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ABSTRACT

The use of satellite Doppler technigues for geodetic
positioning has become increasingly common in recent years.
The relative mode of operation has become particularly
popular due to assertions regarding its accuracy
capabilities, Unfortunately , at the present time ,
meaningful accuracy tests are etill relativly few in
number, Moreover , s8such tests are generally restricted to
distances of less than one hundred kilometres. The
assessment o0f accuracies over longer distances is most
desirable , particularly in Australia where the remoteness
of much of the country makes Doppler positiocning a very

attractive technique,

This aim of this project is to add to the growing
body of data that is becoming available regarding relative
positioning accuracies. An analysis is undertaken of a
multi-station Doppler figure which was observed for
inclusion in the GMA82 adjustment. The effects of processing
with different reduction programs are examined as are the
influences of network size , ephemeris type and ephemeris
constraint. An examination of repeatability is also
undertaken , thisg involving data from a second multi-station

figure,

Data analysis is principally carried out through the

intercomparison of chord distances. All Doppler derived

Xl



distances are compared with those computed from AHD
elevations , Fryer geoidal undulations and preliminary GMAS82
coordinates, Comparisons with results obtained by other

authors are performed where possible.
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CHAPTER 1
INTRODUCTION

The Navy Navigation Satellite System (NNSS) or TRANSIT
system was commisgioned by the United States Government in
1963, Originally conceived as a navigation system for
military vessels , it was made available for civilian use in

1967,

The operation of the system is based on a principle
first noted by Christian Johann Doppler , an Austrian , in
1842, Doppler drew attention to the fact that the frequency
of a =signal as perceived by an observer is dependent upon
the relative motion between the observer and the signal
source, Thus for example , if a noise producing object ,
such as a train , approaches a stationary observer , the
observer will hear a higher pitched noise until the train
reaches him , the actual pitch of the noise ag the train
becomes level with him , and a lower pitched noise as the
train moves away. This phenomenon is known as the Doppler
effect and applies to waveforms in general, The difference
between the perceived freguency and its actual value is

known as the Doppler shift (Resnick and Halliday 1966 A),

The TRANSIT system is based entirely upon the Doppler
effect. The system utilises a series of satellites which are
located in polar orbits. Each of these satellites transmits

two modulated tones at approximatly 400 MHz., and 150 MHz,



As a satellite approaches and passes a receiving
station,Doppler shifts in both of the emitted signals become
perceivable., An analysis of these ghifts coupled with
sufficiently accurate ephemeris data enables the receivers

position to be determined.

By the begining of 1969 , the accuracy available from
the TRANSIT system had improved to the point where it became
viable as a tool for geodetic positioning, Two modes of
operation quickly emerged, The first became known ag the
point positioning mode , and involved the determination of
the absoglute values of latitude , longitude and spheroidal
height at a single receiver station, This technique relies
heavily upon the integrity of the satellite ©positions as
defined by an ephemeris, As neither the broadcast nor
precise ephemeris are perfectly known , point positions
always contain ephemeris-induced errors. At the present ftime
it is estimated that horizontal positions computed using the
broadcagst or operational ephemeris have an accuracy of ten
metres ( 1lo ) after fifteen passes while those computed
using the precise ephemeris have a corresponding accuracy of

0.7 of a metre after forty passes (Hoar 1982a Aa>.

The second mode of operation is known as the relative
positioning mode, Techniques in this category require that
two or more receivers occupy different stations during the

same period of time and simultaneously receive data from



each satellite pass. The determined absolute positiong of
the receivers will thus be subject to the same ephemeris
biases, However , as the errors at each station are
correlated , the relative station positions will remain more
or less bias free, By employing suitable modelling
techniques , the relative positions of the receivers may be
recovered to a significantly higher degree of accuracy than

their absolute positions,

Relative positioning has increasingly become the
main mode of operation in recent years, The vast majority of
Doppler software currently available facilitates the use of
such techniques, Indeed some manufacturers are now
incorporating relative positioning software into their
geodetic receivers. The reason for this popularity is the
assegsment that relative positioning techniques can produce
accuracies from the broadcast ephemeris which are equivalent
ta those obtainable from the precise ephemeris (Stansell
1978 aA), ( An explanation of the differences between the
ephemerides 1is given in Chapter 4., ) It is the purpose of
this report to investigate the veracity of such claims,
Clearly +the report cannot hope to be exhaustive in its
investigations due to the extensive nature of the subject
area, It 1is intended however that it should at least
contribute to the growing body of data which is becoming
available regarding attainable accuracies from relative

positioning,



The report commences by giving an overview of the
TRANSIT system in Chapter 2. 1t then proceeds to discuss
theoretical aspects in Chapters 3 and 4 ., These asgpects
include geometric modelling , time recovery , atmospheric
effects and the ephemerides, It is intended that +these
chapters should highlight the essential components of
Doppler processing , thus providing a background against

which the results may be discussed,

In Chapter 5 , the test data itself is presented,
Relative positioning solutions involving two , five and
eleven stations are tabled , these having been processed

using both +the broadcast and precise ephemeris., Chord
distances |, when computed , are compared with those
determined from the best available ‘ground truth’., All
Doppler reductigns were performed using the Geodetic Survey
of Canada program , GEODOP , and the on-board translocation

facilities of the Magnavox MX1502 Satellite Surveyor,

The conclusions are presented in Chapter 6,



CHAPTER 2

THE NAVY NAVIGATION SATELLITE SYSTEM ~ AN OVERVIEW

Thigs chapter isgs intended to provide an introduction
to the TRANSIT system. It commences by briefly describing
the history of the system’s development, It then proceeds to
describe the three principal system components, Finally it

concludes with an elaboration on the techniques of relative

positioning,

2.1, Higtory

The TRANSIT navigation system was patented by
F.T.McClure in 1958 (Hoskins 1982 C), 1Its history began in
1957 with the launching of the first artificial earth
gatellite , Sputnik 1. Interest in this satellite was very
high and it was tracked world-wide by both optical and radio
techniques, As had been anticipated , the signals radiated
by the satellite displayed a Doppler shift as the satellite
moved past each observing station. However it was not until
1958 that the information content of that shift was fully

recognised,

It was found that ephemerides computed for Sputnik 1
uging only radio Doppler measurements were as accurate as

those determined from optical and other radio technigues



(Stone and Weiffenbach 1961 A), As a result , the principle
was investigated further. R.R.Newton demonstrated that the
technique could be adapted to the tracking of inter-
planetary wvehicles to ranges of 150 - 200 million nmiles
using a relatively low-power on-board transmitter, The
method was used to track Pioneer 5 for eight million miles

before a malfunction prevented further obhservations.

1t quickly became apparent that 1if satellite
ephemerides could be generated to an adequate accuracy from
an independent source , the technique could be inverted and
used to determine positions on earth., Thus ideas for a two-
stage system were developed along the following lines. In
the first stage,the Doppler shift from a satellite would be
detected at a number of tracking stations whose positions
were known. This signal would be used to determine the
satellite’s ephemeris, 1In the second stage,a receiver at an
unknown locality would track the same satellite and measure
its perceived Doppler shift, This , together with the
ephemeris determined in stage one would enable the unique
definition of the receiver’s position in a geocentric

coordinate gsystem.

The real impetus for the development of such a
system came from the United States Navy. With the
introduction of their POLARIS nuclear submarines , the Navy

required a position fixing system that would enable the



frequent wupdating of inertial navigation systems at any
point in the world., As a result the TRANSIT system came into
being. The system was developed at the Applied Physics
Laboratory of the John Hopkins University between 1958 and
1963, It became operational in 1964, 1Initially the system
was only available to military users, However in 1967 , by
Presidential directive , it was made generally available to

the civilian population,

Since its inception , the TRANSIT system has been
operated and maintained by the U,S, Navy Strategic Systems
Project Qffice (SSP0), In addition to POLARIS, the system is
used on both POSEIDON and TRIDENT submarines. However the
number of civilian users now far exceeds that of their
military counterparts, In 1981 it was estimated that the
U.5. Government operated approximatly 1000 receivers. At the
same time, it was estimated that the civilian community
operated in excess of 15000 receivers and that this would

rise to 45000 by the end of 1982 (Hoskins 1982 C»J,

The system has been progressivly improved over the
years, The introduction of superior gravity models in 1968
and 1975 resulted in the accuracy improving to the point
where it could bhe used for geodetic positioning, TRANSIT has
proved to be superbly reliable , having achieved a 99.9%
system reliability/availability rating on all currently
operational satellites, The SSPO will continue to support

the TRANSIT system until after the installation of the GPS



system. It is anticipated that this will take at least until
1992, The future of the TRANSIT system beyond that time 1is
not certain, However its continued operation by another

agency is a possibility,

2.2, System Components

The TRANSIT system may be considered as consisting

of three components. They are -
1, The Space Segment
2. The Control Segment

3. The User Segment

Each will now be considered in turn.

2.2.1, The Space Seqment

The gpace segment consists of the satellites
themselves. Currently there are six satellites in the
TRANSIT configuration although only five of them are
operational, Four of the six satellites (30130 , 30140 ,
30190 , 30200 > are of the original design and are known as

OSCAR type satellites. Two of these have been operational



since 1967 and have demonstrated better than 99%
reliahility/availability. The fifth satellite , 30110 , has
a specialised dual function., It has not been operational
since April 1981 although it is expected that it will be
returned to service in mid-1984 (Hoar 1982b A), The
remaining satellite , 30480 , is of a newer design, It is

known ags a NOVA type satellite and is designated NOVA 1.

All of the satellites are in polar orbits
approximatly 1100 km, above the earth, The period of their
orbits is approximatly 106 minutes (Hoskins 1982 C)., The
average pass frequency with five operational satellites
varies between 35 and 100 minutes depending on latitude, The
pass geometry of +the TRANSIT system repeatg at two day

intervals (Boal and Vvamosi 1981 aA),.

All TRANSIT wsatellites ( also known as NAVSAT
satellites ) are launched from the Vandenberg Air Force Base
in California aboard Scout Boosters, Unfortunatly the
pointing accuracy of the Scout Booster is slightly imperfect
( o = 0,43 degrees ) , with the result that most of the
satellites have been placed into slightly out-of-polar
orbites, This imperfection has caused the orbital planes to
precess , resulting in sub-optimal satellite coverage , and
at times , interference bhetween the sgignals from two
satellites, The latter effect may occur 1if the orbital
planes of two satellites become approximatly coincident. It

can only be overcome by switching off one of the satellites



until the period of coincidence has passed. It was for this

reason that satellite 30110 was switched off in 1981,

Each of the TRANSIT satellites contains the

following systens.

1. A power supply system,

2. A highly stable 5 MHz. frequency oscillator,

3. A clock.

4, 150 MHz. and 400 MHz, transmitters,

5. A core memory for storing ephemeris data,

6, A telemetry system for monitoring satellite
performance.

7. A command system,

All of the satellites are sustained by solar power,
Each has four solar panels attached to the main body. These

supply energy to charge internal batteries.

The 5 MHz. frequency oscillator powers the clock and
generates the two transmitted signals, This component is
vital to +the integrity of a satellite’s performance, Any
ogcillator instability will result 1in the detection
of spurious Doppler shifts at the receiving stations ,
resulting in erroneous position fixes. The development of an
ultra-stable frequency source which could survive a

satellite’s launch and then operate satisfactorily for years

10



afterwards was a major achievment (Decca Survey Sat-Fix A),

Despite their high stabhility characteristics , the
frequency generated by the 5 MHz. oscillators varies and
drifts with both time and satellite, In the O0SCAR satellites
, the resulting timing errors are compensated by the
introduction of 9.6 microsecond time delay steps to the
broadcast message (Vide Section 3.3.2.). 1In the NOVA 1
satellite , a Digital Frequency Adjustment System known as
I1.P.S, has been incorporated to control the operating
frequency of the master oscillator within a narrow range of
values. As a result , the NOVA's oscillator frequency 1is
capable of being held at a constant value , regardless of
the oscillators aging characteristics, It is anticipated
that by incorporating the 1.P.S. module into a closed 1loop
system with a ground based monitoring station , it will be
possible to maintain frequency and timing accuracy at a
level of a few parts in 102 , It was reported by Hoar
(1982h A> that the I.P.S. system used since launch had

failed. The satellite is now using a backup I1.P.S. system.

Each satellite transmits two modulated signals, The
higher frequency is nominally set at 399,968 MHz. although
this 1is subject to drift as discussed above., The lower
frequency 1is precisely 3/8 of the higher frequency at all
times., The signals are coherent at the time of transmission
(Smith et al 1976 A). Both signals are phase modulated by

ephemeris data in the satellite’s memory. The exact nature

11



of this data will be discussed in Chapter 4. The signals are
transmitted by an antenna which always points to earth ,
this orientation being achieved by an elongated boom which

naturally aligns itself with the earths gravity field,

The core memory on board the 0SCAR satellite has
sufficient capacity to store sixteen hours of ephemeris
data, The memory is updated every twelve hours,this leaving
a safety margin of four hours in the event of a missed
injection., In +the NOVA 1 satellite , the core memory was
increased to enable the storage of eight days of ephemeris
data , thus reducing the need for frequent data injections.
However the realisation of the full potential of the extra
memory was only made possible by the incorporation of the
Disturbance Compensation System (DISC0S) into the new

satellite.

The effects of drag on the accuracy of predicted
satellite ephemerides will be discussed more fully in
Chapter 4. At this stage it suffices to mention that drag
effects are caused by the passage of the satellite through
the earth’s atmosphere and by solar radiation pressure, The
errors resulting from these effects increase gquadratically
with time. They can become as large ag 170 metres over an
eighteen hour prediction period during periods of high solar
activity,. Clearly the prediction of several days of

ephemeris data would be pointless with such a high error

12



growth rate,

The DISCOS system 1is designed to detect and
compensate for drag forces which act in the along track
direction., Compensation isg achieved by firing a pair of
along track thrusters., The worth of such a system has been
demonstrated by comparitive testing with the 0SCAR
satellites, Wheras the errors in the predicted ephemeris for
the NOVA 1 satellite varied between 5 - 15 metres (RMS) over
the test period,those for the 0SCAR satelite varied between

5 - 70 metres (RMS) (Eisner et al 1982 C).

It is apparent therefore that the use of an enlarged
memory unit is entirely appropriate on +the NOVA type
satellite and will reduce that satellites dependence on the
control segment for frequent updates of ephemeris data. An
expanded OSCAR memory however would be of little advantage

due to the presence of uncompensated drag effects,

Other features of the O0SCAR satellites which were
improved wupon in the NOVA 1 satellite include the boosting
of the signal strength on both transmitted frequencies,an
increase in the number of channels in the telemetry system
and an improvment in the stability of the vertical alignment
of the transmitting antenna. 1In addition , the NOVA 1

satellite carries an on-board computer,

At the present time there are thirteen 0SCAR type

13



satellites in storage to replace those in orbit should they
fail., In addition it is planned that two other NOVA type
satellites be produced and placed in orbit by the end of
1984 (Hoar 1982b A), Eight SCOUT Boosters have been procured
for the launching of these satellites. As the SCOUT Booster
program is due to be terminated in 1988 , and as the TRANSIT
satellites are not easily adaptable for launches wvia the
Space Shuttle , plans are currently being made to store the
satellites in space by launching two OSCAR type satellites
on each boogster. It is anticipated that the first of these

launches will take place in 1984,

2.2.2. The Control Segment

The TRANSIT system is operated and maintained by the
U.S., Navy Astronautics Group (NAG). This group has their

headgquarters at Pt. Mugu , California,

The NAG operates four tracking stations, These are
located in Maine , Minnesota , California and Hawaii (Vide
Diagram 1 ), They are collectivly known as the OPNET
stations., These stations track the 150 MHz. and 400 MHz,
signals transmitted by each satellite , measuring and
recording the Doppler shifts as they pass overhead, The data
thus recovered is transmitted to a computing center at Pt,

Mugu. Here an orbit is computed for sach satellite from the

14
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preceeding thirty-six hours data, Thisgs is then extrapolated
forward to produce the broadcast or operational ephemeris
for the following thirty hours (Jenkins and Leroy 1979 B ,

Hoskins 1982 C»).

The broadcast ephemeris is uplcaded to the O0SCAR
satellites twice per day and to the NOVA satellite once per
day. The orbit determination is generally repeated every
twenty-four hours, However during periods of high solar
activity , the computation may be repeated every twelve

hours (Jenkins and Leroy 1979 B),

Facilities for uploading information to the
satellites exist at the Minnesota and California tracking
stations. In the period between January 1964 and April
1977 ,0only seven out of a total of 32,389 attempts at message
injection failed for any reason. In each case the upload was
succesgsfully carried out during the next satellite pass.
These figures provide further clear evidence of the

reliability of the system (Stansell 1978 A),

In addition to the OPNET stations , there exists a
second network of receivers known as the TRANET network,.
These stations have only a tracking capacity and are not
able in any way to upload information to the satellites. The

NAG are the sole managers of the satellite congtellation,

16



The TRANET network consgiste of at least twenty
permanent receivers and several portable receivers
distributed worldwide (Vide Diagram 1 )., Like the OPNET
stations , the TRANET stations track the satellite orbits
uging Doppler technigques. The information thus recovered is
used to determine the precise ephemeris , this being wused
purely for post-processing operations rather than orbit

prediction,

Until the end of April 1975 , the precise ephemeris
was computed by the U.S, Naval Surface Weapons Center. Since
May 1975 , +this role has been taken aver by the Defence
Mapping Agency Hydrographic/Topographic Centre (Hotham 1979
B). The ephemeris is computed on alternate days based on
forty-eight hours of observations (Anderle 1976a A), It 1is

made available on a government to government basis.

2.2.3. The User Segment

Broadly speaking the user segment consists of all
portable TRANSIT receivers, For +the purposes of this
discussion , the user segment will be restricted to include
only those instruments designed for geodetic positioning,

Navigation receivers will not be considered.

Portable TRANSIT receivers have been developed by a

number of companies during the past sizteen years , the most

17



notable being Magnavox , JMR , Canadian Marconi and

Motorola. Ignoring the wvarious microprocessor based
features which most of these organisations have
introduced , all receivers contain the same basic

components, They are

1., A Reference Oscillator,

2. 150 MHz, and 400 MHz. Receivers,.
3. An Antenna and Preamplifier,

4, A Data Recording Device.

S. An Energy Supplyu

The reference oscillator is the ‘heart’ of the
instrument, It 1is wused to drive an internal clock and
generate reference signals at frequencies of 150 MHz, and
400 MHz. These frequencies differ from those transmitted at
the satellite by a nominal 80 ppm. , this being 32KHz. at
400 MHz, (The satellite transmits at 399,968 MHz.,)., The
received signal and reference signal are mixed to produce a
beat frequency , the cycles of which are accumulated to form
the Doppler counts., As the Doppler shift in the beat
frequency never exceeds 20 ppm. of the transmitted frequency
, the 80 ppm, offset ensures that the Doppler counts always
retain the same 8ign , simplifying receiver design by
avoiding the need to count pogitive and negative cycles

(smith et al 1976 A , Hatch 1982 C).
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The oscillators used in Doppler receivers <(usually
of the quartz-crystal type) exhibit excellent short-term
stability characteristics , this being essential for the
accurate accumulation and timing of Doppler counts. However
both the satellite and receiver oscillators are subject to
linear drifts over extended periods of time , a fact which
should be taken into account during the modelling of

positioning solutions (Brown 1976 A ),

A receiver’'s oscillator needs to be allowed to warm
up prior to the receiver being used, Magnavox recommends a
warm up period of twenty-four hours for the MX150Z to enable
the oscillator to stabilise (MX1502 Field Translocation
Satellite Surveyor - Operation and Service Manual 1980 A).
It should be noted that the oscillator is sensitive to
instrument mal-treatment. Brunell (1979 B) states that a
blow to the instrument will excite the oscillator for a
period of time afterwards. In addition , a jump
discontinuity in the frequency may occur if the orientation
of the oscillator relative to the local vertical is at all
changed, Such disturbances would make the achievment of high

precision measurements impossible,

The antenna/preamplifier assembly contains the
electrical centre of the instrument. This is the point to
which derived Doppler positions are referenced, The
locations of antenna sites need to be selected with some

care, Satellite signals travel along a direct line of sight
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to the instrument, Consequently it is desirable that
receiver sites have the benefit of an unobstructed horizon,
In addition it is important that the antenna be located such
that it avoids receipt of reflected signals and other

gpurious radio interference,

Modern receivers generally record their acquired
data onto tape cassettes for later post-processing, Some
older instruments however , notably the AN/PRR-14 Gecceiver

use paper tape,

Geodetic receivers invariably possess an internal
twelve volt power source to maintain oscillator temperature
during ingtrument transportation, An external powver
source , usually a twelve volt car battery has to be wused
during tracking operations, A single fully charged car
battery will normally supply adequate power for periods of

twenty—-four hours or longer,

2.3. Data Reduction Technigues

As was noted in the introduction s Doppler
positioning techniques can be catagorised into two modes of
operation - absclute and relative,

The absolute mode is also known as point positioning.
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It can be defined as followus,.

‘Point positioning is the process of
collecting data from multiple satellite passes
at one location , along with an ephemeris , to
determine the independent station position
referenced to the earth centered coordinate

gystem’

(Hoar 1982a A)

At their most basic level , point positioning
computationg assume that the positions of the satellites as
defined by the ephemerides are error free. The reduction
process solves simply for the three station coordinates plus
the offset of the 400 MHz. frequency from its nominal value,
More sophisticated programs , in particular those which were
principally developed for relative positioning , recognise
the presence of satellite errors and include such biasges
among the parameters of the solution, Fregquently these
programg also include other undetermined quantities among
their wunknowns , such as the tropospheric refraction bias.
The wuse of these programs in the point positioning mode
requires some care , particularly in the assignment of
appropriate variances to constrain the orbital parameters

(Hoar 1982a Aa),

Relative positioning techniques can be subdivided

into several different categories, At the most basic
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level . relative positioning may be accomplished by
displacement translocation (Vvide Diagram 2), This involves
the agssumption that ephemeris—-induced errors in two
simultaneously determined point positions are identical and
thus that the inter-station vector is error free. If
accurate coordinates are known for one of the stations ,
then the coordinates of the other may be obtained by the
addition of the inter-station vector, Clearly this technique
depends heavily on there being a very high degree of
correlation between the satellite-induced errors at the two
stationg, Consequently it should be used with caution and

only over relativly short distances.

The following terminology for relative positioning
techniques was recommended for adoption by The Workshop on
Doppler Data Reduction and Analysis at the First
International Geodetic Symposium on Satellite Doppler

Pogsitioning. The text is taken directly from Hoar (1982a A).

a,.'Short Arc’ refers to methods in which the
apriori ephemeris is given at least sgix
degrees of freedom,

b, 'Semi-Short Arc’ refers to methods in which
the apriori ephemeris is given between ogne
and five degrees of freedom,

c. ‘'Rigorous Translocation’ refers to methods

in which only common data pointg from passes
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PRINCIPLE OF

DIRGRAM 2

(POINT POSITIONING AND TRANSLOCATION PROGRAM 1878 /)

=7000 KM
SATELLITE ORBIT

EFFECT OF ORBIT ERROR 1S COMMON
C " TOEACH OBSERVER. DIFFERENTIAL
POSITION IS ACCURATELY DETERMINED
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simultaneously tracked at all stations are
used in the data reduction,
d. ‘Translocation’ refers to methods in which
receivers are operated gsimultanecously
although the data points may not be

r

identical.

Reference to these methods will be made again in
later sections, At +this point it is worth noting that
program GEODOP and the MX1502 translocation software are
both classified as being semi-short arc programs (Kouba and
Boal 1975 A , Hoar 1982 2>, In this report , relative
positioning solutions which involve only two stations will

be referred to as translocation solutions. Solutions which

involve more than two stations will be referred to as multi-

station solutions,
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CHAPTER 3

THE NATURE , ACQUISITION AND CORRECTION OF DOPPLER DATA

In Chapter 1, ) it was noted that Doppler
positioning is dependent on the interaction of two data

gsets , these being

1. The set implicit in the Doppler curve,

2. The set provided by the satellite ephemeris,

The latter of these will bhe considered in Chapter 4.

The former will be discussed in the following subsections.

Section 3.1. is principally concerned with the
geometric modelling of Doppler solutions, Section 3.,1.1,
commences by investigating +the characteristices of the
Doppler curve, This 1is followed in Sections 3.1.2, and
3.1.3. by definitions of the satellite and receiver time
frames , and by the derivation of the range-rate equations,
Section 3.1.4. then outlines a solution technique which is
commonly used for data editing and which may also be used
for position or ephemeris computation, Finally Section

3.1.5. considers the modelling of multi-station soclutions.

In the remaining subsections , the emphasis 1is
placed on the Doppler counts themselves, Section 3,2,

considers count accumulation and the resalution of
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correlation problems, Section 3.3 investigates the influence
of time recovery errors , these being caused by both the
receiver (3.3.1,) and the satellite (3.3.2.). Finally
Section 3.4, considers the corrections for atmospheric

effects.

