VOR Calibration Services

Neil T. Larsen

Electromagnetic Technology Division

Center for Electronics and Electrical Engineering
National Engineering Laboratory

National Bureau of Standards

Boulder, Colorado 80303

Dominic F. Vecchia
Statistical Engineering Division
Center for Applied Mathematics
Nationa! Engineering Laboratory
National Bureau of Standards
Boulder, Colorado 80303

George R. Sugar

Retired (formerly with the Electromagnetic Technology Division, National Bureau of Standards)

U.S. DEPARTMENT OF COMMERCE, Malcolm Baldrige, Secretary

NATIONAL BUREAU OF STANDARDS, Ernest Ambler, Director

lesued April 1985



National Bureau of Standards Technical Note 1069
Natl. Bur. Stand. (U.S.), Tech Note 1069, 180 pages (April 1985)
CODEN:NBTNAE

U.S. GOVERNMENT PRINTING OFFICE
WASHINGTON: 1985

For sale by the Superintendent of Documents, U.S. Government Printing Office, Washington, D.C. 20402



11.

CONTENTS

SYSTEM OVERVIEW

INtrodUCEION. et eeeserseoeocacsssessnsessasessoscssessassessssssssssessssoscsssssssscscssce
1ol HiSTOrYeueeeoseenoeoceesvsoascsnossossnsssosossossassossssscssssssssessvsnsessasssnsonss
1.2 Organization of Report...ciciiiiiiiiiiiiiaecaacnscaaancesecssaannn esseensaan teseasannan
Technical Bas1cs........................................,.................................
Description 0f the VOR Calibration Services.....eecseseesscssssececesosscesesnsssscncnsnse
3.1 VOR Phasemeter Calibration ServiCe..sesecesessosessscescsessessasssssssessssssasssnes
3.2 VOR Generator Calibration ServiCe..ceeeececesscsccoscsscsessasssstssccsasssssssssnans
Design Ph1losophy.........................................................................
4,1 Generator DeSTgN..eeceeececececsessossssessrsscaossscssassscsasssssssocscsssassassssas
4,2 Phasemeter DeSigN.eceeescscssssesossosssscssessosscesssssccssssssscscssessssoasasasnsss

VOR GENERATOR
Generator Details.ceeeeeeenesaneceeecccrecsacesossscasescsassoessasesessscsccssssssocnsasse
SPECTTiCALTONS e eeeieeroassasssessascssasascsasssssssssssssssonesasssssossncssesnsssaasasss
6.1 Audio Signal OUBPULS.seeecccasscecososassasesrsccessscscscscccsssscsstsvcssccnssscsoscsos
6.1.1 Individual and Composite Signal OQULPULS..ceeeseocscassvansscecsssacossrssscsnne
6.1.2 30 Hz Reference and Variable Phase Qutputs at Filter Output...ccceieenccncenes
6.1.3 FM OULPUL.eeueennossaesoncsasscnossssssasssssasscsossasosonsossassnansacsscnns

OLNEr OULPULS et eeeerescorssoeccsscsoscscscsassssssscoosssssscsssssssossssosssssassocases

6.2

6.3 Frequency and Phase Stability.ceeeeeereerserssoessessosseessssoasvessssssassnecsssnass

6.4 Error Detection CircuitSieeeescesessescescessscscsossssssssasesssesssscsesasasscssnne

6.5 Built-in-Test CirCUTLS.eeeetssenssscoscoseesssssassscssscsnssssscssssssnsssscssassasssss
6.5.1 Circuit Tl in Figure 6=l.cececeeececsescessscasscscssossssscscssssssosssesnsas
6.5.2 Circuit T2 in Figure 6-1 ceeeesceecesssanosscsscsassscscrsscssassscscanssscsccass

6 CONErOTS.eueeeveeseeseossnsseseoscsosssssssassasssssvaososessseiossessssesesosasssssasne
7 INATCAtOPS.eeeesescsassosesesssssssoscessossrsccseascsscscssecasssossssnsesssssccsssasne
8 OTther CharaCteriSTICS.veesscocesescssscrescosssacssrsossassnassosancssscoesossssescoe
erating ProCedureS.ceeeeeecscssesscescsescasccsovosessssssssssvesosssssossssccnssssssoasses
1 Normal Operation..eceecseeseeeseeosesscsscscsssoscssescassossscssscsssssesssossosscascse
7.2 Error ConditioNS.eeeeeeeesescaseassseasacocossasassosssssnsscascssscscasscasnssssassss
7.3 Testing Bearing ANgle SELTiNgS.ecesecsvsscosescsssscccsccsscscsasssosscacssssssnssssscose
GENEIAtOr tieeeeaesnescossorsescasescsancassoscesscsssssasassssosscnsasassssscsssanssesoas
8.1 GENEral APProOACH. ceveueeeeseceseesooesessensosasossseossseseosesssasssonnosssnosnnsas
8.2 Generating the 30 Hz Sine HaveS....eeeesscessecsesssccssssocassasossssescsssnassnanne

8.2.1 Basic MethOod..ueeueeereeceeecosoescesesossaccascssessssccsscscansossscssscasoss

8.2.2 Use of Differences to Reduce ROM SiZ@.uiueeeeecocrenescccsoscocasccssssacscnnes
8.3 Generation of the Frequency-Modulated 9960 Hz Signal..ceeesceecscecosscecassoncasccas

8.3.1 Basic MethOode.seeeesacreeereaceoesocossevsvsososearossssoasssessssossssesssnse

8.3.2 Use of Differences to Reduce PROM SiZ@.veeeeececressccesstsssssnsocssccsaonnes
CUracy ConSTAerationS.eeeeeescesssseecescoessacoeccesossssssosscsasssanassoococoons
4,1 FrequenCy ACCUINACY cesesecesesscscenseocesesoscansasasssessssesssscssascsonssas
4.2 Phase Setting ACCUINACY .eeeareeeoecoeecstocaessscesssossseasesscnncosasescsoonss
4.3 Amplitude Distortion and NOiSE.ceisereecssassseocsesssseasosssasssssacccassnes

8. 4 3.1 QUaNtizing NOTSEueeseesesossosecsssosscssosossoscsssencossosssoscnases
4.,3.2 Converter Nonlinearity.eeeeseeeseescesoesscossesasooscancsossvccanncnse
4.,3.3 Converter SWitching SPiKeS.eeeeseeesseceoscocecosesssoscsconsoscossasee
8. 4 3.4 Amplifier Noise and Nonlinearity..eeeeesceeseocessescscccasscascncnne
~Detection and Built-in-Test CirCUitS.eeeeceeeeecsocsscccacscsasccccasssaasannas

or-
I = g
2

Inherent Errar-Detecting Capabilities. ... ... . .. il caaannen-

8.4 Ac
8.
8.
8

oooo

8.5 ro
.5.
.5.
5.3 ErrOr-DEteCtion CirCUTES e eseeesesuesneessosesesossssesssessssssssesesssnssnne
5.4 Built-in-Test CirCUTtS.eueascsecsssocereosasessossoocassessssoscassascasnaanis
PO SUPPIieS . iienrearseseoseessessessscsssscasssesscssscasccssasscassncasssssossccannes
Verification of Performance. . ... ... ettt i et iieeseeeenaeceaeesssessennecacnnnnns
10,1 Memory Pattern Verification.iicieeeeeesescseeseercscsosscossoessesssoscssososcnsosnes
10.2 Analog Performance VerificatioN.seeeieeeeseeeneeessoacscsoccsssossoscnsscacssossances
10.3 Digital-to-Analog Circuit Timing Verification.ivieeeeeeseesnsccossoreecasscassocsane
10.4 Analog Filter CharacteristiCS.cieeeeesesesccasnscannassosscocasosssssossassncaasnnas
MainNtenance ProCEdUIreS . ueeeeeeseereeaassossscoseaoesesosccasssosecssansoscsnsscsssscsssssce
11,1 AdJuStmentsS...eeeeeeeescccsocscoososossans tesresessessnnnn tieeerseacscesesantasncnas
11,2 Performance CheCKS..ueeeseeeeesossaoocsosacssssessssessssssssansssssssscosssancacsss
11,3 Trouble ShOOtiNgeeeeeeeeecsseesesrossseccnosososassascsossssconssssssccsassssssssssennsas

Er
8
8
8
8.

iiid

©

{1
[T}

[¢]

O NN NN =



12. Sugges
12.1
12.2

tions for Future DesignsS...ceieeciesseeeeenetorososveseasssessassasavoscscsnsscanes .
30 Hz ROM and Accumulators........ Secetesassscesessesaanecoaatataranstsacaserradrns
Reduced Sampling Rale...eeeeeeeseesseasseonssocososssosossasesastossnnssassssenssssas

VOR PHASEMETER

13, Phasemeler Details.ueeieeeiercseseeeneeosocsossoneasasocsasasssessssasossscsossnsescansans

13.1
14, Hardwa

Phasemeter Design PrinCipleS.ciicieeeisioiseccsscncsacasscsocnsnssnasns ceseses seeneses

T8 DOt aT TSt titarenenareeenoensasasssosoesesescsosooososasesososssseasssesonsonnosee

15, SOTtWAre DetailSeeeeeresresoeocosoerrosnacsosarsssassnsssscssssesosssvoscsvosecessnsnsssense

15.1
15.2
15.3
15.4
15,5
15.6

GENETAT 4ttt erenonsearesasnancsnsnsacasessassesasananesosescassesscoassosassseecsesos

Lo I I 2 o
Data ACUISTLION . et esesrnesvnesoeasorsescscnasonsossesnsassscsanssasnssonasnssnsoas
DAt PrOCESSTNGeeeeroresesssarasoosoassoaaacsasesssoscssanssossssosscssonsnnsesonnse
Uti1ity Subroutines and ProgramS....eeeeceseecsosocssnoccscosssosssossssasncssssonns
SAMPTE QUL PULS .t cnetereravesarasssosasosssacescosanssasssnssscscsansssncasscasssans

EVALUATION OF THE STANDARDS

16, VOR Measurement PrinCiple. ueeeeeeeeeeeeeeeiosesecasenecocasoeasansosssesssansssssnsesnsnns
16.1 Measurement of VOR WavefOrmS...u.eeeesueseeeseocesossseoscsesassccsssasessassannsncoes

16.2 Verification of Mathematical Model Dy SimUTatioN....eeeeeeereescoseaccosesoasacaannes

17. System Performance and Provisional UnCertainty.u.ee.eieeeeeeseoeeesoeesssoasescaansscnnsas
17.1 Systematic ErrorSeeeeeeeieeeeenereanesoncannanns Cecssecscessesteseerrosctatntersenae

17.2 Statistical Model for Bearing Measurements..ueeeiceeieereeeesoenessnceoscnsannssnoens
17,3 Observed Data and PlolS...u.ieeeeeeeeenceroroeecocenonsccoseccsncaoasseasanossasssnons
17.4 Statistical ANAlYSTS.ueueesereoeoesossassosaassessocseasssasssssssasasassesassansonas

1
1
1/.5
17.6
18. Proces
18.1
1
1
1
18.2
18.3

7.4.1 Detection Of QUtTIerS.eeeseeeeaneeeesersoesoesassoosasascasoasasesnssancenaas
7.4.2 Parameter Estimates and TeSTS.uieieeescseresosessssncessastssasssnseiooaanaass
Overdall System PerformancCe. . ciuieieeeeseernceasssososesssassssansasssossssssscssssese
Provisional Uncertainty..eeeeeeeeeeesseresossaososossasssseasesssscssosncannscanes .o
s Control and Updating ParametersS...cceceseccecccccnes cecesensresctsrensrsae cerene .o
Control Charts and TeStS..eueeeseoceravessseossssssseseossesssrnsaosssssascasncsnnse
8.1.1 Control Chart for Short-Term Error...ieeieeeecssecesesasenoncassccasasossocnn
8.1.2 Control Chart for Individual MeasurementsS...eeeeecseerseerescecssccsesoascnnnse
8.1.3 Tests for Out-of-Control ConditionS...eeeersecececeeconsaccsoscsscascassacons
Updating Process ParametersS..uiiieceseeseceesatocesssassosscssssssesosocasasasosaoans
Procedures for Correcting Out-of-Control ConditionS..iiieerererecesescscscoscssannne

10, REfEIrEMCES ittt eevcocosscecsosssssosososatsosiosvesssoesassssssssosscasasocsssscasonsnss

Appendix A.
Appendix B.
Appendix C.
Appendix D.
Appendix E.

VOR Phasemeter Program LiSting.ceseeereseseceesssssesosesssscasncssasnssasssnocass
Test-Data LisTingSeueseeineeeaosesocerssosonocasssosossssssoracascsnsssssascsossns
Graphical I1TUStrationS.ceeeseecssesassossssscnsansssasosssssssssccanssasccsasconns
BMDP3V Program Listingeuieeeeesecsseocsassoseasossesscososasasossscsssasnsasasanons
Sample Report of Calibration..ceieieseeeeeenescsossssessssccasnsocssssasenseanssnne

v

29
29
29

30
30

33
33
33
34
34
35
38



VOR Calibration Services
Neil T. Larsen, Dominic F. Vecchia, George R. Sugar

National Bureau of Standards
Boulder, Colorado 80303

The National Bureau of Standards has designed, constructed., and evaluated a standard
for the support of very-high-frequency omnidirectional range (VOR) air navigation aids.
The standard consists of two instruments: (1) a digital waveform signal generator for the
composite VOR audio waveform, and (2) a standard phasemeter based on time series analysis
of this waveform. Experimental results, a statistical analysis of them, and the principal
software listings are included.

Key Words: air; calibration standard; navigation; omnidirectional; Eange; very-high fre-
quency; VOR

SYSTEM OVERVIEW

1. Introduction
1.1 History

The origins of the air navigation system now known as Very high frequency Omnidirectional Range
(VOR) go back to about 1928, in England, when work was started on a phase-comparison system. About
1940, the Civil Aeronautics Administration examined and developed the technique, and finally presented
it to the Radio Technical Commission for Aeronautics in 1945, In 1946, it was offered by the U.S.
Government to what is now the International Civil Aviation Organization (ICA0). It was accepted as
part of ICAQ's Standards and Recommended Practices, where it is stated:

"In localities where conditions of traffic density and low visibility necessitate a short-
distance radio aid to navigation for the efficient exercise of air-traffic control, the
standard aid shall be VOR (vhf omni-range) of the CW phase-comparison type conforming to
the Standards contained in Paragraph 3.4 of Chapter III of this Annex [1]."

Since thal time, mure than 1,000 stations have come into use daround the world. However, in spite
of its use by commercial, military, and private aircraft, there has until now been no standard or
technique by which VOR instruments could be calibrated, either directly or indirectly, at the National
Bureau of Standards. Reference 2 is a very good overview of the VOR system. It describes the origins
and evolution of the system in considerable detail and is recommended to those interested in the
history of VOR.

1.2 Organization of Report

This report comprises four main parts. They are:

I. A general overview of the VOR system and the calibration services designed to support it (sec-
tions 1 through 4).

II. A detailed description of the NBS VOR generator, including specifications, operating procedures,
and theory of operation and maintenance (sections 5 through 12).

III. A similar description of the VOR phasemeter (sections 13 through 15).



a1 the VIR generator and VOR phasemeter when they are used together as a

jarqge amount of both simulated and measured data is

tne statistical theories used in the analysis are given. Finally, a

sf ancertainty is made.

pioide graphical and tabular illustrations of the actual meésurement results.,

tor the NBS phasemeter and for some of the statistical work are included.

report, the terms phasemeter and generator appear many times. - In every case, a VOR

o a YOR generator is meant, but for brevity, the modifier will often be omitted.

inroughoul this report, the terms phasemeter and generator appear many times. In every case, a
ot phasemeter or a VOR generator is meant, but for brevity, the modifier will often be omitted.
Arvas where the designs of the generator and phasemeter have influenced each other are noted. Since
there exists no independent means of checking either the phasemeter or the generator, the two must be
regarded as a system, and, of necessity, there is a strong interdependence when it come to the

evaluation of each.

2. Technical Basics

The VOR signal is radiated from a transmitter that produces a spinning pattern. The spin may be
produced by a mechanically driven goniometer or other means. The antenna field pattern is not omni-
directional; a contour of constant intensity follows a curve known as a "limacon." The shape is
nearly circular, as shown in figure 2-1. As the pattern turns at 1800 rpm, the field intensity at a
remote receiver fluctuates sinusoidally at 30 Hz. The 30 Hz signal obtained by demodulating the VHF
carrier is called the “variable phase" signal. If a timing reference were available to determine when
the peak of lobe passed magnetic north, then the phase of the 30 Hz signal measured relative to that’
reference would vary in space as the bearing angle between magnetic north and the receiver, measured
at the transmitter.

(1) 9 degrees rotation (Z2) 60 degrees rotation (3) S0 degrees rotation (4) 200 degrees rotation

Figure 2-1. The rotating VOR horizontal field pattern. A dashed circle is shown for comparison,
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Figure 2-2. Reference and variable phase signals as received at three typical locations.

The required reference is transmitted by means of a 9960 Hz subcarrier that amplitude modulates
the same VHF carrier. The 9960 Hz is frequency modulated at 30 Hz. The subcarrier is obtained by
demodulating the VHF carrier, and the 30 Hz "reference phase" signal is then extracted from the sub-
carrier. The reference phase signal does not change in phase as the receiver moves in space. It is
therefore possible to determine the bearing angle simply by measuring the phase angle between the two
30 Hz signals., The antenna spin is phased such that the field intensity at a receiver due north of
the transmitter peaks at the same time as the 30 Hz reference phase signal. Due north corresponds to
a bearing angle of 0 degrees.

Typical signails received at three different locations are shown in figure 2-2. Note that the
reference signal, derived from the 9960 Hz subcarrier, is the same at all points. At point [1], the
variable phase signal lags the reference by 45 degrees, which is also the bearing angle from magnetic
north., Proportional phase lags are seen at the other two points.

Figure 2-3 is a representation of the audio signals from which the bearing angle information is
obtained. The top waveform is one fundamental period of the reference signal. The second waveform
represents the 9960 Hz subcarrier. Note that the peak positive frequency deviation occurs at the
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Figure 2-3. Simulated 30 Hz and 9960 Hz waveforms. Time is distorted for clarity.

positive peak of the reference signal. The sum of reference and variable phase signals is known as
the “composite audio" signal, shown in the bottom curve. This is the signal that is obtained at the
output of the am detector of a remote VHF receiver. It is the signal produced by the NBS standard

generator and measured by the NBS standard phasemeter.

Note that the time dimension in figure 2-3 has been greatly distorted to make the frequency modu-
Tation of the subcarrier visible; however, the phase relationships are correct for a bearing angle of

zero degrees. The figurc is intended only as an aid to visualization.

The composite signal shown above can also be described by a mathematical model. This model is
discussed in much more detail beginning in section 16. It consists of two parts: the variable phase
waveform and the frequency modulated 9960 Hz waveform.

The variable phase waveform is

v(t;8) = o cosf2nfyt + 6y + 651,



The FM waveform is
s(t;8) = ap cos[2nfyt + 65 + g sin[2afyt + 6,1].

The composite waveform is defined by the sum of these two functions. The variables are as fol-
Tows:

ot
it

time
a vector of unknown three unknown phase angles

lo
]

o = amplitude of variable phase signal

fy = frequency of variable phase signal (30 Hz)

@ = VOR bearing angle; i.e., the quantity to be measured

@ = an arbitrary phase offset included in the model for génera]ity
o, = amplitude of the FM subcarrier

fo, = frequency of the FM subcarrier (9960 Hz)

03 = an arbitrary phase offset included in the model for generality
g8 = the modulation index of the FM subcarrier {(nominally = 16)

It is the purpose of the VOR generator to generate a signal that conforms to this model, and it
is the purpose of the VOR phasemeter to determine the actual value of 8, from measurements on the sig-
nal. The hardware aspects of the generation and measurement are described at length in sections 4

through 15; the statistical aspects of the measurement system are covered in scction 16.

3. Description of the VOR Calibration Services

Two services are 6ffered to support the calibration of VOR instruments. NBS has designed and
built a standard VOR audio generator, which is used to calibrate unknown VOR phasemeters, and a stan-
dard VOR phasemeter for the calibration of unknown generators. Both of these services are for audio
generators and phasemeters; direct generation or measurement of standard rf signals is not a part of
this service, although some effort is being made in that direction. To avoid confusion, each of these
services is discussed separately.

3.1 VOR Phasemeter Calibration Service

An unknown phasemeter is calibrated by connecting its input to the output of the NBS standard
generator. The generator provides a composite audio signal that is the sum of two signals, each 1 V
rms (£l percent) in amplitude. The first is simply a 30 Hz sinusoid, and represents the variable phase
signal as it would be recovered from the original vhf signal. The second is the frequency-modulated
9960 Hz subcarrier. Most commercial VOR phasemeters cover the entire 0° to 360° range, and so does
the standard., It is possible to set the standard, by means of digital thumbwheel switches, to any
bearing angle from 0° to 399.99° in steps of 0.01°.



Calibrations of VOR phasemeters are documented with a report containing the following statement:

The assigned values of VOR phase angles are the nominal bearing from 0 to 360° in inecre-
ments of 0.01°. The overall uncertainty of these values has been estimated from test data
at bearings from 0° to 360° at 30° increments. Thus, each of the nominal bearings has been
assigned a provisional overall uncertainty of +/- 0.0028°, based on estimated bounds of +/-
0.0022° on the systematic error and a computed standard error of 0.0002°.

It appears that the NBS generator is more accurate than presently available generators by about a
factor of 10, and better by an even larger factor than the needs of operational systems. It is not
possible to fly an aircraft, using VOR, to 0.25°, even with an autopilot. Ground effects perturb the
field of the transmitter enough that more typical uncertainties in the air are on the order of 1° or
2°.

At present, the most suitable transfer standard appears to be a commercially made phase meter.
Neither the NBS generator nor phasemeter are portable. Another possibility is a generator that has
recently been developed at the National Physics Laboﬁatory, England, by White, Clark, and Yell [3].

We do not yet know its properties, although one intercomparison with their portahle generatar has heen
made. There appear to be no commercial generators that are suitable for use as a transfer standard in
connection with the NBS standards. The problem is mainly with short-term jitter and noise. This may
change; however, any commercial phase meter used as a transfer standard must demonstrate shipability.

3.2 VOR Generator Calibration Service

An unknown generator is calibrated by the NBS standard phasemeter. The output of the generator
is connected to the phasemeter. In addition, a digital timing reference signal must be provided by
the generator to the phasemeter. Some commercial instruments provide such a signal internally; others
do not. Of those that do, only two have been found suitable for calibration, so far. This is because
the operating principles of the NBS phase standard require good short-term phase stability in the tim-
ing signal. This is discussed further in section 13.1.

Because of the short term (30 us) phase jitter of most commercial generators, they cannot be
calibrated by the NBS standard phasemeter. Instead, a transfer must be made through a commercial
phasemeter that has been calibrated against the NBS standard generator. Commercial phasemeters do not
show the sensitivity to short term fluctuations that the NBS phasemeter does. This is usually due to
the use of analog phase-locked Toops and averaging circuits that reduce sensitivity to this type of
noise. The price paid is that the commercial phasemeter is not reliable as a primary standard and
must be calibrated against the NBS generator immediately before use as a transfer standard, to mini-
mize the degradation of the accuracy of the NBS generator. Hopefully, industry will design stable
generators which provide a timing reference for the NBS phasemeter.

Because of the complementary nature of these two services and the limitations of commercial
generators, the best transfer standard for either a generator or a phasemeter calibration is a commer-
cial phasemeter, as discussed in section 3.1, above.

A sample report of calibration appears in appendix E.



