6)
F(0-2m/3)
2(60+2m/3)
72(0-m/4)

72(0-117/12)
| 7(6+57/12) |

<
il
[\®]

<

(2.5)
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i=Z'v (2.6)

Side View

Sensor

Figure 2.6 Vehicle Sensor

2.4 Vehicle Sensors

The signal sensors utilized in this system are identical in form to the transmitters,
as shown in Figure 2.6. The sensors were designed in this manner so that the mutual
couplings between the sensor and the helical winding phases are identical to those of the
transmitter. The vehicle sensors are wound with 400 turns of 30 gauge wire to acquire a
strong signal. This winding is connected to relatively high impedance inputs, and thus
little current flows through the sensor output. The voltage on the winding of the sensor is
measured and utilized for sensing the position of the transmitters and communication

signals.
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Figure 2.7 displays two vehicles on a single winding. It is possible to calculate
the signal received by the sensor when considering a sensor on board Vehicle 2 and a
transmitter on Vehicle 1. By making the assumption that a vector of currents, i, exists in
the winding at a particular frequer.cy @, this measured voltage may be calculated using

the mutual inductance between the winding and the sensor:

(6, +9¢)
7(6, +¢9-27/3)
7(6, +9+27/3)

m=
(6, +¢-n/4) &
7(6, +¢-117/12)
_;1(6l +¢+57r/12)_
and the following equation (in phasor form):
d
VSZHS(H’ = Z(m‘ri) (2'8)

If it is further assumed that the signals in the winding are generated from a

transmitter on vehicle 1, then this equation is of the form:

_d gy _d o1,
Voo = = (m™i) = = (m™Z"'v) (2.9)

2.5 Wayside Transmitter

Since there is access to the phases of the winding on the wayside, signals may be
inductively coupled into each of these phases through the use of ferrite cores. A special
structure for these transmitters is necessary, in the demonstration system, to couple a
signal into the differential-mode loops utilized by the vehicle transmitters and sensors. A
toroidal, ferrite core is utilized with primary and secondary windings for this task, as

shown in Figure 2.8. The primary winding of this transmitter is wound with 88 turns of
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Figure 2.7 Vehicle 1 induces a signal in the winding. Vehicle 2 senses the signal.

30 gauge magnet wire, and the mini-phase secondary windings each form one turn around
the core. The two mini-phases in this figure are wound in opposite directions through the
core such that the transmitter signal is induced to flow around the loop formed by the
mini-phases. This structure could be interpreted equivalently as two turns of this
secondary winding loop. Thus, a signal is introduced into the winding in the differential-
mode manner that the vehicle sensors and transmitters utilize.

If a sinusoidal current [/, =I,sin(@,t) is driven through the transmitter

trans
winding, a flux ¢, = ¢, sin(@,t) is linked through appropriate position-sensing phase of
the helical winding. This time-varying flux induces a voltage V, =V, cos(®,?) in the

appropriate phase of the winding, as shown in Figure 2.8.

2.6 Wayside Sensors

The wayside sensors are identical in form to the wayside transmitters. The sensors
thus detect the differential-mode signals utilized for the features of this system.
Additionally, since the propulsion currents of the two mini-phases flow in opposite
directions through the core, there is a common-mode rejection of the propulsion currents
at the output of the sensor. While the actual rejection is not complete, the level of the
propulsion current signals are reduced by a factor of approximately 200 in the
demonstration system.

Assuming a current I, sin(@,t) is flowing through the appropriate phase of the
winding, a flux of ¢ = ¢, sin(w,¢) is linked by the sensor secondary winding. This flux

generates a voltage V; =V, cos(w,t) at the output of the sensor. The wayside sensors are
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Figure 2.8 Wayside transmitter and equivalent voltage source

connected to relatively high impedance inputs, and thus very little current flows through

the secondary winding of the sensors.
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Chapter 3

Position-Sensing Techniques

With the architecture of the previous chapter, it is possible to implement several
types of position-sensing features. The first position-sensing algorithm to be developed
will enable the tracking, on board a vehicle, of the relative position of other vehicles.
This technique requires both a transmitter and sensor set on board the vehicle. A related
technique to enable autonomous position-sensing by a vehicle of its own precise position
is enabled through the use of a single transmitter on the wayside and a set of sensors on
board the vehicle.

This system, through similar techniques, is able to track the position of a vehicle
from the wayside through the use of a vehicle transmitter and wayside sensors. Such an
implementation will not be described here, as a related technique has been developed
previously to accomplish the same objective [1]. Finally, a means will be shown whereby
a vehicle is able, through its on board sensor set, to track a moving virtual point on the

guideway, as specified by a wayside system through wayside transmitters.

3.1 Inter-Vehicle Position-Sensing

Inter-vehicle position-sensing is an extremely useful feature for short headway,
automated transportation systems. The ability, on board a vehicle, to sense the distance to
other vehicles enables safe operation of such a system. Two such vehicles are illustrated

in Figure 3.1; Vehicle 1 induces a signal in the winding through a transmitter and Vehicle
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2 detects the signal utilizing the described vehicle sensor. The vehicles are separated in

this illustration by a distance ¢.

e 0,=0+¢ >
je—— o —
0=0 |<.__ o __>|

Guideway \‘

Figure 3.1 Vehicle 1 induces a signal in the winding. Vehicle 2 sen- _s the signal.

The signal received by the sensor on board vehicle 2 is described mathematically
by Equation (2.8). This equation does not directly give an intuition into the mechanics of
the system. To understand the system more completely, the underlying process may be
examined. The distance at which the winding pattern repeats is defined to be 2x radians,
or 360 degrees. The case where the two vehicles are at the same position relative to the
phases of the winding, ¢ =*2zN radians (N integer), will be examined first. The
transmitter and sensor in this case are assumed to have identical mutual couplings with
each of the phases. Thus, the transmitter and sensor in this configuration have the
maximum coupling level, relative to other possible positions on the winding.

The case where the two vehicles are ¢ =7 27N radians apart (N integer) may
be examined next. The relative position of the a phase and the transmitter is now the
same as the relative position the A phase and the sensor. Since the transmitter induces
opposite signals in the a and A phases, the mutual coupling of the transmitter is the
negative of the mutual coupling of the sensor with each of the phases. Thus, the sensor
and transmitter are now in the configuration where they are maximally coupled in the
negative sense. The total coupling between the sensor and transmitter must cross zero,
and this crossover occurs when the two are 90 degrees out of phase. Thus, the coupling

between the sensor and transmitter is a periodic function of the distance between the two.
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This point, in more detail, may be shown with a simplified mathematical model.
First, assume that there is no mutual coupling between the phases of the helical winding
(i.e., L is a diagonal matrix). Also, it is possible to look at just three of the six winding
phases, as the other three will contribute in an identical manner. Finally, for simplicity, it
is assumed that 7(6)=cos(6). Thus, the harmonics are ignored, which are small by design
in any case. With these simplifications, it is then straightforward to calculate the voltage
induced at the sensor on Vehicle 2 from the signals induced in each of the three phases.
The total voltage is the sum of the signals in each phases multiplied by the coupling of

each of those phases to the sensor.

cos(8)cos(0 + @)
V.oniciez =V, cos(@,t + )| +cos(8 —2m / 3)cos(6 + ¢ —2m / 3) 3.D
+cos(@+2m/3)cos(@+@+2m/3)

It is possible to simplify this expression using the following trigonometric

identities:

cos(0 + @) = cos(8) cos(¢) — sin(8) sin(¢)

1 1
200y — — 4 —
cos” (0) = > + > cos(260)

. 1. 3.2)
sin(8) cos@ = Esm(ze)

sin(@) +sin(@ -2 /3)+sin(B+2nx/3)=0
cos(8)+cos(6-2m/3)+cos(P+2m/3)=0
and algebraic manipulation:

cos’(8) cos(@) — cos(0) sin(8) sin(¢)
=V, cos(wt+ )|+ cos’ (8 — 21 / 3)cos(¢) — cos(8 — 21 / 3) sin(6 — 27 / 3) sin(¢)
+cos? (0 + 21 / 3) cos(¢) — cos(8 + 27 / 3) sin(@ + 27 / 3) sin(¢)
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 cos(@)[cos? () +cos(8 - 27 / 3) + cos? (6 + 27/ 3)]
=V,cos(wt+p)-| cos(0)sin(8) + cos(@ — 27 / 3)sin(6 - 27 / 3)
~SINP) 4 cos(0+ 27 /1 3)sin(6 + 27 /1 3)

-;—cos(¢)[3 +005(26) +cos(20 —4n / 3) +cos(20 +4x/3)]| 54

=V, cos(w,t + fB)- 1
- -2-sin(¢)[sin(29) +5in(26 — 47 / 3) +sin(20 + 4m / 3)]

=V, cos(w.t + fB)- %COS(¢)]

Thus, the analysis illustrates that the inductive coupling between the sensor and
the transmitter is proportional to the cosine of the difference in position. It would now be
appropriate to consider the effect on this result when the off-diagonal terms of the
impedance matrix are considered. It is interesting to note that the inverse of the
impedance matrix has a form identical to that of the impedance matrix. The inverse of the

impedance matrix thus has the form:

Z—l = f' el ’ fl (3'4)

Even when the off-diagonal terms of the impedance matrix are considered, the
result is identical with the exception of a larger magnitude and slight change in phase of
the carrier since the added components of the impedance matrix have no associated
resistance. Thus, the signal at the sensor, when accounting for the full impedance matrix,

is of the form:

Vioonsor =V, COS(D L+ V) I:% cos(¢)] (3.5)
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A similar result in the two phase case may be derived much more simply with the
application of a single trigonometric identity. In either case, this is a powerful result, and
it is possible to use this result to detect the difference in position between the two
vehicles. This simplified theoretical result holds very closely with the more accurate
analysis described previously utilizing the harmonics of the coupling function, as will be
illustrated in Section 4.

It is important to note that this signal is not sufficient by itself to uniquely keep
track of relative position, as illustrated in Figure 3.2. If the electrical position is
represented here by a point on the circle, the coupling level may be interpreted as a
measurement of the x coordinate of that point. Without additional information, the point
on the circle may not be uniquely tracked as it moves. Consider the case where the
transmitter and sensor are an integral number of cycles apart. The sensor and transmitter
in this configuration are in the most highly coupled state. If the distance between the two
decreases, the coupling, and thus the signal level, drops. If the distance between the two
increases, the coupling also drops. It is not possible without additional information to
know whether the vehicles are moving closer together or farther apart. It is extremely
important to distinguish between these two cases. Therefore, it is very important to have
the additional information necessary to keep unique track of the difference in position.

If the case is considered where the sensor and transmitter are an integral number
of cycles apart plus or minus a quarter cycle, no signal is received at the sensor. Thus, it is
not possible to track the carrier when in this configuration. Without knowledge of the
carrier phase, the resulting sign of the coupling is lost when the a suitable signal level is
later reestablished. Thus, there must also be some means of tracking the carrier when the
sensor and transmitter are in this configuration.

One means to accomplish this task may be deduced from Figure 3.2. A
measurement of the sine of the position would give the additional information necessary
to uniquely track a point on the circle as it moves. The solution is to add a second sensor

similar to the first, except 90 degrees out of phase in position, as illustrated by Figure 3.4.
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Figure 3.2 Information about electrical position from cosine

Thus,

| 3
1V iensorz =V, cOS(@.t +y) - [5 sin(¢)] (3.6)

With the addition of this signal, it is possible to keep track of the difference in
position. In fact, the two signals together determine the difference in phase uniquely.
One coupling represents the x coordinate while the other represents the y coordinate in
Figure 3.2. If the phase of the carrier is unknown, however, the position is only known to
+180 degrees, but may still be tracked uniquely and corrected for. This uncertainty is due
to the fact that the sign of the carrier is unknown, and thus the sign of the envelope of the
signals is also unknown. A simulation of the signals received at these sensors is shown in
Figure 3.3 for the case where one vehicle is accelerating away from the other. For
illustration purposes, the 10 kHz carrier has been replaced with a 40 Hz carrier.

Thus, with an arbitrary starting value, both signal envelopes will have either the
correct sign, or both envelopes will have their sign inverted, resulting is an uncertainty of
180 degrees. Since the position sensing cycle is twice as long as a propulsion cycle in
this example, the uncertainty is in whole number increments of the propulsion cycle.
Thus, this uncertainty does not affect the usefulness of this system for propulsion
purposes. Furthermore, if an initial estimate of position is obtained, the phase of the

carrier may be determined and accounted for in the necessary calculations.
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Figure 3.3 Sensor signals for accelerating vehicle

With sufficient information available to uniquely track position, the actual
algorithms must now be developed. Since the necessary information in the signal is in
the coupling levels of the two sensors, the first step is to extract these parameters from the
sensor signals. The sensor signals may be viewed as the coupling levels modulated up to
the carrier frequency. If it is possible to track the carrier frequency, it becomes possible to

demodulate the signals. The system utilized to demodulate the coupling levels from the

?

Helical
Winding

Sensors

Figure 3.4 Two sensors are used to uniquely determine distance
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sensor signals is shown in Figure 3.5.

Bandpass >R Low Pass l6
Filter A% Filter
.| Bandpass Low Pass 16
Filter ’ | Filter
1 [ O*|[ Phase
Locked
+ + Loop
Signal ) Low Pass | _ »| High Pass
Level Filter w(t) Filter

Figure 3.5 Sensor Demodulation Algorithm

Since all the processing in this system is performed in discrete-time, the first step
in the process of demodulation is to sample the signals with an analog to digital converter
and necessary anti-aliasing measures. The most appropriate way to track a carrier signal
is with a phase locked loop (PLL). Phase locked loops have excellent noise rejection
characteristics, and have a trade-off characteristic between lock speed and noise rejection.
With a discrete-time implementation, both characteristics may be achieved by switching
over from a fast lock loop to a high noise immunity loop once the carrier is locked. It is
also possible at attain these characteristics by switching the types of phase detectors as
well.

An excellent rule of thumb for implementing a PLL [26] in the discrete-time
domain is to sample at a rate of at least ten times the carrier frequency. For the 10 kHz
carrier used in the demonstration system, a 100 kHz sampling rate would be necessary.
Steps were taken in the development of the system to reduce this demand on the sampling
system and also on the computational load of the digital signal processor (DSP).
Inexpensive 16-bit audio codecs are readily available which sample at rates up to 48 kHz.

Such a stereo codec, the Crystal Semiconductor CS4215, was used in the demonstration
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Figure 3.6 Transfer function magnitude of a 128-tap bandpass FIR filter

system at a sample rate of 48 kHz. Sampling the 10 kHz carrier signal at this rate does
not lead to any aliasing, and thus the use of such codecs is entirely appropriate.

One solution to accommodate the rule of thumb would be to upsample and filter
the discrete-time signal before forwarding to the PLL. This solution is computationally
intensive, and thus undesirable. The solution taken in this thesis is to modulate the
original signal down closer to baseband before processing. The bandwidth of the original
signal is only up to about 160 Hz, and so the signal may be modulated down to a value
above 80 Hz without worry of aliasing.

The 10 kHz signal in the demonstration system is modulated down to 2 kHz
before processing in this implementation. Since a frequency of double the carrier is
tracked with a PLL, the rule of thumb suggests a minimum sampling rate of 40 kHz,
which has been satisfied. Without the modulation down, the required sampling rate, or
update rate for the PLL, would have been 200 kHz. Thus, with the approach used in the
demonstration system, the computational load on the system has been reduced by
approximately a factor of four. A linear, finite impulse response (FIR), minimax optimal
filter is applied to the signal after the modulation to remove the high frequency
component introduced by the modulation and to attenuate any other signals in the

winding received by the sensor. The transfer function magnitude of this 128 tap filter is
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Figure 3.7 Coupling signal, modulation signal, and received sensor signal

shown in Figure 3.6. This filter helps the system reject out of band noise, and may easily
be tailored to narrow its selectivity. A linear phase, FIR filter has been utilized in this
system for two reasons. The filter is simple to implement directly on a digital signal
processor, and the phase of the signal is not distorted.

In order for the phase locked loop to operate properly, it should constantly be fed
the carrier signal it is to track. One manner in which to feed the PLL a constant amplitude
carrier signal is developed in this thesis. This step is necessary since the two sensor
signals carry either a positive or negative version of the carrier depending on the relative
sign of the coupling. Also, the original sensor signals contain only a suppressed carrier
signal, as illustrated in Figure 3.7. The frequency domain signal representation of the
coupling of Sensor 1 at constant relative velocity is shown in subplot (a). The frequency
domain representation of the modulating carrier frequency is shown in subplot (b). The

modulated coupling signal received at sensor 1 is shown in subplot (c). Note that there is
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no signal directly at the carrier frequency. It should be noted that for illustration
purposes, the coupling signal frequency o, shown in Figure 3.7 is not drawn to scale as
compared with the modulation frequency .. The modulation frequency is approximately
two orders of magnitude larger than the coupling signal frequency.

It is thus necessary to recover the carrier signal from the sensor signals in order to
track the carrier and demodulate the coupling signals. A constant amplitude, double
frequency carrier signal may be obtained by squaring and adding the two bandpass
signals, and high pass filtering. A modified Butterworth filter is used for this filtering
purpose. A signal level detector may be created by low pass filtering. The derivation in

the time domain is as follows:

2 2
w(t) = (Vz cos(w,t+y)- I:%cos(cp)]) + (Vz cos(w.t+y)- [% sin(¢)D

3.7)
=V,? cos* (Wt +V¥)- %[cos2 (¢) +sin® (¢)]

= A(l +cos(a,t + 2V’))

This double frequency (4 kHz) signal is fed into a discrete-time PLL with a
multiplying phase detector. The PLL is designed for a lock range of 250 Hz, and an
approximate lock time of 4 ms. The output frequency of the PLL is limited to be within
375 Hz of the 4 kHz design frequency. This PLL has been demonstrated to lock quickly,
even in the presence of significant levels of noise.

Since the objective of the PLL is to track phase, it is simple to allow the software-
implemented PLL to track the phase from O to 4x instead of just O to 2x. With this
knowledge it is simple to output a frequency from the PLL at half of the PLL frequency.
The carrier signal, with a sign uncertainty, has thus been reconstructed, and is utilized to
demodulate the bandpass signals back to the baseband as illustrated in Figure 3.5. The
filter utilized to remove the double frequency artifact from the demodulation signal at 4
kHz is an optimal, 32-tap FIR filter, the magnitude of which is shown in Figure 3.8. The
coupling signals are now available for use, and are decimated by a factor of six to further

lower the computational load on the DSP with no loss in performance.
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Figure 3.8 Low pass, 32-tap FIR filter to remove double frequency component

One may invent many methods for determining position from the two
measurements, as discussed in Chapter 6. As can be seen from Figure 3.2, the two signal
magnitudes uniquely identify the relative phase between vehicles, as well as the signal
amplitude. One simplistic method to combine the two signals is to divide sensor 2
magnitude by sensor 1 magnitude, resulting in the tangent of the phase. A simple inverse
lookup table may be utilized to determine immediate relative phase.

Another choice with several advantages is to use an observer to track position
[23]. An observer may track the position and velocity while helping to reject noise and
spurious inputs. One reliable method for tracking is to implement a non-linear observer,
as illustrated in Figure 3.9 and investigated in [1]. The observer is non-linear because the
innovation at the input of the observer is proportional to sin(¢ - (ff) rather than (¢ - (I; )
One may view this observer as a two input phase-locked loop, utilizing the quadrature
coupling envelopes of the signals from the sensors. The weighting function for the
feedback paths of this system is determined using the coupling function of the sensors [1,
24]:

W(9) = —7(¢) = —sin(¢) (3.8)
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The error in the observer is defined as ¢ = (¢—¢9). The error dynamics of this
system are governed by the nonlinear differential equation, which may be derived from

the figure:

)~ ~
%t‘-f— + c%f—cos((if) +ksin(¢)=0 (39

For small errors, the dynamics are linear, and are governed by:

d’¢ do -
hadlh AU 44 = 3.9
ate +k¢p =0 (3.9

Through proper choice of c¢ and k, we may achieve a tracking system with
excellent properties. The poles of the linearized error dynamics have been located at 70
and 180 rad/s, the same locations as originally used in [1]. This choice of pole locations
leads to values of k=3126 rad/s®> and c¢=125.0 rad/s. These poles were chosen, as
discussed in section 3.5, as a compromise between noise immunity, and the effect of
unmodeled system dynamics and locking speed.

This system has many benefits including a guarantee to acquire lock during
normal operation and linear dynamics for small errors. In addition, in the two input

system the sum of positions components (¢+¢;) cancel at the innovation to the phase

sin(¢) cos(9)
X
@ p| (k/s)+c
+ relative velocity
cos(9) -sin(}) Vs
relative position
e ? T estimate, ¢

Figure 3.9 Nonlinear observer for relative position-sensing
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locked loop, negating the need to filter out such components as is necessary in single
input phase locked loops. A feature which is not possible with a single input PLL
implementation is enabled through the use of a two input PLL. This feature also allows
the observer to track an unchanging relative position. This observer is a two input
version of the observer utilized in [1], yet retains all of the advantages of the original
three input implementation. One of the best benefits of this non-linear observer is that its
weighting function has been designed to minimize the effect from additive uncorrelated
Gaussian noise [1].

One limitation of this system is that only the relative phase is known; the actual
position is only known to 21N where N is the length of a cycle. However, if the actual
distance is identified once, the exact distance may be tracked uniquely. Means of

acquiring estimates of actual distance are detailed in Chapter 6.

3.2 Autonomous Position-Sensing

The algorithm developed in the previous section may be utilized for more tasks
than just inter-vehicle position sensing. The algorithms may also be utilized for
autonomous position-sensing, where the vehicles are able to detect their own position
relative to the guideway. This function is very much like that of an odometer, with some
additional benefits. The approach taken in this thesis does not suffer from accumulation
errors, and is not dependent on wheel traction for its measurements. In fact, one use of
such a feature could be for traction control!

Consider the possibility that with access to all phases of the helical winding at the
wayside, one may inject desired signals into each phase of the winding. It is then possible
to inject "marker" signals into the winding identical to those produced by a stopped
vehicle, as illustrated in Figure 3.10. The system on board the vehicle does not
distinguish between an actual stopped vehicle and the stationary marker signals, and is
thus able to track its distance from the virtual marker. The signals necessary to

implement such a virtual marker are identical to those produced by a vehicle transmitter:
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Stationary Marker Signal *

Figure 3.10 Autonomous Position Detection

Vohasea = Vo -?(90)-cos(wct)
Veees = Vo - 7(6, =27 1 3)- cos(w,1) (3.10)

p

Vasec = Vo - 7(6, +27 1 3) - cos(w,1)

A convenient choice of position would be 8=0 resulting in the following signals:

V;)ha.\‘eA =1 v;) : COS(WCt)

1

VPhaseB = _—2“ Vo 'COS(WCt) (31 1)
1

VPhaseC = _5 : VO : COS(WCt)

The number of necessary wayside transmitters may be reduced by one by
choosing an appropriate position for the marker. For instance, if 6,=1/2, the first of the
three signals is zero. A further reduction in the number of necessary transmitters may be
achieved by recognizing that common-mode signals on the three phases are rejected at the
output of the vehicle sensor. This fact may be derived by examining the output of the
vehicle sensor to a common-mode sinusoidal signal in all three phases and utilizing the

last of the trigonometric identities listed in Equation (3.2):
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1%

sensor]

=V, cos(@,t + y)[cos(8) + cos(8 — 27 / 3) + cos(6 + 27 / 3)]
=0

(3.12)

Thus, a common-mode signal may be added to all three phases without any
change in the signal detected at the sensor. One may thus choose to subtract the signal in
phase C of Equation (3.11) from all three phases. Thus, the signals in the B and C phases
are identically zero, and no transmitters are required to drive these phases. The signal in

phase A is now:

Vohasen = %'Vo -cos(a,t) (3.13)

This result makes perfect sense from another point of view. Sensor 1 links the
signal in phase A with the cosine of position, and Sensor 2 links the signal in phase A
with the sine of position. These signals are, therefore, identical in form to those of
Equations (3.5) and (3.6) in the relative position-sensing technique.

A real vehicle may detect its own position relative to the “virtual marker" (ghost
vehicle) and thus position relative to a stationary point on the wayside. Again, only
electrical position is measured with this technique, and additional information is
necessary to track exact position. This objective may be accomplished though several
methods, including use of magnetic or optical markers on the wayside which may be
easily detected by the vehicle. Various methods are to achieve this goal are discussed in

Chapter 6.

3.3 Virtual Marker Tracking

Extending the previous concept one step further enables a point tracking feature.
The wayside is not only capable of injecting a stationary marker as in the previous
section; it is also capable of injecting a moving marker signal into the winding. The
signals in this case are identical to the signals produced by a moving vehicle. If the
vehicle controls its own propulsion, it may be directed to follow such a tracking signal, as
illustrated in Figure 3.11. It is thus possible to communicate to the actual vehicle exactly

where it should be on the guideway at all times by instructing it to follow the marker.
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This concept is known as “point-following” in the transportation field [2,5], and is the

basis of several transportation control systems.

le—0,=0+p —
=0 —

0 —»| ¢ |a— Tracking Error

, : —>
Tracking Signal * >

Figure 3.11 Vehicle follows a tracking signal

This feature also has another significant use if a Doubly Excited Linear Motor
(DELM) is utilized for the propulsion of a transportation system. The DELM has been
proposed for use in PRT systems. In this instance, several vehicles are propelled by the
same stator winding. The stator produces a field moving at a constant velocity. The
vehicles adjust their own field to lock into synchronism with the moving field while the
vehicle advances or recesses relative to the moving field. In order to ¢perate most
efficiently, the vehicles need to know the relative phase of the field to their rotors. By
placing moving virtual marker signals into the winding that move in synchronism with
the stator field, the vehicles are able to track the relative position of the field.

The signals necessary to create a moving marker at desired position 84(t) for a

vehicle to track are as follows:

VphaseA =V, - 7(94 (t )) -cos(w, 1)
V ases =Vo - ?(Od (t)-2r/ 3) -cos(w,t) (3.12)
Vo = Vo - 2(8,(£)+ 27 /3)- cos(w, 1)
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Again, the number of wayside transmitters may be reduced by recognizing the
common-mode rejection property of the sensors. In this case, signals in two phases are

necessary to implement this feature with the following signals:

Vyases = Vo - [F(8,(8) - F(8,(r)+27/3)]-cos(a, 1)

(3.13)
Voases = Vo -[F(8,(t) -2 1 3) - F(8,(1) + 27/ 3)]- cos(a,?)

