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(ABSTRACT)

As automation intheconstruction site of thefuture

becomesa reality,positionlocationsystemsarenecessary

toprovide real-timedata toan operator. This thesis

addressesproblems associatedwith developmentofa real-

timeautomated position locationsystem using a method

similartohyperbolic navigation. methods. The Automated

Position and Control (APAC) project isa jointeffort

betweentheCivilandElectricalEngineeringdepartmentsat

Virginia Polytechnic and State University and Bechtel

EasternPowerCorporation.

Thediscussionbeginswithareviewofpossiblemethods and

answersthequestionofwhy theradiohyperbolicmethod is

a promising candidate for‘providing centimeter accuracy



results.The prototype systemdeveloped forexperimental

workisdescribed.Thedesign,analysis,andperformanceof

a 10.7 MHz phase measurement system capable of 5

millisecond measurements isgiven. Receiver, transmitter,

and antenna considerations necessary for accurate

differentialphase measurements are omtlined. Methods of

transmittingdataandaphasereferencetomultiple remote

receiversarepresented. The problemofdistributingthe

phase referencenecessaryforaccuratedifferentialphase

measurements isdiscussed. Comments on providing data

communications to a construction equipment operator

locationina constructionsitearegiven. Includedisa

briefsummaryofexperimentalresultsfrommeasurements of

theprototypesystem. Fromthepracticalexperiencegained

duringtheexperimentalprototypedevelopment, suggestions

are made toward futuredevelopment inthisarea of

research.
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CHAPTER 1

INTRODUCTION

1.1THE NEED FOR POSITIONING SYSTEMS

Apositionlocationsystemcanbedefinedasasystemwhich

candeterminethecoordinatesofanobjectwithin a local

volumeorarea. Theabilitytodeterminepositionhaslong ,

been necessary fora wide rangeof applications. These :

applications includenavigation, surveying, industrial :

controlandconstructionautomation.P

There are currently several methods used forposition ,

location.A reviewofthesemethods isprovidedinChapter
=

2. Some generalizations ofthesecurrentmethods can be :

made. Both highaccuracy (orderofcentimeter) and speed :

(real—time) of measurements are generally difficultto 1

achievesimultaneously.Thisistheprimarymotivation for :

the area of research presented inthisthesis: the :

developmentofa real-timepositionlocationsystemwhich 1

achievescentimeteraccuracy.

1



1.2AN INTRODUCTIONTO APAC

The Automated Position and Control (APAC) project. isa

jointeffortbetweentheCivil andElectrical Engineering

departments at °VirginiaPolytechnic Instituteand State

University(V.P.I. and S.U.) and Bechtel Eastern Power

Corporation. APAC isfunded by theNational Science

Foundation (N.S.F.) under· grant number DMC-8717476. The

project isinresponse to a construction automation

initiativebytheN.S.F.

The objectiveoftheAPAC projectistodevelopaposition

locationsystemcapableofcentimeteraccuracyon a real-

timebasis. A method usingelectromagneticwaves knownas

hyperbolic radio navigation_ isinvestigatedinan

experimentalprototypesystem. The primarypurposeofthe

projectistoallowpotentialautonomousvehicleoperation

andbetterpositiondatadistributiontositepersonnel.

1.3APPLICATION OF REAL TIMEPOSITION LOCATIONSYSTEM: APAC

Anaccuratereal—timepositionlocationsystemhasnumerous

applications.Constructionandearthmoving techniquesused

presentlyrequireconstantknowledgeofposition.A brief

lookintotheconstructionsiteofthefuturerevealssome

exciting developments. The rapidlydeveloping computer

aided design (CAD) technologiescan be integrated.with

AutomatedPositioningandControl (APAC).

2
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One oftheusefulapplicationsofAPAC would betoenhance

performance of earth moving equipment ina construction

site,andtoeventuallyautomatetheearthmoving process.

OtherusesofAPAC couldbeforremotecontrolofequipment

inan environment thatiscontaminated, hostile, or

otherwise not safe forhumans. The most basic system

requirementof APAC isthatitmust provide real-time

information.

1.4THESIS SCOPE AND OBJECTIVES

The scope ofthisthesisistoprovide a blueprintfor

futuredevelopmentofahyperbolicnavigationalsystem.The

APAC projectandthesubsystemsdevelopedspecificallyfor

collectingdataforthisresearcharediscussed. A system

approachisassumedinthedescriptionoftheAPAC system.

The objective of thisthesisistorelayfirst-hand

experience inthedevelopment of a prototype position

locationsystem. Insightisprovidedintothedesign and

development ofhardware foran APAC system. Includedis

informationpertainingtothedesignandspecificationot

phase measurement systems, receivers,transmitters,and a

communication linkfora hyperbolic position location

system.

3
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1.5THESIS ORGANIZATION

Chapter 1 consistsofanintroductiontothisthesis.The

scope,objectives,andoverviewoftheresearchprojectare

provided.

Chapter 2 servesas a briefintroductiontotheposition

locationsystemsusedtoday.Followingisa justification

forthetechniquechosen fortheAPAC positionlocation

system. The theoryof operationof theAPAC system and

basicdefinitionoftermsarepresented.

Chapter 3 provides a descriptionof theAPAC prototype

systemdeveloped fordata collectionpurposes. A setof

mathematical equationsnecessarytocomputepositionfrom

differentialphasemeasurements arepresented.

A 10.7 MHz phasedetectionsystemdesignand analysisis

thetopicof Chapter 4 which includes schematics,

algorithms and software forthephase detectionsystem.

Sufficientdetailisprovidedtoserveasaguideifsucha

system isbuilt inthe future. The performance

characteristics includingaccuracy, resolution and

measurement timearealsogiven.

Chapter 5 comments on position locationhardware

considerationsandpotentialproblemsthatmust beovercome

4
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torealizea practical operating system. Some of the

considerations includedare equipment stability and

calibrationmethods.

Chapter 6 outlines thecommunication linksand. methods

necessary fortheAPAC system. There are twomain areas

discussed. Thefirstareaisspecificallyfortheposition

locationsystem. This includesestablishment of a phase

referenceat, and datatransfertoremotelocations.The

second area considers a typicalCPU toCAD control

application.A communicationslinknecessarytoprovidean

operator· with interactiveinformationon a construction

siteisspecified.

Chapter· 7 presents experimental resultson measurements

fromtheprototypepositionlocationsystem.

Chapter 8 summarizes and concludesthediscussions. Some

commentsandsuggestionsaregiventowardsareasoffuture

researchonpositionlocationsystems.

5
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CHAPTER 2

REVIEW OF THEORYON POSITION SYSTEMS

2.1SPECIFICATION OF POSITION LOCATIONSYSTEM

A graderorbulldozercanbecome more productiveifreal-

time position informationabout itsenvironment is

continuouslyprovided. Current practicedoes notprovidereal-time

positionupdates. A systemoflevels,transits,

electronicdistancemeasurement (EDM)devicesandlinesare

thecurrentmethods ofpositioninformationdeliverytothe

equipment operator. This inherently*produces lowerthan

desirableproductivity.

Theimmediategoalofthepositionlocationsystemusedfor

APAC istoprovideaccuratereal-timedatatotheequipment

operator.Thepositionlocationaccuracyrequirementison

theorderof1 centimeter.Positionupdatesofaboutthree
V

per second constitute real-timeoperation forthis

application.

6
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2.2SOME POSITION LOCATIONSYSTEMS CONSIDERED FOR APAC

There are severalpotentialmethods ofpositionlocation

worth considering forour application. Transits, tape

measures, andelectronicdistancemeasurement (EDM)devices

are allcommonly used for·positionlocation.Yet these

methods do notallowreal—timepositiondeterminationand

requireconsiderable user interaction. A reasonable

assumptionisthatthereareserioustechnicaldifficulties

inconvertingthesesystemstoreal-timeoperation.

A commonapplicationofapositionlocationsystemisfound

innavigation. One such navigationsystem istheGlobal

Positioning System (GPS). GPS isaa centralizedsatellite

based coordinated measurement system [34]. In a

demonstrationofGPS performance [1],centimeteraccuracy

was achieved but several hours ‘was required.toresolve

positiontothisaccuracy.Therehavealsobeenmore recent

developmentsinGPS. Accordingto[15],real-timeposition

locationat desired accuracies are theoretically

achievable. The APAC position locationsystem isan

alternate approach seeking similar accuracies on a

localizedsystemthatisindependentofGPS.

2.3PULSE TIMINGSYSTEMS FOR POSITION LOCATION

Most generally, ifthreedistance measurements are made

7
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fromthreeknown points, triangulationcan be used to

determine position relativetotheknown points. This

concept of triangulationisdepicted inFigure 2.1.

Triangulationrequiresdeterminationofadistance.One can

consider the problem of determining a distance

electronically.Determination ofadistanceelectronically

must entail theuse of a wave or pulse being launched

througha medium (ie.atmosphere). The timetotravel

throughthemedium isthenmeasured and convertedtoa

distanceassumingthespeedofthewave isknown.

Suppose thata pulse islaunchedforthepurpose of

measuring a distance. The pulsewidth requirementfor1

centimeterresolutionisequalto0.01m/3x1O8mVs, orabout

33 ps. The bandwidthrequirementforresolvingthispulse

about 15 GHz. Itisobvious thatfor·pulse operation,

bandwidths associated with centimeter resolution are

sufficiently largethatother alternatives must be

considered.

2.4ACOUSTIC METHODS FOR POSITION LOCATION

When consideringan acousticalwave some seriousproblems

exist. The speed of sound inairisquitedependent on

factorssuchas temperature,humidity, andweather, hence

inducingerrorsunlesscontinuouslycorrected.Furthermore,

a typicalmeasurement area would. requireE1 wave travel V

;
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P(x,y,z)

c

A B

NOTES: A,B,Careknownposition.
Distance fromA,B,CtoP(x,y,z) areknown(dA,dB,dC).
dA,dB,dCeachdefinea sphereaboutA,B,C respectively.
P(x,y,z) computedatinteresctionofspheres.

Figure2.1 ConceptofTriangulationin3-DSpace.
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V
distancesofseveralkilometers.The soundwave willhave V
beenattenuatedfartoomuch inthatdistanceforpractical

operation.

2.5JUSTIFICATIONFOR HYPERBOLIC SYSTEM FOR POSITIONING

Methods usingradiowaves seemtobe themost promising.

One canconsideracontinuouswave transmitterandmultiple

receivers.Assume thatthephaseofthewave arrivingat

any receiverwith respecttotheotherreceiverscan be

accurately determined. Furthermore, assume ‘thatrelative

distances can be computed from measured phases. Some

advantagesofthissystemnowbecomeapparent.

Bandwidth ofa continuouswave systemcanbereducedtoa

fewkHz compared toGHz as inthepulse timingsystem

describedabove. This impliesthattheminimum detectable

signal isreducedcompared to‘thejpulse‘timingsystem.

Transmitter power isreduced and hence increasesthe

probabilitythata F.C.C. licensecan be granted. These

reasons are a compelling case fordevelopment of the

hyperbolicnavigationalsystemdescribedinmore detailin

thefollowingsection.

2.6GENERAL DESCRIPTION OF HYPERBOLIC NAVIGATION SYSTEMS

Hyperbolic navigational systems have been used tolocate

shipsandaircraftgloballyformany years. To understand

lO
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how a hyperbolic system works, consider two points

(receiversand antennas) locatedas shown inFigure 2.2.

Suppose thata transmittingbeacon isplaced somewhere

betweenthesetwopoints.Thedifferentialdistancebetween

thetransmitterand receiverresultsinconstant phase

lineswhicharehyperbolicinshape.Sincethephaseatthe

beaconisnotknown,theonlyphaseinformationthatcanbe

measured isthedifferential phase between any two

receivers. Hence, thesystem operates on differential

quantities of phase and distance ratherthanabsolute

quantities.

From Figure 2.2, notethatthebaselineisdefinedas an

imaginary,straightlinedrawnbetweenthetworeceivers.

Notingtheperiodicityonthisbaselinebetweenthetwo

receivingantennas, thereare linesof constant phase

separated by one half wavelength. The half wavelength

separation of linesof constant phase isonly on the

baseline. Further away fromthebaseline thisdistance

increases.The areabetweentwoadjacenthyperbolaswitha

differentialphase of 0 degrees isdefined as a "lane"

[31].

An importantresultoftheselanesistheambiguitiesthat

occur.Ifthelengthofthebaselineexceedsonehalfofa

wavelength, ambiguitiesarisesincethedifferentialphase

11
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isperiodic. Ambiguity resolutiongenerally requires

transmissionofmultiple wavelengthsbythebeaconandisa

topicdiscussedinChapter3.

Thehyperbolicsystemdescribedabovecanbeconfiguredto

solve forlocationsintwo and threedimensions by

utilizingthreeandfourreceiversrespectively.The DECCA

hyperbolic navigational system described by [31] uses

multiple transmittersand one receiverlocatedat the

measurement point todetermine differential phase for

computing the location.Figure 2.3 depicts a two

dimensional hyperbolic navigational system. The system

developed forAPAC differs from the DECCA system by

employingasingletransmitterandmultiple receivers.

13
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Figure2.3 Hyperbolasofconstantphaseina2-Dsystem.

Reprinted from[31].The threepointsshown arereceiver
antenna locationsand formhyperbolas ofconstantphase.
Therefore, thesystemiscapableofresolvingpositionsin
twodimensions.

14
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CHAPTER 3

THEAPAC PROTOTYPE POSITIONLOCATIONSYSTEM

3.1GENERAL DESCRIPTION OF HARDWARE

A minimum of 4 receivers isnecessary todetermine

positions in3 dimensional space using thehyperbolic

method. Thismost basicsystemwas initiallydevelopedfor

theAPACprototypesystem.

ThebasicHyperbolicsystemdevelopedatV.P.I.andS.U. is

shown inFigures 3.1 and 3.2 which depict both the

electricalandphysicallayout.TheCPU commandsthebeacon

togenerateand radiatean unmodulatedsignalata given

frequency.Each of thereceiversare also commanded, to

receiveatthesame frequency.Supplying thesame local

oscillatortoeach ofthereceiverssynchronizestheIF

outputs.This IFsignalissenttothephasedetectorsto

supplydifferentialphaseinformationtotheCPU.

15
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One oftheantennas (say,antenna A) isdesignatedas a

reference antenna. The signal applied tothe phase

detectors isthenmeasured relativetoantenna A and

representstheelectromagneticfieldarrivingatthephase

centerofeach oftheantennas. Since thereceiversand

phasemeasurement systemareallatafixedlocation,any

differencesinthecablelengthsarecalibratedoutas a

constantphaseoffset.

Allofthereceiverandbeaconhardwareusedintheproject

was available commercially and required limited

modification. The system operated intheUHF band at

discrete frequenciesbetween 4400 and, 450 IMHz. Frequency

switchingwas employed tomeasure differentialphase at

each frequencyserially. Incomparison toa parallel

measurement system, frequencyswitchingismore efficient

intermsofhardware.

Internally,thelocaloscillator inthereceiverswas

disconnected. A microprocessor controlled PLL was

substitutedandphaselockedtothemaster localoscillator

(MLO). The beacon generator was also microprocessor

controlled. This maximizes the system flexibilityand

permits the frequency of operation tobe remotely

controlledoverawide rangeoffrequencies.

18
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Itwas necessarytodevelopaphasemeasurement systemfor

rapidmeasurement ofthedifferentialphasesignalsat10.7

MHz (seeChapter 4). Emitter· Coupled. Logic zmixers ‘were

employed using in—phase and quadrature techniquesthat

allowedphasemeasurements atapproximately50millisecond

intervals.

3.2COMPUTATION OF LOCATION

To understand the computation of locationfromphase

measurements, consider4 knownfixedpointsA,B,CandD as

shown inFigure 3.3. Furthermore assume thattheydo not

exist :h1 thesame plane. LetP(x,y,z) be an arbitrarily

unknown point tobe locatedinthemeasurement area.
$.4.4.4 ...4

Definingvectorsa,b,d,candras shown, thedifferential

differencebetweenAandB canberepresentedas:

A A _; —-\

Zlrab= Ir
— aI — Ir— bI

.4 .4
ForthecaseofA„located on theorigin (eg.a = 0) and

consideringC andD alsowe have:

,4 .4 .4
Arab= IrI— Ir—bI (3.1)

.4 -A .4
Arac= r- r— c (3.2)

.4 .4 —-\
Arad= IrI-Ir-d (3.3)

19



I

Z

D

P(X•ysZ)

-> I
d

I
I

A

V'I

I

I
I

4 I C
ä .
A\ y‘

I
\

I
; \

b \I

\I
xI

B
x

Figure3.3 PeintsintheMeasurement Area.

20



I

I

These differential distances can be equated tothe

correspondingphasemeasurements asfollows:

Arab=ÖabX/360degrees (3.4)

Arab=<I>aCÄ/360degrees (3.5)

Arad=<I>adÄ/360degrees (3.6)

where: Qab =phaseatBwithrespecttoA (degrees)

Qac =phaseatC withrespecttoA (degrees)

Öad =phaseatD withrespecttoA (degrees)

SinceA,B,CandD representthefourreceivingantennasand

thebeacon antenna locations,itfollowsthatthereare

threeequationsandthreeunknowns, sotheequationsmust

be solved simultaneously. Transmitting at a single

frequencyrestrictstheunambiguousmeasurable locationsto

roughly within a cube shaped volume with sides not

exceedingapproximatelyahalfwavelength. Thesignificance

ofthehalfwavelength isthatitisthemaximum distance

onthebaselineinwhichthephaseisunambiguous.

Ifone assumes some phase shift resolution (due to

measurement resolution)and some phaseerror(duetosay,

multipath) itbecomes obviousthathigherfrequenciesare

21



requiredtoresolve finerposition. Conversely, lower

frequencies are required toresolve coarse position,

becauseofthephaseambiguitywhich occursattheshorter

wavelength.

For thebasicdevelopmental systemthebase frequencyof

operation chosen was 450 MHz. This corresponds toa

wavelength of 0.67 meters. Obviously, using a single

frequencysuchasthisresultsinaverysmallunambiguous

measurement areawithabout0.33meters alongthebaseline.

Toresolvelargermeasurement areasanadditionalfrequency

of400MHz istransmitted.Usingatechniquereferredtoas

phase, and frequencydifferencing, subtractionofthetwo

frequenciesyields50MHz andthephasedifferencesatthis

lowerfrequencycan be obtained [30].A courseposition

estimateatawavelengthof6meters results,andthefirst

orderofambiguityresolutionisachieved. Thefirstorder

ofambiguityresolutionisusedtolocatethebeaconinone

ofthelanesfromwhich finepositioningiscomputedusing

thehigherfrequency-phasedata.

The procedure of ambiguity resolutiondescribed above

generalizestonthorders bymeasuring atfrequenciesof

430 MHz, 440 MHz, 445 MHz, 448 MHz, 449.5 MHz etc, such

thateachlowerdifferencefrequencyisusedtolocatethe

beacon ina largerlane. The difference frequency
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wavelengthrequiredtoresolvetheambiguitydeterminesthe

sizeofeachfrequencystep.RecallthatfromSection2.6,

positionisunambiguousinlengthsofonehalfwavelength

(eachlane).
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CHAPTER 4

PHASE MEASUREMENT SYSTEM

4.1MOTIVATION FOR THE PHASE MEASUREMENT SYSTEM DEVELOPMENT

The APAC system accomplishes position measurements by

firstmeasuring differentialphasesofsignalsarrivingat

the corresponding antennas. Measurements at the RF

frequencyof 450 MHz are not practical, thusitis

necessarytomix down tosome IFfrequency,chosentobe

10.7 MHz, where hardware ismore readilyavailable. A

significantamountoftimehasbeeninvestedindeveloping

the 10.7 MHz phase measurement system. This chapter

documentsthedesignandtheoryofoperationforreference

infuturework.