4. Design Philosophy

At the beginning of the standards development effort, it was decided that it would be necessary
to design both a standard signal source and a standard phasemeter, since otherwise there would be no
independent way of checking eithef one. Two instruments working on different principles, that agree
closely with each other, give some assurance that they are both performing as desired. This agree-
ment, of course, must not require any adjustments or "twiddling" of either instrument. This condition
has been achieved. In ad&ition, other objective'meéns‘cdn be used for evaluating the perfofmance of
each instrument ihdependent]y of the other, up tb a poinf. For example, a common signal sampled by
the phasemeter through a single-pole double throw switch should result in a zero phase difference,
which it does, to within a standard deviation of less than 0.0005°. Eor the generator, precise match-
ing of differential time delays between the various signals, extending through the'digita1-to—analog’
converters (DACs) is possible. This is discussed in mofe detail in section 10.3.

It was also decided at the outset that it would be necessary to minimize the number of linear
circuit elements in the signal paths, such as capacitors, amplifiers, resistors, and filters. In
order to attain the desired +0.01° uncertainty objective, elements with significant time or tempera-
ture drifts could not be used. This requirement suggested the heavy use of digital circuits, It
resulted in a design in-which the remaining essential analog components have very little effect on the
phase integrity of either the generator or the phasemeter (see sections 10.3 and 10.4).

As above, the generator and phasemeter are discussed separately.

4.1 Generator Design

The generator comprises three digital waveform synthesizers, all driven hy the same crystal-
controlled clock. It produces three digital outputs, 16 bits wide, reset every 0.01° (about 925 ns).
Only 14 bits of data ére actually generated, because of present DAC resolution and speed limitations.
Binary numbers from -8188 decimal to +8188 decimal are generated. This comprises 16377 different
codes, or 2%-7, These codes are used to drive three 13-bit digital-to-analog converters (DACs). The
lowest bit is not used. The converters are made as nearly identical as possible and are designed in
such a way that differential time delays between them can be made negligible (less than 10 ns). The
analog outputs represent the 30 Hz variable phase sigha1, the 9960 Hz subcarrier, and the 30 Hz signal
that is, in principle, frcquency modulating the subcarrier. Actually, there is no frequency modulator
in the generator, as this would require unstable analog circuitry. Instead, the subcarrier is synthe-
sized directly as the modulated waveform. Note that the subcarrier waveform does not change with
bearing angle settings. The 30 Hz reference phase is not needed in a calibration but is useful for
other purposes; e.g., a 30 Hz phase angle standard.

Normally, the composite audio signal used for calibrating phasemeters is obtained by combining
the variable phase and subcarrier signals in a passive linear resistive adding network, which intro-
duces insignificant phase shifts. This network is followed by a 7-section linear-phase LC filter with
a 100 kHz cutoff frequency, to remove residual digital switching noise and higher harmonics present in
the waveform due to the quantization in the DACs. The filter measurement and evaluation techniques
are discussed in more detail in section 10.4.



4.2 Phasemeter Design

As with the generator, analog circuitry is avoided as much as possible. The phasemeter consists
of three main elements, all of which are commercially available: a 16-bit analog-to-digital converter
(ADC), a programmable time delay generator (TDG), and a desktop computer-controlier.

The critical consideration in the phasemeter, as in the generator, is to avoid differential time
delays between the variable phase signal and the reference phase signal present as modulation on the
subcarrier. Most methods of analog FM demodulation cause unacceptable instabilities. 'Mbﬁé'impor—
tantly, they require at least some adjustments. Adjustability would defeat the objective of a truly
independent phasemeter. A sampling technique provides a solution, since a sampling ADC gives constant
time offsets, to a first order approximation [4]. The phase angle of the variable phase signal rela-
tive to the reference phase signal can then be computed via a fast Fourier transform (FFT).

VOR GENERATOR
5. Generator Details

An aircraft determines its magnetic azimuth relative to a ground-based VOR transmi.ter by measur-
ing the phase difference between the two modulation components of the received signal. The generator
described in this report was developed to serve as the phase angle standard for these modulation com-
ponents. It consists of three separate audio generators, arranged to function with controllable phase
relations among them. There are two 30 Hz sine-wave generators and one frequency-modulated-wave
generator, The FM signal is a 9960 Hz carrier, modulated by a 30 Hz sine wave at a modulation index
of 16, The nominal deviation is thus +480 Hz.

The phase relation between the two 30 Hz signals, which are called the 30 Hz reference phasg sig-
nal and the 30 Hz variable phase signal, can be set for a lag of 0.00° to 399.99° in steps of 0.01°,
The phase of the I'M signal is fixed relative to the 30 llz reference signal such that maximum frequency
of the 9960 Hz signal occurs at the positive peak {90° point) of the 30 Hz reference signal (see fig.
5-1).

The unique characteristics of the generator are low distortion of the outputs and the highly
accurate control of the phase relations among the three signals. These features were accomplished
through the use of synchronous (clocked) logic as much as possibie within the instrument. This design
minimized the number of analog circuits used.

A1l three generators use similar circuits; they generate digital representations of the desired
waveforms. The output data are then converted from the periodic numerical sequences to varying volt-
ages which are filtered to provide the desired sine and FM waveforms. In each generator, a new digi-
tal value is produced each 0.925925... us for every 0.01° of a 30 Hz waveform. A 13-bit representa-
tion is used, giving a numerical resolution of almost 1/4096 of the peak value. An output filter
serves to interpolate between the discrete voltage steps, changing the stairstep output to a smoothly
varying one.
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Figure 5-1. Simplified block diagram of generator.

The general principle is illustrated in figure 5-2. The output of the counter changes each
0.9259... us and repeats after 36,000 counts, or 1/30 sec. The output of the Programmable-Read-Only-
Memory (PROM) changes accordingly, and gives a 36,000 point digital approximation to the desired wave-
form. The exact form is ideally a staircase with a 1.08 MHz step rate. This signal is smoothed with
a 100 kHz low-pass linear-phase filter to achieve the required accuracy. See section 10.4 for a dis-
cussion of the filter.

Counter i Digitai—| §1880 kHz v
HoE8 Tz (Divide by !t 0~Analog =4 | Ségggﬂf
36,080806) iConyerter U

Figure 5-2. A waveform synthesis technique.



[he actual implementation differs somewhat frbm the above simplified version, primarily to reduce
Pine cosl ot the PROM tables that store the waveforms. When this design was frozen, the cost of the
memary alone for a direct sine lookup table was about $10,000. Since then, there have been large
reductions in the cost of PROMs; this factor should be considered if this type of instrument is built
ayain, Four techniques were used to reduce the required memory size without loss of accuracy:

1. The symmetry of the desired waveforms has been used to reduce memory size by a factor of 4

for the 30 Hz generators. Only one-fourth of a 30 Hz cycle is stored; i.e., 0° to 90°.
These data are used 4 times, with appropriate address changes, to produce each 30 Hz cycle.

2. In the 9960 Hz generator, one-half cycle of the desired waveform is stored and used twice'per

30 Hz output cycle.

3. Both 30 Hz generators share the same PROMs through multiplexing. The 4-phase clock permits

this approach without introducing phase offsets.

4, The PROMs do not store the actual waveform amplitudes; instead, they store the second or

third difference between each steps. With this method, only two bits are required for each
30 Hz step, and only 4 bits are needed for each 9960 Hz step. Simple digital accumulators
sum the successive incremental changes to obtain full 14-bit representations for the DACs
(only the top 13 bits are used).

These techniques are, of course, not free of side costs. Their use, particularly the use of
incremental values, has added significant complexity to the remainder of the circuits. However, a
substantial net saving in overall size and complexity has resulted. We now see where further simpli-
fication is possible and discuss this in section 12.

6. Specifications
6.1 Audio Signal Outputs

6.1.1 Individual and Composite Signal Outputs
Amplitude: 1 V rms at filter output
Qutput impedance: 600 @, unbalanced to ground at filter output
Load capacitance: Not more than 100 pF; larger values may cause nonlinear phase shifts.

6.1.2 30 Hz Reference and Variable Phase Outputs at Filter Output
Purity: Total harmonic distortion less than 0.01%
Noise: Less than 0.5 mV rms from O to 300 kHz
Phase lag setting: Variable phase output relative to reference phase, adjustable fraom
0.00 to 399.99° in steps of 0.01°, lagging.
Phase lag uncertainty: <+ 0.002°

6.1.3 FM Output
Carrier frequency: 9960 Hz
Modulating frequency: 30 Hz
Modulation index: 16
Purity: The differences between the measured and computed amplitudes of the various lines
in the spectrum are too small to measure. Harmonic distortion components were below the
spectrum analyzer sensitivity of -75 dB.
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Noise: Noise, as determined by measuring the amplitude of selected lines, is too smail to
to measure accurately.
Spectrum: See figure 10-1.

6.2 Other Outputs

Synchronizing Pulses--0° Reference (Reference Phase [RP] 0°,'Variable Phase [VP] 0°, 9960 O DET)

Timing: 30 Hz channels--pulse occurs 0.00324° (110 ns) before the positive-going zero crossing
of the output signal. Note that this time offset, which .is fixed, does not enter into
the phasemeter uncertainty estimate, because it affects a1l time sampies equally.
FM channel--pulse occurs 0.00324° before the positive-going zero crossing at the maximum
positive freguency excursion.

Duration: 0.9 us

Amplitude: Nominal 3 V

Source characteristics: Unloaded TTL output with 100 Q@ series resistor added.

Synchronizing Pulse--90° Point of 30 Hz Reference Channel (RP 90°)
Timing: Pulse occurs 0.00324° (110 ns) before the 90.00° point of the 30 Hz sine wave
Other characteristics: As above

Master Clock Pulse (¢1)
Timing: 1.08 MHz repetition rate, 4-phase
Other characteristics: As above

Square-Wave Qutputs--RP Cycle, VP Cycle, FM Scan
Timing: 30 Hz square waves with rising edge occurring at the fall of the corresponding 0°
reference pulse

Other characteristics: As above

6.3 Frequency and Phase Stability
A1l signals are derived from a single 4.32 MHz temperature-controlled quartz master oscillator
Nominal uncertainty: 1 x 10'7 ‘ '
Short term stability: 5 x 10-10 s
Aging rate: 3.5 x 10'8/week '
Qutput timing jitter: Less than + 1 ns

6.4 Error Detection Circuits

An audible alarm sounds when any of the three generators loses synchronism with the other two or
when an erroneous output value is computed by the digital circuits. Indicator lamps show which error
condition has occurred. These comparison circuits are indicated by the circled letter "C" in figure

6-1. A1l comparisons are made 30 times per second.
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Figure 6-1. Error detection circuits. Digital comparisons are made between the pairs of
digital signal paths as indicated by the heavy arrows. Clock is not shown.

6.5 Built-in-Test Circuits

6.5.1 Circuit T1 in Figure 6-1

This circuit compares the two 30 Hz gcncrators at O and 360° phase lags and lights an error lamp

if they disagree. This test is made manually from the front panel.

6.5.2 Circuit T2 in Figure 6-1
This circuit compares the FM generator with the 30 Hz variable phase generator at 90° phase lag
and indicates an errar if they disagree. This test is made manually. from the front panel.

6.6 Controls

Power switch.

Connectors (6) to select the components of the composite signal and timing references
Phase lag--5 decade lever switch, 0 to 399,99°

Error indicator reset pushbutton

Buiit-in-test operate pushbutton
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6.7 Indicators

Power on: 1 lamp
Error indicators: 5 lamps, 1 audible alarm. Indicator latch ON if tripped
Test indicators: 2 lamps

6.8 Other Characteristics

Power input: 117 VAC % 10%, 350 W

Size: 58 cm high by 50 cm wide by 46 ém deep

Ambient temperature: Normal laboratory environment, 22 # 5°C
Signal connectors: BNC

7. Operating Procedures
7.1 Normal Operation

Turn on ac power and wait one hour for warmup. Connect' short (1 m) shielded cabies to the 30 Hz
and 9960 Hz outputs. Connect the two cables to the resistive summing network. Connect the output of
the network to the input of the linear-phase low-pass filter. The composite signal is then available
at the filter output (see fig. 7-1). Set the lever switches to the desired bearing angle. Proceed
with measurements. It is normal for the error alarm to sound briefly and for the phase lag error
indicator to glow briefly whenever the bearing angle switch setting is changed. There is a problem
only if the alarm continues to sound. See sections 8.5 and 11.3.

AUDIO ‘FM

Std. Generator
AUDIO VAR

Resistive
Adder

Lowpass
Filter

—

! =4 STANDARD COMPOSITE AUDIO SOURCE————>-‘

Figure 7-1, Connecting the standard VOR generator, adder, and filter to a unit under test.

7.2 Error Conditions

Continuous sounding of the alarm after a phase lag change, or momentary sounding of the alarm at
any other time during operation, indicates that an error has occurred. The indicator lamps show which
circuits are involved. The RESET button turns off all error indications but does not affect any other
circunits. An automatic power-on reset circuit clears all error indicators five seconds after power
turn on. Since the generator circuits are self correcting (as described in section 8.5), an occa-
sional error indication is of no consequence unless it occurs during a measurement. Any error lamp
that is 1it during a phasemeter calibration means that the run should be repeated, as the data may be



invalid. This is a rare occurrence, and is usually due to a static discharge between the operator and
the system. Frequent errors or a continuous alarm are reasons for concern, and their cause must be

determined and corrected.

7.3 Testing Bearing Angle Settings

Set the bearing angle settings successively to 0.00° and 360.00° and press the TEST button. The
respective indicator labeled 0° or 360° LAG should light. It should not light for other nearby
values. Indications that differ from these result from faulty 30 Hz generator circuits or fah]ty test
circuits,

Set the bearing angle to 90.00° and press the TEST button. The correspondingly labeled indicator
should light. It should not light for other nearby bearing angle settings. Any other indication
shows a circuit failure. Note that the indicators will also light for a few settings well removed

from the prescribed settings. This condition is normal and is of no concern.

8. Generator
8.1 General Approach

The overall design concept was to reproduce the desired waveforms from internally stored tables
of numbers which are associated with the waveform, The last stage is signal generation by means of a
DAC and filter. In the actual implementation, a number of steps were taken to reduce the required
amount of programmable read-only memory, the most expensive part, by a factor of 14,

In this section, the basic scheme is described first. Then, the various techniques used to

reduce ROM size are discussed.

It should be noted that this design does not attempt to minimize the number of samplies per cycle
required to represent the required signals. The 1.08 MHz sampling rate used is well above the Nyquist

rate of about 22000 samples per second. In fact, the design approach was to use the highest sampling
rate that could be readily implemented, in order to minimize the generation of unwanted signals.

See section 12 for possible future improvements.

8.2 Generating the 30 Hz Sine Waves
8.2.1 Basic Method

.The 30 Hz signals were generated from stored numeric representations by fetching each successive
value from a table and sending it through digital-to-analog converters. In order to get a phase reso-
lution of 0.01°, it was convenient to work with 36,000 values, one for each 0.01° of a complete cycle.
Portions of a sine table, based on a full scale amplitude of 8188, are shown in table 8.1.

It is readily seen that the size of such a table can be reduced by a factor of 4 by using the
symmetry properties of the sine wave, as follows:

14



Table 8.1. Selected values of 8188 sin 6 and its first and second differences.

8 A2A AIA f
degrees
0.00 1 1 0
0.01 -1 2 1
0.02 1 1 3
.0.03 -1 2 4
0.04 1 1 6
0.05 -1 2 7
0.06 0 1 9
0.07 1 1 10
0.08 -1 2 11
0.09 1 1 13
89.99 0 0 8188
90.00 0 0 8188
90.01 0 0 8188
179.91 1 -2 13
179.92 0 -1 11
179.93 -1 -1 10
179.94 1 -2 9
179.95 -1 -1 7
179.96 1 -2 6
179.97 -1 -1 4
179.98 1 -2 3
179.99 0 -1 1
180,00 -1 -1 0
180.01 1 -2 -1
180.02 -1 -1 -3
180.03 1 -2 -4
180.04 -1 -1 -6
180.05 1 -2 -7
180.06 0 -1 -9
180.07 -1 -1 -10
180.08, 1 -2 -11
180.09 -1 -1 -13
269.99 0 0 -8188
270.00 0 0 -8188
270.01 0 0 -8188
359.91 -1 2 -13
359.92 0 1 -11
359.93 1 1 -10
359,94 -1 2 -9
359,95 1 1 -7
359.96 -1 2 ~6
359.97 1 1 -4
359,98 -1 2 -3
359.99 0 1 -1

The table is used directly for angles (8) between 0° and 90°. For 6 between 90° and 180°, the
values for (180-6)° are used, scanning the table backward from 90° to 0°., For angles between 180° and
270°, the entry for (©-180)° 1s used but with the sign of the value changed to minus. For angles
between 270° and 360°, the entry for (360-8)° is used, again with a negative sign for the value. Thus
the size of the table is reduced by 4 with no loss of information.

The scanning of the table is readily controlled with the aid of a digital counter which is
changed by one count each 0,93 us (1/36000 x 1/30 s). The count is incremented for the first 9000
counts, decremented for the next 9000, then incremented for 9000 counts, then decremented for 9000
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counts for four scans of the PROM. During the second half of this cycle, the sign of the number is
negated, thus producing a normal sine wave output.

8.2.2 Use of Differences to Reduce ROM Size

When the 30 Hz sine wave generators are implemented as just described, the minimum size of the
Tookup table is 9001 13-bit words. However, it can be seen from table 8.1 that the changes (the
"AIA“) between successive words are small, If the function is generated from'its 'stored differences,
the length of each word in the tab]é is sdbstant1a11y reduced. This reduction is shown in table 8.2
in the column labeled "First difference."

Table 8.2. Sine function and differences.

0 ‘ First difference Second difference
Degrees 8188 Sin(s) (al) (a2)

0.00 0
0.01 1
0.02 3
0.03 4
0.04 6
0.05 7
0.06 9
0.07 10
0.08 11
0.09

N = N = N s N =

1
-1
1
-1
1
-1
0
1

-
w
]
]

.
.

.

Since sin(8) changes most rapidly around 0°, the first differences at other angles will not be any
larger than those near 0°. A thorough examination, in fact, shows that the range of first differences
is 0 to 2 for o between 0° and 90°. By using a conventional binary number representation, this range
could be covered by using two bits per entry, instead of the 13 bits required to represent 8188
sin(8). In the actual system, we chose to carry this one step further and use second differences!
that is, the differences between first differences. In that case, the number range is -1 to +l. This

approach still requires two bits to represent all required values.

When differences are used instead of the actual function, the circuits must be modified to gener-
ate the function from the differences read from the table. This is done by providing two accumu-
lators, as shown in figure 8-1. The first accumulator adds the successive values of AZ, the second
differences read from the table, and forms al, the first difference. The second accumulator adds suc-
cessive values of Al to get the desired function, 8188 sin 6, which supplies the input to the DAC.
Additional circuits are required to insert the appropriate initial values into the accumulators at 0°

1This decision was made early in the design process, before it was recognized that there is no advan-
tage in using second differences in the 30 Hz generators. Indeed, upon examining a complete computer
printout of the occurrences of all first differences, it was discovered that the 30 Hz memory could
have been cut in half again by the addition of a single fiip-flop. With such an arrangement, only a
single bit is required in the lookup table for each value of the sine function first difference. See
section 12.1.
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Figure 8-1. Overall generator block diagram.

8.3 Generation of the Frequency-Modulated 9960 Hz Signal
8.3.1 Basic Method

The method used here is similar to that used for 30 Hz generation. The values corresponding to
the third differences of the desired frequency-modulated signal, computed at intervals of 0.93 us, are

stored in a table, integrated appropriately, and reproduced through a DAC. The 9960 Hz generator is
driven from the same clock as the 30 Hz generators: this approach maintains synchronism among all sig-

nals. The 9960 Hz FM signal has only a two-fold symmetry, in contrast to the four-fold symmetry of a
sine wave.

The function represented in the table is
36
F(¢) = 8188 sin [332 ¢ + E—g-sin ol
i

where ¢ is the phase of the 30 Hz signal relative to its 90° point. This function, when interpreted
as a sine wave of slowly varying frequency, sweeps +480 Hz around 9960 Hz. The computed spectrum is a
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Figure 8-2. Relationship between amplitude distortion and phase uncertainty.

set of discrete 1ines spaced every 30 Hz around 9960 (there is further discussion of the spectrum in
sections 10.2 and 16.1). The -80 dB points of the spectrum are at 1810 Hz relative to 9960 liz. This
means that almost all of the information contained in the composite VOR signal appears in the line at
30 Hz and the band between 9150 and 10770 Hz. For purposes of the standard generator and the standard
phasemeter, it can be shown [5] that sufficient information to perform a calibration to. an uncertainty
of less than 0.01° can be obtained from the 30 Hz 1line and those between 9420 Hz and 10,500 Hz.

The PROM table stores half of this FM waveform, using 18000 locations to do so. The other half
is obtained by reading the table backwards.

8.3.2 Use of Differences to Reduce PROM Size

As in the case of 30 Hz signal generation, a table storing the function F(4) would be quite
large, 18001 13-bit words. Again, because the function changes relatively little between successive
entries in the table, it is feasible to use differences to reduce the required word length. The use
of third differences reduces the word length to 4 bits, as indicated in table 8.3,
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Table 8.3. 9960 Hz FM signal function and its first three differences.

¢ First diff. Second diff. Third diff.
Degrees F(4) (al) (a2) (43)
0.00 0 497 -2 -1
0.01 497 495 -3 -3
0.02 992 492 -6 -1
0.03 1484 486 -7 -3
0.04 1970 479 -10 0
0.05 2449 469 -10 -2
0.06 2918 459 ~-12 -
0.07 3377 447 - --
179.93 -3083 423 8 -2
179.91 -2660 431 6 0
179.95 -2229 437 6 -1
179.96 -1792 443 5 -3
179.98 -1349 448 2 -1
179.99 -451 451 - -

180.00 0 -- - --

There is a priori reason to assume that the higher order differences wiil have numerically
smaller values. The design approach was to select the lowest order differences that had reasonably
small absolute values. Table 8.4 shows that for F(¢), the maximum magnitude of the differences
decreases up to A3 but then increases again. Accordingly, a3 was chosen as the function to be stored

in the table, This optimum approach was ascertained by a computer algorithm that tested the zero
through fifth differences.

Table 8.4. Maximum value of the first through fourth differences for the 9960 Hz M waveform.

First difference: | at| < 496
Second difference: | 42| < 31
Third difference: |23 < 5
Fourth difference: |a%| < 7

The circuit arrangement required to implement this approach is also shown in figure 8-1. Three
digital accumulators are required to determine the values of a2 from a3, al from A2 and F($) from al.
The accumuiators are initialized to correspond to the values given in table 8.3 for ¢ = 0.00°, namely
F(0.00) = 0, Al(0.00) = 497, and A2(0.00) = -2 since this information is not stored in the PROM. A
similar initialization, but with different numeric values, is also used at 180.00°,

8.4 Accuracy Considerations

The general design goal has been to achieve an overall uncertainty of +0.01° in the various out-
puts of the signal source. This goal affects the design in three critical areas:
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a. The short- and long-term accuracy of ‘the output frequencies;
b. the short- and long-term accuracy of the phase differences between the three output signals;
and

c. distortion and noise at the three signal outputs.

8.4.1 Frequency Accuracy

A1l outputs are derived from a single 4.32 MHz quartz crystal oscillator with an.aging rate of
less than 3.5 x 10'8/week.and a short-term stability of 5 x 10710 rms.  After allowing for temperature
and voltage effects, the estimated frequency accuracy is about 1 x 10'7. The frequency error required
to produce 0.01° error would be 1/36000 or 2.8 x 1079, Thus, errors from the crystal oscillator fre-
guency instability should not exceed (0.01)(10‘7)/(2.8 x 10~5) or 0.000035°, a clearly negligible
amount. This oscillator, and that in the phasemeter time-delay generator, are conveniently calibrated
directly against the NBS atomic clock. Routine calibrations'have resulted in corrections of less than

5 x 10710, which is still negligible.

The second potentially significant source of uncertainty is the short-term variations in timing
of the circuits that use the clock signals. The system design uses synchronous logic so that varia-
tions in time delays will accumulate over only a few logic elements. The short-term variations in
delay through the critical path from the clock oscillator to the inputs of the digita\—to—anafog con-
verter are less than 5 ns (54 microdegrees). This is well below the 926 ns clock period and therefore
could contribute at most a negligible uncertainty.