3.1, Geometric Modelling

J.1.1. The Doppler Curve

The curves in Diagram 3 (Stone and Weiffenbach 1961
A) illustrate the variations in the Doppler shift perceived
at a receiving station during a satellite pass. The curves
are characterised by two long ‘tails’ and a relativly abrupt
frequency change , this occuring around the point of closest
approach, The exact shape of a Doppler curve is determined
by the magnitude of the satellite’s velocity in the
direction of the receiver. Thus a satellite which passes
nearly directly overhead displays a very pronounced
frequency shift whereas signals from a low elevation pass
display a more gradual change. A signal from a satellite
orbiting at constant distance from a receiver would exhibit
no shift at all. (This ig not possible in the TRANSIT

system,)

The data content of the Doppler curve is described

by three parameters,these being -
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DIAGRAM 3
DOPPLER CURVE CHARRCTERISTICS

(STONE AND WEIFFENBACH 1861 R)
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1. The time of closest approach.
2., The receiver to satellite range at closest

approach,

L7%]
.

The frequency offset between the receiver and the

satellite signals,

The time of closest approach occurs when the slope
of the Doppler curve is a maximum, At that time the
receiver-to-satellite range vector is orthogonal +to the
direction of the satellite’s motion, The magnitude of the
range vector is inversely related to the magnitude of the
maximum slope (i.e. a steep slope represents a short range),
In addition , as the satellite-receiver velocity component
is zero at closest approach , the received frequency at that
time represents the true value of the transmitted frequency.
Thus 1if the satellite’s ephemeris were known at the time of
closest approach , (and if the height of the receiving
station could be determined from other sources) , the data
provided by the Doppler curve could be used to determine the
receiver’s coordinates and the true value of the frequency

offset (Vide Section 3.1.4.),

The determination of the closest approach parameters
in isolation 1is an inherently difficult task. For this
reason,data from all points on the Doppler curve are used in

a least squares fit to determine the desired quantities,
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Finally it must be remembered that the perceived
Doppler shift results from the overall relative motion
between +the satellite and the receiver, Consequently earth
rotation will contribute a component to the curve as
illustrated in Diagram 3 (Stone and Weiffenbach 1961 A)., The
different curves for the east and west sub-tracks enable

resolution of the east-west ambiguity.

All wvariations not directly caused by the motion of
the satellite will contaminate the results derived from the
acquired data, It is essential that such variations be
removed , either by apriori correction or through the

modelling of wundetermined parameters.

3.1.2. The Satellite and Receiver Time Frames

The 150 MHz. and 400 MHz, signals are phase
modulated by a 6103 binary hit message, This message is
transmitted continually over every two minute period. The
bits are organised into 26 lines and 6 columns of 19 and 39

bit words as illustrated in Diagram 4,

The modulated message serves three purposes, First
of all it propagates the parameters of +the broadcast
ephemeris +to receiving stations , thereby facilitating the

computation of receiver station coordinates. These orbital

29



DIAGRAM 4
SHTELLITE MESSAGE FORMAT

(POINT POSITIONING AND TRANSLOCATION PROGRAM 1878 A)

TIME MARK T, MESSAGE
SET A
LINE 1 3 4 5 6 7 8 -3 )
LINE 2 9 10 1 12 13 14 1,-2
LINES 1 18 i 18 s i G571 | NARAMETERS - DEVIATION FROM
LINE 4 21 22 23 24 25 26 t. ELLIPTICAL-ORBIT AT
' INDICATED TIMES
LINES 27 28 29 30 31 32 LA
LINE6 33 34 35 36 37 38 L
LINE 7 39 40 41 42 43 44 LA
LINES 45 46 47 48 49 50 tiia J
LINES 51 52 53 54 55 56 TIME OF PERIGEE ¢,
LINE 10 57 58 59 60 61 62 MEAN MOTION
LINE 1 63 64 65 66 67 68 ANGLE OF PERIGEE AT tp
LINE 12 69 70 71 72 73 74 PRECESSION RATE OF PERIGEE
LINE 13 75 76 77 78 79 80 ECCENTRICITY
LINE 14 81 82 83 84 85 86 SEMI-MAJOR AXIS
LINE 15 87 88 89 90 91 92 ANGLE OF ASCENDING NODE AT t,
LINE 16 93 94 95 96 97 98 PRECESSION RATE OF NODE
LINE 17 99 100 101 102 103 104 COSINE OF INCLINATION
LINE18 | 105 106 107 108 109 110 LONGITUDE OF GREENWICH AT tp
LINE19 | 111 112 113 114 115 116 SATELLITE NUMBER
LINE20 | 117 118 119 120 121 122 MESSAGE INJECTION TIME
LINE 21 123 124 125 126 127 128 SINE OF INCLINATION
LINE22 | 129 130 131 132 133 134 FREQUENCY OFFSET
tne23 | 135 136 137 138 139 140 INJECTION FLAG
LINE24 | 141 142 143 144 145 146 INJECTION FLAG
LINE25 |} 147 148 149 150 151 152 INJECTION FLAG
LINE26 § 153 154 155 156 | 157 1 2 ]\
|=————— 4601016 sECS | TIMEMARKT, ,

WORD TIME

1 1110001001011 {000 100100001 1101101 XXXX00 766.836 mSEC

2 XXXXXXXXXXXXXXOrtt i ptpnirernininiinio 766.836 mSEC

3 400 Hz Beep Tone - 766.836 mSEC
4 -156 39 Bit Words
157 19 Bit Word L
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parameters will be discussed further in section 4.4,
Secondly, it enables the recovery of time , absolute time
being required for ephemeris interpolation and relative time
for Doppler count accumulation, Finally it provides marks
for the commencement and completion of count

accumulations , these being known as integration gates,

Each message begins and ends at an even +two minute
epoch of Universal Time, These epochs are referred to as two
minute marks. They are immediately preceeded in the message
by a twenty-five bit sychronigatian ward
(0111111111111111111111110), Recognition of this word
enables a receiver to become synchronised with the
satellite , thus permitting the identification of specific

message words (Stansell 1978 1a),

The constant transmission of the binary bits enables
the recovery of time at epochs between the two minute marks
(However Vide Section 3.3.2.). 1In particular it permits the
definition of time intervals for the accumulation of Doppler
countg., Short Doppler counts are usually gated by the
receipt of the last bit in each message line. Consequently
the counts may be gated and timed by the same marks. The

accumulation period for lines 1 to 25 is -

C( 6103 x 6 x 39 > / 120 = 4,601016 Seconds,
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In the case of line 26 it is 4,974603 seconds.

Receivers which time their Doppler counts in this
manner are said to be operating in the satellite time frame,
The use of this time frame is very popular in navigation
receivers as it avoids the need for a receiver clock,.
Consequently the Doppler curve and the modulated message
provide all the information that is required to compute a

position fix,

However , oaperating in the satellite time frame has
its disadvantages, Unmodelled delays in the propogation of
satellite =signals through both the atmosphere and the
receiver result in the time base provided by the bhit pattern
becoming irreqular, This in turn causeg errors in the
Doppler counts and a general degradation of the positioning
accuracy., Errors from this source are generally not
significant in navigation type receivers. However they are
gignificant in geodetic receivers and necessitate the use

of a more precise form of time recovery.

Most geodetic receivers (e.,g. MX1502, JMR 4)  use
their own internal clocks to time integration intervals, As
such,they are said to operate in the receiver time frame.
Some of these receivers still use the modulated bit pattern
to provide +the integration gates., Others , notably the
Canadian Marconi instruments , dispense with the bit pattern

altogether and integrate over internally generated time
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periods, These periods are given by

(234 x 7 865 000 ) / £, = 4.601025 Seconds

where f, is the

internally generated 400 MHz., frequency.

Note that the 4.601025 figure is nominal and is subject to

drifts in £,.

3.1.3. The Range-Rate Egquation

The derivation of the range-rate equation is

included in several references. The version reproduced here

is from Ashkenazi and Gough (1975 A),

First it is desirable to define the following terms.

e

£,

£
t"!rtz
At,, At

the reference frequency generated by
the receiver,

the frequency transmitted by the
satellite,.

the Doppler shifted satellite frequency
recovered at the receiver,

epochs of time at the satellite
corresponding to the start and finish of a
counting period.

the time delays between the signal leaving



the satellite and arriving at the receiver,
ry,ra - the distances between the receiver and the

satellite at times t; and t..

c - the propogation speed of micraowaves in
vacuo,
As was noted in section 2.2.3. , the integrated

Doppler count N is obtained by accumulating cycles of the
beat frequency f,-f. . The accumulation process may be

expressed mathematically by the formula -

tz"'Atz
{
1 (£, - £ dt (3-1)
J
tytat,
Integrating the two terms individually produces -
tz"’Atz
;
N = £t - £ + f£,(At-Aty) - 0 £, dt (3~-2)
J
t.+at,

Now the number of cycles of £, received between
ty +Aty and t,+At, must egual the number of cycles of f.

transmitted between t4 and t.. Therefore -

t.t+at, t:
f. dt = 1 £, dt = £, (£t - £4 ) (3-3)
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Substituting (3-3) into (3-2) gives

= fg(tz - t1) + fg(Atz - Ati) - f,Ctz - t1)

-4
|

= (fy - £0Ct2 = t,) + f.0At; - Aty) (3-4)>

Now the time delay due to signal propagation 1is

simply given by -

At / c

H
]

Therefore At, - Aty = (r, - ry) / ¢© (3-5)

Substituting (3-5) into (3-4) gives -

N = (f, - £Ct2 - t) + £,{{r2 - ry) / ¢} (3-6)

This is regarded as being the basic integrated

Doppler count formula for the gatellite time frame. Note

that all quantities are known except r, - ry

The derivation for the receiver time frame ig as

follows,

Let 14 t, + Aty

tz + Atz

]

and 7,



Then +the integration period in the receiver time
frame is defined as being 7tv; - t4y . The accumulation of the

Doppler count (equation (3-1)) can bhe written asg -

T2
[
N =1 {(f, - £) - (£, - £} dt
J
T1
Tz
(
= (£, - £0(12 - T4 - 1(f, - £,) dt (3-7)
J
T
But from (3-3)
T2
{
I £, dt = £, (£t - t4) (3-8
J
Ty

Substituting (3-8) into (3-7) and completing the

integration gives

=
It

(f, - f;)ctz - T1) - {fsctz - t1) - f,('(z - T1.)}

(fg - £0(1, - T4) + £,CAL; - ALY (3-9

Noting equation (3-5) leads to

N = (f' - f;)(l'g - T1) + f,{(rz - r,) / ¢} (3-10)

This ig the range-rate equation in the receiver time
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frame. As was the case for the satellite time frame , all

quantities are known except r, - r,,

Equations (3-6) and (3-10) both assume that all
quantities are error free, In reality this is not the case,
Consequently the range-rate equation must be modified to

include two error terms as follows.

N + g = (f, - £0(t2 -~ t4) + 8 + £ {(r, - ry) / ¢ (3-11>
N+ e = (£, - £,0012 = 14) + 8 + £ {(r2~-1ry) / ¢C (3-12)
where ¢ = the random errors of observation
and 8 = the undetermined systematic errors.

3.1.4. The Guier Plane

It was noted in section 3.1.1. that +the Doppler
curve enables solution for two geometrical parameters and
one nuisance parameter. The geometric parameters lie very

close to the Guier plane , this being defined as follows.

‘The Guier plane ig ....... the plane
which passes through the receiver
coordinates (estimated) and contains the
velocity vector of the satellite at

closest approach.’

(Hatch 1976 R
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The Guier plane forms the x-y plane of a local 3D

cartesian coordinate system such that -

a. The origin is at the tracking station.

b, The =x axis coincides with the range vectaor at
closest approach,

¢. The vy axis is parallel to the direction of the
velocity vector at closest approach.

d. The z axig completes a right handed triad.

The Guier plane is eminently suitable for the two
dimengional processing of Doppler data. The geometric
relationship between the orbital plane and the Guier plane
is such that acquired Doppler data are largely insensitive
to the satellite’'s z coordinate. Thus out-of plane errors
do not significantly contaminate the results, In addition ,
Guier plane processing enables the separation of systematic
positioning errors from the random errors of observation.
This gituation is summarised in the following version of

Guier’'s theorem,

‘An adjustment in which the observations are Doppler
data from a single pass , and the unknown parameters
are the closest approach range and time (and the
frequency offset) , or eguivalently the coordinates

of the satellite at closest appreoach in the Guier
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plane (and the frequency offset),or equivalently the
Navigators coordinates in the Guier plane <(and the

frequency offset) , will result in an estimated
variance factor which is , to first order,
uncontaminated by satellite orbit errors,and a vector
expressing the satellite orbit errors resclved into
range (x) and along track (y) components’

(Guiers Theorem (D) , Wells 1974 A>

Consequently computations in the Guier plane may be

ugsed for three purposes,these bheing -

a, To compute an improved receiver position given
the receiver height and the satellite ephemeris.

bk, To compute an improved ephemeris (x and vy
shifts) given the receiver position.

¢, To edit the Doppler data using the

uncontaminated variance factor.

The processing of Doppler data in the Guier plane
involves the use of the range-rate formulae derived in
Section 3.1.3. In the Guier plane system , the ranges r; at

time t are given hy

ri(t) = [(Xﬁ(t)_}{g)z +(Yﬁ(t)—YR)2 +(Zs(t)"2g)2]D'5

where xs(t) ,ys(t) ,2zs(t) are the satellite coordinates in

the Guier plane system, Agsume that the satellite

39



coordinates ,

are perfectly

gsatellite signal frequency and receiver height

known, Then given approximate values for xs ,

yr and £, , refined values may be determined through a
parametric least squares adjustment , the observation
equations having the general form
L = F(XD)
These are linearised to give
AX + W=V
which in turn produce the normal equations
ATP A X + ATP W =0
where L is the vector of ohservations,
A is the degign matrizx,
P ig the inverse weight coefficient matrix,
X is the vector of unknown parameters,
W is the vector of absolute terms,
V ig8 the vector of observational residuals
Ag combined frequency offset for both the
satellite and receiver has to be recovered it is
convenient to replace f, and £, in equations (3-6) and

(3-10) by fe(l+Afy) and fo(1+Af,) where

Af' = (f' - fg) / fu

Af, = (f, - fo) / fo

fo the nominal frequency
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The elements of the design matrix are then determined
by partially differentiating the range-rate equations , thus

producing the following,

SF/SXR - fo(l"‘Afg)(Sr(tz)/SXR - sr(t-g)/SXR) / c
SF/8yp = foll+A£)(8r(t,)/dysr - dr(ty)/8ys) / ¢

F/88f, = folt: - t4) + (r(t:) - r(ty) fo /c

where

3S(t)/0xe -(xelt) - xe) / S(L)

~(ys{t) - yg) / S(L)

1]

dS(t)/dya

Prior to computation , the satellite and approximate
receiver coordinates have to be transformed from a geocentic
gystem into that of the Guier plane. The transformation
depends on the determination of the time of closest approach
tea , this being needed to relate the +two sgystems. A
Doppler count which 1is centered about tg may be expressed

mathematically as follows.

New = (£, - £00¢

A theoretical wvalue for Ng may be determined from
apriori information, By comparing this wvalue with the
observed values , counts N, and N may be identified , these

lying either side of the theoretical value., The variation of
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the Doppler shift with time is very nearly linear about the
point of closest approach. As the Doppler counts are usually
accumulated over short time periods , it 1is possible to
construct a linear function to determine the time of closest
approach from epochs t, and t3 , these being the centres

of integration intervals N, and Ns. Thus

tcg = ta - (Ng‘Nm)(ta—ta)/(Ng"NA)

The x and y axes of the Guier plane system are then

defined in the Geocentric system by the range vector
Xg = (XQ(tm) - XR)
and the satellite velocity vector at closest approach.
Ye = X5(tm)

Having defined the orientation of the Guier plane
axesg , the transformation proceeds in the standard fashion,
The origing of the two systems are first bought into
coincidence by the translation of the geocentric origin to
the tracking station, The transformation is completed by

applying a rotation matrix to the terrestrial system guch

that

xs{t) = R(X(t) - Xg)
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Precigse formulae for the computation of the row
vectors of R are given by Wells (1974 A) and Ashkenazi and

Gough (1975 A).

Hatch (1976 A) discusses an alternative to the Guier
plane for the editing of Doppler data., Called the plane of
least movement , it is determined in such a manner that it
minimigses the sensitivity of the correction vector to out of
plane errors, Hatch et al (1979 B) note that the difference
between editing in the Guier plane and editing in the plane
of least movement is not very significant as both techniques
will detect doubtful counts, However the planes have heen
found to differ significantly at low altitudes due to
increased sensitivity to height. The plane of least movement

ig used extensgivly in modern Magnavox software,

3.1.5, Multi-Station Modelling

The processing of Daoppler data in the Guier plane
reference sgystem ig not without its disadvantages. The

technique is restrictive in that it prevents the
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simultaneous adjustment of both satellite and receiver
positions. Consegqguently , short arc and semi-short arc
programg are invariably modelled in terms of geocentric
coordinates , the Guier plane being utilised only for data

editing,

In its most basgic form , a Doppler reduction program
solveg for the coordinates (X,Y,Z) of the receiver together
with a frequency offset term, More advanced programs , in
particular the multi-station programs , seek also to remove
aystematic biases by including other parameters among the
unknowns, One such program is GEODOP , This will now be used
to illustrate the modelling of a typical multistation

Doppler program,

The mathematical model used in GEODOP was described
by Kouba and Boal in 1975 (A), The program generates range-
rate equations for each Doppler count (28 or 32 second)
these having the general form of (3-11) or (3-12) ., The

ranges r, and r; are defined by the formula

ry = (DX (b0 -X, 12 + [Y.(£0-Y 12 + [2.(t,)-2,12)05 (3-13)

il

where i, Xo — uYy,
§a = Ya + ‘*’Axe

w ( 8t + r;y / c 2

£
>
It
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W the mean rotation rate of the earth

8t

the receiver delay
X¢ , Y9 , Z, are the coordinates of the receiver
Xlte) , Y.ty , 2.(t.) are the coordinates aof the

satellite at time t,.

Note that equation (3-13) takes into account the

distortion caused to the Doppler curve by earth rotation,

At thisg point it is worth mentioning that not all
programs use range-rate equations as their principle
madelling formulae. In particular , the short arc program
SAGA II1 (Brown 1976 A) formulates its solution using range

equations,
The range-rate equationsg (2-11) and (3-12)
incorporate a term 8; to describe a systematic error model.

In GEODOP this model takes the following form.

= —~ANwp dk/100 + [8(rp, - rd/8tldt + [8(r: - ry)/6bldb

m
.
»

i

where dk is a percentage correction to the nominal

tropospheric refraction correction,

dt is the correction to the nominal receiver delay

plus the synchronisation error,

dh represents the vector of orbital biases in the
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along-track , across-track and put-of-plane

directians,

Note +that GEODOP is a semi-short are program ,
solving only for three orbkital bias parameters. Short arc
programs solve for s=ix such parameters , although the
parameter type varies from program to program, For example ,
SAGA III is formulated in terms of the satellite’s along-
track , across-track and out of plane hiases plus the three
geacentric velocity components i,?,i (Brown 1976 A), GEODOP

V on the other hand , works with Keplerian elementsg (Schenke

1982 ©),

Station positions are computed using a least squares
technigue. The range-rate equations are linearised using a
Taylors geries which ig truncated atter the first term, The

resulting ohservation equations take the following form

where X is the vector of the unknown station coordinates
Y is the vector of the wunknown terms in the
systematic error model,
A and C are coefficient matrices
W is the misclosure vector

V is the vector of the residuals of observation

The elements of the A and C matrices are obtained by
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differentiating the range-rate equations with respect to the
unknowns. Thus the elements of the n* row of the A matrix

pertaining to the i* gtation in the network have the form

An,3i2 ([ x;(tz) - Xi 1/ e, — L X,(tﬂ - Xi 1 7/ r‘g)/k
Qaai-a = (L Y (b)) = vy 1/ o - 0 Yty — v 1 /7 x£4d/2

84,31 = ([ Z;(tz) - Zi 1/ rqs — L Z;(t1) - 23 17/ r])/k

where each Doppler count ig accumulated between t, and t.,

The elements of the C matrix which relate to the
orbital biases are expressed relative to the orbital plane.
Consequently the chain rule has to be applied to determine

these terms. The relevent expressions are -

[Cn‘l: Crnz, cn:i]
=(L3ry/0X,. 80X/ 83U, 80/8b) iz — [8ry/8X;. 8%,/ 8U,8U/8b]wmu)/ A

=[(X3( tg)"xi)/rz. qu( tz) .dU/db - (Xs(t1)‘xi)/r1. qu(t1) .du/dbl1/x

where 8r/8X represents the Geometic Partials
5X/8U0 represents the Rotation to Inertial Partials ,
these being expessed by the rotation matrix Ry

3U/8h represent the Variational Partials,

The termg 8U/8b are evaluated using special formulae

defined for the TRANSIT gystem ( Vide Section 4.5, ),
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The remaining three elements in each row of the C

matrix are given hy

Cae = t2 - t4

_(tz - t1) ANTR / 100

([{XS(t2> - xi}/rzj.XQ(tz) - [{X3(t1) - Xi}/r1].X5(t1))

N
2
&

I

These relate to the frequency offset , tropospheric

refraction and receiver delay corrections respectivly,

Between them the X and Y vectors contribute
3n + m(3 + 3n) unknown parameters to the solution where m is
the number of passes and n is the number of stations. In
mogst situations, this is too many to accommodate in a single
adjustment. Consegently , a =sequential technique has to

applied,

A sequential adjustment as applied to Doppler

positioning praocesses aone satellite pass at a time,
Following the adjustment of each pass , the influence of it
and preceding passes are introduced into the normal

equations for the following pass. This is done through the
coordinate correction vector X and its variance-covariance
matrix G. By proceeding in thisg manner , the Y vector
parameters for each pass are eliminated after the pass has
been processed. Thus the parameter set never gets larger

than 6n+3 unknowns,
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The sgolution vectors are given by

>
H

-G HATPW-ATPC(P,+CPC)CPW]

<
I

—(P,+CPCH-*(CPW+CTPAX)

where

G [(P,+ATPA)-ATPC(P+C{PC)OCTPA]

P is the inverted apriori weight coefficient
matrix of the Doppler counts

P, and P, are the inverted apriori weight

coefficient matrices corresponding to X and Y

respectivly.

The variance-covariance matrix for the coordinate

corrections is given hy

2y = Equ

where ¢? is the variance factor.

3.2. Doppler Countsgs and Correlation

Doppler counts are accumulated on both frequencies
to enable corrections to be computed for the effects of the

lonosphere (Vide Section 3.4.,1>., In most , if not all
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geodetic receiversg , one count terminates and the next
begins at the first positive going zero crossing of the bheat
signal folleowing the receipt of a time mark. Ag this process
prevents the loss of any partial cycles between successive
counts the counts are referred to as Continuously
Integrated Dopplers (CID's) (Smith et al 1976 A, Ashkenazi

et al 1978 A>,

In general,the bhasgic integration interval for modern
geodetic receivers is 4,6 seconds (Vide Section 3.1.2.).
During the reduction process it ig normal to accumulate
these short counts into longer counts. Several studies have
been made over a period of years to determine the optimum
integration interval. One of these was published by
Ashkenazi et al in 1978 (A). The report noted that computing
costs rose steeply for integration intervals below twenty
secondg, It also noted that integration intervals above
thirty to forty seconds resulted in an unnecessary loss of
data., 1t was therefore concluded that in general,an interval
of twenty to forty seconds should be utilised,although the
choice of an interval for a particular task would depend on

the accuracy required and the resources available,

There 1is congiderable evidence that this c¢riterion
is wused in practice. Program PREDOP (Lawnikanis 1976 a) ,
the preprocessor to GEODOP , accumulates the twenty-six

short counts from each two minute interval into groups of
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gix and seven , these lasting approximatly twenty-eight
seconds and thirty-two seconds respectivly., Program DOPPLR
does likewise with Geoceiver data (Smith et al 1976 A),
Recent Magnavox programs8 accumulate four groups of five
counts and one group of six , these lasting approximatly
twenty-three seconds and twenty-eight seconds respectivly

(Point Positioning and Translocation Praogram 1979 A),.

Continuously integrated Doppler counts are generally
accumulated over a two minute period. The cumulative totals
at each time mark are later subtracted to obtain the counts
for the desired integration periods. While the cumulative
totals may be considered to be uncorrelated quantities , the
derived differences most certainly cannot and this
correlation must be taken into account in the mathematical

modelling of any reduction program,

At least three techniques have heen developed for
accomodating correlation , all of which are mathematically
equivalent., The first of these was introduced by Duane C.
Brown of DBA Systemg in 1970, His technique was to use range
instead of range-rate equations in the mathematical model,
By determining cumulative Doppler counts for each time mark
subsequent to the first , he effectivly defined the range
differences between every Doppler point and the lock on
point., He then included the range from the receiver to the
lock on point as an unknown in the sclution, The use of

range rather than range-rate eguations effectivly removed
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the correlation prohlem as it involved the use of
independent quantities (cumulative Doppler countsg) instead
of related gquantities (differences between cumulative

Doppler counts),

Thigs technique works well if the data set for each
pass 1is complete. However if short Doppler counts are lost
or edited out , then the resulting blocks of data have to be
considered separately , resulting in the need to solve for
additional unknown ranges. Thus the Brown approach is likely

to prove unworkable on noisy passes,

The second method has been described as the Kirkham
technique hy Hatch (1976 A)., The method involves the
introduction of the full apriori variance-covariance matrizx
for the correlated Doppler counts into the reduction
procesgs., If the independent accumulated Doppler counts at
successive time marks are denoted N; , and the correlated
Doppler counts for each integration interval are denoted

Ni,;++ then their relationship may be expressed by the

equation -
' Ny 1 r -1 +1 0 U r Ny 1
1 ! 1 | t i
I N2‘3 1 = [ 0 "1 +l D i t N2 |
] 1 t 1 ! !
L Nzs L 0 0 -1 +1 1} ! N3 |
! |
L Nt J
or



The weight coefficient matrix for the vector N may

be shown to be -

rz2 -1 01
I !
1-1 2 -1
! (
L0 -1 21

This may be inverted to give -

r3 2 11
! l
W=10,25 1 2 4 2 !
{ t
L1 2 3 1

which 1s then introduced into the reduction process. Hatch
(1976 &) dismigssed this technique as being unworkable if the
solution involved thirty or more range-rate equations, He
considered that the size of the variance-covariance matrix
to be inverted would be too large to permit efficient
implementation, However Ashkenazi et al (1976 A) noted that
the inverted weight coefficient matrix itself had the

following general form -

wn
W



r n n-1 n-2 n-3 ceeea 11
] 1
1 n-1 2(n-1) 2(n-2>% 2(n-3) ,.... 21
| ]
I n=-2 2(n-2) 3(n-2) 3In-3) ..... 31
! 1
W=1/(n+tl) I n-3 2(n-3) 3(n-3) 4(n-3> .,..... 41
| 1
l . . . * l
! |
! . . . . .|
i !
L 1 2 3 4 n J

where n = the number of cumulative Doppler counts,.