4.2COMPARISON OF METHODS FOR PHASE MEASUREMENTS

4.2.1PHASE DETECTOR METHODS

There are several acceptable and widely used methods of

phasedetection.Three Phase Detectors (PD)were evaluated
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formerit inthisapplication. I

I
4.2.1.1ANALOG MULTIPLIER WITH SINUSOIDALOUTPUT

A PD comprisedofamultiplier, limiter,band-passfilter

andlow—passfilterisdepictedinFigure4.1.a.According

to[14]thelimiterandbandpassfilterareessentialin

most practicaldesigns. The typicalcharacteristicoutput

responseisshowninFigure4.1.b.

An applicationusingthesinusoidaloutputanalogversion

isshownintheblockdiagramofFigure4.2.Assumingideal

limiters,theinputstothemultipliers have constant

amplitudeAvolts.Uponanalysis,we seethattheoutputof

the in-phasemultiplier isA2 sin(wOt)sin(wOt+®) =

A2/2{sin(2wOt + constants) + sin(¢)}.The lowpassfilter

removesthe2wO termleavingonly thesin(Q) DC term.

Likewise,consideringthe90 degreeoffset,thequadrature

output isA2/2sin(¢ + 90°). If’we were toperform an

inversesinefunctionon onlyone oftheoutputs, itis

obvious thatambiguities would arise in·the 360 degree

period. The responses of thein-phaseand quadrature

outputs are shown inFigure 4.3. The phase between the

appliedsignalscanthenbecomputedbynoting:

V(in—phase) A2/2sin(Q)
=—-—-—— = -————-—l——— (4.1)
V(quad) A2/2sin(Q+ 90°)
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= tan(Q)

and computingtheinversetangent.The phase canalsobe

foundbyusingthesignofeachoftheoutputstoresolve

thequadrantandcomputingtheinversesinefunction.More

detailon thevalidityofeachcomputationalmethod will

followinsection4.4.

4.2.1.2EXCLUSIVE—ORWITH TgIANGLEOUTPUT

The responseofaphasedetectorwhich islinearona 180

degree intervalistheequivalent of an EXCLUSIVE—OR

circuitand isshown inFigure4.4.a. The characteristic

responseisdepictedinFigure4.4.b. The discussionfor

resolvingphase ambiguities inthesection above also

applies. The same output responseisobtained usingthe

fourdiode detector arrangement discussed inreference

[2]-

4.2.1.3FLIP-FLOPWITH SAWTOOTH OUTPUT

Anotherphasedetectormethod utilizesaJ-Kflip-flop(bi-

stablemultivibrator). A block diagram and thesawtooth

response are shown inFigure 4.5.a and Figure 4.5.b

respectively [2]. The inputvoltage islimitedand

differentiated. The resultingpositive going pulse is

appliedtotheflip-flop.The outputistimeaveragedand

isequalto
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To
1 A

v(Q)=———·~f vF(t)dt=——— § (4.2)
TO 2n

0

where: A isthemagnitude oftheflip-floplogical1

output.

4.2.1.4OTHER PHASE DETECTORS

A rectangularPD responseisshowninFigure4.6butisof

littleuse inthisapplicationdue totheinabilityto

resolvephaseslessthan180degrees.

Another method would requiremixing down toa second IF

frequencyand sampling thesignal of lowerfrequency.

Digitalsignalingprocessingtechniquescouldthenbeused

tocompute thephase. This more elaborate method is

perfectlyvalidfordeterminingphasebutissignificantly

more demanding interms of hardware requirements and

computingtime.

4.2.2NOISE CONSIDERATIONS

The phasedetectorresponsesshowninFigure4.1.b, 4.4.b

and4.5.bareidealanddonotaccountfornoise.Inorder

todetermine which type of phase detector should be

developed, performance inthepresence ofnoise must be

investigated.
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Results from[25]inFigure 4.7.athrough4.7.cshow PD

responseswith added noise. From carefulobservation, it

canbeconcludedthatwithalowerSNR(input) allPDs under

considerationtendtowardsasinusoidalresponse.However,

more importantly,when theSNR(input) equals 10, the

sinusoidal PD responseverycloselyresemblestheideal

noiseless case. Both thetriangularand thesawtooth PD

responses exhibit serious degradation at the same

SNR(input). Thisfactisquiteobvioussinceinthecaseof

thesawtoothPD, significantjitter(duetonoise)near+/-

180degreeswilladverselyaffectthePD performance.

4.2.3JUSTIFICATIONOF DESIGN CHOICE

A practicalAPAC systemwillsufferfrommultipath phase

errors of between 5 and 25 degrees [11].Hence, itis

reasonabletoassume phase measurements within about 5

degreesasanacceptabledesigngoal.Based ontheaccuracy

requirements,thedecisionwas made todevelopandusethe

analog PD using in—phaseand quadraturetechniques.This

choice isfurthersupported by thenoise considerations

reviewed inSection 4.2.2, especially since theAPAC

environmentmay benoisy.

4.3HARDWARE FOR THE MEASUREMENT SYSTEM

A schematicofthephasedetectorcircuitsystemisshown

inFigure4.8.Itshouldbenotedthatthisisonlyhalfof
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1
a phasemeasurement channel, andrepresentseitheranin-

phase or· a quadrature circuit.Two circuitsare needed

along with a 90 degree phase shiftfora measurement

channel, as shown inFigure 4.9. The descriptionofone

circuitfollows.

ThepurposeoftheLM3089 istoprovidegainandlimiting.

One possiblealternativetotheLM3089 couldhave been a

pairofbacktobackdiodes,howeverthisalternativedoes

notprovidegain. Experimentally theLM3089 was foundto

have a constant output of 0.29 Volts forinputranges

between 5 and 500 mV. Additionally, theLM3089 containsa

logarithmicamplifierwhich couldbeusedtosensesignal

strengthifnecessary insome futureapplications. The

LM3089 operateswellat10.7MHz whichistheIFfrequency

usedintheAPAC system.

Followingthelimitercircuitisaceramicfilterwitha 3
dBbandwidthof60kHz.Thisbandwidthissufficientlywide

thatitshouldnotbethelimitingfactorinthesystem.A

differentfilterwithbandwidthofa fewKHz isassumedto

beplacedpriortothephasemeasurement systemtominimize

noisepower intothephasedetector. Chapter 5 discusses

thesystembandwidth.

The °Motorola. MCl2002 isan IEmitter·Coupled. Logic (ECL)
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mixer, chosen foritsfavorable high frequency
l

characteristics.AbiascircuitprovidesaDC voltagelevel

onpin3 and9oftheMCL12002. Thisisadjustedforabias

voltage of approximately 2.45 volts toestablish a

(2x10.7)MHz signal on theoutput, pins 11 and 12. The

(2x10.7)MHzsignalisan indicationthattheMC12002 is

biasedsuchthatitresemblesthemultiplier describedin

Section 4.2.1.1. This adjustment criterion was

experimentally developed and found toguarantee a

sinusoidal DC response depending on thephase of the

appliedsignal.

The RC network on pins 11 and 12 comprises a lowpass

filterandprovidesintegrationafterthephasedetector.

The purposeoftheRC networkistopasstheDC component

of thephase detector output which contains thephase

information.Since italso actslikea low-passfilter,

thereisacut-offfrequencyequalto1/(2nRC). Therefore

itwillhavetheeffectoffilteringoutrapidchangesin

phase, or likewise,timeaveraging jphasejitter·in·the

system. one of thesystem design considerations isto

ensure thatthereissufficient timeallowed between

frequencyswitchesinthereceiversystem. The RC network

feedsdirectlyintoadifferentialamplifiercircuit.

Following thedifferential amplifier isan operational

J
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amplifier configured as a levelshifter·with. gain. The

functionofthisstage istoprovide thecorrectinput

levelsfortheanalog todigital (A/D) converter.

Consequently, aVoltageontheoutputofthedifferential

amplifierrangingfrom2.4 to4.8Vblts isshiftedtoa

Voltage rangingbetween 1 and 9 Volts. The choiceof 1

through9 VoltsallowssomeVariationincircuitcomponent

ValuesforanA/Dconverterwithanoperatingrangeof0to

10 ‘Volts,resulting*inincreased.resolutioncompared. to

using the2.4 to4.8 Volt output of thedifferential

amplifier.

TheA/Dconverterisan8bitAnalogDevices AD7574 andis

addressableby a DIP switchconnectedtothedatabusof

thecontroller. The controllersoftware iscapable of

supporting 8 PD circuits (4 measurement channels)

dependingontheDIP switchconfiguration.Table4.1shows

theDIP switch settings used inthephase measurement

system.

Althoughthechoiceofacontrollerissomewhatarbitrary,

itwas decided topurchase a manufactured and proven

microcomputer ratherthaninvestingdevelopmenttimefora

designexclusivelyforthisproject. The BCC-52 isa low

costmicroprocessor controllermanufactured by Micromint

Corporation andisprogramablebothinBasic and assembly
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Table4.1 DipSwitchConfigurationforPD Card.

CARD PAIR CIRCUIT

IN-PHASE QUADRATURE

ÄÄ1
l 2 3 .

1 Ä1
37

Indicatedswitchesareclosed,allothersareopen.
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4.4COMPUTATION OF PHASE

4.4.1ALGORITHM

As mentioned inSection 4.2, thereare twomethods for

computingthephasefromin—phaseandquadraturedata.The

most obviousissimplyusingtheinversetangentfunction.

However, carefulobservationwillproveotherwise.

Due toquantization error, measurement accuracy becomes

pooraround+/-90 degrees, where theslopeofthephase

detectorresponseisnearzero.Thisproblemisovercomeby

switching between the in—phase and quadrature phase

detectorssothatonlythehighsloperegionsareused, as

illustratedinFigure4.10.Asthephase Q oftheapplied

inputsignalchanges, themicrocomputer selectsthephase

detectoroperatinginthehighersloperegionwhichresults

inthemost resolution.Regions X and Y ofthein·-phase

circuitandregionsQ and P ofthequadraturecircuitare

selected insoftware and are theusable regions for

computationofphase. The discussionintheremainderof

thissubsectiondescribeshowthephase Q isdetermined.

Measurements are made of the output phase detector

circuitry by the A/D converter and are represented

digitallyrangingbetween 0 and 255. Vi(Q) and Vq(Q) are
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defined as thein-phaseand quadrature voltage levels

respectively.The measured valuesofVi(Q) and Vq(Q) are (

normalizedasfollows:

Vi(°)'Vimin
Vin(Q) =256—————-————————— -Vimin (4.3)

Vimax

V (Q)-V ·q qm1n
Vq¤(Q) — 256 -—-———-—————-———

-Vqmin (4.4)
Vqmax

Where Vimin, Vimax, Vqmin and Vqmax are thecalibration

valuesdefineinSection4.4.2.The inversesineofVqn(Q)

andVin(Q) arecomputedfromalook-uptableinsoftware.

Phase offsets defined inSection 4.4.2 are added as a

calibrationcorrection factor.See Section 4.4.2 fora

definitionofthecalibrationcorrectionfactors.Thephase

Q iscomputedfromthenormalizedvaluesVqn(Q) andVi¤(Q)

as perTable 4.2 and rangesfrom-180degrees to+180

degrees. A listingofthesoftwareisprovidedinAppendix

A.

4.4.2CALIBRATION AND PHASE OFFSETS

Inpractice,notwocircuitsareeveridenticalnordothey

possessidealphaseresponses.Component tolerances,cable

lengthsand. other factorscontributeto‘variations.The
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Table 4.2 Case statementsforcomputationofphase, Q,
fremin-phaseandquadraturedata.

DEFINITIONS:

Qi =Si¤°1(Vin(Q))

Qq =sin'l(Vqn(Q))

COMPUTATION:

IF Qi < —45° THEN Q = Qq

IF Qi > 45° THEN

IFQq > O° THEN Q = l80°-Qq

IFQq < O° THEN Q =-l80°-Qq

IF Qq < —45° THEN Q = —90° — Qi

IF Qq > 45° THEN Q =90° + Qi
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sinusoidalresponseoftypicalPDs used inthesystemare

depictedinFigure 4.11. Vqmax and Vqmin aretheminimum

and maximum valuesrespectivelyofthequadraturechannel

response.Likewise,Vimin andVimaxaretheminimum values

ofthein-phasechannelresponse.Theseminimum andmaximum

dataareusedforcomputationsgiveninequations(4.3)and

(4.4).

Anormalizedzerocrossingcanbedefinedasmidway between

boththeminimum andmaximum describedvaluesabove. Foran

idealphase detector response, thequadrature response

would intersectthenormalizedzerocrossingatO and 180

degrees. Similarly, theidealin—phase response would

intersectthenormalizedzerocrossingat+/— 90degrees.

Inpractice,theresponsesofthephasedetectorsaresuch

thattheintersectionsarenotatthesamevoltagesasin

theidealcase, as described above. The corresponding

amountofphaseshiftoccurringbetweenthepracticaland

theidealcasedefinesthecalibrationphaseoffsetshown

inFigure4.11.

The softwarehas provisionforstoringminimum, maximum,

andphaseoffsetcalibrationvalues.Thecalibrationvalues

arestoredinbatterybackedRAM. Thememory locationsare

listedinTable4.3.Forexample, consideringcardpair1,
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Table4.3 Memory locationofcalibrationdata.

Minimum andmaximum calibrationvaluesareintegersranging
from 0 to255, eg., absolute values measured by A/D
converter:

0AR01212.10 MEMORY Lo0A·1·10Ns—
Vimin Vimax Vqmin Vqmax

Ä4222 4222 @ 4¤¤2
1 4004 4006 4007

_

4008 4009 4OOA 4OOB
3 4000 4000 4000

Phaseoffsetcalibrationvaluesareinunitsof0.1degrees
andstoredashi—byte,lowbytepair.Allphasecalibration
dataisstoredasatwobytesignedintegerpair.

CARD 121410 MEMORY L00A1·10Ns— A°I1 M2 M22 A°Q2
4011,4010 4013,4012 4015,4014 4017,4016

1 4019,4018 4020,402A 4020,4020 4020,4020
2 4021,4020 4023,4022 4025,4024 4027,4026
3 4029,4028 4020,402A 4020,4020 4020,4020
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a typicalvalueofVqmax is226, and a typicalvalueof

Vqmin is24. These dataareenteredinmemory locations

4005 and4004 respectively.A typicalvalueof [§QQlis5

degrees. The data isstoredinunitsof0.1 degrees in

memory locations4019 and 4018 as a twobyte signed

integer.Likewise,atypicalvalueof[§§Q2is-3degrees,

and isstored as a twobitsigned integerinmemory

location4021 and 4020. Utility software provided in

Appendix A permits one toenter minimum and maximum

calibrationdataasintegersof0to255.Similarly, phase

offsets are entered in‘unitsof 0.1 degrees using the

utilitysoftwareinAppendixA.

4.5PERFORMANCE AND CONCLUSIONS

4.5.1ACCURACY

To evaluate theperformance of thephase measurement

system, equipment was configured per Figure 4.12. The

Hewlett Packard 8405AVectorVoltmeterwas usedtomeasure

phase at5 degree incrementsfrom-180to180 degreesof

inputphase. A comparisonoftheVectorVoltmeterandthe

phasemeasurement systemresultsareshowninFigure4.13.

Under theequalamplitudeandfrequencyconditionsofthis

application,theaccuracyoftheHewlett Packard 8405Ais

quotedat1.5 degrees. A transmissionlinestretcherwas

used tovarythephase of theapplied signal. At each

increment,fivephasemeasurements were takenandaveraged.
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Most deviationsinmeasurements were within 1 degreewith

anRC timeconstantof10milliseconds.

Several commentscanbemade aboutobservationsofFigure

4.13. Notice thatthereisaa 4 degree phase erroratß

equal to45 degrees. Additionally, thereisan abrupt

change inphase of 4 degreesatß equalto-45degrees.

From Section 4.4itwas statedthatswitchingbetweenthe

in-phaseand quadrature channelsoccurs at+/-45 degrees

of inputphase ¢. Itcan be concluded thatsince

calibrationoccurs at 0, -90and 90 degrees, theabrupt

changes inphase errorsaredue toswitchingbetweenin-

phaseandquadraturechannels.

Another set of measurements was made todetermine the

effectofinputamplitudevariationsonphasemeasurement

accuracy(seeFigure4.12).One inputwas settoaconstant

amplitudewhilethesecondinputamplitudewas variedwith

an attenuator. Measurements usingaHewlett Packard 8405A

VectorVoltmeterwere comparedwiththeoutputofthephase

measurement system. The quoted accuracy of theHewlett

Packard8405Aunderunequalinputlevelconditionsis+/— 5

degrees.Measured dataisshowninthegraphofFigure4.14

andindicatestypicallylessthan5degreechangeovera20

dB ‘variationof inputlevel.By ‘theFriistransmission

equation [9] lossvaries by 1/rz, and 20 dB would

54



(

+10

CHANNE l
6 „., ®+5 -:• '

ce
0

CHANNE 2 Ü6 0 Ü 0
ZT O ... „

6.. 0 Q <>cn§_ Ü cHArNEL3 Qea
iéc -5 o ;>
Ü 6
LU

6
Io.

_10 ° (2omv)
¤

-30 -20 -10 0
INPUTSIGNAL AMPLITUDE (dBm)

PHASE ERROR (PHASEDETECTOR -HP 8405A) degrees

HP 8405AACCURACY = +/-5degreesWORST CASE

Figure 4.14 Phase measurement systemerrors forvaried
inputamplitude.

55



I

correspondtomovement ofthebeaconfrom,say, 10to100 I

meters. Both of these‘measurementsshow ·that.thejphase

measurement systemisindeedsufficientlyaccurateforthe

intendedpurposes.

4.5.2RESOLUTION

Inordertodeterminetheresolutionofthephasedetector,

onecanconsiderthequadraturechannelmixer outputshown

inFigure4.10. Resolution isa functionofVqmax, Vqmin,
A/D resolution,andtoa lesserdegree, thephaseofthe

appliedsignals.Sincean8bitA/Disusedwithanoutput

voltagebetween 1 and 9 Volts, thenumberofquantization

levelsusedbetweenVqmax andVqminisapproximately

9V — 1V 8
-—-——-—-2 = 205 quantizationlevels.
10V

Thus Vqmax isataquantizationlevelofabout230. Vqmin

isa quantizationlevelof26. Vqmax andVqmin correspond

to+1and-1respectivelyofthesinefunction.

AlsofromFigure4.10we seethattheworstcaseresolution

occursat+/—45degreesfromthenormalizedzerocrossing:

-1
resolution(worstcase) =45-sin (.7071— 2/205) =O.8°.
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The best case resolutionoccurs at ·theznormalized zero

crossing:

-1
resolution(bestcase)= 0 -sin (0-2/205) =0.6°.

A similarresultappliestothein-phasechannelinterms

ofresolution.

Assuming a 1 degree phase measurement resolution, the

positionresolutioncanbecalculated.Recall fromSection

2.6thatonthebaseline, a 360 degreedifferentialphase

correspondstoa distanceofonehalfwavelength. At 450

MHz, assuming1 degreeinphasemeasurement resolution,the

positionresolutiononthebaselineisequaltoonehalf

wavelength (0.33m) times1/360 or· about. 0.1. centimeter.

Away fromthebaseline, resolutioninpositionchanges

accordingtotheshapeofthelanedescribedinSection

2.6. As thewidth ofthelaneincreasesaway fromthe

baseline, theresolutioninpositionbecomes more coarse

(ie.a largermeasurable increment).For IL degree phase

measurement resolution,theAPAC system. design goal of

centimeterresolutionisachieved.

4.5.3MEASUREMENT TIME

The rate at which the measurements can be made is

established by twofactors,thecomputing timeof the

microcomputer, and thesettlingtimerequiredbythelow
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passfilterdiscussedinSection4.3.Thecomputationtime

usingaversionofassemblysoftwareisslightlylessthan
i

1 millisecond. Sincethephasemeasurement systemresponds

inlessthan1 millisecond aftera measurement request,

settlingtimemust be externallycontrolledby thehost

computer(orCPU).

Measurements were initiallymade with an RC timeconstant

of1 millisecond. At leastfivetimeconstantsareneeded

between measurements toapproach within 99 percent of

steadystatevoltage. The signalsfromthedevelopmental

APAC receiverwere noisy and contained phase noise and

jitterobservable on theoscilloscope. Thus, theRC time

constant„was increasedtoprovide integrationafterthe

phasedetectortoensureconsistentphasemeasurements.