3.4 Accuracy and Measurements

The accuracy of the features of this chapter has been carefully measured in the
demonstration system. The accuracy was measured over one period, or 75 mm, of the
winding. The causes of errors in the system have been tracked down and accommodated
through design changes as necessary. With appropriate adjustments, the absolute
accuracy of the autonomous position-sensing system may be brought down to the 10
micron level, and in the relative position-sensing system, absolute accuracy is better than
approximately 0.5 mm. It should be noted that these measurements are relative to the
winding, and the absolute accuracy of the system depends upon how accurately the
winding may be laid in the guideway.

The accuracy of the autonomous position-sensing system will be examined first,
since there is only one degree of freedom in the system, the position of the sensors. Some
basic strategies applicable to all the position-sensing features are developed in this
section. The accuracy of the relative position-sensing technique is then in examined in

both degrees of freedom, the position of the transmitter and the position of the sensors.

3.4.1 Autonomous Position-Sensing Accuracy

The accuracy of the autonomous position-sensing technique was measured by
attaching the sensor vehicle to a milling machine, so the vehicle could be moved in very
precise increments. The measurements from the position-sensing system were recorded

with resolution down to the micron level as the milling machine moved the vehicle in
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Measured and Actual Positions for Autonomous System
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Figure 3.12 Autonomous position-sensing measurement accuracy

increments of 10 mils (approximately 254 microns). The milling machine had
measurement marks down to a 1 mil (25.4 micron) resolution.

The first step taken before any measurements were made was to correct for a 3%
difference in the amplitude of the signals from the two sensors. This amplitude variation

is mostly due to the difference in gap sizes for the two sensors. With no other
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Figure 3.13 Autonomous position-sensing measurement error
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modifications to the original algorithm, the measured position versus actual position has
been recorded and is illustrated in Figure 3.12. The dashed line shows an ideal
measurement while the solid line shows the recorded measurements. One key
characteristic to note from the plot is the monotonicity of the measurement. The actual
error is shown in Figure 3.13.

Clearly the majority of the error is a second harmonic with respect to the cycle
length of the winding. A thorough analysis of the non-linear observer phase detector
leads to a possible cause as the error in the phase offset of the two sensors. The error
from the phase detector may be analyzed if the received coupling envelopes of the two
sensors are assumed to not be exactly a quarter cycle apart. Since the errors are small
relative to the length of a cycle the error may be analyzed for a linearized version of the
observer. The error is analyzed for an operating point of equal vehicle and observer

position.

Error = - cos(¢) sin(¢) + sin(d) + s) cos(¢)
= —cos{¢)sin(¢) + [sin((p) cos(€) +sin(¢) cos(¢)]cos(¢)
= cos(¢) sin(¢)[— 1+ cos(e) ]+ cos?(¢) sin(e)

= %sin(2¢)[— 1+ cos(e)]+ [% + %cos(qu)] sin(€) (3.14)

= %[sin(2¢) cos(g) + cos(2¢) sin(e)] - -;-sin(2¢) + -;:sin(s)

1. 1. 1.
= sm(2¢ + e) -3 sxn(2¢) + Esm(s)

It is apparent from Equation (3.14) that the error will be a constant, depending on
the phase error, plus an error sinusoidal in 2¢. To correct for the error, a lookup table
could be utilized to correct for the error, but an easier approach is to correct for the phase
error in the weighting function of the non-linear observer. An appropriately enhanced
version of the non-linear observer is shown in Figure 3.14. The resulting innovation error
at the input of the observer has now been eradicated at the operating point. It should be
noted that this correction is useful for all three of the position sensing features, and is

utilized in the next section to reduce the relative position-sensing error.
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Figure 3.14 Observer corrected for input phase error

In order to correct for such a phase error, the coupling functions of the sensors
were measured and the results are displayed in Figure 3.15. It is from this data that the
harmonic levels of Table 2.1 are generated. The measured coupling functions are actually
about 78 degrees apart instead of the desired 90 degrees apart in phase. There are two
causes of this phase error. The first cause is a vehicle machining accuracy of about 0.75
mm in the placement of the sensors and is responsible for only about 3.6 degrees of error.
The second source of error is the coupling of the two sensors due to their proximity. This
source of error may be eliminated by separating the two sensors by an additional half

cycle.

Nommalized Amplitude

N P
_1 1 L 1 1 1 1
0 10 20 30 40 50 60 70
Position (mm)

Figure 3.15 Measured sensor coupling functions
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Figure 3.16 Error after phase compensation

Once the phase error in the non-linear observer is corrected, the error of the
system was again measured and plotted in Figure 3.16. The correction has improved the
error by approximately a factor of 3.5. The primary component of the remaining error is
the fourth harmonic relative to the length of a cycle. A careful analysis of the observer
near the operating point will show a fourth harmonic error due to the harmonics of the
coupling function 7(90) .

It is important to note that this error is virtually identical for every cycle of the
winding. Since the measured position is a monotonic function of the actual position, this
error may be compensated for with a linearizing lookup table. A table with 256 entries
and a linear interpolation function may be used to reduce this source of error. When such
a linearization is performed, the resulting error is shown in Figure 3.17. A lookup table
was created with 256 entries based upon the five point average of the measured data.
This approach can be improved, as an overal! 4™ harmonic may still be noted in the data.
This small harmonic, however, is now on the order of other errors in the measurement.

The error, for the most part, is now below 10 microns. Since the resolution of the
milling machine used to perform measurements of the actual position has a resolution of
only 25.4 microns, this error is on the order of the measurement error. Thus, a more

accurate measurement device such as a laser interferometer must be used to calculate the
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Figure 3.17 Autonomous system error after linearization

actual error of the system. This high accuracy opens up a whole new group of possible
applications for this technology, including use in machine tools and optical wafer

steppers.

3.4.2 Relative Position-Sensing Accuracy

In order to measure the relative position-sensing accuracy, it is necessary to

Error in position as Sensor is Moved and Transducer is Fixed
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Figure 3.18 Plot of relative position-sensing error as sensors are moved
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examine both degrees of freedom - the position of the transmitter and the position of the
sensors. The errors along each degree of freedom are first examined independently and
then examined simultaneously. Measurements of the position error were first recorded for
the case where the transmitter is held in one location and the position of the sensors is
varied. This error is plotted in Figure 3.18.

It is interesting to note that the error in the relative position-sensing case is lower
than the error in the autonomous case before linearization. This reduced error level is due
to the fact that the sensor and transmitter in the relative case link with the winding in
exactly the same manner. The coupling function between the vehicle sensor and the
vehicle transmitter has lower harmonics than the original coupling function between a
sensor and a phase of the winding. The biggest harmonic is approximately five times
lower in the relative case, but there are now even harmonics as well as odd harmonics. A
plot of the harmonics is shown in Figure 3.19 as calculated from the impedance matrix
[1] and the coupling function ?(90) » as a function of transmitter position.

The position error is plotted in Figure 3.20 for the case where the sensor is held
fixed while the position of the transmitter is varied. The error in this case is more than
double the previous case, and the error is much more sinusoidal. The cause of this error
may be determined from a careful examination of the inductance matrix, shown in
Equation (2.3). The self-inductances of the phases in the winding vary by as much as

10%. Thus, a stronger signal is generated in some of the phases than originally intended,
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Figure 3.19 Harmonics of coupling function between sensor and transmitter vs. transmitter position
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Error in position as Sensor is Fixed and Transducer is Moved
0-4 . ¥ L} T T T T

Ermror (mm)

_0. 5 1 1 ' 1 1 i 1
0 10 20 30 40 50 60 70 80

Position (mm)

Figure 3.20 Position error as sensor is fixed and transmitter is moved

leading to a variation in signal strength in the winding as the transmitter is moved.

This variation may be calculated directly from the inductance and resistance
matrices and the coupling function ?(60). The predicted accuracy from these
measurements is shown below in Figure 3.21. Note that the position does not start at the

same point as for the measured error. At the correct sensor position, this predicted error

Predicted Error in Position from Impedance Matrix
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Figure 3.21 Predicted position error as transmitter is moved
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agrees quite closely (within 20%) of the actual error.

Figure 3.22 Precise screw-based measurement device

Finally, the error was measured in a grid across both degrees of freedom. In order
to measure both distances accurately, a precise movement device was created as shown in
Figure 3.22. The device was clamped to the winding, and the vehicle position varied
accurately by turning the screw. Two nuts were used to help lower backlash effects and to
hold the screw in a perfectly horizontal position. The vehicle was held to the screw with
constant tension on a thin, flexible line generated by a mass. This tension was high
enough to overcome any static friction in the wheels, and thus prevent jittery motion of
the vehicle.

The plot of error in both dimensions is shown in Figure 3.23. The larger error due
to the motion of the transmitter is clear in this figure. It is again possible, through
linearization, to improve the error. To do so, it is imperative to know the position values
of both axes. This may be accomplished by utilizing the autonomous position-sensing
function in conjunction with the relative position sensing function. With a particular
value of the sensor position, the relative position, and a two dimensional table, it is
possible to reduce the error further.

It should be clearly noted that the accuracy of both features is more than an order
of magnitude more accurate than is necessary for the applications described, even before

linearization. This high accuracy opens up possibilities of utilizing these techniques for
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Figure 3.23 Plot of relative error vs. sensor and transmitter positions

applications other than transportation. These applications include machine tools and

optical wafer steppers.

3.5 Noise Immunity

The techniques developed in this thesis are designed to possess a fair amount of
noise immunity. The bandpass input filter had better than 50 dB of rejection outside the
pass band. The bandwidth of this filter could easily be reduced to a value closer to the
160 Hz bandwidth of the modulated signal, for additional noise immunity, with no
increase in filter complexity. The rejection of the filter could also be doubled to 100 dB
simply by doubling the order of the filter. Thus, the noise immunity of these techniques
may easily be tailored to the expected operating environment.

The PLL utilized to lock to the carrier signal also has some noise-immunity

features. PLLs are widely known for their ability to lock on to a signal, even in extremely
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low signal-to-noise ratios. By narrowing the lock in range, the PLL will lock more slowly
but will be more resistant to spurious inputs. Widening the range allows fast lock, but
lower immunity to noise. As specified previously, the best of both cases may be achieved
through a flexible discrete-time implementation.

As specified earlier, one of the primary reasons for utilizing an observer in the
system was for its noise rejection characteristics. The particular non-linear observer
utilized was designed upon the assumption of uncorrelated Gaussian additive noise on the
input. One of the features of an observer is that there is a tradeoff between fast tracking
and noise immunity. By making the dynamics faster, the system locks on faster, but is
less immune to noise on the input. By designing the slower dynamics, the system takes
longer to lock, but is much more resistant to noise on the input. Thus again, the observer
may be tailored to the expected noise in the system. With the flexibility of a DSP
implementation, it is possible to use a fast observer to acquire lock and a slow observer
once this lock is acquired, and gain the best features of both.

One of the sources of noise in a linear motor implementation is the switching of
the motor drive. The implementation utilized in this thesis, as specified in Chapter 2,
possessed the feature of common-mode rejection of propulsion currents in the winding.
The rejection ratio of the sensors was on the order of 200 to 1. Some of the propulsion
signal does, however, register in the sensors, and care should be taken to make the system
robust to such noise. In the system designed in [1], the position-sensing feature operated
satisfactorily and reliably in the presence of the propulsion signal source. A low Q analog
filter was used to reject what little signal was introduced.

The types of noise created by the propulsion signals should be examined in order
to reveal the best manner in which to make the system robust to these sources. A plot of
the power spectral density (PSD) of an electronically commutated propulsion source used
in [1] is illustrated in Figure 3.24 for the case of maximum vehicle velocity. The top plot
shows the spectrum of the voltage signal, and the bottom plot shows the spectrum of the
current in the winding. This signal contains many harmonics of the square wave
commutation signal, the fundamental of which is at the 80 cycles per second switching

frequency. As can clearly be noted from the diagram, separating the position-sensing
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Figure 3.24 Power spectral densities of commutated motor voltage and current

signals in frequency from the main harmonic of the drive can aid a great deal in the noise
rejection of the system. The propulsion signal is about five orders lower in magnitude at
10 kHz than at its drive frequency of 80 Hz. Thus, a pnsition sensing system
implemented with filtering can greatly reduce the effect of any propulsion signal by
utilizing the correct frequency bands.

A second common type of motor drive is the pulse width modulated (PWM) type.
By varying the duty ratio of a high frequency square wave, more sinusoidal currents may
be achieved in the motor winding due to its filtering effect. A plot of the PSD of the
PWM signals is shown in Figure 3.25 for a 50 kHz cycle rate and maximum vehicle
velocity. This switching frequency is reasonable for a drive used in low to middle power
level systems. It is clear from this plot that there are large troughs between the 50 kHz
harmonics where there is a low signal level from the PWM drive. By locating the
position-sensing signals at frequencies in these troughs and away from the harmonics,
many possible problems may be avoided. Again, filtering is key to separating the
position-sensing signals from the propulsion signals.

While at least moderately sensitive to propulsion signals on the same winding, the

design of the system should be fairly robust to external interference and noise. From a
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Figure 3.25 Power spectral densities of PWM voltage and current

distance of ten or more widths of the winding, the winding appears very much like a set
of twisted pairs which inherently shield the system from external fields. In order for a
signal source to couple well with the winding, it is necessary to locate the source in close
proximity to the winding. With proper design of the guideway, most noise sources will
be located far enough away from the winding so as not to couple well and disturb the
system. One final manner in which noise in a system may be accommodated is by means
of changing the signal levels vsed in the transmitters. The signal levels may be tailored to
the noise level in any particular system tc achieve an acceptable signal-to-noise ratio.

In order to confirm the noise immunity of the techniques in this thesis, the
demonstration system was tested in a low signal-to-noise environment. The position-
sensing signal levels were reduced until the ambient noise in the winding became
significant. Additional white noise was added to the system in order to further disturb the
input. The nature of the added signal was uncorrelated, Gaussian white noise, bandlimited
to 24 kHz. This noise was added at a signal level comparable to the position-sensing
signal levels in the system. Thus, the overall signal-to-noise ratio of the test environment

was on the order of O dB or lower.
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The added noise is shown in the top plot of Figure 3.26. The bottom two plots
depict typical signals received at the sensors. As noted, this noise level is very significant
relative to the position sensing signals. A sizable portion of the noise in these plots is due
to the noise in the windings generated by a nearby switching power supply. In this harsh
environment, the position sensing system had no trouble locking on to the signals, and
operated reliably in the presence of significant noise. With the proper design of the
system, where noise immunity is built into its constituents, and with proper choice of
spectrum location for the position-sensing signals, a system may be created which is very

robust to noise.
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Figure 3.26 Band-limited white noise, and very noisy sensor signals
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Chapter 4

Communication

4.1 Introduction

Communicaticn is a very useful feature in a transportation control system, and is
used to report vehicle status, destinations, speed, and other required information.
Typically, such a system is implemented through a radio link. It will be demonstrated
that the architecture utilized for the features described in this thesis requires no additional
hardware {or the addition of communication link. Communication between vehicles or
between wayside and vehicles is possible using the same signal path utilized for position
sensing signals.

Two communication methods have been developed to transfer data across the
helical winding. The first method utilizes a synchronous receiver approach. The term
synchronous, in this instance, refers to synchronization of the receiver with vehicle
position. This system may be utilized with a wide variety of modulation techniques able
to transmit over a high-pass channel.

The second method utilizes an asynchronous receiver, which has the advantage
that it is not dependent on knowledge of vehicle position for operation. This method was
implemented on the demonstration system at a rate of 1500 bits per second, and utilizes a
form of frequency shift keying (FSK) modulation. In this approach, separate frequencies
are used to transmit each bit or symbol (if more than one bit per symbol). The techniques
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used to implement the asynchronous receiver are equally applicable to other forms of
moqulation such as quadrature amplitude modulation (QAM).

In the following sections, the transmission from wayside to vehicle will be
addressed. The techniques used may be applied to vehicle to vehicle communication
without any modification. The teckniques may be modified slightly for vehicle to wayside
communication due to the fact that there are three sensors at the wayside in the
demonstration system instead of two. These changes are very minor, and the basic

techniques do not change.

4.2 Position-Varying Channels

It is necessary to understand the transmission of a communication signal between
a wayside transmitter and vehicle sensors in order to implement a communication feature
in this system. Suppose it is desired to transmit a modulated signal s(z) from the wayside
to the receiver on the vehicle. A current signal proportional to s(z) is driven through the
transmitter of one of the phases of the winding. The signals received in the sensors on

board the vehicle are:

5,(2) = 5(t)cos(0)
5,(t) = 5(t) sin(6)

4.1
As with the position-sensing signals, the amplitude of signals coupled at the two
sensors depends upon the position of the vehicle, 6. The original signal s(z) is filtered by
the characteristics of the channel to form the component 5(¢). The synchronous receiver
attempts to correct for the dependency on position, and a channel equalizer may be

utilized to compensate for the secondary filtering effect [25].

4.3 Synchronous Receiver
One possible compensation for position dependency would be to send to the
receiver the largest amplitude signal from either sensor. Care must be taken not to

change the sign of the signal, so one small adjustment must be made. Consider four
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Figure 4.1 Synchronous rectification of communication signals

signals - the two at the sensors and the negatives of these signals. It is possible to forward
to the receiver the signal with the largest positive amplitude, and thus not inadvertently
change the sign of the signal when a transition from one of the four signals to the next
takes place. This technique is exactly the function of a synchronous rectifier, the
behavior of which depends upon the coupling envelopes of the signals. This rectifying
effect is shown in Figure 4.1, along with the coupling envelopes of the four signals.

Thus, as position changes, the choice of signal sent to the receiver would change
every quarter cycle of the winding. In order to know which signal to forward to the
receiver at any point in time, it is necessary to know the position of the vehicle. The
autonomous position-sensing feature described in Chapter 3 could be used for exactly this
purpose. For the communication between vehicles, the relative position-sensing feature
would fulfill this requirement. This technique leaves a position-dependent ripple on the
signal sent to the receiver. While certain receivers may be able to compensate for this
distortion, the ripple may be easily removed with a position-dependent gain which repeats
every quarter cycle. The necessary position-dependent gain is illustrated in Figure 4.2.

The synchronous receiver has effectively linearized the channel, removing any
position dependence from the communication signal. The communication now has a

linear, time-invariant channel over which to communicate, and any modulation and
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Communication Signal Gain vs. Position
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Figure 4.2 Position-dependent gain

communication technique which can endure the characteristics of this channel (high-pass,
etc.) may be utilized. Note that the only modification necessary to support vehicle to
wayside communication in this system is the use of a six-pulse rectifier instead of a four-

pulse rectifier, used in conjunction with the three phase sets of sensors.

4.4 Asynchronous Receiver

It is desirable, in many cases, to possess a communications system which is not
dependent upon knowing the position of the vehicle. For instance, if the communication
system is used to assign carrier frequencies for the position-sensing features, it is
necessary that the communication system not be dependent of the position-sensing
system. Also, in the case where a component has failed and the position sensing feature is
not in operation, there is significant merit in still possessing communication capability.

A second system was designed to operate while fulfilling this requirement and is
appropriately called an asynchronous receiver, since it does not require any
synchronization with the position of the vehicle. This system does, however, require
some knowledge of the specific modulation techniques utilized. This method was

implemented in the demonstration system using a frequency shift keying (FSK) approach,
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where a separate frequency is utilized to transmit each symbol. The pulse shapes in an

FSK pulse are shown below in equation (4.1)

Pi(t)={

Asin(w,.t) 0<t<T
0 otherwise

The analog signal transmitted is thus

s(t) = i Apd[m](t -mT)

m=-—oco

where d[m)] is the digital signal to be transmitted.

|

(4.1)

4.2)

In this technique, a separate receiver is used for each of the two channels, as

shown in Figure 4.3. Each receiver was designed to output a separate detection level for

each possible symbol. In this demonstration technique, only two symbols were used to

represent either a zero bit or a one bit. A bandpass filter is utilized in each receiver to

isolate the communication signals from position-sensing and propulsion signals and noise

in the winding. The filter is implemented with a 128 tap, optimal, linear-phase filter.

The transfer function shown in Figure 4.4. Note that this filter has about 30 dB of

rejection in the stop band. This rejection could be increased above 60 dB through the use
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Figure 4.3 Asynchronous FSK receiver
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of a 256 tap filter.

A filter matched to the transmitted symbol, followed by a 16 point averaging
filter, was used to detect the level of each symbol in the communication signal for each
phase. Since the level of the signal from sensor 1 is proportional to the cosine of
position, the detected levels of the zero and one symbols at the output of the first receiver
will also be proportional to cos(6) . The level of the signal from sensor 2 is proportional
to the sine of position, so in a likewise manner the detected levels of the zero and one
symbols at the output of the second receiver will both be proportional to sin(6).

In order to remove these dependencies on position, the detected zero symbol
levels are squared and added and in a likewise manner the detected one symbol levels are
squared and added. Due to the trigonometric identity sin’(8)+cos*(8) =1, these two
signals are now proportional, respectively, to the square of the detected one symbol level
and the square of the detected zero symbol level. While it is possible to take the square
root of these new signals, it is computationally intensive and unnecessary in a practical
implementation. By subtracting the squared zero symbol level from the squared one
symbol level, a new signal is acquired which is negative when a zero is transmitted and

positive when a one is transmitted. In order to add an extra level of noise immunity of the

74



Transmitted Communication Signal

2 T 1 L] T T 1 1
2 i
2
g0 I
©
=
__2 i 1 1 1 L
0 1 2 3 4 5 6 7 8
Time (ms)
Received Communication Signat
0.02 T T T T i T T
Q
°
2
£ 0 i
s}
b
_0-02 A 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
Time (ms)
Digital Output of Receiver
4 T T T Y T T T
@
2
E2f 8
o
]
=
G 1 i L H 1
0 1 2 3 4 5 6 7 8
Time (ms)

Figure 4.5 Transmitted and Received Communication Signals

communication system, hysteresis was added to the decision slicer (bit level detector). By
adding the two signals, a separate signal level detector may be created.

For the implementation of this technique in the demonstration system, one cycle
of a 1.5 kHz signal was utilized for a zero symbol pulse and three cycles of a 4.5 kHz
signal were utilized for a one symbol pulse. The signal level of the zero symbol was
boosted to account for the attenuation of the winding, but no other equalization was
performed on the channel. An RS232-C protocol was utilized for the transmission of
information over the channel so that timing recovery was simplified. The bit level of the
slicer was output on a digital port of the DSP and fed in to the RS232-C receive pin on
the same precessor. A rate of 150 bytes per second was thus achieved over the
communication link. This implementation produced a robust communication system over
the winding, regardless of the movement of the vehicle.

Figure 4.5 illustrates the FSK signal at the input of the transmitter, the received
signal at one of the two sensors, and the output of the receiver for a transmitted ASCII
‘U’. Note that the output of the receiver is delayed from the input due to filter delays.
Figure 4.6 illustrates the overall levels of the detected one symbol and detected zero
symbol. This figure also shows the input and output of the slicer, and the effect of the

hysteresis is clearly evident.
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Figure 4.6 Detected zero and one levels and slicer input and output

4.4.1 Alternative Modulation Techniques

Similar techniques may be utilized with other modulation methods to acquire
higher bit rates. For instance, these techniques could be utilized with minimum shift
keying (MSK) with no changes to double the bit rate. This approach may be used with
almost any communication scheme which derives signal levels as outputs. For instance,
these techniques can also be extended for use in a quadrature amplitude modulation
(QAM) system. Since the output level is squared with this approach, only one quadrant of
the QAM constellation would be usable since the sign of the output levels are lost. One
further change necessary would be the use of a non-linear decision slicer, since the output
signal levels are squared. Although the square root of the levels could be taken, the
numerical routine would be computationally intensive. It is simpler to take the original
slicer levels, and square them for use in a non-linear quantized slicer.

A related approach to communication would square the 2 sensor inputs directly
after the bandpass filter and before the receiver, as contrasted with squaring them after the

receivers in the previous method. Using an FSK transmission, the resulting signal is still
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an FSK signal with a DC offset and doubled frequencies as shown in Equation (4.3).
Thus, a standard FSK receiver may be utilized to receive the signal. A similar method
may be used with a QAM receiver, with the use of a pulse shape that is a squared version
of the original.

r.(1) = A% cos*(w;t + (p)[cos2 (6) +sin® (9)]

= A’ I:% + %cos(2a),.t + 2(p)] (4.3)
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Chapter 5

Alternative Architectures

The techniques developed in this thesis may be utilized on a wide variety of
winding types. Several compatible winding structures will be described with their related
characteristics. One variation on the architecture utilized for the system is the use of two
vehicle transmitters and one vehicle sensor instead of one vehicle transmitter and two
sensors. While not very practical, this approach gives some insight on how to create a

system with only a single winding phase, which is also discussed in this chapter.

5.1 Alternative Windings

The winding utilized for the implementation of the demonstration system in this
thesis is a helical winding with 24 wire bundles, 12 mini-phases, and 6 position sensing
phases. The utilization of this winding was a practical matter, and such an approach
would likely only be used in the case where the winding has a primary purpose as the
winding of a linear motor. In the case where the sole purpose of the winding is for a
position-sensing and communication system, a simpler winding structure would be more
practical. A reduction in the amount of copper used in a winding reduces its cost, and the
number of connections to be made to the winding increases the cost. Thus, it is desirable
to implement a winding which has as few phases possible and still meets the

requirements of the position-sensing and communication techniques.
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The primary manner in which the winding may be simplified is in the reduction of
the number of phases. Only one phase is required for the autonomous position-sensing
and wayside to vehicle communication, but more are required for relative positior
sensing, virtual marker tracking, and vehicle to vehicle and vehicle to wayside
communication. The minimum number of phases required to implement these
techniques, with no changes in the algorithms, is two. The two phases in this case should
be spaced a quarter cycle apart, in quadrature.

More than one phase is necessary since the amount of signal linked into a single
phase by a vehicle transmitter crosses zero at regularly spaced intervals along the
winding. Two phases are enough to carry all the information necessary to implement the
techniques in this thesis. The derivation of the vehicle transmitter to vehicle sensor
coupling is simple to prove in the two phase case, and is shown in Equation (5.1). In the
general case, there is a scaling of this solution by N/2 where N is the number of phases. In

summary, the number of phases may be reduced by a factor of three.

cos(8)cos(0 + ¢)
+cos(0—-m/2)cos(@+¢p—m/ 2)]

=V, cos(w,t+ B)- [cos(9) cos(0 + @) + sin(0) sin(0 + ¢)] G.D
=V, cos(w,t + B)-cos(6+ ¢ —6)

=V, cos(w,t + B) - cos(¢)

Vieniciez = V) cos(@,t + B) l:

The second manner in which the winding may be simplified is by utilizing only
one mini-phase per position-sensing phase. In the demonstration system, two mini-
phases were connected in a loop to form a position sensing phase and propulsion phase.
With no propulsion system, there is no need for the common-mode/differential mode
winding structure. Each individual mini-phase may be connected in a loop, and all of the
other characteristics of the winding are maintained. Thus, the number of mini-phases in
the winding may be cut by another factor of two.