As such the elementsg of the matrix can be generated

ugsing -

Wi = Wi = (n+1 -4i>x [ 3 /7 ¢(n+ 1)1

where w;,; is the matrix element in the ith row and jth
column of W, This avoids the storage and inversion problem

altogether,

These formulae were used to accommodate the
correlation problem in the JIMR short arc program GP-2S

(Brunell et al 1982 ).

The third technique for dealing with correlation
was advocated by Hatch ( 1976 A) and is known as the

peseudarange process., This method is very gimilar to that of
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Brown, However it avoids the need to solve for the unknown
satellite-receiver distance(s) by subtracting the average of
the range equations from each individual range equation.
This cancels the unknown nuisance range component while
still producing statistically uncorrelated pseudo-
measurements, Examples of the technique are given in Hatch
(1976 A). The method has been incorporated into the Magnavox

program, MAGNET,

3.3. Time Recovery Errors

2.3.1. Receiver Delay and Time Jitter

When a signal arrives at a receivers antenna , two

distinct events take place. These are -

1. The mixing of the carrier frequency with the
reference signal to produce the beat freguency.
2. The processing and identification of the

information modulated onto the carrier signal.

The time delay between signal arrival and the first
event 18 mnegligable , typically being less than ten
microseconds. However the delay between the first and second
events may be considerably longer due to the retarding

effects of the receiver circuitry,.
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Thigs second delay may be considered as consisting of
a systematic component and a random companent, The
systematic compeonent ig known ag the receiver delay. Its
value for each instrument is determined by the manufacturer
from a series of time delay measurements (Brunell 1979 B).
Values ranging between 500 and 1500 microseconds are often
quoted for most geodetic receivers, However one instrument |,
the Magnavox MX1502 , is claimed to have a negligable delay
, this having been bought about by improvements to the time
recovery loop and by passing both signal components through
the same circuitry (Kouba and Wells 1976 A , Brunell 1979 B
, Hatch 1982 (), The random component is known as time

jitter and may reach magnitudes of up to 100 microseconds

depending on the receiver used,

Doppler receiverg in general do not exhibit a direct
sensitivity to receiver delay. Doppler counts are related to
time intervals rather than absolute time values., Thus a
constant systematic error in the timing marks over a
counting interval will not adversly affect the data
recovered. Receiver delay however does have an indirect
effect. In order for Doppler data to be reduced , it is
necessary to know the position of the satellite at each
instant of gating. As the detection of the modulated timing
marks 1is being delayed by the receiver , the satellite’s
position at the start and finish of each Doppler count will

always be further along-track than the ephemeris suggests,



The magnitude of the errors from this source may be gauged
by the fact that a satellite will travel approximatly six
metres every millisecond. Such errors will principally

atfect the latitude determinations,.

Timing Jjitter may be considered to comprise of two
companents, The first is the truly random component which
occurs in any measuring system, The second reflects the fact
that the receiver delay is not constant ( as 1is often
assumed ) bhut is subject to variations dependent on
temperature and signal strength. As signal strength varies
, during a satellite pass in response to antenna gain
characteristics , it is apparent that the receiver delay

will change during each pass as well ags from pass to pass.

Time jitter causes the same indirect effect that was
noted for time delay, Thus a jitter of fifty microseconds
will result in a satellite position error of thirty
centimetres, However on this occasion there is also a direct
effect as the jitter at each time mark is not constant. The
magnitude of Jjitter-induced errors may be estimated by
examining the basic Doppler count formulae (Equations (3-11)
or (3-12) depending on the time frame). It is apparent that
any errors in the time interval term ty-t, will be amplified
by the 32KHz., frequency offset (Hatch 1982 C). Thus a fifty
microsecond time error due to jitter will produce a 1.6
cycle error in the accumulated count, As the wavelength of

each cycle is approximatly 75 centimetres , this translates
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into a 120 centimetre error in the range difference., This is
four times the magnitude of the indirect effect and

principally affects the height and longitude determinations.

Time delay and time jitter errors will adversly
influence the results from both point positioning and
relative posgsitioning solutions. 1In the point positioning
mode the effects may be reduced by observing a large number
of passes to randomise jitter errors , and by balancing
north and south going satellites to cancel receiver delay
errors. In the relative positioning mode,the effects of time
delay will cancel caompletely if all receivers have exactly
the same bias, Generally this will not be the case. In
addition, the different time jitter values at each receiver
will ©produce random errors (known as noise) which will be
gignificant at the level of accuracy achievable from
relative positioning, Consequently it is desirable that both
the direct and indirect effects of timing errors be reduced
tec a minimum , either by apriori correction or through

inclusion in the solution as unknown parameters.

It is apparent from equation (3-11) and (3-12) that
the effects of time jitter could be attenuated by reducing
the 32 KHz. offset between the satellite and reference
frequencies (Hatch 1982 C», However system degsign
considerations make this undesirable. 1Instead , geodetic
receivers minimise the effects of undetermined jitter by

operating 1in the receiver time frame and using the local
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clock to precisely time the counting intervals,

As was noted in Section 3.1.2. , the exact mechanism
for defining integration intervals varies from manufacturer
to manufacturer, Canadian Marconi dispenses with the
meodulated timing marks altogether and uses the internal
clock to regulate the the integration intervals. This
virtually overcomes +the jitter problem altogether as the
interpretation of externally generated integration gates is
no longer necessary. On the other hand , both JMR and
Magnavox continue to use the modulated bit pattern to define
the integration periods. However in these cases the internal
clock 1is wused to measure the time interval between the
interpreted time marks , thus including jitter in the
determined period, The Magnavox MX1502 accumulates 9.6
microsecond clock pulses over the integration interval,
these being applied as corrections to a coarse estimate of

the interval at the time of post-processing.

A further source of error in the Doppler count may
also be removed by means of receiver timing, It was noted in
Section 3.2. that integrated Doppler counts start and finish
at positive going crossings of the beat frequency. (This of
course implies that observed Doppler counts are integer
gquantities,) These crossgings rarely coincide with the
occurance of time marks. Consequently the start/finish of
each count will occur after the detection of the
corresponding integration gate (Vide Diagram 5), The

resulting timing errors in the Doppler counts translate into
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a twenty-five centimetre RMS error in the range-rate

measurements,

Canadian Marconi overcame thise problem by
multiplying the beat frequency by a factor of one hundred.
Ag a result the errors due to the partial cycle were reduced
by +two orders of magnitude, Magnavox and JMR on the other
hand used the internal clock to measure the delay between
the time mark and the zero crossing, These intervals were

then applied as correctionsg during post-processing,

While wuse of the receiver time frame overcomes the
direct effects of time jitter , it has no such influence on
the indirect effects. The satellite positions as defined by
the ephemerides s2till relate to the time marks at the
instant of transmission, The epochs of time which define the
Doppler counts differ from the transmission epochs because
of propagation delays , jitter and the partial cycle
corrections, It is necessary that the satellite positions be

adjusted to reflect the new gating epochs,

For Canadian Marconi data this is a complex process ,
an iterative technique being required to recover the
corrected ephemeris values., The problem is considerably
simpler for instruments which derive their timing marks from
the modulated signal, This tie with the satellite time frame
makes it possible to compute and apply differential

corrections to +the satellite positions as defined by the
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broadcast marks. Alternativly,the time intervals associated
with the Doppler counts may be mapped intoc the satellite
time frame , equation (3-11) then being used to model the
solution (Hatch et al 1979 B), Such techniques will account
for errors caused by the indirect effects of both time delay

and time jitter.

One further error source gshould be considered at
this point, An apparent additional receiver delay will occur
if the receiver clock is not correctly set to absolute
time, In several post-processing programs , including GEODOP
, the required sychronisation is achieved through the two
minute timing mark at the instant of lock-on, However this
mark will invariably contain an error due to time jitter ,
thus introducing a synchronisation error into the
reductiong. The effect of this is to cause latitude biases ,
particularly if a multi-station data set has been gathered
using the receivers of different manufacturers (Boal and

Vamosi 1981 A),

The problem may be overcome hy including
synchronisation as an unknown parameter in the solution. Its
value may then be determined from all timing marks instead
of only the first , resulting in a significant improvment in
time recovery. Thisg procedure has already been adopted by
Magnavox (Hatch 1982 C) and is likely to be included in

PREDOP/GEODOP (Boal and Vamosi 1981 Aa).
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3.3.2, ¢Satellite Induced Time Errors

In order to counter the effects of oscillator drift
on the stability of the OSCAR gsatellite time
transmissions , provision was made in the original design of
the TRANSIT system for the inclusion of 9.6 microsecond
time-delay steps. These were incorporated by designating the
thirty-ninth bit of each message word to be a time
correction bit, If one of these bits is set , transmission
of the next bit is delayed by 9.6 microseconds, Thus the
effects of oscillator frequency variationsg on the precisgion
of the time interval between the two minute time marks may

be compensated by activating sufficient of these bits,

On average , fifty-five time correction bits are set
for each two minute time period. Unfortunately these bits
adversly affect Doppler positioning as their distribution is
not uniform throughout the broadcast message, It can be seen
from Diagram 6 that several words are not permitted +to
contain time correction bits, In particular they are
prohibited in the interval between word 135 and word 3.
( Data injection takes place during the period between words
135 and 156, Time corrections included here would be lost
during the injection causing considerable difficulty )

(Brunell 1979 B)
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DIAGRAM 6
PROHIBITED MESSAGE WORDS

(BRUNELL 1879 B)
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As a regult of the non-availability of the
prohibited blocks , all correction bits have to be set in
the interval between words 4 and 133, Consequently the
effect of +the frequency drift on timing 1is progressivly
overcompensated in the interval up to word 133 , the

overcompensation then diminishing to the two minute mark.

Overcompensation can commonly exceed 100 microseconds
and has been known to reach 120 to 130 microseconds (Vide
Diagram 7). Consequently , if one is operating in the
satellite time frame , the 4.6 second accumulation periods
will be too long from lines 1 to 22 ( by 5 to 6 usecs. ) and
too short from lines 23 to 26 (by 20 to 30 usecs,) This
will result in increased noise and a time bias in the
reduced Doppler data , the average bhias being approximatly

thirty microseconds ( twenty centimetres ) (Hatch 1982 C),

The effects of satellite time errors may be
avoided by working in the receiver time frame. Alternativly
, ecorrections may be applied to the observations in the
satellite time frame. Information notifying the receiver of
the existance of the time steps is included in the broadcast
message., At least one program , MAGNET , uses this
information ( together with the transmitted satellite

frequency parameter ) to compute and remove the satellite

time errors.
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J.4. Atmospheric Effects

3.4.1, lonogspheric Refraction

The lonosphere forms a layer extending from fifty
kilometers to four hundred kilometers above the surface of
the earth. 1t consists of positively and negatively charged
particles , these having been ionised by ultra-violet
radiation from the Sun, 1Its effect on transmitted satellite
signale is to cause their wavelengths to stretch in a manner
which is almogt inversly proportional to the signal
frequencies. By considering the effect of the ionosphere on
two radio frequencies , 1t is possible to determine an
appropriate correction (Stansell 1978 aA), 1t is for this
reason that the TRANSIT satellites broadcast both the

150MHz, and 400MHz. signals.

The correction to the observed Doppler count  Ness

which gives the Doppler count in vacuo is given by

AN = Nyse — Nogg = 61/fg + a:/fg2 + L.

where a; , @z v.... are coefficients (independent of
frequency)

and f, is the reference frequency

Ignoring second and higher order terms,corrections to
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400 150
the observed Doppler counts Ngs and Ngs are given hy

400 40
Nuac = Nogs = a4/ faim

150

400
(37/78)(Nyac? — Nogs = ay/famse = (8/3)a4/ fipo)

Combining the above equations produces the desired

expression for the 400 MHz, count in vacuo,

152

400
= (24/55)C{8/3} Noss — Noss)

400
vaC

N
It is estimated that the error in the ionospheric

correction due to the neglect of higher order terms isgs less

than 1% (Ashkenazi and Gough 1975 A),

3.4.2., Tropospheric Refraction

The Troposphere extends +to an altitude of (fifty
kilometers above the earth, Unfortunately its effects on
satellite +transmissions do not have the same mathematical
simplicity as those of the Ionosphere. The model 1is
complicated by the nonhomogenity of the atmosphere and its
canstituents , as well as by the dispersive nature of the

wavesgs,

Tropospheric correction models usually depend on the
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measurement of atmospheric pressure,dry bulb temperature and
wet bulb temperature at the receiver station. A popular
atmospheric model ig that attributed to Hopfield. However it
suffers from the disadvantage that its equations produce
high roundoff errors if integrated in their closed form.

Yionoulis overcame this problem by deriving two series

expresgiong for the integrand , one being suitable for high
elevation passes and the other for low passes., In practice
however , a simplified Hopfield model is employed , this

bheing described by the equations

Ar = Ary + Ar,

Ary = ks/Sin(E? + 8403
Ar, = ko /Sin(E? + 8,95
where Ar = the range correction
E = the elevation
84 = 2.5°
8, = 1.5°

kd = 77.6 Po(hd - ho)lD"‘/(S To)

~

ke = 77.6 ( 4810 ) e (h, — hg) 10°%/(5 T;)
he = 40136 + 148,72 ( Ty - 273.16)

h, = 11000

Te = Temperature at receiver station

Py = Atmospheric Pressure at receiver station
e = Vapour Pressure at receiver station

hg = Orthometric height of receiver station

(Ashkenazi and Gough 1975 A)
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The correction to an integrated Doppler count ﬁm

ig then obtained from the following relationship.

Ngz = Neo [ ACCE - ArCE] / A

where A = the carrier wavelength in vacuo
and E; , E. are the elevations at the epochs of gating.

(Kouba and Boal 1975 A)

A standardised model for the atmosphere may be used
in place of the surface meteorological values indicated
above. Such models typically adjust the atmospheric pressure

in accordance with station elevation.
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CHAPTER 4

REFERENCE SYSTEMS AND ORBIT RECOVERY

4,1, The Ephemerides

An ephemeris 1is a table of astronomic positions,
When used in conjuction with the TRANSIT system , an
ephemeris may refer +to predicted or observed satellite

pogitions , as both types are encountered,

The precise ephemeris is computed by the DMAH/TC, It
igs post fitted to data observed by at least twenty tracking
stations (TRANET stations) distributed globally. 1Inertial
coordinates (X,Y,Z) and velocity components are computed at
one minute intervals of Universal Time , +these having
component resolutiong of 1 metre and 1 mm./sec., respectivly.
Usually the precise ephemeris is only available for one or

two satellites.

The broadcast ephemeris is computed by the NAG, It
igs a predicted ephemeris and is available in real time at
two minute intervals for all satellites. It is computed
using data from four tracking stations (OPNET stations) ,
all of which are in the United States. The ephemeris is
transmitted as a set of fixed and variable orbit parameters
, the resclutions of which are 0.0001 degrees (13 Metres) in

the along track component and 10 metres in both the radial
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and out of plane components (Anderle 1976a A , Kouba and

Wells 1976 AD,

The ephemerides represent two different estimates of

satellite position in two different Earth centered

coordinate systems. For this reason , receiver coordinates

are frequently referred to as being in either the broadcast
datum or the precise datum. The intention has been to
maintain these datums so that they remain as close to each
other as possible., Indeed Jenkins and Leroy (1979 B)
undertook a study , the aim of which was to make the
systems identical to within one metre. However, at the
present time , the datums remain distinctly different (Kumar

1982 C),

Both ephemerides are computed to gsimilar degrees of
accuracy. However their solutions are not identical due to
differences in the generating programs. Furthermore the
broadcast ephemeris is prone to corruption by the action of
unmodelled drag forces, For this reason the repeatability
from the broadcast ephemeris will never be as good as that

from the precise ephemeris (Jenking and Leroy 1979 B),

In the following subsections,various aspects of the
ephemerides are considered. Section 4,2. examines ephemeris
computation , focusing particularly on coordinate systems ,

gravity models and the mathematical solution, Section 4.3,
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examines ephemerisg accuracy as described by apriori orbital
hiases. It also considers the effects of pass balancing and
compares further the broadcast and precise sgsystems, In
Section 4.4, the transmission of the ephemerides 1is
congsidered , this principally being concerned with the
broadcast ephemeris orbital parameters. Section 4.5 examines
the recovery of satellite orbits from ephemeris data and
Section 4.6, considers transformations between geococentric

coordinate systems,

4,2. Ephemeris Computation

4,2.1., Gravity Models

Mathematical models of the earths gravity field are
formulated in terms of spherical harmonics. Typically the
coefficients of these harmonics are determined as part of a
general geodetic solution, The accuracy of the models has
improved dramatically during the life of the TRANSIT system
due to the inclusion of vast guantities of satellite data in
the general solutions. This has resulted in corresponding
improvments to the quality of both ephemeris and positioning

computations,.

A major improvement in the accuracy of orbit
determination occurred in 1968 with the introduction of

APL4.5 geodegsy. This was a spherical harmonic model which
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included terms through to Js. A further improvement occurred

with the introduction of the WGS72 gravity model in 1975,
This contained terms through to Jz plus higher order
resonance terms (Hoskins 1982 C). WGS72 was determined from
a general solutiaon involving over one thousand

parameters , approximatly four hundred of which described

the gravity field (Anderle 1976a A),.

The NAG broadcast ephemeris has been generated using
both of the above mentioned coefficient sets , WGS72
superceding APL4.5 in December 1975 (Holland et al 1977 Aa),
The precise ephemeris however has been computed using APL4.5
and WGS72 ‘derivatives’ , the most recent of which are

listed in Table 1 (Anderle 1976a A , Kumar 1982 C»,

The gravity models currently in use are WGS572 for the
broadcast ephemeris (Hoar 1982a A) and NSWC 10E-1 for the
precise ephemeris (Kouba 1983 A), The differences bhetween
the models are not great, The WGS72 and NSWC 10E~1]
coefficients were both determined using the same Doppler
normal eguations, However the WGS72 solution included
gravimetric data which wags omitted from‘ NSWC 10E-1. The
difference between the two models only becomes significant
in the twenty-eighth order resonance term, It is however
geographically correlated. Ephemerides computed using the
two models will differ by up to one metre (Jenkins and Leroy

1979 B),
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TABLE 1

PRECISE EPHEMERIS GRAVITY MODELS

Date of Revigion Gravity Field
20 February 1967 NWL 8E

18 April 1968 NWL 8H

13 February 1970 NWL 9B

2 January 1973 NWL 10E

15 June 1977 NWL 10E-1

Information for this table was taken directly from

Anderle (1976a A) and Kumar (1982 C»

TABLE 2

PRECISE EPHEMERIS COORDINATE SYSTEMS

Date of Revision Coordinate System
20 February 1967 NWL 8E

19 January 1968 NWL 8F

20 December 1970 NWL 9C

18 October 1971 NWL 9D

15 June 1977 NSWC 92-2

Information for this Table was taken directly from

Andele (1976a A) and Kumar (1982 C)
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Recent experiments involving the NOVA 1 satellite
have indicated that its ephemeris could be significantly
improved by modifying the odd zonal coefficients and the
twenty-sixth degree and order resonant coefficient (Malyevac
and Anderle 1982 C), It 1is conceivable that further
improvments to +the gravity models will eventuate from

continued experimentation with thig satellite.

4,2.2. Coordinate Systems

A list of the coordinate systems that have been

associated with the precise ephemeris since 1967 are
provided in Table 2 (Anderle 1976a A , Kumar 1982 C). In
general the adoption of each new system has been

precipitated by a change to the gravity model, Anderle
(1976a A) describes the changes that have occurred since

1967,

The NWL 8E coordinates were determined during a
general geodetic solution, This solution wutilised data
acquired from seven satellites over a period of more than a
year, The NWL 8F coordinates were obhtained by transforming
the NWL 8E coordinates from the mean pole of 1966.7 to the
CI0 pole. The NWL 9C coordinates were again found from a
general solution , this time using data from a forty day
period in 1970. The socolution held the pole fixed at

preliminary BIH values and produced coordinates which vwere
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about three metres different from NWL 8F values. The NWL 9D
values altered the heights of three of the NWL 8F stations

(Anderle 1976a A).

A comparison of interstation distances derived from
NWL 9D coordinates , terrestrial measurements and other
extra-terrestrial techniquesg indicated that the scale of the
NWL 9D system was 1 ppm long, The reasons for this could not
be determined at the time. To correct the scale anomoly and
to make longitude values consistent with gravimetric data in
North America ,the NWL 10F gystem was introduced. This was

related to NWL 9D hy the following transformations.

k-iw = A.qp + 0¢26"
$ir = P
Hur = Heop - 5.27m
(Anderle 1976b 1)
At this point , confusion often arises. The gpatial

coordinates (X,Y,Z) described by the NWL l10F wvalues are
congistent with the WGS72 coordinate system, This has often
been misinterpreted as meaning that ¢uw , Agwr , Hupe
are coordinates on the WGS72 ellipsoid, This is not the
case, NWL 10F coordinates are simply NWL 9D coordinates
which have been rotated in longitude and which have had

their heights adjusted by -5.27 metres at all points to

effect a scale change. When converting NWL l10F coordinates
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to the X,Y,Z system , NWL 9D ellipsoidal parameters must be
used, If the WGS72 parameters are used , a bias of
approximatly ten metres will be introduced into the
spheroidal heights. Note however NWL 9D (and thus NWL 10F)
coordinates may be transformed to the WGS72 figure using

Seppelins formulae,

by = ¢ - 00,0232 Sin2e
Aw = Agp + 0,267 (A +ve East)
Hy = Hep + 4.73 - 0.717 8Sin%

{Meade 1982 C)

As a post-script to the above , Hothem (1979 B)
reported that a 0.6 ppm scale error had been introduced into
the distance comparisons by a height error of 4 metres at a
key =station. He <considered that the other 0.4 ppm. was
caused by an outdated GM value in the processing scftware ,
and by a 0.7 metre offset between the centre of mass of the

satellite and the phase centre of its antenna,

Anderle (1976c A)> forshadowed +that the NWL 9D
coordinate system would shortly be revised to NWL 921, The
purpose of this revision was to remove discrepancies in the
relative poitions of the TRANET observing stations , these
having been detected over a twelve year period., The NWL 9Z1
system was apparently never introduced for general use,
However in 1977 , the NSWC 9Z-2 system came into being,this

having been determined from a solution in which the Love
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numbers were changed from 0.26 to 0.28 .

At the present time , the precise ephemeris is
produced in the NSWC 9Z2-2 system (Kumar 1982 C), This system
has an ellipsocid associated with it which has the same
parameters as that associated with NWL 9D (a=6378145.0

1/7£=298.25) (Hoar 1982a A).

The history of the broadcast coordinate system prior
to 1975 is not readily available, However Jenkins and Leroy
(1979 B) describe its developement since that time.
Following the introduction of the WGS72 gravity model 1in

1975 evidence of a continuing scale bias between Doppler

and astronomical observations remained apparent, At the
request of the Applied Physics Laboratory of +the Jochn
Hopkins University , Anderle determined a set of coordinates
for the OPNET stations which were the optimum wvalues for
Doppler tracking in conjunction with the new gravity model.
These coordinates became known as the NWL 10D system. They
were geocentric positions uncorrected for any scale bias and
containing no transformation to the WGS72 spatial system.
Prior to adoption , these coordinates were rotated by 5x107
radians in longitude to preserve the longitude origin of the
previous broadcast ephemeris system, The resulting system
became known ag ‘modified’ NWL 10D, Apart from a small

longitude bias,its values were close to those of the NWL 9D

asystem, The broadcast ephemeris coordinate gystem is
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currently defined as being 'modified’ NWL 10D (Kumar 1982
), It should be noted that although these coordinates are
used in conjunction with the WGS72 geopotential model,they
are not coordinates on the WGS ellipsoid (Jenkins and Leroy

1979 B,

4,2.3. The Egquations of Motion

The NAG broadcast ephemeris and the DMAH/TC precise
ephemeris are computed using programs OQIP-1I1 and CELEST
respectivly. The two programs are close to being identical
as regards their mathematical modelling, However , they
differ significantly in seome important respects and
consequently produce different solutions (Jenkins and Leroy

1979 B).

The force models in both programs have the following

general form,

A3=AQB+AH+A5+A3+AD+ASR (4-1)>

where As = the sum of the accelerations acting on a
satellite
A = accelerations due to the central body ,
Ay = accelerations due to gravity harmonics ,
Ay = accelerations due to the gravitational

attraction of the Moon,
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As = accelerations due to the gravitational
attraction of the Sun,

Ay = accelerations due to atmospheric drag,

A = accelerations due to solar radiation

pressure,

Equation (4-1) represents the equations of motion

of a satellite,

A and Ay describe the effects of the earths
gravity field. These have already been discussed in Section

4,2.1.