Aftersomeexperimenting,theRC timeconstantwas changed

to10 millisecond, thatis10 kilohmand 1 microFarad,

with a settlingtimeof50 milliseconds. The reasonfor

thislongermeasurement timewas tosatisfythesystem

performanceintermsofprovidingconsistentmeasurements

inthepresence ofnoise. However, thephase measurement

systembyitselfiscapableofmore rapidmeasurement.
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4.5.4AUTOMATED CALIBRATION

Another improvementthatcanbeeasilyimplementedinthe

phase measurement system isan automated calibration

routine.The associatedhardwareforthismodification is

shown inFigure 4.15. A descriptionofoperationisas

follows.The controllercloses Sa and Sb and opens SO

throughS3 duringnormaloperation.Duringcalibration,Sa

andSb open, while onlyoneofSO throughS3 isclosedin

sequence. Thisprovidesa seriesof10.7MHz signalswith

90 degree phase incrementstocalibrate thesystem in

accordancewith Section 4.4criteria.The 90 degreephase

shiftincrementsareprovidedbyeithera 1/4wavelength

cableoracommerciallyavailable90degreephaseshift.

4.5.5TEMPERATURE STABILIZATION

Itisimportanttonote thetemperaturedependence of

semiconductor device characteristics [8]. As the

temperature of the phase measurement system changes,

temperaturedependence of thesemiconductors resultin

levelshifts inthe multiplier circuitry. This was

experimentallyinvestigatedby heatingthecircuitboard

and observing the PD output levels.Although no

quantitativedataiscurrentlyavailable, itisbelieved

thata 10-20degreeCelsius temperaturechangeresultsin

sufficientdegradationthatthesystembecomesunusable.In

anticipation of thisproblem ina fieldenvironment,
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precauticns were takenby installingthephase detecter

circuitsinaninsulatedbcxequippedwithathermostatand

heaterfortemperaturestabilizaticn.
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CHAPTER 5

HARDWARE SPECIFICATIONSAND CONSIDERATIONS

5.1ANTENNAS FORAPAC

5.1.1HALF WAVE DIPOLE

The antennas used forboth thebeacon and thereceiver

duringtheexperimentalAPAC systemmeasurements werehalf

wave dipoles. The antenna radiationpatternisshown in

Figure5.1andthemaximum gainis1.64[9].Thehalfwave

dipole was chosen because ithas omni—directional

characteristicsinthex—y (horizontal)plane. Due tothe

x—yplanesymmetrythephasecenterofthehalfwave dipole

isassumedtobelocateddirectlyinthecenterofthetwo

elements.Thismay notnecessarilybethecaseasdiscussed

inthefollowingsection.

Forgrazinganglesbetween5 and50degrees)thereflection

coefficientofthegroundforverticalpolarizationisless

thanthatofhorizontalpolarizationata frequencyof400
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ELECTRIC F1EL0 RADIATION PATTERN FOR HALF-WAVE
¤1POLE. z ISINVERTICAL ¤1REcT10N.
HALF P0wER BEAMWIDTH IS78DEGREES.

Figure 5.1 Diplole antenna radiationpattern. Reprinted
from[9].
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MHz [9].Therefore,verticalpolarizationischosenbecause

itisexpectedtoreducepositionerrorsduetomultipath.

5.1.2ANTENNA FEED CABLE I

During theAPAC testmeasurements using thehalf wave

dipoleantennas, phase errorsofroughly60 degreeswere

inducedwhen thebeacon (transmitting)antennawas rotated

inthehorizontalplane. A 60 degree errorisindeeda

catastrophicerrorandwould causeseriouslaneerrorsin

theAPAC system, thusrenderingthesystem useless for

accuratepositioning.

Many textson antennas showradiationpatternsofdipole

antennasbutneglecttheeffectofthefeedcable.Forthe

caseofreceivingantennas, thevoltageappearingon the

antennaterminalsisa resultantofthevectorsumofthe

waves arrivingattheantenna elements. The locationof

thefeedcableandbalunmatching transformerwithrespect

tothedipoleperturbs thephase centeras depicted in

Figure 5.2. Although the exact cause of thisphase

perturbation isnot known, itwould be reasonableto

speculate thatitisdue tothereflectionsfromthe

matching transformerinthenearfieldofthedipole. By

reciprocity,a similarstatement can be made of phase

centerperturbationforthebeacon(transmitter)antenna.
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Thisisnota seriousprobleminthecaseofthereceiver

antennassincethereceiversareina fixedposition.The

antennascanbeorientedwiththefeedcableawayfromthe
i

measurement site and need not be moved. However, the

transmittingbeaconcaseismore difficulttocontendwith

since thebeacon can be locatedanywhere within the

measurement siteandradiatestoreceivingantennaslocated

outsidethesite.Thefeedcablecannotbedirectedinsuch

a way astonotinterferewiththeantennapatternforone

oftheantennaslocatedatthefourcornersofthesite.

With some thought, noting thatthe polarization is

vertical, itislikelythatextending thefeedcable

horizontally forseveral wavelengths should help the

problem. A horizontal two-wiretransmissionlinecan be

used toremove thebalun fromthenear field.This,

however, isone issuethathas yettobe quantifiedand

addressedintheAPAC system.

5.1.3COMMENTS ON THE USE OF A YAGI ANTENNA

On anoperatingAPAC measurement site,reflectionsfromthe

groundandotherobjectswilloccur.Fromthesereflections

phase errors, and thereforepositionerrors,willresult.

ConsidertheuseofahighergainantennasuchastheYagi-

Uda arraywithgainoftypicallyaround10 [32].Itwould
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seem initiallythatifthe receiver antenna were

significantlymore directive (comparedtothehalfwave

dipole),phaseerrorscouldbereduced.

Inpractice,useoftheYagiantennapresentssomeproblems

fortheAPAC system.Thephasecentercannotbeassumedto

beatasinglepointasinthedipole.Furthermore, itis

uncertain as towhether or not there isfrequency

dependence ofthephase center. Experimental testingis

requiredtodeterminethephasecenteroftheYagiantenna.

5.1.4COMPARISON OF YAGI AND DIPOLE MEASUREMENTS

Some experimentationwas donetocomparetheperformanceof

theAPAC locationsystemwith Yagi antennas (commercially

available UHF televisionYagi antennas) and with the

dipoles. Twelve measurements atidenticallocationson a

4.2x4.2meter sitewere performedwithbothdipoleand

Yagi antennas. Data fromtheYagi antenna, measurements

showed that 75 percent of theposition location

measurements were within 10 centimeters.The remaining25

percentmeasurements hadlaneerrors.

When comparedtomeasurements withdipoles: 58 percentof

theresultswere significantlyimproved,17percentshowed

nosignificantimprovement,and25percentshowedincreased
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errors.Keepinginmind thatthiswas averylimitedsample

size,itcannotbeconcludedthatYagi antennaswillsolve

themultipath problems intheAPAC system. Other factors

suchas antennagain, phasecenter,etccouldconceivably

contributetothisimprovement.However, fromtheselimited

data, itcan be concluded thatsome improvement was

observed. Thisshouldwarrant furtherinvestigationon a

largertestarea when a largernumber ofpoints can be

tried.

5.2RECEIVERS

ThissectionspecifiesperformancerequirementsforanAPAC

receiverand comments on thereceiversused fortest

measurements.

5.2.1BANDWIDTH REQUIREMENT

The factorsthatdetermine bandwidth are the phase

measurement timeandthefrequencystabilityofthesystem.

The phase measurement timedepends on, propagation time

(overthelinksand measurement area), and thephase

detectortimeconstant. Since theroundtrippropagation

delay on a 2 km measurement site islessthan 20

microseconds, thedelaycanbeneglected.Accordingtothe

discussion inSection 4.5.3, phase measurements were

demonstratedwithanRC timeconstant(atthePD output)of

1 millisecond. Allowing forfiveRC timeconstants, it
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bepossibletoobtainmeasurements atarateofone

every 5 milliseconds. This 5 millisecond ratecan be

assumed forbandwidthcomputation,providedthatthereis

minimal jitterinthereceiversystemsuchthatalongerRC

time constant isnot required toprovide consistent

measurements.

ThefrequencyswitchingtechniquesdescribedinSection3.2

requirethata burstofRF istransmittedbythebeacon.

According to[7]theminimum bandwidth B requiredfor

receivinga pulsewidth ofdurationtisgivenby: 1 2

1/t.For a burstofduration5 milliseconds, theminimum

bandwidthis200Hz.

Two practical considerations must be investigatedto

specifythebandwidth. First, beacon and. MLO frequency

stabilityare important.They are topicsdiscussed in

Section 5.3.1. Itisshown thatrealisticfrequency

stabilityis+/- 1.5 kHz foreach oscillator(overtime

periods assumed longerthan the time between system

calibrations).Theworstcasefrequencydriftfromboththe

beaconandtheMLO willbe+/-3.0kHz.

Second, thefilterphase responseisanother important

factortoconsider.Figure5.3 [20]showstheresponseofa

filterwith npoles. Group delay(thederivativeofphase
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with respecttoangularfrequency)isa maximum nearthe

3dBfrequencypoints.Atfrequenciesnearthesegroupdelay

maxima, phase errors can be inducedintothesystemby

frequencyfluctuations.Tominimize thiseffect,thesystem

must operatenearthecenterofthefilterpassbandandnot

nearthe3dBpoints.Inotherwords, thebandwidthofthe

receivermust besufficientlylargethatitguaranteesthat

thefrequencyofoperationiswithintheregionofconstant

groupdelay.Usingthe+/—3.0kHzfrequencyrequirement,a

bandwidthof+/-6.0or12.0kHzisspecified.Figure5.3

illustratesthisjustification.

5.2.2RECEIVER NOISE CONSIDERATIONS

The basicAPAC receiversystemisshown inFigure5.4.a.

The requiredphase detector SNR(input) was specifiedat

greaterthan10 dB inSection 4.2.2. Remember thatthe

— discussionofphasedetectornoiseindicatesthata 10 dB

SNR(input) providesanadequatephasemeasurement forthese

purposes. Assuming a 3 dBmargin, theSNR forthereceiver

systemoutputisspecifiedat13dB.

ThecablelossinFigure5.4.aisthatexpectedina50ft.

lengthofRG—58 betweenthelownoiseamplifier(locatedon

topof' a 30 foot.antenna. tower) and. thereceiver.The

purpose of placing theLNA closetotheantenna isto

increasetheSNR ofthereceiversystem.
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Figure5.4.bshowsablockdiagramofthereceiver.Typical

valuesofnoisefigurehavebeenassumedforillustrative

purposes. Calculationoftheoverallnoisefigurereferred

totheantenna inputisshown in,Appendix: B [21].The

outputofthereceiverisappliedtothephasemeasurement

systemthroughalink.Thislinkisthetopicofdiscussion

insection6.1.Inpractice,itconsistsofanythingfroma

shortcabletoan opticallaserlink.Calculation ofthe

minimum signalrequiredatthereceiverantennaterminals

depends on thenoisefigureofthelink. Forexample, in

thecase of a losslesslink,theminimum signaltothe

receivingantennaterminalsisequalto-147dBwfora SNR

of13 dBatthephasedetector.

5.2.3RECEIVER OUTPUT LEVELCONTROL

A practicaloperatingAPAC systemconsistsofblocks (eg.

components) thatare easily configured and setup on a

measurement site.Forthisreason,itwould bepreferable

tohavereceiversthatareinterchangeableamonglocations.

Furthermore, froma systempointofview,itispreferable

tohave anIFoutputthatconnectstoa standardlink(or

phasemeasurement system) inputandprovidesasignalwith

adesiredamplitude.Twomethods ofprovidingasignalwith

adefined,constantamplitudeIFoutputlevelareAutomatic

Gain Control (AGC) and limiting.The AGC must be derived
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from the strength of thecarrier since thereisno

modulation orenvelopetodetect. A typicallimiterwould

betheLM3089 ICamplifier,which alsoprovidesaVoltage

outputproportionaltothelogarithmoftheinputsignal

power.TheimportanceofderivingaVoltageproportionalto

appliedsignalisseeninthefollowingsection.

5.2.4PHASE VARIATIONS DUE TO AMPLITUDE LEVELCHANGES

Consider thetransistorsinthe receiver circuitry.

According to[23]internalcapacitancesexistbetweenthe

deviceterminals.These parasiticcapacitancesVary as a

functionoftheappliedsignalVoltage.Atthefrequencyof

operation, (about450 MHz) thecapacitance changes with

signal levelresultinVariations inthephase shift

throughthereceiver.Remember thatasthebeaconposition

changes, the signal amplitude changes, causing phase

changesineachreceiverandconsequentlydegradingsystem

performance. Measurements must be made assuming constant

phaseshiftthroughthesystemataparticularfrequency,

unless the received signal levelismeasured and a

compensationfactorintroducedintothecalculations.

Analytically, thischange inphaseshiftwith respectto

Voltage isdifficulttocalculateinthereceiversystem.

However, itcanbedeterminedexperimentally.Forexample,

theLM3089 (limitingintegratedcircuit)was determinedto
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havea 6degreechangeinphaseshiftovera10dBrangeof

inputlevel.The receivercharacteristicscanbemeasured

and characterizedforphase shiftas a functionofthe

inputsignallevel.

Once thischaracteristiccurvehasbeendetermined, oneof

twomethods canbeemployedtocorrectforphasechanges

with signal level.These two methods are analog and

softwarecorrection. Figure 5.5.a. shows an analogphase

correctionblockdiagram. AvoltageisderivedfromtheIF

AGC or logarithmicamplifier (as inthe LM3089),

integrated,and appliedtoa.variablephaseshifter.The

characteristicofthephase shiftermust be suchtheit

cancels any signalamplitude dependence of thereceiver

phase shift. Since the characteristic curve may not

necessarilybelinear,somescalingandmanipulation ofthe

signal strength voltage must be done tomatch the

integratoroutputwith thevoltagerequiredonthephase

shifter.Thisseriouslycomplicatesthecalibration.

Anothermethod, whichispreferabletothepreviousmethod,

isshowninFigure5.5.b.andemploysananalogtodigital

(A/D) convertertomeasure thesignallevelvoltage.The

digitaloutputfromtheA/Dconvertercanbeuseddirectly

forphasecorrectionbyacomputer.A look-uptablecanbe

stored inthe computer containing a listof phase
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Figure5.5.a Analogmethod ofreceiverphasecorrection.
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Figure5.5.b Receiverphasecorrectionusingsoftware.
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correction values with signal level.This isa more

straight forward approach since itdoes not require

difficultalignmentasintheanalogversion.

5.3BEACON AND MLO REQUIREMENTS

5.3.1FREQUENCY STABILITY

Both thebeacon and. Master' Local 0scillator· (MLO) must

satisfy frequencystability requirements. Consider the

blockdiagrams showninFigure5.6. A frequencystandard,

nominally at 10 MHz, ismultiplied (viaPLL frequency

synthesistechniques)tothebeaconorML0 frequency.The

frequency stability requirement of thisstandard is

dependentonthebandwidthofthereceiversystem.

An Oven Controlled Crystal Oscillator (OCCO) provides

adequate stabilitycharacteristicstosatisfythedesign

criteria forthisreceiver. Some typicalperformance

characteristicsaregivenby [35].FortheseriesCO—200

OCCO, longtermfrequencystabilityis1.0E—6/yearofthe

operating frequency.Noting thatthisfrequencydriftis

multipliedbyafactorofabout45,thebeaconorMLO drift

isequal toabout 500 Hz/year. A longtermfrequency

stabilityforeachofthebeaconsandMLO of+/— 1.5kHz

will ensurethatthereceivermaintains theIFsignalin

thecentralportionofthenarrowIFfilterbandwidth.
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Figure5.6.a Beacon frequencygenerator.
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Figure5.6.b Master LocalOscillator (MLO).
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The short termdriftofthisOCCO standard is+/- 3E-

11/second,whichtranslatestounder0.02Hz /secondatthe

beaconandMLO frequency.FromFigure5.3insection5.2.1,

theslopeofthephaseresponsenearthecenterfrequency

isapproximatedby

-90°xn
slope=————————————-; (5.1)

bandwidth(3dB)

where: n=numberofresonators

Fora 2 resonatorfilterand 12 kHzbandwidth, thechange

inphaseovera10secondcalibrationperiodis

—90° x2 x10sx2
[§Q(10s)=-———————-————-——-0.02Hz/s =0.006°

12,000Hz

Phaseshiftduetoshortandlongtermfrequencydriftwill

notbeadverselyaffectedbythefilterphaseresponse.

5.3.2BEACON POWER OUTPUT REQUIREMENTS

Theminimum signalrequirementatthereceiverwas computed

inSection 5.2.2andisequalto-117dBm. FromtheFriis

transmissionequationthepowertransmitterrequirementcan

becomputed:

G2 )2
Prx=

·—————-————-xPIXxlosses (5.2)
(4nR)2
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where:
\X

=wavelength
Ptx=transmitterpower
Prx=receiverpower
G =gainofantennas(dipole)
R =distancebetweentransmitter

andreceiver

Assuming a 10 dB systemloss,antennagainof1.6, R = 2

km, andawavelengthof0.66m, atransmitteroutputpower

of-20dBm isnecessary. This demonstratesthattheAPAC

systemisa lowpowersystemandisa goodcandidatefor

FCCapproval.

A fewcomments on theperformanceoftheAPAC prototype

positionlocationsystemare now appropriate. There isa

discrepancy of several orders of' magnitude between the

predictedtransmitterpowerandthepowerrequiredforthe

prototype system. Several factorscould conceivably

contributetothis.

The actual noise figureof thecommercially available

receiverswas notknownandisprobablyconsiderablyworse

than the noise figureassumed inSection 5.5.2. In

addition, the LNA (Figure 5.4.a) was locatedon the

receiversideofthecableloss,thusincreasingthesystem

noise figure. Other factorssuch as matching losses,

connectors, and increasedbandwidth can resultinadded

noisepower. Another importantfactoristhelinkbetween
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receiveroutput and thephase measurement system

(Figure5.4.a).Theprototypesystemusedcable(lossy)for

thislinkbetween thereceiveroutput and thephase

measurement system. A finalsystem ‘version.placing the

phase measurement systemattheremotesitewill improve

noisefigure.Chapter 6addressesthis.

5.4CALIBRATION

5.4.1ATMOSPHERIC

Calibrationisnecessarytoaccountforanydifferencesin

phase shiftamong thereceivers,communicationlinksand

associatedcables. Atmospheric calibrationisimplemented

byplacingthebeacontransmitterinaknownlocationand

measuring thedifferentialphasesateachofthereceivers.

The expectedvalueofphasefortheknownbeaconposition

iscomputed usingequations fromSection 3.2. A constant

phaseoffsetisthencomputedasthedifferencebetweenthe

measured phase and theexpected phase. This calibration

offset isthenadded toeach phase measurement during

normaloperationinthemeasurement area. Itisimportant

tonotev thatthisphase offset isonly validat the

particular frequencyforwhich itwas measured. Itis

necessary tocalibrate at all frequencies of system

operation.
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The advantageofatmosphericcalibrationisthathardware

issimplified.Adedicatedbeaconcanbeplacedatafixed

known locationinthemeasurement area and repeatedly

activatedviacomputer,forcalibrationpurposes.

5.4.2CABLE

A method ofcalibrationusingcablesisshown inFigure

5.7. The cablesaretrimmedtoidenticallengthswiththe

use of a time domain reflectometer. Therefore, the

differential phases of theRF signal arriving at the

receiverinputsarezero. The same effectwould resultif

thebeaconwereplacedatthephasecenterofameasurement

areaofamultipath freeenvironment.Thephaseoffsetsare

determinedindependentlyofmultipath errors.Thisisone

clear advantage thatcable calibration offers over

atmosphericcalibration.

Inpractice,thereareseveraldisadvantagestothecable

calibration. For example, thesystem can be calibrated

using RG—58 cable with attenuation at 450 MHz of

approximately 8dB/100 ft.or 0.26 dB/meter. InE1 large

measurement areawith onedimensionofabout2000 meters,

cable lossfromthededicated beacon generator tothe

receiverwould resultina lossofabout520 dB, butline

amplifierscanovercomethisloss.
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The receiverinputpower requirementsfromSection 5.1

are-117dBm. To overcomethislosswould requireone of

twoapproaches. The firstwould betransmittingintothe

cable 403 dBm—an unreasonably largeamount of power.