8.4.2 Phase Setting Accuracy

The desired phase shifts between the various outputs are produced by delaying the 30 Hz variable
phase generator in increments of the clock period, 926 ns. At any delay setting, the actual detays
have a variation of less than 5 ns, a negligible amount. The clock signals are distributed in a
manner which ensures that significant fixed differential delays are not present. Residual delays that
appear at the analog outputs are reduced to less than 5 ns, as noted below.

The composite signal is obtained by adding the 9960 Hz FM and 30 Hz variable phase signals in a
passive resistive network. A passive low-pass filter follows the adding network. The filter has a
cutoff frequency of 100 kHz, well below the 1.08 MHz clock freauency. It has a Bessel (maximally
linear phase) response and contains seven sections. It is designed to work between 600 @ source‘and
load impedances and is terminated by a 600 @ load. This design provides a fixed output level of 1 V
rms fur each of Lhe Lwo components of Lhe compusile siynal. It was found that most commercially
available 600 @ "T-pad" attenuators were not sufficiently phase linear to provide for an adjustable
output. Such an attenuator could be added at the price of a slight increase in the phase uncertainty.

A Bessel filter with seven sections closely approximates the ideal. In such a filter, the time
delay (phase shift divided by frequency) is nearly the same for all frequencies. This is another way
of stating that the filter has Tow group-delay distortion. Obviously, if all of the significant com-
ponents of the spectrum are equally delayed in time, there is no effect on the VOR bearing angle.
Computer simulations of the effects of the actual filter, with its measured imperfections, have shown
that the differential time delays from 30 Hz to 10,770 Hz (a band that includes virtually all of the
composite signal power) are negligible in so far as the bearing angle is affected. See section 10.4
for measurement details.
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A third potential source of uncertainty in the bearing angle is the instability of the filter
characteristics due to component drift. The filter is passive, with no operational amplifiers.
Bessel filters tend to have a low sensitivity to component drift; inductor "Q"s for a 7-section filter
need not exceed about 1.1. Finally. since the first-order errors have been found negligible, certain-
1y higher-order errors are also.

8.4.3 Amplitude Distortion and Noise

Noise and distortion are introduced into the output signals in a number of ways. These include
quantizing noise, digital-to-analog converter nonlinearity, switching spikes (so-called glitches},
nonlinearity in the amplifiers that follow the converters, and digital s%gna]s that find their way
into the analog signal outputs through subtle paths. All of these have an explicit effect on the
design of the system. All are discussed below.

8.4.3.1 Quantizing Noise

The unfiltered output from the digital-to-analog converter is nominally in the form of a stair-
case with a step size equal to 2-N times the peak-to-peak output vo]tage, where N is the number of
bits used in the converter. This means that the maximum uncertainty in reproducing any waveform will
be 1/2 the steb size. 1In terms of the peak value of a sine wave with unit amplitude, the maximum
uncertainty is 1/(2N-1).

A useful interpretation of the 0.01° uncertainty requirement is that amplitude distortion of a
signal must not shift the time position of a zero crossing, with respect to an ideal 30 Hz sinusoid,
by more than 0.01°, The amount of distortion that produces this phase shift is easily deduced from
the phasor diagram of figure 8-2.

The maximum value 5f A8 is related to AE by the expression AE = A sin(a8). Thus, for ae = 0.01°,
AE/A = sin(0.01) = 1.7 x 1074, Thus, 0.017 percent is the maximum allowable distortion for a phase
uncertainty of 0.01°.

Setting 2-N = 0,017 percent, we obtain N > 13, If quantizing noise in one channel were the only
source of error, a 13-bit converter would be adequate. However, since there are other sources of
error, a more conservative design must be used. Converters that will operate at the required speed
are not readily available for N > 13. Accordingly, 13-bit converters are used, followed by a low-pass
filter to further reduce the quantizing noise. Assuming that the principal quantizing noise component
js at 1,08 MHz, a 7-section Bessel low-pass filter with a cutoff frequency at 100 kHz will reduce this
noise component by more than 80 dB. The quantizing noise from a 13-bit converter followed by this
filter should then be 1.2 x 107° percent. Note that the total harmonic distortion figures given above
include the effects of quantizing noise, along with other noise sources, hum, and harmonic distortion.
It is apparent that the quantizing noise is very small compared to the maximum allowable value of

0.017 percent, and in fact is too small to be measured.

8.4.3.2 Converter Nonlinearity

The DACs used have a specified maximum nonlinearity of +1/2 of the least significant bit (LSB)
relative to a straight line connecting the largest and smallest output values. Thus, the amplitude
uncertainty at a nominal zero-crossing point could be as great as 1/2 LSB, or 6.1 x 1073, The change
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in the yero-crossing time that this uncertainty would produce can be estimated by assuming that the

slope ot the wavelorm 14 constant in this region and equal to 2«f for a unit amplitude sinusoid.
Theris, Lhe ol fuel AU Tor an amplitude uncertainty of Av is given by
o 6.1 x 107
At = — = =2 —— = (0,324 yus,
2xf 27 « 30
or
0.324 us

= 0.0035 deg.

0.926 us per 0.01 deg
This result, taken alone, indicates a marginal design. However, the uncertainties caused by converter
nonlinearity are only significant to the extent that the resulting distortion components appear at the
output of the filter described above. A1l three converters are interchangeable. The harmonic distor-
tion for all three was measured at 30 Hz, at the filter output, using a twin-T notch filter with a
fundamental rejection of more than 100 dB at 30 Hz. This technique allowed direct measurement of the
total noise and distortion products of the DACs. In all cases, the total was less than the fundamen-
tal by more than 85 dB.

8.4.3.3 Converter Switching Spikes

Switching spikes (or “glitches") occur in digital-to-analog converters because of small differen-
tial delays in the digital input signals for different bits. The glitches are always present to some
degree, because the current switches turn on in less time than they turn off. The converters used in
the VOR generator are "de-glitched;" that is, they contain circuits that prevent the glitches from
reaching the analog output. This is accomplished by following the digital portion with a track-and-
hold amplifier and providing appropriate timing signals. The amplifier is in the "hold" mode while
the digital currents settle, and is then switched to "track" until just before the next digital word
arrives. Thnis technique significantly reduces the spike energy.

8.4.3.4 Amplifier Noise and Nonlinearity

The current-to-voltage output amplifiers in the converters were supplied by the manufacturer.
The characteristics of these amplifiers are included in the total specifications of the converters.
Actual performance was determined by the total harmonic distortion measurements.

8.5 Error-Detection and Built-in-Test Circuits
8.5.1 Overview

In order to maintain this system as a national standard, it is essential to provide a means of
routinely checking for slight degradations in its performance. Major failures will be immediately
obvious when attempting to use the system. However, minor malfunctions, such as a single bit changing
in ROM, might never be detected without repeating the full system validation. Therefore, the digital
subsystems were designed to include error-detecting circuits, as described in section 6.4. It was
relatively simple to augment this inherent capability and provide the ability to detect a large
variety of permanent or transient malfunctions in the digital circuitry. Two types of checking are
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frovided. The circuits which function without special attention from the user are called error-detec-
tion circuits. Those that require operator manipulation are called built-in-test circuits (see
fig. 6-1).

8.5.2 Inherent Error-Detecting Capabilities

Using the method of differences to generate the output functions provides an inherent capability
for error detection. Any single error in the ROM output data or in any accumulator will continue to
distort the output signal until the start of a new cycle. When this occurs in other than the final
accumulator (the "f-accumulator"), the distortion increases continually throughout the cycle. The
result is that consistent single errors are likely to produce a severe distortion of the output sig-
nal. This distortion results in a major degradation qf performance and would probably be noticed
immediately by the user. It is immediately apparent on an oscilloscope. However, errors that occur
ciose to the end of a cycle may not produce enough distortion to be obvious to the user.

8.5.3 Error-Detection Circuits

Three errur-detection circuils, one for each of Lhe Lhree channels, provide a continuous check on
the internal functioning of the digital elements of each channel. They operate by verifying that the
outputs of the 30 Hz channels are correct at their 359.99° points and that the 9960 Hz channel output
is correct just preceding its 0° and 180° points. Two additional error-detection circuits check the
9960 Hz counter and the 30 Hz phase-lag counter, at times just prior to their initialization, to
ascertain whether a miscount occurred during the current cycle (see fig. 6-1). The five self checks
are denoted by the letter "C" and the two tests by "T". When an error is detected by any of the five
"C" circuits, an indicator 1ights, and an alarm sounds briefly. The phase-lag-counter error light
automatically resets after 1/10 s, since this error occurs each time the phase-lag setting is changed
by the user. The other four error indicators must be reset manually. This arrangement allows an
extended measurement to be made without an operator present; if one or more of these lights is on at
the end of the measurement, it must be assumed that bad data may have been taken. Over a period of
several months of use, the only times that these lights have been 1it have been when static discharges
have taken place either nearby or into the instrument itself. There have been no "hard" failures. A
power-on reset circuit resets all indicators 5 s after power is first applied.

8.5.4 Built-In-Test Circuits

These circuits (described in section 6.5) compare time delays introduced by the phase-lag cir-
cuits with fixed delays in the generator control circuits, thus providing a means of cross-checking
the various digital delays. Checks are performed at 0°, 90°, and 360° lags. In operation, the tests
are performed by setting the phase-lag switch to one of these three lags and seeing if the appropriate
indicator lamp lights when the TEST push-button is depressed.

9. Power Supplies

The digital logic that generates the data presented to the digital-to-analog converters is
powered by a single 5 V, 16 A supply. The nominal drain is 12.5 A. The logic is protected by a 6.8 V
crowbar circuit. Heavy copper distribution buses and remote sensing are used.
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Each of the three analog channels has its own power supplies, to reduce the possibility of cross-
talk that could contaminate the output signal. Each channel uses a plus and minus 15 V, 350 mA supply
for the analog circuits and a 5 V, 500 mA supply for the DAC Togic.

10. Verification of Performance

In this section, we discuss the methods that verify that the digital and analog circuits are,. in
fact, performing as intended.

10.1 Memory Pattern Verification

The VOR "standard," in a certain sense, exists in the bit pattern of the programmabie read-only
wmemory chips. Therefore, considerable attention was given to assuring that the patterns were correct.
This was done as follows:

o

. A BASIC program was written for a desktop computer to prepare magnetic tapes containing the

binary values for all of the PROM addresses for both the 30 Hz and 9960 Hz memories.

2. A second program was written to read the binary patterns from the magnetic tapes to a paper tape
punch. The PROM vendor required such tapes to perform the programming operations. - The PROMs are
of the fusible-link type, nonerasable. This choice was dictated by the speed requirements.

3. A third program was written to read back the paper tape and compare the punched pattern with the
original magnetic record. Punching erraors were found and corrected.

4., A test jig and interface was designed and a program written to read the programmed PROM patterns
and compare them directly with the original magnetic tape. Programming errors were corrected;
defective PROMS were replaced by the vendor.

5. The PROMS were installed in the generator, and a special interface was designed to allow the
computer to drive the system in place of the normal system clock. Programs were written to allow
rapid access to any part of the waveform cycle (36,000 PROM addresses). This allowed examination
of the bit patterns in the three channels at such critical points as sign changes, memory address
turnaround, and so forth. Mcmory could be stepped onc address at a time for debugging.

6. When all appeared normal, a program was written to step the logic through all 36,000 addresses
and read out to the computer all three 16-bit words appearing at the DAC inputs. These were
compared with the proper words computed at the same time, rather than comparing with the magnetic
tape, so that the patterns were compared directly with the algorithm that generated them in the
first place. This test, which involved the computation and comparison of 108,000 16-bit words,
required about 10.5 hours to run. This may be compared with the time required for the generator
to produce them normally, that is, about 33 milliseconds. No discrepancies were found, and it
was conciuded that the digitail portion of the generator was indeed performing as required.

7. Two other points were considered in this verification. First, the question of whether the

computer used to generate the PROM patterns had sufficient precision was answered by generating

the same patterns using a large digital computer capable of maintaining 24 decimal digit
precision, The files were identical, which is not surprising, since the small computer was
capable of 12 decimal digit precision. Second, the algorithm used to generate the data was
derived independently by several persons, to ensure that it accurately represented the VOR
waveform.
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Figure 10-1. Partial 9960 Hz spectrum. Arrows indicate computed amplitude.
10.2 Analog Performance Verification

Some discussion of the methods used to verify the analog performance was given in section 8. For
completeness, this discussion will be expanded here.

Initially, until the completion of the phasemeter, it was not possible to make an overall test of
the generator. However, the individual components of the analog circuits were tested. Each of the
DACs, in turn, was driven by the digital data from the 9960 Hz data lines. The output of each DAC was
examined with a spectrum analyzer. Figure 10-1 is a typical result. Plots were made that showed that

the spectra of the output were in close agreement with the theoretical and that harmonic.components
were below the minimum detectable level (about -70 dBc for the FM waveform). Errors such as missing

codes in the DACs, or excessive non-monotonicity, show as unwanted sidebands. The outputs were also
examined across an entire cycle, using an oscilloscope with an expanded sweep, to ensure that the DAC
deglitching circuits were performing properiy.

A second set of tTests was made on each DAC using the digital 1nput Trom the 30 Hz reference phase
generator. Since the analog output contained oniy a single frequency, it was possible to measure har-
monic distortion directly by suppressing the fundamental. It was at least 85 dB below the funda-
mental.

25



Pros e, the anadog bilter was tested to the extent possible before the completion. of the phase-
meler o dn b end, Chee detinilive tests on the filter were made with the help of the phasemeter, as

described o sectbion 10,4,

10.3 Diyital-to-Analog Circuit Timing Verification

I1deally, there would be zero differential time delay and jitter between the three analog signals
at the outputs of the DACs. The three DACs are nominally identical, and all are clocked, by the same
clock phase. They are provided with two timing adjustments each. Data is presented to each DAC on
the falling edge of clock phase 1. When the c]otk falls, the first of two cascaded monostable multi-
vibrators is triggered. The time delay to its falling edge is adjustable over a small range. Its
falling edge, in turn, triggers the second monostable, which produces a pulse with a fixed 50 ns
width. During the period of the first delay, the digital data settle at the DAC input. The rising
edge of the second delay enables the DAC, and the data are latched into the DAC registers. At the
same time, the DAC deglitching amplifier is placed in the "hold" mode, so that the DAC switching
impulses do not reach the output.

The DAC contains a second adjustable delay internally, that determines when the deglitching
amplifier is returned to the "track" mode. This adjustment allows optimization of the DAC speed while
allowing switching transients to die out. To match the three DAC time delays, each, in turn, was
driven by the 9960 Hz data. Since there are only, on the average, about 108 samples per cycle in this
waveform, the transitions may be clearly seen on an oscilloscope. If the oscilloscope is triggered by
the transition of the sign bit of the reference 30 Hz DAC, at a sweep speed of 20 ns/division, all of
the DACs may be adjusted to equality to within 10 ns or less. The delay from the falling edge of
clock phase 1 to the rising edge of the DAC enable pulse was set to 110 + 2 ns, Then, the delay from
the falling edge of the clock to the beginning of the analog output transition was set to 300 t 5 ns.
A mismatch of 7 ns corresponds to a phase uncertainty of about 76 microdegrees, a negligible amodnt.

10.4 Analog Filter Characteristics

The actual characteristics of the output filter were measured as follows. A single-pole double-
throw reed relay was placed at the input to the NBS standard phasemeter. The relay, in effect, per-
mitted time-sharing the phasemeter between two inputs, simulating a conventional two-input phasemeter.
A programmable frequency synthesizer was connected to the filter input, with appropriate padding to
present a 600 @ source resistance. The filter was also terminated in 600 @. The signal at the filter
input was connected to one of the two phasemeter inputs, and the filter output was connected to the
other. Thus, the phaseshift through the filter was simply the phase angle between the two phasemeter
inputs.

The synthesizer was stepped at 30 Hz intervals from 30 Hz to 10,770 Hz. At each frequency, 256
amplitude samples were taken on each channel, covering precisely one cycle at the signal frequency. A
discrete Fourier transform then allowed the cbmputation of the filter phase shift at that frequency.
The reduced data (phase versus frequency) were then fitted to a second-degree polynomial. The phase
linearity was very good, but the conclusive determination was made by using the fitted phase function
with simulated data, as described next. '

A complete measurement of the composite signal was simulated by computing 1024 amplitude samples
in which the only noise was due to the 14-digit precision of the computer used for this purpose. When

26



these data were reduced, by the same machine, there was a offset of only about 54 microdegrees. Then
the partially reduced simulated data were perturbed, using the filter function discussed above, to
simulate very closely the effects that the actual filter would have produced. There was an insignifi-
cant change in the 54 microdegrees offset. The conclusion is that the filter does not degrade the

phase integrity of the standard.

11. Maintenance Procedures

Three areas of maintenance are discussed here: adjustments, performance checks, and trouble
shooting. There is no preventive maintenance as such for the system. The section on adjustments
mainly covers the analog elements of the system and describes the procedures originally used to set
the circuits to their design values. The trouble shooting section is quite brief, dealing mainly with
getting started toward finding malfunctions in the digital elements of the system.

11.1 Adjustments

Run the system. for at least 30 min to stabilize internal temperatures, then perform the following
adjustments, in order.

5 Volt Power Supply. The main power supply contains an output-voltage adjustment. Connect a

suitable dc voltmeter to the +5 V test-output receptacie. Set the adjustment (labelled 5 & 5 percent
vDC) for 5.0 V + 0.1 V.

Oscillator. Connect a frequency counter to the N test-output receptacle, Use the adjustment on
the oscillator {labelled FREQ. ADJ.) to set the frequency to 1,080,000 + 1 Hz. Note that this oscil-
lator is more accurate than the time bases in some frequency counters, and caution should be exercised
in readjusting its frequency. An external standard may be required.

DAC Adjustments., See section 10.3. Adjust the time delays as noted. Final adjustment is best

accomplished by using the following procedure:

Connect the cable carrying the 9960 Hz FM data to a "T" cable that allows driving two DACs simultane-
ously with that signal. Connect a two-channel oscilloscope to the unfiltered DAC outputs and trigger
the oscilloscope with the sign bit of the 30 Hz reference phase. Set the swecp speed to 10 ns per
division., Superimpose the two traces vertically, using the oscilloscope controls. Superimpose them
in time by adjusting the time delay on either DAC. Only very minor adjustment should be needed.
Reverse the connections to the oscilloscope to ensure that the channels have a negligible differential
delay. If they do not, compensate accordingly. Replace either of the DACs with the third DAC and
adjust the third DAC in the same manner. In this way, all three DACs have been adjusted to have the
same overall time delays, and differential phase errors are made negligible at the output ports of the
generator,

Low-Pass Filter. There are no adjustments available on the low-pass filter.

Phase Compensation. The phase compensation switches provide a means of advancing (or delaying)
the start of the 9960 Hz signal to ensure that its principal zero crossing occurs exactly 90.00° after

the corresponding point of the 30 Hz reference signal. This circuit was included early in the design
under the assumption that it might be necessary to compensate for phase nonlinearity in a low-pass
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filter. - This has since been found to be unnecessary, and, in fact, undesirable., The switches should
all be set to provide zero compensation (all switches closed). If-any switch is open, the 90.00° test
will fail. The test will pass if the thumbwheel front panel switches are set to the value programmed
by the phase compensation switches. This feature has been allowed to remain in the instrument for
possible future experiments, but is never used for calibration purposes., The "untweaked" status of
the generator is thus maintained.

11.2 Performance Checks

In addition to the parameters covered in section 11.1, a few other measurements can be made to
verify that overall performance has not deteriorated. There are no specific adjustments associated
with these measurements. If performance has deteriorated, the reasons must be determined through
troubleshooting procedures. However, the performance will be affected by the adjustments of section
11.1, and these performance measurements should be made after final adjustments have been made. It is
assumed that the error-detection circuits show no errors and that the internal (built-in) tests have
been performed and passed.

Phase-Lag Tests. Certain failures in the phase-lag setting circuits could go unnoticed in normal

operation. In particular, some switch settings could give erroneous values of lag. It is not fea-
sible to check each of the 39,999 settings. However, it is straightforward to check each digit over
its full range. Proceed as follows. Connect a two-channel oscilloscope to the generator, with one 30
Hz signal to each input. Trigger externally, using the sign bit of the reference signal. Set the
sweep speed at 1 or 2 us per division. Starting with a phase-lag of zero on the thumbwheel switches,
advance slowly to 0.09° while watching the relative phase of the two signals. They should begin per-
fectly in phase (less than 10 ns offset) and move apart in nine equal steps of 926 ns, one for each
new step on the 0.01° switch. This verifies that the 0.01° delay is functioning properly. Repeat for
all of the higher order switches, decreasing the sweep speed by a factor of 10 for each successively
higher order digit. The 100° switch, of course, can be tested only to 300°.

Spectrum Measurements. The overall performance of all three channels can be observed by measur-

ing the spectra of the three signals. By comparing these spectra with the data obtained in the origi-
nal tests of the system, any serious departure from the original state can be detected.

There are two approaches that may be used. 1In the first, a commercial low frequency spectrum
analyzer with a plotter output can provide a comparison spectrum. Figure 10-1 was made in this way.
If the output amplitude is the same as for the original test, the later plot can simply be laid over
the original to detect deviations. Of course, the 30 Hz spectré should show only a single line at
30 Hz,

The second method involves the use of the NBS standard phasemeter, This is the best method for
checking the performance of the 9960 Hz circuits. The relative ampiitudes of the lines from 9420
through 10,500 Hz are compared to the fundamental at 9960 Hz. These amplitudes should follow closely
the predicted values [3]. ,

11.3 Trouble Shooting

The main requirements for finding other than obvious troubles are a reasonable understanding of
the system design principles and circuits and a good oscilloscope. The principles and circuits have
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slready been covered. The oscilloscope should have a pass-band of at least 20 MHz, a two- (or four-)
trace input capability, and a dual time-base. A digitally-delayed sweep is useful but is not essen-

tial.

A number of points should be kept in mind.

I.  The three channels are independent of each other except for their phase relationships. Any one
channel can fail while the other two still function.

The only e1eménts that affect all channels are the 5 V power supply and the clock circuits.

4. The error-detection circuits may not indicate a gross failure in a channel.

4, The simplest test of overall operation is to observe the individual; channel outputs on the
oscilloscope. Triggering the scope from the variable phase sign bit permits examination of the
individual cycles of the 9960 Hz output by changing the phase-lag setting. The 30 Hz outputs
should be perfectly clean sine waves, and the 9960 Hz output should have uniform amplitude
everywhere, Any small part of it should appear to be a clean sine wave.

b.. A ROM or accumulator failure, no matter how minor, usually results in an output signal that bears
no resemblance whatsoever to the desired signa]. If the signal appears normal over only part of
the cycle, noting the precise point of failure helps to localize the trouble.

6,  The three DAC cards may be interchanged with each other to localize faults,

7. The ¢ signal is the main clocking signal for all channels. Nearly all clocked flip-flops are
triggered by the trailing edge of 9qe The other three clock signals are used as synchronizing
and strobe signals in the phase-lag control, phase-compensation, ROM-multiplexing, error-
detection, and built-in-test circuits.

t, The internal control signals always lead the actual 0° point of the analog output signals. Do
not assume that these signals are at the zero crossing points of the sine or FM signals.

12. Suggestions for Future Designs

During the development of this system a number of design simplifications became apparent. For
the most part, we chose not to incorporate these simplifications into the present system, since doing
50 would have delayed its completion. However, it will probably be cost-effective to incorporate
these into a future system if one is to be constructed.

12.1 30 Hz ROM and Accumuilators

In the 30 Hz channels a 14-bit value of the sine function .is computed, but only the 13 most-
significant bits are used. The size of the 30 Hz ROM can be cut in half, using only one bit per word.
t.xamination of a complete printout of all 9001 first differences reveals that the present precision of
8188 can be maintained with half the present memory by supplying a 1 or 0 from a flipflop. It changes
state from 1 to 0 at some point away from the zero crossing. The pattern shows only "1"s and "2"s in
the region of rapid change, and oniy "0"s and "1"s near the peak of the wave, where the slope is zero.
Thus, only one bit per word is sufficient, if the flipflop is added.