The Sun and the Moon affect a satellite’'s trajectory
in two ways. First of course , there are the direct
attractions between the bodies and the satellite. These are
small but significant and must be taken into account.
Secondly , there is & diurnal periodic distortion of the
earth’'s gravity field due to the occurance of earth tides,
Thigs causes sympathetic perturbations in a satellite’s orbit

which have to bhe modelled intc the sclution.

The effects of earth tides are modelled in terms of
Love numbers, In 1976 , the CELEST program formulated its
solution wusing a Love number of 0,26 , this having bheen
determined in a general geodetic solution (Anderle 1976a 1),

At the time it was thought that this value was too low due
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to the neglect of ccean tides. As the NSWC 9Z-2 coordinate
system was derived using a Love number of 0.28 , it 1is

possible that the value used in CELEST has now been revised,

The atmospheric drag model in CELEST describes the
atmogpheric density as varying exponentially with altitude,
Scale factors for drag are normally determined as a

parameter in each ephemerig determination,.

Solar radiation pressure was determined in the cone
angle formed by the Sun and the Earth. The scale factor for
solar radiation was determined simultaneocusly with the Love

number in a general geodetig solution.

Atmospheric drag and solar radiation pressure are
the mogst difficult parameters to model as they are both
inherently erratic in nature, The NOVA-]1 satellite was
designed to reduce these adverse influences by detecting and
compensating for along-track drag forces. Consequently , the
equations of motion for the NOVA satellite have to modelled

differently to those for the 0SCAR satellites.

Zeigler (1982 C) reported on the generation of the
precise ephemeris for NOVA-1, He stated that the
compensation for atmospheric drag was taken into account by
constraining the drag model coefficient to zero in CELEST,
Similarly the compensation for solar radiation pressure was

accommodated by eliminating the pressure model altogether,
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The NOVA-1 ephemeris that was subsequently generated
produced results which were significantly better than

corresponding results from an OSCAR satellite.

Zeigler noted that the NOVA solar radiation model
needed to be developed to reflect the fact that compensation
was only occuring in the along-track direction, Experiments
by Malyvevac and Anderle (1982 C) to determine an appropriate

force model for NOVA-1 included this model in the solution,

4,2.4, Mathematical Solution

Equation (4-1) models the accelerations which act on
an orbiting satellite, It can be considered to bhe the
generic form of +three such equations , expressing the
components of the accelerations in the x , y and =z
directions. These equations are second order differential
equationg in each of the satellite’s coordinates, By
integrating them with respect to time , the trajectory of

the satellite may be computed,

Both numerical and analytical techniques are
available for solving the equations of motion, While
analytical techniques have some desirable attributes as
regards the theoretical analysis of an orbit , the numerical

techniques are considerably gquicker and more accurate,
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Consequently it is the latter group which are used for the

routine production of ephemeris data,

A popular numerical technique for integrating the
equations of motion is that attributed +to Cowell. This
method draws much of its popularity from the fact that it is
simple and is able to handle highly perturbed and eccentric
orbits, 1Its main disadvantage is that it requires a small
step s8ize due to the inclusion of the central body term.

Enche’s method overcomes this problem by omitting the term

and introducing a reference orhit in it’s place, However
Enche’s method tends to 1lose accuracy when used in
conjunction with near-earth satellites , due to the rapid

departure of the actual orbit from that of the reference
model. Conseqguently the Cowell approach remains popular for

near earth satellites.

Program CELEST uses a tenth order Cowell technique
to integrate both the equation of motion and the variational
partials. (The wvariational partials are first partial
derivatives describing the rate of change of satellite
chservations with regpect to satellite position. They are
used in the formation of observation equations (Vide Section
3.1.5.)), The integration 1is carried out in an Earth-
centered inertial coordinate frame defined by the mean
equator and the equinox of 1950, As the tracking data is
determined in an earth-centered fixed frame,the tracking

station coordinates must first be transformed into the
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inertial frame before residuals of observation can be
formed, This transformation involves rotations due to
precession , nutation and hour angle , plus a correction

from the CIO pole to the instantaneous pole (Anderle 1976a

A),
Program CELEST solveg for the following parameters.

& Constants of Integration,

1 Drag Scaling Factor.

2 Components of Polar Motion.

1 Frequency Bias for each satellite pass.

1 Refraction Bias each satellite pass.

3 Compaonents of station position for any station
for which precise coordinates have not been
determined.

Solutions for other parameters , including the solar
radiation constant , may be specified if desired (Anderle
1976a 1),

Over one hundred good passes are used in each orbit
fit for the precise ephemeris (Anderle 1976a A). The
variances associated with the observations in each pass are
determined during filtering, Apriori data such as the
frequency bias , orbit constants , the drag scaling factor

and the positions of new tracking stations are given very
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high wvariances so that they are essentially unconstrained.
The scale factor for the tropospheric correction parameter
agsumes a nominal value of one but is assigned an apriori
variance which corresponds to a 10% uncertainty in

refraction.

4,3, Ephemerig Accuracy

4,3.1. Apriori Biases

The accuracy of the broadcast ephemeris was
investigated by Wells in 1974 (A), Three different

techniques were used , these being

1. A comparison with the precise ephemeris

2., A comparison of fresh and stale broadcast
ephemeris data,

3. A statistical analysis of 2877 pairs of Guier

plane coordinates obtained at eight stations,

The first technique produced results which indicated
that the broadcast and precise ephemerides were closely
parallel, This finding has congiderable significance in that
it justifies the assumption used in semi-short arc reduction
programs that the ephemeris is only translated from the

correct values.
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The comparison of fresh and stale broadcast
ephenmeris data , together with the broadcast/precise
comparison , produced the conclusion that drag and gravity
modelling errors contributed fourteen metres and seventeen
metres respectively to the uncertainty in the broadcast
ephemeris, It was further concluded that the rounding off of
the transmitted parameters introduced a further six metres

of uncertainty into the ephemeris.

The Guier plane testing provided accuracy results
which supported the fresh/stale comparisons more than the

broadcast/precise comparison,.

From these investigations , Wells concluded that the
errors in the satellite positions as described by the
broadcast ephemeris were consistent with the following

standard deviations.

Along Track 26 Metres
Across Track 5 Metres
Out of Plane 10 Metres

These values have endured remarkahly well over the
years as apriori broadcast ephemeris constraints in semi-
short arc reduction programs. This is a little surprising in
some respects as the introduction of WGS72 geodesy in 1975

reduced the gravity model contribution to the ephemeris
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uncertainty. Indeed Brown (1976 A) , on the basis of results
obtained wusing short arc program SAGA II1 , suggested that
the along track value be revised downwards to between 15 and
20 metres, [ Brown used apriori constraints of 25,8,17
metres and 0.02 metres/second for the three velocity
components 1, Recently however , gains made through the
adoption of the WGS72 model have been more than neutralised
by the onset of the peak period of a thirteen year solar
radiation cycle. Boal and Vamosi (1981 A) had to multiply
the Wells values by three to accomodate the large ephemeris

errors induced by solar radiation pressure,

The accuracy of the precise ephemeris has generally
been assessed through the results of Guier plane editing,
The precision of the two components of satellite position
available from a gingle pass is better than seventy-five
centimetres if the satellite is greater than thirty degrees
above the horizon (Anderle 1976a A). Such results however
are misleading as they only consider internal random errors
and ignore completely external error sources. In order to
obtain a realistic accuracy estimate , a statistical
analysis of a congiderable number of passes , such as that

under taken by Wells , has to be performed.

Anderle (1976a A) produced results which indicated
that the actual residuals resulting from the use of the
precise ephemeris were approximatly 2.5 metres in slant

range and 1.6 metres along-track for satellite elevations
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above thirty degrees, Consequently , he concluded that the
RMS periodic error for the precise ephemeris should be set

at two metres in each component.

Kouba and Wells in 1976 (&) initially used
apriori standard deviations of 3 , 1.5 , 3 metres in their
precise ephemeris computations., These were later revised to
1.5, 0,6 , 1.5 metres following an anlysis of orbital

biases,

Zeigler (1982 C) analysed passes obtained over a 142
day period from the NOVA ] satellite and OSCAR satellite
30190, Both satellites produced the same results., The slant
range component varied between 1.5 and 2.0 metres RMS while
the along track component varied between 2.0 and 2.5 metres.
Peak errors were noted to occur during periods of high solar

activity,

It can be seen that there is a good deal of
consistency in the assessments of the accuracy of the
precise ephemeris. Boal and vamosi (1981 A) used orbital
constraintg of 2 , 1 , 2 metres during their experiments in
Canada, These wvalues fall neatly into the middle of the
range suggested by other authorities., For this reason they
have been adopted for precise ephemeris computations during

the course of this project,.
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4,3.2, Balancing of Passes

The largest errors in the broadcast ephemeris occur
in the along track direction. They are principly caused by
atmospheric drag and solar radiation pressure. The Solar
radiation component can be very unpredictable and has been
known to attain exceptionally large values in recent years

(Boal and Vamosi 1981 A , Allman 1983b A),

The accepted procedure for minimising the effects of
along track errors is to balance the number of north and
south going passes. However Jenkins and Leroy (1979 B) point

out that this will only work well under certain conditions,

The broadcast ephemeris is generated by a forward
extrapolation of an orbit fitted to 1.5 days of satellite
observations. Because it is computed on a daily basig , the
ephemeris will age twelve hours between the observation of a
satellite’s north and south going geometries., As it is
probable that the along track error will grow monotonically
in +the intervening period , it is clear that the resulting
effects will not cancel for the north and south going passes

of a single satellite,.

This situation could be considerably improved if the
broadcast ephemeris were recomputed at twelve hour intervals

instead of twenty four hour intervals. Under such
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circumstances , the ages of the north and south going
ephemerides would be approximatly the same and thus the
errors would be more likely to cancel. The NAG has been
known +to undertake twice-per-day orbit predictions during

periods of high solar activity.

Despite the above mentioned short-coming , the
balancing of north and south going passes is the most
practical method by which to minimise latitude biases. An
experiment by Jenkins and Leroy (1979 B> produced
differences of A¢ = 12.7m , 4X = 2.4m , Ah = 2.9m between
balanced and unbalanced data sets. Serious pass imbalances

were shown to be most detrimental in small data sets.

It was noted in Section 3.3.1. that along track
errors are effectivly introduced by receiver delay and time
jitter, Errors from these sources affect both broadcast and
precise ephemerig solutions , necessitating the balancing of
passes in both cases (Hatch 1982 C)., It was demonstrated by
Jenking and Leroy (1979 B) that balanced passes would cause
a constant twenty metre along-track error to be absorbed

into the time delay parameter during solution , resulting in

a net positioning error of twenty centimetres, However ,
with a 15 - 20 pass imbalance , the positioning error would
increase to approximatly three metres,. This clearly

demonstrates that a balanced pass geometry will largely

remove the effects of a congtant along track bias.
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In addition to north-south balancing , it is highly
desirable that there bhe as many passes to the east of a
receiving station as to the west. The range component of
TRANSIT Doppler observationg containg information about both

longitude and altitude. Errors in the across-track component

of the satellite ephemeris , or in the apriori height
estimate of the receiver station , will produce
corresponding errore in the longitude determination , these

increasing with satellite elevation, The effects of such
errors may be substantially reduced by observing equal
numbers of passes to the east and west of an observing
station and by ensuring that pairs of east and west passes

are at approximatly the same elevation.

Finally , during computation , it is desirable that
ﬁhe Doppler counts extracted from each pass be balanced
about the point of closest approach, Shenke (1982 C)
reported that solutions undertaken without such balancing
displayed larger latitude and longitude hiaseg than those in

which balancing took place.

4,3,3., The Effect of Tracking Station Distribution

There has been some debhate in recent years as to the
effect of tracking station distribution on ephemeris

accuracy. As was noted in section 2.2.2. , the OPNET
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stations are all located within the United States whereas
the TRANET stations are distributed worldwide. Brown (1976
A) speculated that this factor might account for a positive
along-track bias that had been found to persist in Europe

and Africa but not in North America.

Holland et al (1977 A) investigated this question by
camparing ephemerides generated from OPNET and TRANET data.
It was concluded that the ephemerides were essentially
identical worldwide and therefore independent of the
tracking station network. It was also commented that this
conclusion had been reached in previous experiments and that

it could be regarded as a firmly established fact.

Jenkins and Leroy (1979 B) undertook a similar
investigation, They concluded that the tracking station
networks produced negligable ephemeris differences when all
other conditions were identical. However when the
different GM values used by the NAG and DMAH/TC were
considered , a radius difference of about one metre and a z-
axis translation of two metres were detected in the
solutions. In addition there occured a longitude shift of
Ax10-7 radians‘which , coincidently , had bheen cancelled out
during the preceding years by the rate of change of UTC -
UTl. The authors recommended that NAG and DMAH/TC use the

same program cconstants in their ephemeris generation programs,
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Thug it can be concluded that there may be minor
systematic differences between the ephemerides due to the
interaction of +tracking station coordinates with the GM

values,

4,4, Ephemeris Distribution

Digtribution of the precise ephemeris is very simply
described., 1t igs distributed on a nine track tape (Archinal
and Mueller 1982 C) on a government to government basis. The
ephemeris data consists of Earth-centered inertial
coordinates (X,Y,Z) and velocity components (*,%,i) at one

minute intervals of Universal Time,.

The propagation of the broadcast ephemeris is
considerably more involved. As was described in Section
3.1.2, , the ephemeris parameters are contained in the 6103
binary bit message which is modulated onto the 150 MHz. and
400 MHz. signals, These are grouped into fixed and variable

parameters as illustrated in Diagram 6,

The fixed parameters remain constant until changed
by a new data injection, They define a reference orbkit for
the satellite , this being a precessing ellipse., The fixed
parameters are described in Table 3. and are illustrated in
Diagrams 8 and 9. The interpretation of the code recovered

from the satellite is well described in Ashkenazi and Gough
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TABLE 3

BROADCAST EPHEMERIS FIXED PARAMETERS

Message Word

56

62
68

74

&0

86

92

98

104

110

1le

122

128
134

tp

L g

Lt

Cos

GASTy

Sin

i
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Parameter
Time of first satellite
perigee after last data
injection.
Mean motion

Argument of perigee (at tp)

Abscolute value of precession
rate of perigee

Eccentricity of orhit
ellipse

Mean semi-major axis of
orbit

Right ascensian of

ascending node (at tp>

Precession rate of ascending
node

Cosine of inclination

Greenwich apparent siderial
time (at tp)

Satellite identification
number

Day and time of last data
injection

Sine of inclination

Fractional satellite
frequancy offset (f£,-£f.)/f,



DIAGRAM 8
ELLIPTICRL ORBIT

(WELLS 1974 A)

86




DIAGRAM S
TRANSIT FIXED ORBITHL PARAMETERS

(WELLS 1974 R

S

Satellite

TLine of Apsides

«Perigee Point
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(1975 AaA) and Stansell (1978 A) and will not be elaborated

upon here.

The departure of the satellite from its reference
orbit 1is described by along track (AE) , across track (aa)
and out-of-plane () position corrections. Every two minute
message contains correction data for eight even minute
epochs of Universal Time. Thus if the transmission of a
message commences at epoch t, , the information words in
lines 1 to 8 contain correction data for epochs tyxs , txse ,
tye , tx , trze ., tiw , bty and trpe. As the same format is
broadcast every two minutes , each parameter will steadily

progress from line 8 up to line 1,

A variable parameter word contains four elements of

data , these being -

1. A 'Q’ number
2. The along-track correction
3., The across-track correction

4, One figure of the out-of-plane correction,

The Qf number identifies the epoch of the
corrections relative to the preceding half hour, Thus a 'Q’
number of 07 means that the epoch occurs fourteen minutes
atfter the half hour. Time uncertainties of less than fifteen

minutes may be resolved from this information (Stansell 1978

A),
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The along-track and across-track corrections are
coded in degrees and kilometres respectively. These occur in
every variable parameter word and are thus available for
each two minute epoch of Universal Time., The ocut-of-plane
correction is also coded in kilometres. However , due to the
length of the message words , only a single figure of this
correction 1is included in each of the variable parameters.
The out-of-plane correction therefore has to be generated
using the information from two message words and is thus

only available at four minute intervals,

The interpretation of the data from the variable
parameter words is again well covered in Stansell (1978 1)

and Ashkenazi and Gough (1975 Aa),

Prior to decoding the broadcast ephemeris , the
received data has to be Majority vVoted. The purpase of
Majority Voting is to minimise the effects of data
corruption caused by radio interference during gsignal
propagation, The ©process involves +the digit bhy digit
comparison of each information word with the corresponding
words in at least two succeeding messages., If differences
are detected , the digit specified in the majority of words
is adopted., In cases where three message words are not
available , (e.g, the first variable parameter word at the

epoch of lock-on) , the words transmitted on the 150 MHz,
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and 400 MHz., signals may bhe compared. Data received by older
instruments has to be majority voted on an external computer
at the completion of the ohserving period. More modern
instruments , notably the Magnavex MX1502 , have the
capacity to perform the majority voting task during data

collection,

Once decoded , the instantaneocus satellite positions
as defined by the ephemeris parameters have to be
transformed into geocentric coordinates. The following
description of the transformation process comes from

Ashkenazi and Gough (1975 aA),
The position of a satellite in an elliptical orhit
may be described by the eccentric anomoly and the orbit’s

semi-major axis. The instantaneous value of the semi-major

axis ay at a two minute epoch tw is given by

aiwy = a + Ag (4-2)

In the TRANSIT system , the instantaneous value of

the eccentric anomoly Ew is defined as being

Em = My + e Sin Mm + AE (4-3)

where

M;N n { th - t~tp ) (4-4)
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te

[

the time of perigee passage,

the mean motion.

3
i}

( Note that equation (4-3) is a modified version of
Kepler’'s equation for use in conjunction with the TRANSIT
system only. It should not be used in c¢lassical orbit

computations,

Congider a local cartesian coordinate system whose
X~y plane coincides with the plane of the instantaneous
ellipse and whose z axis is perpendicular to that ellipse.
It is clear from Diagram 8 that the position of a satellite

in this system is given by

I xw r &m( Cos Ew - e) 1
t yiw ! = t ap Sin Egn l
L 2w J L n J

where e is the eccentricity of the orhit,

The problem of determining geocentric coordinates
now hecomes one of transforming from one cartesian system to
another. As the origins of both systems lie at the earth’s
centre of mass , only three rotations have to be considered

,these being ( in order ) -

1. A rotation about the z; axis to bring the x

axis of the orbital system into the geacentric
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.

The

as follows,

where
RIN
a,

dAz

Win

X~y plane (Rotation angle = argument of

’ I

perigee), The rotated axes hecome x° , v’ , 27,

A rotation about the ' axis to bring the
x'-y’" plane into the geocentric X-Y plane
(Rotation angle = inclination angle)., The
rotated axes become x" , y" , 2",

A rotation about the z" axis to bring the =zx"
and y" axes 1into coincidence with the

geaocentric X and Y axes (Rotation angle = right

ascension of the ascending node + GAST).

transformation may be described mathematically

N Xmw 1 I %m 1
I Yso ! = Riw | Y !
L Zw | L 2w |

= R;Ca;) R1(az> R;(a.g)

= W T W LWy - ty)

= -i

= ~arctan ( sin i / cos 1 )

= -Qmw + GAST

= -Qu t GASTe + (w, - LYty - ttp)

= the instantaneous argument of perigee ,
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Qmw = the ingstantaneous Right Agcension of the
ascending node

R; = the rotation matrix for a rotation about axisg i in
a right handed system.

we = rotation rate of the earth
= 7.,29211583 x 10 rad / sec,

GAST is the instantanecus Greenwich Apparent
Siderial Time,

The symbols wy , l&l , 1 , GASTw , Q4 and é are

defined in Table 3.

4,5, O0Orbit Recovery

The wuse of 20 - 30 second Doppler counts in post-
processing operations necessitates the determination of
satellite positions at epochs other than those provided by
an ephemeris, Several schemes have been devised for

satisfying this requirement,

The crudest method is to simply interpolate
polynomials between the supplied ephemeris positions, In the
case of the broadcast ephemeris s the palynomials
interpolate the values of the variable parameters , these
being combined with the fixed parameters +to give the
required information. The disadvantage of this approach is

that it constrains the polynomials to pass the through the
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ephemerigs values. Consequently it makes no allowance for
errors which have been introduced through the rounding of
the orbital parameters. The method also suffers from the
deficiency that it is not based on any mathematical model of
the satellites motion, A least squares polynomial fit also

suffers from the latter short-coming,

Wells (1974 A) noted that the broadcast ephemeris
variahle parameters were not based on a Keplarian analysis
of the orbit, Rather they were the residuals from a least
squares fit of the reference orbit to numerically
determined cartesian coordinates. Furthermore the definition
of the ephemeral parameters differed from +the equivalent

Keplarian parameters as follows.

Broadcast Ephemeris E(t)-eSinM(t)=M(t)

Perturbed Keplerian E(t)-eSinEC(t)=M(L)

Broadcast Ephemeris yoltld)=Ca+aa(t))Sin(EC(L)+AEC(L))
Perturbed Keplerian voltld=(a+3a(t))(1-e®)*33in(E(LI+BE(L))
Broadcast Ephemeris GAST(L)=GAST(t. ) +w (t~-Lt,)

Perturbed Keplerian GAST(t)=GAST(t )+w lt-t )+, ...,

Wells therefore concluded that the elements AE(t) ,
sal(t) and n would display the influence of forces which

caused the satellite to be perturbed from its reference
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orbit , plus the effects of the formula approximations, Many

of these components (including equatorial oblateness , lunar

effects and solar effects) display a sinusoidal
characterigtic , the frequency of which is double that of
the orbital frequency. 1In other cases , notably that of
solar radiation pressure , the effect ig to cause long

period or secular perturbatons which may be considered
linear over a twelve hour period. Consgsequently , Wells
proposed and subsequently verified that a function of the

form

a; + at + a; Cos(2nt) + a, Sin(2nt) (4-5)

would effectivly describe the variations of the wvariable

parameters with time,

Interpolation functions of this form were
successfully incorporated into program PREDOP (Lawnikanis
1976 a), The unknown coefficients are determined for each

parameter by a least squares fit,.

Clearly the Wells method igs an improvement over
simple polynomial fitting ags it does at least take orbital
modelling into account. However a method discussed by Hatch
(1876 A) goes one step further by mathematically removing
gsome of the disturbhing effects. This algorithm proceeds as

follows,.

105



Corrections for the effects of gravitational
oblateness and formula approximation are computed
for the eccentric anomoly and the semi-major axis

at two minute intervals,

The correctiong are subtracted from the broadcast

values of AE and Aa to obtain resgiduals,

The residuals together with the out-of-plane

component are fitted to a curve of the form

by + bz Sin(nt) + b; Cos(nt) (4-6)

Note that this curve has only three terms., Note
also that the period of the residuals is now equal
to that of the orbital frequency,
Determination of the satellite position is then
achieved by
a., Evaluating the equations (4-6) at the
desired time ,
b. Adding corrections for gravitational
oblateness and formula approximation to
the values determined in a. ,
c. Applying the total corrections determined
in b, to the values for the reference

orbit,
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This technique requires more computing time than
that of Wells. However it has the advantage that it permits
one extra degree of freedom in each orbit fit, The method
hags been used extensivly hy Magnavox in recent years., It has
been incorporated into both the MX1502 on-board software and

pragram MAGNET (Ross 1982 C)

The most rigorous way to recover a satellite’s orbit
igs by the short arc method., This involves a precise
numerical integration of the equationsg of motion and the
variational partials over the period of a satellite’'s pass.
The method introduces six degrees of freedom into the orbit
determination by letting both the wvelocity and position
components adjust, Consequently both the shape and location

of the orbit are permitted to alter,

A2 short arc program called SAGA 111 is discussed by
Brown (1976 A)., The orbit recovery algorithm in this program

ig as follows.

1. Inertial coordinates (X,Y,Z) are computed for up
to eight two minute marks recorded during a pass.
Polynomials (fifth or sizxth order) are fitted to

the coordinate values,

2. The polynomials and their derivatives are
evaluated at a selected initial epoch to , thus

generating an inital approximation to the state
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vector (XO,YD,ZD,XD,YO,ZD)c

oo
-

An approximation to the satellite orbit is
generated by integrating the equations of motion,
The integration commences from the approximate

state vector,

4, The orbit computed in 3, is fitted to the X,Y,Z
coordinates in 1, , providing revised values for

the elements of the gstate vector.

5. Steps 3. and 4. are iterated to convergence., The
final residuals in X , Y and Z resulting from the
orhit fit are examined for acceptability . RHMS

values of 3 to S5 metres indicate good data.

By comparison with the methods of Wells and Hatch ,
this technique is relativly expensive in terms of computing
time. Kouba (1983 A) notes that a short arc computation
which uses a gravity model truncated ags low as degree and
order eight , can take up to ten times as long as a semi-
short arc +technique using an externally generated orbit,
SAGA 111 contained a gravity model described by spherical
harmonics up to degree and order sixteen, However Brown
(1976 A) found that from a practical point of view , it was
sufficient +to truncate the model at degree and order four.