The third manner in which the winding may be simplified is through the reduction

of the number of wire bundles per mini-phase. Only one bundle is truly necessary with an
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Figure 5.1 3-phase implementation with only 3 wire bundles

appropriate winding structure. A return for the position sensing currents is still necessary,
but a common ground may be used for all of the phases. The one limitation for this
approach is that the ground return must have a much lower impedance than a phase of the
winding.

A related approach which has a lot of merit is a winding structure composed of
only three single-bundle phases, as illustrated by Figure 5.1. The phases at either end of
the winding are connected together in a wye configuration. Consider the signals
introduced into the winding by a vehicle transmitter. The three signals form a three phase
set, and thus the currents at the end of the bundles add to zero (assuming the three
impedances are equal); no ground return is required!

Likewise, consider that a signal driven by a wayside transmitter in the A phase
bundle returns equally through the other two bundles. Since the bundles form a three
phase set and the returning currents flow in the opposite direction in the alternate two
bundles, the signal received by a sensor is of the correct form. This fact is shown in
Equation (5.2). Thus, a winding with only 3 wire bundles is sufficient for the techniques
outlined in this thesis, and is perhaps the best approach. This particular configuration
even competes well with the single phase approach discussed later in this chapter, which
uses 2 wire bundles and significantly more complexity in the signal demodulation

scheme.

V. ohiciez =V, cos(w,t + B) - [cos(e) - %cos(e -2r/3)—- -;-cos(e +2m/ 3)]
3 (5.2)
=V, cos(w,t + fB)- [Ecos(e)]
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5.2 Dual Transmitters, Single Sensor

Another possible variation in the architecture is to change the configuration of
sensors and transmitters. Clearly, for instance, it is possible to expand the number of
vehicle sensors, equally space them, and achieve the same results with very minor
changes to the algorithms. One particularly interesting case is the dual of the approach
taken in this thesis -- to utilize two vehicle transmitters spaced a quarter cycle apart and
only a single vehicle sensor.

This approach requires the use of two separate frequencies for the two
transmitters. Otherwise, the signals generated in the winding are similar in form to the
signals driven by a single transmitter. It is also necessary to use harmonically related
frequencies for the two sensors. It is not possible to track the two carriers individually, as
the signals received at the sensor will each go through zero crossings at regular vehicle
spacings. One successful approach would be to use harmonically related carriers of the

following form:

cos(w,,) = cos((N - 1), ) (53)
cos(wd) = cos( Na)c)

A phase locked loop (PLL) may be created to track the fundamental frequency o
from the two inputs. Each of the inputs may be squared, high pass filtered to remove the
DC component, and fed into a separate multiplying phase detector. With the digital
implementation of the phase locked loop, it is possible for the PLL to output two
frequencies. Each output frequency in this case would be double the carrier frequency in
Equation (5.3). These outputs would be fed back to the two phase detectors. The two
phase detector outputs would be summed to feed the innovation to the PLL filter. Due to
the signal couplings, one phase detector output signal would be proportional to the cosine
of position squared and the other would be proportional to the sine of the position
squared. Thus, there would be a constant input to the PLL to keep it locked. The PLL

would also have dual demodulation outputs to demodulate the sensor signais.
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Figure 5.2 PLL innovation vs. fundamental phase error

There is a slight problem with this implementation which must be overcome. The
PLL with the input from the two phasc detectors has N stable equilibrium points, as
shown in Figure 5.2, with N=4. Thus, the system is not guaranteed to lock at the correct
fundamental phase. One solution is to utilize a two step locking scheme. Initially, only
one of the two phase detectors is utilized to lock the PLL onto the strongest of the two
signals. The system is locked onto one of N possible, equally spaced choices for the
fundamental phase.

When the other signal is strong enough to acquire an accurate reading, a choice
among the N possible phases is made. In order to make the correct choice, the system
utilizes one cycle of the signal not used for the initial lock. This signal is then correlated
with the N possible outputs of the PLL. The correct choice will have the largest positive
correlation, as the N correlations will have the amplitudes of N equally spaced points of
one cycle of a cosine function. With the proper phase locked, both phase detectors are
put into operation.

Although this system would work, the locking mechanism is unnecessarily
complex, considering the alternative described throughout most of this thesis. This
solution does, however, pave the way for the implementation of the techniques in this

thesis on a single phase winding implementation.
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5.3 Single Phase Implementation

While the original approach in this thesis is attractive for short headway systems,
the economics change when the system is to be used for long headway transportation
systems. For long headway systems, where the vehicles are separated by long stretches of
empty guideway, it may make sense to implemeni a system with a simpler, less expensive
winding at the cost of implementing more complex algorithms on board each vehicle.
While it is clear that a system with a single phase cannot be implemented with a single
transmitter, a system with two vehicle sensors and two vehicle transmitters may be
implemented successfully. Again, consider the case where two harmonically related
carriers specified in Equation (5.3) drive the two transmitters. Four signals are received
at the sensors -- two frequencies at each sensor. These four signals may be separated

through filtering, and are of the form:

Vg =V, cos(w,t+vy,)- [%cos(@) cos(0 + ¢)]

V.2 =V,cos(@, t+y,)- [% cos(8) sin(@ + ¢)]
54

1
Vg =V, cos(w,t +vy,) [E sin(@) cos(0 + ¢):|

Voo =V, cos(@,t +,) - B-sin(@) sin(0 + ¢):|

Squaring and adding the first two signals and squaring and adding the second two
signals leads to the same form of inputs as is used in the dual phase detectors of the
previous section. Thus, the demodulation scheme of the previous section may be used to
recover the two carriers. These carriers may be used to demodulate the four coupling
envelopes of Equation (5.4). By linearly combining the first and fourth coupling
envelopes, and combining the second and third coupling envelopes, signals of the same

form used in the original non-linear observer may be created.
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C,,, =cos(8) cos(9 + ¢) + sin(0) sin(8 + ¢) = cos(¢)

C,_; =cos(0)sin(0 + @) — sin(F) cos(8 + ¢) = sin(¢) -

With the proper signal processing, the demodulator of the previous section, and
the original non-linear observer, the relative position sensing feature is enabled on a

single phase winding.
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Chapter 6

Implementation Issues

A variety of implementation issues related to the techniques in this thesis should
be addressed. Details of the actual design of the demonstration system will be divulged.
Also, the actual hardware design of the sensors in the demonstration system will be
described, as it is not simple to orient them as shown schematically in Chapter 3. One of
the limitations of the position-sensing techniques developed in this thesis is that only the
phase within a cycle is determined directly. In order to track actual distances, initial
estimates of positions must be acquired. The acquisition of these estimates is the topic of
Section 2. A short description of how the techniques in this thesis may be adapted to two
very different control strategies is conferred in Section 3. Finally, a description of the

practical limitations of the system is given in Section 4.

6.1 System Implementation

The techniques described in this thesis were implemented on a Motorola
DSP56303 digital signal processor (DSP). A Motorola evaluation board was utilized for
code development. The board contains a Crystal Semiconductor CS4215 audio codec
which was utilized for the sampling of the signals in the system. The stereo codec was
operated at the maximum rate of 48000 samples per second. An image of the processing

board and associated liquid crystal display is shown in Figure 6.1.

87



Figure 6.1 DSP board and display

Although most of the techniques in this thesis could have been implemented in
analog hardware, a digital implementation has many advantages. With a digital
implementation, the designer does not have to worry about such mundane problems as
component drift, component value accuracy, and offset voltages. Also, with many fewer
components, the system is more reliable.

An implementation on a DSP is aiso inherently more flexible. With a single piece
of generic hardware, a wide variety of algorithms may be implemented. The hardware of
the system does not need to be modified, in most cases, to accommodate changes in
algorithms. With sufficient processing power, multiple features may also be implemented
with a single DSP. Up to three of the features described in this thesis could be
implemented on the specified development board simultaneously. Faster DSPs exist if
more features are warranted, and the speed of DSPs is increasing exponentially with time.
Thus, time and integration are significant benefits of digital implementations.

This thesis utilized two DSP boards for various functions. One board was utilized
at the wayside to drive the wayside transmitters with a communication signal and an

autonomous position-sensing signal, as specified by the respective programs comm8.asm
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and stopped.asm listed in Appendix A. A function generator was used to excite the
vehicle transmitter.

The second board was utilized to decode the signals received on the vehicle. The
sensor vehicle is connected to the DSP board through a stereo coaxial cable. The
program pos23.asm listed in the Appendix decoded the communication signal and the
relative or autonomous position-sensing signals, and displayed both on the LCD display
along with the running time, as shown in Figure 6.1. Program measure3.asm displayed
the position of the vehicle down to the micron. When a button on the board was pushed, a
value was transmitted through the DSP serial port to be recorded automatically. Program

strngth3.asm displayed and recorded the signal strengths of the two sensors.

6.1.1 Spacing of Sensors

For the sake of clarity, Figure 3.4 in Chapter 3 showed two sensors 2 quarter of a
cycle apart. Implementing the sensors as shown in this figure is not possible due to the
fact that the sensors would have to physically pass through each other. An equivalent
implementation used in the demonstration system is shown in Figure 6.3. The second
sensor in this figure has been shifted by an additional half a cycle. Thus, the sensor will
pick up the negative of the signal it picked up previously. By winding the sensor in the
opposite direction, the same signal is received as is calculated in Chapter 3. An image of

the actual vehicle used is displayed in Figure 6.2.

Figure 6.2 Image of sensor vehicle
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Figure 6.3 Illustration of sensor vehicle schematic

6.2 Multipie Vehicles Per Winding

Multiple vehicles may operate on a single winding, and multiple functions may be
utilized simultaneously through the use of separate carrier frequencies for each vehicle or
function (frequency division multiplexing). Each frequency may be independently
filtered and used to implement any of the features described in Chapter 3. A separate
frequency band may also be set aside for time-multiplexed communication.

One of the most efficient manners in which to use the features of the system
would be to track only two vehicles, the one directly behind and the one directly in front.

Thus, only two vehicle frequencies must be tracked at any one time, lending to a
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computationally efficient implementation. A third frequency may be utilized by the

system to implement autonomous position-sensing for all of the vehicles on a winding.

6.2.1 Acquiring Initial Position Estimates.

As previously mentioned, the position sensing features of the system are only able
to detect the position within a cycle directly. In order to track actual position, the
techniques require an initial estimate of vehicle positions. Many techniques can be
utilized for this purpose, several of which will be described. These techniques may be
utilized for both initial estimates, as well as a means of checking against errors.

One of the best means of acquiring position estimates is through the use of
wayside markers. Markers which vehicles are able to detect may be placed at regular
intervals along the wayside. These positions of these markers would update the vehicles
on their current locations. A wide variety of marker types may be used including
magnetic, induc’(ve, optical, and ultrasonic. One possible option, to update other vehicles
on the same winding, requires a vehicle to place a chirp signal in the winding when it
passes such a marker. These chirps could be easily detected with a matched filter, and
thus other vehicles would be notified when a vehicle passed the marker.

If a communication system is utilized in a transportation system, each vehicle
could regularly transmit its own position to update other vehicles on the winding. This
implementation is a very straightforward approach to solving the described problem.

Another possible approach is to utilize two duplicate windings, spaced side by
side on guideway, as shown in Figure 6.4. Each vehicle could have duplicate sensors for
each of the two windings. With such a setup, each vehicle may track when other vehicles
enter or leave the two windings that it is situated over. Thus, relative positions may be
updated at these occurrences. Thus, any vehicle within a half a winding length may be
absolutely tracked. One of the main disadvantages of this system is the duplicated

hardware.
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Figure 6.4 Staggered windings laid side by side

In order to avoid the complete duplication, another strategy is proposed. In the
new scheme, rwo sets of overlapping windings are utilized, as illustrated from a side view
in Figure 6.5. In this new scheme, three basic signal levels exist. For two vehicles in the
same two blocks, the signal is a full strength. For two vehicles wit. e winding block in
common, the signal is at half strength. When two vehicles do not have any blocks in
common, no signal is received. By detecting when existing signals change levels,
knowledge of the position of a vehicle, crossing a specific boundary, is updated. This
system has all of the benefits of the first system, but requires only half of the hardware.

There are now a wide variety of means to acquiring position estimates, any of

which may be used successfully to implement a transportation control system.

Figure 6.5 Side view of overlapping windings

6.3 Control Scenarios

Many different scenarios may be implemented using the concepts described in this
proposal. To demonstrate the flexibility of the techniques developed in this thesis, two
possible control strategies will be described. The two possible control strategies are
asynchronous control and synchronous control and may be implemented using the
functions previously described.

For the asynchronous scenario, vehicles sense their own position with the
autonomous position sensing feature, and position relative to other vehicles. With this
knowledge, each vehicle directs its own operation according to its destination and
contents. A wayside system may then detect all vehicle positiors and handle protection
functions.

In the synchronous scenario, the wayside system also detects all vehicle positions,

yet directs all vehicle movements utilizing the vehicle marker tracking feature described

92



in Chapter 3. The vehicles would then also sense their own position and relative
positions and handle their own safety and protection functions. The techniques in this
thesis are thus flexible enough to handle a wide variety of approaches to transportation

control systems.

6.4 System Limitations

The techniques developed in this thesis for position-sensing and communication
have a set of limitations that must be recognized when applied to a particular
transportation system. These limitations include filter delay, scaling issues, limited
propagation speed, and eddy current losses. Although these issues are addressed here, the
solutions of these limitations are to be performed in future work.

One limitation of the position-sensing techniques is due to the delays created by
the filters. The two filters used in the demodulation of the sensor signals have a total
inherent delay of approximately two milliseconds. The position estimates obtained by the
observer are thus approximately two milliseconds old. At a typical PRT speed of 15 m/s,
this resnlts in a constant error of approximately 3 cm. The time delay in the PRT case is
not significant relative to a one second headway, but this delay may be more important to
other applications. One manner in which to improve this performance is through the use
of a predictor or predictive estimator [32] with the available position and velocity
measurements.

Another, smaller limitation is the scaling of the inaccuracies of the system with
winding size. The inaccuracies should scale linearly with size, unless the causes of the
errors can be eliminated or reduced. One of the causes of inaccuracy in the relative
position-sensing technique is the imbalance in the self-inductances of each of the phases.
The main cause of this imbalance has been determined to be the termination of the
winding [1]. Since the winding in a PRT would be significantly longer than the length of
the winding in the demonstration system, the contribution of the termination to the overall
inductance should reduced. As previously stated, the accuracy of the position-sensing

techniques is more than an order of magnitude greater than is necessary for the purposes
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of transportation control systems, so the scaling of inaccuracies is a relatively minor
issue.

Of greater import to the scaling of the system is the scaling of parasitic
components such as inter-phase capacitances. It is not known at this time what effect
such parasitic components will have on the system as it is scaled up. One issue which is
clear in the scaling limits of the system is the limit on winding length by the propagation
speed of the signals in the system. The inductance of the phases of the winding and the
inter-phase capacitances contribute to a propagation speed which is some fraction of the
speed of light. This propagation speed limits the maximum allowable length of the
winding. Assuming a speed of light upper limit, the wavelength of a 10 kHz carrier
frequency is 30 km. Thus, the maximum length of a section of winding should be some
small fraction of this length. Trade-offs may be made, however, between carrier
frequency and maximum length. This limitation applies to communication signals as
well, limiting the possible bandwidth of the winding medium.

When the position-sensing and communication techniques are implemented with
the stator winding of a linear motor, an addition limitation exists if back iron is utilized.
Eddy currents in the back iron rise, approximately, as the square of the frequency.
Significant attenuation of the position-sensing and communication signals will occur if
high frequencies are used. This effect limits the number of possible frequencies used on a
particular winding and limits the possible communication bandwidth which may be

achieved over the winding.
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Chapter 7

Summary and Conclusions

7.1 Features and Benefits

Several features applicable to automated and semi-automated transportation
systems have been developed in this thesis. Each of these features can benefit a wide
variety of transportation systems, and in some cases applications outside of
transportation. The implementation of these features may also be performed fairly
inexpensively, leading to an economically attractive system.

The autonomous position-sensing feature, developed in Chapter 3, allows vehicles
to track their own position. This feature can replace conventional odometers, with some
added benefits. This feature does not suffer from error accumulation as odometers do,
and is also not dependent on wheel traction for accurate readings. Thus, this system may
be utilized for traction control purposes - a feature that has become increasingly important
for locomotives. With traction control, vehicles are able to increase the maximum
acceleration and deceleration of the vehicle safely, and help to prevent wheel wear due to
slippage.

The techniques used to implement this feature have been demonstrated to have an
accuracy down to the ten micron level. This accuracy is orders of magnitude better than
the accuracy required for transportation. These techniques may thus be utilized for other
types of applications where a higher degree of required accuracy exists. These

applications include machine tools and optical wafer steppers, among others.
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The relative position-sensing system developed in Chapter 3 is extremely useful
for short headway systems, since it is important for the safety systems to have accurate,
up to date information on the positions of nearby vehicles. This feature is also useful in
longer headway systems to prevent vehicle collisions in the event that two vehicles get
close enough together. This feature may also be used for push recovery systems, wher? a
live vehicle is used to move a dead vehicle to a maintenance yard. The absolute accuracy
of this feature in the demonstration system was better than a half of a millimeter, again at
least an order of magnitude better than is required for transportation purposes. The
limiting factor in the accuracy of this feature in the demonstration system was due to the
imbalance of the self-inductances of the phases of the winding.

The virtual marker tracking feature, described in Chapter 3, is very useful in
transportation systems which utilize a point-following concept. In this concept, a vehicle
is given a moving reference point to track and follow at all times. The feature developed
in this thesis can directly implement this concept in a control system. This feature is also
extremely useful for the implementation of a transportation system which utilizes a
doubly excited linear motor. The feature is used, in this case, to allow the vehicle to track
the stator field in order to efficiently implement propulsion.

The communication methods in this thesis, described in Chapter 4, are especially
useful when implemented in conjunction with the other position-sensing features, since
they require no additional hardware. Such an implementation can replace the fairly
expensive digital radio links which are typically used. The implementation developed for
this thesis demonstrated a very robust communication system, even in the presence of
movement and noise.

The techniques in this thesis may be easily adapted for use on the wayside to
detect vehicle positions on the guideway. A single digital signal processor (DSP) may be
utilized to track several vehicles on a winding, an improvement over the original system
developed in [1]. In fact, all of the features described in this thesis may be implemented
on a single DSP. This intcgration thus leads to cost advantages over analog
implementations as well as higher reliability due to the lower parts count. The flexibility

of the implementation in discrete time is a tremendous asset as well, as one generic set of
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hardware may be utilized to implement a wide range of features. This flexibility enables
the choice of which particular set of features to enable at any time, and allows upgrade of
features without changing the physical hardware.

Finally, the approach taken in this thesis leads to a very inexpensive
implementation as compared with other conventional approaches. The cost of the sensors
and transmitters is low because commodity parts may be used. The performance of digital
signal processor architectures is increasing exponentially as time progresses while the
cost of existing processors is dropping. Thus, over time, the cost of implementing a
system will drop while more features are enabled.

An approach to creating a low cost winding was also taken in this thesis. The
production of the helical winding utilized for the demonstration system was performed in
an automated fashion, and the ultimate cost of a mass produced winding is fairly close to
the cost of the wire utilized. In order to reduce cost further, implementations on sparse
windings have been investigated, including implementation on a single phase winding.
Thus, the accomplishments of this thesis have enabled a series of very useful features on

an inexpensive set of hardware.

7.2 Applications

There are many possible applications for which these concepts may be well
utilized. They include Person Rapid Transit (PRT), Elevators in Skyscrapers, Baggage
Handling Systems, Intelligent Transportation Systems (ITS-IVHS), Roller Coasters, and
Maglev applications. Such a system may even be used, without the linear motor
propulsion, to retrofit existing transportation systems and improve performance.

Perhaps the most closely matched application for the techniques developed in this
thesis is that of PRT. In one possible PRT scenario, the vehicles are driven by a doubly
excited linear motor. Each long stator section is driven at a particular frequency, with a
particular equivalent speed. Each vehicle controls its own rotor field, and controls its
own speed by varying this field. One possible manner in which each vehicle may sense
the position of the stator field is to create a virtual marker at the wayside which moves in

synchronism with the stator field. Vehicles are thus able to control their speed, detect
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other vehicles on the winding, determine their own absolute position, and communicate
with the wayside. By utilizing two windings overlapping longitudinally, vehicles are able
to track any vehicles close enough to affect their own operation.

Some of the features in this thesis are also applicable to Maglev applications. A
Maglev vehicle is typically driven by a linear motor, so the winding necessary to
implement the features of this thesis already exists. The relative position-sensing feature
is not very useful for high speed Maglev applications since the headways between the
vehicles are on the order of kilometers. However, the autonomous position-sensing,
wayside position-sensing, and communication would be very useful features for
implementing a Maglev system.

One possible application of these methods to ITS may be implemented by
encasing two large, sparse windings in the road bed below the top layer of asphalt. These
two windings would be oveilapped longitudinally so that two closely spaced vehicles may
always sense each other’s signals. Vehicles could be assigned a carrier frequency as they
enter on onramp to the ITS highway, and changed, if necessary, through communication
for a lane change or other reason. With such a system in place, vehicles could sense the
position of preceding and following vehicles, and take any actions necessary in case of an
emergency.

These windings may be utilized for lateral guidance as well as longitudinal with
additional wide sensors in which the guideway. Signals in these sensors would drop off
approximately linearly as a vehicle moves out of its lane, and thus may be utilized for
lateral guidance {eedback.

Several scenarios for different levels of implementation may be developed. At the
wayside, in one scenario, vehicles would be tracked, and commands given over the
winding for vehicles to follow in order to optimize the system performance. Vehicles
could request actions such as lane changes or speed profiles to be confirmed or denied by
an area controller. In another scenario, each vehicle could be given a virtual marker to
track and follow. The area controller would be in complete charge of the system, and
would direct all vehicles from onramp to offramp. In the third and most conservative

scenario, vehicles would be driven by their owners, and the system used for warnings and
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emergencies only. The system could also give suggested routes to minimize travel time to
the driver.

The set of techniques developed in this thesis may also be utilized without the
integration of a linear motor, much as in the ITS application. With a winding laid upon
an existing guideway, older systems may be retrofitted with a better vehicle tracking
system. Tighter headways may then be achieved on existing lines by migrating from a
fixed block control system to a moving block system, increasing the utilization of existing
infrastructure. Traction control systems may also be implemented by means of the
autonomous position-sensing technique. Additionally, by knowing the exact position of
vehicles, adjustments in speed profiles may be made to keep the vehicles on a tighter
schedule. Again, by utilizing overlapping windings, vehicle collisions may be prevented,
as each vehicle will be able to detect and track nearby vehicles.

The core set of features described in this thesis are very useful for implementing a
wide variety of transportation control systems. They provide both the basis for a new
automated system and the possible improvement in the performance and infrastructure

utilization in existing systems.

7.3 Conclusions

Two basic advancements have been developed in the course of this thesis. It has
been demonstrated that it is possible to implement three accurate position-sensing
features on an inexpensive, winding-based architecture. It has been shown that
communication over the same signal path in the winding is also possible without the need
for any additional hardware. These techniques have been successfully implemented on a
demonstration system simultaneously. Finally, it is possible to implement these position-
sensing and communication techniques on a simplified, inexpensive winding.

The techniques implemented in this thesis have been shown to be equivalent of
superior to existing alternatives in terms of cost, features, and accuracy for the application
of Personal Rapid Transit. The integration of the features, in the approach taken in this
thesis, is possible on a single discrete-time system. The accomplishments of this thesis

have enabled a core set of very useful features on an inexpensive set of hardware, and
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have advanced the state-of-the-art in transportation control systems in terms of accuracy,

integration, and cost.