12.2 Reduced Sampling Rate

In the present system there are 36000 samples per 30 Hz cycle and about 108.3 samples per 9960 Hz
cycie. If these numbers can be reduced without degrading overall performance, then the size of ROM
can be reduced correspondingly. In the limit, the sampling theorem requires just two samples per 30
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sidnoar per seming) 9900 Hz cycie.? In principle, the:sampling rate could. be reduced by a factor

dioand w11l be tast enough for the 9960 Hz generator. However, if this were done, the low-
‘ Fitiers a1 the analog outputs would need to have much sharper cutoff, so much so that conven-
it analoy tilters would no longer be practical, The optimum tradeoff between number of samples
pre Lyele and filter complexity is not apparent, particularly in view of the need for low group-delay

distortion of the 9960 Hz FM signal. However, if adequately stable filters with accurately known
characteristics can be constructed, then the 9960 Hz FM signal can probably be predistorted to compen-
sate for amplitude and phase distortion introduced by the filter. Such an approach might permit a
major reduction in the sampling rate and a corresponding reduction in ROM size.

VOR PHASEMETER
13. Phasemeter Details

This section describes the hardware and software developed to allow measurements of the composite
audio signal generated by the NBS standard VOR generator discussed above. A general discussion of the
VOR system was given in sections 1 and 2. For a complete analytical description of the mathematical
model used for the VOR waveform, and for an analysis of the phasemeter measurement principle, see
Vecchia [5].

13.1 Phasemeter Design Principles

The phasemeter is very simple in comparison to the generator, It was assembled completely from
commercial off-the-shelf modules and instruments. By far the most complexity lies in the software
that runs it.

In the development of both the standard generator and the standard phasemeter, .the approach was
to avoid analog circuitry as much as possible. The design objective for the phasemeter was a bearing
angle uncertainty of not more than 0,01°, The design of filters and an FM demodulator capable of this
uncertainty did not appear feasible. Instead, a sampling approach was used. A block diagram of the
phasemeter is shown in figure 13-1.

Track—and-Hold
Amplifier

VOR Generator
(Audio Source)

Computer-—
Controller

Programmabie
Delay Generator

Figure 13-1., Simplified block diagram of the phasemeter.

2Note that a "band-pass" version of the sampling theorem indicates that the sampling rate need only
provide two samples per cycle for the bandwidth of the 9960 Hz signal., Since the -80 dB bandwidth of
this signal is about 1620 Hz, the sampling Timit is about 3240 Hz, as compared with the requirement
for roughly 20,000 samples/s based on the 9960 Hz carrier frequency itselif. However, it is not
apparent how to construct a highly accurate system based on the band-pass interpretation of sampling
and data reconstruction,
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The composite analog waveform from the VOR generator under test is applied to the analog-to-
#igital converter (ADC); which contains a track-and-hold amplifier at its input. A timing reference
+ignal, such as the 30 Hz reference DAC sign bit in the NBS generator, is obtained from the source
siider test. It provides an arbitrary point from which all sample delays are measured. Its phase
relative to the fundamental 30 Hz signal is unimportant, but it must be stable over the length of time
cegquired to take the data (about 6.5 min per sct). The controller programs the delay generator for an
initial delay of O and arms it to output one trigger pulse to the ADC upon the arrival of the next
fiming signal from the source. Upon receipt of the trigger from the delay generator, the track-and-
nold amplifier switches to the hold mode and the 16 bit analog-to-digital:conversion is completed.
thi controller reads the digital data from the ADC, causes the programmed'delay time to be incre-
senled, and re-arms the delay generator. This cycle is repeated until 1024 samples, equally spaced in
time, have been acquired. The effective spacing is, of codrse, 1/(30*%1024) s, or about 32.55 us. The
delay generator used has a time resolution of 10 ps, a jitter of 200 ps rms maximum, and an absolute
shcirrtainty of 21 ns t+ (time base uncertainty). These specifications are critical to Lhe applicalion;
a dQ]ay generator with +100 ns uncertainty or jitter is inadequate. Note that the peak jitter of 282
g5 corresponds only about 3 microdegrees at 30 Hz.

Following the acquisition of the amplitude samples, the data are processed by the same computer
thal controls the system. A fast Fourier transform (FFT) is used to compute the frequency-domain
zpeetrum of the composite signal. The fundamental is the 30 Hz variable-phase component. The phase
angle of the fundamental and the phases of all of the other harmonics are relative to the arbitrary
tirning reference. By appropriate manipulation of this phase information [6], the VOR bearing angle
#an be computed. This computation is discussed in more detajl in section 15.

i4. Hardware Details

The hardware componénts used to assemble the phasemeter are listed in table 14.1. At the time of
the original design, all items were available commercially. Since then, however, the manufacturer of
the 16-bit ADC used has discontinued it. Therefore, another unit must be selected if one wishes to
duplicate the system. Since replacements for the original unit are not available. we plan to replace
the ADC in the NBS system as well. Specifications of the units used are also given in table 14.1 to
assist in identifying suitable substitute components.

It is imortant to understand that the commercial equipment listed in table 14.1 is not neces-
sarily the only equipment suitable for this application; indeed, it may not even be the best suited.
Mention of specific items does not constitute an endorsement of the product by the National Bureau of
standards; NBS has made no attempt to evaluate all of the various possible choices. Such mention is
wade here only to facilitate the duplication of the phasemeter bx interested parties.

Finally, it should be noted that NBS, after examining VOR audio generators from four different
companies, has found none that are suitable for use as transfer standards, for various reasons. This
situation, unfortunately, reduces the incentive to build in-house standard phasemeters. The problems
seen in commercial VOR audio generators include excessive time jitter (short term) in the timing sig-
nal, inaccurate or unstable deviation of the 9960 Hz signal, and noise. Most generators are not crys-
tal controlled, and even those that are appear to provide insurmountable problems to the NBS phase-
meter approach. Consequently, the principal value of the NBS phasemeter lies in providing the assur-
ance that the NBS generator is, in fact, an accurate generator of the VOR composite waveform.
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Table 14.1.

Critical component specifications.

1. Analog-to-digital converter, inciuding track-and-hold amplifier

Resolution

Accuracy
Linearity
Offset
Gain
Noise

Stability
Gain
Noniinearity

Power supply sensitivity

Conversion time
Input range
Input impedance
Output coding

2. Time deiay generator

Mode
Range
Step size

Absoliute uncertainty

16 bits (as tested, 14 may be adequate)

1/2 LSB in laboratory environment _
Unimportant if stabie and less than 10 mV
Unimportant if stable over measurement time
Less than 1 LSB (153 yw for 16 bits)

+7 ppm/°C
+2 ppm/°C
10.002%/%

Unimportant if Tess than 10 ms (see note 1)
5V

1000 Mq (see note 2)

(see note 3)

Externally triggerable, single cycle
0 to 33.333333... ms

50 ps minimum

+1 ns + time base uncertainty

Jitter 200 ps rms maximum between ext. trigger and output
pulse
External trigger input Positive slope, threshold at about 2 V, TTL compatible
Output pulse TTL compatible, or as required by ADC
Time base: (see note 4)
Aging <5 x 10-10 per day
Short term <1 x 1072* for 1 s average
Temperature <7 x 1079 for 0° to 55°C
Line voltaye <1 x 10'10, + 10% of nominal

Note 1. The conversion time interacts with the track-and-hold droop specification to determine
the overall accuracy of the ADC. For this reason, it is desirable to obtain an integrated module that
is specified overall by the manufacturer.

Note 2. The input impedance is not critical unless the converter is to be capacitively coupled
to the VOR generator. The 1000 Mq specification appiies to the NBS unit used.

Note 3. The output coding is not important except to the extent that NBS-provided software is
used. It is designed to accept complemented 2s complement binary, because this code requires the
least conversion by the computer.

Note 4. These specifications apply to the unit used by NBS and represent what has been tested
and evaluated, not necessarily what is absclutely required.
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The computer used in the NBS system is the Hewlett-Packard 9845R, with 186 kbytes of user memory.
ine software requires ROM extensions for 1/0 operations, graphics (optional), IEEE-488 bus operations,
and & real-time clock -(optional, but recommended for documenting measurement runs). The software uses
s1atements in extended BASIC that are not available on the older 9845A. The software presumably will
fun on the 9845C.

1%, Software Details
5.1 General

The program listing in appendix A is the complete code for the phasemeter. It contains all of
the instrument drivers for acquiring the data, and the processing routines for computing the VOR bear-
ing angle. If more than one measurement at a given bearing is taken, it will compute statistics on
the set of measurements. It also contains some subroutines which are used primarily for diagnoétic
purposes, such as evaluating the quality of an unknown generator, or testing the accuracy of the
ghasemeter ADC,

A1l of the variables in this program are global. Subprograms are not used. Since variable names
and labels may have up to 15 characters in this extended BASIC, variable names can be made mnemonic to
4 high degree. Therefore, there was no attempt to partition the code into independent subprograms
with local variables.

In several places in the sample printouts to follow, the term "dtg" is used. This refers to a
date-time group, coded as a 10-digit number, that identifies when a particular event occurred. It is
a numerical representation of the date and time in the form YYMMDDHHMM; for example, “8210071430"
refers to October 7, 1982, at 2:30 p.m. The year information is input by the operator at the begin-
ning of each session; the remainder of the data come from the computer reai-time clock. This results
1 a unique number that identifies every measurment, software revision, and flexible disk. It is also
the means of tracing any printout output back to the original raw data, and provides the time dimen-
sion on the quality control charts.

The interactive initialization portion of the program will be discussed first, then data acquisi-
tion and storage, and finally data processing. A1l line number references are for code revision date
"8207140822." See 1ine 100, appendix A.

15.2 Initialization

This portion begins at line 2700. A1l arrays are dimensioned in Tines 2720 through 2840. Line
2860 is used only on certain occasions, as discussed in section 15.4.

The printer specifier, Printer, and the mass storage unit specifier, Disk$, are supplied by the
user. It is not necessary to store the data on the same disk as the program, but it is often a good
idea. This practice avoids confusion as to which code revision was used to process the data.

The program asks, in line 3120, what the nominal bearing angle is, Nom bearing. This information
i used only to compute deviations between the measured value and the nominal value; it is not used in
any other way.
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Next, the user tells the program whether old data is to be processed, or new data is to be taken.
This provision allows data to be taken at one time and then processed or reprocessed when convenient.
Unless the program is interrupted, all new data are processed in the run in which taken. Also, all
new data are automatically stored on disk for future reference.

If new data are to be taken, subroutine Check files checks the disk to see i~ wough
space for the number of measurements specified earlier by No _measmnts. If not tells the operator
and suggests alternatives.

This routine completes the initialization process.

15.3 Data Acquisition

If new data are to be taken, the loop beginning at line 3340 is executed. Three subroutines are
nested within it, and they have further routines nested within them,

"Setup 5359" initializes the time delay generator by sending command strings over the IEEE-488
interface to define the operating parameters needed, including the delay step size. This string is
fixed in this program because the fundamental frequency is always 30 Hz and 1024 samples are always
taken.

“Take data" begins at line 3940. It prints a date-time group from the real-time clock to iden-
tify the printout. It initializes the array, Integer__data, in which the ADC output will be stored.
Then it begins the loop that arms the generator, reads the ADC, tests for ADC overload, puts the
sample in the array, increments the delay, and re-arms the generator. The WAIT statements in this
loop are regquired to allow the delay generator to become "unbusy" after being incremented. In the

aggregate, these delays account for almost 2 min of the 6.5 min required to acquire 1024 samples.

“Store data," starting at 1ine 5020, is used next to put the data array on disk, along with cer-
tain pieces of housekeeping information, such as the date-time group. It names the file, after
examining the files already on the disk, and prints the data to the disk. The file name itself also
becomes a part of the file. A list of the housekeeping items that accompany every data file is given
in lines 1020 through 1400.

This portion of code completes the acquisition and storage of one measurement. This data acqui-
sition loop is repeated No_measmnts times. It is then processed by going to subroutine Retrieve data,
which is discussed under the next section.

15,4 Data Processing

Data processing begins with Retrieve data, line 5300. If old data is to be processed, the opera-
tor enters the number of the first file in the set and the number of measurements in the set. Various
items are checked by the program, and if the file is valid and unprocessed, the actual processing
begins at 1ine 6460, where the routine Fft driver is called. This routine puts the 1024 data points
into two arrays, R(*) and I(*), 512 points in each, alternating. Subroutine Fft is then called, and
the transform is computed in lines 10320 through 11680. Arrays R(*) and I{*) now contain the real and
imaginary parts of 512 spectral lines.
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Following the transform, the signs of the elements in R(*) and 1(*) are corrected from a table of
tessel functions, Jn(*). The phases of each line are computed and the proper quadrant assigned.

The phase angles progress uniformly from spectral line to line, the difference between the phases
sf adjacent lines depending on the bearing angle. At most settings, the phase difference exceeds
IV, and it is necessary to add or subtract multiples of 360° to order the lines correctly. This
processing is done in the section labelled Order lines, beginning at program line 8500.

The remainder of the Fft_driver routine, lines 9240 through 10300, does two linear regressions on
the ordered phase angles. The first regression covers only the lines -7 through +7, i.e., 9750
through 10170 Hz. Its purpose is to determine the slope of the phase versus line number piot in order
to best determine the value for the -8th and +8th lines. This regression done, a second regression
covers the entire range from the -18th through the #18th Vines.

Subroutine Estimation (line 11700) is called next. It is based on the analysis by Vecchia [5].
the subroutine uses the results of the preceding step to compute three phase angles, and from these
the VOR bearing angle is found. The three angles result from the generality of the waveform model and
atiow an arbitrary phase relationship between the timing reference signal used in data acquisition and
the fundamental. As part of the Estimation routine, an estimate is made of the standard deviation
that would be expected if the‘measurement were to be repeated a large number of times. This estimate
15 based on the assumption that noise in the data is random in nature. In fact, it is not, and con-
sequently the estimate of the standard deviation tends to be too high (conservative) by about a factor
of 3 to 10, This estimate is, nevertheless, a useful measure of the validity of the measurement and
can be used to flag a bad one. This flagging is done by the program automatically if the estimated
standard deviation exceeds a rather arbitrary threshold that was set to 0.005° after making a large
number of measurements on the NBS standard generator.

If there is more than one measurement in the set, routine Statistics (1ine 4320) is called. This
routine computes the variance, standard deviation, and mean of the set. It prints these results and
the difference between the mean and the nominal value. If there is only one measurement in the set,
only the result and the difference are printed.

15,5 Utility Subroutines and Programs

Two utility subroutines are contained in the program, but are only used for diagnostic purposes,
by calling from the keyboard. The first routine is "Meas_print" (line 13520). It prints in tabular
form the real and imaginary parts of the fundamental and 37 harmonics. It also prints the line
amplitudes, unordered phase angles in radians, and ordered phase angles in degrees. This routine is

useful for determining whether there was a misordering of the lines, due to noisy data, for example
(see fig, 15-1),

The second routine, Piot, plots the phase angles of the 314th through 350th lines as a function
of harmonic number, both before and after ordering. With experience, it can be used to determine

whether there was excessive time jitter in the unknown signal or in the timing reference (see
fig. 15-2).
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Figure 15-1. Sample diagnostic output of routine “"Meas print".



Ordered

DATRITIFS, & Code rewvision dtg
Rmnin= ~2. 74571838303
Dmin= -1567.542583148

Figure 15-2. Sample diagnostic output of routine "Plot".

Data taking began at §2:97:13:16:23:15
Code dtg: 8201811453, Disk dtg: 8204231351. Filename: VORI
Data Storep in file DATBZ7:F8,6, disk 82B4231351, at 82:87:13:116:129:41.

Data taking began at B2:87:13:118:29:42
Code dtg: 8201811453. Disk dtg:i: 8284231351, Filename: VYOK1
Data stored in file DATO2E:FE,0, disk 8284231351, at 82:087:13:18:36:08.

Data taking began at 82:07:113:16:36:89
Code dtg: 8201011453. Disk dvg: 8264231351, Filename: VORI
Data stored in file DRTBZ29:F8,8, disk 8284231351, at B2:67:13:16:42:35.

Data taking began at 82:87:13:16:42:36
Code dtg: 6261011453, Disk drg: 8284231351. Filename: VOR1
Data stored in file DATO30:F8,8, disk 8204231351, at 82:67:13:16:49:02,

Data taking began at 82:67:13:16:49:03
Code dtg: 8201811453, Disk dtg: 8204231351. Filename: VOR1
Data stored in file DRTB31:F8,6, disk 8204231351, at 82:087:13:16155:29.

Dita file Bearing angle Sigmasg Est., std. dev,
DATo2? 300.0001 1.671E-82 4.055E-62
DATB28 306.0812 1.679%E-B2 4,065E-03
DARTB29 300.0802 1.667E-02 4.865S1E-083
DATB308 300.0005 1.653E-8B2 4.034E-83
DATB31 360.96814 1.647E-82 4,.B26E-03

Code dtg: 8281811453, Disk dtg: B2084231351. Filename: VORI

Mean! .. iieseenacnsaseeses 389.888 €685 degrees
Nominal bearing........... 366.068
Variancel..ocieseenasasess 3.46BE-07
Standard deviationi..css.s S.882E-04 degreecs
Mean minus nominali....... .B6B@ 6835 degrees

Figure 15-3. Sample output resulting from five measurements at one phase angle.
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5.6 Sample Outputs

The printed output produced during a typical measurement run is shown in figure 15-3. The begin-
ning and ending times for each of a series of five measurements is printed as the data are taken. The
disk identification, code name and revision date, and data file name are also printed. All of these
items are stored on the disk with the raw data. After the last measurement in a series, eachidata
file is retrieved and processed, resulting in the lower part of the printout. Finally, if more than
one measurement was made in the set, the mean, standard deviation, etc., are prinped. Some of thé
processed data results are returned to the disk to allow quick abstracting of 1arge numbers of meas-
urements without reprocessing the data. The information in appendix B was obtained in this way.

If, in the initialization, it was specified that old data was to be processed, the program jumps
to Retrieve data. If new data acquisition has just been completed, the program jumps to the same sub-
routine.

EVALUATION OF THE STANDARDS
16. VOR Measurement Principle

The principal development of digital methods for decoding VOR waveforms derives from the physical
model for VOR beacons. To represent an ideal VUR signal mathematically requires two periodic func-
tions described by

v(t;8) = o cos[2nfit + 8; + 6]
and
s(t;8) = oy cos[2nfyt + 63 + g sin[2nfit + 6]],

where 6 is a vector of unknown phase angles.

The waveform generated by the sum of v(t;6) and s(t;8), with some parameters specified, may be
used to represent the ideal audiofrequency signal for the VOR navigation system. The specification
for the VOR signal generator demands that

o = ap = 21/2 (1 v rms)

f1 = 30 Hz
f, = 9960 Hz (so f,/f; = 332)
B =16

In the VOR context, v(t;®) is the 30 Hz variable phase signal, and s(t;8) is the frequency-modulated
9960 Hz subcarrier. The frequency modulating sinusoid in the argument of s(t;e) is the reference
phase signal.

The design of VOR beacons is such that, in the mathematical model of the signal, 8y provides the
necessary bearing information. The description in the following subsection, which outlines the prin-
ciple for decoding VOR signals, will therefore emphasize the estimation of 8y, although the nuisance
phase angles &, and 63 are estimated simultaneously by the phasemeter.
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In practice, either transmitted or synthesized waveforms will be accompanied by noise or measure-
ment error, This distortion is modeled by adding random errors or noise to the ideal signal. The
resulting noise éorrupted voltages, say Y(t), can be represented by

Y(t) = v(t;8) + s(t;0) + e(t).

ihe random error process is assumed to be white noise when sampled at the rate specified for the digi-
tal phasemeter.

16,1 Measurement of VOR Waveforms

The algorithm used to estimate the unknown phase ;ng]es 81, 8y, 83, relies on a Fourier transform
mirthod to process noisy samples from the generated waveform. This technique requires one complete 30
Hz cycle of the VOR waveform, digitized at 1024 evenly spaced points throughout the cycle. The number
ustamp]ed points is determined by the requirement that the upper frequency limit of the discrete
tourier transform (DFT) exceed the frequency of the significant FM sidebands of the 332nd harmonic of
30 Hz. Because the FFT algorithm is used, it is efficient to require 2M(m=10) amplitude samples.

The DFT of the noisy time samples was shown in NBS TN1021 [5] to have Fourier sine and cosine
coefficients, B, and A, (kth harmonic of 30 Hz), characterized by

ol/2 sin(8] + 65) , k=1
E[Bk] =
212 3 _335(16)sinleg + (k-332)6,], k=332-K,...,332,...,332+K
and
21/2 cos(8; + 85) s k=1
21/2 9, _335(16)cos[og + (k-332)0,], k=332-K,...,332,...,332+
var[B,] = Var[A] = o?/512,

where E[ <] is used to denote the average, or expected, value of repeated measurements of noise-
corrupted sets of 1024 time-samples, Var[-] denotes the expected variability of repeated measurements,
Jn(16) is a Bessel function of the first kind, and o is the RMS level of the measurement errors, e(t).
The value of K is chosen to assure that only the most powerful sidebands of the 332nd harmonic are
used to estimate 61 Figure 16-1 shows an amplitude spectrum obtained from an ideal VOR waveform.
Apart from the 30 Hz component (k=1, outside the range of the graph), only about 36 harmonics centered
on k=332 have sufficiently high signal/noise ratio to be used in the measurement algorithm.

Inspection of the Fourier coefficients reveals that the essential bearing angle information con-
tent of the DFT is likely to be contained in the phase spectrum of amplitude samples, Q*
= Arctan(Bk/Ak) for admissible k. Having transformed the DFT coefficients to this form, it was shuown
in reference 5 that the expected value and variance of Q> (for admissible k) are
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Figure 16-1. 9960 Hz subcarrier spectrum, showing relative sideband amplitudes.

The abscissa is the harmonic number relative to 30 Hz.

(e1 + 82) mod2 , k=1
ELQ, *] ={
[83 + (k-332)62]m0d2n, k#1
and
Var[Q*] = r~2¢2/512,
where

(-332(16)5 [k-332] < K.
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1he equations for E[QK*] are essentially linear in o;, 8, and 63, except for the restriction to the
range [0, 2w). However, in reference 5 a procedure was outlined for adjusting the Q* by defining

Q = Q* + v 2m,

where the yk's are integers which reorder the Qi * to be consistent with the physical model. The yk's
are easily obtained for the‘signa]/noise ratios rendered by the NBS signal synthesizer in its current
design.

When the Q, have been determined, all phase angles are estimated by a standard linear least
squares technique. The algorithm also provides an estimate of the RMS noise Tevel and obtains esti-
mated standard errors of the measured phase angles from a single sample of the 30 Hz cycle.

The complete model and measurement equations are discussed in reference 5. In this discussion of
the measurement technique, only the algebraic expression of the measured VOR bearing angle is
réported. The estimator of e, and its estimated variance are

K
_ L2
6 = O - G L 19;7(16)00335, - Q43541
and
2,2\ . ~2
s2(8,) = [(1 + €, )/102415%,
where

K
¢, = [2 21 12J12(16)]'1.

1

Here ; denotes an estimate of the RMS noise level, but will not be further specified because the char-
acterization of the VOR measurement process and establishment of statistical stability only relies on
statistical models for repeated measurements of 6;. The single sample estimated standard error of &
is, however, a useful diagnostic tool because it is sensitive to the effects of isolated erroneous
time-samples and other transient influences.