This would have significantly reduced the computing time,
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Kouba (1983 A) demonstrated that a shape accuracy
comparable to that of the precise ephemeris could not bhe
obtained from a model truncated below order eight. To
overcome the computing penalty that this imposed , he
determined accelerations (A, ,A, ,A;)> at the +two minute
marks using the equations of motion , and then interpolated
using Chebychev polynomials. These polynomials were then
uged in conjunction with six initial conditions to determine

a least squares approximation to the orbit,

This technique 1is utilised in GEODOP V and works
well for relative positioning over long distances. Kouba
notes that the improvment in broadcast orbhit shape produces
results which are 10% to 30% more accurate than semi-short
arc solutions over 2000 Km, distances. Below 1000 Km,
however , +the sghort and semi-short arc techniques give

comparible results,

4,6, Transformation Parameters

The reference system for terrestrial geodetic
surveys in Australia is known ag the Australian Geodetic
Datum (AGD), The AGD is a local datum , representing the
best fit of a reference ellipsoid to the Geoid over the
Australian continent, In addition to being non-geocentric ,

Allman and Steed (1980 A) have demonstrated that its semi-
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major axis is not parallel to the Z axes of the satellite

datumsg, Consequently , it is not orientated to the CIO pole

The satellite datumg , NSWC 9Z-2 and ‘modified’
NWL 10D , are both geocentric to within the precisgion

permitted by the determining observations. Unlike local

datums , a reference ellipsoid is not a necessary part of
the datum definition , although one is often included for
convenience, A satellite datum is defined in terms of the

adopted coordinates of the tracking stations ( i.e, OPNET ,
TRANET ) , a gravity model , the speed of light , the earths
GM value and the earths rotation rate ( with respect to the
instantaneous equinox ) ., In addition s ephemeris
computationg which are performed with respect to the datum
are influenced by the clock corrections and the oscillator
drift rates at the participating tracking stations (Hoar

1982 nd.,

In order to use Doppler observations in conjunction
with terrestrial networks , it is necessary that they bhe
transformed into the appropriate datum. The question then
arises as to whether a 3, 4 , 5 or 7 parameter

transformation should bhe applied.

A number of authors have favored the use of
transformations involving less than seven parameters. Such

transformations depend on the assumption that the Z axes of
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both datums are parallel , thus implying that there are no
rotations about the X and Y axes., If it is further assumed
that both datums have the same scale and the same longitude
origin , then a simple three translation +transformation
relating the two spatial systems may be determined. This
approach wasg favored by Ashkenazi et al (1978 a) |, Meade
(1982 C) also favored the use of three parameters to
transform between the broadcast and precigse datumg., In this
case , the parameters were a change in scale , a rotation

about the Z axis and a translation to the Z coordinate,

In general however s a seven parameter
transformation igs the most desirable, thig accommodating all
possible degrees of freedom between two spatial systems ( 3
tranglations , 3 rotations and a scale factor ) ., Two
formulations for such transformations are commonly used

these being the Bursa-Wolf model

r X: 1 r AX 1 r 1 -2z Qy 1 r X, 1
b Yz 1= 1 AY t + (1 + A)t Qz 1 -Qx | 1 X4
L 2, 1] L A2 | L -2y Qx 1 1 L Z4 4

and the Molodensky-Badekas model

r Xz 1 Fax 1 I Xg1 r A& —-Qz Qy 1 I X4 - Xg

t Y, = 1 AY L+ 8 Yy 1 Rz A -Qx b Yy - Yo f

L Z2 | L AZ | L Zy | L -Qy Q2x A 1 L Z4 - Z4l
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where X, ,Y:;,Z, are the local datum coordinates
X2,Y2,Z2: are the satellite datum coordinates
AX,AY,AZ are the translation elements
Rx,Ry,822z are the rotation elements
A is a scale factor
Xo ,Ya,Za 1is the average position of the common

points in the local datum

The Bursa-Wolf model works well in a situation where
data 1is available on a global scale., However it is less
suited to a local datum-satellite datum situation due to
correlations which arise bhetween the various parameters,
While no adverse effects will be noticed 1in the area
contained by the common points , serious discrepancies may
occur 1f the parameters are used cutside the determining
area. The Molodensky-Badekas model seeks to overcome the
correlation problem through the introduction of a
fundamental point. Computations are then performed in terms

of differences relative to this point (Hoar 1982a A),.

The use of a seven parameter transformation becomes
particularly necessary in situations where the Z axes of the
spatial systems do not coincide (Allman and Steed 1980 1)
Accordingly Allman (1983a A) determined three sets of
transformation parameters during the GMA82Z adjustment

’

these being bhetween -
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1. The AGD and the Broadcast datum ,
2. The AGD and the Precise datum ,

3. The Broadcast and Precise datums,.

Preliminary values for these parameters are recorded

in Appendix 1.

Other notable seven parameter transformations have
been performed by Jenkins and Leroy (1979 B) and by Boucher
, Parquet and Wilson (Meade 1982 C) , both being between the
broadcast and precise datums. ( These are listed +together
with the corresponding preliminary Allman parameters in
Table 4 . ) The former transformation used global data in
its determination whereas the latter used only European

stations .
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Parameter Set 1
Ty -0.1 £0.9
Ty -0.6 £1.,3
T, -8,.8 £0.9
By 0.0420,04
8y -0.,04£0,03
8, 0.08£0,03
€ 0.85x0,12
LEGEND
Set 1 were determined by

TABLE

4

BROADCAST - PRECISE TRANSFORMATION PARAMETERS

(Meade 1982 C»,

Set 2 Set 3
-0.8 0,5 -5.9 3.5
0.2 0.5 -0.3 3.4
-2.6 0,5 -1.6 24,1
-0.05+0.02 -0.03x0,12
0.02£0,02 0,11%0,12
-0.01x0,07 0.1220.11
0.22+£0,07 -0.41£0,20
Boucher , Parquet and Wilson

Set 2 were determined by Jenkins and Leroy (Meade
1982 C»,

Set 3 are provisional values determined by Allman
(1983a a),.

Ty , Ty , T; are in metres,

8, , 8 , 8; are in seconds,

€

ig in parts per million,.
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CHAPTER 5

INVESTIGATION OF RELATIVE POSITIONING ACCURACIES

5.1, Introduction and Background

Considerable enthusiasnm for Doppler relative
positioning techniques has become evident in recent vyears,
This has been encouraged by the general proposition that
such technigues can provide relative accuracies using the
broadcast ephemeris which are equivalent to those available
from the precise ephemeris (Stansell 1978 A). Experiments
have largely supported thig assertion. However these tests
have wusually been performed over distances of less than one

hundred kilometers (Hothem 1980 A , Boal and Vamosi 1981 A ,

Schenke 1982 C , Larden et al 1983 A) , very few having
considered longer lines (Kouba and Wells 1976 A , Videla et
al 1982 C»,

Investigations into Doppler relative posgitioning
techniques are usually impeded by two factors. First of all
there is frequently an absence of adeqguate ground truth
against which to compare the Doppler derived gquantities ,
thus preventing a thorough analysis., Secondly,the economics
of locating Doppler receivers on known stations for
prolonged periaods of time are such that they effectively
prevent the sustained acquisition of suitable data.

Consequently accuracy investigations tend to bhe relatively
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few in number,

The steady growth in the use of Doppler receivers ,
in particular those with on-beocard translocation scoftware ,
make it imperative that reliable accuracy estimates for
relative positioning be determined. The need for such
estimates over long distances is especially acute in
Australia where the remote nature of much of the country
makes Doppler pogitioning a particularly desirable

technique,

In 1981 , the National Mapping Council of Australia
passed a resolution to initiate a new adjustment of the
Ausgstralian Primary Control Network. This adjustment was
subsequently performed by Associate Professgor J.S, Allman at
the University of New South Wales and became known as GMAR2,
At the instigation of the Queensland Department of Mapping
and Surveying , and later , Professor Allman and the
Divigion of National Mapping , a series of multi-station
Doppler networks were observed for inclusion in the
adjustment. These networks,which were observed using
Magnavox MX1502's , interconnected to span the entire
continent. In August 1982 , the Scuth Australian Department
of Lands and the Victorian Divisgion of Surveys and Mapping
ohserved a further multi-station figure covering south-
eastern South Australia and and the whole of Victoria. This

network contained eleven stations , nine being occupied by
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MX1502 receivers and two by JMRs , It subsequently became

known as Figure E& .,

The GMA82 project therefore produced a considerable
amount of Doppler data suitable for use in the assessment of
relative positioning accuracies. Not only did the multi-
station figures span long distances (in excess of 1000 KXm,
in many cases) but they involved primary control stations
whose coordinates now represent the bhest available ground

truth,.

Part of the GMA82 Doppler data set was used for the
investigationg which follow, The project set out to
determine the effects of the following on relative

positioning accuracies,

1. The use of different reduction programs.
2. The influence of network size,
3. The uge of broadcast and precise ephemerides.

4, The effect of different ephemeris constraints.

In addition it was desired to obtain some idea of
the repeatability that could be achieved from the TRANSIT

system,

Testing was greatly facilitated by the fact that the
precise ephemeris was available for all five operational

satellites during the period of the GMA82 Doppler projects.
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The geographic locations of the stations involved in
the investigation are illustrated in Section 5.2, Thig is

followed by a discussion of the computing procedure in

Section 5,3, The results themeselves are presented in the
subsections of 5.4. , an analysis being provided in Section
5.5.

5.2. The Tesgst Ares

The data set used for this project was drawn
predominently from multi-station Figure E& (Observed
10-15/8/82), However a small quantity of data was also drawn
from Figure E3 (Ohserved 3-8/3/82), The geagraphic
localities of the stations involved are illustrated in
Diagram 10. The number of passeg observed at each station

are summarised in Table 5,

Much of the testing was done using data from five of
the E6 stations. The localities of these stations are
illustrated in Diagram 11, They will in future be referred

to as the subset stations,

The E6 figure spansgs an area which is served by a good
quality first order terrestrial network, The stations are ,
in general , connected by triangulation and trilateration

chains , although one station (Bambadin) is connected by
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TABLE 5

SATELLITE PASS DISTRIBUTION - FIGURE E6

Station Passes SW SE NW NE
Para 65 17 15 17 16
Sundown 76 20 15 21 20
Theile 81 20 20 20 21
Bambadin 68 17 17 16 18
Gambhier 67 16 16 17 18
Three Brothers 72 19 15 19 19
Atkinson 85 21 20 21 23
Gredgwin 76 20 19 17 20
Talgarno 79 21 21 19 18
Murrungowar 66 18 15 18 15
Holey Hill 30 8 9 ) 7

The above statistics were determined during the
GEODOQOP multi-station reduction of the full network using the

precise ephemeris, (Orbital constraints = 2 , 1 , 2)

121



traversing only. Inter-station distances range from 173 Km,

to 1220 Km.

The GMA82 coordinates for the stations were obtained
using a combined data set which included terrestrial data ,
Doppler point positions , VLBI , Satellite Lasar Ranging and
the multi-station Doppler figures. It could legitimatly be
argued that , by comparing Doppler relative positioning
results against a coordinate set which was partially derived
from the same data , one is comparing correlated quantities
and thus acquiring misleading results, An investigation of
the impact of the introduction of the multi-gstation figures
into GMA82 indicated that they had very little effect in
south-eastern Australia due to the inherent strength of the
terrestrial network (Allman 1983b A),., Consequently , while
there may be some correlation between the Doppler quantities
and the ground truth estimates in the following results , it

will be very small and may be safely neglected.

The coordinates used for the ground truth
comparisons were derived from the GMA82 Stage 2 adjustment
dated 2nd June 1983, (Coordinates were determined for
eccentric antenna stations when required.) The spheroidal
heights of the electrical centres were computed using AHD
elevations , vertical eccentric data and geoidal undulations
based on the Fryer geoid model (Fryer 1971 A), The Fryer

model was used in preference to that of GEM 8 as it was
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considered that it would be less subject to oversmoothing in

localised areas. Fryer’'s values were adjusted by 10.9 metres

to make them consistent with the gazetted AGD definition.

The horizontal and vertical coordinates

electrical centres are listed in Table 6.

5.3. Camputing Procedure

The processing of data was done in three

These were as follows,.

1. The formation of the data decks.

af the

stages.

2. The computation of the relative positioning

solutions.

3., The transformation of those sclutions into a

common spatial coordinate system

comparative purposes.

These will now be discussed in turn.

5.3.1. Data Deck Formation

for

Thig section 1is not applicable to data processing
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undertaken using the Magnavox MX1502 on~board software (Vide

section 5,3.2.1.).

In general , suitable data decks were already
available for processing , these having been created at the
time the GMA82 project was undertaken. The decks consisted
of the raw cassette data for each station coded in
hexadecimal format. The data for each station was stored in

a separate file.

In order to perform the repeatability tests , data
decks containing twenty passes each had to be extracted from
the parent decks. As only passes common to pairs of stations
were required , a program had to be written which would

selectivly recover the desgired passes.

This program was written in FORTRAN 77 and was
called SELECT. It wasg installed on the Cyber 171 computer
at the University of New South Wales and run in interactive

mode, A listing of the program is included as Appendix 4.

£.3.2. Computation of Relative Positioning Solutions

5.3.2.1. MX1502 Software

The Magnavox MX1502 on-board software is contained



on a circuit board within the satellite receiver itself. The
user operating procedure is explained in the MX1502 Field
Translocation Satellite Surveyor -~ Operation and Service

Manual (1980 A), The following points should be noted.

First of all , the MX1502 can only compute relative
positions between two points using the broadcast ephemeris.
(The coordinates of the Master station are held fized.)
Multi-station solutions involving three or more points still
have to be performed on external computers as do solutions
involving the precise ephemeris. Secondly , the MXIS502
solutions are performed using common passes only. Passes
which are observed by one receiver but not the other are
specifically excluded, Thirdly , data entry is achieved
directly from the cassettes via the tape cassette transport,
This enables post-processing to be done in the field ,
resulting in rapid solution availability if few passes are
invalved. Finally options are available which enable
translocation golutions to be determined in real time , the
participating receivers being linked by radio or land line.
However such options are of no interest as regards the aims

of this project.

Post-processing with the MX1502 is slow if &
congsiderable number of passes are involved. The receivers
memory capacity prevents the input of more than seventeen
pasgses at any one time. Consequently , operator attendance

is required at least once per hour to change cassettes. The
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MX1502 sclution for line Para-Theile contained 60 common

passes and took approximatly six hours to process.

An example of the data output during +translocation

ig included as Appendix 3.

5.3.2.2. PREDOP/MERGE/GEODOP

PREDOP , MERGE and GEODOP are a family of programs
which were written at the Canadian Department of Energy
Mines and Resources. The versions of PREDOP and GEODOP which
run at the University of New South Wales were revised by Shi
in 1981 . In addition , PREDOP was further modified by
Allman in 1982, All programs are installed on the Cyber 171
computer at the University of New South Wales. Their
operation 1is explained by Lawnikanig (1976 A) , Kouba and

Boal (1975 A) and Shi (1982 a»>,

Program PREDOP is a preprocessing program which is
uged to edit and filter raw Doppler data. It is run for each
network station individually , computations being performed
in the Guier plane., Program MERGE is used to consolidate the
output PREDOP data into a single multi-station data deck. In
addition , it may be used to incorporate the precise
ephemerig , although this has to be done during a second run
of the program. Program GEODOP then performs the actual

multi-station computations.
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The praogram family has to he run on a main frame
computer and consequently lacks the portability of the
MX1502 software. However it does have the advantage of being
able to process multistation figures relativly gquickly. It
ig also capable of processing with the precise ephemeris.
Finally of course , it provides the user with considerably
more flexability than the MX1502 by enabling the selection
of processing options. (During processing with GEODOP , no

stations were held fixed.?

5.3.3. Intercomparison of Solutions

Processing involving the broadcast and precise
ephemerides produces coordinates in two different datums ,
these being the ‘'modified’ NWL 10D and NSWC 92-2 systems
respectivly. GMA82 coordinates are defined in a third system
, this being the Australian Gecdetic Datum (AGD) ., To enable
a compariscon of results to take place , all values must be
caonverted to a common datum. Consequently transformations

were performed to bring all results into the AGD , this

being the datum of the ground truth measurements.

The transformations were performed using a computer
program called CHORD7 , This was written in FORTRAN 77 and
was 1installed on the Cyber 171 at the University of New
South Wales., A listing of the program is included as

Appendix 5.
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Program CHORD7 usgseg a seven parameter transformation
and the Bursa-Wolf model. It enables the transformation and
comparison of up to four different coordinate sets for a
graoup of stations, The comparisons involve both the
coordinates directly and the derived chord distances. The
intercomparisons between multi-station Doppler coordinate
sets were all performed using this program., However as chord
distances are sensitive only to the transformation scale
factor , their intercomparisons were achieved through the

simple application of the appropriate scale factors,

The transformation parameters used in CHORD7 were
the preliminary values determined for Australia by Allman
(1983a A) during the GMA8Z2 project. These are listed in
Appendix 1. Some consideration was given as to whether local
parameters should be computed and applied instead of the
national parameters. It was decided however that as the area
in question would have provided relativly few degrees of
freedom for the parameter determination , it would be more
satisfactory to use the national parameters and remain alert
for any local systematic effects., It was also decided to use
chord distances for most intercomparisons , as these would
be free of residual transformation systematics in all but

scale,.
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5.4. Results

5.4.1. Reduction Program Comparisgon

In order to investigate the overall effects of
different modelling procedures , tranglocation solutions

were computed for ten lines using

1. The Magnavox MX1502 on-bhoard +translocation
software
2, Programs PREDOP , MERGE and GECDOP using the

broadcast ephemeris,

The lines were those connecting every possible
station pair in the five station subset. The computed chord
distances are presented in Tables 7 and 8, In addition , the
differences hetween the chords and the ground truth ( ground

truth residuals ) are plotted in Diagram 12.

The chord distances in each data set are correlated.
Congsequently it is not meaningful to determine their sample
mean and standard deviation. However the following points

can be noted from the diagram.

The MX1502 and GEODOP ground truth residuals appear
to be biased by approximatly -0.7 metres and -0.5 metres

respectivly. In nine out of ten cases , the magnitudes of
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the GEODOP residualg relative to ground truth are smaller
than their MX1502 counterparts. The differences between the
two sets range from 0.36 m. (along the line Sundown-Theile)
to 1,10 m, (along the line Bambadin-Gambier) and appear to
be independent of line length. In addition , whereas five of
the MX1502 residuals exceed 1.0 metres , only two of the

GEODOP residuals do likewise.

Thus the results as presented suggest that MX1502
software produces significantly inferior relative accuracies

when compared with those from GEODOP in translocation mode.

5.4.2. Repeatability

Translocation solutions were computed for the line
Para-Sundown using four subsets of twenty passes drawn from
the data sets for multi-station figures EJ3 and E6. These two
figures were observed five months apart. The passes were
selected an the basis that they had successfully
participated in multi-station precise ephemeris solutions
during the data reductiong for GMA82. No attempt was made to
ensure that all passes would be accepted during the
repeatability tests. Instead , the number of rejected passes

were made a parameter of the investigations,

Each of the subsets was processed using -
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1. The Magnavox MX1502 on-board translocation

software.
2. Program GEODOP using broadcast ephemeris.
3. Program GEODOP using precise ephemeris,

The results are presented in Table 9 and are plotted in
Diagram 13, As the data sets are independent of each other ,
sample statistics have been computed for each mode of

reduction , these being presented in Table 11.

The results show that the MX1502 and the precise
ephemeris solutions have comparaible repeatability. The
ranges of the two sets of ground truth residuals are almost
identical , although the precise ephemeris solutions have a
slightly superior standard deviatian. The broadcast
ephemeris solutions however display inferior repeatability ,
their range and standard deviation being significantly

larger than those of the other two modes,

The ohservations for figure E3 were undertaken
during a period of very high solar radiation pressure. This

ig reflected by the fact that while the MX1502 and GEODOP

broadcast golutions rejected fourteen and two passes
respectivly , the GEODOP precise solutions did not reject
any. The difference between the rejection rates of the

MX1502 and GEQDOP broadcast solutions probably explains the

difference 1in repeatability. The GEODOP sclutions were
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computed wusing an apriori along-track standard deviation of
twenty six metres. As the along-track corrections were often
in excess of one hundred metres , this c¢onstraint was
clearly too tight, By including the passes that the MX1502
rejected . the soclutions and the repeatability were

significantly degraded,

The experiment was repeated along the 1line Para-
Theile wusing E6 data only. The results are presented 1in
Tables 10 and 11 and are plotted in Diagram 14. On this
occasion there was little solar radiation pressure and few
rejected passes. The GEODOP broadcast solution showed the
best repeatability , closely followed by the MX1502. In both
cases , the sample ranges and standard deviations were
vastly superior to those for the Para-Sundown line,
Surprisingly the GEQDOP precige solutions displayed the
worst repeatability. However , as the GEODOP precise sample
gtatistics were almost identical for both test lines , it
may be concluded +that they are typical for the mode of

reduction.

While not being directly concerned with
repeatability , the sample means do deserve comment. Thisg
will be made in Section 5.6, during a general discussion of

systematic bhiases,
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5.4.3. Network Size

In order to distinguish between the effects of
receiver timing biases and satellite along-track errors |,
it is necessary to operate in the relative pogitioning mode,.
The satellite component , which is common to all data sets ,
may then be separated from the receiver component through
its inclusion as an unknown parameter in a short arc or

semi-short arc multi-station solution.

It is not unreasocnable to expect that the isglation
of along-track errors will be achieved more effectivly in
large nulti-station networks than in small ones due to the
inclusion of the extra observations. It might also he
expected therefore that the relative accuracies of multi-
station networks would improve with network size. In order
to test this hypothesis , chord distances were computed for
the ten lines in the subset network using the following

reduction modes,

1. Individual translocations between station
pairs,

2. A multistation solution using the subset
stations only.

3. 1 multi-station solution using all eleven

stations in E6.
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All reductions were undertaken using program GEQODOP,
The investigation was performed using both the broadcast and
precise ephemerides, The chord distance comparisons are
presented 1in Tables 8 and 12 to 16 and are plotted in

Diagramg 15 and 16,

It is clear from the diagrams that network size had
little significant impact on the relative accuracy of the
translocation and multi-station solutions , regardless of
which ephemeris was used, 1In general , the chord distances
varied by less than ten centimetres between the three
network configurations, The only exceptions involved two
broadcast ephemeris translocation solutions into station
Gambier , these differing from the multi-station results by

approximatly 0.33 metres.

The results will be commented on further in Section
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5.4.4, Ephemeris Constraints

In order to determine the influence of apriori

orbital constraints on relative positioning solutions , the
following tests were performed. First , using the precise

ephemerig with constraints of -

26 metres along-track
5 metres across-track

10 metreg out-of-plane

chord distances were computed for the ten 1lines in the

subset network from -

1. Individual translocations between all station
pairs,
2, A multi-station solution involving the subset

stations only,

3. A multi-station netwark involving the full Eé6

network,.

Secondly , using the broadcast ephemerig with

contraints of

2 metres along-track

1 metre across-track
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2 metres out-of-plane

chord distances were computed for the ten lines in +the
subset network by means of a multi-station solution

involving the full E6 network.

The results are presented in Tables 17-20, 1In
addition they are illustrated on comparitive pleots , these

being Diagrams 17 to 20.

Consider first the precise ephemeris solutions. From
the diagrams it is apparent that the effects of constraint
relaxation wvary from line to line., 1In the case of the
translocation solutions , the differences between the
relaxed and unrelaxed values range from 0.002 metres to
0.426 metres , the relaxed values being short in nine out of
ten cases. The two multi-station golutions produce almost
identical diagrams , the patterns of the corrections beiﬁg
the same ag for the translocation case. The sghortening
varies from 0,002 metres to 0.253 metres in the instance of

the full network.