7.4 Recommendations for Future Work

Several of the limitations discussed in Chapter 6 should be addressed in future
work. Most importantly, the scaling effects on the parasitic components in the winding
should be studied to understand their contribution to the scaling limits. A more detailed
analysis on the limited propagation speed should also be performed to appreciate its effect
on the maximum winding length. Finally, it would be useful to create a predictor to
compensate for the delay of the filters used in the position-sensing techniques. While the
delays do not significantly affect the application of transportation control systems, they

may be important in other applications.
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Appendix A

A.1 stopped.asm

’*iﬁ’*ttt*t*.*tﬁ.f'******'*t**t*.iﬁ"****.iii.i*t.***#'*Q*******’Q****t***.*

istopped.asm - will place a signal in the winding similar to a stopped vehicle
to be utilized with the autonomous position-sensing featurs

,***Qt.*t********t*t*****tt**it*iti**t.t.*t*tﬂ***t*'**Q**tiﬁ*t**ttttt'i**tta

nolist

include 'iocsgu.asm’

include ‘'intequ.asm’

include ‘'ada_equ.asm’

include 'vectors3.asm’

list

;*Qt*t**'******.**'*’.t*ﬁ*i..Q*i*Q***'Q*.****Q****QQ*.*Qi'tt’i*'**.**.**ﬁ***t**
;---Buffer for talking to the CS4215

org x:0
RX_BUFF_BASE equ

»

RX_data_1 2 ds 1 ;data time slot 1/2 for RX ISR
RX_data_3_4 ds 1 ;data time slot 3/4 for RX ISR
RX_data 5_6 ds 1 ;data time slot 5/6 for RX ISR
RX_data_7_8 ds 1 ;data time slot 7/8 for RX ISR
TX_BUFF_BASE equ *

TX data_1 2 ds 1 ;data time slot 1/2 for TX ISR
TX data_3_4 ds 1 ;data time slot 3/4 for TX ISR
TX data_5_8 ds 1 ;data time slot 5/6 for TX ISR
TX_data_7_8 ds 1 ;jdata time slot 7/8 for TX ISR
RX_PTR ds 1 ; Pointer for rx buffer
TX_PTR ds 1l ; Pointer for tx buffer

sixcnt dc 6
sinarg dc sincoef
org x:$020
include 'asm\sintble2.asm'
;8incoef dc 0.5,-0.5,-0.9999999,-0.5,0.5,0.9999999 ;last one is supposed to be
1

TONE_OUTPUT BEQU HEADPHONE_EN+LINEOUT_EN

TONE_INPUT BEQU MIC_IN_SELECT+ (15*MONITOR_ATTN)

CTRL_WD_12 egu NO_PREAMP+HI_PASS_ FILT+SAMP_RATE_48+STEREO+DATA_16 ;CLB=0
CTRL_WD_34 egqu IMMED_3STATE+XTALl_ SELECT+BITS_64+CODEC_MASTER

CTRL_WD_ 56 egu $000000

CTRL_WD_78 equ $000000

HPCR egqu SFFFPC4
HDDR egu $FFFPFC8
HDR equ $FFFFCY
org y:$100
H include ‘asm\sintable.asm' ; location of sine table in memory

; also location of cos table with
; shift and wraparcund

org p:$100
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START
main

areas

loop_1

; set PLL for MPY of 4X
; set up one ext. wait state for all AAR

;mask interrupts
;clear hardware stack pointer
;operating mode 0

. w

-

’

initialise stack pointer
linear addressing

initialize codec
; set PLL for MPY of 52X and DIV by 11
; for actual speed of 80.053527 MHz
force it to stay in 256 entry table

;wait for frame sync to pass
;wait for frame sync

:receive left

x:RX_BUFF_BASE+1l,b ;receive right

;transmit left

b,x:TX BUFF_BASE+1 ;transmit right

#TONE_OUTPUT,y0 ;set up control words

process_stereo

echo

;look up cos value

; update pointer into sin table

movep #5$040003,x:M_PCTL
movep #$012421,x:M BCR
ori #3,mr
movec #0, sp
move #0, omx
move #$40,x6
move #-1,mé6

include 'dispini2.asm’
isr ada_init
movep #$A40033,x:M_PCTL
move #$80FF, m6
jset #2,x:M_SSISRO,*
jelr #2,%x:M_SSISRO,*
move x:RX_BUFF_BASE, a
move
jsxr process_stereo
move a,x:TX_BUFF_BASE
move
move
move y0,x:TX_ BUFF_BASE+2
move #TONE_INPUT, Y0
move y0,x:TX BUFF_BASE+3
jmp loop_1

move x:sinarg,r2

move #23,m2

nop
move xX:(r2)+,yl

move #$FFFFFF,m2

move r2,x:s8inarg

move yl,a

move a,b
nop
nop
nop
rts

include 'ada_init.asm'

end
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A.2 adainit.asm

ok ek kg
; adainit.asm - initialization routine for the CS4215

’**“"“ *kk * *okk

portc usage:
bit8: SSI TX (from DSP to Codec)
bit7:
bit6:
bit5:
bit4: codec reset (from DSP to Codec)
bit3:
bit2: data/control bar
O=control
1=data

e WE we we we We W We We we we We we @

Hubhdd initialize the CS4215 codec i

xkk *

PROGRAM OUTLINE:

we we we we wr W

;1 program fsync and sclk = output

;2 write pc0 = 0 (control mode)

;3 send 64 bit frame x times, with dcb bit = 0, keep doing until read back as 0
;4 send 64 bit frame x times, with dcb bit = 1, keep doing until read back as 1
35 re-program fsync and sclk == input

36 write pcd = 1 (data mode)

;7 receive/send data (echo slots 1,2,3,4; slots 5,6,7,8 == constants)

initialize ssi -- fsync and sclk ==> outputs

Ne we we we w

org p:
ada_init

movep #$0000,x:M_PCRC ; turn off ESSIO0 port (for now)

movep #$103807,x:M_CRAO s 40MHz/16 = 2.5MHz SCLK, WL=16 bits, 4W/F

movep #$ff313C,x:M_CRB0 ; RIE,TIE,RLIE,TLIE,RE,TE sc2sck outpuis

movep #$0003,x:M_PRRC ; setup pd0 and pd1 as gpio output

movep #$0,x:M_PDRC ;s send out a 0 on DC~ and RST_CODEC~

;----reset delay for codec ----
do  #1000,_delay_loop
rep #2000 3 100 us delay (assuming 40MHz VCO)
nop
_delay_loop

bset #0,x:M_PDRC ; sends out a 1 on pd0 (rst_codec=1)
movep #$000C.x:M_IPRP ; set interrupt priority level for ESSI0 to 3
andi #$FC,mr ;s enable interrupts

3 The following data sets up the CS4215 control mode data:
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(CTS = Control Time Slot, U/LN = upper/lower Nibble)

dennns CIS1-UN: 0 0 1 MLB 0000

----- CTSI-LN: OLB CLB X X 0000
ll+---- CTS2-UN: HPF X DFR2 DFR1 0010
lll+--- CTS2-LN: DFR0 ST DF1 DF0 1100
x0 = $002Cxx

e we we we we we we

I CTS3-UN: ITS MCK2 MCK1 MCKO 1000
3 M4----- CTS3-LN: BSEL1 BSELO XCLK XEN 1000
3 I4---- CTS4-UN: TEST TEST TEST TEST (TEST MUST BE 0)

H Ii4+--- CTS4-LLN: TEST TEST ENL DAD 0000
3 X0 = $8800xx

;ﬁ*.l‘*‘ dookkokkk Rk Rk Rk £ 21

3--- set up buffer with control mode data

move #CTRL_WD_12x0
move x0,x:TX_BUFF_BASE
move #CTRL_WD_34,x0
move x0,x:TX_BUFF_BASE+1
move #CTRL_WD_56,x0
move x0,x:TX_BUFF_BASE+2

move #CTRL_WD_78,x0

move x0,x:TX_BUFF_BASE+3

movep #$003Cx:M_PCRC sturn on ESSIO except for sc0 and sc2

H

sCLB==0
jcir #3,x:M_SSISRO,* s wait until rx frame bit==1
jset #3x:M_SSISRO,* ; wait until rx frame bit==0
jelr  #3x:M_SSISRO,* s wait until rx frame bit==1
jset #18x:RX_BUFF_BASE,* ;loop until CLB set

sCLB==1
bset #18,x:TX_BUFF_BASE ;set CLB
do #4,_init_loopB
jer  #2,x:M_SSISRO,* s wait until tx frame bit==1
jset #2x:M_SSISRO,* 3 wait until tx frame bit==0
_init_loopB
movep #$0000,x:M_PCRC ; disable ESSIO

;**;vwbv;vvvt

s now CLB should be 1 -- re-program fsync and sclk direction (i/p) -- alse,
; circular buffer pointers for echoing data r0=current, r1=old data {o send
s 1frame later

.
?

movep #$103807,x:M_CRA0  ; 40MHz/16 = 2.5MHz SCLK, WL=16 bits, dW/F

movep #$FF310Cx:M_CRBO ; sckd and fsync (sc02) as inputs
movep #$0003,x:M_PDRC ; D/C~ pin = 1 ==> data mode

movep #$003Cx:M_PCRC ; turn on ESSI0 except for sc0 and sc2
rts

SSIO_ISR.ASM  Ver.2.0
Example program to handle interrupts through
the 56303 SSI0 to move audio through the CS4215

we e we we w
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Copyright (c) MOTOROLA 1995, 1996
Semiconductor Products Sector
Digital Signal Processing Division

upon entry:

R6 must be the stack pointer
corrupts:

R6

History:
14 June 1996: RLR/LJD - ver 1.0

W we Wws We We we we ws we we we we

;=---the actual interrupt service routines (ISRs) follow:

Bt SSI TRANSMIT ISR
ssi_txe_isr
bclr #4,x:M_SSISRO ; Read SSISR to clear exception flag
; explicitly clears underrun flag

ssi_tx_isr
move rOx:(r6)+ ; Save r0 to the stack.
move mo0,x:(r6)+ ;s Save m0 to the stack.
move #3,m0 s Modulus 4 buffer.
move x:TX_PTR,r0 ; Load the pointer to the tx buffer.
nop
movep x:(r0)+,x:M_TX00 s SSI transfer data register.
move r0x:TX_PTR ; Update tx buffer pointer.
move x:-(ré),m0 ;s Restore m0.
move x:-(r6),r0 ;s Restore r0.
rti
Hhad SSI TRANSMIT LAST SLOT ISR ***
ssi_txls_isr
move r0,x:(ré)+ ;s Save r0 to the stack.
move #TX_BUFF_BASE,r0 ; Reset pointer.
move r0,x:TX_PTR ; Reset tx buffer pointer just in
; case it was corrupted.
move Xx:-(ré),r0 s Restore r0.
rti
3 SSI receive ISR
ssi_rxe_isr

belr #5,x:M_SSISRO ; Read SSISR to clear exception flag
; explicitly clears overrun flag

ssi_rx_isr
move r0,x:(r6)+ s Save r0 to the stack.
move m0,x:(r6)+ ; Save m0 to the stack.
move #3,m0 s Modulo 4 buffer.
move x:RX_PTR,r0 ; Load the pointer to the rx buffer.
nop
movep x:M_RXO0x:(r0)+ s Read out received data to buffer.
move r0x:RX_PTR ; Update rx buffer pointer.
move x:-(r6),m0 s Restore m0.
move x:-(r6),ré s Restore r0.
rti
3 SSI receive last slot ISR
ssi_rxls_isr
move rox:(ré)+ s Save r0 to the stack.

move #RX_BUFF_BASEx0 s Reset rx buffer pointer just in
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; case it was corrupted.

move rOx:RX_PTR ;s Update rx buffer pointer.
move x:~(ré),r0 s Restore r0.
rti
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A.3 comm8.asm

LA AR A AR A AR AR SRR R R AR R 2 2 R R 2 R 2R Ty Ry g g g g g R R R
H

jcomm8.asm - sends a communication signal into the winding using FSK modulation
- the bit rate is 1500 bits per second. This program sends ascii
~ characters from a string 3 times per second at a channel
- utilization rate of 2%
****'ﬁtt'*********'***t**i***tt**'hftiﬁit*iﬁ****tt***i**it**t***'ﬁﬁ**ﬁt***t***
nolist
include 'icequ.asm’
include ‘'integqu.asm’
include 'ada_egqu.asm’'
include ‘vectors3.asm'
list

e No W W

H AR AR AL A RS RS AR s R R R 2 Y R RIR T R 2 2 R R R R iR Ry g g g ey

;~--Buffer for talking to the CS4215

org x:0
RX_BUFF_BASE equ *
RX_data_1_2 ds 1 ;data time slot 1/2 for RX ISR
RX_data 3_4 ds 1 ;data time slot 3/4 for RX ISR
RX_data_5_6 ds 1 ;data time slot 5/6 for RX ISR
RX_data _7_8 ds 1 ;data time slot 7/8 for RX ISR
TX_BUFF_BASE eqgu *
TX data_1_2 ds 1 ;data time slot 1/2 for TX ISR
TX data_3_4 ds 1 ;data time slot 3/4 for TX ISR
TX_data_5_6 ds 1 ;data time slot 5/6 for TX ISR
TX data_7_8 ds 1 ;data time slot 7/8 for TX ISR
RX_PTR ds 1 ; Pointer for rx buffer
TX_PTR ds 1 ; Pointer for tx buffer
sixent dc 6
sinarg dc 1logicl
bitlevel dc 1
savex dc 0
savey dc O
bitnum dc¢ andmasks
charnum de charbuff
char dc S$1FF
sendnum dc sendbuff

org x:$040
sincoef

include ‘'asm\commsiné.asm®
;sincoef dc 0.5,-0.5,-0.9999999,-0.5,0.5,0.9999999 ;last one is supposed to be
1

org x%:$0200
andmasks dc $0100,$080,%$040,$020,$010,5008,$004,$002,$001
org x%:$0300
charbuff dc $OAA, $1FF, $1FF, $1FF, $1FF, $1FF, $1FF, $1FF
dc $1FF, $1FF, $1FF, $1FF, $1FF, $1FF, $1FF, $1FF
dc $1FF,$1FF, $1FF, $1FF, $1FF, $1FF, $1FF, $1FF
dc $1FF,$1FF, $1FF, $1FF, $1FF, $1FF, $1FF, $1FF
de $1FF,$1FF, $1FF, $1FF, $1FF, S1FF, $1FF, $1FF
dc $1FF,$1FF,$1FF,$1FF,$1FF,$1FF,$1FF,$1FF
de $1FF, $1FF, $1FF, $1FF, $1FF, $1FF, $1FF, $1FF
de $1FF,$1!F,$1FF,$1FF.$1FF.$1FF,$1FF,$1FF
org x:$0400
sendbuff
:de $0A0,$0A1, $0A2, SOA3, $0A4, $OA5, SOA6, $OA7
:dc $0A8, $0A9, SOAA, SOAB, $0AC, $0AD, S$OAE, $OAF

dc ' W e 1 ¢ o m e t o t h i s '

de ' R e 1 a t i v e P o 8 i t i o n '

de ' 8 e n 8 1 n g D e m o n 8 t r a t i o n
! .

de ' T h i s M e 8 8 a g e i s '
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dc ' b @ i n g t r an s m i t t e 4 '

dc ' a ¢t 1 5 0 0 b 1 t =8 p e r ’

dec ' 8 e ¢ o n a a t 2 % '

de ''u t 1 1 1 z a t i o n ( o n 1 ¥y '

dc ' @ VvV e r Yy 5 0 t h 8 1 o ¢t i s ’

de ' £ 1 1 1 e 4 ) . ’

dc 1 L]
TONE_OUTPUT EQU HEADPHONE_EN+LINEOUT_EN
TONE__INPUT EQU MIC_IN_ SELECT+ (15*MONITOR_ATTN)

CTRL_WD_ 12 equ NO_PREAMP+HIY_PASS_FILT+SAMP_RATE_48+STEREO+DATA_16 :CLB=0
CTRL_WD_34 aqu IMMED 3STATE+XTALl_SELECT+BITS_64+CODEC_MASTER

CTRL_WD_56 equ $000000

CTRL_WD_78 equ $000000

HPCR equ SFFFFCA
HDDR eqgu $FFFFC8
HDR agu SFFFFC9
org y:$100
: include 'asm\sintable.asm' ; location of sine table in memory

also location of cos table with
shift and wraparound

»
’
.
,

org p:$100
START
main

mevep #$040003,x:M_PCTL ; set PLL for MPY of 4X

mcvep #$012421,x:M BCR ; set up one ext. wait state for all AAR
areas

ori #3,mxr :mask interrupts

movec #0,s8p ;clear hardware stack pointer

move #0,omr ;operating mode 0

move #5$80,1r6 ; initialise stack pointer

move #-1,mé ; linear addressing

include 'dispini2.asm’
jar ada_init ; initialize codec
movep #$A40033,x:M PCTL ; set PLL for MPY of 52X and DIV by 11
; for actual speed of 80.053527 MHz

move #$80FF, mé6 ;s force it to stay in 256 entry table
loop_1

jset #2,x:M_SSISRO,* ;wait for frame sync to pass

jelr #2,x:M_SSISRO,* ;wait for frame sync

move x:RX_BUFF_BASE, a ;receive left

move x:RX_BUFF_BASE+1,b ;receive right

jsr process_stereo

move XN:savex,a
move x:savey,b

move a,x:TX_BUFF_BASE ;transmit left
move b, x:TX_BUFF_BASE+1 ;transmit right
move #TONE_OUTPUT,y0 ;set up control words
move ¥0,x:TX BUFF_BASE+2

move #TONE_INPUT, y0

move y0,x:TX_ BUFF_BASE+3
Jmp loop_1
process_stereo
move x:bitlevel,b
cmp #0,b
jeq sendzero
Jmp sendone
sendzero

move x:sinarg,r2
move #31,m2
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nop

H

H

H

;

’

H

move x:(r2)+,yl
move #S$FFFFFF,m2
move Yyl,x:savey
move r2,x:sinarg
move r2,b
move #>logic0O,x0
cmp x0,b
jeq nextbit
Jmp donerts
sendone
move x:sinarg,r2
movae #31,m2
nop
move x:(r2)+,yl
move #$FFFFFF,m2
move Yl,x:savey
move r2,x:sinarg
move xr2,b
move #>logicl,x0
cmp x0,b
jeq nextbit
Jmp donerts
nextbit
move x:char,a
move x:bitnum,rl
move #8,ml
move x:(rl)+,x0
move rl,x:bitnum
and x0,a
jeq setaddo
setaddl
move #1,nl
move nl,x:bitlevel
move #>logicl,x0
move x0,x:sinarg
jmp donenext
setaddo
move #0,n1
move nl,x:bitlevel
move #>logic0,x0
move x0,x:sinarg
donenext
move rl,b
move #andmasks, x0
cmp x0,b
jeq newchar
jmp donerts
newchar
move x:charnum, r4
move #50,md
move X:(rd)+,x0
move x0,x:char
move rd,x:charnum ;
move #>charbuff,xl
move r4,b
cmp x1,b
jeq newsend
Jmp donerts
newsend
move x:sendnum,ré
move #>180,md
move x:(rd)+,x0
move x0,x:charbuff
move r4,x:sendnum ;
donerts

;look up cos value

;7 write the same thing to both
; update pointer into sin table

slook up cos value

write the same thing to both
update pointer into sin table

. W

get character to send

. 3 get mask for proper bit

assume we send 9 bits

; get mask for particular bit
; set position of new mask
mask out all but proper bit

assume up to 50 characters in buffer
;7 load new character into x0

put it in the character buffer
update the pointer to the buffer

; put in a new char to send since we have
gone throught the entire buffer.

; agsume 180 chars in buffer
;7 load the new character into x0
; store the new char in the output buffer
update the pointer
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§gs

H
(14
@a

include ’ada_init.asm’
echo

end
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A.4 pos23.asm

H LA A RS A A s Rl Rttt i a i At iR iR R R R R R R R R R R

;POSITION.ASM ~ Reads in 2 quadrature signals modulated to 10 kHz
Demodulates the signals with help from a PLL
Uses 2 input PLL (non-linear observer) to track position
difference between vehicles
May be used with either autonomous or relative position-
sensing schemes
Converts binary values to decimal positions and displays on
LCD screen
- Takes in sensor signals and filters for communication signal
Demodulates and decodes communication signal
Displays received message on LCD screen
- Tracks running time and displays on LCD screen
) LA SRR R 2R R X2 22 2 a2 2 2 2 2 R a2 X XXX 2 2 22 22 X2 R0 R X X0 R R R R g R g R R R R

; Note: R5 is designated as the stack pointer for routines.
H LA 2222 22 22 22 X2 2R R 22 222 X2 22 222 R 2 R 2 X R R 2 2 2 2 2 X R R0 L XL R T R R L R R R R R R R R g v g agr g ey
nolist
include 'iocequ.asm’
include ‘'intequ.asm’
include ‘'ada_equ.asm’
include ‘'vectorsd.asm’
list
opt cc
LAl R XL X2 2 2R 2 2 R X2 R R X X X R XX R R R R R 2R T R R R R R R R R R g g g i g g v o (gr e
4/6/96 added in 2 input PLL for position detection
4/6/96 added in display of position
---Buffer for talking to the CS4215

Ne Ne We N We Ne Ne N Ne W W

we %o W N

org x:0
RX BUFF_BASE equ *
RX data_1_2 ds 1 ;data time slot 1/2 for RX ISR
RX_data_3_4 ds 1 ;data time slot 3/4 for RX ISR
RX_data_5_6 ds 1 ;data time slot 5/6 for RX ISR
RX_data_7_8 ds 1 ;jdata time slot 7/8 for RX ISR
TX_BUFF_BASE equ *
TX data_1_ 2 ds 1 ;data time slot 1/2 for TX ISR
TX data_3_4 ds 1 ;data time slot 3/4 for TX ISR
TX_ _data_5_6 ds 1 ;data time slot 5/6 for TX ISR
TX data_7_8 ds 1 ;data time slot 7/8 for TX ISR
RX PTR ds 1 ; Pointer for rx buffer
TX PTR ds 1 ; Pointer for tx buffer
tempr5 ds 1
dispptr de DISPLIST
strength dc 0
org x:$010
sigxy Dbsc 10,50 ; circular buffer for butterworth LPF
;filter zero coefficients for butterworth LPF
;jorganized as: b0 bl b2 b3 b4 -al -a2 -a3 -ad
830 de © ; states for high freq PLL
slo de O
820 de 0
gixcnt dc 6
sinarg dc sincoef

org x:$020
sincoef dc¢ 0.5,-0.5,-0.9999999,-0.5,0.5,0.9999999 ;last one is supposed to be 1
st3o de O ; states for low freq PLL
stlo de O
st2o0 de O
siglstrt dc inputl ;start circular buffer at 0
sig2strt dc lpsigl ;start circular buffer at lpsigl
sig3strt dc lpsig3 ;start circular buffer at 0
sigd4strt dc lpsig5 ;start circular buffer at lpsigl
oiySstrt de lpsig?
sig6éstrt dc 1lpsig9
s8ig7strt dc lpsigll
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latt00,lett10,lett20,lett30,lettd0,lett50,lett60,1lett70,lett80,lett90

lett01,lettll, lett2l,lett3l,lettdl,lett51,lettél,lett71,lett8l,lett9l

; circular buffer for input 1 filter

for input 2 filtex

for demodulated input 1
for demodulated input 2

for input 1 filter
for input 2 filter

for matched 1.5 Khz filter
for matched 1.5 Khz filter
matched 4.5 Khz filter for
matched 4.5 Khz filter for

averaging filter for 1.5 khz

for input 1
for input 2
input 1
input 2

input 1

averaging filter for 1.5 khz input 2
averaging filter for 4.5 khz input 1

averaging filter for 4.5 khz

equ 63 ; should be ((*-DISPLIST)-1) but isn't

input 2

include butterworth filter coeff's

;£ilter zero coefficients for butterworth LPF
;organized as: b0 bl b2 b3 b4 -al -a2 -a3 -ad

count dc 6
bpfiltx de 0
bpfilty dec 0
savex dc $§400000
savey de O
newx de O
newy dc O
comfiltx dc O
comfilty dc 0
logicl dc O
logicO0 dec 0O
level de 0
clkent dc 8000
clock
seconds dc 0
tenseconds dc 0
minutes de 0
tenminutes de 0
hours dc 0
tenhours dc 0
nothing dc 0
org *®:$0050
compclk dc 10,6,10,6,10,10,0
oxrg x:$0060
digitso0 de
org x:$0070
digitsi de
org x:$0080
irautl bsc 128,50
input2 bsc 128,50 ; circular buffer
1lpsigl bsc 16,$0 ; circular buffer
lpsig2 bsc 16,$0 ; circular buffer
org x:$0200
lpsig3 bsc 128,$0 ; circular buffer
lpsigd4 bsc 128,$0 ; circular buffer
lpsig5 bsc 32,%0 ;3 circular buffer
lpsigé bsc 32,%0 ; circular buffer
lpsig? bsc 32,%0 ; circular buffer for
lpsig8 bsc 32,850 ; circular buffer for
lpsig9 bsc 16,$0 ; circular buffer for
1lpasigld bsc 16,$0 ; circular buffer for
1lpsigll bsc 16,580 ; circular buffer for
lpsigl2 bsc 16,$0 ; circular buffer for
org y:0
DISPLEN
include 'asm\butter.asm’ H
cl dc 0.0021418412 ;
c2 dc 0.5235987756
w2max dc 0.0490873852
w2min dc -0.0490873852
deltap dc 0.52359877560
e3 dc (1/(4*3.14159265359))
s2max de 0.5
s2min dc -0.5
scalesin dc 512

coefficients for fast PLL

;Coefficients for two input PLL (Non-linear Obserxver)
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k de .0007815 ; coefficients for fast PLL

c dc  .2499
deltap2 dc O
cd de (1/(4*3.14159265359))

st2max de 0.25
st2min dc -0.25
;st2max de 0.5
;8t2min de -0.5
bigpos dc 0
scalesin2 dc 512
;8calesin2 dc 10
; THESE numbers are for the display routine
org v:$0040

decode dc 0.0010001,500,0.0100002,50,0.1000002,5 ; These constants will be
used to
; convert binary to decimal. It is VERY important to note
that every
; other one of these number is a small delta above 104(-k).
This
3 Prevents errors at borders of 1000°'s, 100's and 10's. (if
it were a
; little less, we wouid be low by 1 digit and have problems.
digits dc $88, $EB, $4C, $49, $2B, $19, 518, 3CB, $08, $09
org ¥:$0080 ; next thing must staxt on a 128 byte boundary;
org y:$100
include 'asm\gintable.asm' ; locacion of sine table in memory
; also location of cos table with
; shift and wraparound
org y:$0200 sdefinitely in internal memory

include 'asm\bandpass.asm' ; include bandpass filter coeff's
include ‘asm\lowpass.asm' ; include lowpass filter coefficients
org y:$0300

include ‘'asm\commflt2.asm' ; include bandpass filter coeff's
include ‘'asm\sinfilti.asm' ; include lowpass filter coefficients

org yv:$0400

bufferl bsc $0100,$0
org y:$0500
DISPLIST
dc lcdcommand, 1¢dpos800, lcdpos80l, lcddata
de lettt0,letttl,lettil,lettil,lettm0,lettml, lottel, lettel
dc
lettcoll,lettcoll,lett0,lettl,lett00,latt0l, lett00,latt0l
dc
lettcol0,lettcoll, lett00,lett0l,lett00,lett0l, lettcoll, lettcoll
dc lett00,lett01,lett00
endtime dc letto01l
dc lcdcommand, 1cdpos940, lcdpos94l, lcddata
dc lettp0,lettpl,lettold,lettol,lettsl,lettsl
dc lettio,lettil,lettt0,letttl,lattio,lettil
de lettol,lettol,lettnl,lettnl, lettcoll, lettcoll
strtpos dc lett0,lettl
de lett00,lett0l,lett00,lett0l,lett00,lett0l
endpos de lett00,lett0l;lettld,lettl, (lettm0+32), (lettml+32)
de (lettm0+32), (lettml+32)
dc lcdcommand, 1cdposc00, ledposc0l, lcddata
strtchar de lettr0,lettrl
nextchar de lettel,lettel,lettl0, lettll
dc lettal,lettal,letttl,letttl,lettiol,lettil
de lettv0,lettvl,lettel,lettel,lett0,lettl
dc lettp0,lettpl,lettol, lettol, letts0, lecttsl
dc lettil,lettil,lettt0,letttl,lettil, lettil
de lettol,lettol,lettnd, lettnl, lett0, lettl
dc letts0,lectsl,lattel,lettel, lettnl, lettnl
dc letts0,lettsl,lettil,lettil, lettnl, lettnl
de lettg0l,lettgl,lettl,lettl, lettdl,lettdl,lettel, lettel
dc lettm0, lettml,lettol,lettol, lettex0, lettexl
charpos dc lett0,lettl
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bsc 128, lcdcommand

TONE_OUTPUT EQU HEADPHONE_EN+LINEOUT_EN
TONE_ INPUT EQU

MIC_IN_SELECT+ (15*MONITOR_ATTN) + (15*LEFT_GAIN)+ (15*RIGHT_GAIN)

CTRL_WD_12 equ NO_PREAMP+HI_PASS_FILT+SAMP_RATE_48+STEREO+DATA_16 ;CLB=0
CTRL_WD_34 equ IMMED_3STATE+XTALl_ SELECT+BITS_64+CODEC_MASTER