Alternatively, amplifiers can be insertedat intervals

along the calibration cable. A requirement of these

amplifiersisphasetrackingsincethephasemust notbe

alteredamongdifferentreceivers.Furthermore, powermust

bedistributedtotheamplifiersatpointsalongthecable

lengthof2 km.

Atmospheric lossesare due totheFriis transmission

equation and cable lossesare 0.26 dB/meter. Figure 5.8

showsbothlossesasafunctionofdistanceforafrequency

of450MHz. Thereisacross-overpointatabout300meters

inwhich bothcableandatmosphericlossesareequal.Ata

furtherdistance, the cable calibration becomes more

difficulttoimplementinhardware. This resultsuggests

thatonlargermeasurement areas,ifcablecalibrationmust

beusedtoachievedesiredaccuracies,themeasurement area

shouldbe dividedup intosmallermeasurement cells.The

smaller measurement cells can more realisticallybe

calibratedusingcablemethods.

85



I

I

“¢
=-T° §§ä§ä§ä¥““'“"'E§ä§äää'”“=§?E§Eä§ä'gxusäszsz¤=¤E¤=¤¤¤¤¤=¤¤;¤¤¤=:¤==E==¤ä

S §
—··==IllI§§¤llIIB£$==l=lä

S §§§E§E§if Eääääää
EE EäE§§E§§§äsä¤§

, Päsgäää·
iii is.?ii? Ä L;} {Q;2~— ;i-l"Ä-Ä-.§;lS;I;Qg§g§‘

1 Ä Ü {
€ ?Ä€€€?i 22*‘1‘ÄÜ;·f§Ü;‘€Äii¥E?§EE,i*

TÄZFEEÄÄIEÄÄ ÄL Ä.ÄÄ€ÄÄÄÄÄ1ÄÄ[Ä;}E1 ÄÄQQÄEEÄ3;:; 1Ä
100

··
2 n21;;;.:. __; ;Ä.Ä

QÄÄÄÄÄÄEIÄ;iÄ;ÄÄÄÄÄIÄÄÄÄIÄÄÄÄSÄÄiifä€i"’§"£I?Ii§2;-*222-EZÄÄIEÄÄEE#12,

5iÄfE.1i?E§;iärf322 2222~; =E
_

ääääägägl§E§§E§§§i*Ä§Ä”
10 1. Eääégäs:1:1,,
;.....—-—-"""=%‘ääääääää ääääääää

tn S fjjffji Zlääälll
E S Fi6 zrS

§E§§§§§§§E§E§§!§ä§§II··
1?EgäE§E§§s1‘é3€—¢f‘Eäääääää ääälälä§ä§§§§§§§ä§§§§äääääääää
.1;.äääääggääääägägää ääääeäää

110 100 1k

DISTANCE (METERS)

CABLE LOSS = 0.26bdB/m usingRG-58 cabIeat450MHz

ATMOSPHERE LOSS = 22dB+20 Iog(distance)at450MHz

Figure 5.8 Plot of cable and atmospheric lossesfor
calibration.

86



1

CHAPTER 6

COMMUNICATIONS LINKSFORTHEAPAC SYSTEM

6.1METHODS OF DATA AND PHASE TRANSFER FOR THE POSITIONING

SYSTEM

Figure 6.1 shows a receiverata common controllocation

and a remotereceiver,locatednominallyupto2 km from

thecontrol location.The most basic system described

earlierixxChapter 3 issomewhat simplifiedLhu thatit

does notspecifyhow differentialphase measurements are

achievedateachoftheremotereceiverlocations.Recall

thatmeasurement of differential phase requires

establishinga signalofknownphaseateachreceiversite

at a remote location. Suppose thata master local

oscillator (MLO) istobe distributedtoeach ofthese

locationsand used as thephase stable reference. In

addition, data transmissionisrequiredtocontrol the

remote location.This section outlines threepossible

methods of transferringthephase reference and data.
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Althoughthisdiscussionisforapairofreceiversitcan

begeneralizedtomultiple receivers.

6.1.1METHOD 1

Figure 6.2.a depicts thefirstmethod forthephase

standardunderconsideration. The master localoscillator

(MLO) isata constantfrequencyspecifiedinChapter 5.

Directly after the MLO isa frequency synthesizer

programmablebytheCPU tosomefrequencydependingofthe

beaconcarrierfrequency.Followingthepowerdividerthis

multiplied signal isdistributedtotheremotereceiver

locationthoughacommunicationslink.

The communicationlinkintroducessome phase error Qel

intothe system forsignals arriving at each remote

location.Thecommunicationlinkalsointroducessomephase

errorQez forsignalsreturningfromtheremotelocationto

thecommon controllocation.Atpresent, assumethatQel,

Qez areconstants;inSection6.2itisassumedotherwise.

The multiplier justpriortothemixer isa nonlinear

device which generates harmonics, one of which isthe

requiredlocaloscillatorfrequency.This multiplier is

optional,andallowsa lowerfrequencytobesentthrough

thecommunicationslinksothatcablelossesarereduced.

For example, ifa transmissionlinesuch as RG—58 cable
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weretobeused, lossesareloweratthelowerfrequencies.

The lossthrougha 100 meter lengthof RG-58 cable is

about26 dbat450 MHZ comparedtoa lossof13 dBat150

MHZ.

ThereceiveroutputIFsignal(10.7MHZ) isreturnedtothe

controllocationforphasecomparisonwithotherreceivers.

6.1.2METHOD 2

Thenextmethod (seeFigure6.2.b)issimilartothefirst

exceptthattheprogramablePLL isplacedateachreceiver

site.Thisoptionhastheadvantageofsomewhatsimplifying

thecommunicationslinksinceoperationisatthesingle

MLO frequencyofsay, 10.0 MHZ. The 10.7 MHZ signalis

returnedforcomparisonatthereferencelocation,as in

thefirstmethod.

Successfuloperationofthissystemassumesthatallofthe

PLLs (ateach remotelocation)remainlockedand do not

slip cycles during measurements. The APAC prototype

positionlocationsystemsufferedfromthisproblem.Itwas

finallydecidedtouse method 1 sincetheinherentproblem

withPLLdrifthadtobeeliminated.

6.1.3METHOD 3

The thirdmethod under considerationisshown inFigure
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6.2.c. Itisimplementedby transmittinga 10.7 MHz

referencetotheremote locationand also placing the

phase measurement system at the remote location. In

addition,theMLO signalisalsodistributedinaccordance

withthetechniquedescribedinmethod 1. Thisoffersthe

advantagesofmethod 1 sincethePLLs arenotrequiredto

remainpreciselylockedatmultiple remotelocations.

The communications linkfromthecontrollocationtothe

remotelocationissomewhatcomplicatedsinceitmust send

10.7MHz andthevariableMLO frequency.Thereturnlink

howeverissomewhatsimplifiedandmust onlysenddatato

thereferencesite.Section 6.3specifiesthebestmethod

toimplementinafinalsystem.

6.2COMMUNICATION LINKSUSED FOR THE PHASE REFERENCES

Section 6.1 discussed system block diagrams for

establishing‘ phase referencesat remotelocations,each

utilizing a generically labeledcommunication link.In

precedingdiscussions, thephase shift(éeland QQZ from

Figures 6.2.a, 6.2.b, and 6.2.c) ofthislinkhas been

assumedtobe a constantandsubtractedoutofthesystem

asacalibrationoffset.Thisassumptionisvalidifcables

areusedbetweentheremoteand thecontrollocations.If

thelinkisatmospheric, thisassumptiongenerallyisno

longervalid.The linkmust be adequatelyanalyzedsince
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Qel andQez actuallyvarythroughtimeasafunctionofthe

environmentaroundtheAPAC system.Thissectionaddresses

theimplementationofbothRF and opticallinksforthis

purpose.

6.2.1RADIO FREQUENCY LINKS

Figure 6.3 shows twoantennasmounted atfixedpositions

separatedbyanominaldistanceof2 km. Thesetwoantennas

are the transmittingand receiving locationsof the

communicationslinkwhich takesthephasereferencesignal

from the reference (control) locationtothe remote

receivers.Fromapropagationperspective,twofactorswill

affect thephase of thesignal arriving at thelink

receiver.Thefirstfactorismultipath duetoreflections.

The secondfactorischangeinthepropagationpathlength

duetoatmosphericconditions.Both ofthesefactorsmust

be takenintoaccount toensure stabilityofthephase

reference.

BetweenthetransmittingandreceivingantennasistheAPAC

measurement area. Insidethemeasurement area aremoving

metal objects (suchasconstructionequipment,etc.)which

couldaffectthemultipath. As thesereflectingobjects

move, phaseerrorsintheMLO inputtotheremotereceivers

will result. Inorder tosatisfy the requirement of

constantphaseateachreceiver,thetransmittedbeammust
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bedirectedawayfromthemeasurement areaandtowardsthe

communicationlinkreceiverantenna.

To estimatethesizeoftheantennaforthisrequirement,

assumethatthecommunicationlinkisoverflatearth,with

theantenna on a towerof20meters height.Thebeamwidth

requiredtosatisfythisisequalto1.2degrees. From an

I

approximationgivenin[27]:

D =75X/6 (6.1)
where: 9=antennabeamwidth

)=wavelength

At HF (30MHz) and UHF (450Mhz) theantenna diameter

requirementsare 600 and 40 meters respectively. These

antennasizesarenotpracticalforthisapplication.

At 30 GHz theantennadiameteris0.6meters andismore

realisticthanat UHF or VHF frequencies. The first

requirementforreductionofmultipath reflectionsfromthe

ground and moving equipment has now been satisfied.

However, one more factormust be considered. The second

factor,variationsinpathlengthduetovariationsinthe

atmosphericindexofrefraction,must beinvestigated.

A model thatapproximatestheindexofrefraction,n, of

airisgivenby[3]andisbasedonexperimentaldata:
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77.6
N(laser) =-———-——-p (6.2)

T

77.6 4810e
N(uWaVe) =-——————- (p+—-——-) (6.3)

T T

where: N = (n— 1)x106=deviationfromunity
T=temperature(degreesCelsius)
p=totalatmosphericpressure(millibar)
e=partialpressurecontentofwaterVapor
pressure(millibar)

Observing equation(6.2)and(6.3)somegeneralizationscan

now be made. At microwave frequencies, the indexof

refractiondepends more on. water· Vapor· content ·than, at

opticalfrequencies.Atlaserfrequencies,theopticalpath

lengthoflaserlightisalmostindependentofwaterVapor

content.Because ofthespatialrandomVariationsofwater

Vapor content, thelasersystem offers superior phase

stabilitycomparedtoamicrowave linkinthisapplication.

Fromthisgeneralization,itcanbeconcludedthatoptical

methods arepreferableandshouldbeemployedforthephase

reference.When a microwave oropticallinkisused, the

450 MHz phasereferencesignalmust bemodulated ontothe

microwave oropticalcarrier.
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6.2.2LASERCOMMUNICATION LINKS

6.2.2.1LASERSYSTEM OVERVIEW

Intheprevioussectionitwas concludedthatwhen compared

toudcrowave frequencies,laserfrequenciesofferbetter

phase stability interms of propagation throughthe

atmosphere.Other factorsmust alsobeinvestigated.Figure

6.4 [4] shows atmospheric absorption as a functionof

wavelengthforfrequenciesobtainablefromrubylasers.The

Variations inabsorption are theresultof molecular

resonantlines.Table 6.1 [4]shows theabsorption line

freecoherence bandwidth forruby,GaAs, and. CO2 laser

wavelengthsforatmosphericpropagation.Itisobviousthat

ample bandwidth exists fortransmissionof a 450 MHz

modulation forthephasereference.

6.2.2.2SOME BASICASSUMPTIONS

Numerous experiments have been conducted demonstrating

lasercommunications over lengthsof 4, 24 and 36 km

[16,24].ThepathlengthfortheproposedAPAC systemwould

be limitedtoabout 2 km. Furthermore, thecritical

specificationtosatisfyintheAPAC applicationisthe

changeinphaseofthemodulationwithrespecttotime,not

amplitude deviations. For thesereasons, thisanalysis

assumes the effects of attenuation and fading are

negligible. Also, theelectronics supporting thesystem

will be neglected from thisanalysis. Excellent

99



I

I00
E E A BEGINNINGOFTRACEIZ4°L V T*o~ANGLE

{ENOOFTRACEI9.3°
6940.I9
ygzg 6943806937b7O

6942I5 H20H99 693382 2 Giszsöü „ H 0
·

**20
694¤.22 'N20 S59336

6942.37**29 6934.4269ä;-29 _ **2060 °2 6939.27
2 59}}_47 H20

0
6945ZI
FE **20 6939,74 2
°1 ATMIZ

8N
·2 · H20 IE 6935.82

3 Hg0¢
U1

693316 5 _
SOLAR NZG

9%:50
SOLARO 150LAf \2 Q2/0 .. . . . .̂„

--84IOOIZOMO |60 ISO 200 220- 240 260 ZSO 300 320TEMPERATURE,OEGIIES KELVIN

6933 6934 6935 6936 6937 6938 6939 6940 694I 6942 6943 6944 6945 6946
UAVILINGTNS Ä,AN6S1nO•n$ '

Figure 6.4 A‘IZITIOSph€I'iC äbSOI°ptiOI'1 ].ZI.l'1€S fOI'Illbylaser
wavelengths, reprlntedfrom[4].

lOO



1

l

Table6.1 Abserptienlinefreecoherencebandwidth[4].

wavelength bandwidth type
(micrometers) (GHz) laser

0.6943 25 ruby

0.8446 168 GaAs

10.5912 2 2 CO2

101



discussionsoftheseadditionalparametersareprovidedin

references [26,10,18]. Commercial optical equipment is

readilyavailablethatiscapableof450 MHz transmission

over2 kmdistances.

6.2.2.3LASERCOMMUNICATION SYSTEM DESCRIPTION

Abasicsystemblockdiagramofanopticallinkisshownin

Figure6.5. Suppose thatamaster localoscillator(pulse

train)isgeneratedfordistributiontoeachoftheremote

receiverlocations.The MLO clockpulseisappliedtothe

opticallinktransmitter,modulatingthelasercarrier.The

formofmodulation ison-off-keying (OOK) and isatthe

rateoftheMLO.

The laserbeam propagates through the atmosphere,

introducingsome signal attenuation. Inaddition, the

atmosphere affectsthephase ofthecarrieranddistorts

theshapeofthepulse.Attheopticallinkreceiver,the

receivedsignalconsistingof E1 pulsetrainisrecovered

and applied toa band pass filterwhich recoversthe

fundamentalfrequency.This fundamentalfrequencyisthen

applied tothereceiverMLO inputand isthephase

reference necessary forthedifferential phase

measurements.

Of concernistheamount ofdegradationoccurringinthe
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relativephase of therecovered 450 MHz signal. The

analysis :h1 theremainderofthissectionaddresses the

problem of determining towhat extent the atmosphere

affectstherelativephase oftheMLO inputsignalwhen

usinganopticallinktoestablishthephasereference.

6.2.2.4ATMOSPHERIC EFFECTS ON OPTICAL PROPAGATION

The atmosphere isa dynamic and randomly changing

environment. The heating effects of thesun, different

I temperaturesand layersof airy wind. and. other factors

influencethecharacteristicsoftheatmosphere.Figure6.6

demonstrates how the atmosphere affects laserlight

propagation. As thebeam propagatesitencounters 'blobs'

ofatmosphere. Inhomogeneous'blobs'aretheresultofwind

andtemperaturerelateddisturbances.Theturbulenceinthe

pathofthebeam resultsinbeam steering,scintillation,

beam spreadingand otherdegradations. Unlike freespace

propagation, theatmospherewill alterthephase ofthe

carrierandthusthemodulated signal.Atmosphericeffects

must be investigatedtopredictperformanceofthelaser

communicationssystem.

The structureconstant,Cn, describedby[33]isameasure

oftheeffectoftheatmosphereonlaserlightpropagation

inaturbulentatmosphere. Cnz isproportionaltovariance

intheindexofrefractionoftheatmosphere. Figure 6.7
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shows experimental resultsofdatacollectedby [16]and

characterizesdiurnalchangesinCn .Theinterpretationof

<;] isthatitrepresentseffectsofturbulenceon laser

lightpropagationassumingthattheatmosphereisfrozenin

time[33].The timeperiodforwhichthisfrozen-inmodel

remains Valid depends the on characteristics of the

turbulence,suchas windVelocity, temperature,andother

factors.

Itisnecessary thatthe indexof refractionremain

constant over a ‘timeperiod equal tothetimebetween

calibrationsoftheAPAC system. As shown by [33],the

phase of thecarrier at the receiver isGaussian

distributedwithinthetimeperiodforwhichthefrozen-in

model isValid. As time progresses (outside the

calibrationperiod) thelocalmean ofthecharacteristics

oftheatmospherecouldbe expectedtoVary. Atthisnew

incrementoftime,thereisa new mean Value ofindexof

refractionexpectedtobeindependentoftheprevioustime

period.

A model given by Brookner [3]expresses theatmospheric

indexofrefraction,n,asfollows:

n=no+ [y1 (6.4)

where: Do =averageatmosphericindexofrefraction
[xn=deviationofindexofrefractionfromthe

averagevalue ·
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Unlike equations (6.2)and 6.3), equation (6.4)accounts

foratmosphericturbulence.AccordingtoBrookner, themean

squaredeviationinindexofrefraction</§n2>isgivenby:

1 2 2/3
LO (6.5)

2

where Loisdefinedastheouterscaleofturbulenceandis

equaltothelargestinhomogeneityforwhichtheblobsize

holds. The valueof LO depends on height, h, above the

groundandisequalto:

LO=;/4h (m) (6.6)

The RMS valueofthevariationsinphaseofthereceived

optical signal depends on theRMS change inindexof

refraction.Therefore, itcan be stated theRMS phase

fluctuationisequalto

2 W 1/2
A@(RMS) =-1:L„[<[§n2>]

2 W 1 2 2/3
= ——— L ——— Cn LO (6.7)

X 2

where:Öx=wavelengthofthemodulated signal
L=physicallengthofpropagation

The valueofCn instrongturbulenceisgivenby [26]and

isequalto5x1O'7m']-/3 . FortheAPAC application, Lis
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to2000meters andthemodulation wavelengthisequal

to0.67meters. Iftheheightoftheopticalreceiverand
A
transmitterare 20 meters, thevalue of LC, isabout 9

meters. These conditionsresultinanupperbound inthe

RMS phasevariationofthe450MHz modulation equalto0.25

degrees.ThisamountisnegligiblefortheAPAC system.

Alsousingthefrozen-inmodel, [4]givesapredictedRMS

frequencyspreadoflessthan150Hz forlaserpropagation

along a path of 1 km. Another interestingnote isthat

increasingthesize of thereceiveraperture tendsto

decreasetheRMS frequencyspread.Accordingto[13]itis

reasonabletoestimatethata timeshiftinthecarrier

(laser)will approximate thetimeshiftofthemodulated

signal.IntheAPAC system,thecarrierfrequencyisabout

1x10l4 Hz and themodulation isat about 450 MHz.

Therefore,itcanbestatedthattheRMS frequencyspread

(atthelaserfrequency)of150 Hz shouldhavenegligible

effectonthephaseofthemodulation.

The above discussions seem toindicatethatthelaser

systemshouldperformexcellentlyforthisapplication.It

isassertedthattheabove discussionspertaintoclear

weather conditions inthe presence of atmospheric

turbulence. Dispersion isthetopicof thefollowing

section.
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6.2.2.5ATMOSPHERIC DISPERSION

Atmosphericdispersionimposeslimitsontherateatwhich

a pulse traincan be transmittedusing an atmospheric

opticallink.FortheAPAC system, assuming a 50 percent

dutycycleforpulsesat450 MHz rate,thecorresponding

pulse width is1111 picoseconds. During clear weather

conditions, (i.e.,absence of fog, cloud etc) the

dispersionwillresultinpulsewideningofonlyabout0.1

picoseconds [5].This isaa negligibleamount comparedto

themodulation pulsewidth.