The significance of these differences lies not so
much in their magnitude as in the fact that they are
systematically short. The diagrams seem to indicate that the
correct orhital constraints produce a more balanced
distribution of ground truth residuals about zera, A similar

effect will be noted in section 5.4.5,.
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DOPPLER-GMABZ (METRES)

DIAGRAM 17
EPHEMERIS CONSTRAINT COMPARISON
TRANSLOCATION SOLUTIONS

3
2.9 [
2 b
1.57
1 F
* + +
5 g * +
* * * ¥ —
Z +
%* +
-.5 *
* ¥ ¥
-1 T
-1.5 |
-2 I
-2.93
-3 i L 1 ] I 1 i 1 1 i
PS PT PB PG ST SB SG TB TG BG
NGTE - Raw Doppler data is from Multi-Station Figure EG
Figure E6 was observed during the period 18-15/8/82
A1l distances have been transformed to the AGD
LEGEND
¥ — TRANSLOCATION - GEODOP,PRECISE, (26,5,18)
+ - TRANSLOCATION - GEODOP,PRECISE,(2,1,2)
PS - PRRR TO SUNDOWN SB ~ SUNDOWN TO BAMBADIN
PT - PARA TO THEILE SG - SUNDOWN TO GRAMBIER
PB ~ PARA TO BAMBARDIN TB - THEILE TO BAMBADIN
PG - PARA TO GAMBIER TG -~ THEILE TO GRMBIER
ST - SUNDOWN TO THEILE BG - BAMBADIN TO GAMBIER
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DOPPLER-GMA8Z2 (METRES)

DIAGRAM 18
EPHEMERIS CONSTRAINT COMPARISON
E6 SUBSET SOLUTIONS

3 r
2.5 7
>
1.5 7
1 F
% +
5 * +
% X % _
e +
*
-5 1 +
* % %
-1 T
-1.5 7
-2 r
-2.3
-3 1 1 i 1 ! 1 i 1 1 i
PS PT PB PG ST SB SG TB TG BG
NOTE - Raw Doppler data ts from Multi-Station Figure E6
Figurs E6 was observed during the period 18-15,8/82
A1l distances have been transformed to the AGD
LEGEND

¥ - EB SUBSET MULTI-STATION - GEODOP,PRECISE, (26,5,18)
+ E6 SUBSET MULTI-STRTION - GEODOP,PRECISE, (2,1,2)

PS - PARA TO SUNDOWN SB - SUNDOWN TO BAMBADIN
PT - PARA TO THEILE SG - SUNDBOWN TO GAMBIER
PB - PARA TO BRAMBADIN TB - THEILE TO BAMBADIN
PG - PARA TO GRAMBIER TG - THEILE TO GAMBIER

ST - SUNDOWN TO THEILE BG - BAMBADIN TO GAMBIER
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DOPPLER-GMAB2 (METRES)

DIRGRAM 18
EPHEMERIS CONSTRAINT COMPARISON
E6 NETWORK SOLUTIONS

(R)
3T
2.5
> F
1.5 7
. F
S ; I 4 A .
° %
-.5 % ; \ ,
-1 T
-1.5 [
-2 I
-2.5
-3 . L L . L . L L L 4
PS PT PB PG ST SB S TB TG BG
T Figure £ wis shsorved during. the perioa 16-15/8/52
AIT distances have been transformed to the RGD
LEGEND

i

E6 FULL MULTI-STRTION - GEODOP,PRECISE, (26,5,10)
ES FULL MULTI-STATION - GEODOP,PRECISE,(2,1,2)

*
+

PS - PARA TO SUNDOWN SB - SUNDOWN TC BRAMBRDIN
PT - PARR TO THEILE SG - SUNDOWN TO GRMBIER
PB - PARA TO BRMBADIN TB - THEILE TO BAMBADIN
PG - PARA TO GAMBIER TG - THEILE TO GAMBIER
ST — SUNDOWN TO THEILE BG — BAMBADIN TO GAMBIER
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DOPPLER-GMAB2 (METRES)

DIAGRAM 20
EPHEMERIS CONSTRAINT COMPARRISON
EE NETWORK SOLUTIONS

(B)
3 r
2.5
2
1.5 7
1 F
+9
g —— — —_— ¥ » m —
-.5 + +
-1 I * * ¥ ¥*
*
-1.57
+
_2 = +
+
-2.5
-3 L { 1 I 1! L i 1 L |
PS PT PB PG ST SB SG TB TG BG
NOTE ~ Raw Doppler data is from Multi-Station Figure EE
Figure £6 was observad during the period 18-15/8/82
A1l distances have been transformed to the AGD
LEGEND
¥ - EB FULL MULTI-STRATION - GEODOP,BROADCRST, (26,5, 18)
+ -~ EB FULL MULTI-STATION - GEODOP,BROADCAST, (2,1,2)
PS -~ PARAR TO SUNDOWN SB ~ SUNDOWN TO BRMBADIN
PT - PARAR TG THEILE SG ~ SUNDOWN TO GAMBIER
PB - PARAR TO BAMBADIN TB - THEILE TO BAMBADIN
PG - PARA TO GAMBIER TG ~ THEILE TO GAMBIER
ST - SUNDOWN TO THEILE BG -~ BAMBADIN T0 GAMBIER
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The broadcast ephemeris solutions (Diagram 20)
contrast markedly with those discussed above, The effects of
constraint tightening again vary from line to line., However
on this occasion , both lengthening and shortening takes

’

place,

It ig interesting to note that all of the lines out
of Gambier were substantially shortened , the remainder

being either lengthened glightly or remaining significantly

the same, Indeed the results in general suggest that the
observations at Gambier were of poor quality , probably
because of multi-path interference from a nearby lake. It

would seem that the solution involving realistic orbital
biases (26,5,10) was able to absorb a proportion of the
error from thig source. However the tightening of the
constraints effectivly inhibited orbit relaxation , forcing
the error back into the station coordinates. This in turn
caused the solution to degrade, Diagram 20 therefore
clearly illustrates the extent to which orbkit relaxation can
improve solution accuracy , even at a poorly ohserved

station,.
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5.4.5, Ephemeris Type

it was mentioned in the introduction that the
popularity of relative positioning had largely been brought
about by the assumption that it could produce accuracies
from the broadcast ephemeris which compared favorably with
those from the precise ephemeris, In order to assess the
validity of this proposition , the results of the network
size tests were replotted , this time to enable the
broadcast and precise ephemeris solutions to be compared.

These plots are included as Diagrams 21 , 22 and 23,

All three diagrams are very similar . The
differences between the broadcast and precise ephemeris
solutions follow the same pattern in each case. The
magnitudes of the differences range between 0.063 metres and
1.142 metres for the translocation solutions , becoming

slightly smaller for the multi-station solutions,

Interestingly encugh , the pattern of corrections is
the same as that which became apparent during the precise
ephemeris constraint investigations., Indeed there is little
to distinguish the two sets of diagrams apart from the
magnitudes of the residuals involved,. The systematic
shortening is again in evidence and again appears to be
unrelated to line length, In general it would appear the the

breoadcast ephemeris solutiong are biased by approximately
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DOPPLER-GMAB2 (METRES)

DIAGRAM 21
EPHEMERIS TYPE COMPARISON
TRANSLOCATION SOLUTIONS

3 r
2.9 7
2
1.5¢
{ F
* + +
5 ) +
4] + * TR Ty T e
+
-.5 ¥
* * * ¥
-1 T *
~1.5 [ *
-2 I
-2.9
-3 L L 1 L I 1 i 1 L i
PS PT PB PG ST SB S TB TG BG
NOTE - Raw Doppler data is from Multi-Station Figure E6
Figure E6 was observed during the pertod 18-15/8-82
A11 distances have been transformed to ths AGD
LEGEND

¥ ~ TRANSLOCATION - GEODOP,BRORDCAST, (26,5, 18)
+ TRANSLOCATION - GEODOP,PRECISE, (2,1,2)

PS - PARA TO SUNDOWN SB ~ SUNDOWN TC BRMBADIN
PT - PARA TO THEILE SG - SUNDOWN TO GRAMBIER
PB - PARA TG BAMBADIN TB — THEILE TO BAMBADIN
PG - PARA TO GRAMBIER TG ~ THEILE TO GRAMBIER
ST - SUNDOWN TO THEILE BG - BAMBADIN TO GAMBIER
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DOPPLER-GMA82 (METRES)

DIRGRAM 22

EPHEMERIS TYPE COMPARRISON
E6 SUBSET SOLUTIONS

3 r—
2.5 ¢
> F
1.5 ¢
1 F
+
5 + +
* —
5] + ¥ ¥
-.5 * * .
* +
-1 * * *
*
~-1.97
-2 r
~2.9
-3 1 1 L i + i 1L L i |
PS PT PB PG ST SB S TB TG BG
NOTE - Raw Doppler data is from Multi-Stetion Figure EB
Figure E6 was observed during the pericd 18-15,8/82
A1l distances have been transformed to the AGD
LEGEND

¥ - Eb SUBSET MULTI-STATION - GEOD
+

PS - PARA TO SUNDOWN SB -
PT - PARA TO THEILE SG -
PB - PARA TO BAMBARDIN 1B ~
PG - PARA TC GAMBIER 16 -~
ST — SUNDOWN TO THEILE BG -

0P, BRORDCAST, (26,5, 18)

E6 SUBSET MULTI-STATION - GEODOP,PRECISE, (2,1,2)

SUNDOWN TO BAMBADIN
SUNDOWN TO GRMBIER
THEILE TO BRMBABIN
THEILE TO GRMBIER
BAMBADIN TO GAMBIER
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DOPPLER-GMAS2 (METRES)

DIAGRAM 23
EPHEMERIS TYPE COMPARISON
E6 NETWORK SOLUTIONS

3 r
2.3 7T
2 +
1.5 7
1+
+
.3 : + + *
S ———— __.._* —
e + x ¥
-.57 +
+
+
-1 T * * ¥
*
-1.57]
-2 T
-2.5
-3 L L. 1 1 L L 1 L i I
PS PT PB PG ST SB S TB TG BG
NOTE - Raw Doppler data ts from Multi-Station Figure E6
Ftgure E6 was observed during the period 18-15/8/82
R11 distances have been trancformed to the AGD
LEGEND
¥ -~ E6 FULL MULTI-STATION - GEODOP,BRORDCAST, (26,5,18)
+ - E6 FULL MULTI-STATION - GEODOP,PRECISE, (2,1,2)
PS - PARA TO SUNDOWN SB - SUNDOWN TO BAMBRDIN
PT ~ PARA TO THEILE SG - SUNDOWN TO GAMBIER
PB - PARAR TO BAMBADIN TB -~ THEILE TO BAMBADIN
PG -~ PARA TO GAMBIER TG - THEILE TO GHAMBIER
ST - SUNDOWN TO THEILE BG - BAMBADIN TO GAMBIER
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-0.5 metres whereas the precise solutions have a bias value
approaching =zero, The distribution of the residuals about
the biag values is approximately the same in each case.
Their ranges vary between 1,30 metres and 1.70 metres but
are in general below 1.50 metres. This suggests that the
ephemerides produce eguivalent precisions but different
accuracies from the same data sets. It further suggests that
the results are consistent with precision values in the

range 0.3 to 0.5 metres.

In order to investigate the shortening effect
further , two additional tests were performed. In the first
, chord distances from the broadcast and precise multi-
station solutions of +the full E6 network were compared,
Their differences were found +to vary from 1,024 ppm to
-3.116 ppm , the broadcast ephemeris distances being longer
on only 6 of the 55 lines. The second test involved the

comparison of coordinate values and was performed as follows

The multi-station coordinate sets ( broadcast and
precise ) for both +the full and subset networks were
transformed into the AGD (GMA82 coordinate system) using
program CHORD7, Residual differences between the transformed
and ground truth coordinates were subsequently computed
following the remcval of average block shifts. The
transformed coordinates and residuals have been tabulated
and are included as Appendix 2, In addition , the latitude

and longitude residuals are plotted as displacement vectors
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in Diagrams 24 and 25 while the height residuals are plotted

in Diagrams 26 and 27.

Consider first Diagram 25 . It can be seen that the
displacement vectors are predominently orientated in an
ecast-west direction and that the broadcast ephemeris vectors
are longer than those of the precise ephemeris, This is
congistent with the chords in that it implies a shortening
in the broadcast ephemeris relative to the precise. A second
systematic trend is also apparent , this being the tendancy
of the vectors to point towards the centre of the network,

Thig will be discussed further in Section 5.5.
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DIRGRAM 24

DISPLACEMENT VECTORS
E6 SUBSET NETWORK
Scale of Displacement Vectors

1 Cm.= B.5 Metres

T

e
-
-

THEILE

.«"'_1"

T

NOTE - THE SYMBOL + IDENTIFIES
THE GMABZ COORDBINATES

[ GEODOR,PRECISE (2,1,2)
——- GEODOP, BRORDCAST (26,5,18)

ey

SUNDOKN

BAMBRDIN

.

avl r
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Consider first the comparison between the MX1S502
and the GEODOP broadcast translocation solutions, In 1976 ,
Kouba and Wells supported the proposition that all
statistically acceptable passes be included in relative
positioning solutions |, regardless of whether they were
common or not, They argued that this would result in the
retention of a sound balance of data at each station as in
roint positioning. They went on to say that by proceding in

this manner -

‘' ..... all stations are bhiased consistently
(the translations , rotationg and scale at

each station , with respect to the Terrestrial

system are similar) : the relative accuracy is
significantly increased , (more so than for
translocations or simultaneous point

positioning) and proper correlation bhetween

stations is preserved’

{Kouba and Wells 1976 4>

The modelling in program GEODOP is congsistent with
the above statements. The MX1502 however , processes only
common pasgses, The reduction program comparison therefore
contrasts not only the effects of different modelling

techniques but also two different philosophies of
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computation,

The MX1502 and GEODOP results were contrasted during
both the reduction program comparison and the repeatability
tests., The MX1502 consistently produced the larger residuals
relative te ground truth, On both occasions |, the
differences between the two solution sets were at the one
metre level, This 1is consistent with results obtained by
Videla et al (1982 C¢)., Following field operations in the
Venezualan Guayana , translocation solutions were computed
using both the MX1502 software and program MAGNET, The
solutions involved the processing of between twenty-two and
forty-one passes , the exact number varying from line to
line, Differences of between 0.78 metres and 1.70 nmetres
were noted between the solutions over distances ranging
between 226 Km, and 461 Km., Unfortunately no ground truth
was available against which to compare the results,
Consequently , it is not possible to determine whether one

program was consistently producing inferior results,

In 1980 Magnavox was claiming in its advertising
material (e.g. Bulletin Geodesigque , Vol 54 , No 4 , 19800
that the MX1502 on-board software would provide relative
positionin accuracies with a standard deviation of one metre
over distances of up to 1000 Km., The above results suggest
that this figure is realistic for distances over 200 Km.
They also suggest that the statement by Kouha and Wells

regarding program philosophy may be correct in practice.
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The repeatability tests have already been discussed
in some detail in section 5.4.2, and will not be
recongidered here. Three points should be noted however.
First of all , the repeatability obtainable from the MX1502
compares very favorably with that obtainable from GEODOP.
This is clearly illustrated in Diagrams 13 and 14, Secondly
it would appear that the MX1502 is more sensitive to the
detection of poor passes than GEQDOP, This is reflected in
the results for line Para-Sundown. The improvement in
repeatability that the tighter editing apparently produces
suggests that the criterion for pass rejection in PREDOP and
GECDOP should be reconsidered, Finally , 1t must be
commented that repeatability effectivly provides a measure
of the precision of a measuring techniques. Consequently it
may be concluded that the standard deviations for the line
Para-Sundown which are presented in Table 10 are
represgsentative of the precisions available from

translocation techniques.

The results of the network size test agree in sgome
respects with those suggested by Ross (1982 C), Rass
suggests that after fifty passes , the relative accuracy of
a two station solution will be 21 cm. whereas that of a ten
station solution will be 7.5 ecm. It is impossible to agree
with these figures as regards the accuracy of multi-station

networks given the results stated above. However , they do
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support the proposition that network size has no gignificant
effect on accuracy if a large number of passes (>50) are
processed., It must be added of course that this conclusion
does not necessarily hold for networks with a lesser numher

of passes,

The ephemeris constraint and the ephemeris type
tests provide the most curicus resgultg of all. The apparent
systematic shortening between the precise ephemeris
solutiong , the relaxed precise ephemerig solutions and the
broadcagst ephemeris solutions requires an explanation , as
does the predominent east-west orientation of the
displacement vectors. Four possible theories come to mind ,
two which are best explained by reference to the wvectors

diagrams,

The first theory 18 that there is a modelling
problem in GEODOP which ig causing a ‘simple’ shortening in
longitude, An examination of Diagrams 24 and 25 suggest that
this in unlikely to be the case, The vectors generated from
the subset network are substantially the same as those from
the full net,., They show no tendancy to pull towards the
centre of the network. Indeed if anything they suggest a
network rotation. Thus a program-induced shortening in

longitude appears improbable,

The second theory is that the program constants

which define the scale of the network are inconsistent with
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those which were used in the generation of the ephemerides,
Consequently there are two scale definitions conflicting

with each other in the multi-station computations, 1If tight

orhital constraints are used , as is the case with the
precise ephemeris , then the scale as defined by the
ephemeris will be very influential. However , as the
constraints are relaxed , the scale as defined by the

program will dominate the computations., The failing in this
argument is that both the MX1502 and GEODOP broadcast
solutions produced approximately the same biases, suggesting
that the problem is not program based (Vide Diagram 12>, In
addition the systematic changes dao not appear to be
dependent on 1line length and thus cannot be simple scale
biases., However as the modelling of a Doppler program is
inherently complex , the theory could anly bhe proved by

altering the program constants and noting the effect,

The third theory is that the vectors reflect
systematic errors in the ephemerides., Note that the vectors
in Diagram 25 suggest rotations about two points , one bheing
east of Theile and the other south of Murrungowar. In
addition the systematic slope of the height residuals as
displayed in Diagram 27 strongly suggests a tilt between the
satellite and terrestrial datums. Malyevac and Anderle (1982
C) noted secular along-track errors at Southern Hemisphere
tracking stations when investigating force field

modifications wusing the NOVA satellite. These errors were
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removed when odd zonal harmonics were introduced as part of
the solution , indicating a possible deficency in the
current ephemeris gravity models, Thig theory could best be
investigated by reohserving the multi-station network or by
re-reducing the existing data using a short-arc program with

an improved gravity madel,

The final theory is that the vectors have achieved
their wvalues through statistical chance and that a second
data set would produce completely different results. This is
a possibility that cannot he ignored, It is certainly true
that there is a random component in the displacement vectors
as displayed. It 1is therefore quite probahle that a
reaobservation of the network would produce a significantly
different vector pattern, However the shortening of the
chord distances has resulted from the processing of the
same Doppler data sets with different ephemerig parameters,
Thig suggests that influences other than random chance are
at waork. The argument against +the theory is further
strengthened by the results of Kouba and Wells (1976 A)
which alse showed a predominent shortening of broadcast
chord distances relative to precise chord distances., These
tests involved a multi-station network in Canada which
contained lines of up to 1268 Km, in length. The number of
passes involved were comparihle with those of this project.
Interegstingly , a significant east-west component was again

evident between the two systems,
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Tenuous evidence against the fourth theory is also
provided by the repeatabilty tests for the 1line Para-
Sundown. The precise ephemerig and MX1502 bhiases determined
from data sets acguired five months apart show good

repeatabhility.

It is posgsible that a combination of the above
theories is responsible for the results which have been
obtained, Certainly they deserve further investigation as
the magnitudes of the biases effectivly limit the accuracy
that can be obtained from relative posgitioning techniques,
The biases also have significant implications for the
incorporation of Doppler data into terrestrial networks., In
particular they provide an argument for the generation of
local or regional transformation parameters, The apparent
systematic biases were only detected because national
parameters were used to tranaform the Dappler déta. Had
local parameters bheen generated , the biases would largly
have bheen absorbed. Clearly such absorption would be very
desirable 1in many situations as it would effectivly improve

the accuracy of the measurements.

However , any enthusiasm for local parameters must he
tempered by the realisation that the results as presented

have bheen derived from a single data set, Proof that these

vectors could be repeated would be a necegssary prereguisite

for local parameter generation, At the present time , this
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proof does not exigst, It is of course possible to improve
multi-station results by generating local parameters for
each job that is undertaken. However in general , this not
an economic proposition ags it necessitates the occupation of
at least three known stationsg during every project,
Congequently , it mugt be concluded that at the present time
, the GMA82 parameters are the best available for datum

transformations.
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CHAPTER 6

CONCLUSIONS

It was stated in the introduction that it was
intended that the above investigations should contribute to
the growing body of data which 1is becoming available
regarding relative positioning technigues, Indeed this is
all they can do. When all ig said and done , most of the
testing done during this project was performed using a
statistical sample of one. Consequently while the results
were backed by external evidence whenever possible , they
cannot on their own bhe considered representative of the

accuracies achievahble from Doppler positioning.

Having said that , the following conclusiong may be

drawn from the results and analysis as presented.

1. The MX1502 on-bhoard software appears capable of
computing relative ©pogitions to an accuracy of ane metre

¢ lo ) over distances in excess of 200 Xm,

2. The repeatability achievable from the MX1502
on-board software is competitive with that achievable from
GEQDOP using the precise ephemeris , even during periods of
high gsolar radiation pressure. The repeatability of
solutions derived from GEOCDOP using the broadcast ephemeris

is severely degraded during such periods. All three modes of
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reduction give sgimilar repeatability during less extreme
canditions, However each is subject to different biases
relative to the ground truth value., The most consistent

repeatabilty may be obtained using the precise ephemeris,

3. Relative positioning precisions do not appear to
be highly dependent on the number of stations in the multi-

station network if fifty or more passes are inveolved in the

processing,

4, Systematic biases between broadcast and precise
ephemeris solutions have been noted. It is not certain
whether these are program or ephemeris based , or indeed
whether they are a chance occurance, Further testing is

required to resolve these points.

5. A comparison of solutions suggests that similar
residual distributions will be obtained from both broadcast
and precise ephemeris processing., The results cbtained from
GEODOP are consistent with a standard deviation of 0.2 - 0.5
metres relative to a mean bias value. Thus it may be
concluded that the ephemerides produce equivalent precisions

when used in either the translocation or multi-station mode.
6, The apparent detection of systematic biases
prevents the making of any positive statement about accuracy

at this stage, However it may be very cautiously concluded
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from the bias values that the best accuracy appears to be

given by processing with the precise ephemeris.

Finally , a few comments should be made about areas
of further research. First of all , a considerable amount of
the Doppler data gathered during the GMA82 project still has
to be analysed. It is recommended that this be done in the
future to confirm or confound the results which have been
presented here. It is important to know whether the apparent
systematic biases are geographically correlated., Very little
research has been done into Doppler positioning in the
Southern Hemisphere., It is desirable that this situation be

changed,

Secondly , the conclusions regarding network size
were bagsed on a data set containing over sixty passes,
Experimentg involving smaller data sets would be very useful
in determining the optimum number of passes required to
obtain a specified accuracy from a networks of various

sizes,.

Finally , the body of data which is available
regarding relative positicening accuracies is steadily
growing, A complete analysis of this collective data set
would make a very worthwhile project, Only through such
research will a realistic assessment be made of the

accuracies attainable from Doppler positioning,
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APPENDIX 1

TRANSFORMATION PARAMETERS - GMA82 PRELIMINARY VALUES

Parameter

Ty
Ty
Tz
8x
By
8,

€

The

Precige
to GMA82

116.47%1 .4
50,25%1,3
-138.87+1.,7
0.2120,05
0,36x0.05
-0.,47+0,05
-0.75+0.,03

information in

Allman (1983a AaA).

Broadcast

to Precise

-5.9+3.,5
-0.3x3.4
-1.6%4,1
-0.03z0,12
0.110,12
0,12£0.11
-0,4120.,20

this table

The translations are in metres,

was

The rotations are in seconds of arc,

Broadcast
to GMAS82

112.29%3.,46
50.56+3,17
-142,73+£3.94
0.16x0,11
0.37+0.12
-0.400.,12
-1.43%0.,35

taken from

The scale factor ¢ ig in parts per million,

Stated precigiong are at the lo level.
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APPENDIX 2

MULTI-STATION COORDINATES AND RESIDUALS
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STATTON
PARA
SLINDOUN
THETLE
RAMEBADTN

GAMBIFER

BTATION
PAR#
AUNDOWN
THETLF
RAMBADTN

LAMBIFR

TABLE

A~

Eé6 SUREET NFETUWORK

LATTTUDE
~34 47 b, Z3AS
~R] EX B7,2127
~34 14 B3, 5378
~X6 74,3188

~37 B0 27,7383

TARLE

ML TT-STATINN BROACAST

(76,5 ,10)

LONGT TUDFE
138 41 32,9046
141 26 59,4768
140 53 38, 075%
140 HR 41,0904

140 4% 23,2929

AR

E6 SURSET NETWORK

MINTT-STATION PRECTISE (2,1.2)

LATTTUDE
~X4 A7 H, B437
~RX) B3R W7, 2239
~X4 1hH H3, 5533

74,3307

~37 BN 27,7524

190

ONGTTUDE
138 41 32,8241
141 26 59.4179

140 53 38,0101

bt

140 TR 43,0283

140 A% 23,2121

HETGHT
214,47
404, %7

597
154 52

170:4&

HETGHT
215,94
A0H 13
B8, A8
156.24

172,16



TaRLE  AP-3
Eé& QUREET NETWORK

TRANSFIRMED ML TTI-8TATION RBROACAST (2&,5,100

CATTTUDE LONGTTUDE HETGHT

—

STATION
PARA =34 47 11,4709 138 41 28.8118 29,93
SUNDOWN =& Ha 2 A0EQ 14y P60 BE HAGH 408, 04
THETLE ~E4 1hH TR, 7HAHA 140 53 34,0984 H1, 66
RAMBADIN ~A6 7 9.5104 1A40 BROE7 0149 1R, R4

GAMBRIFR ~37 B 37 ,.R7AY 140 4% 19,1011 190,58

TRANSFORMATION PARAMFTFERS

DX = 112.2% Ny = B0 HA N7 = ~142,73

3]

RY = 14 RY = -, 37 D7 AN

80 = =1, 4% PPM,
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TABLE  AP-4
Ef QUREFET NFETWORK

TRANSFARMFED MINTI-STATUON PRECTSE (2 .1.2)

STATTON LATTTUDE LONMGTTUDE HETGHT
PaRA ~%4 47 11,4623 138 41 28,7324 AR0, 83
AUNDOUWN «X1 B4 2.,4922 141 26 5HE H9A3 AN, QA
THETLE ~34 14 5B, 7H44 140 53 34,0399 L7, 49
BAMRADIN ~36 7 9 EILR 140 GR R&H, 9529 170,84

GAMBTER ~37 Hh 37,8841 140 45 19,0268 191,50

TRANSFORMATION PARAMFTERS
DX = 116,47 Ny = 0,26 N7 = ~13XR /7

R¥ = =l RY = -, 3 D7 = A7

3

&0

#

- 7% PPH.



STATTOM
PARA
SLINDOWN
THETILE
RAMBAD TN

GAMBIER

THREF ER.