16.2 Verification of Mathematical Model by Simulation

Empirical verification of the measurement method was achieved by computer simulation on a
CbC170/750. To more closely approximate an actual system, the simulated waveforms were corrupted by
additive Gaussian white noise. Results of the investigation indicated that measurement of VOR bearing
from the phase spectrum was viable for RMS noise levels which are characteristic of the VOR signal
generator,

Sample printouts of simulated VOR measurements are shown in tables 16.1 A-L. The parameters
listed at the top of each table can be selected to generate VOR waveforms for any configuration within
the following specifications:
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HIMEBE R OF OBSERVATIONS Number of time-samples (<1024)

STARDARD DEVIATTON Standard deviation, o, of additive Gaussian white noise (o > 0);

HHIMEL R OF RUNS Number of simulated waveforms desired (1 < n < 20);

NUMBLR OF FREQUENCIES Total number of spectral lines for measurement (= 2 + 2K; K is number of
sidebands of 332nd harmonic to be used);

DEGREE MODE Degrees or radians;

TIME JITTER If ON will randomly perturb ideal voltage Vi to Viy,, where u is selected
from a uniform distribution between -1 ns and 1 ns;

VAR PHASE AMPLIT Selected value, aj, can be randomly perturbed

or SUBCARRIER AMPLIT to o + ujs where uj is uniformly distributed from -1 to 1 V;

FREQUENCY (VAR PH) ldeal specification (30 Hz) can be randomly perturbed from 29 to 31 Hz;

FREQUENCY (SUBCAR) 332 (perturbed variable phase frequency);

MODULATION INDEX Ideal index (16) can be randomly perturbed from 15 to 17; and

THETAl, THETAZ, Phase angles of noise-free waveform.

THETA3

For the simulations shown in the tables, these parameters were assigned the values listed. The
quantity of interest, namely THETAl, was chosen in 30° increments from 0° to 330°. 1In each case a
sample of 1024 amplitude points was computed with each point perturbed by a random amount to simulate
measurement noise. These data were then transformed to the frequency domain using a complex fast-
Fourier transform. The transform gives both the amplitude and phase of the spectral lines in the fre-
quency domain, The bearing angle was then estimated from the transformed data by a least-squares fit-
ting technique to give one estimate of THETALl in the output table. This process was repeated 10
times.

The first column in the table is simply the run number. For each run the sequence of random
amplitude errors is completely independent of errors in the other runs.

The second column in the table gives the resulting estimate of the bearing angle, THETAl. As can
be seen in the tables, the estimated bearing agrees closely with the selected value, even with a
realistic level of measurement noise. The third column is the estimated standard deviation of the
bearing angle estimate in column 2, based on the results of the least-squares fitting procedure.

At the bottom of the printout is the sample mean and sample standard deviation of the 10 esti-
mated bearing angles. A measure of the adequacy of the measurement principle is how well the standard

deviation of the 10 estimates agrees with the estimated standard deviations from the individual runs.
Again, the agreement is very good.

The FORTRAN computer program which produced the tables in this section is available from the
authors.,
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Table 16.1-A. Simulation estimates at 0°.

NUMBER ONSERVATIONS 1024 THETAl = 0,00000 ( 0.00 DEGREES )
STANDAPD OEVIATION «00040 THETAZ o 1.57202 ( 90.07 DEGREES )
THETA3 » 1.98479 (113.72 DEGREES )

NUMBRER FPEQUENCIES

.
L ]

NUMBER OF RUNS - 10
a
DEGREE MODE L
[

38
DEGREF

TIME JITTER OFF
VAR PHASE AWPLIT . 1.00
SUBCARRIEP AMPLIT . 1.00
FREQUENCY (VAR PH) o 30.00
FREQUENCY (SUBCAR) = $960.00
MODULATION INDEX - 16.00
RUN BEARING ANGLE EST ESTINATED STD DEV
1 359.99954938570%60 +00119405563495
2 3%59,69657171381720 «00102158015765
3 +00014775991736 +00111276992072
& »00103240123791 «000959A7655964
3 359,99995692313246 +00091890087674
[ 359,996510%4%69262 «00082092496755
7 359.99866019857836 +00085147429091
8 359.999671%2672341 +00072194591567
9 «00240701008466 + 0007422382087
10 350,99998309537114 «00114704596514
PEAN = +000040894722534
STD DEV » «00102160353%12

Table 16.1-B.

Simulation estimates at 30°.

NUMAE® DASEPVATIONS = 1024 THETAL = «52360 ( 3C.00 DEGREES )
STANDARD DEVIATION = 00040 THETAZ = 157202 ( 90.07 DFGREES )
NUMBER OF RUNS . 10 THETA3 » 1.98479 (113,72 DEGPEES )
NUMRER FREQUENCIES = 38
DEGREE MODE = DEGREE
TINE JITTER » OFF
VAR PHASE AMPLIY . 1.00
SUBCARRIER AMPLIT . 1.00
FREQUENCY {VAR PH) = 30.00
FREOUENCY (SUBCAR) = 9960.00
MODULATION INDEX - 16,00
PUN BEARING ANGLE EST ESTIMATED STD DEV
1 29.99993063823040 +00103392079157
2 30.0012602753%339 +00098759467158
3 29,99061027460952 +00086005085625
4 30.,00059817592546 «00115525779303
L 20.90000380065323 +00103392%34103
6 30,000460159382178 «00081133052202
7 29.59R83745069794 «0009%264092415
L4 29.99850603616278 «00078911343657
9 30.00014611360965 «920111572528%80
10 29.99922478110885¢ «00105429131367
REAN = 29.99976261583197
STD DEV = «00093653645245
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Tabie 16,1-C. Simulation estimates at 60°,

®MBER FOVATIONS = 31026 THETAL = 1.06720 ( 60.00 DEGPEES )
:gasgngegevunon s 00040 THETRZ e 1.57202 ( 9C,07 DEGPEES )
NURER OF RUNS s ic THETL3 e 1.986479 (113,72 DEGREES )
MUMBER FREQUENCIES = 36
BEGREE MODE ® DEGREE
TIME JITTER e OFF
VAR PHASE A9PLIY e 500
SUBCARRIER AMPLIY ° 1.00
FREQUENCY (VAR PK) = 30.00
FREQUENCY (SUBCART o $660,00
ROOULATINN INDEX e 16.00

PUN BEARING ANGLE EST ESTIMATED SYD GEV

1 60.00073015787370 +00093794514°40

2 60.00079587750042 +00099936623493

3 ©0.00185128541852 »00110351002312

4 50,001693943120098 «0008981532785¢

] ©6.00027527279761 «00056892067312

& $9,96925118575334 «00106708208%2%17

? 59,69947757181963 +00092389805368

e 89.996180950862313 «C0116465571666

9 89,99862184537410 «000946290875304

1e 59.99509777563044 « Q0099485735742
WEAN & 60,00009758741135
STD DEV = «00108077929295

Table 16.1-D. Simuiation estimates at 90°.

NUMBER DRSERVATINNS = 102¢ THETA] = 1.,57080 ( 90,00 DEGREES )
STANDARD DEVIATION = <00040 THETAZ e 1.,57202 ( 90.07 DEGPEES )
NUMBER DF RUNS < i0 THETAZ = 1.98479 (113.72 DEGREES )
NUMBER FREQUENCIES = 28
CEGREE “OOE = CEGREE
TINE JITTER P NEF
VAR PHASE AMBLIT © 1.00
SUBCARRIER AMPLIT e 1.00
FREQUENCY (VAR PH} = 30.00
FREQUENCY (SUBCAR) e 9%80,00
®ODULATION INDEX = 16,00

RUN REARING AWGLE ESY ESTIMATED STO DEVY

b3 895099940 T00223TTR c00090Ger0OBEYT

4 59,8%€7573300238¢E «00125923500240

2 $6.0001489666521¢ <80li2e8502%322

& $6.0001676825845]1 o 00064625622865

] §6.000066670338732 +00103426753230C

& $0.000385216067336 «000T62262606797

7 96.000225€1929334 00092631936907

8 8Q:.99932038474435 ¢000944645946400

& €€ SCQZTTTO618092¢ 2001018460209367

1c B8, 99815980212598 «0010263°012314
WRERN © £R.590662713640160
$TD DEY = c000T36736602¢6%
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Table 16.1-E. Simulation estimates at 120°,

MUMBER MASFEEVATIONS o 1024 THETAL »  2.06440 (12C.00 DEGREES )
STANDARD DEVIATION o «0004&N THETAZ = 1.%7202 ( 90,07 DEGREES )
NUMRER 0F RUNS . 10 THETA2 »  1.98479 (113,72 DEGPEES )
NUMBER FREQUENCIES = 3
DEGREE ™NDE . DEGREE
TIME JITTER . DFF
VAR PHASE AMPLIT - 1.60
SUBCARRIER AWPLIT = 1,00
FREQUENCY (VAR PH} = 30,00
FREQUENCY (SUBCAR) =  9960,00
MODULATION INDEX - 16.00

RUN BEARING ANGLE ESY ESTIMATED STD DEV
1 120,00054718526007 «00118097086621
2 119.99945213320871 «00098260543182
3 119.99891455444640 +000819379120846
4 119.99937085692000 +00104965932930
s 120,00034847214783 +00102207317101
6 120,00005295926394 +00099709829517
7 120.00058927491500 «00088536718816
s 120.00186667731230 «0010129358149%
9 119,99931464T39620 «00103729085637
10 120.00074916096264 +001095199562580
WEAN = 120,00012061218104

STO DEV » «00082291018223

Table 16,1-F. Simulation estimates at 15Q°.

NUMRER DBSERVATIONS o 1024 THETAL » 2,61799 (150,00 DECREES )
STANDAPD NEVIATION .= « 00040 THETA2 = 1.57202 ¢ 90.07 DEGREES )
NUMBER QIF PUNS - 10 THETAS = 1.98479 (113,72 DEGREES )
NUMBER FPEQUENCIES .= 38

DEGREE MCODE - DEGPFE

TIME JITTER . OFF

VAP PHASE ANPLIT . 1.00

SUBCARRTER AMPLITY - 1.00

FREQUENCY (VAR PH) = 30.00

FREQUENCY (SUBCAR) .= 9980.00

HMODULATION INDEY - 16.00

RUN BEARING ANGLE EST ESTIMATED STD DEV
1 14Q,998%0566462463 «00095428876970
2 150,00099968252071 +00097999567523
3 150,00076119306274 «00115209776610
4 149,99864640391570 «00079427326609
9 150,000206%6795914 +00092282309712
[ ] 149,699775087202931 +00103220807877
7 150,0000604540100% +00082965363678
[ 150,00087869339040 «00093382162858
9 150,000¢6679985503 «00093216492993
10 150,C0C06501906100 +00087220001414
MEAN = 150.00005665324261

STD DEV » +000877%1304861
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Table 16.1-G. Simulation estimates at 180°,

NUNBER ORSERVATIONS e 1024 THETAl @  3.141%9 (180,00 DEGREES )
STANDARD DEVIATION = +00040 THETAZ o  1,57202 ( 90,07 DEGREES )
NUWBRER - NE- RUNS - 10 THETAZ »  1,908470 (113,72 DEGREES )
NUMAER FREOUENCIES = 38
OEGPEE ™ODE . OEGREE
TINE JITTER - OFF
VAR PHASE AWPLITY L] 1.00
SUSCARRIER ANPLIT . 1.00
FREQUENCY (VAR PH) .= 30.00
FREOUENCY (SURCAR) = 9960.00
NODULATION INDEX . 16,00

RUN BEARING ANGLE EST ESTIRATED STD OEV
1 180.00027022580%21 +00090812172879%
2 179.99942448095126 +C0106176902454
3 179.699712%7408286 «+00095223325261
[ 179.99826308%5604003 «0009%3694357308
2 180.0005193981¢6110 »00104133320262
) 179.,99841136136729 +0011€457977919
7 180.00087626080131 +0011663464027%
[ 178,99974042443228 «00102227844207
9 100.00138923771374 «001260900038%59
1¢ 100.,00041¢47540093 «000936085639427
WEAN @ 178.99990245093978

STD DEV o +00100765321683

Table 16.1-H. Simulation estimates at 210°.

NUMRER DBSFRVATIONS » 1024 THETAL = 3,66919 (210.00 DEGPEES )
STANDARD DEVIATION » +0C040 THETA2 = 1.57202 ( 90.07 NEGPEES )
NUMBER OF RUNS L] 10 THETAY » 1.90679 (113,72 DEGREES )
NUNBER FREOQUENCIES = 38
ODEGREE MONE L] DEGPEE
TINE JITTER L] OFF
VAR PHASE AMPLIT L 1.00
SUBCARRIER AMPLIT . 1.00
.FREQUENCY (VAR PH) = 30.00
FREQUENCY (SUBCAR) = 9960.0C
MODULATINN INDEX - 16.00

WN BEARING ANGLE EST ESTINATED STD DEV

1 208,999680100080400 ¢00117232077509

4 210.00169319902129% «00103879407391

3 210.00138509405712 «00104332572792

[ 210.00075030373227 0008543335785

9 200,996977936434152 +0010539742327¢

13 210.000708309208414 «0009080924408780

7 210.001535369082704 «00081662641280

8 210.000611074813818 0010723744602

9 209,99768190450333 «001021728740822

10 210.0023130686%45470 +001070616584471
MEAN = 210.,00061447759991
STD DEV o +00131909054533
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fable 16.1-1. Simulation estimates at 240°.

NURREP NASERVATIONS o 1024 THETAL = 4,180790 (240,00 DEGREES }
STANDARD OFVIATION .o «00040 THETA2 »  1.57202 ¢ 90,07 DEGREES )
NUNBER OF PUNS - 10 . THETAS »  1,90479 (113,72 OEGREES )
NUNBER FOEQUENCIES o 38
OEGREE MODE . DEGREE
TINE JITTER L] OFF
VAR PHASE ANPLIT - 1.00
SURCARRIER ARPLIT o 1.00
FREQUENCY (VAR PH) o 30.00
FREQUENCY (SUBCAR) »  9960,970
MODULATION INDEX L] 16.00

PUN BEARING ANGLE EST ESTIMATED STD DEV
1 260.C012%033%30%49 «00126233319957
2 23%.,99879072895%50%3 «00104321218628
3 239.99910%1468150% +00103016997908
L] Z60.00115432092744 «000B8504295284
3 239,99650096130096 «00080582340817
[} 240.00046541727534 «001010659756%4
7 240.00070129316737 +00088373470620
] 240.00163068013007 +001034928292%7
9 240.C00069038221500 «0009149%5%0220

10 240,00067465640772 «00126760767647
MEAN = 240.00039719607230
«00099194314551

STOD DEV »

Table 16.1-d. Simulation estimates at 270°.

NUMBE® ORSERVATIONS »

1024 THETAl = 4,71239 (270,00 DEGREES )
STANNARD DEVIATION .» +00040 THETA2 » 1,57202 ( 90,07 DEGREES )
NUMBER OF RUNS .. 10 THETAI = 1.98479 (113.72 DEGREES )
NUMBER FREQUENCIES .= 38
DEGREE MODE - NEGRFE
TIRE JITTER . OFF
VAR PHASE AmsLIT . 1.00
SURCARRIER AMPLIT o 1.00
FREQUENCY (VAR PH) .= 30.00
FREQUENCY (SURCAR) .= 9980,00
RODULATION INDEX L 16,00

"uN BEARING ANGLE EST ESTIMATED STD DEV
1 270.00040220420851) +00009002261064
[4 270.0014006064739]1 +00116341132440
3 270.00021550506098 «0000698R0146543
4 269,99919308230348 «00093418%51952
3 209.99922210108813%9 «00097700020599
[ 208,99942784248721 +001226913462416
7 269,99919627938471 +00110982139069
8 268.,99914036323207 «00116160434829
9 270.,00091763502597 200113022454941

10 270.€012229104%991 «00102533759784
REAN » 260.99999389913361
STOD DEV = «00087568711709
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Table 16.,1-K. Simulation estimates at 300°.

NUMRER ORSERVATIONS = 1024 THETSY1 =  9,23999 (300.00 DEGPEES )
STANDARD OEVIATION = «00040 THETA2 »  1,37202 ¢ 90,07 DEGREES )
MUMBER OF RUNS L] 10 THETAI »  1,90479 (113,72 DEGREES }
MUMBER FREQUENCIES = kL]
DEGREE WODE ° DEGREE
TINE JITTER » DFF
VAR PHASE AwSLIT L4 1.00
SUBCARRIER AMPLIY . 1.00
FREQUENCY (VAR PH) = 30,00
FREQUENCY (SUBCAR) o 9960.00
MODULATION INOEY - 16,00

RUN SEARING ANGLE EST ESTINATED STO OEV
1 300.00014773029711 +00088957571036
2 299.99967060906499 000103344149%501
3 300.C0034197363606 «0010%985522%3081
4 300.00056048763299 «00092941304460
] 300.001591045%0039 +00108870233986
(] 299.99986858555349 «00131751561541
7 299,5995519851 2007 «+000087143692331
e 299.99997751047609 «00079582181163
9 299,9980%089424685%6 «00106626070899
10 300,0005130048009% «000796231320%0
NEAN = . 300.,00007019430832

STD DEV = 0 00093735437691

Table 16.1-L. Simulation estimates at 330°.

NUNSER OBSERVATIONS = 1024 THETAL =«  5,7%9%9 (330,00 DEGREES )
STANDARD DEVIATION = +00040 TMETAZ2 »  1,57202 ( 90,07 DEGPEES )
NUNBER 1= RUNS L 10 THETAZ &  1,90679 (113,72 DEGREES )
NUFBER FREQUENCIES =+ 3n
DEGREE WODE . OEGREE
TINE JITTER L] OFF
VAR PMASE AMPLIY s 1.00
SUSCARRIER amPLELT - 1.00
FREQUENCY (VAR PH) » 30,00
FREQUENCY (SUBCAR) e Q980,00
YODULATION INOEX - 16.00

L] BEARING ANGLE EST ESTIMATED STD OEV

1 330,00047935694678¢ «0010041247692¢

2 330.00007763688154 «00090383797783

3 329.99897412370%96 »00111489701 840

4 330.00089077940538 «00109332938432

9 320.00113187938587 «00112791309932

[ 329.99993492922299 +00122478585201

? 329.99978593170513 +001101727%6242

L] 326.99690903328034 «00107053613408786

9 330.0016689904282) +00104388027648

10 329,9998807396971 «00100339%66269
REAN = 330,00027329607056
STD DEV = «00077089232886
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7. System Performance and Provisional Uncertainty

The general design goal of the VOR measurement system was to achieve an overall uncertainty of
10.01°. The objective of tests described in this section is to establish a statistical model which
can be used to estimate the measurement process parameters and to demonstrate provisionally that the
uncertainty of the measurements is suitably small relative to the allowable error limit. Process
parameters are quantities which characterize the behavior wjth regard to both the long-term average of
the process and the inherent variability or imprec{sioh of:the"process.

The complete system consists of:
{a) a standard VOR audio generator, which is used to calibrate unknown phasemeters;
(b) a standard VOR phasemeter for the calibration of unknown generators;
{¢) a desktop computer which controls the system.

At the beginning of the standards development effort, it was decided that it would be necessary
to .design both the standard generator and standard phasemeter, since otherwise there would be no inde-
pendent way of checking either one. Thus the two instruments, which work on different principles, are
used as independent .checks of cach other. Because of the complementary nature of the two services,
the procedure to assure that both instruments are performing as desired is to demonstrate that they
agree without adjustment to either one. Other objective means for evaluating the performance of each
instrument independently were described in section 4.

17.1 Systematic Errors

To determine the uncertainty of a measurement process one must quantify both systematic and ran-
dom errors. Possible systematic errors related to both of the standard instruments were considered in
section 8.4. For each potential source of offset, either an experiment or analytic derivation was
described to show that the upper 1imit of systematic error was negligible relative to the overall
uncertainty goal. Therefore, in the following sections we focus on techniques-that are helpful to
establish and monitor random errors, which are the dominant components of the total error budget.

17.2 Statistical Model for Bearing Measurements

The essential characteristic needed to establish control of the VOR measurement process is pre-
dictability, i.e., the variability remains at the same level and the process average is not drifting
or shifting abruptly from its established values. The evidence of predictability must come from
redundant measurement of process parameters over a full range of operating conditions. Requirements
for obtaining realistic error bounds and establishing statistical control will be satisfied if the
collection of measurements is from a sufficiently broad set of environmental and operating conditions
to allow all potential sources of random error to influence the measurement process.

In this section we focus on a statistical model which facilitates estimation of components of the
total process variability and allows the implementation of statistical control procedures for the pro-
cess parameters. The model is sufficiently general to distinguish among three kinds of random varia-
bility that may contribute to the total process variability:



(a) short-term variability of sequential measurements on a single day;
(b) long-term variability (days, months, years);
(c) differential levels of long-term variability depending on nominal bearing (switch) settings.

In addition to these components of total process variability, potential offsets between the sig-
nal generator and phasemeter, which may depend on bearing angle, can be estimated. These offsets
between the two instruments will be used to obtain a heuristic limit on possible systematic errors for
the VOR system. In the section 17.3 we describe data which were collected to shed light .on.the indi-
vidual contributions to the total uncertainty of the process.

The statistical analysis for quantifying short-term and long-term variability in VOR bearing
measurements is based on the assumption ‘that N repeat measurements at the I nominal bearings on each
of J occasions can be described by the model:

y'le = u + 4] + TJ + D'IJ + eijk’ 'i'_'l,...,I; j=1,..-,\J;‘ k=1,...,M

where

Yijk is the observed deviation, or offset, of a single measurement from tne i, switch setting,
ie., y= (51 - nominal bearing);

wtoy is an unknown, but stable, average offset of measurements at the ith switch setting, i.e.,
uto; is a parameter to be estimated and is ideally zero for any i,

Tj is a (possible) random shift in all measurements taken on the jth occasion; the Tj's are
assumed to follow a Gaussian probability distribution with mean zero and variance oTz;

Dij is a (possible) random shift on the jth'occasion which is unique at the ith switch setting;

the Dij‘s are assumed to have a Gaussian distribution with mean zero and variance cDZ;

ijk is the short-term random error of measurement in the kth repeat measurement at switch setting
i on occasion j; the eijk‘s are assumed to have a
Gaussian distribution with mean zero and variance o2.

The statistical analysis of bearing angle measurements quantifies the individual contributions to
the VOR process variability by estimating the various unknown parameters in the model. To be speci-
fic, measurements which satisfy the model have the following properties:

E[y'i,jk] =pt ooy
Var[y1Jk] = 0T2 + UDZ + UZ
i
EL(I/M) ) yyl=u+toa
ke1 "1k

M
Var[(1/M) kX yijk] = gTZ + °D2 + o2/M
=1

J M
EL(1/oM) VY oy 1=+
jzl oy Tk %
J M
var[(1/aM) § ) Yijk] = (o2 + qp2)/ + 02/ M,

j=1 k=1
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‘where E[ <] denotes the average value and Var[.] denotes variability. Statistical analysis of the VOR
bearing angle measurements provides estimates of the process parameters as follows:

S J M
Limiting Offset at Bearing i: w + o; = (1/JM) _11 k),‘l Yijk
J: =

Standard Error of (; + ;1): [(;T2 + 802)/J + c’;Z/M]l/2
Short-Terin Standard Deviation (Single Measurement): 3
Short-Term Standard Deviation (Mean of M Measurements at Bearing i): (GZ/M)l/2

Total Standard Deviation (Single Measurement): (;TZ + ;DQ + ;2)1/2

Total Standard Deviation (Mean of M Measurements at Bearing i): (cT2 + °D2 + UZ/M)I/Z.
For each measurement Yijk» @ residual ’Sijk is computed from GTJK = yijk - {p + rx_i). These

residuals are standardized by computing tijk = aij/S(dijk), where S(Gijk) is an estimate of the
standard deviation of the residual. The residuals from the VOR measurement data are routinely checked
to assure the validity of estimated parameters and to assess-whether the process 1s in control. in
particular, the residuals are used to identify and, if appropriate, to reject individual outliers in
the data set. The outlier rejection criterion could conceivably flag an entire day's measurements
that are out-of-control. See reference 5 for a discussion of outlier detection techniques.
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Figure 17-1A. Bearing angle offsets at 0 degrees.