As one would expect, clouds and fogresultinincreased

dispersion. Bucher and Lerner [6]performed experiments

usingaphysicalpathlengthof6 kmthoughcloudcover.An

opticalcommunicationsystemwas used toinvestigatethe

effectofpropagationdelaybytransmitting30 nanosecond

pulses. The receivedpulseswere on theorderof1 — 10

microseconds indurationwhen cloudcoverwas inthepath.

Theory developed by [17] isinagreement with these

results.

Liuand Yen [22]were abletoderiveequations fromthe

parabolicwave equation assuming forwardscatteringina

turbulentatmosphere. They computedthemean arrivaltime

and mean square pulsewidth foran electromagnetic wave
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travelingthroughtheatmosphere. Although a solutionto

theseequations isoutside thescope ofthispaper, an

examplecanbestatedforqualitativepurposes.Assuming a

wavelengthof0.7nm, beamdiameterof5cm,pathlengthof

5 km, and a cloudwithwater densityof0.06g/m3, there

willbeapulsebroadeningofapproximately10nanoseconds.

Thispulsebroadeningresultsinoverlappingofsuccessive

pulses such thatallphase informationof the450 MHz

modulated signalislost.

Considering thepulsewidthforthe450MHz systemof1111

picoseconds,itisobviousfrombothexperimentaldataand

theorythatcloud and fogcover severely degrades the

system performance beyond use. Under clear weather

conditions,opticalmethods offerthebestperformancewhen

comparedtotheothermethods discussed.

6.3PROPOSED COMMUNICATION LINKFOR POSITIONING SYSTEM

6.3.1LINKFOR REMOTE LOCATION

An APAC systemcommunicationlink,where theuseofcables

isimpractical,isnow specified. From Section 6.2, the

laserlinkwas determined tobe thesuperiormethod for

transmittinga phase reference. Section 6.1 presented

severalmethods oftransferringaphasereferenceanddata

between thecontroland theremotereceiverlocations.A

comparisonofthesemethods isnecessarytodeterminewhich
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method issuperior intermsof cost effectiveness and

reliability.

BoththeMLO andtheIFsignalmust betransmittedbetween

thecontroland remotelocationsduringsystemoperation.

Methods 1 and 2 requirethatthesetwosignaltravelin

oppositedirections. This impliestwolasertransmitters

, andreceiversforeachremotelocation.Method 3 placesthe

phase measurement system at theremote location.From

i section6.2,thereisamplebandwidthtotransmitboththe

MLO andtheIFsignalonthesamechannel.Thismethod uses

onlyone lasertransmitterandreceiver.Data controlling

thephasemeasurements systemcanalsobesentonthesame

channel.

Phase datafromthephasemeasurement systemattheremote

locationisreturnedtothecontrolsiteforprocessingby

theCPU. Phase informationrangesfrom-180.0to+180.0

degrees. Using standardASCII data format,2 bytesor16

bits contains all of thisinformation.A commercially

availableradiomodem operatingat19.2kBaudiscapableof

supportingthe2bytespermillisecond requirement.

6.3.2LINKFOR BEACON LOCATION

The APAC systemrequiresfrequencyswitching. The beacon

must perform switching between about 10 different
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frequenciesforambiguity resolution.The most efficient

way of accomplishing thisseems tobe totransmitthe

frequencydataduringsystemstart-uporcalibration.Each

frequency isthen assigned a frequency number, eg.

f1,f2,...,f10.During operationofthesystem,itisonly

necessary toswitch toeach of these pre-programmed

frequencies.Inthismanner, only one byte (8bits) is

requiredduringthe1 millisecond period. A commercially

availableradiomodem operatingat9.6kBaudwill support

the1bytepermillisecond requirement.

6.4CAD TO OPERATOR INTERFACECOMMUNICATION LINK

The ultimatepurposeoftheAPAC systemistoenhancethe

performance of construction equipment in.real-time

operations. The productivibyofan equipment operatoris

increasedwhen dataabouttheenvironmentiscontinuously

available totheoperator. This section considers the

feasibilityof providing data toan operator of the

constructionequipmentinreal-time.

From Section 6.1,itisnotedthattheCPU isphysically

placedatacommoncontrollocation.The CAD systemisalso

atthesamelocationanddirectlyconnectstotheCPU for

positiondata. The operatorisperformingtaskssomewhere

inthemeasurement area, perhapsasmuch as 2 km fromthe

controllocation.
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For thepurposes ofthisstudy, a commerciallyavailable

computersystemisassumedtobeavailableandtoprovide

thecapabilityforany numerical calculationswhich are

required.The SUN model 4/260computeriscurrentlybeing

used as a development tool forAPAC inthe Civil

EngineeringDepartment atV.P.I. andS.U. The SUN computer

utilizesa Raster Technologies 'GX4000'videodriverto

displayhighresolutiongraphicson a monitor. A '9dial

controlbox' providestheoperatora means ofinteracting

with the CAD system. The remainder of thissection

considerstheproblemofplacingthe'9dialcontrolbox'

andthedisplaymonitor atanoperatorlocationaway from

theSUN computer. Hence, theneed fora communications

link.

6.4.1'9DIAL CONTROL BOX'

AccordingtotheRasterTechnologiesGX4000 9 Dial Control

Box User Guide, dataissentfromthe'GX4000'tothe'9

dialcontrolbox'atarateof30packetspersecond.Each

packetconsistsof4 bytes. Therefore, 120bytesaresent

each second. A commercially available 1200 Baud digital

radiomodem shouldsupportthisrequirement.

6.4.2 RASTER TECHNOLOGY HIGH RESOLUTION GRAPHICS DISPLAY

MONITOR
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Data transferalso occurs between ‘the 'GX4000'and, the

displaymonitor. According totheRaster Technology User

Guide, thedisplaycontains1280columnsx1024lineswhich

form1,320,720pixels.The refreshrateofthedisplayis

specifiedat60 Hz. Therefore, thiswould implythatdata

must transferat a rateof correspondingto78,643,200

pixelspersecond. Assuming thattheinformationistobe

transmitteddigitally, each pixel would be sampled and

quantified by an eight bit or one byte digital

representation.Theresultis629,145,600bitspersecond.

The RF bandwidth requirementforthisdata rateisin

excessof600MHz.

Transmission of signalswith 600 MHz bandwidth requires

specialconsiderationforthisapplication. The frequency

ofacarrierwould havetobeatleast10 GHz, orperhaps

inthemillimeter wave region.Itistheopinionofthe

authorthatthisisprobably an inefficientapproach in

termsofhardwarecosts.Severalalternativeapproachesare

suggestednext.

6.4.3DATA COMPRESSION FOR DISPLAY MONITOR

A paper written by [19] summarizes methods of data

compression includingzero memory methods, predictive

coding,transfercoding,andhybridcoding.Table6.2lists

methods ofdata compression, typicaldata ratesand the
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Table 6.2 Methods and performance of image datacompression,reprintedfrom[19].

Typical
Average RatesMethod
Bits/Pixel Comments

ZeroMemory Methods Simpletoimplement
PCM - 6-8
ContrastQuantization 6-5~ PseudorandomNoise- 6-5
Quantization
LineInterlace 6 4Dot Interlace 2-6

PredictiveCoding _
DeltaModulation 1 PerformancepoorerthanDPCM

oversampledataforimprovement.
IntraframeDPCM 2-3 Predictivemethods aregenerally
IntraframeAdaptiveDPCM 1-2 simpletoimplement,aresensitiveInterframeConditional- todatastatistics. Adaptive1-2 .Replenishment techniquesimproveperformance
InterframeDPCM 1-1.5 substantially. Channelerror
InterframeAdaptiveDPCM 0.5-1 effectsarecommulativeand

severelydegradeimagequality.

TransformCoding
Intraframe 1-1.5 Achievehighperformance,small
lntraframeAdaptive 0.5-1 sensitivitytofluctuationindata
Interframe 0.5-1 statistics,channelandquantization
InterframeAdaptive 0.1-0.5 errorsdistributedovertheimage

block. Easy toprovidechannel
protection. Hardwarecomplexity
ishigh.HybridCoding ·

Intraframe 1-2 Achieveperformanceclosetotrans-IntraframeAdaptive 0.5-1.5 formcodingntmoderate rates
Interframe 0.5-1 (.5to1 bit/pixel). Complexity
InterframeAdaptive 0.25-0.5 liesmidwny betweentransforn

codingandDPCM.
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correspondingperformance. Note thatitshouldbepossible
1

tocompress8bitsperpixeltoaround0.5bitsperpixel.

The sixteen—foldreductionindataratesresultsinaround

39Mbit/s. AT1dataframeisastandarddatastructureand

conveys 1.544 Mbit/s [7].A data linksupporting this

requirementwouldneedtoconvey25T1 framestructures.

Itisasserted thattheprocess of data compression

degradesthequalityoftheimage.The questionarisesas

towhat isacceptable fortheconstruction equipment

application.Thisisquiteasubjectivequestionandshould

beaddressedinfuturework.

6.4.4OTHER ALTERNATE APPROACHES

Consider a differentapproachtotheproblemofproviding

datadisplaytotheequipment operator. Suppose thatthe

contentsoftheentiremonitor wereheldinmemory onboard

theequipment location.The memory contentsitselfwould

probablybe intheformofcompressed data [19].Itis

only* necessary· to·transmittheinformation.necessary ‘to

updatethedisplay. A reasonableassumptionisthatthis

datacouldbeconveyedinsomewherebetweenoneandfiveT1

datastructures.

Another entirelydifferentapproach istoplace theCAD
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system (eg. SUN computer) on theconstructionequipment.

ThepositiondatawouldthenbetransferredfromtheCPU at

thecommon controllocationtotheSUN computeratthe

constructionequipment. Real-time positiondataisonlya

smallfractionofthedisplaydata.

Itisdifficulttoanswerthequestionsofhowdatacould

beprovidedtotheequipmentoperatorforthegeneralcase.

Human factors,environment, levelofautomation, andtype

ofautomationareallvariablesthataffectwhat thefinal
systemwilllooklikeinthefuture.Thisisanexcellent

areaforfutureresearchwork.
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CHAPTER 7

EXPERIMENTALRESULTS OF THEAPAC SYSTEM

7.1TESTS ON A 4.2x4.2x2 METER SITE

Measurements were made usingthepositionlocationsystem

describedinSection3.1. Theminimum numberofreceivers,

thatisfour,forathreedimensionaltestwereused.A 4.2

x4.2 x2 meter testcorralwas constructedtofacilitate

themeasurements. A seriesofstringsandlineswere used

todeterminetheactualbeaconlocationforcomparisonto

themeasured position.Asetoffiftymeasurements was made

overdryearthatrandomlyselectedlocationswithin the

testcorral.

The floorofthetestcorralwas thenfloodedwithwater.

The same set of randomly selected locationswere re-

measured forcomparisontothedryearthcase. Multipath

errorsduetoincreasedreflectionsofwater areexpected

toresultinincreasederrorsinposition.
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7.1 shows resultsofboththedryearthand over

water measurements [12]. For thedry earth case, the

positionerrorsarelessthan15centimeters50percentof

thetime.As expected, errors inthemeasurements above

waterwerenotablyincreased.

Results fromabovemeasurements were usedbyFeuersteinto

developa computersimulatormodel andshowthatthephase

errorsinthemeasurement systemareGaussian distributed

[11].Figure7.2showsexperimentalresultsandtheresults

from the computer simulation. Figure 7.3 shows the

distributionofphaseerrors.

AthoroughanalysisoftheAPAC systemtestresultswillbe

theresearchdissertation topicsoon tobe written by

Feuerstein. Methods including (but not limitedto)

redundantreceiversandmultiple antennasareexpectedto

net substantial improvementinaccuracy. This however,

remainstobedemonstratedinpractice.

7.2TESTS 0NA 80x100METER SITE

Work iscurrentlyunderwayatthetimeofthispublication

toevaluateperformanceofthepositionlocationsystemon

a site largerthantheone described inSection 7.1.
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Hardware progresshas beenhamperedbytechnicalproblems

anda lightningstorm.Resultsareasyetinconclusivebut

willbepublishedinthefuturewhenavailable.
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CONCLUSIONS

The necessity fordevelopment of a real-timeposition

locationsystem capable ofcentimeteraccuracy has been

outlined. The purpose of .APAC istofulfillthevital

requirementofprovidingdatatoanequipmentoperatorona

construction site toenhance performance and increase

productivity.

Several methods forpositionlocationhavebeenevaluated

formerit ina real-time,centimeter accuracy system.

Current distance measurements methods requireuser

interactionand cannotsatisfythereal-timerequirement.

Pulse timingsystemsrequirelargebandwidths, hencemore

power than continuous wave systems. The hyperbolic

navigation system seems toofferadvantages over other

methods andisalikelycandidateforsatisfyingthereal-

time, centimeteraccuracy specification. Basic hyperbolic
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navigationtermshavebeendefined.The systemoperateson

measurements ofdifferentialphases.

AgeneraldescriptionofthehardwareoftheAPAC prototype

system has been provided. The system operates at

frequenciesbetween 400 and 450 MHz andemploys frequency

switching. The technique of frequency and phase

differencingisusedtoresolvelaneambiguities.

The design and analysisof E1 10.7 MHz phase measurement

systemhasbeenprovidedindetail.Of thephasedetectors

presented, sinusoidal response obtained with an analog

multiplier offerssuperiorperformanceinthepresenceof

noise, Phase measurements accurate towithin about 5

degrees have been demonstrated at 5 ms intervals.The

resolutionandaccuracyofthephasemeasurement systemare

ü sufficientforuse inAPAC. Temperaturestabilizationand

automatedcalibrationhave been recommendedforuse ina

fieldenvironment.

Dipole antennas were used fortheprototype system

measurements. A problem exists with thephase center

perturbationofthebeacon antenna. Itisbelievedthat

thisproblemcanberesolvedbutasolutionremainstobe

testedand evaluated. Future work should also include

additional data collection with Yagi antennas at the
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receiverlocations.

Bandwidthandreceiverphaseshiftcorrectionareimportant

receiver specifications and have been outlined. The

receiverhardware considerations and specifications

outlined are not generally satisfied incommercially

availableequipment.An importantareaoffutureworkwould
, bethedesignanddevelopmentofreceiverswhichadhereto

j
thesespecifications.

Forthebeaconandmaster localoscillator,Oven Controlled

Crystal Oscillators (OCCO) are necessary toprovide

frequencystability.Thebeaconneednottransmitmore than

O dBmofpowerona2 kmmeasurement site,basedonoptimal

receiverdesign.

_ There are twomethods of calibration, atmospheric and

cable. The atmospheric calibrationhas theadvantage of

beingsimplifiedintermsofhardware.Cablecalibrationon

a small site isprobably superior toatmospheric

calibrationbutsuffersfromunacceptablecablelosson a

largersite.

Communication linksarenecessarytoperformdifferential

phasemeasurements betweenmultiple receiverlocations.In

complexity, thislinkcanvarysomewherebetween a cable
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andalasercommunicationlink.Threemethods orschemesof

transferringphase and data between a common control

locationand a remote receiver locationhave been

presented. An argument was provided forwhich method is

probablythemost efficient.

Radiowaves (micro—wavesandbelow) areinferiortooptical

linksfortransmittinga phase reference toremote

locationsat2 kmrange.A lasersystemwhich canbeused

fortransmittinga phase reference was described. An

analysis of the RMS change inatmospheric indexof

refractionandspectralwidening seemtoindicatethatthe

phaseofa450MHz modulation shouldnotbealteredwithin

a calibration period specified at 10 seconds. The

dispersive effectsofatmosphere arenegligibleinclear

weather. Inthepresence of clouds, fogand rain,the

atmospherebecomesmore dispersiveanddoesnotpermitone

totransmitand receivean optical pulse trainwith a

periodof2 ns.

Position errordata fromtheprototypeAPAC systemon a

smallscalesite(4>< 4 meter) hasbeencollectedand is

presented. Position errorswere within 15 centimeters, 50

percentofthetime.Analysisofthisdataandsuggestions

on improvementoferrorsisanareaoffuturework. Atthe

timeofthispublication,theprototypesystemwas inthe
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process of being upgraded toa largersite (100 x 80

meters). Hardware requirements necessary forreliable,

accurateandconsistentdifferentialphasemeasurements are

problemsthatmust beovercometocontinuedevelopment.
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APPENDIXA

SOFTWARE FORPHASE MEASUREMENT SYSTEM

The followingcomputer programs were written by Andrew

Dornbusch fortheAPAC phase measurement system. The

programs were developed foruse on an IBM compatible

personal computerand.cu1 a BCC—52 microcomputer available

fromMicromint Inc.,Massachusetts.

A.1MAIN PHASE DETECTOR ROUTINE

Themain phasedetectorroutineistheprogramtherunsin

theBCC—52 microcomputer. TheBCC—52 microcomputer accesses

thephase detectorcircuits(A/Dconverter) and performs

computationsthatprovidephasedatacorrespondingtothe

phase offtheappliedsignal. The program iswritten in

8031Assemblylanguageandfollows:
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:FILE FINAL.51
: APACphasemeasurment system

; Version2.34
; Written byAndrewDornbusch
; 3/26/89

CAL_ARRY EQU 4000H ;startingatthe7Kboundary(7168-7183)
— P_0FF EQU 4010H ;32bytes(8boards, 2per,2bytesper)

:NOTE: P_OFF isstoredlow—byte,hi;allothersarehi—byte,lo
INPHASE EQU 4030H :twobytes (highbyte-low)
QUAD EQU 4032H :twobytes
INDEX EQU 4034H
PHI EQU 4038H
CARD0 EQU 403AH
CARDl EQU 403BH
TEMP EQU 403CH
DATARRY EQU 4040H
CR EQU ODH
LF EQU OAH
ESC EQU 1BH

ORG 0000H
START:

AJMP INIT

;Initializesystemforboot-up
:must alsoinitserialport,timers,etc.