CTRL_WD_56 equ $000000

CTRL_WD_78 equ $000000

;HPCR equ $FFFFC4
; HDDR egu SFFFFCS8
; HDR equ $FFFFCY

include 'dispequ.asm’

org Pp:$100
START
main
movep #$A40033,%x:M_PCTL ; set PLL for MPY of 52X and DIV by 11
; for actual speed of 80.053527 MHz
movep #$012421,x:M_BCR ; set up one ext. wait state for all AAR
areas
movep #6,x:M_PRRE
ori #3,mr ;mask interrupts
movec #0,s8p ;clear hardware stack pointer
move #0,omr ;operating mode 0
move #$400,x5 ; initlalise stack pointer
move #-1,m5 ; lineax addressing
movep #5000108,x:M_IPRP
include 'dispinit.asm®
jsr ada_init ; initialize codec
jsx time_init ; initialize timer
jsxr sci_init
; initialization of necessary registers
move #sigxy, r3
move #128,N1 ; to jump from left input or lowpass
; initialize registexs for filtering
move #127,m1 ; use 128 sample circular buffers
move ml,mé ; use 128 sample circular buffers
move #9,m3
move #$80FF, m6 ; force it to stay in 256 entry table
move #5,N3
move #bufferl, r0
move #$00FF, m0
loop_1
iset #2,%x:M_SSISRO,* ;wait for frame sync to pass
jelr #2,%:M_SSISRO,* ;wait for frame sync
move x:RX_BUFF_BASE, a ;receive left
move x:RX_BUFF_BASE+1,b ;receive right
move al,x:newx
move bl,x:newy
asl #3,a,a ; scale up by 8!

asl #3,b,b

move a,x0

move b,y0
jsx process_stereo

move x:savex,a

move x:savey,b
move a,x:TX_ BUFF_BASE ;transmit left
move b,x:TX_BUFF_BASE+1l ;transmit right

move #TONE_OUTPUT,y0 ;set up control words
move y0,x:TX BUFF_BASE+2
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move #TONE_INPUT, yO
move yv0,x%:TX BUFF_BASE+3

Jmp loop_ 1

process_stereo
; demodulate new values of channel 1 and channel 2
; from 10 kHz to 2 kHz
bset #1,x:M PDRE ; signals start of processing

move x:sinarg,r2
move #5,m2

nep
move x:(r2)+,yl 7look up cos value
move #$FFFFFF,m2
move r2,x:sinarg ; update pointer into sin table
mpy x0,y1,b ;democdulate channels
mpy y0,¥1l,a bl,x0 ;jmodulate channel 1 and 2 from 10 to 2 kHz
move al,y0

;Bandpass Filter Channel 1
;rl must point to sigmal 1 buffer
;r4 must point to the filter coefficients
;ml and mé must be 127
move x:siglstrt,rl ; load pointer to signal buffer
move #>bandpass, rd ; load pointer to filter coeff's
move #127,ml
move ml,md
move #128,N1

i I guess the new value of signal 1 is in %0 and the new value
H of signal 2 is in y0

nop ;necessary for move function

clr a ®0,x:(xrl)+ y:(rd)+,yl

do #127,endfltl

mac %0,y1l,a x:(rl)+,x0 y:(rd)+,yl
endfltl

macr x0,yl,a (rl)+N1 ; do not decrement rl as we use it for next
filter

H which is located 128 samples further in

memory

;Bandpass Filter Channel 2
move yO0,x0

clr b x0,x:(xrl)+ y:(rd)+,yl
do #127,endflt2
mac ¥1l,x0,b x:(rl)+,x0 ye(rd)+,yl

endflt2
macr ¥1i,x0,b (rl)- ;fix rl in the circular buffer for next time
move (rl)-N1

nop
move rl,x:siglstrt ; save pointer in buffer
asl a ; scale up to matlab levels
asl b ; 8cale up to matlab levels
;Combine two filtered channels by squaring and adding
move al, =0
mpy %®0,3x0,a bl,y0
macr y0,y0,a

; x0 and y0 now contain filtered gsignals
3 asl a ; scale up signal by 2
move x0,x:bpfiltx
move yO,x:bpfilty

3 bset #1,x:M_PDRE ; signals end of bp filtering

; This section writes out intermediate value to output
x0,3x:8avex

;

;Filter to detect signal (DC component) use AC signal for PLL
;coeff b0 bl b2 b3 b4 scaleb -al -a2 -a3 -ad
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jstorage locations are for »0 x1 x2 %3 x& yl y2 y3 yd
;m3 must be 8a9-1, N3 must be 5
; new value starts out in acc. a
3 The b coefficients are scaled up by 16384 for numerical accuracy
The a coefficients are scaled down by 8 since they are greater than 1
The scaleb scales the input portion down by 16384*8 to match the
output feedback portion
The total is then scaled up by 8 to give the correct amplitude
(this is done with 3 asl's)

we we W “e W

move al,x0
tfr a,b #butterb, r7
clx a x0,3x: (x3)+ yv:(x7)+,y0
do #5,endfltb
mac x0,y0,a x:(xr3)+,x0 y:(x7)+,y0
endfltb
move al,xl
; mpy x1l,y0,a x:(xr3)+,x0 y:(x7)+,y0 ;2?7
; prev inst replaced with next two
asx #17,a,a
move x:(r3)+,x0 y:(x7)+,y0
do #3,endflta
mac x0,y0,a x:(xr3)+,x0 y:(x7)+,y0
endflta
macr x0,y0,a
asl #3,a,a
move (r3)-N3
move al,x:(r3)-N3
sub a,b (x3)- ; B contains AC part of signal

; A contains DC signal

move al,x:strength
; bset #1,x:M PDRE ; signals end of bp filtering

;Use PLL to lock on to 4 KHz signal in B

Data is organized in X: as: s3o0 slo s2o0

Dats is organized in Y: as: cl c2 w2max w2min deltap c3
s2max s2min scalesin sinloc

we ws W

move #s30,x2

move #cl,r6

move #$06,x1 : x1=.0469

cmp x1,a X:(r2)+,x0 Y:(r6)+,y0 ; is DC<0.04697
;x0=830 and yO=cl

Jmi update2 ; Jump if it is

updatel ; This update if signal strength is strong

mpy x0,v0,a X:(r2),x1 Y:(xr6)+,v1l
; xl=glo and yl=c2

add xl,a ; a=slo+cl*s3o=s8l

move al,X:(r2)+ ; store new sl

mpy x0,y1,a Y:(x6)+,x0 ; load x0=w2max

add xl1l,a X:(x2),yl

move Y:(x6)+,y0

; a=s8lo+c2*s30 and yO=w2min and yl=s2o0

cmp x0,a is a>w2max?

tpl x0,a if so, a=w2max

cmp y0,a Y:(xr6)+,x0
is a<w2min and x0=deltap

- W

~. W

tmi y0,a if so, a=w2min

add x0,a Y:(x6)+,x0 ; x0=c3=1/(4*pi)

move al,xl

mpy x0,x1,a ; scale for correct 82 level

add yl,a ¥:(xr6)+,x0 ; x0=82max=0.5
; a=s2=s20+scale* (deltap+slo+c2*s830)
H =s2o0+s8cale* (deltap+delta)

cmp x0,a H

jmi chk2sml

sub *0,a (r6)+

sub x0,a ; subtract 1 if >0.5
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Jmp
chk2aml
move
cmp
pl
add
add
donechkl
move
move
mpyr
move
move
move
move
asr
move
npy
move
Jmp

update2
move
clxr

npy
move
clr
add
move

cmp
tpl
cmp

tmi
add
move

mpy
add

cmp
jmi
sub
sub

Jmp
chk2sml2
move
cmp
jpl
add
add
donechk2
move
move

move

updtdone

donechkl

Y: (xr6)+,x1 ? xl=s2min=-0.5
x1,a
donechkl
x0,a ;7 add 1 if < -0.5
x0,a
al,x0 jmove 82 to x0 and
y:(x6)+,y0 ;load yO=gcalesin
yl,y0,a x0,x:(xr2)~- ;store 82
al,né ;7 old s20 value! as we want
#>sinloc,xr6
(r2)-
y:(r6+n6),xl 1x1=gin(s20)
a bl,yl ;yl=new input=W(kk) and a=a/2
al,né ; index to find sin(s20/2)
xl,y1,a ja=83mgin(s20) *W(new input)
al,x:(x2)+ ;save s3=a
updtdone %0 contains s2
7 This update if signal strength is weak
#S$7F,y0 2y0=127/128
a X:(r2),xl1 Y:(x6)+,yl

;3 xl=glo and yl=c2
x1l,y0,a ; a=0.99*slo=sgl

(r2)+

).yl
)+,y0

} store new sl
Y:(r6)+,%x0 ; load x0O=w2max

; amslo and yOsw2min and yl=s2o

al,X:
a
x1,a X:(r2
Y:(x6
x0,a ; is

x0,a ; 1f
y0,a

a>w2max?

80, asw2max

Y:(x6)+,x0

; is a<w2min and x0=deltap
y0,a ; 1f so, a=w2min
x0,a Y:(r6)+,x0 ; xO=c3=l/(4*pil)
al,x1
x0,x1,a ; scale for correct s2 lsvel
yl,a Y:(xr6)+,x0 ; x0=82max=0.5
; a=s2=g2o+scale* (deltap+s10)
H =g2o0+scale* (deltap+delta)
xO;a ;
chk2sml2
x0,a (x6)+
x0,a ; subtract 1 if >0.5
donachk2
Y:(r6)+,x1l ; xl=82min=-0.5
xi,a
donechk2
x0,a ; add 1 if < -0.5
xo,&
al,x0 ;move 82 to x0 and
y:(x6)+,y0 ;load yO=scalesin
yl,y0,2 x0,x:(xr2)- ;store 82
al,n$ ;3 old s2o value! as we want
#>sinloc, r6
(x2)-
y:(r6+n6),xl ;xl=gin(s820)
a bl,yl ;¥l=new input=W(kk) and a=a/2
al,né
xl,yl,a ;a=83=gin(820)*W(new input)

al,x:(r2)+

;save g3=a
:x0 contains s2
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,Qﬁ'*ii.i't.****t*ﬁ***ﬁ*'**t*tt*t**t**t****t****ﬁ.t*t*.*..**ﬁ*****tﬁ***ﬁt*'

; COMMUNICATION Routine - Uses Matched Filters to decode FSK signals at
H 1.5 XHz and 4.5 KHz. Should run for every sample

'***it*t***i********ﬁi**ﬁ.*ti*ﬁQ*t*t*.*.tt**tt.*ﬁ**t***ﬁﬁ********'****tﬁ&.t

nop ;necessary for move function

clr a x0,x: (rl)+ y:(xd)+,yl

do #127,endfltll

mac x0,v1l,a x:(xrl)+,x0 y:(rd)+,yl
endfltll

macr x0,yl,a (rl)+Nl1l ; do not decrement rl as we use it for next
filter

: which is located 128 samples further in

memory

endflt

-

;***i**ﬁ*******t*ﬁ**Q**f***i*i*i**ttﬁﬁ*t.*t*.ti’*i'i*t*t*************ﬁ

move x:newx, x0

move x:newy,y0

;Bandpass Filter Channel 1

;rl must point to signal 1 buffer

;rd4 must point to the filter coefficients

;ml and mdé must be 127
move x:8ig3strt,rl ;3 load pointer to signal buffer

move #>commfilt, rd ;3 load pointer to filter coeff's

move #127,ml
move ml,mé
move #128,N1

; I guess the new value of signal 1 is in x0 and the new value
; of signal 2 is in yo0

;Bandpass Filter Channel 2
move yO0,x0

»
*

clr b x0,x:(xrl)+ y:(rd)+, vl

do #127,endfltl12

mac vl,x0,b x:(xl)+,x0 y:(xrd)+,yl
12

macr y1l,x%0,b (rl)- ;£fix rl in the circular buffer for next time
move (rl)-N1
nop

move rl,x:8ig3strt ; save pointer in buffer
asl a ; scale up to matlab levels
asl b ; scale up to matlab levels

nmove al,x0
move bl,y0 ; %0 and y0 now contain filtered signals

move x0, x:savey

move x0,x:comfiltx
move yO0,x:comfilty
move x0,x:savex
move yO0,x:savey

-

; Find 1.5 KHz sigmal level now

;*****tﬂ***t********ﬁ'**’****t*'.*ti*i*i**ﬁ't*********.*iﬁi*t**ti****.

;Filter to detect 1.5 KHz signal in channel 1 and channel 2.
This is a matched filter. Results will be averaged over a
period of 16 samples, and then squared and added.

N %o

;rl must point to signal 2 buffer

;r4 must point to the filter coefficients
;ml and m4 must be 31

move #31,ml

move ml,md

move #32,N1
move x:sigdstrt,rl ; load pointer to signal buffer

move #>8infilto, x4 ; load pointer to filter coeff's

; I guess the new value of signal 1 is in x0 and the new value
; of signal 2 is in y0

nop ;necessary for move function
clr a x0,x:(rl)+ y:(rd)+,yl

do #31,endflt13

mac x0,yl,a x:(xrl)+,x0 y:(rd)+,yl
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endfltl3
macr x0,yl,a (rl)+N1 3 do not decrement rl as we use it for

next filter

;Low pass Filter Channel 2
move y0,x0

clr b x0,x: (x1l)+ y:(rd)+,yl

do #31,endfltl4

mac ¥1l,x0,b x:(rl)+,x0 yi(rd)+,yl
endfltid

macr v1l,x0,b (rl)- ;fix rl in the circular buffer for next time
move (rl)-N1
move rl,x:sigdstxt ; save pointer in buffer
; a now contains channel x magnitude
; b now containas channel y magnitude

asr #2,a,a
asr #2,b,b
abs a
abs b
move al,x0
move bl,y0 ; x0 and y0 now contain filtered signals

;Filter to average detected 1.5 KHz signal in channel 1 and channel 2.
; over a period of 16 samples, and then squared and added to
; form a 1.5 Khz signal level.

;rl must point to signal 2 buffer
;r4 must point to the filter coefficients
;ml and m4é must be 31
move #15,ml
move ml,md
move #16,N1
move x:8igéstrt,rl ; lcad pointer to signal buffer
move #>averagel, rd ;7 load pointer to filter coeff's
; I guess the new value of signal 1 is in x0 and the new value
: of signal 2 is in yo0

nop ;necessary for move function
clr a x0,x:(rl)+ y:(rd)+,vl
do #15,endflt5
mac x0,yl,a x:(xl)+,x0 y:(rd)+,yl
endflt5
macr x0,yl,a (r1)+N1 ; do not decrement rl as we use it for

next filter

;Low pass Filter Channel 2
move yO0,x0

clr b x0,3x: (xrl)+ y:(rd)+,yl
do #15,endflté
mac yl,x0,b x:(rl)+,x0 y:(rd)+,yl

endflté6
macr ¥1l,x0,b (rl)- ;fix rl in the circular buffer for next time
move (rl)-N1
move rl,x:aig6strt ; save pointer in buffer
; a now contains channel x magnitude
; b now contains channel y magnitude

move al,x0
mpyr x0,x0,a bl,y0 ; %0 and y0 now contain filtered sigmnals
macr yC,y0,a ; a now contains the 1.5 KHz signal level
asl #1,a,a ; a=2*aorig
move #$70,x0 701110000=0.875=x0
move al,y0 H
mpyr x0,y0,a ;a=0.875*a=1,75%acorig

move al,x:logicO

;"*'int**ﬁ*f.’**ﬁ*i***.*t*i******.R*t**ﬁt***************i*i*****t*t*

; Find 4.5 KHz signal level now *

}*****QQ***'****Q**Q'****ﬁ******h***t*t*'t************t*'**t'*i*****i.
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move x:comfiltx,x0; load bandpass filtered signals again
move x:comfilty,y0

;Filter to detect 4.5 KHz signal in channel 1 and channel 2.
7 This is a matched filter. Results will be averaged over a
; period of 16 samples, and then squared and added.

;rl must point to signal 2 buffer
;r4 must point to the filter coefficients
;ml and m4 must be 31
move #31,ml
move ml,md
move #32,N1
move x:s8igSstrt, ri ; load pointer to signal buffer
move #>8infiltl, x4 ; load pointer to filter coeff's
; I guess the new value of signal 1 is in %0 and the new value
b of signal 2 is in yo0

nop ;necesgary for move function
clr a %x0,3x: (xrl)+ y:(rd)+,yl
do #31,endflt?7
mac x0,yl,a x:(xrl)+,x0 y:(xrd)+,yl
endflt?7
macr x0,vl,a (rl)+N1 ; do not decrement rl as we use it for

next filter

;Low pass Filter Channel 2
move y0,%x0

clr b x0,x: (x1)+ y:(rd)+,yl
do #31,endflts
mac vl,x0,b x:(xrl)+,x0 yi(rd)+,yl

endflt8
macr ¥1l,x0,b (rl)- ;fix rl in the circular buffer for next time
move (rl)-N1
move rl,x:s8igSstrt ; save pointer in buffer
; a now contains channel x magnitude
; b now contains channel y magnitude

abs a
abs b
asr #2,a,a
asr #2,b,b
move al,x0
move bl,y0 ; x0 and y0 now contain filtered signals

;Filter to average detected 4.5 KHz signal in channel 1 and channel 2.
over a period of 16 samples, and then squared and added to
form a 4.5 Khz signal level.

N we

;rl must point to signal 2 buffer
;r4 must point to the filter coefficients
;ml and md4 must be 31
move #15,ml
move ml,md
move #16,N1
move x:8ig7strt,rl ; load pointer to signal buffer
move #>averagel, rd ; load pointer to filter coeff's
7 I guess the new value of signal 1 is in x0 and the new value
: of signal 2 is in yo©

nop ;necessary for move function
clr a x0,3x: (xrl)+ y:(rd)+,yl
do #15,endf1lt9
mac x0,yl,a x:(xrl)+,x0 y:(rd)+,yl
endflt9
macr x0,yl,a (rl)+N1 ; do not decrement rl as we use it for

next filter

;Low pasgs Filter Channel 2

move yO,x0
clr b x0,x:(rl)+ y:(rd)+,yl
do #15,endfltl0
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mac
endflt10
macr
move
move

stilll

beclr

stillo

bitgame

y1l,x0,b x:(rl)+,x0 y:(rd)+,yl
¥1,x%x0,b (rl)- ;fix rl in the circular buffer for next time
(rl)-N1
rl,x:sig7atrt ; save pointer in buffer
; a now contains channel x magnitude
; b now contains channel y magnitude
al, x0
x®0,x0,a
y0,y0,a
al,x:savey
al,x:logicl
x:logic0,b
b,a
#1,a,a
al,x:savex
x:level,b
#0,b
stillo

bl,y0 ; x0 and y0 now contain filtered signals

; a now contains the 4.5 KHz signal lavel

final result!

#$FB, %0 ;%x0=-0.0391
x0,a

bitsame

#2,%:M _PDRE ;
#0,r1
rl,x:level
bitsame

signals a 0 in communication

#$05, x0

x0,a

bitgame
#2,%:M_PDRE ;
#1,r1
rl,x:level

;x0=0.0391

signals a 1 in communication

(A2 2 2222 X 22 2 X222 2 2222 R 2R 2 R XXX XXX X ol bR R YR R Ry g R R g gyt gy
The following routines are only executed every 6th sample

H

r

: Count=l: Update 2 input PLL & Display Position

; Count=2: Update Real-Time Clock

; Count=3: Poll Serial Port and Display Comm. Message

;***Q**Q*********t*tt**t**t***t*******t***i*t***'t'*****t*t****t**ﬁ'**t*

clr a y: (r6+né6),x0 :1x0=8in(s20/2)

move x:count,al ;xl=count (down from six)
sub #1,a ;count=count-1

move al,x:count

ine

; If it is the 6th time around,
This acts like a downsampling

rtec

then process

demodulate channel 1 and channel 2 filtered signals

H
;Use PLL to create 2 KHz demodulation signal and
;

move
move
move
my
move

mpy
move

#$6,2a0

al,x:count ; reset sixcnt to 6

x:bpfiltx,xl ; load channel 1 new val

x0,x1,a ; demodulate ch 1
x:bpfilty,yl ; load ch2 val

x0,y1l,b al,x0 ; demodulate ch 2

bl,y0
;We now have X3(kk) in x0 and Y3(kk) in y0. They are
; now demodulated completely down from 10 KHz

;Filter demodulated signals for channel 1 and channel 2 to
; remove double frequency (4 KHz) component

;rl must point to signal 2 buffer
;r4 must point to the filter coefficients
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;ml1 and mé4 must be 15
move #15,ml
move ml,md

move #16,N1

move x:s8ig2strt,rl ; load pointer to signal buffer
move #>lowpass, rd ; load pointer to filter cosif‘'s
; I guess the new value of signal 1 is in x0 and the new value
? of signal 2 is in y0
nop ;necegsary for move function
clr a x0,3x: (xrl)+ y:(rd)+,vl
do #15,endflt3
mac x0,yl,a x:(rl)+,x0 y:(rd)+,vl
endflt3
macr x0,yl,a (rl)+N1 ; do not decrement rl as we use it for

next filter

;Low pass Filter Channel 2
move yO,x0

clr b x0,x: (xrl)+ y:(rd)+,yl

do #15,endfltd

mac ¥v1l,x0,b x:(rl)+,x0 y:(rd)+,yl
endfltd

macr ¥1l,%0,b (rl)- ;fix rl in the circular buffer for next time
move (ri)~-N1
move rl,x:sig2strt ; save pointer in buffer
; a now contains channel 1 (X4(kk))
; b now contains channel 2 (Y4(kk))
move al,bo ; bl now contains channel 2
; b0 now contains channel 1
move b0, x0
move bl,y0
move Y0, x:s8avey
x0,x:8avex

:

Use channel 1 and channel 2 demodulated fiitered signals and
non-linear observer (PLL) to track position
Data is organized in X: as: st3o stlo st2o
Dats is organized in Y: as: k ¢ deltap2 cd=1/(4*pi)
st2max st2min bigpos scalesin2

Ne W W we

~

clr a
move x:strength,al
move #st3o0,r2
move #k, r6
move #$06,x1 : x1=.0469
cmp xl,a X:(r2)+,x0 Y:(r6)+,y0 ; is DC<0.04697?
;x0=8t30 and yO=k
Jmi updated 3 Jump if it is
update3 ; This update if signal strength is strong
mpy x0,y0,a X:(xr2),xl1l Y:(r6)+,yl
; xl=slo and yl=c
add x1,a ; a=stlo+k*st3o=sl
move al,X:(r2)+ ; store new stl
mpy x0,¥y1,a X:(r2),yl ; load yl=st2o
add x1,a Y:(x6)+,x0 sa=stlo+c*st3o
; x0=deltap2
add x0,a Y:(xr6)+,x0 ; x0=cd=1/(4*pi)
move al,xl
mpy x0,x1,a ; scale for correct s82 level
add yl,a Y:(r6)+,x0 ; x0=st2max=0.25
; a=st2=gt2o+scale* (deltap2+stlo+c*gt3o)
H =gt2o+scale* (deltap2+delta2)
cmp x0,a ;
Jmi chk2sml3
sub x0,a (x6)+
sub x0,a ; subtract .5 if >0.25
move al,x0 ; move st2 to x0
clr a ; bigpos=bigpos+1
move y:(xr6),a0
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inc
move
move
Jmp
chk2sml3
move
cmp
pl
add
add
move
clr
move

donechk3

macr

updated
Jmp

a

al,y:(r6)
x0,a

donechk3

Y:(r6)+,x1 ; xl=st2min=-0.25
x1l,a
donechk3
x0,a ; add .5 if < -0.25
x0,a
al,x0 ; move st2 to x0
a ; bigpossbigpos-1
y:(r6),a0

a
al,y:(x6)
x0,a
al,x0
x0,y: (xr0)+
(x6)+ ; point from bigpos to scalesin2
y:(r6)+,y0 ;load yO=scalesin2
vl,y0,a x0,x:(r2)- ;store pt2
al,né ; old st2o value! as we want
#>sinloc,x6 3 r6 points to sin table
(r2)-

y:(r6+n6),x1 ;xlsgin(st20)
#>cosloc, ré

bl,y0 ;yO=new input=Y4 (kk)
b0, x0 sx0=new input=X4 (kk)
. y:(r6+n6),yl syl=cos(st2o)
x0,x1,a ;amsin(at2o)*Xx4 (kk)
yo,vl,a 3 +cos(st20)*Y4 (kk)
al,x:(xr2)+ ;save s3=a
updtdone3 :

; This update if signal strength is weak

updtdone3 ; skip this part to see if we can aliminate

unwanted change

clr

chk2rmld
move

jpl
add
add
move
clr
move

a X:(r2),x1 Y:(xr6)+,yl
; xl=stlo and yl=c
x1l,a ; a=stlo=stl : don't update stl!
al,Xx:(r2)+ ; atore new stl
X:(x2),yl ;3 yl=st2o
¥Y:(xr6)+,x0 ; x0=deltap2
x0,a Y:(x6)+,x0 ;a=sstl+deltap2
;x0=céd=l/ (4*pi)
al,xl
x0,x1,a ; scale for correct at2 level
vl,a Y:(xr6)+,%x0 ; xO=gt2max=0.25
; a=st2=st2o+scale* (deltap2+stlo)
3 =gt20+scale* (deltap2+delta2)
x0,a H
chk2smld
x0,a (x6)+
x0,a ; subtract 0.5 if >0.25
al,x0 ; move 8t2 to x0
a : bigpos=bigpos+l
y:(r6),a0
a
a0,y: (x6)
x0,a
donechkd
Y:(xr6)+,x1 ; xl=st2min=-0.25
x1,a
donechkd
x0,a ; add 0.5 if < -0.25
x0,a
al,x0 ; move 8st2 to x0
a ; bigpos=sbigpos-1
y:(r6),a0
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dec a
move a0,y: (x6)
move x0,a
donechk4
move al,x0
move (ré)+
move y:(r6)+,y0 s1load yO=gcalesin2
mpyr yl,y0,a x0,x:(x2)- ;store s2
move al,né ;7 ©old s20 value! as wes want
move #>sinloc,x6
nove (r2)~
move y: (xr6+n6),xl ;xl=mgin(st20)
move #>cosloc,r6
move bl,y0 ;yO=new input=a¥Y4 (kk)
move b0, x0 ;x0=new input=xd(kk)
nove y:(x6+n6),yl 3yl=cos(st20)
mpy x0,x1,a sausin(st20)*Xd (kk)
macr yO0,vl,a ;3 +cos(st20)*Yd (kk)
move al,x:(x2)+ ;save s3=a
;x0 contains s2
updtdone3
disprtn
move x:s8%20,y0 ; st2o is position (mod 75 mm)
H move YyO0,x:savey
3 move x0,x:savex
move #150,r1 ; convert fraction to mm (.5=75mm)
move rl,xl
npy x1,y0,b
move Yy:bigpos,y0
move #75,rl
move rl,xl

npy v0,x1,a
asl #23,a,a

add a,b
F neg b ; make right positive position
move bil,xl

;******ﬂ********Q*ﬁ**************t*t**.*********ﬁ********Q*******ﬁ***i*****t*

; Display Routine *
; This routine takes a number in x1 betvsen 0 and 8400 and displays it *
; on the 7 Segment, 4 digit LED Display. *