51



6 +
0
g 4
—
o :
Q
S 2
= §: $:: + + ¥
= ofp ¥ + * 3 £
- T % .
(&) i # *
M 5L
| !
-
g -4
) !
_6_
[ NN NSV SR WU R RN SHN NN N U UUN RSN SRS SN U S SR N S SR S
1 8 15 22 20 5 12 19 286 3 10 17 24 31 7 14 21 286 5 12 19 26 2 9
MAR APR MAY JUN JUL AUG
1982
Figure 17-1B. Bearing angle offsets at 30 degrees.
6_
7]
& 4l
—
af
)
T af
e
=
IR EETI
) ST
© 5L
! B
e -4
2 !
_6_
| IO S SN SRR N N GSN SN SUNS N W G U S S SN SN G R SR S h— |
i B 15 2 29 5 12 19 26 3 10 17 26 31 7 14 21 28 5 12 19 26 2 9
MAR APR MAY JUN JUL AUG
1982

Figure 17-1C. Bearing angle offsets at 60 degrees.
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(Bt — 210), Millidegrees
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Table 17.1. Measurement occasions.

Measured bearing Total
Date (1982) angles (degrees) No. of measurements

March 4 & 5 0, 30, 60, ..., 360 70
March 9 0, 30, 60, ..., 360 65
March 12 0, 30, 60, ..., 360 75
March 22 0, 30, 60, ..., 360 65
April 29 0, 30, 120, 180, 240, 300 30
June 8 0, 30, 120, 180, 240, 300 30
July 6 0, 30, 120, 180, 240, 300 30
July 7 0, 30, 120, 180, 240, 300 30
July 13 0, 30, 120, 180, 240, 300 30
July 30 0, 30, 120, 180, 240, 300 30

17.3 Observed Data and Plots

An ac power line conditioner was added to the VOR system in February 1982. It handles the entire
system: generator, phasemeter, and computer. During the subsequent period of operation, data were
collected on 10 separate measurement occasions to assess the stability of the system, to estimate pos-
sible offsets, and to validate the statistical model for the process. Table 17.1 lists the dates of
these measurement occasions and notes the bearing angles which were measured in each case. At each
bearing at least M=5 measurements were taken in succession, with each measurement requiring about 6.5
minutes to obtain,

To illustrate both the offsets of the process from the nominal bearings and the short- or long-
term variability of the measurements, plots of the data are shown in figures 17-1 A through 17-1 M,
The value plotted on the vertical axis is an observed measurement minus the nominal bearing angle in
degrees. Offsets of each bearing are plotted on a scale from -0.01° to 0.01°.

In figures 17-1 £ (120°), 17-1 I (240°), and 17-1 K (300°), repeat measurements on July 13 and/or
July 31 exhibited a higher short-term variability than the previous history of the process would sug-
gest, However, these unexpected cases are believed to have been caused by intermittent thunderstorm
activity on these days. For this reason, some of the measurements were discarded in the statistical
analysis by the outlier detection procedure discussed below. A complete listing of the 455 measure-
ments. and other quantities which are computed by the VOR system. is given in appendix B.

58



17.4 Statistical Analysis

Because of the complexity of the analysis, the data were transmitted to a CDC 170/750 computer
where parameter estimates were computed using the BMDP statistical software package [7]. In this sec-
tion we discuss a method for detecting isolated outliers, or uncharacteristic measurements, and obtain
estimates of the parameters in the statistical model for the VOR system. The statistical model has
been found to describe thé VOR measurement process adequately during its limited time of operation.

17.4.1 Detection of Qutiliers

Two types of individual outliers were identified in the set of 455 measurements. The first type
is flagged by excessively large values (greater than 0.005) of the single time-sample standard error
of a bearing measurement. See section 16.1 for a discussion of this quantity. At present, the com-
puted standard error is not a reliable measure of the actual short-term random error in bearing meas-
urements, but this is thought to be a consequence of deficiencies in the phasemeter ADC, which fails
to meet the manufacturer's specifications for linearity by about a factor of 30. Nevertheless, the
bearing standard error is a useful indicator of isolated line effects during individual measurement
periods,

Outliers of the second type were identified by excessively large values of the standardized
residuals when the statistical model was fitted to the data. Standardized residuals were denoted in
section 17.3 by

Eigk = 853k/5(85)-
The statistical software which was used automatically computes and prints the tijkls for the model
described in section 17.2.

A measurement Yijk is rejected if tijk >3.00r ift
motivated by the observation that tijk' though its exact distribution is not known, is similar to a
Students-t statistic. The critical value 3.0 corresponds to the 0.995 probability ievel for the Stu-
dents-t distribution with 35 degrees of freedom. This test is recommended in reference 4 as a good
general approach even though probability levels cannot be computed exactly.

ijk < -3.0. This rejection criterion is

The second rejection criterion was applied to the data set three times iteratively to assure that
extreme outliers could not mask the effects of less obvious outliers. Together, the two outlier
rejection criteria work well for the VOR data in that they reject those measurements which appear to
be unrepresentative of the process either because of isolated errors in the amplitude time-samples or

because of transient effects during short measurement periods (for example, thunderstorm effects).

In the future, NBS does not plan to conduct calibrations on occasions when the frequent occur-
rence of uncharacteristic measurements could perturb the results. Aside from such identifiable tran-
sient effects, it is also reasonable to reject isolated wild measurements before estimating uncertain-
ties because these effects do not substantially influence the measurement of analog phasemeters which,
by design, report average phase over many cycles of the generator.
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17.4.2 Parameter Estimates and Tests

Estimates of the unknown parameters were obtained by a statistical maximum likelihood algorithm
described in documentation of the analysis of -variance program BMDP3V [7]. An example Tisting of the
computer output corresponding to the statistical amalysis and parameter estimates discussed below is
given in appendix D,

Table 17.2. Sample offsets and standard deviations,

After Pass 1 After Pass 3 (final)
Nominal Average Average
bearing Count offset St. dev. Count offset St. dev,
0 49 -0.00125 0.00059 49 0.00125 0.00059
30 48 0.00049 0.00071 47 0.00053 0.00067
60 18 -0.00074 0.00042 18 -0.00074 0.00042
90 20 -0,00032 0.00027 20 0.00032 0.00027
120 48 -0.00227 0.00108 44 -0.00215 0.00086
150 23 0.00074 0.00045 23 0.00074 0.00045
180 56 -0.00195 0.00042 56 -0.00195 0.00042
210 20 -0.00162 0.00041 20 -0.00162 0.00041
240 48 0.00008 0.00106 44 -0.00012 0.00065
270 18 -0.00092 0.00049 18 -0.00092 0.00049
300 50 0.00041 0.00089 46 0.00029 0.00053
330 20 -0.00077 0.00032 20 -0.00077 0.00032
360 20 -0.00061 0.00027 20 -0.00061 0.00027
Total 433 425

Of the total set of 455 measurements taken at 13 distinct bearing angles, 30 measurements (6.5
percent) were rejected as outliers by the two rejection criteria. Table 17.2 1ists the observed aver-
age offset at each bearing angle and the corresponding sample standard deviation after first and third
{(final) ileralive application of the second rejection criterion. Recall that a total of three passes

were made in the analysis to flag outliers.

The standard deviations 1isted 1n table 17.2 were computed using only Lhe date for a particular
bearing and, therefore, neither partition the variability into short-term and long-term contributions,
nor do they reflect the fact that all bearings are incorporated simultaneously in the statistical
model. Table 17.2 has been included to illustrate in a simple fashion the magnitudes of the offsets,
their overall variability, and the effects of the outlier detection procedure on descriptive statis-

tics.

The statistical analysis for the model described in section 17.2 was used to estimate the offsets
at each bearing, and to partition the total variability into components for both short- and long-term
variations (see section 17.2). Because the data are not evenly distributed among bearings or days,
the maximum 1ikelihood estimates of offset could differ slightly from the observed (simple) average
offsets. Table 17.3 lists the final estimated offsets (through July 30, 1982) of the VOR process and
the estimated random uncertainty in these estimates. We have included the corresponding estimates
from the analysis after the first pass to reject outliers. Sample counts are given in the previous
table.
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Table 17.3. Estimated offsets and standard errors.

After Pass 1 Final Values (7-30-82)
Nominal Estimated St. Dev. Estimated St. Dev.
Bearing offset of estimate offset of estimate
0 -0.0013 0.0002 -0.0013 0.0001
30 0.0005 0.0002 0.0005 0.0001
60 ~-0.0009 0.0002 -0.0009 0.0002
90 . 0.0002 0.0002 0.0001 0.0002
120 - -0.0023 0.0002 -0.0022 0.0001
150 0.0005 0.0002 0.0005 0.0002
180 -0.0020 0.0002 -0.0020 0.0001
210 -0.0018 0.0002 -0.0018 0.0002
240 0.0001 0.0002 -0.0001 0.0001
270 -0.0010 0.0002 -0.0011 0.0002
300 0.0004 0.0002 . 0.0003 0.0001
330 -0.0009 0.0002 -0.0010 0.0002
360 -0.0008 0.0002 -0.0008 0.0002

We remark that slight differences in the standard errors of the final estimated offsets reflect
the fact that some bearings were measured more often and therefore have a lower uncertainty. That
this difference is not apparent after the first péss for outlier rejection is an indication of the
influence of outliers on the estimated components of total variability.

In the analysis which gave rise to the parameter estimates given in table 17.3, we simultaneously
obtained estimates of the short-term (o) and long-term (°T2 + 0D2)1/2 standard deviations. Table 17.4
gives estimates of a few functions of these components which are used to establish limits to random
errnrs.  The effects of outliers on estimation of variability are more clearly evident in the
tabulated comparison between the first and final passes through the data.

The maximum 11keliﬁood technique also provides a statistical test based on the Chi-square distri-
bution to determine if the two long-term components of variability (and, so, the corresponding terms
in the statistical model) are necessary to characterize the VOR process. Non-negligible contributions
to variability are indicated by a small value (< 0.05) of the significance level for the Chi-square
test statistic computed by the software. Table 17.5 gives the results of these tests for the final
data set, and indicates that both long-term components are non-zero. We also list the estimated stan-
dard deviations of the estimated variancc; however, the Chi-square test statistic is not computed

simply from the quantities listed.

Table 17.4. Components of random error.

ﬁeSLripLiun of Quantity After Pass 1 Final (7/30/82)
random error estimated estimate estimate
Short-term st. dev. o 0.0006 0.0004
Total st. dev. (o2+op2+ap2) 1/ 2 0.0007 0.0006
Short-term st. dev. (mean (02/5)1/2 0.0003 0.0002

of 5 readings at 1 bearing)

Total st. dev. (mean of 5 (02/5+o72+ap2) 1/ 2 0.0005 0.0004
readings at 1 bearing)
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Table 17.5. Chi-square tests for contributions to random error (7-30-82).

Standard Chi-square Degrees Signi-

Parameter Estimate deviation test statistic of freedom ficance
o2 1.775x1077 0.137x1077

or? 0.518x1077 0.306x1077 7.942 1 0.005

002 0.916x10"7 0.209x1077 54,030 1 0.00d

17.5 Overall System Performance

In the previous section we obtained estimates of individual offsets between NBS standard gener-
ator and standard phasemeter at 13 nominal bearings which are thought to be representative of the sys-
tem behavior over the full range of 0° to 360°. We also computed reasonable estimates of various com-
ponents of random variability about these offsets. In this section we characterize the overall system
performance by computing the Timits to random error in the reported values of the individual offsets.
This information about the system performance at 13 distinct bearings has been combined into a singie
provisional uncertainty statement, which is reported in the following section.

The 1imit to random error associated with the i~th bearing offset is 3s;, where s; denotes the
estimated standard deviation of the reported offset (see table 17.3). Recalling that the estimated
offset at bearing i was denoted by ﬁ + &i’ then statistical bounds on the offsets are given by

Mt ot 3sy.

A1l of the required quantities are documented in table 17.3. The estimated bounds on offsets at the
13 measured bearings are reported below in table 17.6. Note that in each case the maximum limit in
magnitude of the offset is less than the allowable uncertainty of +0.01°,

Table 17.6 Overall system performance.

Nominal bearing Lower Timit Estimated offset Upper limit

0 -0.0016 -0.0013 -0.0010
30 0.0002 0.0005 0.0008
60 -0.0015 -0.0009 -0.0003
90 -0.0005 0.0001 0.0007
120 -0.0025 -0.0022 -0.0019
150 -0.0001 0.0005 0.0011
180 -0.0023 ~0.0020 -0.0017
210 -0.0024 -0.0018 -0.0012
240 -0.0004 -0.0001 0.0002
270 -0.0017 -0.0011 -0.0005
300 0.0000 0.0003 0.0006
330 -N.001A -0.0010 -0.0004
360 -0.0012 -0.0006 -0.0000
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17.6 Provisional Uncertainty

At the outset of this report it was noted that the primary criterion for judging the performance
ut the two VOR instruments was to achieve a high degree of confidence that they agree with each other.
That is, since they are independent and work on different principles, it is probable that their sepa-
rate indications are accurate if the nominal setting on the generator agrees with a measurement by the

phasemeter.

Because the reported offsets between the generator and phasemeter cannot be attributed wholly or
in part to either instrument at this time, it was decided to combine the: information in table 17.6
into a single provisional uncertainty statement for either instrument alone. Therefore, until indivi-
dJual error analyses are devised, or until international comparisons are conducted, NBS will use the
estimated maximum absolute offset in the group of 13 bearings as the systematic error for either VOR
instrument, and will report the nominal bearings as accepted values for the process. The limit to
random error is three times the maximum standard deviation of the estimated offsets in table 17.3.

The uncertainty of VOR bearing calibrations is given by:

The assigned values of VOR phase angles are the nominal bearings from 0 to 360° in incre-
ments of 0.01°. The overall uncertainty of these valuee has been estimated from test data
at bearinge from 0° to 360° at 30° imeromonte. Thue, cach of the nominal bearinge hae been
assigned a provisional overall uncertainty of +0.0028°, based on eetimated bounds of
10.0022 on the systematic error and a computed standard error of 0.0002°.

18. Process Control and Updating Parameters

In sections 17.4 and 17.5, initial accepted values of VOR process parameters were obtained. Once
these parameters have been established, overall process control is maintained by checking the observed
short-term standard deviation and estimated offsets on each subsequent measurements occasion against
their accepted values. As long as the process produces values which are consistent with the accepted
parameter values, the system is considered to be performing within the established control pattern.
Procedures for detecting out-of-control conditions are discussed briefly below, but procedures for
identifying and correcting specific malfunctions from the various statistical tests are evolving as
more experience is gained with the VOR system and will not be discussed here.

18.1 Control Charts and Tests

Control charts are used on a continuing basis to monitor the output of the composite VOR measure-
ment system. Given established values for process parameters, the estimated offsets and short-term
standard deviations on subsequent calibration dates are plotted against a time scale. The charts for
offsets includes control 1imits so that an out-of-control value is immediately noticable. The chart
of the short-term standard deviations provides visual evidence to determine if there has been a change
in the within-day process variation.

The short-term variation on a given measurement occasion can be estimated by describing the data
using a special case of the statistical model given in section 17.2. If M repeat measurements are
made at I nominal bearings the model for the measurements is:
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where
Yij is an observed offset [§1 - nominal bearing];
uot ooy is the unknown average offset at bearing i for the current day;
€y is the short-term error of measurement in the j-th repeat measurement at bearing 1i.
The errors, ejj» are assumed to have a Gaussian distribution with mean zero. and. var1ance . If the
process is in statistical control, the current estimated short-term standard dev1at1on and .the esti-

mated offsets should be consistent with the accepted values of these parameters.

The statistical analysis obtains the parameter estimates after outliers have been rejected by the
methods discussed in section 17, These estimates are then plotted on the control charts and are also
used in statistical tests to determine whether or not the process is in control..

18.1.1 Control Chart for Short-Term Error

Figure 18-1 illustrates the within-day process variation for 17 measurement occasions from
March 1, 1982 through May 6, 1983. The first 10 estimated values of o were obtained from the data
used to establish the current accepted values of the process parameters. For reference; the accepted
value of o is also noted in the figure. The inclusion of estimates from data obtained on July 30,
1983 serves to illustrate that the unusually high short-term variation on July 30 was apparently
caused by thunderstorm activity on that day. In the next four figures, open circles are used to
indicate data used in arriving at the estimate and control limits (if present). Plus signs (+) are
used to indicate data taken after the estimates were made.

18.1.2 Control Chart for Individual Measurements

Sufficiently accurate control limits cannot be established during the current stage of initiating
the VOR measurement process. However, to illustrate the type of control charts which will be used to
monitor the process after a large number of calibration occasions have been inspected, some of the

data used to compute process parameters are plotted in figures 18-2 A-F.

During start-up the process is assumed to be in statistical control. The control limits in
figures 18-2 A-F will be used until evidence is obtained which is not consistent with the accepted
values or until enough data accumulates to effectively revise or update the process parameters.

Although charts on the average offsets are more sensitive than those on individual measurements,
the latter was chosen because outlier rejection may result in unequal numbers of repeat measurements
from occasion to occasion. Thus, fluctuating control 1imits would be required for charts on the aver-
age offset.

Limits specified in figures 18-2 A-F were set at
B a2 3(52 4 52 4 )2,

where the estimates of the offset at the ith bearing and the components of error are the initial
accepted values. The numeric values were given in tables 17.3 and 17.4.
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Figure 18-1, Control chart for short-term standard deviation.
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Figure 18-2A. Control chart of offsets at 0 degrees.
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Figure 18-2D.

Control chart of offsets at 180 degrees.
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Figure 18-2F. Control chart of offsets at 300 degrees.

18.1.3 Tests for Out-of-Control Conditions

Two types of statistical comparisons are used to determine if process parameters may have changed
since previous calibration sessions. These tests monitor, respectively, the process short-term varia-
tion and the mutual offsets between generator and phasemeter. Table 18.1 illustrates the procedure
and shows the appropriate statistical tests for comparing current offsets to accepted values. Table
18.2 describes the test for an increase in short-term variation.

Tables 18.1 and 18.2 are presented primarily to illustrate the procedures which are used to
determine if the process parameters may have changed from the accepted values. However, it is ciear
from the results, which are based on actual measurements, that values of the components of random
error should be recomputed when more process output is available, This is also suggested by visual
evidence in the control chart in figure 18-1, which seems to indicate that an abrupt shift in short-
term variation may have occurred between June 8 and July 6. If the larger error persists and the pro-
cess remains within the assigned goal, new values of the parameters will be determined from measure-

ments obtained after June 8, 1982.
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Table 18.1. Comparison of new offsets to accepted values.

Nominal Accepted Estimated Number Estimated t-Test
bearing offset offset on observed Std. Dev.
9/28/82 of offset
Y Y n s(y) (v - v)/s(v)
0 -0.0013 -0.0018 5 2.7342 x 107% -2.19
30 0.0005 0.0001 4 3.0569 x 107+ -1.31
120 -0.0022 -0.0033 5 2.7342 x 107% -4.36%
180 -0.0020 -0.0022 5 2.7342 x 1074 -0.73
240 ~-0.0001 -0.0006 5 2.7342 x 107" -1.83
300 0.0003 0.0008 5 2.7342 x 1074 1.83

*If t > 3, the new value is not consistent with the accepted offset. In this case a malfunction which
affects 120° (or possibly a range of bearings) may be indicated.

Table 18.2. Comparison of new short-term variability with accepted value.

Accepted Estimated - Total Number of Chi-square (x2)
short-term variance on number of bearings test
variance 9/28/82 measurements
- 2
62 g2 N k iﬂ___éli_
[¢)
1,775 x 1077 3.738 x 1077 29 6 48.44%

*IF x2 > 2 for (N - k) degrees of freedom, the current short-term variability is not consistent
with the accepted value. For 23 degrees of freedom, X§ 0 = 9,26.
- 01

Finally, we remark that the t-test and chi-square test were applied assuming that the accepted
values of the process parameters were "known,” or at least very precisely determined relative fo the
estimates obtained on the subscquent occasion. These tests will be appropriate when the process has
been shown to be in continous statistical control for several measurement occasions, so that highly
accurate values of the process parameters can be established from the combined data. During the pre-
sent stage of initiating the process, or during the start-up of the process after a substantial system
modification or other out-of-control process correction, it will be necessary to use tests which
incorporate and adjust for uncertainty in the initial accepted values. The appropriate initial com-
parisons are an F-test for short-term error, and the two-sample t-test for offsets.

18.2 Updaliny Prucess Parameters

Initial accepted values for the VOR system were established after 10 calibration runs from
March 3, 1982 through July 30, 1982, OUOn subsequent occasions, the process is monitored using the con-
trol procedures described abeve to determine if measurements are adequate relative to the assigned
uncertainty goal. Generally, this procedure may be followed as long as the process is confirmed to be
performing within the established control pattern. '

Periodically, as data accumulate at the contrcl bearings, new accepted values for offsets and
components of error will be computed by combining current date with previous measurements and applying
the methods described in section 17.4. Initially, the accepted values will be updated after five or

six calibration runs and then as convenience dictates (every six months or yearly}.
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18.3 Procedures for Correcting Out-of-Control Conditions

Actions which can be taken when a statistical test indicates an out-of-control condition are cur-
rently being investigated. 1In the absence of specific assignable causes for out-of-control condi-
tions, the following general questions will be considered.

If the process is found to be out of control by a chi-square or F-test, indicating excessive
short-term nonrepeatability:

s

. Was there extreme weather activity during the calibration run (thunderstorms, wind, etc.)?
Is the accepted value of short-term error realistic?
Has the process variation changed? Is the current variation still adequate for the assigned goal?

oLl N
. . .

Is there unusual activity in the laboratory or building affecting power supplies?
5. Equipment deterioration or minor malfunction?

If the process is found to be out of control by a t-test, indicating an abrupt shift in bearing:
1. Only at a single bearing? This may indicate an intermittent or transient external disruption.
2. At several control bearings? Look at bearing histories for a steady drift toward out-of-control
condition. This could indicate a need for system adjustment. Tf an abrupt change has occurred,

this could indicate a component malfunction in either the generator or in the phasemeter ADC.

The work reported here is the result of vital contributions by several persons over a period of
about five years. M. G. Arthur provided the initial project management. He and C. H. Manney, dr.,
determined that the use of primarily digital techniques in both the phasemeter and generator was the
only approach that could achieve the desired accuracy. G. R. Sugar and C. J. Roubique did most of the
detailed logic design in the generator, and E. Niesen constructed and assisted in debugging it. The
phasemeter was designed and constructed by N. T. Larsen, and the software was written by Larsen and
D. F. Vecchia.

The task of completing the development, verifying the performance, and writing this report fell
to the present authors. The credit for the design belongs mainly to those named above; the authors
however, take full responsibility for preparing this report.
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Appendix A. VOR Phasemeter Program Listing

100
120
140
141
160
180
200
220
740
260
260
300
320
340
360
380
400
420
440
#4160
480
500
H20
440
560
580
AO0
620
640
660
680
100
720
740
760
780
800
320
840
60
380
900
420
940
960
980
1000
1020
1040
1060
1080
1100
1120
1140
1160
1180
1200
1220
1240
1260
1280
1300
1320
1340
1360
1380
1400

Rev$="8207140822" ! This must be a 10-digit number.
Disk$="" ! A 10-digit no. picked up from the disk.
Filename$="VORL" ! Filename$ is this program's name.

|
|
i
|
!
!
]
I
|
|
!
]
|
I
|
|
|
|
!
|
|
|
!
!
|
I
|
|
[
!
!
!
1
!
!
!
|
1
i
!
i
i
1
!
1
|
!
|
|
|
1
I
!
|
i
|
1
|
i
i
1
|
!

8201011453: Added year to Time$., Added MATPRINT Theta to Meas print.

! This program takes 1024 time samples of the VOR composite audio wave-
! form and stores the data on disk. It drives the analog-to-digital con-

verter and the time delay generator. After the data have been stored,
this program can retrieve and process the file. The final results of
the processing are then stored in the original file. " (Intermediate
results and statistics on sets of measurements are not stored.)

I A single measurement results in one file, 17 records of 256 bytes each.
! The first 16 records are completely filled by the 1024 integer:pre-

I cision data points. The last record is completely filled by a 32-

! element array used for housekeeping purposes.