ORG 0100H
INIT:

clrEA .
mov SP, #30H ;setstackpointer
mov IE,#00H :disableallinterrupts

mov SCON, #52h ;setserialportto4800/8/N/1
mov TMOD, #20h
mov TH1, #0fah
setbTR1

lcallinit8255

;Transmitstartupmessage outserialport
mov DPTR, #STRING
clrA
movc A, @A+DPTR

X_STRING:
jnbTI,S
clrTI
mov SBUF, A
incDPTR
clrA
movc A, @A+DPTR
cjneA, #ESC, X_STRING

;Readdatafromboardsspecifiedandreturnviaargumentstack
:Wait untilcharacterreceivedfromserialport.
GO:

jnbRI, S · ;waituntilcommandreceivedfromhost

(A.1)programlisting.
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subbA, #41H 7 usecharacters'a'on‘jc GO

clr C 7 'a'-'d',takefullphasemeasurementsubbA, #04H 7 65-68
jc MEASURE

clrC 7 'e'-'h',takerawA/DmeasurementsubbA, #04H 7 69-72
jncCONT
ljmpRAW

CONT:
clrC
subbA, #02h
jc GO

clrC
subbA, #01H 7 'k',dophasesystemcalibrationjncFOOBAR 7 75' ljmpCAL

I FOOBAR:
subbA, #08h 7 'l'—'s',transmitsystemcalvalues_ jncFOOTWO 7 76-83
ljmpTXCAL

FOOTWO:
subbA, #08h 7 't'-...,tranmitphaseoffsetvaluesjncFOOTHREE 7 84-91
ljmpTXPOFF

FOOTHREE:
subbA, #08h 7 92-99, receivecalibrationvaluesjncFOOFOUR
ljmpRXCAL

FOOFOUR:
subbA, #08h 7 100-107, receivephaseoffsetvaluesjncFOOFIVE
ljmpRXPOFF

FOOFIVE:
subbA, #01h 7 108, setrelaysfortestingjncGO
ljmpTESTCAL

7 takephasemeasurement andreturnphaseindegrees*10MEASURE:
ADD A, #04H 7 restorevalueMOV DPTR, #INDEX 7 measurement requesteduovxQnpm, A
LCALLREADING 7 takemeasurements

MOV DPTR, #INDEX
Movx A, EDPTR
LCALLCALCPQ 7 calculateinphaseandquadrature
LCALLMAKEPHI 7 calculatephifrominphaseandquad

(A.1)programlisting.
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7 RAW takesarawdatameasurement fortesting/calibrationalpurposesRAW:
ADD A, #04H
LCALLREADING

7 transmitR4:R3, andR6:R5
MOV A, #00 7 transmitzerovaluepreceedingrawJNB TI,$ 7 measurement value
CLR TI
MOV SBUF, A

MOV A, R3
JNB TI,$
CLR TI
MOV SBUF, A

MOV A, #00
JNB TI, S
CLR TI
MOV SBUF, A

MOV A, R5
JNB TI,$
CLR TI

_ MOV SBUF, A

LJMPGO

7 CAL performsanautocalibrationofthesystem,usingtheexternal7 switchingandphase—shiftingequipmentcontrolledbythe82C55portC.CAL:
lcallinit8255
mov DPTR, #TEMP 7 degreesotfset
mov A, #00H
movx GDPTR, A

OUTER:
mov R7, #00H 7 counter(0-3)

LOOPBACK:
mov A, R7
rl A 7 mult. bytour
rl A
mov B, A
mov DPTR, #TEMP 7 addindegreeoffset
movx A, GDPTR
add A, B
lcallSETCAL 7 setrelaystoproperposition

mov A, R7
lcallREADING 7 readboard—pair

7 calculateaddresesforreadvaluesinmemory array
mov DPTR, #TEMP 7 getdegreesotfset
movx A, QDPTR
rl A 7 mult. byeightrl A
rl A
mov R2, A
mov DPTR, IDATARRY 7 getpointertodataarraymov A, R7 7 getboard-pairnumber

(A.1)programlisting.
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7 andstorereadvaluesinmemory
MOV A, R3 7 inphasevaluegoesinlowerbyte ·
MOVX ODPTR, A
INC DPTR
MOV A, R5 _ 7 quadraturegoesinnext
uovxGDPTR, A

7 loopbackagainfornextpairofboards
MOV A, R7‘
INC A
MOV R7, A
CLR C
SUBBA, #04H 7 fourboardpairs
JC LOOPBACK

7 loopbackagainformeasurements atnextphaseincrement
MOV DPTR, #TEMP
Movx A, @¤1>·1·R
INC A
MOVX QDPTR, A
CLR C
SUBB A, #04H 7 fourphasepositionstomeasure
JNC ENDCALl
IJMPOUTER

;resetrelaysfornormaluse
ENDCALl:

MOV A, #1OH
LCALLSETCAL

7 copynewcalibrationdataintocalibrationarray

7 doevenboardsfirst
MOV RO, #04H 7 count(4->0)
MOV R1, #0OH 7 DATARRY addressoffset
MOV R2, #00H 7 CAL_ARRY addressoffset

MOVLOOP1:
MOV DPTR, #DATARRY 7 getpointertodatastoragearray
MOV A, R1 7 addoffset
ADD A, DPL
MOV DPL, A
MOVX A, QDPTR 7 fetchminimum valueforchannel2*RO
MOV R3, A 7 andsave
MOV A, #10H 7 addoffsetformaximum value,
ADD A, DPL
MOV DPL, A
MOVX A, QDPTR 7 fetch
MOV R4, A 7 andsave
MOV DPTR, #CAL_ARRY 7 getpointertocalibrationarray
MOV A, R2 7 addoffset
ADD A, DPL
MOV DPL, A
MOV A, R3
dec A 7 FUDGE FACTOR
MOVX GDPTR, A 7 storeminimum value
INC DPTR
MOV A, R4 7 andthemax inthenextconsecutiveloc.
incA 7 FUDGE FACTOR
incA
MOVX CDPTR, A

(A.1)programlisting.
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MOV R2, A

djnzRO, MOVLOOP1 7 loopback

7 andnowdooddboards
MOV RO, #04H 7 count(4·>0)
MOV R1, #09H 7 DATARRY addressoffset
MOV R2, #02H 7 CAL_ARRY addressoffset

MOVLOOP2:
MOV DPTR, #DATARRY 7 getpointerfordatastoragearray
MOV A, R1 7 addoffset
ADD A, DPL
MOV DPL, A
MOVX A, QDPTR ;fetchminimum valueforchannel2*RO+1
MOV R3, A 7 andsave
MOV A, #10H 7 addoffsetformaximum value,
ADD A, DPL
MOV DPL, A
MOVX A, QDPTR 7 fetch,
MOV R4, A 7 andsave
MOV DPTR, #CAL_ARRY 7 getpointertocalibrationarray
MOV A, R2 7 addoffset
ADD A, DPL
MOV DPL, A
MOV A, R3 -
dec A 7 FUDGE FACTOR
MOVX GDPTR, A 7 storeminimum value,
INC DPTR
MOV A, R4 7 andthenthemax inthenextloc
incA 7 FUDGE FACTOR
incA
MOVX GDPTR, A
INC R1 7 move DATARRY pointertwopositionstonext
INC R1 7 minimum value
MOV A, #04H
ADD A, R2 7 addsteptocalibrationarrayoffset
MOV R2, A

djnzRO, MOVLOOP2 7 andloopback

7 Nowlet'sgothruandcalculatewhattheinphaseandquadraturemeasurements
7 wouldbeifweusethedatawe justtook. We willtheninvertthesignof
7 theinphaseandquadraturevaluesandstorethemasthephaseoffsets.

mov DPTR, #TEMP 7 initializeloopcount
mov A, #0OH
movx GDPTR, A

PQLOOP:
mov DPTR, #TEMP 7 getloopcount ( O <=temp<·7)
movx A, GDPTR
jnbACC.2, LTFOUR 7 testiflessthanfour
anl A, #03h 7 if>-4,mask bit2andadd8
add A, #08h

LTFOUR:
rl A 7 multiply bytwo
incA 7 move pointertoquadvalue
xrl A, #10h 7 TEST-reversequadphaseotfsets
mov DPTR, #DATARRY 7 andaddtobase
add A, DPL
mov DPL, A
movx A, QDPTR 7 getquadraturevalue

(A.l)programlisting.
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mov DPL, A
movx A, GDPTR 7 getinphasevalue
mov R3, A 7 andsave

mov DPTR, {TEMP
movx A, QDPTR
anl A, #03h
mov DPTR, {INDEX
movx QDPTR, A
lcallCALCPQ 7 passboardpairinA, P&Q inR3, R5

7 returnedinINPHASEandQUAD

7 invertsignofreturnedvaluepreparatorytobeingstoredinp_offarray
mov DPTR, {INPHASE
movx A, QDPTR 7 getinphasemeasurement
mov R2, A
incDPTR
movx A, QDPTR
mov R3, A
mov A, #0OH 7 andinvertsign
clr C
subbA, R3
mov R3, A
mov A, #0OH
subbA, R2
mov R2, A

mov DPTR, #QUAD 7 getquadraturemeasurement

movx A, @DPTR
mov R4, A
incDPTR
movx A, GDPTR
mov R5, A
mov A, {OOH 7 andinvertsign

clrC
subbA, R5
mov R5, A
mov A, #0OH
subbA, R4
mov R4, A

7 andstorephaseoffsetsinp_offarrary
mov DPTR, {TEMP 7 getloopcount

movx A, ODPTR
mov RO, A
anl A, {03H 7 mask outbitthree

rl A 7 multiplybyeight(eightbytesallocated
rl A 7 perboard-pair
rl A
xch A, RO
mov C, ACC.2 7 getbitthree(offset1vs.offset2)

xch A, RO
mov ACC.1, C 7 andmove tobit1

xrl A, #02H 7 togglebit1

mov DPTR, #P_OFF 7 getpointertoP_OFF dataarray

add A, DPL
mov DPL, A

mov A, R3 7 storelowbyteofinphase

movx GDPTR, A
incDPTR
mov A, R2 7 andhighbyte(storedlo-hi)
movx GDPTR, A
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movx QDPTR, A
incDPTR
mov A, R4 ;andhighbyte
movx ODPTR, A

mov DPTR, #TEMP ;incrementloopcounter
movx A, QDPTR
incA
movx QDPTR, A
clr C
subbA, #07H
jncENDPQLP
ljmpPQLOOP

ENDPQLP:

;transmit'OK'
MOV A, #79
JNB TI,$
CLR TI
MOV SBUF, A

MOV A, #75
JNB TI,S
CLR TI”
MOV SBUF, A

LJMPGO

;transmitsfourbytesofdatafromthecalarray(onecolumn)
TXCAL:

add A, #08h
mov DPTR, #DATARRY
add A, DPL
mov DPL, A
movx A, QDPTR
jnbTI,$
clrTI
mov SBUF, A

mov A, #08h
add A, DPL
mov DPL, A
movx A, QDPTR
jnbTI,$
clrTI
mov SBUF, A

mov A, #08h
add A, DPL
mov DPL, A
movx A, QDPTR
jnbTI,$
clrTI
mov SBUF, A

mov A, #08h
add A, DPL
mov DPL, A
movx A, GDPTR
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ljmpGO

7 Transmitsfourbytesofdatafrom
thephaseoffsetarray(oneboard-pair)

;Sincedataisstoredlo-hiinmemory, byte
reversalmust bedonewhen

;transmitting.Thedatasentisthetwophaseoffsetsforthe
requested

;board. (notboard-pair)
TXPOFF:

add A, #08h 7 readjustAtopositivevalue

anl A, #07h
rl A 7 multiplybyfour

rl A
mov DPTR, #P_OFF 7 getpointertophaseoffsetarray

add A, DPL
mov DPL, A
movx A, QDPTR 7 getfirstbyte(highbyte)

mov RO, A 7 andsave

incDPTR
movx A, QDPTR 7 getsecondbyte(lowbyte)

jnbTI,$ 7 andtransmit

clrTI
mov SBUF, A

A mov A, RO
V jnbTI,$ 7 transmitfirstbyte

clrTI
mov SBUF, A

incDPTR
movx A, QDPTR 7 getthirdbyte(highbyte)

mov RO, A 7 andsave

incDPTR
movx A, QDPTR 7 getfourthbyte(lowbyte)

jnbTI,$ 7 andtransmit

clrTI
mov SBUF, A

mov A, RO
jnbTI,$ 7 transmitthirdbyte

clrTI
mov SBUF, A

ljmpGO

7 receivesandstorestwobytesofdata
fromthehosttothecalarray

7 (onecolumn)
RXCAL:

add A, #O8h
clr C
rlcA 7 mult bytwc(caldatainpairs)

mov DPTR, #CAL_ARRY
add A, DPL
mov DPL, A

jnbRI, $
clr RI
mov A, SBUF

„

movx QDPTR, A
incDPTR
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movx GDPTR, A

ljmpGO

;Receives fourbytesofdatafromthephaseottsetarray.
7 Sincedataisstoredlo-hiinmemory, bytereversalmust bedonewhen
7 receiving. Thedatareceivedisthetwophaseottsetsfortherequested
7 board. (notboard-pair)
RXPOFF:

add A, #08h
anl A, #07h ,
rl A
rl A
mov DPTR, #P_OFF 7 getpointertophaseoffsetarray
add A, DPL
mov DPL, A
jnbRI, $
clrRI
mov A, SBUF
mov R0, A
jnbRI, $
clrRI
mov A, SBUF‘
movx QDPTR, A
incDPTR
mov A, R0
movx BDPTR, A
incDPTR

jnbRI, $
clrRI
mov A, SBUF
mov RO, A
jnbRI, S
clrRI
mov A, SBUF
movx QDPTR, A
incDPTR
mov A, RO
movx QDPTR, A
incDPTR

ljmpGO

7 setsthecalrelaystotherequestedposition
TESTCAL:

jnbRI, S
clrRI
mov A, SBUF
lcallSETCAL

mov A, #79
jnbTI,$
clrTI
mov SBUF, A

mov A, #75
jnbTI,$
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gittttttttttttit
2*Subroutines*
;•«****«**«**«••

2 INIT8255initializesthe8255forproperinput& outputINIT8255:
mov DPTR, #0C803H 2 set8255forB—out, A-inmov A, #9OH
movx QDPTR, A
mov DPTR, #0C801H 2 de—selectallphasedetectorcardsmov A, #0FFH
movx QDPTR, A
mov DPTR, #0C802H 2 setcalmechanism tonormaloperationmov A, #0FOH
movx QDPTR, A
ret

2 READING takesasetoffourmeasurements oftheboard—pairpointedto2 byA. Themeasurements arereturnedinR3, R52 R3 containstheinphase
u

2 measurement, R5 thequadraturemeasurement.
READING:

MOV DPTR, #CONVERT
MOVC A, @A+DPTR
MOV R1, A

MOV R3, #00H ;zerooutthetotalinphaseMov R4, #0ou
MOV R5, #00H 2 zerooutthetotalquadratureMOV R6, #00H
MOV R2, #04H 2 averagefourreadingsINLOOP:
MOV DPTR, #0C801H 2 addressofselectlinesMOV A, R1 2 getmask forselectlinesMOVX QDPTR, A 2 startconversionforinphasecardMov A, #0Fru
mwx@¤mm,A
MUL AB 2 waitaround12uS
MUL AB
MUL AB
MUL AB

MOV A, R1 2 getmask forinphasecardCLR C
RL A 2 shiftleftforquadraturecardMOVX SDPTR, A 2 andstartconversionforquadraturecardMOV A, #0FFH
mWX@¤Hm,A
MUL AB 2 Wait around12uS
MUL AB
MUL AB
MUL AB

MOV A, R1 2 getmask forinphasecardMOVX GDPTR, A 2 andselectforreadMUL AB 2 wait8uSforbustostabalizeMUL AB
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MOV R3, A
JNC NO_CARRYI
INC R4

NO_CARRYI:

MOV DPTR, #0C801H :deselectinphasedetectorcard
MOV A, R1
CLR C
RL A
MOVX GDPTR, A ;andselectquadraturecardforread

MUL AB z wait8uS
MUL AB
MOV DPTR, #0C800H ;pointtoportA
MOVX A, GDPTR ;getA/D value

ADD A, R5
MOV R5, A
JNC NO_CARRYQ
INC R6

NO_CARRYQ:

MOV DPTR, #OC801H ;addressotselectlines
MOV A, #0FFH

_ MOVX GDPTR, A :anddeselecteverything

MOV A, R2
CLR C
SUBBA, #01H :decrementcount
MOV R2, A
JNZ INLOOP

MOV A, R6 IShiftrighttwobits
RRC A .
MOV R6, A
MOV A, R5
RRC A
MOV R5, A
MOV A, R6
RRC A
MOV R6, A
MOV A, R5
RRC A
MOV R5, A

MOV A, R4
RRC A
MOV R4, A
MOV A, R3
RRC A
MOV R3, A
MOV A, R4
RRC A
MOV R4, A
MOV A, R3
RRC A
MOV R3, A
RET

:endofREADING
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7 04 outputsenttochannel0
7 08 outputsenttochannel0
7 Oc outputsenttochannel0
7 +
7 00 outputat 0degreesoffset
7 01 outputat 90degreesoffset
7 02 outputat180degreesoffset
7 03 outputat270degreesoffset

7 10 normaloperation
SETCAL:

MOV DPTR, #CALTAB 7 addressoftranslatetable
MOVC A, @A+DPTR 7 getbitpatternforstate
MOV DPTR, #0C802H 7 addressof82C55
MOVX GDPTR, A 7 andsetoutputs

7 1et'swaitabout30msfortherelaystofire
MOV DPTR, #00000H

WAIT:
INC DPTR
MOV A, DPL
JNZ WAIT
MOV A, DPH
JNZ WAIT

RET
7 endSETCAL

7 CLIPclipsthereadvaluestotherangestoredinthetableofcalibration
7 data. ClipispassedthevaluetobeclippedinR3, andthememory offset
7 inthecalibrationtableinA. TheclippedvalueisreturnedinA.
CLIP:
7 clipvaluestostoredmaximums andminimums

MOV DPTR, #CAL_ARRY 7 addressofcalibrationdata
ADD A, DPL 7 pointtoneededminimum value
MOV DPL, A
MOVX A, GDPTR 7 getminimum value
CLR C
SUBBA, R3 7 andsubtractreadvalue
JNC SMALL 7 toosmall
MOV A, R3 7 restorereadvalue
LJMPSKIPS

SMALL:
MOVX A, GDPTR 7 getminimum value

SKIPS:
MOV R3, A 7 updatecurrentreadvalue

INC DPTR 7 pointtomaximum value
MOVX A, BDPTR 7 getmaximum value
CLR C
SUBBA, R3 7 subtractreadvalue
JC LARGE 7 toobig
MOV A, R3 7 restorevalue
LJMPSKIPI

LARGE:
MOVX A, QDPTR °

SKIPI:
RET
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l

7 ThissubroutinewillnormalizetheboardreadingpointedtobyR1 according
7 tothisformula:

7 scaled
-
(256*read_value)/factor

7 ThevaluetobenormalizedispointedtobyDPTR, andtheresultisstored
7 inthesamelocation.
NORMAL:

MOVX A, QDPTR 7 getreadvalue
MOV RO, A
PUSH DPH
PUSH DPL
MOV DPTR, #CAL_ARRY 7 getpointertocalibrationdata
MOV A, R1 7 getoffset
CLR C
RLC A 7 multiplybytwo
ADD A, DPL 7 andaddoffset
MOV DPL, A
MOVX A, QDPTR 7 getminimum value
MOV R2, A ;andsave
MOV A, RO 7 getbackmeasured value
CLR C
SUBBA, R2 7 andsubtractminimum value(scaledown)

__ MOV RO, A 7 save
INC DPTR
MOVX A, ODPTR 7 qetmaximum value
CLR C
SUBBA, R2 7 andfinddifference
MOV R2, A

MOV R6, #07H
uov R1, #0ou

CLR C
MOV A, R2
RRC A 7 dividefactorbytwo
MOV R2, A
MOV A, 4OOH 7 and'mu1tiply'bothby256
RRC A
MOV R3, A

DIV_LOOP:
CLR C
MOV A, R4 7 multiplyresultbytwo
RLC A
MOV R4, A

CLR C
MOV A, R1 7 subtractfactorfromvalue
SUBBA, R3
MOV R5, A 7 saveintermediatevalue
MOV A, RO
SUBBA, R2
JC ENDIFDIV 7 toobig,retainpreviousvalue
MOV RO, A 7 smallenough,updatevalueandscale
MOV A, R5 7 lowbyteofvalue
MOV R1, A
MOV A, R4 7 incrementingscale
INC A
MOV R4, A

ENDIFDIV:
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N

MOV A, R3
RRC A
MOV R3, A

MOV A, R6 7 getloopvalue
JZ END_DIV 7 endoftheline
DEC A
MOV R6, A
LJMPDIV_LOOP

END_DIV:
POP DPL
POP DPH
MOV A, R4
MOVX QDPTR, A
RET

7 endNORMAL

7 ThefunctionASINreturnsthe'inversesineofthesuppliedvalue.

7 ThisisreturnedinR2:RO. ThevalueispassedinA.

7 Itmust bepassedavaluefrom0-255scaledas128*n+128.
_ 7 Thatis,-1¤07 O =1287 +1=255. Thismay beadjustedlater

7 toscaletherangeto+/-0.707forincreasedaccuracy.

7 ASINreturnstheinversesinevalueintheformatofa16-bit
signed

7 integer. Thereturnedvalueisindegrees*10.
ASIN:

MOV DPTR, {IOOKUP 7 pointertolookuptable(mostsig.half)

MOV RO, A 7 save
MOVC A, @A+DPTR 7 getsin-1value(mostsignificanthalf)

MOV R2, A

MOV A, RO
MOV DPTR, #LOOKUP+2S6 7 pointertolookuptable(leastsig.half)

MOVC A, @A+DPTR 7 getsin·lvalue(leastsignificanthalf)

MOV RO, A

RET
7 endASIN

7 CALCPQ ispassedtheinphaseandquadraturemeasured valuesin
R3

7 andR5. Theyareclipped,normalized,andtheinversesineiscalculated.