;*Q****t***t*t***Q*Q*****.******************ﬁ****ﬁ**************ﬁ**********t*

clx b ;assume number is in x1
move #strtpos, xr2 ;initialize indexes
move #decode, x4
move #digitsl, r7
move #digitsoO,rl
H move #>-001234,x1
move x1,b ;assume & digit integer iz in x1
asr #24,b,b
cmp #0,b
Jmi negsign
move $#lett0,y0
move yO,y:(x2)+
move #lettl,y0
move YyO0,y:{xr2)+
Jmp donesign
negsign
move #lettminoO,y0
move yO0,y:(xr2)+
move #lettminl,y0
move yO0,y:(x2)+
neg b
move b0,xl
donesign
move y:(xrd)+,x0 ;load in first constant to convert
mpy x0,x1,a
move a,nl ;get ready to look up digit
move a,n7
move y:(xd)+,x0
move x:(rl+nl),y0 ;look up digit
move yO0,y: (x2)+ :;display digit
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move x: (x7+n7),y0
nove yo,y:(x2)+
move a,yl

mac -x0,y1,b
move y:(xrd)+,x0
move b0, x1

mpy x0,x1,a
move a,nl

move a,n7

move y:(xrd)+,x0
move %3 (rl+nl),y0
move y0,y:1(x2)+
move x: (x7+n7),y0
move y0,y:(x2)+
move a,yl

mac -x0,v1,b
move y:(rd)+,x0
move b0, x1

mer x0,xl,a
move a,nl

move a,n7

move y:(rd)+,x0
move x: (rl+nl),y0
move y0,y:(x2)+
move x: (x7+n7),y0
move v0,y:(x2)+
move a,yl

mac -x0,vyl,b
move bo,nl

move bo,n7

move y:(rd)+,x0
move x:(rl+nl),y0
move vO,y:(x2)+
move x:(r7+n7),.y0
move y0,y:(r2)+

Jmp donerts

slook up digit
;display digit

iget ready to look up digit
;get ready to look up digit

slook up digit
sdisplay digit
slook up digit
:display digit

sget ready to look up digit
iget ready to look up digit

slook up digit
;display digit
;look up digit
;display digit

jget ready to look up digit
;get ready to look up digit

slook up digit
;display digit
slock up digit
;display digit

H

e %o W W

.
’

.
4

2 A2 X R R 2 2 2 222 2 2 2 X 22 2 22 22222 i 2222222t X2 X 2 2Rl X2 22 X222 222X )

This is a real-time clock routine. *
It keeps track of seconds, minutes, and hours. We can count up to 99 *
hours 59 minutes and 59 seconds befor we display something bad. *

L2 2 S Z 22 A2 2 2 2 i 2R it i il il sttt s 22222222222 X222

REAL-TIME CLOCK routine *

LZ 2R XXX X2 X2 2222 R 2 2 R 22 R 2l i i i i 2222222 222X 22X X 2R 22 X2 2222 2 X2 22222 )

rte
sub #1,a
jne checkcom

move x:clkent,a
sub #1,a

move al,x:clkcnt

jne donerts

move #8000,x0

move x0,x:clkcent

move r3,x: (xr5)+
move m3,x: (xr5)+

move #compclk, r2
for overflow

move #digitsl, rd

move #digitso,rl
lst

move #endtime, ré
mem

move #$FFFFFF,m2
move #$FFFFFF.m3
move #seconds,r3

clr a

;count=count-1
; 1f it wasn't 2, go to next option
s 1f it was 2, run RTC routine

; update the countdown
; store the new value

; have we counted down 8000 (to 1 sec)

: 1f so, re-initialize variable
; and store it

; numbers to compare w/ each digit

since we are placing digits in
reverse order, we use 2nd table

. W

; end of time section of display
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move x:(r3),al 3} SINGLE SECONDS

add #1,a

move x:(r2)+,x0 7 load a with single seconds
3 load x with max+1 single seconds

cmp x0,a 7 have we exceeded 9 seconds?

jeq ssok

move al,nd

move al,x:(r3)+

move nd,nl

nop

nove x: (rd4+nd),x0

move x0,y:(x6) -~

move x:(rl+nl),x0

move x0,y:(x6)-

imp tim2isrdone

ssok

clr a

nop

move al,nd

move al,x:(xr3)+

move nd,nl

nop

move x: (rd4+nd) ,xC

move x0,y:(x6) -

move x:(rl+nl),x0

move x0,y:(x6)-~

move x:(x3),al ; TENS OF SECONDS

add #1,a

move x:(xr2)+,x0 ; load a with single seconds
; load x with max+1l single seconds

cmp x0,a ; have we exceeded 9 seconds?

jeq tsok

move al,nd

move al,x:(r3)+

move né,nl

nop

move x: (rd+nd) ,x0

move x0,y:(x6)~

move x:(rl+nl) , =0

move %x0,y:(r6)-

Jmp tim2isrdone

tsok

clr a

nop

move al,nd

move al,x:(xr3)+

move nd,nl

nop

move x:(rd+nd),x0

move x0,y:(xr6)~

move x:(rl+nl),x0

move x0,y:(x6) -~

move x:(xr3),al s SINGLE MINUTES

add #1,a

move x:(r2)+,x0 ;s load a with single seconds
; load = with max+1 single seconds

move (x6)-

cmp x0,a (r6)- ; have we exceeded 9 seconds?

jeq smok

move al,nd

move al,x:{(x3)+

move néd,nl

nop

move x:(rd+nd) ,x0

move x0,y:(x6) -
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move x: (ri+nl) ,x0

move x0,y: (xr6)~-
Jmp tim2isrdone
smok
clr a
nop
move al,nd
move al,x:(r3)+
move né,nl
nop
move x: (r4+nd), x0
move x0,y: (x6)-
move x: (rl+nl),x0
move x0,y: (x6)~-
move x:(r3),al 3 TENS OF MINUTES
add #1,a
move %3 (r2)+,x0 3 load a with single seconds
3 load x with max+1l single seconds
cmp x0,a ; have we exceeded 9 seconds?
jeq tmok
move al,né
move al,x: (r3)+
move nd,nl
nop
move x: (rd+nd),x0
move x0,y: (x6) -
move x: (rl+nl),x0
move x0,y: (z6)~
Jmp tim2isrdone
tmok
clr a
nop
move al,nd
move al,x:(xr3)+
move nd,nl
nop
move x: (rd+nd),x0
move x0,y: (x6) -
move x: (rl+nl),x0
move x0,y:(x6)~
move x:(r3),al ; SINGLE HOURS
add #1,a
move x:(r2)+,x0 ; load a with single seconds
; load x with max+l single seconds
move (x6) -
cmp x0,a (x6)- ; have we exceeded 9 seconds?
jeog shok
move al,né
move al,x:(r3)+
move nd,nl
nop
move x: (rd4+nd),x0
move x0,y:(x6)~-
move x:(rl+nl),x0
move x0,y:(xr6)-
jmp tim2isrdone
shok
clr a
nop
move al,nd
move al,x: (r3)+
move nd,nl
nop
move x:(rd+nd),x0
move x0,y:(x6)~
move x: (ri+nl),x0
move *®0,y:{r6)-
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move x: (xr3),al 3 TENS OF HOURS

add #1,a
move x:(r2)+,x0 3 load a with single seconds
cmp x0,a
Jeq thok
move al,né
move al,x:(x3)+
nove né,nl
nop
nove x: (rd4+nd) ,x0
move x0,y:(xr6) -
move x: (rl+nl),x0
move x0,y: (x6) -
imp tim2isrdone
thok
clr a
nop
move al,nd
move al,x:(xr3)+
move nd,nl
nop
move x: (rd+nd) , x0
move 20,y: (x6) -
move x: (ri+nl) , x0
move x0,y:{x6) -~
tim2isrdone
move x:-(rS5),m3
move x:-(r5),r3
Jp donerts
checkcon
jclr #2,x%:M_SSR,donerts ; if no receive, continue
move #>nextchar,xrd ;7 place characters at end of display buffer
move #$FFFFFF,md
move x:M_SRXL,a
move i#strtchar,rl
move md,ml
move Y:(rd)+,x0 ; shift characters on display left one
do #78,endshift
move x0,y:(xrl)+
move Yy:(xd)+,x0
endshift
or #>$000500,a
move al,y:(rl)+
and #>$000iFF,a
move al,y:(rl)
donerts
; beclr #0,x:M_PDRE ; signals end of processing
belr  #1,x:M_PDRE
rts
include 'sciinitl.asm’
include 'adainit8.asm’
include 'timinit7.asm’
echo

end
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A.5 sciinit1.asm

'i."..'.*""'it‘...'.."tﬁl..t"'Qﬁtt*..Qﬁt'0**"ﬂt*..'tﬂh'.i."'*.'ﬂ.ﬁt*

SCIINIT1.ASM Ver.2.0
Example program to initialize the SCI port to receive data
from the communications routine and turn it into characters

Copyraght (c) Brian Perreault

History:
3/27/97 Created ver.l1.0
".t"'Q*'ﬁt'ﬁtt.tt.i."ttﬁ*"ﬁ'Q.'tﬁ."tit.'t.."*..*Qtﬁ.'ﬁt..ﬁ't..t.'..'t

3 R5,M5, and N5 must be reserved for these ISK's!
,"ttt'tt.t.'ﬂ't*tt..att'*t'thﬁ*ttttiﬁt..ﬁw*iit.ﬁ.ttttﬁt't'.tﬁtttittt't.'.t

W % W Ve e e W W

,ﬁttﬁ.t..f't.".t.l"t’i'.’.t...Qﬂt.'"*'i‘tt.i"ttti.'t*'ﬁ't't.'t.tﬁﬁ*.i'*

?
F] port usage:
] RXD : used to receive data from comm. routine

] SCLK : used to send data to RXD fro comm. routine
".f.it."t'.ﬁt'Oﬁﬁ'ti*'iti.""'tt""*.iﬁﬁQQ.tQ*QQ’Q'ﬁQQ*tﬁttt'..t..i*.'t

"t'ﬁ*.#i*ﬁ"Q'ti.'i*.*"QQ*’QQ'QQ#*..".QQ'.*'Q'#*'QQ'*.Q*"*.'*Q'.Q***.'Q

H
H
7 PROGRAM OUTLINE:

;
;1 Set up timer 0 to toggle twice per second at 16.9344 MHz*4 clock freq

H
;.it.*ti***Qt'*’**.Qt.t.i*QQ*tQt*'t*'***t*iii"*.t****ﬁ'*ti#*i't**i'ﬁ**t***

1
H
org p:
sci_init
movep #1,x:M_PCRE ; enable RXD for SCI input
movep #$00010A, x:M_SCR ; start counter at 0
movep #$000340,x:M_SCCR ; divide by 833 for 1500 bps
rts
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A.6 adainit8.asm

page 132,60

,'Qﬁ.**'ﬁ.'ﬁt*.*t*'t*ﬁt*'.tt*'**ttﬁ'*.'Qﬁﬁ.ﬁht'*ttﬁb*ti'tﬁﬂ.t*t‘ﬁ**.'i*'***’*

H
H

adainit8.asm
initialization routine for the CS4215

H
,w.ﬁ'.ﬁ*Q't.'.*ﬁ*'.tQt'.’t.*"ﬁ.**'fi.*R.'Q*ﬂfﬁ**'.'..i'*.i*.*'itlt""t'.i'

3 RO,M0, and NO must be reserved for these ISR's!

3 R7 and M7 are resexved for display output
,tt*tttitﬁtﬁ*tﬁttttt*t*ttht.t‘tttﬁt*ttt**t.'*t"*tttt*i't'ﬁ.t*.**t'*ﬁt'tt'w.

’iﬁﬁ'ﬁt'tttt’.ﬁ.*'tt.*"tttﬁ*t*#t"’t.'.."..'.'*ﬂ'*.*.Q*tﬁ.'*ttﬁ’**'.'*"ﬁ

Ne N e N N N e % N % W %

portc usage:

bit8: 8SI TX (from DSP to Codec)

bit7:

bit6:

bit5:

bitd: codec reset (from DSP to Codec)

bit3:

bit2: data/coatrol bar

O=control
1=data

;Q**ﬁ****tt**ﬂ***QQ'**’.*'QQ*Q**Q.**Q**'Q*Qtt****t******#*Qt*'.**'."**ﬁ*"’

F Rk A b initialize the CS4215 codec hh A A
;*t**ti**i*ﬁ*ﬁ*****.**t’**t'**Ot*ttt*ﬁ..i**'ttﬁ**.ﬁt*ﬁt’*****t***"*tt******

Ne e Mo Ne Mo Ne Ne W W N N %o Ne N Ne We
Noahwhn e

PROGRAM OUTLINE:

program fsync and sclk == output

write pc0 = 0 (control mode)

send 64 bit frame x times, with dcb bit = 0, keep doing until read back as 0
gsend 64 bit frame x times, with dcb bit = 1, keep doing until read back as 1
re-program fsync and sclk == input

write pc0 = 1 (data mode)

receive/send data (echo slots 1,2,3,4; slots 5,6,7,8 == constants)

RERRRRERAERRRARERREINRANRERRTRRARRRARARNRRARRARARRRRREARARERRARARAAANARATR AR

initialize 831 -- fsync and sclk ==> outputs

org p:
ada_init

movep #$0000,x:M_PCRC ; turn off ESSIO port (for now)

movep #5$103807,x%x:M_CRAO ; 40MHZ/16 = 2.5MHz SCLK, WL=16 bits,
4W/F

movep #S$££313C,x:M_CRBO : RIE,TIE,RLIE,TLIE,RE,TE, sc2/sck
outputs

movep #$0003,%:M_PRRC ; setup pd0 and pdl as gpio output

movep  #$0,x:M_PDRC ; send out a 0 on DC~ and RST CODEC~

;-=---reset delay for codec -~--

do #1000, _delay loop

rep #2000 ; 100 us delay (assuming 40MHz VCO)

nop
_delay loop

bset #0,x:M_PDRC ; sends out a 1 on pd0 (rst_codec=1l)

movep #5$0108,x:M_IPRP ; set interrupt priority level for ESSIO
to 3

; also set interrupt level for timer to
be equal
3 to that of ESSIO. I think the actual

IPL is 2.

andi #$FC, mxr ; enable interrupts

;************t**************i***i***********ti***t***********i****ﬁ**********i

131



; The following data sets up the CS4215 control mode data:

2 (CT8 = Control Time Slot, U/LN = upper/lower Nibble)

’

) - CTS1-UN: 0 0 1 MLB 0000
F m———— CTS1-LN: OLB CLB X X 0000
7 $+=-=-~-= CTS2~-UN: HPPF X DFR2 DFR1 0010
; |+--- CTS82-LN: DFRO ST pri DFO 1100
;7 X0 = $00iCxx

;

] Pr————— CTS3-UN: ITS MCK2 MCK1 MCKO 1000
F] tom——— CT83-LN: BSEL1 BSELO XCLK XEN 1000
H 4+-=-=-- CTS4-UN: TEST TEST TEST TEST (TEST MUST BE 0)
; |#+--- CTS4-LN: TEST TEST ENL DAD 0000

; x0 = $8800xx

'.iQO.Q.‘&'*Q‘QQ.'ﬁ".*.i'i**.'ﬂ'....'Qt’ﬁ"'tQ‘Qi‘.'i.t""."".""tf'.!..&..

;~--- set up buffer with control mode data
move #CTRL_WD_12, %0

move x0,3x:TX_BUFF_BASE
move #CTRL_WD_34,x0
move x0,x:TX BUFF_BASE+1l
move #CTRL_WD_56,x0
move x0,x:TX_BUFF_BASE+2
move #CTRL_WD_78,x0
move x0,x:TX_BUFF_BASE+3
movep #$003C, x:M_PCRC sturn on ESSIO except for sc0 and sc2
CLB == (0

e N W

jelr #3,x:M_SSISRO,* ; wait until rx frame bit=a=sl
jset #3,x:M_SSISRO,* ; wait until rx frame bit==0
jelr #3,%x:M SSISRO,* ; wait until rx frame bita=l
iset #18,x:RX_BUFF_BASE, * 3 loop until CLB set

H

; CLB == 1

i
bset #18,x:TX_BUFF_BASE ;set CLB
do #4,_init_loopB

wait until tx frame bit==l
wait until tx frame bita=0

jelr #2,x:M_SSISRO,*

jset #2,x:M_SSISRO,*
_init_loopB

movep #$0000,x:M_PCRC ; disable ESSIO

e “o

3 ****tt.t’**'******Q*********t****Q************t**.ti.ttti’ﬁ***ﬁ*******!*‘l****

now CLB should be 1 -- re-program fsync and sclk direction (i/p) -- also,
circular buffer pointers for echoing data rO=acurrent, rl=old data to send
1 frame later

we We Ws We

movep #$103807,x:M_CRAO ; 40MHz/16 = 2.5MHz SCLK, WL=1l6 bits,
4W/F

movep #$FF310C,x:M_CRBO

movep #$0003,x:M_PDRC

movep #$003C,x:M_PCRC

rts

sckd and fsync (s8c02) as inputs
D/C~ pin = 1 =a=> data mode
turn on ESSIO0 except for sc0 and sc2

. %

*t**Q******t**t-tt****t'***i*i*tt***t************Qf!t.*****’*t**#t*tit**t***ﬁ
SSIO_ISR.ASM Ver.2.0

Example program to handle interrupts through
the 56303 SSI0 to move audio through the CS4215

Copyright (c) MOTOROLA 1995, 1996
Semiconductor Products Sector
Digital Signal Processing Division

Wo W e We W N %o W

I

; upon entry:

: R5 must bs display counter only!
1 corrupts:

H RO,

;
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) History:
14 June 1996: RLR/LJD -~ ver 1.0

H
'.QQt&tt'*..'.QQ..Q.'t"t'.t"t."'tt.'.ﬁ'i't't'tt'ﬁ'.'t...t.*"ii.ﬁt*."'t*'*ﬁ

j----the actual interrupt service routines (ISRs) follow:

,t*'tﬁ...'.i'ﬁ"l*t""t' 8S8I TRANSMIT ISR TERXANLANNAANRAAARAANAAAAAAN A RANS

ssi_txe_isr
belr #4,x:M_SSISRO 3+ Read SSISR to clear exception flag
oxXplicitly clears underrun flag

-

ssi_tx_isr

move r0,x:(x5)+ ;3 Save r0 to the stack.

move mo,x: (xr5)+ ;3 Save m0 to the stack.

move #3,m0 ; Modulus 4 buffer.

move x:TX_PTR, 0 ; Load the pointer to the tx buffer.
nop

8SI transfer data register.

movep x: (r0)+,x:M_TX00
Update tx buffer pointer.

move r0,x:TX_PTR

N %o %o W

move x:-(xr5),m0 Restore mO.
move x:-(xr5),r0 Restoxe 0.
rti

,tiﬁitit*ltit'ti*itf*t ss: TRANS“IT LAST SLOT ISR L2 22222222222 2222222 2ZX 2 X2
ss8i_txls_isr

move r0,x:(x5)+ ; Save r0 to the stack.

move #TX_BUFF_BASE, xr0 ; Reset pointer.

move r0,x:TX PTR ; Reget tx buffer pointer just in
; case it was corrupted.

move x:-(x5),x0 ; Restore x0.

rti

;ﬁ**it**t**i***t*t****tt'ﬂ* 8SSI r.c.iva ISR ** A ARRNAIARNRANSIAAA AN TN I RN SN N

ssi_rxe_isr
bclr #5,x:M_SSISRO Read SSISR to clear exception flag

explicitly clears overrun flag

e we

ssi_rx isr

move r0,x: (r5)+ ; Save r0 to the stack.

move mo,x: (r5)+ ; Save m0 to the stack.

move #3,m0 ; Modulo 4 buffer.

move x:RX_PTR, xr0 ; Load the pointer to the rx buffer.
nop

Read out received data to buffer.

movep x:M_RXO0,x:(xr0)+
Update rx buffer pointer.

move r0,x:RX_PTR

Ne N W W

move x:-(xr5),m0 Regtore mo0.
move x:-(x5),r0 Restore x0.
rti

;***tf***t*ti********tt SSI roceiv‘ 1ast slot ISR (2 2222222222222 X222 222 22 &2
ssl_rxls_isrx
move r0,x: (r5)+ ; Save r0 to the stack.
move r2,x:(r5)+ ;NEW
move m2,x:(r5)+
move #255,m2 ; 256 bytes of display memory!
move #RX_BUFF_BASE, r0 ; Reset rx buffer pointer just in
; case it was corrupted.

move x:dispptr,r2 H
move r0,x:RX PTR ; Update rx buffer pointer.
move y:(r2)+,x0 ; load new command for display
move r2,x:dispptr ; NEW
move x:-(r5),m2
move x:-(x5),r2 ; NEW
move r0,x:HDR ; write 1/2 instruction to display
move x:-(x5),x0 ; Restore xO0.
rti
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8.1 A.7 timinit7.asm

page 132,60
'.ttt'ttiﬂttttt"ﬁ't'tﬁttﬁtt*tt'tw.tttt"t.t.t"..*tttt.tt'ttt'.tﬁtttﬁi*ﬁtt
TIMINIT1.ASM Ver.2.0
Example program to initialize the triple timer module

Copyright (c) Brian Perreault

History:
3/27/97 Created ver.l1.0

’Q'Q’iﬁﬁt.tt."tt.'G'Qt.tﬂ"tﬁ'ﬁ..ﬁ.Q*ttit.t"'.*'.'.'."'i"itttt.ﬁt'tttt'

7 R5,M5, and N5 must be resserved for these ISR's!
,it.tttt.'itttttittt.'tt*tt'tﬁﬁ"'*’ttiti*'t.t't.t&tttﬂt"t’t.Qtttt'tﬂ'iwtt

W N % N W %

’Qﬁ".*'.'ttii#t'ttii'ttttf..QQ.Q"Q'*iﬁiﬁtt'*t*..'."Qt.'..wti.*i*"t'tt.‘

Hi
H port usage:

i TIO)0 : connected to LED in series with resistor.
'Q..‘QQ'Q'ttttﬁ.t'ﬁ'**.ﬁ't*ti.tt'.t.t'tt'ﬁttﬁ.ﬁttii*t-ittﬂt.'ﬁtﬁttitt*ii.tt

"ﬁ't*Qfﬁtttttttttﬁﬁiitt*tt*..'*Q.t't'*!ﬁ****tﬁt*.'*t"ﬁ""t'it."tt.i’t"

H
H
7 PROGRAM OUTLINE:

H
71 Set up timer 0 to toggle twice per second at 16.9344 MHz*4 clock freq

H
'*t*.'QQ*****tQ*t***'*i***.*****t'*'&ﬁ'ﬁt*ﬁ#tt*..*i*ti’*tQ*t*****tttiﬁ.t*i.

;
H

org p:
time_init
3 TIMER 0
movep #0,x:M_TLRO ; start counter at 0
movep #16000000,x:M_TCPRO ; toggle about twice per second
movep #5000A21,x%:M_TCSRO ; put timer in toggle mode with

; TIO pin as output

;s Real time clock function moved toc main routine TIMER 2

F movep #>35610,x:M_TPLR ; prescale divides to 1/1124 second
intervals
: moveap #>01,x:M_TLR2 ; start counter at 0
; movep #>01124,x%x:M_TCPR2 ; toggles at almost exactly 1 sec
: movep #$008A25,x:M_TCSR2 ; put timer in toggle mode with
F; andi #$FC,mxr ; enable interrupts
rts

;*tt***tti******t*i"*t***’*******t*t*tQ*ﬁ.ttt******t*****tt**t*i**t’**t**

This is a real-time clock routine.