: This program has been tested using simulated, noisy data. To process
| simulated data, 3 changes should be made:

1. Check that the sine transforms are not negated in Fft_driver.
1ine Changel.

2. Do not MAT READ Housekeep1ng(*) in Retrieve_data, line Change2.

3. Delete the PAUSE in Retrieve data, line Change3.

I Rev$ and Disk$ are stored in Housekeeping(6) & (7), respectively.

I They are the code revision date and the disk identification, and are
I used in documenting printed autput.

: Sine transforms negated, 8005280905.

! Routine Fft uses code adapted from the Hewlett-Packard 9835 Numerical
! Analysis software package.

! Arrays used in the Estimation subroutine: Qd(*), Xt(*), Theta(*).

Arrays used in the Xt subroutine are dimensioned by label Xt dim:.
This line is disabled to conserve 25 kbytes of memory.

Integer_data(*)=integer prec1s1on time series data, the raw output
of the A/D converter. This is the data stored on disk; integer
precision data takes less disk space.

! Real _data(*)=the full precision array into which the data is loaded

from disk for FFT processing. As stored, it is integer data, but
before it is processed, it is converted to volts by multiplying
by 5/32768.

To convert to volts, multiply by 5/32768.

Housekeep1ng( ) holds the following elements:
: Ending date-time group (dtg) of a data run: Time_no.
2: Nominal bearing angle, degrees: Nom bearing.
3 Number of measurements in Lhe sel: No_measmnts.
4: Number of this measurement: Measmnt.
5: Number of data points in the set taken in overload (bad).
6: Revision dtg of the code: VAL(Rev$).
7: Disk dtg: VAL(Disk$).
8: File no of the measurement, DATnnn.
9: Thetal, the VOR bearing angle (=0 if data not processed).
10: Theta?2
11: Theta3
12: Sigmasq, a measure of the precision.
13: Est_std dev, the estimate of the standard deviation.
14: Processed, a flag that identifies processed data.

32: Unassigned (=0) for future use. May be used for customer 1D,
instrument ID, last recalibration dtg, etc. See label House-
keeping.,
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1420
1440
1460
1480
1500
1520
1540
1560
1580
1600
1620
1640
1660
1680
1700
1720
1740
1760
1780
1800
1820
1840
1860
1880
1900
1920
1940
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1980
2000
2020
2040
2060
2080
2100
2120
2140
2160
2180
2200
2220
2240
2260
2280
2300
2320
2340
2360
2380
2400
2420
2440
2460
2480
2500
2520
2540
2560
2580
2600
2620
2640
2660
2680
2700
2720
2740
2760
2780

!
!
!
!
!
1
!
!
I
}
!
t
i
i
!
!
1
{
!
|
!
!
1
I
1
I
i
!
!
I
I
l
|
!
|
{
|
!
1
1
!
|
!
!
!
!
I
[
|
!
|
{
!
f
!
!
1
!
I
I
I
!
!
!

Delay$=5359A command string.
I(*) See R(*), below.

Jn(*) Holds the values of Bessel functions of the first
kind, orders -18 through 18 (37 numbers). Loaded with file "Xt".

Meas(*) is organized as follows: The first row contains information
about the 30 Hz fundamental frequency, and rows 2 through 38
contain the same information for spectral lines 314 through 350
(i. e., lower sideband -18 through upper sideband no. 18). All
rows of Meas(*) conform the these column assignments:

1. Real part from R(*)--note that the rows do not correspond.
The first row of Meas(*) results from the second row of R(*) &
I1(*); etc.

2. Imaginary part from I{*)--same rows as above.

3. Magnitude or amplitude of the lines.

4, Phase, in radians, after selection of quadrant. This col. is
placed in Qr(*), for use in the estimation of the std. dev.

5. Phase, in degrees, derived from col. 4. This col. is placed

in Qd(*), which is used in the bearing angle estimation.

. SGN of Jn(Row-20), the sign of Bessel functions -18 to 18.

. Pointer(*) value for that row. The value is one greater than

the harmonic number.

Pointer(*) is set up in the FFT driver to indicate the desired lines in
R(*) and I{*); only Tines 1 and 314-350 are used.

Qd(*) is a vector = to col. 5 of Meas(*). Angles have been ordered.
It is used in the estimation of the bearing angle, Theta(l,l).

Qr(*) is a vector = to col. 4 of Meas(*). Angles are never ordered.
It is used in the estimation of the standard deviation of the bear-
ing angle, Est_std dev. This estimation helps identify bad data.

R(*) holds the odd-numbered rows of Uata(*); 1(*) holds the even-num-
bered rows. R(*) and I(*) are used in the FFT routine. Conversion
from Data(*) to R(*) and I(*) only requires 4 seconds; but if
memory is severely limited, the code can be changed to store the
data directly in R(*) and I(*). Otherwise, storing the data in a
single array simplifies possible future processing.

In the FFT, the elements in both R(*) and I(*) are replaced by the
real and imaginary parts of the lines. The first row in R(*) con-
tains the DC term and the first row in I(*) contains the maximum
frequency.

Meas(38,7) [q. v.] selects the needed lines from R(*) & I(*) by
means of Pointer(*).

Results(*) holds the bearing angles for all measurements, up to 50 in
one set. This may be reduced to conserve memory, since an estimate
of the standard deviation of the bearing angle can be obtained from
only one measurement. (It tends to be overly conservative.)

Stats(*) replicates Results(*) and is then used to compute mean, s.d.,
etc, to preserve Results(*), if needed. Memory may be saved by
allowing Results(*) to be altered in the processing, otherwise.

Theta(*) contains the estimates of the three {theta) angles in the
model of the VOR signal. Theta(l,1) is the estimated bearing
angle.

Main program: !

OPTION BASE 1

COM REAL Xt(3,38),Jn(37),Pointer(38),Ck,Year$

DIM Real_data(1024,1),Delay$[80],Housekeeping(32),1(512) ,Meas(39,7)
DIM R(512) ,Results(50,1),5tats(50,1)
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2800 DIM Qd(38,1),0r(38,1),Theta(3,1)

2820 DIM X(37),Y(37),%sq{15),Ysq(15),Xy(15)

2840 INTEGER Integer data{1024,1)

2860 Xt dim:! DIM X(38,3),V(38, 38),V1(38,38),A(38,3),B(3,3),C(3,3)
2920 Wait=100 | 5359A settling delay

2940 Printer=16

2960 LINPUT “"Printer select code? (Default is 16.)",Resp$

2980 IF Resp$="" THEN 3020

3000 Printer=VAL(TRIM$(Resp$))

3020 PRINTER IS Printer -

3040 LINPUT "What is the msus where the data and program are stored?",Msus data$
3060 Msus_data$=TRIM$(UPC$(Msus_data$))

3080 IF Msus data$[1,13<>":" THEN Msus _dala$=":"8Msus_data}

3081 IF Disk$<>"" THEN 3100

3082 LINK "DTG"&Msus_gata$ 32000

3083 GOSUB Disk_dtg

3100 No samp]es 1024 | This is fixed, in this program.
3120 INPUT “Nominal bearing angle (degrees)?",Nom bearing

3140 Housekeeping(2)=Nom bearing

3160 INPUT “Process old data (1), or take new data (2)?",01d data
3180 IF (01d data<>1) AND (0id data<>Z) AND (Uld_data<>0) THEN 3160
3200 IF 01d_data=0 THEN End —

3220 IF 01d data=1 THEN GOSUB Retrieve data

3240 IF 01d data=1 THEN End

3241 IF LEN{Year$)=2 THEN 3260

3242 INPUT “Last two digits of the present year?",Year$

3243 IF LEN{Year$)<>2 THEN 3242

3260 INPUT “"Number of measurements?",No measmnts ! Loop for statistics.
3280 IF {No_measmnts<1l) OR (No_measmnts>100) THEN 3260
3300 Storing=0 I A flag for Check files

3320 GOSUB Check_files
3340 FOR Measmnt=1 TO No measmnts

3360 Measurement=Measmnt

3380 No_overloads=0 ! No_overloads counts bad data points.
3400 GOSUB Setup 5359 | Resset 5359A for every Measmnt.

3420 GUSUB Take data

3440 GOSUB Store data

3460 NEXT Measmnt

3480 PRINTER IS 16

3500 PRINT PAGE

3520 PRINT "Data acquisition is complete. All data in this set of measurements have been"
3540 PRINT "stored. Process1ng is 1in progress."

3560 File_no=VAL(File$(4,6])-No measmnts+l ! If data has just been taken,

3580 ! this resets the File_no to the
3600 "1 first file in the set, for
3620 ! processing.

3640 PRINTER IS Printer

1660 GOSUB Retrieve_data ! Retrieves and processes the data;

3680 ! prints out results and stats.

4700 End:!

3720 PRINT LIN(2)
3740 PRINTER IS 16
3760 STOP!

4780 Setup_5359:!

3800 REMOTE 716

3820 Delay$="W200E-9,0A5,000,DSS"

3840 FLOAT 11

1860 Delay$=Delay$&VAL$(1/(30*No sampies))&",TPONSP,DO,"
4380 STANDARD -

3900 QUTPUT 716;Delay$

3920 RETURN !

4940 Take data:!

3960 GOSUB Time

880 PRINT "Data taking began at ";Time$

4000 PRINT "Code dtg: ";Rev$;". Disk dtg: “";Disk$;". Filename: ";Filename$
H)20 MAT Integer data=ZER

A40 OUTPUT 716;Delay$ ! Reset G©359A for each measurement.
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FOR Counter=1 TG No samples

OUTPUT 716;"SCRA," ! Single-Cycle, Re-Arm
WAIT Wait ! Wait=settling delay for 5359A.
Sample=READBIN(2)
IF ABS(Sample)<32767 THEN 4240 I Test for overload.
BEEP
DISP u
DISP " QVERLOAD! "
No_overloads=No_overloads+l
Integer_data(Counter,1)=Sample
QUTPUT 716;"DSU," ! Delay Step Up
NEXT Counter
RETURN !
Statistics:!
PRINT "Code dtg: ";Rev$;". Disk dtg: ";Disk$;". Filename: ";Filename$
REDIM Stats(No_measmnts,1)
IF No _measmnts=1 THEN 4860 ! If there has been only one meas-
! uremeént, statistics are skipped.
MAT Stats=Results
IF Nom bearing<>0 THEN 4520
FOR Counter=1 TO No measmnts ! Allows stats near 0.00 degrees.
IF Stats(Counter,1)>350 THEN Stats(Counter,1)=-(360-Stats(Counter,1))
NEXT Counter
Mean=SUM(Stats)/No_measmnts ! Stats(*) now contains alil the
: | measurement results.
MAT Stats=Stats-(Mean)
MAT Stats=Stats.Stats ! Square each element in Stats(*).
Variance=SUM(Stats)/(No_measmnts-1)
Std dev=SQR(Variance)
PRINT
IMAGE "Mean:*,21("."),M3D.3DX3D," degrees"
PRINT USING 4660 Mean
IMAGE "Nominal bearing“,ll("."),4D.ZD
PRINT USING 4700;Nom bearing
IMAGE “Variance:",17("."),2X,M1D.3DE
PRINT USING 4740;Variance
IMAGE "Standard deviation:",7("."),2X,M1D.3DE," degrees"
PRINT USING 4780;Std dev
IMAGE "Mean minus nominal:",7("."),M3D.3DX3D," degrees” /
PRINT USING 4820;Mean-Nom bearing
RETURN !
- Time: i
OUTPUT 9;"R"
ENTER 9;Time$
Time$=Year$d":"&Time$
Time no$-Time$[1,2]1&Timc$[4,56]1&Time$[7,8]&Timec$[10,11]&Time$[13,1418Time$[16,17]
Time_no=VAL(Time no$) ! Used for Housekeeping(*) info., and
RETURN ! I elsewhere,
Store data: !

Storing=1
GOSUB Check files
GOSUB Housekeepingl
IF File nu<l0 THEN File$="DATOO0"&VALS(File nu)&Msus data$
IF File no>=10 THEN File$="DAT0"&VAL$(File_no)&Msus data$
IF File no=100 THEN File$="DAT"&VAL$(File_no)é&Msus data$
CREATE File$,17,256 ! For Integer data(¥*) & Housekeeping(*).
ASSIGN #1 TO File$ -
MAT PRINT #1;Integer data,Housekeeping
ASSIGN * TO #1
GOSUB Time
PRINT "Data stored in file ";File$;", oisk ";Disk$;", at “;Time$;".",LIN(1L)
RETURN !
Retrieve data: ! Gets data files, processes them,
! and prints results.
{



4360
5380
5400
5420
H440
%460
5480
5500
5520
5540
5560
5580
5600
5620
5640
4660
5680
5700
5720
5740
5760
5780
5800
%820
5840
5860
5880
5900
5901
5920
5940
5960
5980
6000
6020
6040
6060
6080
6100
6120
6140
6160
6180
6200
6220

set,"

6240
A260
6280
6300
6320
6340
6360
6380
6400
6420
6440
6460
6480
6500
6520
6540
6560
6580
6600
6620
6640
6660
6680

IF 01d data<>1 THEN 5420 | Jumps if processing data just taken.
INPUT "Data files are 'DAT' followed by a number. What's the no. of the first file?",File_no
INPUT "How many measurements were in the set?",No _measmnts
REDIM Results(No_measmnts,1)
Result no=0
IF Xt(T,1)=1 THEN 5540 ! IF...THEN Xt(*) is in COMmon memory.
ASSIGN #1 TO "Xt "&Msus_data$
READ #1;Xt(*),dn(*),Pointer(*),Ck
ASSIGN * TO #1 :
FOR File=File no TO File not+No measmnts-1
Processed=0" - T1 (Set to 1 when the file is processed.)
Result no=Result no+l
IF FiTe<10 THEN File$="DAT00"
IF File>=10 THEN File$="DATO"
IF File=100 THEN File$="DAT"
File$=File$&VAL$(File)&Msus_data$
PRINTER IS 16 C
PRINT File$ ! Shows the progress in the processing.
ASSIGN #1 TO File$
Change2: I To process simulated data, READ only
! Real_data.
MAT READ #1;Real data,Housekeeping
ASSIGN * TO #1
Processed=Housekeeping(14)
IF NOT Processed THEN 6180 ! Data has not been processed before,
BEEP \
PRINT "File "&File$&" has already been processed.";
IF Housekeeping(15) THEN PRINT " It is a bad file.";
INPUT "Do you wish to reprocess it? (1 or 0)",Reprocess
PRINT
PRINTER IS Printer
Results(Result no,1l)=Housekeeping(9)
Sigmasq=Housekeeping(12)
Est_std dev=Housekeeping(13)
IF File<>File_no THEN 6100
IMAGE "Data file",5X,"Bearing angle",5X,"Sigmasq",5X,"Est. std. dev."
PRINT USING 6040
IMAGE #,2X,6A,8X,4D.4D,6X,D.3DE,6X,D.3DE
IF Est_std dev>=1E-2 THEN PRINT CHR$(132);
PRINT USING 6080;File$,Housekeeping(9),Sigmasqg,Est std dev
IF Est_std dev>=1E-2 THEN PRINT CHR$(248) ;"POSSIBLE BAD DATA"
PRINT CHR${128)
IF Housekeeping(3)=No_measmnts THEN 6260 ! Test No_measmnts,
BEEP
IMAGE "The data file just loaded shows that there were ",K," measurements in the
1’ ,"not IF,K’II.II,/
PRINT USING 6220;Housekeeping(3),No measmnts
IF Housekeeping(8)=File THEN 6400 T Test file identification for con-
BEEP ! sistency, to avoid false results.
IMAGE "Data in the last file loaded show that the file number is ",K," rather than ",K,".",/
PRINT USING 6300;Housekeeping(8),File
Change3: ! To process simulated data, delete the
I following line:
PAUSE I There is a file error.
PRINTER IS Printer
IF Processed AND NOT Reprocess THEN GOTO Next file
MAT Real data=(5/32768)*Real_data ! Convert to volts.
GOSUB Fft driver
GOSUB Estimation
Processed=1 ! Data now processed.
GOSUB Housekeeping?2 | Update the array.
ASSIGN #1 TO File$
MAT PRINT #1,17;Housekeeping ! Update the Housekeeping(*) file.
ASSIGN * TO #1
Results(Result no,1)=Theta(1,1)
Signflag=0 ! Used for diagnostics.
Next file: !
NEXT File
IF No_measmnts=1 THEN 6720 ! Don't do stats if only 1 measmnt.
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6700 GOSUB Statistics

6720 RETURN !

6740 Check files:! (Data acquisition) ! Are there enough files left, and
6760 - ! when Storing, what's the next no?
6780 DIM Cat$(100)[41]

6800 Skip=Return=0

6820 CAT TO Cat$(*),Skip,Return;"DAT"&Msus data$,l

6840 IF Cat$(1)<>"" THEN 6900 -

6860 File no=1

6880 G0TO 7300

6900 FOR File no=1 TO 100

6920 IF pPOS{Cat$(File no),"DAT")=0 THEN 6980

6940 IF VAL(Cat$(File no)[4,61)=100 THEN 7140

6960 NEXT File_no

6980 IF Storing THEN 7300 ! File adequacy has been checked, by now.
7000 IF File_no-1+No_measmnts<=100 THEN 7300

7020 BEEP

7040 IF 100-File no+1=0 THEN 7140

7060 PRINT "There are ";100-File no+l;"files remaining on this disk. Either re-RUN and reduce"
7080 PRINT “the number of measurements, or use a new disk and CONTinue. Al1 of the"

7100 PRINT "measurements in a set should be on the same disk, however."

7120 GOTO 7280 :

7140 PRINT "The highest-numbered -data file on this disk is DAT 100. To store any new data,"
7160 PRINT "some of these data Tiles must be purged, using the program PURDAT. It will"

7180 PRINT "purge all data files at and beyond a spec1f1ed file number.,”,LIN(2),"New files cannot
be written with numbers lower than files already on the"

7200 PRINT "disk. Attempting to do so will result in a STOP.",LIN(1)

1220 PRINI "“If files are deleted, they should be deleted 1in comp]ete sets, if possib1e to "
7240 PRINT "avoid the chance of processing only part of a set at a later date.'

7260 STOP

7280 PAUSE

7300 RETURN !

7320 Fft driver: ! (Data processing) ! Prepare R(*) & I(*) for Fft:.

7340 - | (Fft: is from the hp 9835A Numerical
7360 ! Analysis package. This driver creates
7380 | Meas(*) & Q(*) for use by Estimation
7400 ! and Diagnostic.)

7420 MAT Meas=ZER
7440 Counter=0

7460 FOR I=1 TO No_samples/2 I This loop needs only 4 sec. and retains
7480 1 the original data in one array. It's
7500 I worth the memory.

7520 Counter=Counter+l

7540 R(I)=Real data(Counter,l) ! 0dd rows of Data(*) go in R(*).

7560 Counter=Counter+li

7580 T(1)=Real_data(Counter,1) ! Even rows of Data(*) go in I(*).

7600 NEXT 1

7620 GOSUB Fft ! Do the transform.

7640 Markerl: !
7660 FOR Counter=1 TO 38

7680 Meas (Counter,1)=R(Pointer(Counter))

7700 Changel: ! To process simulated data, remove the
7720 ! minus sign (if any) in the next line.
7740 Meas (Counter,2)=-1(Pointer{Counter))

7760 Meas (Counter,7)=Pointer(Counter)-1

7780 NEXT Counter

7800 Meas(39,1)=R(1) ! DC term

7820 Meas(39,2)=I(1) | Max. freguency term

7840 REDIM Jn(-18:18)
7860 FOR Row=2 TO 38 | Correct the signs of real & imag.
7880 | components of the spectral Tines.
7900 I Pointer(Row)-Ii=harmonic #.
7920 ! In(Row-20)=Bessel function for
7940 ! the kth sideband away from 9960

I

7960 ! Hz (k runs from -18 to 18).
7980 Meas (Row,6}=SGN(Jn(Row-20))
8000 Meas (Row,1)=Meas(Row,1)*Meas{Row,6)
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A020 Meas {(Row,2)=Meas (Row,2)*Meas (Row,6)
2040 NEXT Row

4060 DEFAULT ON

13080 FOR Row=1 TO 38

#100 ! Magnitude

1120 Meas {Row,3)=SQR(Meas (Row,1)}"2+Meas (Row,2) 2)

3140 I Phase

#160 A=Meas (Row, 1)

2180 B=Meas (Row,2)

1200 IF A>0 THEN Phase=ATN(B/A)

5220 IF {A<0) AND (B<0) THEN Phase=ATN(B/A)-PI

5240 IF (A<O) AND (B>=0) THEN Phase=ATN(B/A)+PI

5260 IF (A=0) AND (B<O) THEN Phase=-PI1/2

5280 IF (A=0) AND (B>0) THEN Phase=PI/2

$300 Meas (Row,4)=Qr(Row,1)=Phase ! This is in radians, unordered.
2320 Meas{Row,5)=Meas(Row,4)*180/P1 ! This is in degrees, unordered here.
2340 IF Meas(Row,5)<0 THEN Meas{Row,5)=Meas{Row,5)+360 | Place phase
B360 I angles in 0 to
8380 I 360 degrees.

8400 NEXT Row
3420 Urdered=U _
440 Check=(ABS{Meas (21,5)-Meas (20,5) ) +ABS(Meas(20,5)-Meas(19,5)))*.5

1460 ! Don't order the phase angles of the Tines if not necessary:

3480 IF (Meas(20,5)+18*Check<180) AND (Meas(20,5)-18*Check>-180) THEN 10180
1500 Order lines: ! Put phase angles tor sidebands -7

3520 Ordered=1 I through 7.1in sequence:

#h40 | Sidebands -7 through 7 have a large signal-to-noise ratio.

4560 ! This routine fits a straight line to the ordered phase angles for side-
3580 ! bands -7 through 7. It extrapolates phase angles to sidebands -18
3600 ! through 18, to be used for ordering lines outside the original inter-
3620 ! val. Then, if an angle must be changed, it is incremented (up, if
8640 ! the sideband no. is +, down if -) by 360 degrees. This continues
3660 I until the phase angle and its last value have bracketed the value
1680 | extrapolated. A comparison is then made of between (the original and
#700 | extrapolated values), and (the incremented and the extrapolated

8724 ! values). The closer is the correct phase angle.

#3740 !

#760 | Note that only the measured data is used in the estimation of the
3780 ! bearing angle.’ The fitting and extrapolation process is used only
4800 I to determine the correct number of multipies of 360 degrees to be
88320 | added to or subtracted from the phase angles of the sidebands. The
3840 ! fitted values are not used in any other way; they help prevent order-
1860 ! ing errors when a line's signal-to-noise ratio is low, as for lines
8880 I +8 and -8.

8900 FOR Row=21 TO 27 ! Order lines 1 through 7.

5920 IF Meas(Row,5)>Meas{Row-1,5) THEN 8980

3940 Meas (Row,5)=Meas (Row,5)+360

HY60 GOTO 8920

8980 NEXT Row

9000 FOR Row=19 TO 13 STEP -1 ! Order lines -1 through -7.

9020 IF Meas(Row,5)<Meas(Row+1,5) THEN 9080

4040 Meas (Row,5)=Meas (Row,5)-360

9060 GOTG 9020

5080 NEXT Row

9100 REDIM X(-7:7),Y(-7:7)

91206 PLOTTER IS 13,"GRAPHICS"

49140 FOR Row=-7 T0 7

9160 X{Row)=Row ! Set up X and Y arrays to do a iinear
9180 Y(Row)=Meas (Row+20,5) ! regression on the 15 lines,

4200 NEXT Row

9220 | GOSUB Plot data !
92406 MAT Xsg=X.X !
9260 MAT Ysg=Y.Y !
4280 MAT Xy=X.Y !
3300 Mean y=SUM(Y)/15 { Mean phase

9320 Siope=SUM({Xy)/280 ! Stope of best-fit straight line
9340 Totalss=SUM(Ysq)-SUM(Y)}*SUM(Y)/15 | Total sum of squares

4360 Regss=SUM( Xy )*SUM(Xy)/280 ! Regression sum of squares

2380 Resss=Regms=Totalss-Regss I Residual sum of squares

For diagnostic use.