7 Theinphaseandquadraturevaluesarepassedbackstoredinmemory
CALCPQ:
7 saveR3 andR5

nov npra, #cAR¤o
‘

MOV A, R3
MOVX QDPTR, A
MOV DPTR, {CARDI
MOV A, R5
MOVX QDPTR, A

7 notethatR3 isstillpreservedfromabove

MOV DPTR, {INDEX 7 setpointer

MOVX A, ODPTR 7 totheclippingvalue
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7 saveclippedvalueinINPHASE
MOV DPTR, {INPHASE
MOVX GDPTR, A

7 retrieveCARDl toR3
MOV DPTR7 {CARD1
MOVX A, ODPTR
MOV R3, A

MOV DPTR, #INDEX 7 setpointer
MOVX A, QDPTR 7 topointtotheclippingarray
nov B, #041-1
MUL AB
ADD A, {02H
LCALLCLIP

7 saveclippedvalueinQUAD
MOV DPTR7 {QUAD
MOVX EDPTR, A

7 normalizevalues
MOV DPTR, #INDEX
MOVX A, QDPTR 7 getnumberofboardpairtonormalize

CLR C
RLC A 7 multiplybytwo
MOV R1, A
MOV DPTR, #INPHASE 7 pointDPTR tovaluetobenormalized

LCALLNORMAL 7 andnormalize

MOV DPTR, {INDEX
MOVX A, QDPTR 7 getnumberofboardpairtonormalize

CLR C‘
RLC A 7 multiplybytwo
INC A 7 andincrementforquadrature

MOV R1, A
MOV DPTR, {QUAD 7 pointDPTR tovaluetobenormalized

LCALLNORMAL 7 andnormalize

7 calculateinversesinesofinphaseandquadrature
7 valuepassedtoASINinA, returnedinR0:R2

MOV DPTR, {INPHASE
MOVX A, QDPTR 7 qetnormalizeddatavalues

LCALLASIN
MOV DPTR, {INPHASE
MOV A, R2 7 andsaveasinvalues

MOVX EDPTR, A
INC DPTR
MOV A, RO
MOVX GDPTR, A

MOV DPTR7 {QUAD
MOVX A, GDPTR
LCALLASIN
MOV DPTR, {QUAD
MOV A, R2
MOVX ODPTR, A
INC DPTR
MOV A, RO
MOVX EDPTR, A
RET
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;CHECKO1 receivesa16-bitsignednumberinR0:R1
andreturns

;azeroifthenumberislessthan-450,a1itit
isbetween

;-450and450,anda2ifitisgreaterthan450
CHECKO1:

MOV A, RO
CLR C
RLC A
JC CHKNEG
CLR C
MOV A, RO
SUBBA, {01H
JC CHKSML
sussA, #01H
JNC ISBIG
MOV A, R1
CLR C
SUBBA, #0C2H 7 (450-256)

JC CHKSML ;toosmall

ISBIG:
MOV A, {OZH
RET

cuxuscz
’

_ MOV A, RO
ADD A, {0lH
JC CHKSML
ADD A, #0lH
JMC ISSMALL
MOV A, R1
ADD A, #30a
JC CHKBIG

ISSMALL:
MOV A, #0OH
RET

CHKSML:
CHKBIG:

MOV A, #0lH
RET

7 endCHECK01

;nowcalculatephitrominphaseandquadrature
values

MAKEPHI:
7 addindelta-phivalues

MOV DPTR, {INPHASE ;inphaseisstoredinR0:R1

MOVX A, GDPTR
MOV RO, A
INC DPTR
MOVX A, ODPTR
MOV R1, A
MOV DPTR, {INDEX ;checkitthisisneeded

MOVX A, GDPTR
MOV B, {OBH

MUL AB
MOV R2, A
MOV DPTR, {QUAD ;getpointertoquadraturehighbyte

LCALLADDOFF
MOV DPTR, {INPHASE 7 saveupdatedinphasevalues
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MOVX QDPTR, A

nov DPTR, #QUAD
MOVX A, GDPTR
MOV RO, A
INC DPTR
MOVX A, GDPTR
MOV R1, A
MOV DPTR, #INDEX
MOVX A, ODPTR
nov B, #0611
MUL AB
ADD A, #0411
MOV R2, A
MOV DPTR, CINPHASE
LCALLADDOFF
MOV DPTR: #QUAD
MOV A, RO
MOVX GDPTR, A
INC DPTR
MOV A, R1
MOVX GDPTR, A

SKIPOFF:4
MOV DPTR, #INPHASE
novxA, @¤1>·1·1z
MOV RO, A
INC DPTR
MOVX A, ODPTR
MOV R1, A
LCALLCHECKOI
RL A
MOV DPTR, #JMPTBLl
JMP @A+DPTR

2 inphaseisnot>45degrees
NOTINPH:

MOV DPTR; ÖQUAD
MOVX A, CDPTR
MOV RO, A
INC DPTR
MOVX A, GDPTR '
MOV R1, A
LCALLCHECKO1
RL A
nov DPTR, ÖJMPTBL2
JMP @A+DPTR

2 sinceinphaseandquadtellthroughallottheabovetests,let's
now

2 determinewhichhasthegreatermagnitude anduseit.
NOTQUAD:

MOV DPTR, #INPHASE ;Get inphaseandquadrature
MOVX A, QDPTR 2 readinandstoredinR0:R1,

MOV RO, A 2 andR2:R3 respectively.
INC DPTR 2 Thisisdonesothatcalculation
MOVX A, QDPTR 2 ottheabsolutevalueswillnot

MOV R1, A 2 disturbwhat'sstoredinmemory

INC DPTR
MOVX A, CDPTR
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MOV A, RO 7 Get highbyteotinphase
•

CLR C
RLC A
JNC ISPOS1
MOV A, R1 7 Get lowbyteofinphase

CPL A
ADD A, #01H
MOV R1, A
MOV A, RO 7 Get highbyteotinphase
CPL A
AoocA, {oou
MOV RO, A

ISPOS1:
MOV A, R2 7 Get highbyteofquad
CLR C
RLC A
JNC ISPOS2
MOV A, R3 7 Get lowbyteotquad

CPL A
ADD A, #01H
MOV R3, A
MOV A, R2 7 Get highbyteofquad

CPL A
ADDC A, #0OH
MOV R2, A

ISPOS2:
MOV A, R2
CLR C
SUBBA, RO
JZ EQUAL
JC INBIG

QUADBIG:
MOV DPTR, #QUAD
MOVX A, GDPTR
XRL A, {40H 7 thisshouldincreasethemagnitude

7 irregardlessofsign
MOVX CDPTR, A
LJMPSKIPOFF

INBIG:
MOV DPTR, #INPHASE
MOVX A, EDPTR
XRL A, {40H 7 thisshouldincreasethemagnitude

7 irregardlessofsign
MOVX CDPTR, A
LJMPSKIPOFF

EQUAL:
MOV A, R3
CLR C
SUBBA, R1
JC INBIG
LJMPQUADBIG

7 case1: inphase<¤-45degrees -·>phi¤quad
CASE1:

MOV DPTR, {QUAD 7 calculatephi-
quad

MOVX A, CDPTR
MOV R3, A
INC DPTR
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MOV A, R3
MOVX GDPTR, A
INC DPTR
MOV A, R1
MOVX CDPTR, A

LCALLOUTPUT
RET

7 case2: inphase>¤45degrees —-> phi-1800—quadorphi=-1800-quad
CASE2:

MOV DPTR, #QUAD ;calculatephi¤1800·quad...
novxA, CDPTR

* CLR C
RLC A
JC CZMINUS
MOV RO, #07H ;hibyte
MOV R1, #08H 7 andlow
AJMP CZSKIP

CZMINUS:
MOV RO, #OF8H 7 hibyte
MOV R1, #OF8H 7 andlow

CZSKIP:
MOV DPTR, #QUAD+1 7 must dolowbytefirst
MOVX A, ODPTR
XCH A, R1
CLR C
SUBBA, R1
MOV R1, A
MOV DPTR, #QUAD 7 andnowdothehighbytewithcarry
MOVX A, GDPTR
XCH A, RO
SUBBA, RO
MOV R3, A

MOV DPTR, #PHI ;storephiinmem
MOV A, R3
novxGDPTR, A
INC DPTR
MOV A, R1
MOVX ODPTR, A

LCALLOUTPUT
RET

7 case3:quad<=-45degrees -->phi=-9OO— inphase
CASE3:

MOV DPTR, #INPHASE+1 7 must dolowbytefirst
MOVX A, GDPTR
MOV R1, A
MOV A, #7CH
CLR C
SUBBA, R1
MOV R1, A
MOV DPTR, #INPHASE 7 andnowdothehighbytewithcarry
MOVX A, GDPTR
MOV R3, A
nov A, #0rca
SUBBA, R3
MOV R3, A
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INC DPTR
MOV A, R1
MOVX EDPTR, A

LCALLOUTPUT
RET

;case4:quad>-45degrees ·->phi·
inphase+900

CASE4:
MOV DPTR, #INPHASE+l
MOVX A, CDPTR

‘

ADD A, #6411
MOV R1, A
MOV DPTR, #INPHASE
uovxA, CDPTR
ADDC A, #03H
MOV R3, A

MOV DPTR, #PHI ;storephiinmem
MOV A, R3
MOVX ODPTR, A
INC DPTR
MOV A, R1
Movx GDPTR, A

LCALLOUTPUT
RET

7 endMAKEPHI

;addoffexpectsthe16-bitvalueinRO:Rl, the8-bitotfsetinR2,
:andDPTR pointingtotheappropriatevaluetobetested
ADDOFF:

MOVX A, QDPTR ;gethighbyteotcurrentvaluepointedto
CLR C
RLC A ;andcheckitssign
JNC PLUS1
MOV A, #02 · z itit'snegative,useotherP_OFF
ADD A, R2
MOV R2, A

PLUS1:
MOV A, R2
MOV DPTR, #P_OFF ;addinpointertoP_OFF
ADD A, DPL :wewillassumetabledoesnotcrosspage
MOV DPL, A

MOVX A, GDPTR :getP_OFF lowbyte
ADD A, R1 ;addtoinphaselowbyte
MOV R1, A
INC DPTR ;move pointertoP_OFFhighbyte
MOVX A, ODPTR :getP_OFFhighbyte
ADDCA, R0 :andaddtoinphasehighbytewithcarry
MOV RO, A
RET

:endADDOFF
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7 I

MOV A, R3
JNB TI,$
CLR TI
MOV SBUP, A

MOV A, R1
JNB TI,$
CLR TI
MOV SBUP, A

RET
7 endOUTPUT

7 Dataconstants

7 Boot-upmessage sentoutserialport
STRING: DB 'APACPhasemeasurement system',CR, LF

DB 'VersionZ.34',CR, LF
DB '3/26/89,A. Dornbusch', CR, LP
DB ESC

7 Bitmasking valuesfortakingA/Dmeasurements
CONVERT: DB OPER, OFBR, OEPR, OBPR

TRANSLATE: DB OPER, OPDR, OPBR, 0P7R, OEPR, ODPR, OBPR, O7PR

7 Bitvaluesforsettingrelayswhen doingsystemcalibration
CALTAB: DB 071R, O72R, 074R, 078R

DB 0B1R, OB2R, OB4R, OB8R
DB ODlR, OD2R, OD4R, 0D8R
DB OE1R, OE2R, OE4R, OEBR, OPOR

7 Jumptablesforcalculatephifunction
JMPTBL1:AJMP CASE1

AJMPNOTINPR
AJMP CASE2

JMPTBL2:AJMP CASE3
AJMP NOTQUAD
AJMP CASE4

‘

7 lookuptableforinversesinefunction
LOOKUP:
7 highbyteofsin-1function

DB OPCR, OPCR, OPCR, OPCR, OPDR, OPDR, OPDR, OPDR
DB OPDR, OPDR, OPDR, OPDR, OPDR, OPDR, OPDR, OPDR
DB OPDR, OPDR, OPDR, OPDR, OPDR, OPDR, OPDR, OPDR
DB OPDR, OPDR, OPDR, OPDR, OPER, OPER, OPER, OPER
DB OPER, OPER, OPER, OPER, OPER, OPER, OPER, OPER
DB OPER, OPER, OPER, OPER, OPER, OPER, OPER, OPER

DB OPER, OPER, OPER, OPER, OPER, OPER, OPER, OPER
DB OPER, OPER, OPER, OPER, OPER, OPER, OPER, OPER
DB OPER, OPER, OPER, OPER, OPER, OPER, OPER, OPER
DB OPER, OPPR, OPPR, OPPR, OPPR, OPPR, OPPR, OPPR
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DB OFF8, OFF8, OFF8, OFF8, OFF8, OFF8, OFF8, OFF8DB OFF8, OFF8, OFF8, OFF8, OFF8, OFF8, OFF8, OFF8DB 0008, 0008, 0008, 0008, 0008, 0008, 0008, 0008
DB 0008, 0008, 0008, 0008, 0008, 0008, 0008, 0008D8 0008, 0008, 0008, 0008, 0008, 0008, 0008, 0008D8 0008, 0008,0008, 0008, 0008, 0008, 0008, 0008DB 0008, 0008,0008, 0008, 0008, 0008, 0008, 0008DB 0008, 0008, 0008, 0008, 0008, 0008, 0008, 0008D8 0008,0008, 0008, 0008, 0008, 0008, 0008, 0008D8 0018, 0018, 0018, 0018, 0018, 0018, 0018, 0018DB 0018, 0018, 0018, 0018, 0018, 0018, 0018, 0018DB 0018, 0018, 0018, 0018, 0018, 0018, 0018, 0018DB 0018,0018,0018, 0018, 0018, 0018, 0018, 0018DB 0018, 0018, 0018, 0018, 0018, 0018, 0018, 0018DB 0018, 0018, 0018, 0018, 0028, 0028, 0028, 0028D8 0028, 0028, 0028, 0028, 0028, 0028,0028, 0028D8 0028, 0028, 0028, 0028, 0028, 0028, 0028, 0028
D8 0028, 0028, 0028, 0028, 0028, 0038, 0038, 0038

?LOOKUP+256
:lowbyteofsin—1function

DB 0788, 0C68, 0838, OFA8, 0008, 0188, 0288, 03C8D8 0498, 0568, 0628, 06D8, 0788, 0828, 08C8, 0968D8 09F8, OA88, 0818, 08A8, OC28, OCA8, OD28, ODA8DB 0828, 08A8, 0818, 0F88, 0008, 0078, 0088, 0158DB 0188, 0228, 0298, 02F8, 0368, 03C8, 0428, 0498DB 0488, 0558, 0588, 0618, 0678, 06D8, 0738, 0798D8 0788, 0848, 08A8, 08F8, 0958, 09A8, OA08, OA58D8 OA88, 0808, 0868, 0888, OC08, OC58, 0C88, 0D08
D8 0D58, ODA8, ODF8, 0848, 0898, 0888, OF48, OF98
DB 0FD8, 0028, 0078, 00C8, 0118, 0168, 0188, 0208D8 0258, 0298, 0288, 0338, 0388, 03D8, 0418, 0468DB 0488, 04F8, 0548, 0598, 0588, 0628, 0678, 0688
DB 0708, 0758,0798, 0788, 0828, 0878, 0888, 0908D8 0958, 0998, 0988, OA28, OA78, 0AB8, 0808, 0848
D8 0898, 08D8, OC28, 0C68, 0C88, OCF8, OD48, OD88D8 0DD8, 0818, 0868, 08A8, 08F8, OF38, OF88, OFC8DB 0008, 0048, 0088, 00DH, 0118, 0168, 01A8, 01F8D8 0238, 0288, 02C8, 0318, 0358, 03A8, 0388, 0438DB 0478, 04C8, 0508, 0558, 0598, 0588, 0628, 0678
D8 0688, 0708, 0758, 0798, 0788, 0828, 0878, 0888
D8 0908, 0958, 0998, 0988, OA38, OA78, OAC8, 0818
D8 0858, 08A8, 0888, OC38, 0C88, 0CD8, 0D28, 0878
D8 OD88, 0808, 0858, 08A8, 08F8, OF48, OF98, OF88D8 0038, 0078,00C8, 0128, 0178, 01C8, 0218, 0268
DB 0288, 0308, 0358, 0388, 0408, 0458, 04A8, 0508
DB 0558, 0588, 0608, 0668, 0688, 0718, 0768, 07C8D8 0828, 0878, 08D8, 0938, 0998, 09F8, OA58, 0AB8D8 0818, 0878, 0888, OC48, OCA8, 0D18, 0D78, OD88
D8 0858, 0888, OF28, OF98, 0008, 0088, 0088, 0168D8 0188, 0268, 0288, 0368, 0388, 0468, 0488, 0588
DB 0618, 06AH, 0748, 0788, 0888, 0938, 0988, OAA8
D8 0878, OC48, 0D28, 0828, OF38, 0068, 01D8, 03A8

END

(A.1)programlisting.
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A.2 SERIALPORT COMMUNICATION ROUTINE FOR PHASE MEASUREMENT
Communications are necessary fortheBCC-52 totransmit

phasedatatoan IBMcompatiblepersonalcomputerviathe

serialport. This program iswritten in8088 Assembly

languageand operates on an IBMcompatiblecomputer. The

programlistingfollows:
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;ThisroutinewillcommunicatewiththeBCC—52Ctorequestaphase;measurement ofaspecifiedpair. Itispassedasinglebytevalue,7 whichitinturnpassesdirectlytotheBCC-52C. Saidvalueis‘unchecked7 andunmodified. ThentheroutinewillwaitforaresponsefromtheBCC.7 Thetwobyteresponseisconvertedintoa16-bitsignedinteger,andreturned7 tothecallingroutine(inAX). Ifthisroutinedoesnotreceivearesponse7 fromtheBCCwithinapprox. 1/2second,itwillsetanerrorflagandreturn.
uart_baseEQU 2f8h 7 addressofCOHI
xmit EQU 0 7 transmitregisteroffset
rcv EQU 0 7 receiveregisteroffset
lsb_off EQU 0 7 clockdivideLSB
msb_off EQU 1 7 clockdivideHSB
fmt_off EQU 3 7 UART formatregister
control EQU 4 7 UART controlregister
stat EQU 5 7 UART statusregister
format EQU 03h 7 8bits,1stopbit,paritynonediv_msb EQU 00h 7 4800baud
div_lsb EQU 18h
uart_cnt1EQU 0Bh 7 setDTR andRTS truejusttobesafe

CR EQU Odh 7 carragereturn
LF EQU Oah 71inefeed

onstack STRUC
oldbp DW ? 7 oldBP
retaddr DW ? 7 returnaddress
seraddr DW ? 7 serialportaddress
board DW ? 7 boardpairtoberequested
onstack ENDS

code SEGMENT PUBLIC
ASSUME CS:code

PUBLICmeasure, get_second

measure PROC NEAR
push BP
mov BP, SP

push BX
push CX
push DX

mov DX, [bp+04h]
add DX, stat 7 addressofstatusport
mov CX, Offffh 7 wait .48secuntilerrorxmitloop:
dec CX ;incrementwaitingcount
jz error 7 it'sbeentoolong,error
in AL, DX 7 getstatusbyte
and AL, 20h 7 mask forxmitholdingregstatusjz xmitloop 7 loopuntilholdingregempty

mov DX, [bp+04h]
add DX, xmit 7 addressoftransmitbuffer
mov AX, [bp+o6h] 7 getparametertobesent
out DX, AL 7 andsendit

(A.2)programlisting.
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i

rcvlooplz
dec CX 2 decrementwaitingcountjz error ;it'sbeentoolong,errorin AL, DX 2 getstatusbyteand AL, 01h 2 mask forrcvholdingregisterjz rcvloopl

mov DX, [bp+04h]
add DX, rcv 2 addressofreceiveregisterin AL, DX 2 getbytereceivedfromseriallinemov BX, AX 2 saveforlater

mov DX, [bp+04h]
add DX, stat 2 addressofstatusportmov CX, Offffh 2 wait .48secuntilerrorrcvloop2:
dec CX 2 incrementwaitingcountjz error 2 it'sbeentoolong,errorin AL, DX 2 getstatusbyteand AL, 01h 2 mask forrcvholdingregisterjz rcvloopz

mov DX, [bp+04h]
add DX, rcv 2 addressotreceiveregisterin AL, DX 2 gotsecondbytefromserialline
mov AH, BL 2 andretrieveotherbyte
pop DX
pop CX
pop BX
pop BP

ret 4

error:
mov AX, 8000h 2 flagforerrorcondition
pop DX
pop CX
pop BX
pop BP

ret 4

measure ENDP

get_secondPROC NEAR
push BP
mov BP, SP

push BX
push CX
push DX

mov DX, [bp+04h]
add DX, stat 2 addressofstatusportmov CX, Offffh 2 wait .48secuntilerror

(A.2)programlisting.
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and AL, Olh 7 mask forrcvholdingregisterjz rcvloop3

mov DX, [bp+04h] ‘
add DX, rcv 7 addressofreceiveregisterin AL, DX 7 getbytereceivedfromseriallinemov BX, AX 7 saveforlater

mov DX, [bp+04h]
add DX, stat 7 addressofstatusportmov CX, Offffh 7 wait .48secuntilerrorrcvloop4:
dec CX 7 incrementwaitingcountjz errorz 7 it'sbeentoolong,errorin AL, DX 7 getstatusbyte
and AL, Olh 7 mask forrcvholdingregisterjz rcv1oop4

mov DX, [bp+04h]
add DX, rcv 7 addressofreceiveregisterin AL, DX 7 gotsecondbytefromserialline

mov AH, BL 7 andretrieveotherbyte

pop DX
pop CX ·pop BX
pop BP

ret 2

error2:
mov AX, 8000h 7 flagforerrorcondition

pop DX
pop CX
pop BX
pop BP

ret 2

get_secondENDP

code ENDS

END

(A.2)programlisting.
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A.3MINIMUM AND MAXIMUM VALUE CALIBRATION ROUTINE
This program isused totakerawA/D converterdataand

displayitonthescreenoftheIBMcompatiblecomputer.