It keeps track of seconds, minutes, and hours. We can count up to 99
hours 59 minutes and 59 seconds befor we display something bad.

e e “we
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A.8 measured.asm

’Qtt'ti‘ﬁ'i'titt".'tﬁﬁﬁitti.ﬁ.ﬁ*"t.tit'ﬁit.ﬁﬁ.iti'Qt'.ﬁﬁi.it.*.ti*ﬁﬁ".t*.

jmeasured .ASM - Reads in 2 quadrature signals modulated to 10 kHz

3 Demodulates the signals with help from a PLL

Uses 2 input PLL (non-linear observer) to track position
differonce between vehicles

Uses interpoclated sin tables for better accuracy

Implements adjustments to non-linear observer to improve
accuracy

Converts position to decimal, and displays position to
micron resolution

Sends position value in ASCII out serial port when button is
pushed. Utilized timeocut to prevent double push

"t'*."t*.'t't.*'*i*t".Q'Q*O'*ﬁQﬂ*'ﬁ'i*t.i.ﬁ‘*ti‘ﬁ'.ﬁ*ﬁ'tt*i*..iﬁ*t*.*.Q.ﬁ

; Note: R5 is designated as the stack pointer for routines.
;Qﬁi*"'*'.*ﬁ.i'ﬁtt"'tt'*'ﬁ"'t"t".’ﬁ'iiiQﬁﬂ'Qtt'i*ﬁ*"t.'.ﬁ'*t***ﬂ*ttt**
nolist
include ‘'iocequ.asm’
include 'integu.asm’
include 'ada_equ.asm’
include 'vectors5.asm’
list
opt cec
L2 22 X222 X222 22X XX 22 R X222 X X 2R 22X 2 X 22 R 2 22 X2 2 X2 2 X2 XXX X2 X R 2 X 2 XXXl XXX XXX XXX XXX
4/6/97 added in 2 input PLL for position detection
4/6/97 added in display of position
5/2/97 added compensation for different sensor amplitudes!
5/10/97 added compensation (in sin table) for phase offset!
---Buffer for talking to the CS4215

e W T Ne N e W we W

W We N W we we

org x:0
RX_BUFF_BASE eqQqu *
RX_data_1 2 ds 1 ;data time slot 1/2 for RX ISR
RX_data_3_4 ds 1 ;data time slot 3/4 for RX ISR
RX_data_5_6 ds 1 ;data time slot 5/6 for RX ISR
RX data_7_8 ds 1 ;data time slot 7/8 for RX ISR
TX BUFF_BASE equ *
TX_data_1_ 2 ds 1 ;data time slot 1/2 for TX ISR
TX_data_3_4 ds 1 ;data time slot 3/4 for TX ISR
TX data_5_6 ds 1 ;data time slot 5/6 for TX ISR
TX_data_7_8 ds 1 ;jdata time slot 7/8 for TX ISR
RX_PTR ds 1 ; Pointer for rx buffer
TX_PTR ds 1 ; Pointer for tx buffer
temprS ds 1
dispptr de DISPLIST
strength dec 0
org x:$010
sigxy bsc 10,8%0 ; clrcular buffer for butterworth LPF
;filter zero coefficients for butterworth LPF
;organized as: b0 bl b2 b3 bd -al -a2 -a3 -ad
830 de O ; states for high freq PLL
slo de ©
820 de O
sixcent dec 6

sinarg dc sincoef

org x:$020
sincoef dc¢ 0.5,-0.5,-0.9999999,-0.5,0.5,0.9999999 ;last one is supposed to be 1
st3o de O ; states for low freq PLL
stlo de O
st2o0 de O
siglstrt dc inputl ;start circular buffer at 0
sig2strt dc lpsigl ;start circular buffer at 1lpsigl
sig3strt dc input3
count de 6
bpfiltx de O
bpfilty dc¢ 0
temp33 dc O
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tempéd dc O

temp55 dc O

clock

seconds dc 0

tensaconds dc 0

wminutes de 0

tenminutes de 0

hours dc 0

tenhours de 0

nothing dc 0

irqaset dc 0 3 0 if not pushed yet and 1 if it needs handling
irqdset dc 0 3 0 if not pushed yet and 1 if it needs handling
xmitstrt dc 0 3 0 if transmitting has not yet started

savex dc $400000

10,6,10,6,10,10,0,0

lett00,lett10,lett20,lett30,lettd0,lett50,1ett60,lett70,latt80,lett90

lett01,lettll,lett2l,lett3l,lettdl,lett51,lett61,lett71,lett8l,lottol

circular buffer for input 1 filter
circular buffer for input 2 filter

circular buffer for demodulated input 1
circular buffer for demodulated input 2

50,51,52,53,54,55,56,57

cirular buffer for output averaging

equ 63 ; should be ((*-DISPLIST)-1) but isn't

; include butterworth filter coeff's
;filter zero coefficients for butterworth LPF
;organized as: b0 bl b2 b3 b4 -al -a2 -a3 -ad

;3 coefficients for fast PLL

savey dc 0
waitlsec a& 0
org x: 80050
compclk dc
savepos dc 0
org x:$0060
digitso dc
org x:$0070
digitsl dc
org x:$0080
inputl bsc 128, $0 ;
input2 bsc 128,$%0 3
1lpsigl bsc 16,$0 ;
lpsig2 bsc 16,50 )
org x:$0200
asciiout Aac 72,69,76,76,79,13,7,7,7,32,32
asciiend dc 32
org x:5$0210
digits2 dc 48,49,
asciicnt dc 0
asciineg equ 45
asciispc egu 32
asciibeep egu 7
asciilf equ 10
asciier equ 13
asciiper equ 46
org x:$0400
input3 bsc 512,$0 3
org y:0
DISPLEN
include ‘'asm\butter.asm’
cl dc 0.0021418412
c2 dc 0.5235987756
wamax dc 0.0490873852
wamin dc -0.0490873852
deltap dc 0.52359877560
c3 dc (1/(4*3.14159265359))
s2max dec 0.5
s2min dec -0.5
scalesin dc 512

;Coefficients for two input PLL (Non-linear Observer)

k dc
c dc
deltap2 dc
cd

st2max dc

.0007815
.2499
0

0.25

; coefficients for fast PLL

dc (1/(4*3.14159265359))
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st2min dc -0.25%
sst2max dec 0.5
;st2min dc -0.5
bigpos dc 0

scalesin2 dc 512
;scalesin2 dc 10

3 THESE numbers are for the display routine
org y:$0020

decode dc 0.0010001,500,0.0100002,50,0.1000002,5 ; These constants will be
used to
;3 convert binary to decimal. It is VERY important to note
that every
;3 other one of these number is a small delta above 104(-k).
This
3} prevents errors at borders of 1000's, 100°'s and 10's. (if
it were a
; little less, we would be low by 1 digit and have problems.
digits dc $88, $EB, $4C, $49, $2B, $19,$18, $CB, $08, 509
org y:$0080 ; next thing must start on a 128 byte boundary;
org y:$100
include '‘asm\sintable.asm' ; location of sine table in memory
; also location of cos table with
: shift and wraparound
org y:$0200 ;definitely in internal memory

include 'asm\bandpass.asm’' ; include bandpass filter coeff's
include 'asm\lowpass.asm' ; include lowpass filter coefficients
org y:$0300

DISPLIST
dc lcdcommand, lcdpos800,1lcdpos80l, lcddata
de lettt0,letttl,lettil,lettil,lettml,lettml,lettel,lettel
dc
lettcoll, lettcoll,lett0,lettl,lett00,lett0l, lett00,lett0l
dc
lettcoll,lettcoll,lett00,lett0l,lett00,lett0l,lettcoll,lettcoll
de lett00,lett0l,lett00
endtime dc lett01
dc lcdcommand, 1cdpos940,lcdpos941, lcddata
dc lettp0, lettpl,lettol, lettol,lettsl,lettsl
dc lettiO,lettil,lettt0,letttl,lettil,lettil
dc letto0, lettol, lettn0,lettnl, lettcoll, lettcoll
strtpos dc lett0,lettl
dc lett00,lett01,lett00,lett0l,lett00,lettll
endpos de
lett00,lett01,lett00,lett0l,lett0,lettl,lett0,lettl, (lettm0+32), (lettml+32)
de (lettm0+32), (lettml+32)
dc lcdcommand, lcdposc00, lcdposc0l,lcddata
: de lettr0,lettrl,lettel,lettel,lettll,lettll
: de lettal, lettal,letttl,letttl,lettil,lattil
; dc lettvd,lettvl, lettel,lettel,lettl,lettl
dec lettpl, lettpl,lettol,lettol,lettsld,lettsl
de letti0,lettil,lettt0,letttl,letti0,lettil
dc lettol,lettol,lettnld,lettnl, lettl,lettl
dc letts0,lettsl,letteld,loettel,lettnl,lettnl
dc letts0,lettsl,lettil,lettil,lettnl,lettnl
dc lettgl,lettgl,lettl,lettl, lottdl,lettdl, lettel,lettel
dc lettm0, lettml,lettol,lettol, lettex0), lettexl
crappos
bsc 134, lcdcommand
endcrap
org y:$0400
include 'asm\ave2.asm’ ; inciude averaging filter coefficients
org y:$0600
include 'asm\coserr.asm' ; include sin table with offset error!
TONE_OUTPUT EQU HEADPHONE_EN+LINEOUT EN
TONE_INPUT EQU

MIC_IN_SELECT+ (15*MONITOR_ATTN)+(15*LEFT_GAIN)+ (15*RIGHT_GAIN)
CTRL_WD_12 equ NO_PREAMP+HI_ PASS_FILT+SAMP_RATE_48+STEREO+DATA_16 ;CLB=0
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CTRL_WD_34 equ IMMED_3STATE+XTALl_SELECT+BITS_64+CODEC_MASTER
CTRL_WD_56 equ 8000000
CTRL_WD_78 oqu $000000

JHPCR equ SPYPIrc4
7HDDR egqu SYrrrcs
JHDR egqu S$FFFrco

include 'dispequ.asnm’

org Pp:$100
START
main
) movep #5040003,x:M_PCTL ; set PLL for MPY of 4X
movep #5A40033,3x:M_PCTL ;3 set PLL for MPY of 52X and DIV by 1l
3 for actual speed of 80.053527 MHz
movep #5012421,x:M_BCR ;7 set up one ext. wait state for all AAR
areas
b3 movep #3,x:M_PRRE
ori #3,mxr ;mask interrupts
movec #0,sp jclear hardware stack pointer
move #0,omr joperating mode 0
move #8300, x5 ; initialige stack pointer
move #-1,m5 ; linear addressing
movep  #5$000108,x:M IPRP
F move #>31,m5 ; display buffer is 32 bytes long!
F3 move #>DISPLIST, x5 s we will always write to this list buffer,

;3 and the receive ISR will taks care of
; displaying the buffer.

include ‘'dispinit.asm’

F Imp disprtn
jsr ada_init ; initialize codec
3 isx time_init 7 initialize timer
isr sci_init ; initialize sci for output

; anitializaticn of necessary registers
move #sigxny, r3

move #128,N1 ;7 to jump from left input or lowpass
: move #16,N5 ; buffer to the right one
; initialize registers for filtering
move #127,m1 3 use 128 sample circular buffers
move ml,md ; use 128 sample circular buffers
move #9,m3
nove #$80FF, m6 ; force it to stay in 256 entry table

move #5,N3
move #bufferl, r0
H move #S00FF, m0

-

movep #$000FFF,x:M_IPRC ; enable IRQ interrupts, and set to level 2

loop_1

Iset #2,x:M_SSISRO,* swait for frame sync to pass

Jelrx #2,x:M_SSISRO,* jwait for frame sync

move x:RX_BUFF_BASE,a sxeceive left

move a,x0

move #>0.9672,y0

mpy x0,y0,2a ; sScale measurement s0 signal levels
are equal

move X:RX_BUFF_BASE+l,b ;receive right

asl #3,a,a ; scale up by 8}

asl #3,b,b
move a,x0
move b,y0
jsr process_stereo
move X:savex,a
move x:savey,b
move a,x:TX_BUFF_BASE jtransmit left
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move b,%x:TX_BUFF_BASE+1l stransmit right

move #TONE_OUTPUT,y0 ;sat up control words
move y0,x:TX_BUFF_BASE+2

move #TONE_INPUT,yO0

move y0,x:TX_BUFF_BASE+3

jmp

loop_1

process_stereo
;7 demodulate new values of channel 1 and channel 2
7 from 10 kHz to 2 kHz

2 bset #0,x:M_PDRE ; signals start of processing

move x:sinarg,r2

move #5,m2

nop
move x:(r2)+,yl 1look up cos value

move #SFFFFFF,m2

move r2,x:sinarg 3 update pointer into sin table
npy x0,¥1,b ;demodulate channels
npy y0,yl,a bl,x0 sjmodulate channel 1 and 2 from 10 to 2 kHz
move al,y0

;Bandpass Filter Channel 1
;rl must point to signal 1 buffer
;x4 must point to the filter coefficients

;ml
move
move
move
move

and m4 must be 127

x:siglatrt,rl ; load pointer to signal buffer
#>bandpass, rd ; load pointer to filter coeff's
#127,m1
ml,mé

move #128,N1

; I guess the new value of signal 1 is in x0 and the new value
? of signal 2 is in yo0
nop ;necessary for move function
clr a x0,x:(xl)+ yv:(rd)+,yl
do #127,endfltl
mac ®0,y1l,a x:(rl)+,x0 y:(xrd)+,yl
endfltl
s macr x0,y¥1,a (rl)+Nl1l ; do not decrement rl as we use it for next
filter
; which is located 128 samples further in
memory
;Bandpass Filter Channel 2
move yO0,x0
clr b x0,x:(xrl)+ y:(xrd)+,yl
do #127,endflt2
mac v1l,x0,b x:(xl)+,x0 y:(rd)+,vl
endfit2
macr ¥1l,x0,b (xrl)~- ;fix rl in the circular buffer for next time
move (rl)-N1
nop
move rl,x:siglstxt ; save pointer in buffer
asl a ; scale up to matlab levels
asl b ;3 scale up to matlab levels
;Combine two filtered channels by squaring and adding
move al,x0
mpy x0,x0,a bl,y0
macr y0,y0,a
; x0 and y0 now contain filtered signals
; asl a ; scale up signal by 2
move x0,x:bpfiltx
move yO0,x:bpfilty
: bset #1,x:M_PDRE ; signals end of bp filtering
;3 This section writes out intermediate value to output
; nove x0,x:savex
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iFilter to detect signal (DC component) use AC signal for PLL

scoeff b0 bl b2 b3 bd scaleb -al -a2 -a3 -ad

istorage locations are for x0 x1 x2 x3 x4 yl y2 y3 yé

;m3 must be 8=9-1, N3 must bes 5

; new value starts out in acc. a

;7 The b coefficients are scaled up by 16384 for numerical accuracy

; The a coefficients are scaled down by 8 since they are greater than 1
; The scaleb scales the input portion down by 16384*8 to match the
F output feedback portion
; The total is then scaled up by 8 to give the correct amplitude
; (this is done with 3 asl's)

move al,x0
tfr a,b #butterb, x7
clr a x0,3x: (x3)+ y:(x7)+,y0
do #5,endfltb
mac x0,y0,a x:(r3)+,x0 y:(xr7)+,y0
endfltb
move al,xl
3 mpy x1l,y0,a x:(r3)+,x0 y:(x7)+,y0 ;?2?
; prev inst replaced with next two
asr #17,a,a
move x:(r3)+,x0 y:(x7)+,y0
do #3,endflta
mac x0,y0,a x:(xr3)+,x0 y:(x7)+,y0
endflta
macr x0,y0,a
asl #3,a,a
move (r2)-N3
move al,x:{(r3)-N3
sub a,b (r3)- ; B contains AC part of signal

; A contains DC signal

move al,x:strength
H bset #1,x:M PDRE ; signals end of bp filtering

Use PLL to lock on to 4 KHz signal in B

Data is organized in X: as: s3o0 slo s2o

Dats is organized in ¥: as: cl c2 w2max w2min deltap c3
s2max s2min scalesin sinloc

e

H v e

ove #s30,r2
move #cl,x6
move #$06,x1 ; x1=.,0469
cmp x1,a X:(xr2)+,x0 Y:(x6)+,y0 ; is DC<0.0469?
;x0=830 and yO=cl
Jmi update2 7 Jump if it is
updatel ; This update if signal strength is strong
mpy x0,y0,a X:(xr2),x1 Y:(x6)+,yl
3 xl=8lo and yl=c2
add xl,a ; a=slo+cl*s3o=sl
move al,X:(xr2)+ ; store new sl
mpy x0,y1l,a Y:(xr6)+,x0 ; load x0=w2max
add x1l,a X:(x2),yl
move Y:(x6)+,y0
; a=slo+c2*s30o and y0=w2min and yl=s2o
cmp x0,a ; is a>w2max?
tpl x0,a ; 1f so, a=w2max
cmp y0,a Y:(xr6)+,x0
; is a<w2min and x0=deltap
tmi y0,a ; 1f so, a=w2min
add x0,a Y:(x6)+,x0 ; x0=c3=1/(4*pil)
move al,x1
mpy x0,x1,a ; scale for correct 82 level
add vl,a Y: (xr6)+,x0 ; x0=82max=0.5

; a=s2=g2o+scale*(deltap+slo+c2*830)
H ag20+scale* (deltap+delta)
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cmp
Jmi
sub
sub
Jmp
chk2sml
move
cmp
ipl
add
add
donechkl
move
move
mpyxr
move

update2
move
clx

mpy

clr
add
moves

cemp
tpl
cmp

tmi
add

add

cmp
Jmi
sub
sub

b |
chk2sml2
move
cmp
ipl
add
add
donechk2
move
move
npyxr
move
move
move
move
asr
move
mpy
move

x0,a H
chk2sml

x0,a (x6)+

x0,a ?
donechkl

subtract 1 if >0.5

Y:(x6)+,xl 3 xl=g2min=-0.5

xl1,a
donechkl

x0,a ; add 1 if < -0.5

x0,a

al,x0
y:(xr6)+,y0
yl,y0,a x0,x:(xr2)-
al,né6
#>sinloc,r6
(r2)-
y:(xr6+né6),xl
a bl,yl
al,né
x1,vl,a
al,x:(r2)+
updtdone

;jmove 82 to x0 and

1load yO=gcalesin

;store 82

; old 820 value! as we want

;xl=gin(s20)

;yl=new input=W(kk) and a=a/2
; index to find sin(s20/2)

sa=g3=gin(820) *W(new input)
;save 83=a
;%0 contains s2

; This update if signal strength is weak

#$7F,y0
a X:(xr2),x1
; xlmglo and yl=c2
x1l,y0,a ; a=0.99*slo=sgl
al,X:(r2)+

;y0=127/128
Y:(x6)+,y1l

; store new sl

a Y:(x6)+,x0 ; load x0=w2max

X:(x2),yl
Y:(r6)+,y0

xl,a

; a=s8lo and y0=w2min and yl=s20

x0,a ; is a>w2max?
x0,a : 1f so, a=w2max
y0,a Y:(xr6)+,x0
; is a<w2min and x0=deltap
y0,a : 1f so, a=w2min
x0,a Y:(r6)+,x0 ; x0=c3=1/(4*pi)
al,xl
x0,xl,a ; scale for correct 82 level
yl,a Y:(x6)+,x0 ; x0=s2max=0.5
; a=s2=g2c+scale* (deltap+sl0)
; =g2o+scale* (deltap+delta)
x0,a ;
chk2sml2
x0,a (x6)+
x0,a ; subtract 1 if >0.5
donechk2
Y:(r6)+,x1 ; xl=82min=-0.5
x1,a
donechk2
x0,a ; add 1 if < -0.5
x0,a
al,x0 ;move 82 to x0 and

y:(x6)+,y0
yl,y0,a x0,x:(x2)-

al,né
#>sinloc, r6
(r2)-
y:(ré+n6) ,x1
a bl,yl
al,né
x1l,vl,a

al,x:(xr2)+
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;load yO=scalesin
;store 82
; old s20 value! as we want

sxl=s8in(s20)
;ylsnew input=W(kk) and a=a/2

;am=g3=8in(820)*W(new input)
;save 83=a
;x0 contains s2



updtdone

3 bset #1,x:M_PDRE ; signals end of PLL
clr a y:(r6+n6),x0 1x0=gin(820/2)
move x:count,al sxl=count (down from six)
sub #1,a jcountmcount-1
move al,x:count
ine donerts

3 If it ia the 6th time around, then process

3 This acts like a downsampling

sUse PLL to create 2 KHz demodulation signal and

; demodulate channel 1 and channel 2 filtered signals

move #$6,a0
move al,x:count 3 reset sixcnt to 6
move x:bpfiltx, xl 7 load channel 1 new val
mpy x0,x1,a ; demodulate ch 1

move x:bpfilty,yl 7 load ch2 val
mpy x0,y1,b al,x0 ; demodulate ch 2
move bl,y0

sWe now have X3(kk) in x0 and Y3(kk) in y0. They are
; now demodulated completely down from 10 KHz

;Filter demodulated signals for channel 1 and channel 2 to
; remove double frequency (4 KHz) component

;rl must point to signal 2 buffer

;r4 must point to the filter coefficients
;ml and md must be 15

move #15,ml

move ml,md

move #16,N1
move x:sig2strt,rl ; load pointer to signal buffer

move #>lowpass, xrd ; load pointer to filter coeff's
;7 I guess the new value of signal 1 is in x0 and the new value

: of signal 2 is in yo0

nop ;necessary for move function
clr a x0,x: (xrl)+ y:(rd)+,yl
do #15,endf1lt3
mac x0,yl,a x:(rl)+,x0 y:(xd)+,yl
endflt3
macr x0,y1l,a (rl)+N1 ; do not decrement rl as we use it for

next filter

;Low pass Filter Channel 2
move y0,x0

clr b x0,3: (xl)+ y:(rd)+,yl

do #15,endfltd

mac ¥1l,x0,b x:(xrl)+,x0 y:(rd)+,yl
endfltd

macr ¥1l,x0,b (rl)- ;fix rl in the circular buffer for next time
move (rl)-N1
move rl,x:sig2strt ; save pointer in buffer
a now contains channel 1 (X4(kk))
b now contains channel 2 (Y4 (kk))
bl now contains channsl 2

move al,bo
b0 now contains channel 1

Ne We we W

move b0,x0
move bl,y0
v0, x:8avey
; move %0, x:savex

:

;Use channel 1 and channel 2 demodulated filtered signals and
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; mnon-linear observer (PLL) to track position
3 Data is organized in X: as: st3o stlo st2o
; Dats is organized in Y: as: k c deltap2 cd=1l/(4*pi)

; st2max st2min bigpos scalesin2
clr a
move x:strength,al
move #st3o0,r2
nove #k, x6
move #506,x1 ; x1=,0469
cmp x1l,a X:(xr2)+,x0 Y:(x6)+,y0 ; is DC<0.0469?
sx0=gt30 and yO=k
Jmi updated 7 Jump if it is
update3 ; This update if signal strength is strong
mpy . x0,y0,a X:(xr2),x1 Y:(r6)+,yl
: xl=slo and yl=c
add xl,a ; a=mgtlo+k*st3o=sl
move al,X:(x2)+ ;3 store new stl
mpy x0,y1,a X:(r2),yl1 ; load yl=st2o
add x1l,a Y:(x6)+,x0 sa=gtlo+c*st3o
;3 x0O=deltap2
add x0,a Y:(xG)+,%x0 ; xO=cd=l/(4*pi)
move al,xl
mry x0,x1,a ; scale for correct s2 level
ad yl,a Y:(x6)+,x%x0 ; x0=at2max=0.25
; a=st2=mgt2o+scale* (deltap2+stlo+c*st3o)
; m=gt2o+scale* (deltap2+delta2)
cmp x0,a F
Jmi chk2sml3
sub x0,a (x6)+
sub x0,a ; subtract .5 if >0.25
move al,x0 ; move s8t2 to x0
clr a ; bigpos=bigpos+1
move y:(r6),a0
inc a
move a0,y: (x6)
move x0,a
Jmp donechk3
chk2sml3
move Y:(x6)+,x1 ; xl=st2min=-0.25
cmp xl,a
ipl donechk3
add x0,a ; add .5 if < -0.25
add x0,a
move al,x0 ; move s8t2 to x0
clr a ; bigpos=bigpos-1
move y:(xré),a0
dec a
move a0,y: (x6)
move x0,a
donechk3
move al,x0
H move x0,y:(r0)+
move (r6)+ ; point from bigpos to scalesin2
move y:(r6)+,y0 ;load yO=scalesin2
mpy vl,y0,a x0,x:(x2)- ;8tore st2
move al,né6 ; old st2o value! as we want
move a0, xrl ; rl is fraction between 2 sin values

; use it to interpolate!
move al0,x:temp55

move #>sinloc, x6 ; r6 points to sin table
move (r2)-
move y: (ré6+n6),xl :xl1l=8in(st20)
move x1,x:savex
move (x6)+ ; get next value in table, too
move y: (x6+n6),x0
clr a
move rl,al
asl #23,a,a ; convert to positive fraction
move al,y0 ; Y0 is fraction between two sin values
move al,x:temp33
move #>$7FFFFF,a ; a=1.00 (Just a little less)
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sub y0,a s a is now fraction down from 2nd sin
value
move al,yl
move al,x:tempdd

mpy x0,y0,a 3 do the interpolation
macr x1,yl,a
move a,rl ; Xl=interpolated sin(st20)

move rl,x:savey

move #>coserr, r6 ;point to cosine table with
phase offset!
move y:(r6+n6),xl ;¥Yl=mcos(st20)
; move yl,x:savey
move (x6)+ ; get next value in table, too
move y:(r6+né),x0
mpy x0,y0,a ; do the interpolation

macr x1,yl,a

move rl,xl

move a,yl
move bl,y0 ;yO=new input=¥Y4d (kk)
move b0, x0 :x0=new input=Xd (kk)
mpy x0,x1,a ;a=gin(st2o) *X4 (kk)
macr ¥y0,yl,a ; +cos(st20)*Y4d (kk)
move al,x:(x2)+ ;8ave s3=a
Jmp updtdone3 ;
updated : This update if signal strength is weak
clr a X:(xr2),x1 Y:(x6)+,yl
; x1l=gtlo and yl=c
move x1l,a ; a=stlo=stl : don't update stl!
move al,X:(r2)+ ; 8store new stl
move X:(x2),yl 7 Yl=st2o
move Y:(x6)+,x0 ; x0=deltap2
add x0,a ¥Y: (r6)+,x0 ;a=stl+deltap2
1 x0=cd=1/(4*pi)
move al,xl
mpy x0,x1,a ; scale for correct st2 level
add vl,a ¥:(xr6)+,%x0 ; xO=st2max=0.25
; azst2=zst2o+scale* (deltap2+stlo)
b3 zmgt2o+scale* (deltap2+delta2)
cmp x0,a ;
Jmi chk2smid
sub x0,a (x6)+
sub x0,a ; subtract 0.5 if >0.25
move al, x0 ; move st2 to x0
clr a ; bigpos=bigpos+1
move y:(xr6),a0
inc a
move al,y:(x6)
move x0,a
Jmp donechk4
chk2smld
move ¥Y:(r6)+,x1 ; xi=gt2min=-0.25
cmp xl,a
ipl donechkd
add x0,a ; add 0.5 if < -0.25
add x0,a
move al,x0 ; move 8t2 to x0
clr a ; bigpos=z=bigpos-1
move y:(r6),a0
dec a
move a0,y:(x€)
move x0,a
donechk4

move al,x0
move (xr6)+
move y:(x6)+,y0 ;load yO=scalesin2
mpy yl,y0,a x0,x:(xr2)- ;store 82
; amindex into sin table
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move al,né 7 old s2o0 value! as we want

move a0, rl 3 ¥l is fraction between 2 sin values
; use it to interpolate!
move #>sinloc,x6 3 look up sin table
move (xr2)-
move y: (r6+n6) ,xl ixl=gin(st20)
move (r6)+ ; get next value in table, too
move y: (r6+n6) ,x0
clr a
move rl,al
asl #23,a,a ; convert to positive fraction
move al,y0 ; Y0 is fraction between two sin values
move #>$7FFFFF,a ; a=1.00 (just a little less)
sub yO0,a ; a is now fraction down £rom 2nd sia
value
move al,yl
mpy x0,y0,a ; do the interpolation
macr x1,yl,a
move a,rl ; xl=interpolated sin(st2o0)
move #>coserr,xré ;point to cosine table with
offget error!
move y: (xr6+n6) ,x1 ;xl=cos(st20)
move (r6)+ ; get next value in table, too
move yv:(r6+n6),x0
mpy x0,y0,a ; do the interpolation
macr x1,yl,a
move a,yl
move rl,xl
move bl,y0 ;yO=new inputs=Yd (kk)
meve b0, x0 ;x0=new input=X4 (kk)
mpy x0,x1,a ;a=sin(st2o) *x4 (kk)
macr y0,yl,a ;s +cos(st20)*Y4d (kk)
move al,x:(r2)+ ;save g3=a
;%0 contains s2
updtdone3
disprtn
move x:st2o0,y0 ; st2o0 is position (mod 75 mm)
; move YO0,x:savey
: move =0, x:savex
-3 #>150000,r1 ; convert fraction to mm (.5=75mm)

move rl,x1

mpy x1,y0,b

move Yy:bigpos,y0
move #>75000,r1

move rl,xl

npy y0,x1,a

asl #23,a,a

add a,b

asl #5,b,b
move bl,x0
;Bandpass Filter Channel 9
;rl must point to signal 1 buffer
;r4 must point to the filter coefficients
;ml and mé4 must be 511
move x:8ig3strt,rl ; load pointer to sigmnal buffer
move #>ave2,rd ; load pointer to filter coeff's
move #511,ml
move ml,md