ATKTNSGNN
GREDGWIN

THlGARND

MURRUNGOWAR

HOLEY HTLL.

TARLE

E&6 Fiibt

AP

MIBTT-STATINN BROACAST

~34

~31

-t b

-38

FLATTTUDFE
47
BEOG7.2

14

7 &

H,4019

e

53,5992

74,3809

54

27.8014

g A2.81I1%

4% 26,9794

a5l

16,7124

51,3009

X3 42,8284

1% 54,7743

O

L0

138
141
1410
140
140
135

144

143 &

147

148

144 5

NETWOREK

(P65 ,10)

LOMGITUDE

41
b

5%

4%

49

4an

32, 895
89 ATAL
38, 04473
41,0798
PELA9T7Y
AR 01 62
57, 6505
10,6549

47, 1H44

» B7.1211

23,3058

HETGHT
214,67
404, Q0
51,28
154,83
170,83
209,59
142,69
1as .18
£54 ., 48
734,92

21976



STATTON
PARA
SLINDOWN
THETLE
REMBAD TN
LGAMRBTFR
THREF RR,
ATKTNSON
GCREDGWTN
TALGARND
MURRUNGOWAR

HILEY HTL).

TakLE

Eé& FULL

AR

NETWORK

ML TI-STATION PRECISE

~34

-1

37

~3%5

~%h

~R7

LATTTUDE

47

A

14

7

50

?

45

i3]

H.3470
57 . 2264
SEPREEE

4,333
7L 7EE7
32,7481
26,9311
L& 6EETY

1.2622
AP, 7965

54,7334

194

(2.1

.2

FONGTTUDE

149
140
1410
135

144

143 &

147

148

1446 %

41
26
53
it
4%
49

40

AR HBARY
59,4174
38,0082
41.0214
23,2133
47,9406
%7 .5848
10,6093
47,1160
B7 . 0094

23,7400

HETHHTY
215,94

406,14

156,23
172,17
210,71
144,29
156,63
H56, 34
7R7 .16

AR 77



TRANGSFORMFD

STATTON

—

PARA

SUNDOWN -1
THETLE R4
BAMKAD TN B
GAMRIER X
THRFF BR,

ATIKINSON -

GREDGWTN ~3% 5

Tl . GARNO ~3h
MURRUNGOWAR 37

HOLEY HYLLL ~ X8

MU TT-8TATTION RROACART

A7
54
14
7
N
&

A%

14

TARLE

Fé& FLLL

ATTTUDY

11 H36R
RSt
"L AR
. B72%
32

420

37.8503

A 0N74
H.7208
48,2787

1480

TRANGSFNRMATINN PARAMETERS

DX = 142,29

RX = A

DY =
RY =

50 =

195

Ay

M THOREK

FONGTTHDE

1A 49
141 P4
1440
140
140
135
144
143 -
147 B
148 42

1464 5é

~1.43 PPHM.

YA

a8, 8009
BV HPAN
A4, Q872
37,0033
19.1061
43,8494
HEA L L4900
&, 7045
AR, 3817

e
i 7) 0

3427

19,3919

~142,73

40

(o6, 5,10)

AR TEHT
3017
ANE, A5

61.97
170,15
190,92

ArEL 18

1hA N7
L&, AY

[

?43,0&

RGN BAAL



TRANSFORMED MULTI-STATION PRECTISFE (2,1,.2)

STATTON
PARA ~34
SLINDOWNM ~3&1
THETLE ~34
RAMBADTN ~3b
CAMBRIER ~37
THREF RER.,
ATK INSNN
CREDGWTN
TALGARND ~3R&
MURRUNGOWAR 37

HNLEY HIL). -~ 38

TRANSFORMATION P

DX 116.4

-
-

RX =

TaRLE

Eé& FLULL

LATTITUDE

47 11,4454
B4 P.A9AT
14 58, 74%4
7 9.5
H0O3R L 88AR
® 37 .7&91
; 3R, 2204
21,9482
5 bH,.HH89
48, 2381

09PN

ARAMETFRS

7 DY =

1 RY =
G =

YR

NFETUORK

LONGTTUDRF

138
141
140
140
1410
135

144

143

147

1 48

144 %

S0, A%

- R

-, 7%

A1

~h

49

e

PPM.

28,7352

34,0380

X6, 9620

;19,0280

AR TETV
53,4008
VAT

43 3578

P B3R R099

19,3500

e sesr

i

1EAR.R7

47

HETGHT
230,83

ANG 0%

170,83
191,51
fee . an
157,44
166 .71
f61.44
743,88

PAD. 8%



MULTT-GTATTON

PARA ~3A4
SHNDNWN -4
THFEILE ~ R4
RAMBADTN ~34h

COMRIER -~ X7

LEGEND

TABLE  &2~9
E6 SURSET NETWORK
LATITUDE COMPARTSON

RROADCAST (R&,5,10) YERGUS GMARE ADJTURTHMENT

1 P RS a8 26—
A7 11, ARSRE 11,4709 -, 0179 11 .488% -~ 0034
B4 P2VUAER ALEDEN -, 0179 2L.H230 -, 0078

16 58,7785 BR,T&A4 - 0179 GR.TR4AR -, 000H

~

?.5213 ?.5104 - 0179 ?,528% -, 0070

5032, 9P09  E2.87R%  ~,.0179 32 . RBI6R L0243

1 ~ GMAR2 ADTUSTMENT

2 ~ TRANGFORMED ML TT~-KTATTON RROADCART (26,5,10)

B - BLOCK SHIFT

a8 - 2 MINUS THE RLOCK 8HIFT

A85-1 ~ TRANS

FORMFT M TT-STATION (28) MINUS GROUND TRUTH



TARLE  A2-10
Eé& SURSET NETWORK
PORNGTTUDE COMPARTEON

MULTT=-8TATTON RROADCAST (24,5,10) VFERAUE GHARE aDTUSTMENT

1 ” R P B
PARA JRROA) PR,TETY PRLAIIR -, 0693 PR.7424 L0045
SHNDITWN A1 P6 55, A147 55,4439 -, 0693 55,5745 - 0402
THETLE 140 BE R4, 0E9R X4, 0985 - 069X R4,0291 -, 0ROV
BAMBADIN 140 58 34,9403 37,0141 -, 0493 34,9448 0045

COMRBIER 140 4% 18,9700 19,1092 -, 0693 19,0318 OATR

LEGEND

) ~ BMARR ADTUSTMENT

2 ~ TRANSFORMED MULTT-&TATION RROADCAST (26,%,10)
BS - BLOGK SHIFT

PHE - 2 MTNUS THE RLODK SHIFT

PG~ — TRANSFNRMED MULTI-STATION (25) MINUS GROUND TRUTH



TABRLE  &af-11
E&6 SURSFT METWORK
HEIGHT COMPARTSON

MULTT-STATTON RROANDCAST (P&6,5,10) VERAUE OGMARE ADJTUSTHMENT

1 P "8 A 251
PARA PSRN A0 aRY 927 CHAG 230,562 -, AR
SHNDOWN 4n7 800 408, NAR A3 4ns, 703 703
THFEILE LA b £ hEE AHARE AP 298 -1, E2P
RAMBADTN 149,22 149,844 B 170,479 1. 25

GAMBIER 191,990 190,554 CRAE 197 1R9 -, 8]

LEGEND

GHMABS ADJTUSTHMEMNT

H

2 - TRANSFORMED MILTT-8TATION RROADCART (26 ,05,10)

- BLOCK SHIFT

x

g

B
H

g
g
H

u = @ MINUS THFE RLOCK GHIFT

PE-1 ~ TRANGFORMED MUILTI-STATION (28) MINUS GROUND TRUTH
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MULTT-8TATTION PRECTEE (2,1,2)

PaRa

SHNDOWN

THETLE

BAMBADIN

CAMRIER

LEGEND

.

TaRL

Eb

VATITUDE

~X4 A7 11 AREHR

~31 %4 RLH1EP
16 58,7785
~FhH 7 P ERE

A0 39,9209

GHMARE ADJTURTMENT

© TRAMSFORMED MULTT -~

- BLOGK

HSHIFT

2 MINUE THFE RLOCK

TRANGFNRMED MULT -

HR,7HAT

32,8861

FooaR-12

BURAFT NFTWORK

COMPARTSON

VERGUS GMARS ADTUSTMENT

“ L35 A5 AL

1, 46373 11, AR3AG Lanzn

-, 021

ALARRE -~ 0P 2134 L0018

BB, 7AER - 0073

- 0212

9.510% -, 0212 9,534 -, 0101

- QP12 P 9073 A EA

AQTaTTION PRECTRF (2,1,

SHIFT

STATINN (25) MINUS GROUND TRUTH



TABLE  a2-13
E& SUHRHET WMFETWORK
LONGTTHDE COMPARTSON

MULTT-STATION PRECTAF (P,1,8) VERBUS OMARE ADTUHETMINT

1 “ By a8 251
PARA JAR 41 PR,OPR7Y O PRL,7EP4 -, 0043 28,7281 -, 0098
SHNTIWN 141 Ra 58,6147 55,5923 -, 0043 55,5880 -, 0267
THETLE 140 53X Z4, 0598 X4, 0399 -, 0043 F4 08FL -, 0042
BAMBADIN 140 58 X4,9407% 34, 95P% -, 0043 34,9486 L0083

CAMRIFR 140 4% 18,9700 19,0268 ~,0043% 19,0225 CQEREE

LEGEND

1 -~ GHMABE ADJUSTMFNT

P
-

2 ~ TRANSFORMED MULTT-&TATION PRECTRE (2,1,2)
BS - BLOCK SHIFT
PH - P OMTINUS THE RLOCK SHIFT

AG-1 o~ TRANSFNRMED MULTT-STATION (2%) MINUS GROUNTD TRUTH
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&

HETGHT COMPARTSON

MULTT-8TATION PRECTHE

PARA
BLNMDIWN
THFEILFE
HAMBADIN

COMBIER

LEGEND

1
&
H"&

ey
lJ 2"-

251

1
PRALH00
407,800

HRL 620
169,220

191,994

TARLE

SURKFET

(3

PARO L BRG
409,034
L3, AT
170,842

191,809

GMARE ADTUSTHMRNT

TRANKFORMFD

- RLOCK SHIFT

2OMINUS THE

TRANSFDRMED

=14

NFETWORK

EAEY
L APH
L2946
LR9H

T

RLOCK &HIFT

ML TT-STATION (25> MINHS

SR, BRY
408,738
AP 196

174, 544

191,213

MULTT-RTATION PRECTHRFE (2,1 ,2)

GROLINGD

2,0 ,2) VERGUR GMARE ADJTUBTMENT

TRUTH



MULTT-SKTATTON

PR
SUNDNIWN
THFEILE
BAMBADIN
COMBTER
THRFF BR,
ATKINGRON
GREDEWIN
TALGARND
MURRIING , |,

HOLEY HILL

LEGEND

pE -

AG= -

- TRANGFORMED

- BLOCK

TRANSFOIRMED

TARLE

£é

FULL.

AP0

METWORK

FATITHUDE COMPARTSON

~X4 47 11, AR5

~31 8B4 PS5
~R4 T& GR,TTHT
e YR L~ o B
32,9209
37,7903
SOR0 2330
AL.9ATR
b 620
~37 33 A8, PH3Z4

-X8 14 1208

EMARE ADJUSTHMENT

SHTFT

A OMTNUSR THE

P

P
L SARY
Ha L RA7A
95785
I2.9420
3708503
32,2761
2P 0N07%
L7202
48, P78

L1489

RLOCK SHIFT

203

TE
LOARA
R T
ARG
N ARE
NAEA
NARA
043RN
CDA34
O4RE
NA3s

LO4RA

MULTT-STATTON RROADCART

a8
11,4997
~LERa9
SR,T7R42
9., 5289
AP, 8984
37 . B0A7
AP P32G
21,9638
L BT 66
48, 2351

L1044

RROADCAST (26,5,10) VFREUR GMARE ADTURTHMENT

-, 0097
S U eV
-, N07&
COEAE
-, 1164
LOaas
034
-, 0146
C0T83

A A4

(26,5 ,10)

MULTT-STATINN (28) MINUS GROUND TRUTH



M TT-8TATTON

PAaRA
SUNDWN
THFILEF
BAMBAD TN
GLAMRTIER
THREF
ATIKINGSON
LREDGWIN

TaL GARNO

MURRING .,

RBR,

HOLEY HYLL

LEGEND

AR

i

i

i

i

H

) AR
141
140
140
140
155
144
143
147
148

146

LMARE ADTURTMENT

TRANBFORMED MINTT-8TATION

TARLF
Eé FULL

LONGTTHDE

PROADCAKT

41

2h

58
4%
49
40

A7

A2

1

ARTR79
55, H147
A4, QB9RA
36,9403
18,9700
43,7507
S, 60864

HAZ0DY

5 OAR 3776

53,3301

19,3863

BLOCK SHIFT

& MINUR

TRANSFINIRMED

THE

P,

~

2R, 8010
B ARA
A4 QRT7E
37,0033
19,1062
43 BA9E
HE, 6490
H,7NhE
43,3817
5%.3427

19,3919

BELOCK SHIFT

M TT-STATTON

AE-16

MFTHORK

COMPARTSON

BS

H

, (1488

-, A8

LO4ARRA

H

1488

. 0A8a

i

N A8E

i

48R

H

JHarg
I U""%giq
-, D488

-, 488

28
AEL RS2
55,5748
A4 ARES
3H, 9546
19,0574
43,8007
HRLAHOAR

H,AG78
4R, FERN
53,0940

19,343

5,100 VERBUE GMARR ADTUSTMENT

AE
L0 AR
-, NA9Y
SR Lol
N143
LARY 4
AHRE
-, QQRA
269
-, 1446
w, 3361

- DARE

FROADCART (26,5,10)

(P5) MINLS GROUND

TRUTH



TARLE 6817
Eé FUil NETWDRK

HETGHT COMPARTGON

MU TT-8TATTON RROADCASBT (26,%5,10) VFRAUE GMARE ADTUSTMEMT

PAaReA
SUNDOWN
THETLE
BAMBADIN
GAMRIER
THRFEF ®BR,
ATKINGON
GREDGWIN
Tal.GARNO

MURRIING ,

HOLEY HTL,

i

LEGEND

1
2x0, 600
407 .800

HE L 620
149,220
191,990
PRE.700
THR, 720
168,000
H6S .91 0
74% 841

PRE,2EQ

PROL LYY
408, 358
L1 973
170,154
190,924
228,180
156,708
166,071
L6, 497
AR AR

pRL.7R2

P8
a3y 288
40% . 469

63084
171,265
192035
ARY ., 291
1R7 .819
147 .182
hAT L 609
743,734

2RP RY3

AL
ARA
1. 669
- BARA
s, 045
045
3,591
AR
-, 818
-1 A0
=& 124

- RAY

1 -~ GMARZ ADJUSTMENT

pd — TRANKFORMFD MULTT-S8TATION RROADCART (26,5 ,10)
S - RLOCK SHIFT

AL = P MINUS THFE RLOCK GHIFT

- TRANSFORMED MULTI-STATINN (25 MINIS GROUND TRUTH



M TYI=-8

P ala
SUNDOWN
THETILE
BAMBAD TN
CAMRIER
THREF ®BR,
ATKINSON
GREDGWTN
Tal.GARNO
MURRIVING .

HOLEY HTLL

LEGEND
i o

-
&

RS -
pg -

R -

TARLE

Eé

| ATTTHDF

FUiLg.

fo-1 8

METWORK

COMPART

TATION PRECTGF

~Rb 47

~31 54
~F4 16
-3 7
~R7 B0
~34 9
4%
~A5 5
ST
~37 53

~3AR 14

Mg

TRA

SFORMED

13 . 4R5R
nE D
SR, 7780
P HA1E
32,9209
B37,7903
32, RARD
AL RATR
Rt
48, 2534

208

BLOCK SHIFT

& MINUS

TRANSFORMED M. TT-

THF

{

ANTUSTMENT

2,1,0)

11 A44SR

2.4947
SR, T7HBT7

P 5127
AP a8A6Y
37,7692
KA )
21,9482

b HARD
A48, 2382

L0990

REOCK SGHTFT

206

UEREHR

i

H

i

i

i

SO

BY

LA RR
NTAE
AT EE
AT
AR
A1AE
O 6R
A3

LT EE

-, BTHE

- 0163

MIHTT-8TATION PRECTREE

STATTON (P5) MINIS

24

11,4819

2.5110

HRL7R20

2.5290

AP, 9086

37,7854
R RARAEY
21,9645

L HEREF
48, PEH4S

i R

(P,1,2)

GHMARE ADTURTHMENT

AR |
RIS
0042
-~ BOAT
- Na77
LI R4
L N04Y
-, GOAY
007
~, Q@ RA
IR

aaEE

GROUND TRUTH



MULTT-8TATION PRECTEF (2,1,

PARA
SLINTDUHIN
THFILE
BRAMBRAD TN
GAMRIER
THRFEF EBR,
ATKINGSON
GREDGWIN
TALGARND
MURRUNG

HIHEY HITL

LEGEND

—
H

i -
351 -
S -
1= Y R

A8
141
140
141
140
135
144
147
147
148

146

CHMARE ADJUSKTHMIENT

41

7

[er s
DR RN

e

4%

49

40

37

43

bela)

TARLE

Eé& FL L

PG TTUDE

an 7RV
5L A147
34, 0598
X6.,9403

18,9700

53,6084

bHLHENY
43,3776
53,3301

19 3RAHE

Ad-19

-
l't

PR 7RER
5L HYRA
34,0380
b, 9H20
19,0280
A3, 7677
HX,. 6008
b B7EE
AR RETR
H3.3100

19 A3E0

TRANGFORMFD MULTT-BTATIN

BLOCK SHIFT

&OMINUS THE RELOCK SHIFTY

TRANSFARMED MULTI-STATION (283

207

MNETWORK

COMPARISON

BS

-, 0007

H

MRRIRIN]

-, 000

i

A0

00

H

-, 001

MRLRLE]

H

LNl
R U LR LS
-, NN

PRFECTSF

28

PR, 7R

A4, 0380
34,9520
19.0°79
43,767
SEL 6007
b B7TR
AR, G722
33,3099

19,3500

VERSLE OMARD ADTURTMENT

281
-, GO
- 122
SRR A RS

0117

VOR7Y

017G
-, 007Y

D443

=, 0704

MINHS GROUND TRUTH



MULTT-KTATTON PRECTHEF

PARA
SHNDNWN
THFETLE
BAMBADIN
LAMBIER
THREFE ®BR,
ATKTNSON
GREDGWTN
TaLGARNCG
MHRRING ,

HOWEY HTLL

LEGEND

-

2 .

Ry
bfs]
i

MAaRz

1
PA0 600
407,800

L&, 620
1A, 220
191,990
ARE, 780
TRE, 730
148,000
H62, 910
745, 840

ARG, 250

“

- RLOGCK SHIFT

fOMTMUR THE

TARLE
Eé& FULL

HETGHT

AP=-20

METWORK

COMPARTSON

(?,1,7) VERSUA

PA0, ARE
409, N4
L2 B2
170,832
191,519
St s RTEIRE
157 . 440
166,715
L6 A46
743% . 884

A Yo Sy

ADTUETHFNT

TRANGFORMED ML TT-8TATION

RELOCK SHTFT

208

BE

R4
Y
AL
347
 RA2
B4R
R4
R o
CAAE
347

VR4

a5

PRY7E
409,396
7. BAA
171,174
191,841
209,150
1E7.782
167 . 057
HAHT1 78R
744,828

PERI. 194

PRECTRF (#,1,2)

TRANSFORMED MIBTT-STATITON (25) MINUS

CHARE ADJTUSTHMENT

AR
VAT
1,596
VAU
1. 954
SRR R

3.4%50

~1.,128
-, HBR

S o U T

GROUND TRUTH



HPPEND
MXToB2 TRANSLOCH

FASL 72
218 4
N""E 0(-
LT 5 34 47

25200
0462
05965

LN E138 41 33.167
GMT 01 28 00
IATE 15 8 1982
SI 0626  0.502
FASS &Y

2t 21 3 26 200
N—E 0.072

LT 5 34 16 53.129
LN E140 53 35.114
GMT 01 28 00
IATE 15 B 1982
SII 0543 0,476

TR &0 0.022
LT & 34 146 53.538
LN E140 53 37.974
HT G895

81 G 034 0.093

SIH 0. 089

N—WE 13 14

5—~WE 18 15

LT -0. 31

DN =1.:a0

IHT -3, 28

IREF 3. 47

INFORMATION FROM MASTER
INSTRUMENT CRSSETTE

INFORMATION FROM REMOTE
INSTRUMENT CASSETTE

2es



APPENDIX 4
LISTING OF PROGRAM SELFCTY

SELECT
PROGRAM SELFCTCTNPUT, QUTPUT, TAPE7 , TAPESD)

¥

£

€

C PURPOIRE ~ THT® PROGRAM ENARLES THF SELECTTON OF PARTICULAR

r SATELLLTTE PASSES FRNOM A DOPPLER DATA SET WHICH

r HAS REEN RETRTEVED FROM 9 TRACK TAPE.

r; THE SELERTED PASSES ARE NUTPUT TN LOCAL FILE TAPE?

c MAGNAVOX FORMAT T8 ABKUMED,

»

C xxxx NOTE ~ THE PROGRAM RUNS TNTERACTTVELY %xxx

r

C

> AUTHIIR

¢

C

> DATF - AUGUSRT 1983

¥

¥

C TNPUT FTLE - TAPE? (9 TRACK TAPE DATA)

r; OUTPUT FILE~ TAPES (SELERTED PASSES)
CHARACTER %7, ANG
DIMENSTON TREGORD(86)

ANDRFW JONFS

t
3

0
"
Grenx HEADTNG
PRINT 10
LO FORMATC(/////7,30%, ' PARS GFLECTTON PROGRAM?,
1/ B0X, PR =), /7,
210X,  TNFORMATTON FOR EACH PASS TN TURN WILL BF DTSPLAYED ON‘/,
FU0X, ‘ THE SOREEN, 7/
AV 0X, “ACCEPT OR REJECT THE PASK A% REQUIRFD.’/,
510X, CDONT FNRGET T SAVE THE DUTPUT FILE (TAPES)////)
"
"
Cxwxx TNPUT TNITTAL PASE NUMRFR
PRINT 30
30 FORMAT (10X,  INPUT TNITTAL PARE NUMRER T.FE. 1 , 2 ... (T3 FORMAT):
READ 31, I6TART
31 FORMAT(TZ)
n
e
Cxxxx THNPUT MAGNAVOX RECORD
5N READ(?,100) (IRECORD(TY, T=1,43)
» PRINT 100, CTRECORD(T)Y ,T=1,43)
TFCENE(7) O NE, D)6 TO 900

210



READ(7,100) CIRFCORD(T) , T=44,84)
f PRINT 100, (IRERORND(TY, T=44,84)
100 FORMAT(4Z72)
(;
-
Cxxxx CHECK TF DATA RECORD
TFCTRECORDCL) .GT. 1. AND ., TRECORD (1) 1T 1) THEN
("
C
G % %% CHECK TF FTRST RECORD OF PASRK
TECIRECORD{L) L ER. P THEN

i
©
%% %% TF PASE T8 LESS THAN REQUIRED TNTTTAI. PARE,READ NEXT PA
TFCIRFOORD(A) LT, ISTARTIGN TD 50
£
C
%% %% GET RTORF SWTTCH OFF.WRTTE PARSE DETATLS TO SCREEN,
16G=0
TETTE=IRFOORD (2) %256+ TRECORD (3)
TEAT=TNT (FTHX CIRERDRD(57))) /10
TOHR=TNT (FTMX ( TRECORD (Z7)))
TDAY=TINT (FTHMXC TRECORD (41)))
MMIN=TNT (FTMX ( TRECORD (33)))
MHR = MM TN/ A0
MM T N=MA T N-MHR %60
TMIN=TNT(FTMX( IRFLORD (61)))
THR=TMTIN/ &0
TMIN=TIMIN-THR x&60
PRINT 200,TSTTE, TRECORD(AY , TRAT, TAHR , THAY , THR , THIN
1 ,MHR , MM TN
200 FORMAT (10X, ‘KITE 2%, T4,/,
1 10X, "PASS’ , 2%, T4,5X, ‘SATELLYTE Y, 2X, T4,5X, YEAR ' 82X, 14,/
2 10X, ‘DAY ,PX, T4,5%, /L OKON TTHE’ ,2X,T4,14,
3 S, CTTME MAX FLEV, 7, 2X,R14)

C
CHRNR DETERMINE TF PAGS T& TO RE ACCEPTED,
RO PRINT 210
290 FORMAT (/7,1 0%, ACCEPT/RFIFECT/END? (A/R/EY /)
READ 250, ANS
250 FORMAT (A1)
TFCANG . NE, A7 AND, ANG  NF, "R/, AND, ANS  NE, ‘E/ )60 TO P05
IF(ANS.FR, 787 ) 165=1
ENDIF
>
092 % TF AN ACCEPTED PARS WRITE TO QUTPUT FTLE
TF(ISS, R, 1) THEN
WRTTE(D,100) CTRECORPCT) , T=1,4%)
WRITE(9,108) (TRECARD(T) ,T=44,86)
IENDTF
ENDTF
"
e
Cxxxn CHECK TF FTNTSHING,
211



@i
EA R

10

TFCANS B, “F/OGD TH 200

GOOTO S0

PREMT %140

FORMAT (10X, %%%% DONT FORGET TO SAVF QUTPUT FTLE %%%%7)
5TOP

END

FUNCTTON FTMXOTD)

NOTE =~ THIS FUMCTION WAS FXTRACTED FROM PROGRAM DPPPP (BHT 19

DIMENSTON TD(4)
TFCTDCI+TDCRY+TDCEI+TDCA) JFR. IGO0 TO 10
TT=SHIFTCIDCL) 1A +SHIFTCID(RY () + 1D (3)
TFCIT, BT R3BRAN7) TT=TT~1 677721 6
FTMX=FLOATCITY %R, %% (TD(4) ~151)

RETURN

FTMX=0

RETURN

END

]
Yoot
[



APPENDIX 5
LISTING OF PROGRAM CHORDY

PROGRAM CHORDZ CINPUT . NUTPUT, TAPEA, TAPES , TAPF10, TAPE11, TAPEL2,
ITAPFLE, TARFE14)
»
"
Cxxxx PURPOSE - THTS PROGRAM:
» 1. ENABLES TRANGFORMATTONG RETWEEN GMABP,
P BROADCAST FPHEMFRTS AND PRECTSE FPHEMERIS
¢ USING TRANSFORMATTON PARAMETERS COMPUTED
r DURING THE GMASR ADTUSTMENT .
e 7, ENARLES TRANSFORMATIONS BETWEEN NWL9D,
r WES7R AND ALN.S SPHERNTNS,
8 X, COMPUTES CHORD DISTANCES BETWEFN ALY PATRE
r AF POINTS TN THFE TRANSFNRMED SYSTEM,
C 4. ENARLES UP TO FOUR SFETS OF STATTON
n TH BE TRANSFORMED TN A COMMDN DATUN
e AND COMPARED
>
o
C TNPUT FTLF - TAPER
C TNPUT FORMAT — THE DATA DECKS ARF ORGANTEED TN THFE FOLLOWT]
> MANNER
¢
c JOE HEAPFR CARD
¥
C SET HEADER CARD (I8T SET)

f
™ COORDINATE CARD (18T SFET)

:
¢ COORDTIMATE CARD (18T GFT)
r
- COORDINATE CARD (18T GFT)
r

(": 1 H " it
£

+

i H " 1" 11

G COORDTINATE CARD (18T &FT)
¥ SFET HEADFR CARD (2ND GFT)
G COORDINATFE CARD (2NN &FT)
¢ ETC.