TheprogramiswritteninTurboPascal4.0 andthelisting

follows:

F
i
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programtest{input,output);
( takerepeatedrawmeasurements anddisplayonscreen)

{SLnocoma.obj)

const
{ UART_BASE =$3f8; {addressofCOMl )

XMIT
-
0; {transmitregisteroffset)

RCV =0; {receiveregisteroffset )
LSB_OFF =0; {clockdivideLSB )
MSB_OFF =1; {clockdivideMSB }
FMT_OFF =3; {UART formatregister)
CONTROL =4; {UART controlregister)

STAT =5; {UART statusregister)

FORMAT =$03; {8bits,lstopbit,paritynone )

DIV_MSB =$00; {4800baud )

DIV_LSB =$18;
UART_CNTL =SOB; {setDTR andRTS truejusttobesafe)

count ¤800;
step ¤8;

var
board_pair : byte;
data : integer;
input : byte;
loop : integer;
inphase : integer;
quad : integer;
inmax,inmin : integer;
qumax, qumin : integer;

functionmeasure(board_pair :integer;seraddr:integer)

:integer;external;

functionget_second(seraddr:integer)
:integer;external;

functionget_status:byte;
begin{functionget_status)
get_status

:•port[UART_BASE+STAT];
‘ end; {functionget_status}

procedureset_up_seria1;
begin(procedureset_up_seria1)
port[UART_BASE+FMT_OFF] :¤FORMAT + $80;
port[UART_BASE+LSB_OFF] :=DIV_LSB;
port[UART_BASE+MSB_OFF] :-DIV_MSB;
port[UART_BASE+FMT_OFF] :=FORMAT;
port[UART_BASE+CONTROL] :=UART_CNTL;
while (get_statusmod 2) <> 0do
data:•port[UART_BASE+RCV];

end; {procedureset_up_serial)

begin
set_up_serial;
inmax:=0;
inmin:=255;
qumax:•0;
qumin:-255;

(A.3)programlisting.
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quad2-gat_second(UART_BASE);
if(inphase> inmax)theninmax2-inphase:
if(inphasa< inmin)theninmin2-inphase:
if(quad>qumax) thanqumax2-quad;
if(quad<qumin)thenqumin2-quad;

writaln(1oop:4, '— inphasa:',inphasazs,' quad:
',quad:6):

end:
write1n(°inphase· min: °,inmin:4,° max: °,inmax:4):
write1n('quad - min: ',qumin:4,' max: ',qumax:4):end.

(A.3)programlisting.
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A.4 PHASE OFFSET CALIBRATION ROUTINE
This program isused togetrawphasedata fromthein-

phaseandquadraturephasedetectorchannelsanddisplayit

onthescreen. The programiswritteninTurboPascal 4.0

andthelistingfollows:
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.programtest(input,output);
(takerepeatedphasemeasurements anddisplayonscreen}

(SLnocoma.obj)

const
UART_BASE =$3f8; (addressofCOHI )
XMIT ¤0; (transmitregisteroffset)
RCV =02 (receiveregisteroffset )
LSB_OFF

-
OF (clockdivideLSB )

MSB_0FF
-
12 (clockdivideMSB )

FMT_0FF =3; (UART formatregister)
CONTROL =4; (UART controlregister)
STAT =5: (UART statusregister)
FORMAT

-
$03; ( 8bits,1stopbit,paritynone )

DIV_MSB =$00; (4800baud }
DIv_LSB

-
$18;

UART_CNTL
-
$0B; (setDTR andRTS truejusttobesafe)

count
-
2048;

step
-
8;

var
board_pair 2 byte;
data 2 integer:
input 2 byte;
loop 2 integer:
inphase 2 integer;
quad 2 integer:
inmax,inmin 2 integer;
qumax, qumin 2 integer;

procedureset_up_seria1:
begin(procedureset_up_serial)
port[UART_BASE+FMT_OFF] 2-FORMAT + $80;
port[UART_BASE+LSB_OFF] 2=DIV_LSB;
port[UART_BASE+MSB_OFF] 2-DIV_MSB:
port[UART_BASE+FMT_OFF] 2-FORMAT:
port[UART_BASE+CONTROL] 2-UART_CNTL;
while (qet_statusmod 2) <> 0do
data2-port[UART_BASE+RCV]:

end; (procedureset_up_serial)

functionmeasure(board_pair 2 integer;seraddr2 integer)
2 integer;external;

functionget_second(seraddr 2 integer)
2 integer:external;

functionget_status2 byte:
begin( functionget_status)
get_status2-port[UART_BASE+STAT];

end: (functionget_status)

begin
set_up_serial;
inmax2-0:
inmin2-255:

(A.4)programlisting.
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qumax :=0;
qumin:=255:

forloop:=O tocountdo
begin
inphase:•measure(65+0, UART_BASE):

writeln(1oop:4, '-phi:',inphase/10:6:1):end:end.

(A.4)programlisting.

Ä
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———————————————————*———*————*————————————Y4444**vv4I4444_v”———————————Ü

A.5CALIBRATION DATA TRANSMISSIONROUTINE
Calibrationdatagatheredfrom(A.3)and (A.4)isentered

intheIBMcompatiblecomputerandtransmittedtotheBCC-

52 microcomputer usingthisprogram. Note that(A.6) is

used inconjunctionwith (A.5).The programiswrittenin

TurboPascal4.0andthelistingfollows:
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programtest(input,output):

(SLnocoma.obj)
(SLtxdata.obj)

const
UART_BASE =$3f8: (addressofCOM1 )
XMIT ¤0: (transmitregisteroffset)
RCV =0: (receiveregisteroffset )
LSB_OFF =0: (clockdivideLSB )
HSB_OFF =1: (clockdivideHSB )
FHT_OFF

-
3; (UART formatregister)

CONTROL =4: (UARTcontrolregister)
STAT =5; (UART statusregister)
FORMAT =$03: {8bits,1stopbit,paritynone )
DIV_MSB =$00: (4800baud )
DIV_LSB =$18:
UART_CNTL =SOB: (setDTR andRTS truejusttobesafe)
count =800:
step =8;

var
board_pair : byte:
loop,j : word;
inphase : word:
quad : word:
data : word:
data0,datal,data2,data3,data4,data5,data6,data? :integer:
calarry : array[0..31]ofinteger:
p_off : array[0..31]ofinteger:

functionmeasure(board_pair :integer:seraddr:integer)
:integer:external:

functionget_second(seraddr:integer)
:integer:external;

functiontxcal(board:integer:data:word: seraddr:integer)
:integer:external:

(NOTE: caldataissentas (max*256)+min)

functiontxpoff(board,datal,dataz,seraddr:integer)
:integer:external:

functionget_status:byte:
begin(functionget_status)
get_status:¤port[UART_BASE+sTAT];

end: (functionget_status)

procedureset_up_serial:
begin(procedureset_up_serial)
port[UART_BASE+FMT_0FF] :¤FORMAT +$80:
port[UART_BASE+LSB_OFF] :¤DIV_LSB:
port[UART_BASE+H$B_0FF] :-DIV_MSB:
port[UART_BASE+FMT_OFF] :•FORMAT:
port[UART_BASE+CONTROL] :•UART_CNTL:
while (port[UART_BASE+STAT]mod 2) <> 0do
data:•port[UART_BASE+RCV]:

end: (procedureset_up_serial)

(A.5)programl1st1ng.
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in_vall,in_val22 byte:
status2 integer: .

begin
while ((get_statusshr5)nod2)

-
0do 2

port[UART_BASE+xMIT] 2-board_pair:

while (get_statusmod 2)
-
0do:

in_val12-port[UART_BASE+RCV]:
while (get_statusmod 2)

-
0do:

in_val22-port[UART_BASE+RCV]:

measure2 2-in_val1*256+in_val2:
end:

begin
set_up_serial:

(min/max datatransmittedasVmax*256+Vmin )
data02-txcal(92,49453, UART_BASE):
datal2-txcal(93,48160,UART_BASE):
data22-txcal(94,47397,UART_BASE):
data32-txcal(95,41002, UART_BASE):
data42-txcal(96,50723,UART_BASE):
data52-txcal(97,53274, UART_BASE):
data62-txcal(98,45857,UART_BASE):
data?2-txcal(99,45597,UART_BASE):
writeln('data

-
',data0,datal,data2,data3,data4,data5,data6,data7);

( INPHÄSE!firstvalueis+90degrees, secondis-90degrees )
( QUAD: firstvalueis180degrees,secondis 0degrees)

data02-txpoff(100,0,0,UART_BASE): °

datal2-txpoff(101,0, 0,UART_BASE):

dataz2-txpoff(l02,0,80,UART_BASE):
data32-txpoff(103,50, 130,UART_BASE):

data4 2-txpoff(104,-160,160,UART_BASE):
data52-txpoff(105,100, 50,UART_BASE):

data62-txpoff(106,-80,130,UART_BASE):
data?2-txpoft(l07,100,-50,UART_BASE):
writeln('data

-
',data0,datal,data2,data3,data4,data5,data6,data7);

forloop2-0to7do
begin
inphase2-measure(76+loop, UART_BASB):
quad2-get_second(UART_BASE):
calarry[loop]2-inphasediv256:
calarry[loop+8]2-inphase-2S6•calarry[loop]:
calarry[loop+16]2-quaddiv256:
calarry[loop+24]2-quad-256*calarry[loop+16]:

inphase2-measure(84+1oop, UART_BASE);
quad 2-get_second(UART_BASE):
p_otf[1oop*2] 2-inphase:
p_of£[loop*2+1] 2-quad:

end:

(A.5)programlisting.
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writaln:
forloop2-0to7do
write(p_off[loop*2+l]/10:721):writeln;end.

(A•5)programlisting. 166
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A.6SERIALPORT COMMUNICATIONS FOR CALIBRATION DATA
The functionofthisprogramistoprovidecommunications

betweentheIBMcompatiblePersonalcomputerandtheBCC-52

microcomputer. This program iswritten in8088 Assembly

languageandisusedinconjunctionwiththePascalprogram

providedin(A.6).Thelistingfollows:
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\

7 FILE TXDATA.ASM

7 proéédurestxcal,txpoff
7 transmitcaldata,
7 transmitphaseoffsetdata

7 Written byAndrewDornbusch
7 3/6/89

xmit EQU 0 7 transmitregisteroffset
rcv EQU 0 7 receiveregisteroffset
lsb_off EQU 0 7 clockdivideLSB
msb_off EQU 1 7 clockdivideMSB
fmt_off EQU 3 7 UART formatregister
control EQU 4 7 UART controlregister
stat EQU 5 7 UART statusregister
format EQU 03h 7 8bits,1stopbit,paritynone
div_msb EQU 00h 7 4800baud

p div_1sb EQU 18h
uart_cntlEQU 0Bh 7 setDTR andRTS truejusttobesafe

CR EQU 0dh 7 carragereturn
LF EQU Oah Flihéfeed

code SEGMENT PUBLIC
ASSUME CS:code

PUBLICtxcal,txpoff

7 TheproceduretxcalcausestheBCCtosetapairofcalibrationvalues.
7 Itispassedacommandvalue,andonetwo—byteinteger,whicharepassed
7 asthreebytestotheBCC.

txcal PROC NEAR
push BP
mov BP, SP

push BX
push CX
push DX

mov DX, [bp+04h]
add DX, stat 7 addressofstatusport
mov CX, Offffh 7 wait .48secuntilerror

xmitloopl:
dec CX 7 incrementwaitingcount
jz errorcal 7 it'sbeentoolong,error
in AL, DX 7 getstatusbyte
and AL, 20h 7 mask forxmitholdingregstatus
jz xmitloopl 7 loopuntilholdingregempty

mov DX, [bp+04h]
add DX, xmit 7 addressoftransmitbuffer
mov AX, [bp+08h] 7 qetparametertobesent
out DX, AL 7 andsendit

mov DX, [bp+04h]
add DX, stat 7 addressofstatusport
mov CX, Offffh 7 wait .48secuntilerror

(A.6)programlisting.
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and AL, 20h 7 mask forxmitholdingregstatus
jz xmitloopz 7 loopuntilholdingregempty

mov DX, [bp+O4h]
add DX, xmit 7 addressoftransmitbuffer
mov AX, [bp+06h] 7 getparametertobesent
out DX, AL 7 andsendit

mov DX, [bp+04h]
add DX, stat 7 addressotstatusport
mov CX, Otttth 7 wait .48secuntilerror

xmitloopßz
dec CX 7 incrementwaitingcount
jz errorcal 7 it'sbeentoolong,error
in AL, DX 7 getstatusbyte
and AL, 20h 7 mask forxmitholdingregstatus
jz xmitloopß 7 loopuntilholdingregempty

mov DX, [bp+04h]
add DX, xmit 7 addressoftransmitbuffer
mov AX, [bp+07h] 7 getparametertobesent
out DX, AL 7 andsendit

mov AX, O

pop DX
pop CX
pop BX
pop BP

ret 4

errorcal:
mov AX, Offffh 7 flagforerrorcondition

pop DX V
pop CX
pop BX
wp BP
ret 4

txcal ENDP

7 TheproceduretxpottcausestheBCCtosetapairotphaseoffsets.
7 Itispassedacommandvalue,andtwotwo—byteintegers,which arepassed
7 astivebytestotheBCC.
txpott PROC NEAR

push BP
mov BP, SP

push BX
push CX
push DX

mov DX, [bp+04h]
add DX, stat 7 addressotstatusport
mov CX, otttth 7 wait .48secuntilerror

xmitloopä:
dec CX 7 incrementwaitingcount

(A.6)programlisting. 1159
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K
and AL, 20h 7 mask forxmitholdingregstatus
jz xmitloop5 7 loopuntilholdingregempty

mov DX, [bp+U4h]
add DX, xmit 7 addressoftransmitbuffer
mov AX, [bp+0Ah] 7 getparametertobesent
out DX, AL 7 andsendit

mov DX, [bp+04h]
add DX, stat 7 addressofstatusport
mov CX, Offffh 7 wait .48secuntilerror

xmitloopéz
dec CX 7 incrementwaitingcount
jz errorpoff 7 it'sbeentoolong,error
in AL, DX 7 getstatusbyte
and AL, 20h 7 mask forxmitholdingregstatus
jz xmitloopö 7 loopuntilholdingregempty

' mov DX, [bp+04h]

i
add DX, xmit 7 addressoftransmitbuffer
mov AX, [bp+09h] 7 getparametertobesent
out DX, AL 7 andsendit

mov DX, [bp+04h]
add DX, stat 7 addressofstatusport
mov CX, Ottffh 7 wait .48secuntilerror

xmitloop7:
dec CX 7 incrementwaitingcount
jz errorpoff 7 it'sbeentoolong,error
in AL, DX 7 getstatusbyte
and AL, 20h 7 mask forxmitholdingregstatus
jz xmit1oop7 7 loopuntilholdingregempty

mov DX, [bp+04h]
add DX, xmit 7 addressoftransmitbuffer
mov AX, [bp+08h] 7 getparametertobesent
out DX, AL 7 andsendit

mov DX, [bp+04h]
add DX, stat 7 addressotstatusport
mov CX, Otttfh 7 wait .48secuntilerror

xmitloop8:
dec CX 7 incrementwaitingcount
jz errorpoff 7 it'sbeentoolong,error
in AL, DX 7 getstatusbyte
and AL, 20h 7 mask forxmitholdingregstatus
jz xmitloopß 7 loopuntilholdingregempty

mov DX, [bp+O4h]
add DX, xmit 7 addressottransmitbuffer
mov AX, [bp+07h] 7 getparametertobesent
out DX, AL 7 andsendit

mov DX, [bp+04h]
add DX, stat 7 addressotstatusport
mov CX, otftth 7 wait .48secuntilerror

xmitloop9:
dec CX 7 incrementwaitingcount
jz errorpott 7 it'sbeentoolong,•rror
in AL, DX 7 getstatusbyte

(A.6)programlisting. ]f7O
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add DX, xmit 7 addressoftransmitbuffer
mov AX, [bp+06h] 7 getparametertobesent
out DX, AL 7 andsendit

mov AX, 0

pop DX
P°P

€X
pop BX
pop BP

ret 6

errorpoff:
mov AX, Offtfh 7 flagforerrorcondition

’ P°P ¤X
[ pop CX

pop BX
pop BP

ret 4

txpoff ENDP

code ENDS
END

(A.6)programlisting.
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APPENDIX B

COMPUTATION OF NOISEFIGUREThe

receivernoise figure(NF) isnow' calculated [21].

Calcutaions are made using receiverparameters given in

Figures 5.4.a and 5.4.b. Inthecalculations, several

assumptionsbeingaremade. Eachofthestagesareassumed

I tobeperfectlymatched. Thepassive,lossydevicesareat

thestandardtemperatureof290K. Itisassertedthatthe

theseareidealconditionsandinreality,theperformance

willbeslightlylower.

Noise figure(NF)referredtotheinputisgivenby[21]:

NF2 •• 1 NF(n-l)
— 1

NFl'n=NFl +--——
+•••+———-——ii-—

G1 GlG2•···Gn-1

where G1 isthegainofthefirststageandsoon.

Computing thenoisefigureofthereceiversystemreferred

totheinputwe have:

2.5— 1 2 -1 2.5-1NF=1.8+—-———-—-—+——·-··——-·—+-———————————-——-—+

32 32x.4 32x.4x100

2.5— 1 10 — 1 NF(link) -1-————————-———-— + ———————————-———— + -————————————-—
32 x.42x100 32x.43x100 205xG(link)
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NF(link)
NF =2.0+ -———-———————

205xG(1ink)

Forthecaseofalosslesslink:

NF =2.0or3 dB
B =Bandwidth=12kHz
SNR(output) required=13 dB
K=Boltzman'sconstant=1.38E-23

Y TA

NF = 3 dB

\\
SNR(output)

SNR(input)

N =kTAB=noisepower
=-163dB

SNR(input) =SNR(output) +NF = 13 + 3 = 16dB

S =N +SNR(input)
=-163dBw+ 16dB
=-147dBw

where S isthesignalpoweronthereceiversystemantenna

terminalsfora SNR(output) of 13 dB. The SNR(output) is

alsotheSNR appliedtothephasemeasurement systeminput.
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