; I guess the new value of signal 1 is in 0 and the new value

nop ;necessary for move function
clr a x0,x:(rl)+ y:(rd)+,yl
do #511,endflt9
mac x0,yl,a x:(rl)+,x0 y:(rd)+,yl
endflt9
macr x0,vl,a (rl)- ; decrement rl to change start pos
nop
move rl,x:sig3strt ; save pointer in buffer
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move a,b
asr #5,b,b

rnd b
move bl,xl
move xl1,x:savepos

,*..t"ﬁﬁ"t'Q'*iﬁ'.**'.*Q'.t't**.#*t***t**t**"'*tl*.ﬁ.ﬁQ**tt't.tt'.'**ﬁ*'*’

; Display Routine b
F) This routine takes a number in x1 betwsen 0 and 8400 and displays it
s on the 7 Segment, 4 digit LED Display. *

LA AR A A A A A Al A A 2 R AR R d i RS2 2 Y22 Yy Y Ty ey
H

clr b sassume number is in x1
move #strtpos, r2 sinitialize indexes
move #decode, rd
move #digitsl, r7
move #digits0,rl
; move #>-001234,x1
move x1,b sassume 4 digit integer is in x1
asx #24,b,b
cmp #0,b
Jmi negsign
move #lett0,y0
move yO0,y:(r2)+
move #lettl,y0
move YO,y:(xr2)+
Jmp donesign
negsign
move #lettmin0,y0
move yO0,y:(r2)+
move #lettminil,y0
move yO0,y:(r2)+
neg b
move b0,xl
donesign
move #>10000,x0
move x1,b
clx a
cmplOok
cmp x0,b
Jmi donellk
add #1,a
sub xo,b
Jmp cmplOk
donellk
move a,nl ;get ready to look up digit
move a,n?7 ;get ready to look up digit
move x:(rl+nl),y0 7look up digit
move ¥0,y: (xr2)+ sdisplay digit
move x: (r7+n7),y0 1look up digit
move y0,y:(xr2)+ ;display digit
move b,n7
clr b
move n7,b0
move b0,x1
move y:(rd)+,x0 ;load in first comstant to convert
npy x0,x1,a
move a,nl ;get ready to look up digit
move a,n7
move y:(rd)+,x0
move x: (rl+nl),yo0 ;look up digit
move y0,y:(x2)+ ;display digit
move x: (r7+n7),y0 ;look up digit
mova y0,y:(xr2)+ ;display digit
move #lettper0,y0 ; display decimal point
move Y0,y:(x2)+
move #lettperi,y0
move y0,y:(x2)+
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move a,yl

mac -x%0,y1,b
move y:(rd)+,x0
move b0, x1
npy x0,x1,a
move a,nl ;get ready to look up digit
move a,n?7 ;get ready to look up digit
move y:{(xrd)+,x0
move x:(x1l+nl),y0 ;look up digit
move y0,y:(xr2)+ ;display digit
move x: (x7+n7) ,y0 ;look up digit
move y0,y:(r2)+ ;diaplay digit
move a,yvl
mac -x0,y1,b
move y:(xd)+,x0
move b0, x1
mpy x0,x1,a
move a,nl ;get ready to look up digit
move a,n7 ;get ready to look up digit
move y:(xd)+,x0
move x:(rl+nl),y0 ;look up digit
move v0,y:(xr2)+ ;display digit
move x:(x7+n7),y0 ;look up digit
move y0,v:(x2)+ ;display digit
move a,yl
mac -x0,y1,b
move bo,nl ;get ready to look up digit
move b0,n?7 ;get ready to look up digit
move y:(xrd)+,x0
move x:(rl+nl),y0 1look up Adigit
move y¥0,y:(x2)+ ;display digit
move x: (x7+n7),y0 ;look up digit
move y0,y:(xr2)+ ;display digit
donerts

move x:waitlsec,b

cnp #0,b

jeq chkirg

beclr #0,x:irgaset

sub #1,b

move bl,x:waitlsec
jset #0,x:xmitstrt,xmitnext
jmp donedone

chkirqg
jmp irgdchk
LA X222 X2 X2 R XX 222X XX X2 X R XXX 22X 2R 22X 2 2222222 X2 X2 X X 22X X2 222222222 X
These next routines handle output through the serial port to reccrd
data

(22 2 XX XXX X222 XIS IR 22X 22X 2R R X2 R R 2 R 2 X2 X X R X R X 2 XX XXX 22X 22 XXX 222
jclr #0,x:irgaset,Gonedone

N Ne N N N

nop

Jjset #0,x:xmitstrt,xmitnext
nop

bset #0,x:xmitstrt

move #asciiout, r2 ;initialize indexes
move #strtpos,rd
move #>$0000FF, %0

move y:(rd)+,a
and x0,a (xrd)+
move al,x:(r2)+

move Yy:(rd)+,a
and x0,a (rd)+
move al,x:(x2)+

move y:(xrd)+,a

and x0,a (zd)+
move al,x:(r2)+
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move

move

move
move
move

y:(xrd)+,a
x0,a (rd)+
al,x:(r2)+

yi(xd)+,a
x0,a (xd)+
al,x: (r2)+

y:(xrd)+,a
x0,a (rd)+
al,x: (x2)+

y:(xrd)+,a
x0,a (rd)+
al,x: (r2)+

#>asciispe,y0
y0,x:(r2)+
#>asciibeep, vo0
y0,%:(xr2)+
#>asciicr,y0
y0,x:(x2)+
#>asciile,y0
y0,x:(xr2)+

move f#asciiout,r2
move x:(r2)+,x0
move x0,x:M_STXL
move r2,x:asciicnt

move #>48000,x0
move x0,x:waitlsec
jmp donedone

i tnext

jelr #1,x:M_SSR,donedone

move x:asciicnt,r2
move x:(r2)+,x0
move x0,x:M_STXL
move r2,x:asciicnt

move xr2,b

cop #>asciiend,b

jne donedone
xmitdone

beclr #0,x:xmitstrt
beclr #0,x:irgaset

donedone
bclr
beclr

move

N N W % W

rts

include
include
F; include
include

echo
end

#0,x:M_PDRE
#1,x:M_PDRE

jelr #1,x:M_SSR,donedone

#>65,x0

move x0,x:M_STXL

'adainit8.asm’
‘timinit6.asm’
'switches.asm’
'sciinit2.asm’

;3 sound beep

;3 display carriage return

; sound beep
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A.9 strngth3.asm

’*****#*****t**’**iQﬁ*ttti*'*.t**ﬁ**itit*.f.i*ﬁ*t*l*tt**tt***'******ﬂt*t*'**
) Switch to other chanmnel since strngth2.asm

1POSIT*0N.ASM - Reads in 2 quadrature signals modulated to 10 kHz

H Demodulates the signals with help from a PLL

Displays demodulated signal level for both sensors on LCD
Sends ASCII measurements out serial port when button is pushed
;*****ﬁ*******'****ﬁ***ttt*ﬁ*tt*t*ttﬁt*tfﬁ..ﬁt‘ﬁtﬁ*t**ﬁtt*i**&t*'t*ﬂ*tt.it*'

; Note: R5 is designated as the stack pointer for routines.
;ﬁ**'*'*****t******ti*t'ﬂﬁ.*iﬁ**'ﬁ*i'**tﬁi'*ﬁtiﬁt’tti'i.it**t.*ti**tﬁ*ﬁ***tﬁ

nolist

include 'iocequ.asm’

include 'intequ.asm’

include 'ada_equ.asm’

include 'vectors5.asm'

list

opt cc
;**t*****tt.*f****it*t***i*tt*tt*t*t**i*i***tt*ﬁ*i**&*’*ﬂ’*i*****i't*ﬁ***ttﬁ***
; 4/6/96 added in 2 input PLL for positicn detection
; 4/6/96 added in display of position
;-~--Buffer for talking to the CS4215

e wo

org x:0
RX_BUFF_BASE aqu -
RX_data_1_ 2 ds 1 ;data time slot 1/2 for RX ISR
RX_data_3_4 ads 1 ;data time slot 3/4 for RX ISR
RX_data_5_6 ds 1 ;data time slot 5/6 for RX ISR
RX_data_7_8 ds 1 ;jdata time slot 7/8 for RX ISR
TX_BUFF_BASE equ *
TX data_1_ 2 ds 1 ;data time slot 1/2 for TX ISR
TX data_3_4 ds 1 ;data time slot 3/4 for TX ISR
TX_ _data_5_6 ds 1 :data time slot 5/6 for TX ISR
TX_data_7_8 ds 1 ;data time slot 7/8 for TX ISR
RX_PTR ds 1 ; Pointer for rx buffer
TX_PTR ds 1 ; Pointer for tx buffer
tempr5 ds 1
dispptr de DISPLIST
strength de 0

org x:$010
sigxy bsc 10,50 ; circular buffer for butterworth LPF

;filter zero coefficients for butterworth LPF
;organized as: b0 bl b2 b3 bd -al -a2 -a3 -ad

830 de 0 ; states for high freq PLL
slo de 0
820 de 0
sixcnt dc 6

sinarg dc sincoef

org x:$020
sincoef dc 0.5,-0.5,-0.9999999,-0.5,0.5,0.9999999 ;last one is supposed to be 1
st3o de 0 ; states for low freq PLL
stlo de 0
st2o de 0
giglstrt dc inputl ;start circular buffer at 0
sig2strt dc 1lpsigl ;start circular buffer at lpsigl
sig3strt dc input3
count de 6
bpfiltx de 0
bpfilty dc 0
temp33 dc 0

tempdd dc O

temp55 dc 0

clock

seconds de 0
tenseconds dc 0
minutes dc 0
tenminutes dc 0
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hours dc 0

tenhours dc 0

nothing dc 0

irqaset dc 0 7 0 if not pushed yet and 1 if it needs handling
irgdset dc O 7 0 1f not pushed yet and 1 if it needs handling
xmitstxt dec 0 3 0 if transmitting has not yet started

savex dc $400000
savey de O©

waitlsec dc 0

org x:$0050
compclk dc 10,6,10,6,10,10,0,0
savepos dc 0

org x:$0060
digits0 dc
lett00,lettl1l0,lett20,lett30,lettd0,lett50,1lett60,lott70,lett80,latt90
org x:$0070
digitsl dc
lett0l,lettll,lett2l,lett3l,lettdl,lett51,lett61l,lett71,letts8l,lett9l

org x:$0080
inputi bsc 128,50 3 circular buffer for input 1 filter
sinput2 bsc 128,%50 ; circular buffer for input 2 filter
lpsigl bsc 16,$0 ; circular buffer for demodulated input 1
lpsig2 bsc 16,$0 3 circular buffer for demodulated input 2
org x:$0200

asciiout ac 72,69,76,76,79,13,7,7,7,32,32
asciiend dc 32

org x:$0210
digits2 de 48,49,50,51,52,53,54,55,56,57
asciicnt dc 0
asciineg equ 45
asciispc equ 32
asciibeep equ 7
asciils equ 10
asciicr equ 13
asciiper equ 46
org x:$0400
irput3 bsac 512,$0 ; cirular buffer for output averaging
org y:0
DISPLEN equ 63 ; should be ((*-DISPLIST)-1) but isn‘'t
include ‘'asm\butter.asm’ 7 include butterworth filter coeff's
;filter zero coefficients for butterworth LPF
jorganized as: b0 bl b2 b3 b4 -al -a2 -a3 -ad
cl dc 0.0021418412 ; coefficients for fast PLL
c2 dc 0.5235987756

w2max dc 0.0490873852

w2min dc -0.0490873852

deltap dc 0.52359877560

c3 dec (1/(4%3.14159265359))
s2max dc 0.5

s2min dc -0.5

scalesin dc 512

;Coefficients for two input PLL (Non-linear Observer)

k dc .0007815 ; cosfficients for fast PLL
c dc .249%99

deltap2 dc 0

cd de (1/(4*3.14159265359))

st2max de 0.25
st2min de -0.25
;st2max dec 0.5
;8t2min dec -0.5
bigpos dc 0
scalesin2 dc 512
:scalegin2 dc 10
; THESE numbers are for the display routine
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org v:50020

decode dc 0.0010001,500,0.0100002,50,0.1000002,5 ; These constants will be
used to

; convert binary to decimal. It is VERY important to note
that every

;3 other one of these number is a small delta above 104(-k).
This

; prevents errors at borders of 1000's, 100's and 10's. (if
it were a
little less, we would be low by 1 digit and have problems.

digits dc $88, $EB,$40,$49 $2B,$19, $18, $CB, $08, $09
org y:50080 ; next thing must start on a 128 byte boundary;
org y:$100

; include 'asm\sintable.asm’' ; location of sgine table in memory

; also location of cos table with
; shift and wraparound

org y:$0200 sdefinitely in internal memory
include 'asm\bp2.asm' ; include bandpass filter coeff's
: include 'asm\lowpass.asm' ; include lowpass filter coefficients
org y:$0300
DISPLIST
de lcdcommand, 1cdpos800, l1cdpos801,lcddata
dc lettt0,letttl,lettil,lettil,lettm0,lettnl,lottel,lottel
dc
lettcoll, lettcoll,lettl,lettl,lett00,lett01l,lett00,lattll
dc
lettcol0,lettcoll,lett00,lett0l,lett00,lett0l,lettcoll,lettcoll
de lett00,lett0l,lett00
endtime dc lett01l
de lcdcommand, lcdpos940,lcdpos941,lcddata
de letts0,lettsl,letttld,letttl,lettr0,lettrl
dec lettel,lettel, lettnl,lettnl,lettgl, lettgl
de lettt0,letttl,letth0,letthl,lettcoll,lettcoll
strtpos dc lett0,lettl
de lett00,lett0l,lett00,lett0l,lett00,lett0l
endpos dc
lett00,lett01,lett00,lett0l,lettl,lettl,lettl,lottl, (lettm0+32), (lettml+32)
dc (lettm0+32), (lettml+32)
de lcdcommand, lcdposc00, lcdposc0l, lcddata
; de lettr0,lettrl,lettel,lettel,lettll,lettll
: de lettal,lettal,lettt0,letttl,lettil,lettil
H dc lettv0,lettvl,lettel,lettel,lett0,lettl
dc lettp0,lettpl,lettol,lettol,lettsl,lettsl
de lettilO,lettil,letttl,letttl,lettio,lettil
de letto0,lettol,lettnld,lettnl,lettl,lettl
dec letts0,lettsl,letteld,lettel,lottnld, lettnl
dc letts0,lettsl,lettil,lettil,lettnl,lettnl
dc lettgl,lettgl,lett0,lettl,lettdl, lettdl,lettel,lettel
dc lettm0,lettml, lettol,lettol, lettex0, lettexl
crappos
bsc 134, lcdcommand
endcrap
org y:$0400
include 'asm\ave2.asm' ; include averaging filter coefficients
TONE_OUTPUT EQU HEADPHONE_EN+LINECUT EN
TONE_INPUT EQU

MIC_IN_ SELECT+ (15*MONITOR_ATTN)+(15*LEFT_GAIN)+ (15*RIGHT_GAIN)

CTRL_WD_12 agu NO_PREAMP+HI_PASS_FILT+SAMP_ RATE 48+STEREO+DATA_16 sCLB=0
CTRL_WD_34 egqu IMMED_3STATE+XTALl_ SELECT+BITS_64+CODEC_MASTER

CTRL_WD_56 equ $000000

CTRL_WD_78 equ $000000

;HPCR egu SFFFFC4
7 HDDR egu SFFFFCS8
:HDR equ SFFPFCY

include ‘'dispequ.asm®
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org p:$100

START
main
3 movep #$040003, x:M_PCTL s set PLL for MPY of 4Xx
movep #$A40033,x:M_PCTL ;s set PLL for MPY of 52X and DIV by 11
;3 for actual speed of 80.053527 MHz
movep #$012421,x:M BCR ;7 set up onoe ext. wait state for all AAR
areas
P movep #3,x:M_PRRE
ori #3,mr smask interrupts
movec #0,8p jclear hardware stack pointer
move #0,omx ;operating mode 0
move #$300,r5 ; initialise stack pointer
move #-1,m5 ; linear addressing
movep #$000108,x:M_IPRP
; move #>31,m5 ; display buffer is 32 bytes long!
: move #>DISPLIST, x5 ; wo will always write to this list buffer,
;7 and the receive ISR will take care of
3 displaying the buffer.
include 'dispinit.asm®
: Imp disprtn
isr ada_init 3 initialize codec
; jsr time_init ; initialize timer
jsxr sci_init ; initialize sci for output
; initialization of necessary registers
move #sigxy, r3
move #128,N1 ; to jump from left input or lowpass
; move #16,N5 : buffer to the right one
; initialize registers for fiitering
move #127,m1 ; use 128 sample circular buffers
move ml,md ; use 128 sample circular buffers
move #5,m3
move #$80FF, m6 ; force it to stay in 256 entry table
move #5,N3
: move #bufferl, ro0
; move #$00FF, m0
movep #$000FFF,x:M IPRC ; enable IRQ interrupts, and set to level 2
loop_1
iset #2,x:M_SSISRO,* ;wait for frame sync to pass
jeclr #2,x:M_SSISRO,* ;wait for frame sync
move x:RX_BUFF_BASE,Db ;jreceive leit
move x:RX_BUFF_BASE+l,a ;receive right
asl #3,a,2 ; scale up by 8!

asl #3,b,b
move a,x0
move b,y0
jasr process_stereo
move x:savex,a
move x:savey,b

move a,x:TX_BUFF_BASE ;transmit left
move b,x:TX_BUFF_BASE+1 stransmit right
move #TONE_OUTPUT,y0 ;set up control words

move y0,x:TX_ BUFF_BASE+2

move #TONE_INPUT, y0

move y¥0,x:TX_BUFF_BASE+3

imp loop_1
process_stereo

move al,x0
;Bandpass Filter Channel 1
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;rl must point to signal 1 buffer
;x4 must point to the filtex coefficients

jml and m4 must bs 127
move x:siglstrt,rl 3 load pointer to signal buffer

move #>bp2,rd 3 load pointer to filter coeff's
move #127,ml
move ml,md

move #128,N1

; I guess the new value of signal 1 is in x0 and the new value
3 of signal 2 is in y0

nop ;necessary for move function
clx a x0,x:{rl)+ yi(xré)+,yl
do #127,endfltl
mac x0,yl,8 x:(xrl)+,x0 yi(rd)+,yl
endfltl
macr v1l,%0,a (rl)- ;fix rl in the circular buffer for next time
nop
move rl,x:sigistrt ; save pointer in buffer
abs a ; measure the DC value for signal strength
; by taking the absolute value and low pass
filtering

;jFilter to detect signal (DC component) use AC signal for signal
strength
;coeff b0 bl b2 b3 b4 scaleb -al -a2 -a3 -ad
;istorage locations are for x0 x1 x2 x3 x4 yl y2 y3 y4
;m3 must be 8=9-1, N3 must be 5
; new value starts out in acc. a
The b coefficients are scaled up by 16384 for numerical accuracy
The a coefficients are scaled down by 8 since they are greater than 1
The scaleb scales the input portion down by 16384*8 to match the

output feedback portion
; The total is then scaled up by 8 to give the correct amplitude
; (this is done with 3 asl's)

N We %o “o

move al,x0
tfr a,b #butterb, r7
clr a x0,x: (xr3)+ yv:(x7)+,y0
do #5,endfltb
mac x0,y0,a x:(r3)+,x0 y:(x7)+,y0
endfltb
move al,x1
; mpy x1,y0,a x:(xr3)+,x0 y:(x7)+,y0 ;???
; prev inst replaced with next two
asr #17,a,a
move x:(r3)+,x0 y: (x7)+,y0
do #3,endflta
mac x0,¥0,a x:(xr3)+,x0 y:(x7)+,y0
endflta
macr x0,y0,a
asl #3,a,a
mnove (r3)-N3
move al,x: (r3)-N3
sub a,b (r3)- ; B contains AC part of signal

s A contains DC signal

move al,x:strength

disprtn
move al,y0 ; 8t20 is position (mod 75 mm)
move a,b
move bl,x0
;Bandpass Filter Channel 9
;rl must point to signal 1 buffer
;¥4 must point to the filter coefficients
;ml and m4 must be 511
move x:sig3strt,rl 3 load pointer to signal buffer
move #>ave2,rd ; load pointer to filter coeff's

move #511,ml
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move ml,md

3 I guess the new value of signal 1 is in %0 and the new value
nop i1necessary for move function

clr a x0,x: (rl)+ y:(rd)+,yl
do #511,endflt9
mac %0,vl,a x:(xrl)+,x0 y:(rd)+,yl
endflt9
macr x0,yl,a (rl)- ; decrement rl to change start pos
nop
move rl,x:sig3strt ; save pointer in buffer

move a,b
asr #5,b,b
rnd b
mova bl,xl
move xl1,x:savepos

;***tt***t*..*.Q**Q*i**ﬁ**ﬂ*&*'t***i*t*i****i&*i'*********.*Q*Q.***Q**.*Q**Q*

;s Display Routine *
3 This routine takes a number in xl1 betwsen 0 and 8400 and displays it *
; on the 7 Segment, 4 digit LED Display. *

;************h*i*ﬂ****t**t**'!.*'Q*Q**ﬂ*'#***********Q*'*Q*t***i*i****ﬁ'**ﬁ*t

clr b ;assume number is in x1
move #strtpos, r2 ;initialize indexes
move #decode, rd

move #digitsl,x7
move #digitsO,rl
move #>-001234,x1

“

move x1,b ;assume 4 digit integer is in x1
asr #24,b,b
cmp #0,b

Jmi negsign
move #lett0,y0
move y0,y:(r2)+
move $#lettl,y0
move yO0,y:(r2)+
Jmp donesign

move #lettminO,y0
move y0,y:(xr2)+
move #lettminl,yo0
move yO0,y:(xr2)+

b

neg
move DbO,x1
donesign
move #>10000,x0
move x1,b
clr a
cmplOk
cmp x0,b
jmi donel(Ok
add #1,a
sub x0,b
Jmp cmplOk
donellk
move a,nl ;get ready to look up digit
move a,n?7 ;get ready to look up digit
move x:(rl+nl),y0 :look up digit
move y¥0,y:(xr2)+ ;display digit
move x: (xr7+n7),y0 :look up digit
move ¥0,y: (x2)+ ;display digit
move b,n7
clx b
move n7,b0
move b0,xl
move y:(xd)+,x0 ;load in first constant to convert
mpy x0,x1,a
move a,nl ;get ready to look up digit
move a,n7
move y:(rd)+,x0
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move x:(ril+nl),y0
move ¥0,y:i(xr2)+
move x: (x7+n7),y0
move y0,y:(x2)+
; move #lettperod,yo
; move y0,y:(xr2)+
; move #lettperli,y0
; move y0,y:(x2)+
move a,yl
mac -x0,y1,b
move y:{(rd)+,x0
move bo,x1
mpy x0,x1,a
move a,nl
move a,n’7
move y:(xrd)+,x0
move x:(rl+nl),y0
move y0,y:(x2)+
move x: (x7+n7),y0
move y0,y:(x2)+
move a,yl
mac -x0,y1,b
move y:(rd)+,x0
move bo,x1
mpy x0,x1,a
move a,nl
move a,n7
move y:(rd)+,x0
move x:(rl+nl),y0
move y0,y:(r2)+
move x: (x7+n7),y0
move Y0, y:(x2)+
move a,yl
mac -x0,y1,b
move bo,nl
move bo,n7
nove y:(xrd)+,x0
move x:(rl+nl),y0
move y0,y:(r2)+
move x: (xr7+n7),y0
move y0,y:(x2)+
donerts
move x:waitlsec,b
cmp #0,b
jeq chkirg
belr #0,x:irgaset
sub #1,b

move bl,x:waitlsec

jset #0,x:yxmitstrt,xmitnext

jmp donedone

chkirg
jmp irgdchk

slook up digit
;display digit
1look up digit
;display digit

; display decimal point

;get ready to look up digit
;get ready to look up digit

;look up digit
:display digit
7look up digit
;display digit

;get ready to look up digit
sget ready to look up digit

;look up digit
;digplay digit
;look up digit
;display digit

;get ready to look up digit
;get ready to look up digit

;look up digit
:display digit
;look up digit
;display digit

;***t*tt**i******i********ti****i*Qit*ttttt*Q*****t**t****ti*ﬁ****ﬁ***
; These next routines handle output through the serial port to record

: data

;*t*****t*’!*!’*Q****************Q**#***t*******ﬁ**t*****t**i******'**

jclr #0,x:irqgaset,donedone

nop
jset #0,x:xmitstrt,xmitnext
nop
bget #0,x::mitstrt
move #asciiout,r2
move #strtpos, rd

move #>$0000FF, X0

move y:(rd)+,a

:initialize indesxes
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and x0,a (xd)+
move al,x:(xr2)+

move Y:(rd)+,a
and x0,a (rd)+
move al,x:(x2)+

move Yy:(rd)+,a
and x0,a (xd)+
move al,x:(xr2)+

move Yy:(rd)+,a
and x0,a (rd)+
move al,x:(r2)+

move Yy:(rd)+,a
and x0,a (xd)+
move al,x:(r2)+

move Yy:(rd)+,a
and %x0,a (xd)+
move al,x:(r2)+

move Yy:(rd)+,a
and x0,a (rd)+
move al,x:(r2)+

move #>asciispec,y0
move y0,x: (r2)+
move #>asciibeep, vy ; sound beep
move vO0,x:(xr2)+
move #>asciicr,y0 ; display carriage return
move y0,x: (x2)+
neve #>asciilf,y0 ; sound beep
move y0,x:(xr2)+

move #asciiout,r2

move x:(r2)+,x0

move x0,x:M_STXL ; transmit first byte
move r2,x:asciicnt

move #>48000,x0
move x0,x:waitlsec
jmp donedcne

smitnext

jeclr #1,x:M_SSR,donedone
move x:asciicnt,r2

move x: (r2)+,x0

move x0,x:M STXL

move r2,x:asciicnt

move r2,b

cmp #>asciiend,b

jne donedone

xmitdone

belr #0,x:xmitstrt
beclr #0,x:irgaset

donedone

H beclr #0,%:M _PDRE ; signals end of processing
H belr #1,x%:M_PDRE

3 jelr #1,x:M_SSR,donedone

; move #>65,x0

H move x0,x:M_STXL

we

rts

include ‘'adainits8.asm’
include 'timinit6.asm’
include 'switches.asm’
include 'sciinit2.asm’
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