G NOTE - STATTONS MUST RE MATNTATNED TN THF SaME ORDER TN Fi
f CONRDINATE SET

oo
—t
[#%]



G
G
o

THF FORMAT OF THE THRFE CARD TYPFS T8 AR FOLI QWS
JNR HEALFR CARD -~ N, OF COORINATE SETS (105
JOR NAME (AR0)

SET HEADER CARD ~ NUMRFR OF STATTONS (T10)
DESTRED DATHM F.6. PRECISE
PESIRED QPHEROTD E.G. WEAYRA
GONRD SET TDENT. (A40)

COORDTNATE CARD -~ DATUM OF COORDE (A1)
SPHERNID NF CNORDY (4103
ATATION NAME (410D
LATTTHDE (14,13 .F9,50
LONGITUDE. (T4,T3X,F9.5)
SPHERDTDAL. HFTIGHT (F?.0)

QUTPUT FTILER — TAPF 9~ TNPUT COORDINATES
TAPE 10~ LATTTUDE COMPARTSONS
TAPE 11—~ LONGTTUDRE COMPARTRONS
TAPF 12 ~ HFIGHT COMPARTHSNNG
TAPE 13X -~ TRANBFORMED COORDA

OUTPUT I8 ALS0 SFT TO THE PRINTFR

Cxxxx GUTHOR -~ ANDRFW JONFS,

£
o

Cuxxx DATE — AUCURT 1983,

W
o

f

o

DIMENGTON TRC7,3) , NAME (7)Y, IDAT(S0) , TRPH IS0 , TETNCAN)
1L8PHEAY ,X2,500,Y(R,50),7(7,50) , TTR(3,3)

2OPTET A, 1000, XLATRCE, 15) , XLONB (S, 15) , TNTORO(S) , TNTOSP (5)
3, XMEANLA (5) , XMEANL.D (), XMEANHT (5) , D C3) , DM (3)

4, GPHTR (S, 15)

CHARACTER*20 NAMEJR

CHARALTER*40 NAMED (%)

COMMON/TRA/TR1(7)

DATA TR/116.47,50, 25,138, 87, 0,21 ,~0,36,0.47,~0, 7%
1,=5.9,=0,%,=1,4,0,0%,-0,11,~0,12,~0,41
2,112,929 ,50, 56,142, 7,0, 16,-0,37,0.40,~1 , 43/

DATA NAME/BROADCASTY , ‘PRECTISEZ , ‘GMARR Y, ' WLS72 7

1, NWLODY , “ANG‘ , ‘MAGUOX '/

DATA TTR/D,P,3,~3,0,1,-%,~1,0/

(A0

(SRR

PATA SPH/GR7RIAG, 0,298,264 ,637R8145, 0,298, 25, 6378160, 0,298,245/

PT=3,14) 59265300898
TGN =1



i,
Cxxx% READ HEADFR CARD
READ(R, 20 IMNODECK , NAMETR
P00 FORMATCTH , A20)
£
¢
Cexxx TNITTELTGF AUCHIMIN.ATORS FOR MXHMEANS
DN 95 T=1, NODFNK
PEOUMFANL AT =XMEANLO (T ) =XMEANRT (T )=0.,0
i
G
Cxx%% ENTFR LOOP TO TRANGFORM FACH COORDINATE &EY
xxxx PRINT HEADINGS
P05 PRINT 100
100 FORMATCIHYL, RAX, ' CONRPTNATE TRANAFORMATION PROGRAMT,/
1,P4X,33(7="),/)
o
£
Cxxxx TNPUT OPTTON CARD AND PRINT
READ CA, 11 0ING, TNTOCOCTCOUNT)Y , INTOSP (TCOUNT) , NAMED CTCOLNT)
110 FORMAT(T10,2410,040)
PRINT 120, NAMEJR, TCOUNT, NAMFD CTCOUNT) , NO
120 FORMAT CLOX,ARD, /7, 10X,  TRANSFINRMATINN 0OF COORDINATE SFET I
1,7 —~ /,840,//7,10X,
SNDMBER OF POINTS T BE OINPUT = 7,12
TECINTOCOCTOOUNT) L EQ . NAME (1) L AND . TNTOSP (TCOUNT) L FQ L NAME (4) ) THEN
PRINT 130

130 FORMAT (10X, TRANSFORMATTION TNTO MAGUOX DATUM//)
ELSE
PRINT 140, INTOCOCTCOUNT) , TNTOSP (TCOLNT)
140 FORMAT (10X, TRANSFORMATINN INTN 7, A10,7 DATHM. 7,/
] ,ORX, A0, 8PHEROTR . 7/ /)
ENDIF
o
C

Cxxxx OQUTPUT TO TARLE FTLE 9.
WRITE (D, TUAD NGO, NAMFE TR NAMFED (TEOUNT)
WRITTECLA, 1101 NG, NAMETR, TNTOCOCTCOUNTY , NAMED (TCOUNT)
1100 FORMAT(T2,A10,A40)
1101 FORMAT(TZ,A10, TRANSFORMED TINTO 7 ,A10,440)

Cxxxx TDENTIFY TRANSFORMATION AND FLLTPSOTDAL PARAMETER CODE
f FNR “NEW’ SYSTEM.

PO 1AS K=1,3

TFCINTOCOCTCOUNT ) L FR L NAME (KO YK T =K
145 TFOINTOSP (TONUNT)Y  FQ . NAMF (K+3) YKM=K

C
G
Crxxx FNTFR LOOP FOR TRANSRFORMATION OF STATTONS,ONF RY (ONF,
Do oHNn T=1,N0)

W
C
Uwxnn THPUT STATTION DATA



150

11106

i
8
% %
£

141
I
s

%% ¥%

170

175

I B

R

READCA, IS0 IDATCT Y, TEPHOT) L TETNCD) L LADEG , LAMITN, SECLA
SODEG L OMIN, SFCLO, SPHTI
FORMATCIAI0,2(T4,TX,F9,5) ,1X,F?.5)
WRITE(Y, TUINITSETNCD) ,LADER, LAMTN, SECLA, LODER  LOMIN,
SFECLO,EPHTY
FORMAT(IAY, A10,2(aX, T4, T3, F9.5) 28X, F7.3)
LANFERI=TARS (LADER)
XUATL= (L ADFGT+LAMIN/ D  +SECLA/Z600) %L ADEG/LADEG)
XL =) DDFEGHLOMIN A +8F0LN/34010
XLAT1=XLAaTIxPT/180.0
XEOML=XLONT>2P T/180., 0

PETERMINE TRANGFORMATTON AND SPHEROTDAL PARAMETFR CODE

TEROMY SYSTEM

O 160,K=1,3
TFCTEPHOT) L EG, NAME (K+%) YKN=K
TFCTDAT () L ER, NAME (K) YK =K

EXTRACT TRANGFORMATION PARANFTFERSE RFEQUIRED
TADE=TTR(KI ,KJ)
K=KN®D
K=K 21
A=RPH(K1)
F=l, 0/78PHIKR)
TF CTCODE, NF, 0) THEN
DO 470 K=1,7
LTICODPE=TARG(TCODE)
TRUCK)=TR (K, TTEODE)
TECTCOPE LT, 0) TRT (K =~TRY (KD
LONTINUE
FLAFE
00 17H K=1,7
TR (K =0, 0
ENDTF

CONVERT T0 X,Y,7 (/FROM’ DATUM)

BALL. BEOXYZ (A, F, XLATL, XLONT, SPHTL, X1, 1), Y1, D) ,2¢0, D)

TRANGFORM TO T0O’ DATUM,
ITFCTEODE O NFL D) THEN

FOR

CALL ROTACXCT, T, YO, T, 701, 1), %2, 1) ,Y(R, 1), 24P, T

ELSF
X2, 1r=%0), 1)
YR, 1I=Y (1, 1)
(R, 1y=7.01,1)
ENDTF

CONVERT X,Y,7, TO LAT,LONG AND HT (/T0/ SYRTEM)
K=K M
KoY K e d
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A=GPH KD
Frt, 0/8PHK)
CALL XYZOEOCA,F,YLATR CICOUNT, T) , XLONR CTOOUNT , 1)
1 CEPHTR CTRONNT , T, X R, 1), Y (R, 1), 7(R, 1))
CaLl. RADDME(XLATRCTOOUNT, Ty, TADER, TAMTN, RFCTA)
CALL RADDMS (XLONS CIGNUNT, 1), TODES, TOMIN, SERTO)

i

¢

Cxxxx  ACUMULATE VALUES FOR COMPUTATIONS OF XMEANS

XMFEANLACTRNDUNT Y =XMEANLA CTONINT Y +XLATR CICOUNT , 1)
XMEANT 0 CTCOUNT Y = XMEANL O CTCOUNT Y + XL ON2 CTCOLNT , 1)
KMEANHT CTRNUNT ) =XMEANHT CIRODNT Y +8PHT2 CICOHUNT , 1)

"

0

%% % % PRINT TRANSFORMED CONRDINATES

50} ) PRINT 200, TSTMT), TDATCT) , TSPHCT) LADEG, LAMIN, SECLA 1. ODEG
1 JLOMTN, SECLO, BPHTY , TRTNCT)Y , TNTOCOCTCOUNT) , TNTOSP (TCOUNT)
P CTADER, TAMIN, SERTA, TNDEG, TOMTH, SECTN, SPHTACILNUNT , 1)
X L CTRT CMMN) , MN=1 ,7)
200 FORMAT (P (5X,3A10, TR, TA,F9.5%,1%, ATEF9 .5, 1%, F9.5/7),
1 L5X,  TRANSFIRMATEON PARAMETERS 7, 7F7 . 2//)
BOO11A0 KM=1 ,NO
CALL RADPMS (XLATACTCOUNT ,KM) , TADFG, TAMTN, RECTA)
CALL RADDMS (XLONR CTRAUNT , KM) , TODEG , TOMIN, SECT0)
1130 WRTTFCIE,1140) TRTNCKM) , TADFEG , TAMTN, SECTA, TOPER, TOMTHN
1 LSERTN, SPHTR CIONUNT  KM)

1140 FORMAT (IS, A10,2(0%, T4, T3,F9. %), 2%, F7.%)
WRTTECUZ, 11500 (CTRUCHMND ,MM=1,7)

1150 FORMAT(7F7.2)

Iy

[

Cexxx COMPUTE XMEAN LATTTUDE,L.ONGTTUDE AND HETGHT
XMEANLA CIRAUNT ) =XMEANLA (TONUNT) /ND
XHMEANLO CTEOUNT Y =XMEANL.OCTEOUNT ) /N0
XMEANHT (CTEOUNT ) =XMEAMHT (CTCOUNT ) /NO

Cxxxx COMPUTE CHORD DIRTANCES

550 FORMAT CTHT ,5X, C CHORD DTSTANCES - 7,A10,/DATUM ~ /,840,//)
TOOUNT 1 =10
NN =N 1
DN 600 K=1,NN
K=K +1
DO 600 ,1.=KK ,ND
DELX=X{R,K)~X{(2,L)
NELY=Y (R, K) =Y (2,1
DELZ=Z(P,K) =702 ,1.)
TOOUNTT = TOOUNT T+
DISTCTCOUNT , TOOUNT 1) =8ART (DELX*PELX+DELY %DEL Y+ DELZ%DFLY,
PRINT 560,K, TSTN(K) L, TSTNOL) , DIST CIRNUNT  TRNUNTD
54 ) FORMAT (10X, P (T3, PX,A10),5%X,F12.3)
600 CANTTHUE
C
C



Cxexx DETERMINE TF ANOTHER PATA SET T& TO RF PROCESSED
TLOUNT= TROUNT +1
TECTCOUNT .1 ELNDDECIORD TO 105
C
G
Gewxx TF ONLY ONE CODRDTINATE SET, TERMINATE PROGRAM
TF(NODERK . ER, 1) GO T 999
C
C
Cxxx% COMPARTRON SECTTON
C
G
Cexxx COMPARTRON OF LATTTUDE,LONGTTUDE AND HETGHT VALUES.
HNDERK 1=NODEGK -1
PO 999 MM=1 , NODECK
D AN, KIC=MM+1 , NDDECK
PRINT 700, NAMFIR, NAMED (MM) , NAMED (KK , NAMED (MM) , NAMED (KK)

1 ,NAMED (KK
700 FORMAT(IHY ,/
1 L/, A1, COMPARTRON OF | ATTTUDE  LONGTTURE”
1 U AND HETGHT VALUESY,/, 41X, 50¢ =), /7 10X, ARD, 7, 10X
o LBA0,/,10%, VR A0, /7, 10X, ' LEGEND FOR,THT& PAGE’,/
3 L1EX, - L AAD, /S, R - L AAN,
4 JIEX, YR - RLOCK SHIFT/ ,/
5 LUSX, 0P8 - SHIFTED 7 ,a40,/,
& JVEX, B8-1 - DIFFERFNCE RETWEEN 28 AND 17
v /72X, CSTATION 30X, ‘LATTTUDE , 51X, LONGTTUDE
4 LA IEY, PO, T L IEX, YR LB, TR L RX, PG, TX, T RE-T 1))
n
C
0% % % % HEADINGS FOR FILE TARLES
D 1250 KKK=10,12
GO TOCL160,11R0,1200) ,KKK~9
1140 WRETE (KKK, 1170)
1170 FORMAT C/LATTTUDE COMPARTSONY)
GTH 1220
1180 WRITE (KKK, 1190)
1190 FORMAT (/LONGITHUDE GOMPAR ESONY )
GO OTO 1220
1R00 WRITE (KKK, 1210)
19290 FORMAT C/HETGHT COMPARTGOM )
1220 WRTTE CKKK , 1230 )N, NAMED (KK ), NAMID ( MM)
19%0 FORMAT(TR,/,0840,/,040)
1250 CONT TNUE
o
»
% %% % DETERMINE RLOCK SHIFTS
GHL. A= XMEANL A (MM) ~XMEANLA (CKK)
GHL.D=XHE ANLD (MM ) ~XME ANL O (KK
SHHT=XMEANHT (MM) ~XMEANHT (KK)
i
e
0 %% %% UNDERTAKE COMPARTRONS FOR FACH STATTON

D 740 KI=1,NO
CALL RADDME(XLATR (MM, KT, TADEG , TAMTN, SERTA)
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o
RS
-

1
800
1
P70
771

1. RADDMS (XL.OND (MM, KT) , TODES , JOMIN, SECTO)
L RADDMAE CXLATACKIKT) , TPUMT , TPUMP, SECKA)
BALL RADDMS (XL.OND (KK, KTY , THUMT , TDUNR, SECKD)
Call. RADDMA (SHL A, THUMT , TDUMR , SHLAP)

CALL RADDMS (SHLO, TDIM, TDUMD , SHLOP)
TFCSHLAL LT, 0) 8HLAP =~ &HIL AP
TF(SHLOL LT, D) SHLOP = ~SHLOP
XLAPG=XLATR (KK, KT ) +8HLA
X1.0PG=X1 0N (KK KT ) +SHLD

CALL RADDMS (XLA2S, TDUMT , TDUME , XL AZEP)

GALL RADDMS (XLORS, THUM1, TOUMR , X1.D2SP)
XLAL2G=XL APG-XLATA (MM, KI)

X .N1RG=XLORS-XLONE (MM, KT)

CALL RADDMS (XL.AT 28, TPUMT , TRUMP , XLAT 28P)

CAL). RADDMS (XL.O1RS, THUML, TOUME, X1LO12EP)
TFOXLALRE LT, D) XLALPRP ==X A1 2RP
TF(XLO12S, 1T, D)XLN1 RGP =-X].N126P

PRINT 750, TETNCKI) , TADER, TAMIN, BFECTA, BECKA
LSHLAP , XLARSP , XLATRAGP | TNDEG , TOMIN, SECTN, SECKO
,BHLOP , XLOPSP , X101 REP

THNPF=TSTN(KT)
FORMATC(IX,A10,2%, 2CAX, TR, R(FR.4,2X) ,F7.4,R%,
FRLA,2X,F7.4,1X0)

WRITE (10,1260 TETNCKT) , TADEG , TAMIN, SECTA, GECKA
L GHLAP , XLARSP , XL.A128P

FORMAT (13X, A10,0%, 213, P(FR.4,2X) ,F7.4,2X,FR, 4,2X
LF7.4)

WRTTE (11, 1260) TETNCKT Y , TODEG, TOMIN, RECTN, SFOKO
CSHLOP , X1LDBSP , XL.O126P

PRINT 760
FORMATC//, 2%, “GTATION’ , 26X, "HETGHT ,//
LEOX, UYL 8X, TR RN, TRSY TN, PR AX, T1-RE )
DO RGO KI=1,NO

BHT28-APHTA (KK KT +GHHT
SHT1A8=SHTAS~-SPHTR2 (MM, KD

WRITE (1,771 TETNAKT) BPHTA (MM, KD

CBPHTA (KK KT, SHHT , SHTRS , SHT 128

PRINT 770, TETNKI) ,BPHT2 (MM, KD

SOPHTR KK, KT) ,SHHT , 8HT28, SHT128

FORMAT (IX,A10, 6%, 20F7 . 3,8X) ,F&6 . 3,38X,2(F7 .3 ,2X))
FORMATCISXL AN X, A(F7 3,250 ,F6 .3, 3%, 2(F7,3,2X0)

Exxxy COMPARTEON OF CHORD DIRTANCES

PRINT 810 ,NAMFIR

B10 FORMATCLHI 36X, /COMPARTAON OF CHORD DIRTANCES’

1,7

FROM ALL. DATA SFETS TN’ ,ARD,//,

? 10X, CLEGEND FOR THIR PAGE’)

B20O
8310

D BRD T=1,NODERK-MM+
PRINT 820, , NAMED (T+MM-1)
FORMAT (15X, 11,7 ~ 7 ,A40)

TF (NODFCK-MM+1 LT ZIPRINT RX2

B3P FORMAT(IEX, 7% ~ NNT HSED, ")

TF(MOPFCK-MM+1 LT 4)PRINT R34

B34 FORMAT(1SX, 74 -~ NOT USED, )
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PRINT 440
840 FORMATC/,14%, "LINEZ 22X, 717 ,11%, 727 ,11%, 737 11X, 747 ,4X
U, PO7%, P17, A%, B AX, 4-17 ),/ LIRX, SO PPHY ,4X0)
C
G
Cxxxx FNTER LOOP TO COMPARFE CHORD DISTANCES
MM=NO~1
Kique
DO 940 K= ,NM
KK=K+1
DO 940 | =KK,ND
K=K M+ 1
PO 910 KI=1 ,NODFCK~MM
KIT1=MM+KT
DCRIY=NTATKT] KM ~DTET (MM, KM)
2110 DMK TI=DIKTIRIFO/DIST (MM, KM
PRINT 9XE0,K, TATNCK)Y L, TERTNOL) ,DTET (MM, KM
P3N FORMAT (X, PCTE,2X,A10),3X, F12.3)
PRINT Q&1 ,(DTRT(T KM, T=14+MM, NODFECK?
231 FARMAT (1H+, 46X, 3F12. %)
NODECK T = NODFCK~MM
PRINT 932,(0(1),T=1,NNDFCKL)
932 FORMAT CIHE , B4, 01X ,F&6.3))
240 PRINT 933, (0M10) ,T=1,NADECKT
GR3R FORMAT CIH+ 108X, 31X, F& .38

i e

999 CONTTNUE
END
SURROUTTNE GEOXYZ.(A,F,XLAT, XL ON,8PHT ,X,Y,7)

e
G
Cxxxx PURPOSE ~ THTR SURROUTTNE CONVFRTS GREOGRAPHICAL
£ CONRDINATES TN X,Y, 7.
-
(¥
Cxxxx AUTHOR = ANDREW JONES
G
G
Cxuxx DATE -~ ALUGURT 1983
(W
W
Em=@xF ~F %xF
RAD=(A/GART (1, 0~-FrBTNXLATIXETNIXLATY M)
X={RADHEPHT Y xCNS (XLAT ) x00S (XLON)
Yo (RADEEPHT I % COR (XL AT Y BTN IXLON)
Z=(RADX (L, B-F+SPHT ) xS TN(XLAT)
RETURN
END
SURROUTINE ROTACA,R,C,D,E,F)
"
G
L
Cxxxx PURPOKE - THIS GURROUTIME PERFORME & 7-PARAMETFER
r TRANSFORMATINN BFETWEEN TWN CDORDINATE SYSTEMS,
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¢
&
Cxxxx AUTHOR = ANDREW JTONES
C
W
Cuxxx DATE - AUGHART 1983
G
G
DIMENSTON ROCE, 3, X0OLDCR)Y  XNFWR)
COMMON/TRA/ TR ()
DATA ROCT 1) ,ROCE,2) ,RO(X,3)/A%1 . 0/
RH=20AR4, 8042
KOLDCL Y =4
XOLDR2) =R
XL HEF) =0

Cxxxx GET UP ROTATTON MATRTX
ROCP,1)=TR1(A)/RHN
ROKCT,3Y=TR1 (%) /RH
RO(E,2)=TR1(4) /RHD
ROCE,2)==ROCR2, 1)
RO(E,1)==RO(1,3)
ROCE, 3y =~RO(E,P)

C

C

Drxxx PERFORM TRANSFORMATTON

DO oA0D T=1,73
GUM=0, 0
DN 90 T=1,3
90 AUM=AUIM+ROCT , 1) %X0LD (T
100 XNFWCT)=TRTCT)+ (1, D+TRY (7)) %1FE~4) #BUM

D=yNEWCL)
E=XNFEWE)
FaXNEW(R)
RETHRN
END
SUBROUTINE XYZGFOCAL,F ,XLAT XLON,8PHT X, Y, 720
C
W
Cxxxxn PLRPOKE « THIR SURROUTTINE CONVERTS X,Y,7 TO
r GENGRAPHICAI. CNORDINATES,
{
G
Crxxx AUTHNR = ANDREM JONES
L
G
Cxxxx DATF ~ AUGUST 1983
G
C
Be=aAx (), 0-F)
ER=(fAxA~-RxB) /(A%AH)
FaD=(A%A~RXR) / (RXR)

[N
[x.
Yt



¢
Lx%n%
I
-
N
% % % %

(»

Cxnn
C
C

P=SRRT(XeX+Y%Y)

THETa=ATAN(ZXA/ (PXR))
ALAT=ATAN((7HERDRBRETIN(THETA) %23 /(P ~FR2A%NR (THETAY %% X))
XEON=3, 1415924535898+ ATAN(Y /XD
GRPHT=(P/CORXLAT) Y ~A/BART (1 -F2x8TNIXLATI XBTNIXLATY
RETURN

END

SUBROUTINE RADDME (ANE, TDEG,MIN,8FC)

PURP(IGF - THI® QURROUTINE CONVFRTE RADTANS T
DEGREFS , MINHTFES AND SFCIONDS,

AUTHOR ~ ANDREMW JONFS

DaTE -~ AUCURT 1983

PT=3,141 59260305894

ANGL=ARE (ANG)
DEG=ANGI %80 0 /PT

TDEG=TNT (DFERG)
MIN=IMT((DEC-TRECIXA0)
SEC=(DEG-TDEG-MIN/&HO . D) #3600
TFCANG LT, 03 TDFG=-TDFG
RETHRN

FEND
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