Sauares of the sideband numbers
Squares of the phase angles
Products of (sideband times phase)
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Resms=Resss /13

REDIM Y(-18:18)

FOR Row=-18 TO 18
Y(Row)=Mean_y+Slope*Row

NEXT Row

GOSUB Plot_curve

FOR Row=28 TO 38

iF Mezs(Row,5)>
Value= Meas(Row 5)
Meas (Row,5) Meas(Row35)+36O
IF Meas(Row 5)>Y(
Value=Meas{Row,5)
Meas{Row,5)=Meas(Row,5)+360
GOTD 9620

Distance?=ABS(Meas(Row,5)~

IF Test=Dislancel THEN Meas
IF Test=Distance2 THEN Meas
NEXT Row
FOR ow=12 T0 2 STEP -1
iIF Meas(Row,
Vc}ue Meas{Row.5)}
Meas (Row,5)=Meas (Row,5)-360

(
(
)
(

9960 Value= Meas(Row 5
9980 Meas (Row,5)=Meas{Row,5)-360
10000 GOTO 094& ! Repeat subtracting 360 degrees until
10020 ! Y(Row-20) has been bracketed, then pick
10040 I the closer value.
10060 Bistancel=ABS(Value-Y(Row- 20))
10080 Distance2=ABS(Meas{Row,5)~Y{Row-20})
10100 Test=MIN(Distancel, D1ttqnce2)
10120 IF Test=Distancel THEN Meas (Row,5j=Value
10140 IF Test=Distance? THEN Meas(Row,5)=Meas(Row,5)
101€0  NEXT Row
10180  DEFAULT OFF
10200 FOR Row=1 TO 38 :
10220 Qd{Row,1)=Meas(Row,5) 1 Q(*) in degrees (since ordered).
10240 ! Eventually, order Meas(*,4),
16260 I and convert Theta(*) to deg.
10280  NEXT Row
10306 RETURN !
10320 Fft:
10340 K=0
10360 FOR J=1 TO No samples/2-1
10280 i=2 -
10400 IF K<HNeo <amp1es/(2*1) THEN 10480
13420 K=K-No_samples/{2*1)
10440 1=1+1
10460 GOTO 10400
1048¢ K=K:No_: sam“7 =5/ {2%1)
030¢ IF K<=Jd THEN 10640
0 A=:(J+1)

REJ1)V=R{K+1)

R{K+1)=A

A=T(J+1)

I(J+1)=1{K+1)

T{K+1)=A

X7 d

T0 19-1 I The "10% is the power of 2 equal to

1U/20 ! No_samples. See hp original.
10740 G=G+G

=Y{Row-20) THEN

Row-20) THEN 9740

Distancel=ABS(Value-Y{Row-20))

| Residual mean square
! Expand Y(*) to accept extrapolation.
| Compute Y(*) using fitted line. None
! of these values are substituted into
I Meas(*); they are used for ordering.
i For diagnostic use,
I Order lines 8 through 18; Row=row in
I Meas(*).
9840 | Row-20=sideband number.
Save Meas(Row,5) for comparison.
i Add the first 360 degrees and test.

! Y(sideband) has been bracketed.
! Reset Value.

| Add another 360 degrees until Y(side-
! band) has been bracketed. Then pick
! the closer value,

| Test the previous value,

Y(Row-20}) ! Test the current value.
Test=MIN(Distancel,Distance?)

! Seiect the closer of the two,
(Row,5)=Value
(Row,5)=Meas{Rcow,5)

I Order 1ines -8 through -18:

5)<=Y(ROW-ZO) THEN 10160

| Subtract the first 360 degrees.

lF Meas (Row,5)<Y(Row-20) THEN 10060



11760
141780
11800
1820
10840
8ol
10880
11900
10920
10940
10960
10980
11000
11020
11040
11060
11080
11100
11120
11140
11160
11180
11200
11220
11240
11260
11280
11300
11320
11340
11360
11380
11400
11420
11440
11460
11480
11500
11520
11540
11560
11580
11600
11620
11640
11660
11680

11700
11720
11740
11760
11780
11800
11820
11840
11860
11880
11900
11920
11940
11960
11980
12000
12020
12040
12060
12080
12100
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K)+E*I(K)
K)- C*I(K)
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A=E*P+C*Q

C=C*P-E*Q

E=A

NEXT R

NEXT I
A=2*PI/No samples
P=COS(A) ~—
Q=SIN(A)
A=R({1)
A+I(lg
R(1)/2
1(1)/2

R(1)=
I{1)=A
R(1)=

I(1)=
C=
E:
FOR J=2 TO No_samples/4
=E*P+C*(Q
=C*P-E*(Q
A

S IR € Ca~ bt~ 0 22
Cot et et e e e bt S O

samples/2-J+2
+R(K)
)+I( ))*C-(R(J)-R(K))*E

1
ot
—

A1(K))EH(R(2)-R(K) )€
+B)/2
/2
/2

/2
NEX
I(No_samples/4+1)=-I1(No_samples/4+1)
MAT R=R/(No samples/2)
MAT 1= I/(Nq_§amp1es/2)
RETURN !

HO L W< C@PBERMO DT O
W~
| o~ O e €

)
A
u-v)
A-B)
(U+v

— e~~~

Estimation:!
Bad file=0
MAT Theta=Xt*Qd
MAT Qr=(180/PI)*Qr | ConverlL Lu deyrees.
IF Theta{1l,1)<0 THEN Theta(l,1)=Theta(1,1)+360
Thetal 2=Theta(1l,1)+Theta(2,1)
IF Thetal 2>180 THEN Thetal 2=Thetal 2-360
IF Thetal 2>180 THEN 11820 ! lterate 1T needed.
IF Thetal 2<=-180 THEN Thetal 2=Thetal 2+360
IF Thetal 2<=-180 THEN 11860 ! Iterate if needed.
REDIM Jn(-18:18)
Sum=(Qr(1,1)-Thetal 2)"2
FOR 1I=314 TO 350
J=1-332 ! J=sideband number.
K=1-312 I K=harmonic number.
Theta? 3=Theta(3,1)+J*Theta{2,1)
IF Theta2 3>180 THEN Theta2 3=ThetaZ 3-360
IF Theta? 3>180 THEN 12020
IF ThetaZ 3<=-180 THEN Theta2 3=Theta2 3+360
IF Theta? 3<=-180 THEN 12060
Sum=Sum+Jn{ABS{J))~2*(Qr(K,1)-Theta2 3) 2
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12120
12340
12160
12180
12200
12220
12240
12260
12280
12300
12320
12340
12360
12380
12400
12420
12440

12460 Xt:

12480
12500
12520
12540
12560
12580
12600
12620
12640
12660
12680
12700
12720
12740
12760
12780
12800
12820
12840
12860
12880
12900
12920
12940
12960
12980
13000
13020
13040
13060
13080
13100
13120
13140
13160
13180
13200
13220
13240
13260
13280
13300
13320
13340
13360
13380
13400
13420
13440
13460

NEXT 1
Sigmasq=No_samples*Sum/35 No_samples is fixed at 1024, in this
program. The 35 results from using

38 Tines in this estimate and 3 degrees
of freedom when estimating Theta(*).

Ck came from file "Xt ".

Var={1+Ck)*Sigmasq/No samples
Est std dev=SQR(Var) —

IF File<>File no THEN 12320
IMAGE "Data file",5X,"Bearing angle",5X,"Sigmasq",5X,"Est. std. dev."
PRINT USING 12280

IMAGE #,2X,6A,8X,4D.4D,6X,D.3DE,6X,D.3DE

IF Est std dev> lE 2 THEN PRINT CHR$(132)

PRINT USING 12320;File$,Theta(1,1),Sigmasq,Est std dev

IF Est std dev>= lE 2 THEN PRINT CHR$(248),“POSSIBLE BAD DATA"

PRINT CHR$(128)

IF Est_std dev>=1E-2 THEN Bad file=1

RETURN !

The routine below is used to compute
and store Xt(*) in file "Xt ". To
use this code, lable Xt dim: must be
enabled. In most cases, it is simpler
to COPY file "Xt " from an existing

copy.
Set up Pointer(*).

Pointer(1)=2

FOR Counter=2 70 38
Pointer(Counter)=313+Counter

NEXT Counter

REDIM Jn(-18:18)

Jdn(0)=-,174899073984 ! gn(0) & Jdn(1) are used in the following
Jn(1)=.0903971756613 ! recursion to generate Jn(-18) through
FOR Counter=1 TO 18 ! Jdn(18), where n=16,

IF Counter=18 THEN 12780
Jn{Counter+l)=Counter/8*Jn(Counter)-Jn(Counter-1)
Jdn(-Counter)=(-1)~Counter*Jdn(Counter)
NEXT Counter
Ck=0 ! Compute the constant Ck.
FOR J=1 TO 18
Ck=Ck+J~2*Jn(J) 2
NEXT ¢
Ck=1/(2*Ck)
REDIM Jdn(1:37)
MAT X=ZER I Compute Xt(*).
MAT V=ZER
X(1,1)=X(1,2)=1
V(1,1)=1
FOR Row=2 TO 38
X(Row,2)= Row 20
X{Row,3)=1
V(Row,Row)=1/{Jn(Row-1)*JIn(Row-1))
NEXT Row
MAT V=V*(2/No samples)
MAT Xt=TRN(X)
MAT Vi=INV(V)
MAT A=Vi*X
MAT B=Xt*A
MAT C=INV(B)
REDIM A(3,38) ! Re-use MAT A.
MAT A=Xt*Vi
MAT Xt=C*A ! Re-use MAT Xt.
ON ERROR GOSUB 13440
CREATE "Xt ",1,3%38*%3+37*8+38*%8+8
ASSIGN #1 TO "Xt "
PRINT #1,1;Xt(*), Jn(*),Pointer(*),Ck
ASSIGN * TO #1
OFF ERROR
END
IF ERRN=54 THEN RETURN
BEEP



13480  PRINT ERRM$

13500  STOP!
13520 Meas print: ! Prints Meas(*) for diagnostics.
13540  PRINT CHR$(27)&"&10T"; I Supress margins on perf. paper.

13560  PRINT "Code dtg: ";Rev$;". Disk dtg: ";Disk$;". Filename: ";Filename$

13580  PRINT File$&" Nominal bearing angle=";Housekeeping(2),LIN(1)

13600 IMAGE “Corr",2X,"Real",1X,"Corr",3X,"Imag",X,"Bess",3X,"Line",6X,"Rad-",7X,"Deg~

", 3%, "Line", X, "Row" ,2X."Row"

13620 PRINT USING 13600 S

13640  IMAGE "sign“,2X,"part",1X,"sign",3X,"part",X,"sign",3X,"amp1",6X,"ians",7X,"rees",3X,"
no.",X," no.",X,"-20"

13660  PRINT USING 13640

13680  PRINT

13700 IMAGE 3D,2D.4D,1X%,3D, X,2D.4D,X,3D,X2D.4D,X5D.4D,X70.20,2X,4D,X,30,2X,3D

13720 FOR Row=1 TO 39

13740 IF (Row<>39) AND (Row<>1) THEN 13800

13760 S$1=52=J3=0

13780 GOTO 13880

13800 S1=SGN(Jn(Row-20) }*SGN(Meas (Row,1))

13820 $2=SGN(Jn(Row-20) ) *SGN{Meas (Row,2)})

13840 J3=SGN{JIn{Row-20))

13860 IF Signflag THEN $1=52=0

13880 PRINT USING

13700351 ,Meas{Row,1),52,Meas (Row,2),J3,Mcas (Row,3) ,Meas (Row, 1) ,Meas (Row,5) ,Meas (Row, 7) ,Row,Row-20
13900 IF (Row=1) OR (Row=4) OR (Row=9) OR (Row=14) OR {Row=19) OR (Row=20) OR (Row=25) OR (Row=30)
OR (Row=35) THEN PRINT ‘

13920  NEXT Row

13940  Signflag=1l ! Prints CSGN's only first pass.

13960 | They are meaningless after that,

13961  PRINT “Theta(*):"

13962  MAT PRINT Theta

13980  PRINT "&136T"; ! Restore margins.

14000  RETURN !

14020 Plot: | Used for diagnostics.

14040 PRINT "&107T"; ! Supress auto feed at perforations.

14060  INPUT "Do you want a GRAPHICS dump? (Y or N)",Dump$

14080  Dump$=UPC$(Dump$)

14100  GCLEAR

14120 LINE TYPE 1

14140  FRAME

14160  GRAPHICS

14180  Rmax=Dmax=-1E99

14200 Rmin=Dmin=1E99

14220 FOR Row=2 TO 38

14240 Rmax=MAX(Rmax ,Meas(Row,4))

14260 Rmin=MIN(Rm1n,Meas(Row,4%%
))

1 Ki1l this Tine for overlaid plots.

14280 Umax=MAX(Dmax ,Meas{Row,b
14300 Dmin=MIN{Dmin,Meas (Row,5
14326 NEXT Row

14340 SCALE 2,38,Rmin,Rmax

14360 FOR Row=2 T0 38

14380 PLOT Row,Meas (Row,4)
14400  NEXT Row

14420 SCALE 2,38,Dmin,Dmax

14440  MOVE 2,Meas(2,5)

14460 LINE TYPE 6

14480 FOR Row=2 T0 38

14500 PLOT Row.Meas(Row.5)
14520  NEXT Row

14540  LINE TYPE 3

14560 MOVE 12,Dmin

14580 DRAW 12,Dmax

14600  MOVE 20,Dmax

14620 DRAW 20,Dmin

14640 MOVE 28,Dmin

14660 DRAW 28 ,Dmax

14680  IF POS(Dump$,"Y") THEN Graph printer=0



14700 © IF NOT POS{Dump$,"Y") THEN Graph printer=16

14720 PRINTER IS Graph_printer -

16740 PRINT File$,"Code revision dtg:";Rev$,

14760  IF Ordered THEN PRINT “"Ordered angles."

14780  IF NOT Ordered THEN PRINT "Angles not ordered.”

14800  PRINT "Rmin=",Rmin,"Rmax=",Rmax,LIN(1);"Dmin=",Dmin,"Dmax=",Dmax
14820  IF Sigmasq THEN 14880 ! False values for the variance and
14840 GOSUB Estimation ! est. s. d. will result if Estimation
14860 I has already be done once,

14880  IF POS(Dump$,"Y") THEN DUMP GRAPHICS

14900  PRINTER IS Printer | Restore printer designation.
14920  PRINT "&136T"; . Restore margins at perforations.
14921 EXIT GRAPHICS

14940  STOPILpLg

14960 Plot_curve:!

14980  GRAPHICS

15000  FRAME

15020  SCALE -20,20,Meas(2,5),Meas(38,5)

15040  AXES 1,10,0,0

15060 MOVE -18,Y(-18)

15080 FOR X=-18 TO 18

15100 DRAW X,Y(X)

15120 NEXT X

15140  PENUP

15160 LORG 1

15180 CSIZE 3.3

15200 MOVE .5,-15

15220  IMAGE 22A,D.DDE

15240  LABEL USING 15220

15260 LABEL USING “bA,14X,4D.4D";"Mean=",Mean y

15280  LABEL USING "6A,13X,4D.4D";"Slope=",Slope

15300  LABEL USING 15220;"Total sum of sq.=",Totalss

15320  LABEL USING 15220;"Regression sum of sg.=",Regss

15340  LABEL USING 15220;"Residual sum of sqg.=",Resss

15360  LABEL USING 15220;"Residual mean sg.=",Resms

15380 RETURN !

15400 Plot data:!

15420  GRAPHICS

15440 LORG 5

15460  CSIZE 1.7

15480  FOR Row=-7 TG 7

15500 MOVE Row,Y(Row)

15520 LABEL USING "2D";Row

15540  NEXT Row

15560  PENUP

15580  RETURN !

15600 File Tist: I Checks DAT files for bearing angle.
15620  PRTNT "Code dtg: ";Rev$:;". Disk dtg: ":Disk$;". Filename: ":Filename$
15640  ON ERROR GOTO 15860

15660  FOR N=1 TO 100

15680 IF N<10 THEN File$="DATO00"&VALS(N)

15700 F N>=10 THEN File$="DATO"&VALS$(N)

15720 IF N=100 THEN File$="DAT"&VAL$(N)

15740 ASSIGN #1 TO File$

15760 MAT READ #1;Integer data,Housekeeping

15780 PRINT File$:": Nominal bcaring angle=";Housekeeping(2)

15800 ASSIGN * TO #1

15820  NEXT N

15843  END

15860  IF ERRN=56 THEN 15940

15880  PRINT ERRM$

15900  OFF ERROR

15920 END

15940  PRINT Fiie$;" not yet assigned.”

15960 OFF ERROR

1598C  STOPILpip

16000 Re store: i Called by key 20, Assures that program

A-12



16020
16040

16240
16260
16280
16300
16320
16340
16360
16380
16400
16420
16440

16460
16480
16500
16520
16540
16560
16580
16600
16620

RE-STORE "VOR1"
STOP!L¢Le

Housekeepiﬁgl:

MAT Housekeeping=ZER
Housekeeping{1)=Time no

Housekeeping(2)=Nom bearing -

Housekeeping(3)=No measmnts
Housekeeping(4)=Measurement
Housekeeping(5)=No overloads
Housekeeping(6)=VAL(Rev$)
Housekeeping(7)=VAL(Disk$)
Housekeeping(8)=File_no
RETURN !

Housekeeping2:

Housekeeping

(9)=Theta(1,1)
Housekeeping(10)=

(

(

Theta(2,1)
=Theta(3,1)
=Sigmasq
=Est_std dev

Housekeeping
Housekeeping
Housekeeping(
Housekeeping(
Housekeeping(
RETURN !

Processed

9)=
10)
11)
12)
13)
14)
15)=Bad_file

32000 Disk_dtg:!
32010 Disk$="8204231411"
32020 RETURN

! is RE_STORE'd in the file identified by
I Re_store:,

| Used when data is first stored.

Date-time-group data were stored.
Nominal bearing angle, deg.

Number of measurements in the set.
Number of this measurement in the set.
Number of ,ADC.overloads.

Program revision date-time-group.

Disk serial number.

Data file number (1-100).

! Used after data is processed.

I Computed bearing angle.

! See analysis.

! See analysis.

! See analysis.

! Estimated s. d. for a large set.

! If =1, data has been processed.

| Flags files with excessive est. s. d.



Appendix B. Test-Data Listings

These data lists are abstracted from the "housekeeping" files of the permanent magnetic records
maintained on every measurement., The result from the processing of the raw data taken by the phase-
meter ADC. Each row represents a single measurement of 1024 time samplies at a given bearing angle.
Each block of five rows represents (usually) a set of five measurements at a given angle, taken over a
period of about 32.5 min.

The columns present the following information for each measurement:

1. RUN DTG: This is a 10-digit numerical representation of the date and time in the form
YYMMDDHHMM, where the first pair of digits is the the last two digits of the
calendar year, the next two give the month, then the day, hour, and minute.
This results in a unique number 'that identifies every measurement. It comes
from a real-time clock in the measurement computer.

2. BEARING: The nominal bearing angle set on the front panel switches of the standard
generator. The number is not used in the estimation of the bearing angle,
only in the calculation of the deviation between the setting and Thetal, the
measured angle.

w
.

SET: The number of measurements in the set.

4. NO.: The number of the measurement in the set.

5. DISK DTG: This is another date-time group having the same interpretation as the RUN
DTG. Is is recorded on the disk when it is first initialized, and becomes a
unique serial number identification for that disk. It is recorded in every
data file on that disk and allows tracing processed results back to the
original raw data, for further study.

6. FILE: The file number of a measurement. It ranges from 001 tc 100, and the cor-
responding data file names are DATO01 to DAT100. The file names (and num-
bers) are computed automatically by the software and allow tracing processed
data back to the original file.

7. THETAL: The estimated VOR bearing angle. It is stored as a full-precision result,
without rounding.

8. THETAZ: The second angle measured by the phasemeter. See the equation for the model
for interpretation. It is a result that is not directly involved in the
final answer, but is useful for detecting certain system instabilities.

Note that it does not change appreciably from measurement to measurement or
) from month to month.

9. THETA3: Similar to THETA2; see above.

10. SIGMA SQUARED:  An estimate of the mean square error in the voltage measurements in a single

bearing angle measurement. )
11. ST.DEV. THETAL  An estimate of the standard deviation of THETAL, again based on a single
measurement. It is not the standard deviation for the set of measurements.
Usually., the standard deviation for the set is one-third to one-tenth this
estimate, which is therefore conservative.
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Appendix C. Graphical ITlustrations*

The purpose of this attachment is to illustrate graphically some of the characteristics of the
VOR measurement process which have been expiored. The data were collected to help answer some ques-
tions which are often at the core of an examination of a new measurement process, for example,
« Are there warm-up effects which affect the process?

N =

. What is the systematic error in an estimated value?
. Are there within-day or day-to-day differences'which will affect the results?

S W

. Is the bearing measurement system linear?

(2]

. What is the best procedure for monitor the process?

fhe answers to these (and other) questions are the components of the final documentation of the sta-
tistical properties of the VOR measurement process. Quality control, or measurement assurance, pro-
cedures follow naturally from the analysis.

'Data which are shown in the exhibits were collected by sound statistical practices to answer one
or more of the questions Tisted above. Whenever data were collécted at several bearing angles, switch
settings on the signal generator were selected at random. Various quantities which are plotted are
identified by:

1. "Bias": Nominal bearing minus estimated bearing;

2. Theta(l): Estimated bearing;

3. Bear Std: Estimated standard deviation of Theta(l); used to flag individual outliers (see
ref. 3);

4. Theta(2): Auxiliary phase angle (see ref. 3); used to monitor the system;

5. Theta(3): Auxiliary phase angle; also used to monitor the system.

There are four sets of graphs:

Exhibit C.1: Start-up effects

Exhibit C.2: Within-day effects

Exhibit C.3: Systematic offset from nominal bearing
Exhibit C.4: Systematic offset, 5° interval

*The NBS statistical software package STATLIB was used to obtain plots in this
appendix.
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Exhibit C.1

Start-up effects: 20 successive measurements at a fixed nominal bearing were collected on both March

8 and March 10 (1982). Each run began from a cold-start of all system components and continued for
approximately two hours.

Remarks: Approximately 45 to 60 min should be allowed for warm-up of the system before performing
calibrations. Theta(3), and its associated DAC, requires the most time to stabilize.
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Exhibit €.2

Within-day effects: 45 successive measurements at nominal bearing 120° were coliected on March 2,

March 26, and March 31 (1982). Each run began from a warm-up start and lasted approximately 4 h, 40
min,

Remarks: 1. Theta(1) has no apparent trend.

2. Theta(2) exhibited a trend on 3-26 and 3-31, but not on 3-2.

3. Theta(3) plots depict a thermal drift in the associated DAC on all three days. Note,
however, that the range of Theta(3) is only 0.0074 on 3-2, 0.0128 on 3-26, and 0.0115 on 3-31. The
effect on the drift will be negligible if Theta(3) remains relatively stable during a single determi-
nation of Theta(l), i.e., for approximately 6 min.
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Exhibit C.3

Systematic offset from nominal bearing: The 275 measurements from the first 4 occasions used to

obtain the provisional uncertainty statement for the VOR calibration service are useful to illustrate
the slight offset of the standard phasemeter measurements from the nominal bearing of the standard
signal generator. The various quantities obtained from the set of measurements, excluding outliers,
is plotted versus nominal beéaring. There are five groups of plots, each with four separate graphs.
The first group shows the combined data from the four measurement occasions. The other four sets of
plots show each occasion separately, as labeled.
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Exhibit C.4

Systematic offset, 5° interval: 73 measurements were obtained at 5° bearing intervais on

March 15, 1982, Data collection began at 8:15 a.m. and ended at 2:30 p.m. Measurements at the 73
bearings were obtained in random order. Following are plots of the "Bias," Theta(2) and Theta(3) ver
sus the nominal bearing.
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Appendix D.

BMDP3V Program Listing.
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